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Abstract

The glycine deportation system is an essential component of glycine catabolism in man whereby
400 to 800 mg glycine per day are deported into urine as hippuric acid. The molecular escort for
this deportation is benzoic acid, which derives from the diet and from gut microbiota metabolism
of dietary precursors. Three components of this system, involving hepatic and renal metabolism,
and renal active tubular secretion help regulate systemic and central nervous system levels of
glycine. When glycine levels are pathologically high, as in congenital nonketotic hyperglycinemia,
the glycine deportation system can be upregulated with pharmacological doses of benzoic acid to
assist in normalization of glycine homeostasis. In congenital urea cycle enzymopathies, similar
activation of the glycine deportation system with benzoic acid is useful for the excretion of excess
nitrogen in the form of glycine. Drugs which can substitute for benzoic acid as substrates for the
glycine deportation system have adverse reactions that may involve perturbations of glycine
homeostasis. The cancer chemotherapeutic agent ifosfamide has an unacceptably high incidence
of encephalopathy. This would appear to arise as a result of the production of toxic aldehyde
metabolites which deplete ATP production and sequester NADH in the mitochondrial matrix,
thereby inhibiting the glycine deportation system and causing de novo glycine synthesis by the
glycine cleavage system. We hypothesize that this would result in hyperglycinemia and
encephalopathy. This understanding may lead to novel prophylactic strategies for ifosfamide
encephalopathy. Thus, the glycine deportation system plays multiple key roles in physiological
and neurotoxicological processes involving glycine.
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1. Introduction

Glycine (GLY) is the smallest and only achiral a.-amino acid with the simple formula
H,NCH,COOH. The French chemist Henri Braconnot boiled several natural substances
with sulfuric acid, isolating a sugar from wood and what he believed was “gelatin sugar”
from gelatin in 1820 (Labrude & Becq, 2003). This product was originally called
“glycocolle” or “glycocoll” (from Greek meaning “sweet glue”) and later renamed glycine.
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Despite its relatively recent discovery by man, GLY may perhaps possess the longest history
of any biochemical entity. In an attempt to replicate how organic molecules might be formed
in deep space, photolysis of mixtures of carbon monoxide, ammonia, and water has been
performed, yielding several so-called “prebiotic” products in the laboratory, the only amino
acid of which was GLY (Briggs et al., 1992). The impact of comets with the early earth was
thought unlikely to deliver prebiotic molecules from space until computer simulations
suggested that the shock compression of comet ice would likely yield GLY complexes
(Goldman et al., 2010). Moreover, highly-sensitive chemical analysis of the type of rocks
found on Mars, that can trap organic molecules in their lattices, demonstrated the presence
of GLY in these rocks (Kotler et al., 2008). Thus, GLY may be an ancient molecule
involved in the evolution of life on Earth some 3.8 billion years ago.

GLY has several physiological functions that can be subdivided into (1) its role as a
biosynthetic precursor, and (2) as a neurotransmitter in the central nervous system (CNS).
Regarding its first role, GLY is used for protein synthesis, where all four possible codons
begin with GG and end with any one of the possible nucleotides U, G, A or C. However, the
occurrence of GLY in proteins is relatively low at around 1-4%, but in collagen the
proportion of GLY is much higher at ~30% (van der Rest & Fietzek, 1982). It was
recognized very early (Csonka, 1924) that newborn babies thrive on a practically glycine-
free diet (milk) and yet they increase their weight and the newly formed tissue comprises
about 4% GLY, which is not supplied by the diet. A study in developing hen chicks was
reported in which the GLY content of the chick embryos increased during development,
suggesting de novo synthesis (Patton, 1937). GLY is therefore not an essential amino acid.
In addition to being a component of proteins, GLY is also an important metabolic starting
point. There are two major biochemical groups whose de novo synthesis employs GLY, the
porphyrins and the purines. The synthesis of heme in animals and chlorophyll in plants
requires porphyrins, macrocycles comprising four modified pyrrole rings, that complex Fe2*
in the case of heme and Mg?* in the case of chlorophyll. The first reaction in the complex
synthesis of heme is between GLY and succinyl-CoA to yield 5-aminolevulinic acid by
ALA synthase (EC 2.3.1.37) in mitochondria (Shemin & Rittenberg, 1945; Shoolingin-
Jordan et al., 2003). Additionally, the synthesis of purines, such as guanine and adenine, and
therefore nucleic acids, also depends upon GLY, whereby atoms C4, C5, and N7 incorporate
the GLY backbone. In fact, DNA synthesis rates in cells have been measured using 13C-
labeled GLY with determination of 13C incorporation into dA and dG (Chen & Abramson,
1998).

The second major physiological function of GLY is as a neurotransmitter in the CNS. GLY
is the major excitatory neurotransmitter in the brainstem and spinal cord, where it is a
agonist of GLY receptors (GlyR) (Betz & Laube, 2006). It is also a co-agonist of glutamate
at glutamatergic A-methyl-D-aspartate (NMDA) receptors (NMDAR) in the forebrain
(Dannhardt & Kohl, 1998), thus serving both inhibitory and excitatory functions. These
neurotransmitter functions of GLY will be discussed in more detail later.

2. Glycine homeostasis

2.1. Glycine biosynthesis and degradation

GLY is not an essential amino acid because it can readily be synthesized from two major
sources. First, L-serine (SER) can be converted to GLY by serine hydroxymethyltransferase
(SHMT) in a reversible reaction, thus:

SER+THF 2 GLY+H,0+5, 10 — MeTHF

Pharmacol Ther. Author manuscript; available in PMC 2013 May 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beyoglu and Idle

Page 3

The CH,0H a-substituent of SER yields a methylene group which is transferred to
tetrahydrofolate (THF) and thus converted to 5,10-methylene-tetrahydrofolate (5,10-
MeTHF) and water. Second, a complete de novo synthesis of GLY can occur from CO, and

NHj, using 5,10-MeTHF as the source of the second carbon and generating Hyfolate in a
reversible reaction, thus:

5,10 — MeTHF+CO,+NH; +NADH 2 GLY+THF+NAD*

This reaction is NADH-dependent and is carried out by the glycine cleavage system,
operating in reverse. The glycine cleavage system, sometimes referred to as the glycine
decarboxylase complex, is found in animals, plants, and bacteria and comprises four main
components, namely, the P-protein (pyridoxyl phosphate containing protein, glycine
dehydrogenase (decarboxylating); EC 1.4.4.2), the T-protein (a protein required for the
THF-dependent reaction, aminomethyltransferase; EC 2.1.2.10), the H-protein (a carrier
protein for the aminomethyl intermediate and for hydrogen), and the L-protein
(dihydrolipoyl dehydrogenase; EC 1.8.1.4) (Kikuchi et al., 2008). The glycine cleavage
system, a loose association of three enzymes and a carrier protein, appears to be confined to
mitochondria in liver, kidney, and brain (Kure et al., 1991), although the individual
components of the system have a broad tissue distribution, with the T-protein expressed in
27 of 29 tissues studied, but the P-protein restricted to liver, kidney, brain, pituitary and
thyroid glands (Kure etal., 2001). Because of a pool of soluble THF in mitochondria, the two
reversible glycine synthesis systems, SHMT and the glycine cleavage system are linked
(Douce et al., 2001), and thus the overall reversible reaction is:

SER+CO,+NH; +NADH 2 2GLY+H,0+NAD"

Note that the overall synthesis of GLY is NADH-dependent. We will return to this point
below.

Of interest is an early report where the potential GLY precursors, alanine, cysteine, leucine,
norleucine, isovaline, aspartic acid, glycolic acid, glycolaldehyde, glucose, urea, and sodium
acetate were all individually administered to rabbits. None of them proved to be a synthetic
precursor of GLY (Griffith & Lewis, 1923).

The degradation of GLY is merely a reverse of the two reactions, singly or linked that

generate SER+CO,+NH;. GLY degradation is thus NAD*-dependent and generates NADH.
There exists a third metabolic degradation of GLY and that is conversion to glyoxylate by
D-amino acid oxidase (DAAQO; D-amino-acid: O, oxidoreductase (deaminating), EC
1.4.3.3). This is an FAD-requiring peroxisomal reaction (Pollegioni et al., 2007) whose
action in brain has been linked to schizophrenia (Madeira et al., 2008). Regarding hepatic
mitochondria, this DAAO reaction is of no importance. The glyoxylate formed can be
converted by lactate dehydrogenase to oxalate in an NAD*-dependent fashion, generating
NADH (Banner & Rosalki, 1967; Mdluli et al., 2005). This reaction occurs mainly in
hepatic mitochondria (Mdluli et al., 2005).

We have recently proposed that the principal means of GLY removal from its systemic pool
is not by metabolic degradation but by scavenging by benzoic acid (BA), mainly in the liver,
but to some extent in the kidney (Beyoglu et al., 2011). This reaction, in contradistinction to
the mitochondrial degradation by the glycine cleavage system and SHMT, is irreversible.
The biosynthesis and degradation of GLY are depicted in Fig. 1.
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2.2. Glycine transport

2.2.1. Glycine transport within the central nervous system—At synapses that
contain GLY receptors in the CNS, GLY transporters (GlyT) remove GLY from the
synaptic cleft of glycinergic inhibitory neurons and this process is also believed to keep
extracellular concentrations of GLY below those required to saturate the GLY site on
glutamatergic NMDA receptors (Cubelos et al., 2005; Huang et al., 2004). The human GlyTI
transporter is Na*/Cl™-dependent and is encoded by the SLC6A9gene and expressed in glia,
while GlyT2 is encoded by the SLC6A5 gene, is expressed in neurons and recaptures
released GLY from the synaptic cleft, where by its concentration in inhibitory neurons
exceeds its concentration else where in the CNS by two to three orders of magnitude
(Rousseau et al., 2008). The storage vesicles of these inhibitory neurons express an
additional transporter, able to uptake both GLY and a second inhibitory amino acid
neurotransmitter, gamma-aminobutyric acid, known as the vesicular inhibitory amino acid
transporter, encoded by SLC32A1 (Juge et al., 2009). Glycinergic inhibitory
neurotransmission is therefore terminated by uptake into glia by GlyTI and into neuronal
terminals by GlyT2. Refilling of neuronal vesicles with GLY is dependent upon both GlyT2
and the vesicular inhibitory amino acid transporter (Juge et al., 2009; Rousseau et al., 2008).
In addition, GlyTI prevents saturation of the GLY binding site on NMDAR (Betz et al.,
2006). It is now possible to view the distribution of GlyTl in the brains of baboons and
humans using the novel 11C-labeled PET radiotracer RO5013853 (Borroni et al., 2011;
Wong et al., 2012).

2.2.2. Glycine transport between the central nervous system and the
periphery—Early studies had suggested that all amino acids are transported into brain
slices by active transport but in vivo studies in the rabbit established that GLY was extracted
from blood into the CNS at a rate similar to that observed for fructose, a sugar that is not
transported and crosses the blood-brain barrier (BBB) by simple diffusion (Pollay, 1976).
Soon thereafter, a study in humans was reported in which the cerebrospinal fluid (CSF) and
plasma concentrations of 18 common amino acids had been measured in fasted volunteers.
Interestingly, GLY had the greatest plasma-CSF ratio, 45.4 + 19.6 (meanz s.d.) (lijimaetal.,
1978). There were no statistically significant alterations in the GLY plasma-CSF ratio in
patients with infectious diseases (7= 60), spinal block (n= 12), cerebrovascular disease (7=
9), and degenerative diseases (17=57) (lijima et al., 1978). This suggests that factors distinct
from the BBB may maintain homeostatic control over GLY plasma-CSF ratios.

The situation appeared to be different if plasma levels of GLY were artificially raised. Mice
injected intraperitoneally with GLY showed no brain uptake, in contrast to other amino
acids studied (Battistin et al., 1971). However, mice and rats fed a liquid diet fortified with
50 mg/ml GLY had plasma levels rise from 0.31 mM at time zero to 4.0 mM after 48 h on
the fortified diet. Brain GLY levels also rose from a pretreatment value of 1.0 to 2.2 pmol/g
tissue after 48 h on the diet (Toth & Lajtha, 1981). While the plasma level increased 13-fold,
brain levels rose a mere 2.2-fold. For other amino acids studied, namely, taurine, aspartate,
and glutamate, brain concentrations exceeded plasma concentrations on the fortified diets
(Toth & Lajtha, 1981). It would appear that, unlike other amino acids, GLY does not readily
cross the BBB or its plasma levels are homeostatically regulated by processes outside the
CNS.

3. The glycine deportation system

3.1. Evidence for the glycine deportation system

We have recently argued that the conjugation of aromatic acids with the amino acids GLY,
glutamine/glutamate, and taurine is not as hitherto believed a detoxication reaction for
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certain aromatic acids, such as BA and phenylacetic acid, but rather a homeostatic
neuroregulatory mechanism for these same amino acids, that are CNS neurotransmitters
(Beyoglu et al., 2011). What follows from this is that benzoic acid should be viewed as a
means of regulating GLY pools and not GLY a means of accelerating the excretion of
benzoic acid. Here, we name this process the glycine deportation system. Molecular carrier
systems can be subdivided into cellular export and import under the general heading of
molecular transport. None of these processes adequately described the fate of GLY in the
form of hippuric acid. The irreversible urinary excretion of GLY under the escort of benzoic
acid in the form of the GLY adduct hippuric acid is best designated “deportation” because
once hippuric acid is formed it does not again liberate GLY and is excreted into urine by the
kidney from which there is no return. The analogy here is someone handcuffed to their
police escort and taken away for deportation.

Various lines of evidence have been presented in support of this theory (Beyoglu et al.,
2011), and can be summarized as follows:

1. Compared with glucuronic acid conjugation, for example, amino acid conjugation
does not render aromatic acids significantly more water soluble. In many cases, the
converse is true. Thus, the detoxication value of amino acid conjugation is low.

2. The principal amino acid conjugations in vertebrates utilize GLY, glutamine, and
taurine and GLY, glutamate, and taurine are CNS neurotransmitters.

3. The efflux of GLY and glutamate from the brain is a neuroprotective mechanism
against elevated and neurotoxic concentrations of these amino acids.

4. Trafficked amino acids are scavenged by metabolic processes that lead to
irreversible urinary excretion of amino acid conjugates of aromatic acids.

5. Experiments in rats demonstrate that scavenging of plasma glutamate by activation
of blood transaminases also removes glutamate from the brain.

6. Both BA and phenylacetic acid are used clinically to scavenge GLY and glutamine
for the purpose of excess nitrogen excretion in urea cycle defects.

7. Clinical use of phenylacetic acid and its metabolic precursors, which result in
considerable glutamine scavenging, are commonly associated with CNS side-
effects, a possible reflection of brain glutamate depletion.

8. Psychiatric conditions with reduced psychomotor activity display reduced GLY
scavenging by BA, which can be reversed by GLY loading.

9. Psychiatric conditions with enhanced psychomotor activity display enhanced GLY
scavenging by BA.

10. GLY scavenging by various aromatic acids is enhanced in autism.

11. GLY, glutamate, and arginine are scavenged by BA and its derivatives in certain

species of insects and spiders that use these same amino acids as neurotransmitters
in the CNS.

This review is concerned only with the disposition of GLY and not the other aforementioned
amino acids.

3.2. Overview of the glycine deportation system

The overall scheme of GLY deportation is shown in Fig. 2. As can be seen, GLY is
distributed throughout the tissues such as brain and muscle, for example, in which it
occupies a large volume compartment, or GLY tissue pool, at high dilution. This includes
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small highly localized area of the CNS where GLY is concentrated in glycinergic neuronal
vesicles and in glia (see above) at concentrations 100- to 1000-times its concentration in
extraneuronal fluids (Huang et al., 2004; Rousseau et al., 2008). GLY freely diffuses from
this compartment into a GLY central pool that includes the peripheral circulation. Regarding
the brain, it is probable that GLY can exit across the BBB with the assistance of GIyTI
(Huang et al., 2004). GLY molecules in the GLY central pool enter the liver where they are
taken up by mitochondria by a rapid, respiration-independent and saturable transport with an
apparent K, of 1.7 mM for rat liver mitochondria (Benavides et al., 1980). The nature of the
mitochondrial GLY transporter is unclear at present, although GLY appears to be a low-
affinity substrate for ASCT2 (SLC1A5) (Kanai & Hediger, 2004). The SCL 25 genes encode
the mitochondrial carriers that are located in the inner membrane of mitochondria where
they shuttle a large number of substrates into the mitochondrial matrix (Palmieri, 2004).
Mitochondrial transporters for many neutral amino acids have been characterized, but data
for mitochondrial GLY transport is sketchy at best (Porter, 2000). Rat liver mitochondria
swell rapidly when suspended in 150 mM solutions of GLY, ammoniumbenzoate or
ammonium hippurate, demonstrating that all three compounds can freely cross the inner
mitochondrial membrane. It has therefore been stated that there was no need to invoke
specific carriers of GLY, BA or hippuric acid (HA) across the mitochondrial inner
membrane (Gatley & Sherratt, 1976).

As shown in Fig. 2, BA enters the mitochondrial matrix and experiments using radiolabelled
BA and rat liver mitochondria have shown that BA accumulates in the matrix ~50-fold over
its extramitochondrial concentration, probably due to the pH gradient across the inner
membrane, such that the higher matrix pH traps the BA (Gatley & Sherratt, 1976,1977).
Two processes are shown in Fig. 2 that occur in the mitochondrial matrix, the glycine
cleavage system (GCS) (Douce et al., 2001; Kikuchi et al., 2008) and the glycine

deportation system (GDS). The former converts GLY into CO, and NH;; under the influence
of THF and NAD* (see Fig. 1) and is reversible, while the latter escorts GLY out of
mitochondria as a metabolic adduct with BA (HA, shown as BAGIy in Fig. 2). The product
HA is then irreversibly excreted into urine. We have termed this overall process the glycine
deportation system.

3.3. Components of the glycine deportation system

In characterizing the GDS, an understanding of the disposition of both GLY and BA is
required, together with a detailed description of HA synthesis in the mitochondrial matrix
and the fate of HA so formed. These topics are dealt with in this section.

3.3.1. Glycine pools—The distribution and fate of GLY were investigated in the rat in
early studies that utilized [1°N]- and [a-14C]-GLY (Arnstein & Neuberger, 1951). These
workers also administered unlabeled BA in different doses and at differing times relative to
the GLY administration, and used the isotopic labeling of the formed HA to assist in
calculating the size of the “first glycine pool”. This pool is conceptual and similar to our
glycine central pool depicted in Fig. 2. Many assumptions about the movements of GLY and
BA were made by these authors in order to interpret their findings. For example, they
assumed that the reaction of GLY and BA was slow relative to the rate of diffusion of GLY
within this pool, in other words, their administered labeled GLY mixed thoroughly with
endogenous unlabeled GLY prior to HA formation commencing. However, the formation of
HA was assumed to be fast compared with any other metabolic reaction of GLY or to its
diffusion out of this central compartment. These investigators determined the isotope
content of the hippuric acid produced and, using the “corrected dilution factor” (Bloch &
Rittenberg, 1945), were able to estimate the amount of GLY present in the “first glycine
pool” as 10mg/100g of rat (Arnstein & Neuberger, 1951). This compared well with the
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experimental determination of the total GLY content of rat internal organs of 5-7 mg/100g
of rat (Arnstein & Neuberger, 1951).

Others have performed investigations with isolated perfused rat livers whose findings would
question some of the key assumptions of Arnstein and Neuberger (1951), in particular, the
relative rate of production of SER by the GCS. The production of 14CO, from [1-14C]- and
[2-14C]glycine has been determined in the isolated perfused rat liver (Hampson et al., 1984).
The metabolism of GLY to COs is carried out by the GCS and it is the 1-carbon of GLY that
yields the CO, (see Section 2.1 and Fig. 2). The determination of 14CO; in the liver
perfusion studies was performed by trapping evolved CO» in a well containing
phenylethylamine (Hampson et al., 1983). These authors calculated that, at perfusion
concentration of 1 mM, GLY is cleared by decarboxylation ~2% during each pass through
the liver (Hampson et al., 1984). However, the only product of GLY metabolism that was
determined was CO». Although the isolated perfused rat liver may resemble in vivo
conditions for some hepatic reactions, its disconnection from the gut and its portal supply to
the liver means that the isolated liver is not continuously supplied with BA as it would be in
vivo. Accordingly, the authors' statement that “the glycine cleavage systemis the
predominant catabolic fate of glycine in the perfused rat liver” (Hampson et al., 1984) is
only valid with respect to the isolated perfused liver and not to the liver in vivo that is
supplied with BA and where HA formation is likely to be the dominant reaction.

GLY is the most abundant free amino acid in the adult human liver (Ryan & Carver, 1966).
The hepatic content of GLY is ~2.5 pmol/g wet weight (Marsh & Diffenderfer, 1991; Ryan
& Carver, 1966). For a healthy adult liver of ~1.4 kg (Yoshizumi et al., 2003), the GLY
content would be ~250 mg. In addition, GLY plasma concentrations have been reported to
be ~250-500 UM (de Vries et al., 1948; Neeman et al., 2005), which would constitute a
circulating amount of GLY of 650-1300 pumol, or ~50-100 mg (Fig. 3). GLY deportation
can be calculated on the basis of the urinary excretion of ~1-2 g HA per day, equivalent to
400-800 mg/day deported GLY, escorted by HA that is largely produced by the gut
microbiota (see below) at 700-1400 mg/day. The daily deportation of 400-800 mg GLY
represents a considerable proportion of the GLY central pool (Fig. 3). This route of GLY
catabolism appears to have been overlooked in much of the literature concerning GLY
homeostasis.

The question remains to what extent does the GDS influence GLY concentrations in the
GLY tissue pool (Fig. 2), for example in the CNS? In answering this question, it is first
important to understand the relationship between plasma GLY and CNS GLY
concentrations. Firstly, how do elevations in plasma GLY influence GLY in the CNS? There
have been studies that have determined GLY concentrations noninvasively in human brain
and also in CSF. A recent investigation of the human brain in vivo using 'H magnetic
resonance spectroscopy estimated brain GLY concentration to be 0.6+0.1 mM (mean + s.d.,
n=>5) (Choi et al., 2011). Although GLY administration had been reported to produce
clinical improvement of schizophrenia, no measurement of changes in brain GLY after GLY
administration had been made. Therefore, a study was undertaken using H magnetic
resonance spectroscopy in eleven schizophrenic men administered oral GLY over 14 days
(Kaufman et al., 2009). In this time frame, plasma GLY rose from 240 = 84 uM to 640 +
340 uM and the occipital cortex GLY/creatine ratio rose from 0.022 + 0.004 to 0.030+0.006
(P<0.002 by ANOVA) (Kaufman et al., 2009). An invasive investigation has also been
reported in which CSF was sampled by lumbar puncture after the intravenous administration
of GLY to 26 healthy human volunteers (13 female; 13 male) (D'Souza et al., 2000). Three
i.v. doses of GLY were administered to each volunteer, 0, 100, and 200 mg/kg. After 45
min, the mean plasma GLY concentrations for each dose were 250 + 89, 1352 + 165, and
5093 + 823 uM, respectively. Thus, 200 mg/kg i.v. GLY produced a 20-fold increase in
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peak GLY plasma concentration. The picture in CSF was somewhat different, with a GLY
concentration for placebo, 100 mg/kg, and 200 mg/kg doses of 6.03 + 2.77, 11.6+4.81, and
21.2+6.99 uM, a 3.5-fold increase in CSF at the highest administered GLY dose (D'Souza et
al., 2000).

In summary therefore, brain sequesters GLY to a concentration of 600 uM (Choi et al.,
2011), with a basal concentration in CSF of ~6 pM (D'Souza et al., 2000), compared to a
plasma concentration of ~250 pM (D'Souza et al., 2000; Kaufman et al., 2009). There is a
clear concentration gradient between the GLY brain pool and the GLY central pool (Fig. 2).
To our knowledge, no investigations have been published in which plasma GLY
concentration has been manipulated downwards (for example, by the administration of a
large dose of BA (Quick, 1931)) and brain or CSF GLY concentration changes monitored.
Nevertheless, it seems both plausible and highly likely that removal of GLY from the GLY
central pool by either the GDS or GCS (Fig. 2) will lower levels of GLY in the CNS. This
principle has already been reported for glutamate. When blood glutamate-pyruvate
transaminase and glutamate-oxaloacetate transaminase in the rat were activated leading to a
fall in plasma glutamate concentration, the brain efflux of radiolabeled glutamate was
accelerated (Gottlieb et al., 2003).

Therefore, we propose here that the glycine deportation system is able to act as a
homeostatic regulator of the GLY central pool and, by definition, also the GLY tissue pool.
GLY can be deported from the circulation by the GDS in the case, for example, of elevated
GLY efflux from the brain due to glycinergic hyperactivity. Of considerable interest also is
the potential relationship between dietary sources of BA precursors, the gut microbiota, and
the glycinergic neurophysiology of the CNS. This will be discussed below.

3.3.2. Origins and availability of benzoic acid—The first clues to the origin of BA
came from a study conducted 150 years whereby Lautermann self-administered in the
evening 8 g of quinic acid ((15,3R,455R)-1,3,4,5-tetrahydroxycyclohexane carboxylic acid)
and isolated 2.2 g HA from his morning urine and a further 1.1 g from the afternoon urine.
Two other volunteers similarly took quinic acid and their urines also contained large
amounts of HA (Lautermann, 1863). (-)-Quinic acid is a ubiquitous cyclitol (cyclic polyol)
found in numerous fruits and vegetables, together with tea and coffee. The observations of
Lautermann were confirmed by many authors and in several species and it was proposed
that dietary quinic acid in fruit such as cranberries and prunes was the precursor of urinary
HA (Blatherwick & Long, 1923; Fellers et al., 1933). Studies in guinea pigs were conducted
that showed that HA was produced fromorally, but not parenterally, administered quinic
acid. These same authors treated guinea pigswith neomycin in doses sufficient to inhibit
bacterial growth in the gut microbiota and reported that this maneuver prevented the
conversion of administered quinic acid to urinary HA. They concluded that the
aromatization of quinic acid in both man and guinea pig is performed by intestinal bacteria
(Cotran et al., 1960). A comprehensive study of quinic acid aromatization was conducted in
22 animal species including man. In man and three species of Old World monkeys (rhesus
monkey, baboon, and green monkey), (-)-quinic acid was extensively aromatized and
excreted in urine as hippuric acid (20-60% of dose). In other species, including New World
monkeys, lemurs, dog, cat, ferret, rabbit, rat, mouse, guinea pig, hamster, lemming, fruit bat,
hedgehog, and pigeon, oral (-)-quinic acid was not extensively aromatized (0-5%).
Neomycin pretreatment suppressed HA excretion in rhesus monkeys fed (=)-quinic acid.
Administration of shikimic acid ((3/,45,5R)-3,4,5-trihydroxycyclohex-1-ene-I-
carboxylicacid; i.e. 1,2-dehydrated quinic acid) to rhesus monkeys was extensively excreted
as HA (26-56%), but not in rats (Adamson etal., 1970).
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Chlorogenic acid is an ester of caffeic acid with quinic acid and is one of the most abundant
polyphenols in the human diet, deriving from coffee, fruits and vegetables. Groups of rats
were fed diets supplemented with chlorogenic acid, caffeic acid or quinic acid (250 pmol/
day) and 0-24 h urines analyzed. Urinary recovery of unchanged chlorogenic acid was 0.8%
of dose and quinic acid formed from it <0.5% of dose. However, phenylpropionic acid, BA,
and HA accounted for 57.4% of dose, demonstrating that chlorogenic acid is a major dietary
precursor of BA that is metabolized by the gut microbiota (Gonthier et al., 2003). Studies
using specific pathogen-free rats before and after inoculation with fecal microorganisms
have demonstrated that several urinary acids in addition to BA derived from gut microbiota
metabolism, including, phenylacetic acid, and 3- and 4-hydroxyphenylpropionic acid
(Goodwin et al., 1994). A scheme representing the pathways that lead to BA and HA and
with chemical structures is given in Fig. 4.

Finally, it should be recognized that we may be exposed directly to BA from our diets
without the intervention of the gut microbiota. This is especially so for the consumption of
foods and beverages in which BA has been added as a preservative. BA has been reported to
occur in wines, fruit juices, fruit and natural yoghurts, butter, syrups, and various cheeses,
but at levels generally <30 mg/1 (Vandevijvere et al., 2009). However, nonalcoholic sodas,
such as Coca Cola, lemonade, iced tea and “aromatized water” had reported concentrations
of BA of 112 to 146 mg/1, just under the regulatory level of 150 mg/1. Moreover, prepared
salads, emulsified sauces, and dressings had BA levels of 500 to 850 mg/kg (Vandevijvere
et al., 2009). The authors surveyed 3083 Belgian consumers and estimated that the mean
daily intake of BA from the diet was 1.25 mg/kg b.w., which was 25% of the acceptable
daily intake (VVandevijvere et al., 2009). This would be sufficient to escort ~50 mg GLY as
HA in the GDS. Clearly, the major proportion of BA in the human diet comes through the
gut microbiota.

3.3.3. Hippuric acid synthesis in the mitochondrial matrix—The conjugation of
BA with GLY to yield HA was first localized to the mitochondrial matrix in rat liver (Gatley
& Sherratt, 1976). These workers assumed that the conversion of BA to benzoyl-CoA was
catalyzed by butyryl-CoA synthetase (EC 6.2.1.2), now known as butyrate-CoA ligase. A
second enzyme system, also resident in the mitochondrial matrix, acyl-CoA-glycine N-
acyltransferase (EC 2.3.1.13), now known as glycine A-acetyltransferase, was recognized by
these authors as the second matrix component of HA formation (Gatley & Sherratt, 1977).
Two distinct forms of the ligase have been isolated from human liver mitochondria and were
termed xenobiotic/ medium-chain fatty acid:CoA ligases, HXM-A and HXM-B (Vessey et
al., 1999). HXM-A comprised 60—-80% of BA conjugation and BA was the best substrate
tested with the highest Vmax/Km. In contrast, HXM-B had the majority of the hexanoic acid
conjugating activity and hexanoic acid was the best substrate tested (Vessey et al., 1999).
This same group cloned, sequenced, and expressed in COS-7 cells the cDNA corresponding
to HXM-A. The heterologous expression had metabolic activity with respect to BA and
phenylacetic acid of 0.91 and 0.71 pmol/min/mg protein, respectively, consistent with the
known substrate preference of the native enzyme (Vessey et al., 2003). Regarding the A~
acyltransferase that adds GLY to BA via benzoyl-CoA, this was purified and characterized
metabolically from bovine kidney mitochondria (Kelley & Vessey, 1993). Benzoyl-CoA
was the best substrate tested, with 5- to 300-fold greater activity than other acyl-CoAs, for
example short-chain fatty acyl-CoAs. The enzyme also showed a clear preference for
benzoyl-CoA in terms of the Km for GLY, which was 6 £ 1 mM for benzoyl-CoA and
79111 mM for butyryl-CoA (Kelley & Vessey, 1993). This enzyme was also purified from
human liver where the apparent Km value for benzoyl-CoA was lower than for short-chain
fatty acyl-CoAs (Mawal & Qureshi, 1994). The specificity towards other amino acids has
been tested. Bovine liver glycine A-acyltransferase showed a clear predilection (Km value)
for GLY (6.2 mM) compared with asparagine (129mM), glutamine (353 mM), alanine (1573
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mM), and glutamic acid (1148 mM). For the human liver enzyme, the Km values with
respect to GLY and alanine were 6.4 and 997 mM, respectively (van der Westhuizen et al.,
2000). Evidently, the GDS has little affinity for amino acids other than GLY and shows
clear favoritism towards BA as the escort molecule. Overall, therefore, the reaction scheme
of the glycine deportation system can be represented by the following sequential reactions in
the mitochondrial matrix (pCOOH = BA):

¢COOH+CoA+ATP — ¢CO — CoA+AMP+PPi

¢CO — CoA+GLY — ¢CO — GLY(HA)+CoA

The formation of hippuric acid does not appear to be restricted to the liver. HA formation
was measured in homogenates of adult human liver, renal cortex, and renal medulla. Km
values for these three tissues were 43.4+6.6 (7= 26), 33.3 6.1 (7=5),and 34.7 + 11.3 (n=
5) mM, respectively. Similarly, the Vmax values were 204 + 47.8, 199 +40.7, and 24.2 £
16.9 pmol/min/mg tissue, respectively (Pacifici et al., 1991). This would suggest that the
GDS also operates in the kidney, in particular, in the renal cortex. Experiments with the
isolated perfused rat kidney confirmed this (Poon & Pang, 1995).

Under normal conditions, the glycine deportation system is believed to operate at
submaximal rates. Experiments in rats determined that the normal endogenous GLY supply
in the liver was about 1.7 mM and this permits the GDS to run at approximately half
maximal rate (4.5 umol/kg/min), the maximal rate having been determined in rat liver as 8.1
umol/kg/min. These authors also concluded that the glycine cleavage system was the main
source of GLY supply for HA formation (Gregus et al., 1993a). If that were true, the GCS
would be feeding the GDS, in other words, GLY deportation would be a means by which
excess GLY was removed from the liver when the retrograde GCS was operating, perhaps
due to an imbalance between NADH and NAD* (see Section 2.1). These workers also tested
this hypothesis by administering cysteamine (200 mg/kg i.p.) to rats. Cysteamine is a
powerful inhibitor of the GCS with an ICsg value of 80 uM (Jois et al., 1990). Cysteamine
administration increased hepatic GLY concentration 2- to 3-fold, without affecting CoA and
ATP concentrations. As a consequence, BA clearance from blood increased 50%, as did the
appearance of HA in blood and its urinary elimination (Gregus et al., 1993a). Therefore,
when the GCS failed, and GLY levels rose, the deportation of GLY was upregulated.

3.3.4. Metabolic stability of hippuric acid—The question arises, can HA, once
formed, be hydrolyzed in the body back to BA and GLY? There is good evidence in the
mammalian circulation that HA is metabolically stable. The tripeptides hippuryl-L-histidyl-
L-leucine (van Platerink et al., 2007) and hippurylglycylglycine (Jafarian-Tehrani et al.,
2000) are commonly employed as substrates for angiotensin converting enzyme (ACE;
peptidyl-dipeptidase A; EC 3.4.15.1) and are hydrolyzed by dipeptidase activity leaving the
stable HA. Circulating HAwill certainly be exposed to ACE since it is expressed mainly in
lung, vascular endothelium and kidney (Femia et al., 2008). However, when HA is exposed
to the gastrointestinal tract, it may not be stable. It was observed long ago that HA
administered orally to rabbits was excreted in urine to a considerably greater extent when
co-administered with GLY. The author interpreted these findings as meaning that HA was
relatively poorly absorbed from the gut but was hydrolyzed to BA and GLY and the BA
absorbed into the liver. When GLY was co-administered, the presumed absorbed BA was
conjugated to HA and excreted in urine to a greater extent than when HA was administered
alone (Griffith, 1925), since the same author had previously reported that co-administration
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of GLY with sodium benzoate enhanced the urinary excretion of HA in the rabbit (Griffith
& Lewis, 1923). It had also been observed using rabbit intestinal loops that BA was
absorbed across the intestine at a rate 3.5-times faster than HA (Griffith, 1925).
Furthermore, there are a number of pathogenic bacteria that can inhabit the gut and that
express the enzyme hippuricase that cleaves HA to BA plus GLY. Such bacteria include
certain Campylobacterspp. (Caner et al., 2008), Legionella spp. (Marmet et al., 1990), and
group B Streptococci, Gardnerella vaginalis, and Staphylococcus aureus (Lin et al., 1986).
However, in a human investigation where the formation of HA was being studied, HA was
administered by mouth at doses from 2.9 to 7.5 g to two volunteers after an overnight fast
and with subsequent food restriction for 2 to 3 h (Amsel & Levy, 1969). Between 92 and
106% HA was recovered in urine with excretion rates of 1.4 to 2.6 g/h. unlike the study in
rabbits, there was no evidence that HA was deconjugated in the gut and absorbed as BA. In
conclusion, it can be stated with confidence that HA formed in the liver or kidney will be
excreted into urine without hydrolysis back to BA plus GLY.

3.3.5. Urinary excretion of hippuric acid—As has been discussed above, the kidney
would appear to contribute an additional component of the GDS. In addition, HA formed in
the liver reaches the kidney and the hepatic plus renal components of the GDS present HA
for urinary excretion. Experiments using the isolated rat kidney showed that exogenously
administered HA had a renal clearance that was eight-times that of the glomerular filtration
rate (Geng & Pang, 1999). Thus, HA underwent considerable renal tubular transport in the
perfused isolated rat kidney. Moreover, when HA formed in the kidney was examined (using
differential radiolabeling of BA and HA), endogenously formed HA had an even greater
renal extraction than exogenously administered HA (Geng & Pang, 1999). The active
tubular secretion of HA in rat kidney is performed by rat organic anion transporter 1
(SLC22A6) (Deguchi et al., 2005).

In summary, active renal tubular secretion by SLC22A6 represents a highly efficient and
final stage of GLY deportation. Furthermore, the kidney itself possesses the GLY
conjugation apparatus and so contributes to the hepatic effort in GLY deportation.

3.4. Factors affecting the glycine deportation system

3.4.1. Bile acid conjugation with glycine—The hepatic and renal mitochondrial GLY
conjugating system adds GLY not just to BA, but also to short-chain fatty acids. As
discussed above (Section 3.3.3), there is a CoA ligase with a clear preference for BA and a
second ligase for which hexanoic acid was the preferred substrate. The so-formed CoA
thioesters also appear to be handled by a glycine acyltransferase that shows a preference
towards benzoyl-CoA and is rather specific for GLY. Nevertheless, in addition to
xenobiotics such as BA and endogenous fatty acids, there is another group of compounds
that undergo GLY conjugation in the liver via CoA intermediates, the bile acids. The
question is, what is the effect of bile acids on the GDS and to what extent do the GLY
conjugations of BA and bile acids overlap? That free bile acids appeared in bile as
conjugates with GLY and taurine (bile salts) has long been recognized and moreover, major
species differences were observed in utilization of either GLY or taurine. No GLY
conjugates of bile acids were found in seven species of fish and eight species of birds, only
taurine conjugates (Haslewood & Sjovall, 1954). Conversely, rabbit and pig bile contained
almost exclusively GLY conjugates and rat bile exclusively taurine conjugates of bile acids.
Inman and primates, both were found in variable proportions (Bremer, 1956; Haslewood &
Sjovall, 1954). Importantly, the rat liver enzyme system that conjugated bile acids with
taurine and GLY was located in the microsomal fraction of liver homogenates (Bremer &
Gloor, 1955). Subsequent research has established that both human and rat bile acid-
coenzyme A:amino acid A-acyltransferase, the sole enzyme responsible for GLY and

Pharmacol Ther. Author manuscript; available in PMC 2013 May 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beyoglu and Idle

Page 12

taurine conjugation of bile acids, was localized exclusively in peroxisomes of human and rat
hepatocytes, with undetectable amounts in the cytosol (Pellicoro et al., 2007). Localization
to peroxisomes and cytosol had been reported in a previous study (Solaas et al., 2000).

Since the BA and bile acid conjugation systems use distinct enzymes in different subcellular
compartments, it is extremely unlikely that there is any overlap between the two. However,
both systems involve GLY and the question remains if there could be competition for GLY
between the two systems. A study was reported in which 6 g of sodium benzoate was
administered for 2 to 3 days to post-cholecystectomy patients with T-tube drainage from
which bile could be sampled. The BA dosing was done in an attempt to deplete GLY in the
liver and alter the bile salt GLY /taurine ratio, which is normally 3 or 4:1 in humans. No
change in the GLY conjugated bile acids was observed (Dennis et al., 1975).

It would appear that there is no crosstalk between the mitochondrial GDS and the
peroxisomal bile acid conjugating system.

4. Pharmacological consequences of the glycine deportation system

4.1. Glycine deportation system as a test of liver function

Armand J. Quick pioneered the use of BA as a test of liver function (Quick, 1936) and this
test was soon to become eponymous with him. Patients were administered by mouth a
solution of 6 g sodium benzoate in 30 ml water, followed by one-half glass of water. The
patient immediately voided all urine and then collected his/her urine hourly for 4 h. Any
specimen with a volume greater than 100 ml was concentrated on a water bath to about 50
ml. These four specimens were each acidified with 1 ml 11.6 M HCI and vigorously stirred
until HA precipitated, which was filtered, washed with cold water, dried, and weighed. The
normal adult was said to excrete ~3 g BA as HA in 0-4 h and this was taken as the normal
value for the calculation of “the efficiency of the liver” (Quick, 1936). According to Quick's
gravimetric analysis, normal subjects could deport ~1.8 g GLY during the first 4 h of
Quick’s test. In this report, Quick cites 100 assorted cases in which his test was applied
(Quick, 1936). Many other workers followed suit and the literature is replete with reports of
Quick's test in many different clinical circumstances, as we have previously reviewed
(Beyoglu et al., 2011).

Perhaps the most intriguing applications of Quick'’s test was in the realm of psychiatry, when
schizophrenia was believed to have an organic, perhaps metabolic origin (Beyoglu et al.,
2011). At one extreme, cases of catatonia excreted significantly lower amounts of HA and,
at the other, patients with “free anxiety”, displaying symptoms such as panic attacks, dilated
pupils, tachycardia, and hyperpnoea, excreted significantly greater amounts of HA than
normal (Beyoglu et al., 2011). Since the rate limitation of HA synthesis by the GDS is
dependent upon the supply of GLY (Beyoglu et al., 2011; Gregus et al., 1993a), one can
only assume that these early applications (1945-1950) of Quick's test in psychiatry
produced, then unrecognized, evidence of abnormal GLY plasma levels in these conditions.
Interestingly, when NMDA receptors are blocked in the CNS, for example using high-dose
aptiganel (Cerestat) after stroke, catatonia is the principal side-effect (Lees, 1997),
suggesting a relationship between low GLY and catatonia. These early observations also add
force to our argument that BA conjugation with GLY, that is, the GDS, is a neuroregulatory
mechanism (Beyoglu et al., 2011).

4.2. Treatment of urea cycle enzymopathies

Urea cycle enzymopathies are a group of inborn errors of metabolism characterized by
hyperammonemia, encephalopathy and respiratory alkalosis. Five disorders of urea synthesis
have been described, specifically deficiencies of ornithine transcarbamylase (EC 2.1.3.3;
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mitochondrial matrix), carbamyl phosphate synthetase (EC 6.3.4.16; mitochondrial matrix),
argininosuccinate synthetase (EC 6.3.4.5; cytosol), argininosuccinate lyase (EC 4.3.2.1;
cytosol), and arginase (EC 3.5.3.1; cytosol). Failure to synthesize urea from the catabolism
of protein is therefore due to inherited deficiencies in these urea cycle enzymes. Brusilow
and his colleagues first proposed that alternative pathways of excess nitrogen excretion
could be employed in the treatment of urea cycle enzymopathies (Brusilow et al., 1979).
Among their various propositions was included the administration of BA in order to
scavenge GLY and excrete nitrogen in the urine by this route. This was perhaps the first
conceptualization of the GDS. The authors queried if this enzyme system was fully
developed enough at birth to support HA formation and also if GLY synthesis would be
sufficient to supply HA formation (Brusilow et al., 1979). Subsequently, they reported their
first treatments of hyperammonemic coma due to congenital urea cycle enzymopathies. The
administration of sodium benzoate (250-500 mg/kg/day i.v.) during eight episodes of coma

in seven patients, six patients responded with a significant fall in plasma NH;; (Batshaw &
Brusilow, 1980). Benzoate therapy was well-tolerated in such children and neonates who
had been treated for 2 to 30 months (Batshaw & Brusilow, 1981). Phenylacetic acid was
added to the regimen because this is conjugated by the GDS with glutamine, which contains
two nitrogens compared to only one for GLY. With the dual therapy of BA and phenylacetic
acid, it was reported that the deportation of these two amino acids accounted for 60% of the
“effective urinary waste nitrogen” (Brusilow et al., 1984). Derivatives of phenylacetic acid
have been developed, specifically sodium phenylbutyrate and glyceryltri(4-phenylbutyrate),
and the advantage of the latter was that no sodium need be administered and each mol
generates in situ 3 mol of phenylacetic acid (Beyoglu et al., 2011). Ammonul® and
Buphenyl® are the two FDA approved medicines for the treatment of urea cycle
enzymopathies. Ammonul contains 10% sodium phenylacetate and 10% sodium benzoate.
Buphenyl is sodium phenylbutyrate, also available in tablet formulation.

In this case, the GDS is utilized therapeutically for the treatment of an often fatal inherited
group of diseases, hyperammonemia due to urea cycle enzymopathies.

4.3. Treatment of nonketotic hyperglycinemia (glycine encephalopathy)

Nonketotic hyperglycinemia (NKH) or glycine encephalopathy is a group of congenital

enzymopathies that effect the GCS and its ability to catabolize GLY to CO, and NHj.
Consequently, persons afflicted with NKH have elevated plasma GLY levels and, more
importantly, significantly elevated CSF concentrations of GLY. The CSF/plasma ratio of
GLY concentrations is usually diagnostic of this disease. The incidence of NKH has been
estimated to be 1 in 55,000 in Finland and 1 in 63,000 in British Columbia, Canada. This is
the second commonest inherited disease of amino acid metabolism after phenylketonuria,
which affects phenylalanine metabolism. As discussed earlier, the GCS comprises three
enzymes and a carrier protein. Mutations in the T-protein gene (aminomethyltransferase;
AMT) and the P-protein gene (glycine dehydrogenase (decarboxylating); GLCD) comprise
10-15% and 80% of all the mutations, respectively. Mutations in the H-protein comprise
<1% of the known mutations.

Most therapies of NKH involve attempts to reduce GLY concentrations in the plasma and
thus in the brain. This is usually done through the administration of sodium benzoate to
drive the GDS and remove excess GLY. In addition, antagonists of the NMDA receptor in
the cerebral cortex, such as dextromethorphan or ketamine are also used (Applegarth &
Toone, 2006; Suzuki et al., 2010). Some patients have been treated with considerable
success, with the use of 500-750 mg/kg sodium benzoate and 5-7.5 mg/kg
dextromethorphan. Treatment was continued from day 5 of life for one year, during which
time, plasma GLY fell from 950 uM to around 100-150 uM until day 120 of life, after
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which it rose again to 400-700 M. Most importantly, this therapy reduced the CSF GLY
concentration from 150 pM to a trough of ~50 uM (normal values for CSF <20 pM)
(Hamosh et al., 1992). There is no completely successful treatment and the long-term
outcome is poor (Korman et al., 2006; Rossi et al., 2009). In all probability, GLY causes
prenatal injury to the developing brain in utero, which is not reversible in the postnatal
period (Korman et al., 2006).

Nevertheless, the GDS can be utilized by the supplementation of the molecular escort BA to
treat two groups of congenital enzymopathies, those of the urea cycle and of the glycine
cleavage system.

4.4. Adverse reactions to valproic acid

Sodium valproate is an anticonvulsant drug used to treat epilepsy and a number of other
disorders including panic attacks, anxiety, and bipolar disorder. Chemically, valproate is 2-
propylpentanoic acid and consequently is a branched medium-chain fatty acid. As such,
valproate undergoes p-oxidation using the isoleucine catabolic pathway and enzymes (Luis
etal., 2011), which requires formation of a CoA derivative. Not surprisingly, this metabolic
pathway is inhibited by aspirin because salicylate competes for CoA during GLY
conjugation (Abbott et al., 1986), that is, by using the GDS. Interestingly, valproate itself
undergoes very little conjugation with GLY, the valproyl-CoA intermediate being used
almost exclusively for p-oxidation. Three amino acid conjugates of valproic acid have been
reported, with glutamate, glutamine, and GLY, and these three urinary metabolites
accounted for only 1% of the dose (Gopaul et al., 2003). However, valproate has very subtle
effects on the GDS. In normal rats, administration of valproate (2 to 3 mmol/ kgi.p.) 1 h
prior to the i.v. injection of BA (1 mmol/kg) had little effect on the clearance of BA or the
appearance of HA in urine. But, when rats were loaded with GLY (5 mmol/kg i.v.),
valproate (2 and 3 mmol/ kgi.p.) reduced BA clearance by 34% and 59%, respectively and
decreased the urinary excretion rate of HA by 28% and 66%, respectively, relative to
controls loaded with GLY but injected with vehicle instead of valproate (Gregus et al.,
1993b). Valproate therefore appeared to have an effect on the GDS. Although valproate did
not inhibit the enzymes of the GDS, a metabolite, 2-propyl-4-pentenoic acid (the first p-
oxidation metabolite of valproate), inhibited benzoyl-CoA synthetase (see Section 3.3.3)
(Gregus et al., 1993b). Moreover, it has also been reported that chronic valproate
administration to rats inhibits the GCS by both reducing the hepatic level of the P-protein
(GLDC), the first step in glycine cleavage, and inhibiting its activity (Kochi et al., 1979).

In humans, the situation is much less clear. A single case report, however, is of interest. A
2.5-year-old girl with a history of developmental delay, failure to thrive, and a seizure
disorder was administered valproate for her seizures and the seizure frequency significantly
increased necessitating withdrawal of valproate. Detailed investigation of the underlying
metabolic disorder revealed plasma and CSF GLY concentrations of 762 (normal range,
127-341) and 38 (normal range, 2-27) UM, respectively (Dhamija et al., 2011), diagnostic
of NKH. She was started on sodium benzoate and dextromethorphan and her anticonvulsant
therapy switched from valproate to carbmazepine. She remained seizure-free up to the time
of the report (Dhamija et al., 2011). This patient presumably had congenital nonketotic
hyperglycinemia due to mutations in the GLCD and/or AMT genes, which compromised her
GCS. She had therefore relied on the GDS to remove excess GLY, but this was also
compromised by the administration of valproate. Treatment involved accelerating GLY
deportation with BA and blocking the effects of excess GLY in the cerebral cortex with the
NMDA receptor antagonist dextromethorphan.
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4.5. Adverse reactions to benzoic acid

There is some literature that points to an effect of BA on the CNS that might have its origins
in the reduction of plasma and CSF GLY concentrations by excessive activity of the GDS. A
study in weanling rats fed 3% BA in the diet for 5 days showed growth retardation and
neurotoxicity manifested by irritability, ataxia, and tonic-clonic seizures. Feeding 1.1% BA
for 35 days retarded growth but was not neurotoxic (Kreis et al., 1967). A significant
number of patients with progressive encephalomyelitis with rigidity and myoclonus (PERM)
have been reported to have anti-glycine receptor (GlyR) antibodies. PERM is associated
with neuronal loss in the brainstem and spinal cord, exactly where GlyR are located (Mas et
al, 2011). In neurophysiologic terms, one might equate PERM with hypoglycinemia, both
conditions giving rise to similar symptoms. Therefore, the observations on the weanling rats
fed 3% BA very likely were due to hypoglycinemia, that is, excessive working of the GDS.
Weight can be added to this proposal from the field of strychnine toxicology. Strychnine
binds to GlyR and inhibits the effects of GLY on its receptors in the brainstem and spinal
cord. The pattern of early irritability followed by severe convulsions (Makarovsky et al.,
2008) is very similar to the observations in the rat study with BA (Kreis et al., 1967).

It is extremely unlikely that human exposures to BA (see Section 3.3.2) in the diet or from
exposure to environmental chemicals could lead to toxicity akin to the symptoms of PERM
or strychnine poisoning. However, it is clear that there is a large range of daily intake from
the diet in BA and, more importantly, BA precursors (Fig. 4). How these aspects of our diet
influence plasma and CSF concentrations of GLY and its physiological effects on NMDAR
and GlyR is completely unknown. One may only speculate at this time on the effects on
mood, learning, and personality that might be mediated by long-term effects on the GDS by
variable intake of BA and its precursors, and therefore variable GLY deportation.

4.6. Adverse reactions to salicylic acid

Salicylic acid (SA) is the active metabolite of the widely-used oral analgesic and anti-
inflammatory drug aspirin (acetylsalicylic acid). Plant products containing SA have been
used as remedies against pain and fever for at least 2500 years. Because salicylates are
widely used and readily available as over-the-counter medications, they are often abused,
with more than 10,000 toxic events per annum in the US (Pearlman & Gambhir, 2009). SA
is conjugated with GLY forming salicylglycine, or salicyluric acid, which constitutes >70%
urinary metabolites of SA or aspirin (Levy, 1965). This reaction was demonstrated to occur
in bovine liver mitochondria and dependent upon CoA and ATP (Forman et al., 1971),
analogous to the reaction used by the GDS with BA. A series of 2-substituted benzoic acids
has been investigated in mouse liver and kidney mitochondria. The best substrate for both
systems was BA itself, with activities of 25.1 and 69.3 nmol/mg for liver and kidney
mitochondria, respectively (Kasuya et al., 2000). It was also reported that SA is not
conjugated with GLY by liver mitochondria, but by kidney mitochondria only. Purified
medium-chain acyl-CoA synthetases from mouse and bovine liver mitochondria showed the
highest activity with hexanoic, octanoic, and decanoic acids, metabolized BA, but neither
enzyme metabolized SA (Kasuya et al., 2006). These were virtually identical findings to
those reported in the original paper on the bovine liver mitochondrial enzyme over 50 years
previously, in which SA was also found not to be a substrate for the hepatic enzyme
(Schachter & Taggart, 1954). There is clearly a species difference in SA conjugation with
GLY between the ox (Forman et al., 1971) and the mouse (Kasuya et al., 2000).

Regarding humans, as discussed above (Section 3.3.3), the GDS operates well in kidney,
especially in the cortex (Pacifici et al., 1991). In the intact human subject, it is generally
very difficult to recognize that a metabolic reaction occurs in the kidney. It has been
suggested that a metabolite with low plasma levels and an unexpectedly high urinary
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concentration is probably being produced by the kidney (Vree et al., 1992). Clearly, kidney
is a major site of SA conjugation with GLY, although there are expected to be species
differences in this regard. An interesting observation that appears to confirm that BA and SA
may not overlap completely in how they scavenge GLY was a report that BA had a
pronounced effect on the formation of salicyluric acid from SA in man, but SA had no effect
upon the formation of HA from BA. In addition, HA formation could be enhanced by GLY
administration, but salicyluric acid formation was not influenced by the administration of
GLY (Amsel& Levy, 1969).

A study of aspirin overdose revealed that plasma GLY concentrations ~6 to 9 h after
overdosing were 9.4 + 0.5 mg/1 (125 + 7 uM) compared with 15.7£1.1 mg/1 (209+15uM)
for healthy volunteers who had not taken aspirin. Healthy volunteers who took a single 500
mg tablet of aspirin had intermediate values of 12.8+0.5 mg/l (171 £7 pM) (Patel et al.,
1990). Aspirin administration, in particular aspirin overdose, causes GLY deportation,
presumably via the renal mitochondrial system. It is of note that aspirin intoxication causes
multiple CNS effects, including confusion, coma, seizures, dizziness, lethargy, delirium,
stupor, incoordination, restlessness, hallucinations, cerebral edema, agitation,
encephalopathy, and psychosis (Pearlman & Gambhir, 2009), many of which might be
attributed to hypoglycinemia effecting lower brain GLY concentrations. Here, the GDS, by
accepting SA, a simple substituted BA, may play a role in the pattern of life-threatening
CNS pathologies in aspirin poisoning.

4.7. Adverse reactions to nicotinic acid

Nicotinic acid (NA), also known as niacin or vitamin B3 is an essential human nutrient,
which, when absent, causes a disease called pellagra. The recommended dietary allowance
of NA is 14 mg for adult females and 16 mg for adult males, or the equivalent amount of
dietary tryptophan, from which NA can be synthesized (60 mg tryptophan yields 1 mg NA)
(I0OM, 1998). In 1955, it was discovered that large doses of NA lowered serum cholesterol
concentrations, both in healthy volunteers given 4g and in “patients with various diseases”
(not specified) given 1 g. These authors also observed that all their healthy medical student
volunteers (7= 11) experienced flushing and burning sensations in the skin (Altschul et al.,
1955). NA was also used in the 1950s for the treatment of migraine at a dose of 50 mg four
times a day, above which flushing sometimes occurred (Nelson, 1955).

Several investigators studied the effects of NA on lipid metabolism in vitro in an attempt to
discover the mechanism by which NA lowered serum cholesterol. By feeding NA in the diet
to rats at 1, 2, 3, and 4%, after first generating fatty liver with a “special hypolipotropic diet”
(not specified), dose-dependent reduction in hepatic cholesterol content was reported with
NA. This author proposed that the low availability of CoA was the cause of depressed
cholesterol synthesis (Schon, 1958). At the same time, Merrill, who studied the
incorporation of sodium [1-14C]acetate into cholesterol in rat liver slices, pointed out that
metabolic requirements for NA excretion might alter cholesterol biosynthesis (Merrill,
1958). It was then reported that incubation of rat liver slices with NA led to an increase in
fatty acid biosynthesis at the expense of the synthesis of sterols (Hardy et al., 1960). Again,
this would suggest a competition for CoA resources within mitochondria. Because NA is
conjugated with GLY (Ding et al., 1989) and therefore can be a molecular escort for GLY in
the GDS, it is probable that the GDS utilizes extra CoA resources after the administration of
large doses of NA. This may form the basis of these early theories of the mode of action of
NA in lowering serum cholesterol by inhibiting its de novo synthesis in the liver. However,
this may happen predominantly in the kidney and not the liver because administration of SA
inhibits the conjugation of NA in the GDS in human volunteers (Ding et al., 1989).
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It is recognized today that NA is a powerful lipid-altering drug that can lower levels of
atherogenic apolipoprotein B-containing lipoproteins, such as LDL, VLDL, IDL, and Lp(a),
while raising levels of atheroprotective HDL cholesterol. However, its use is limited by side-
effects, especially flushing (incidence 25 to 40%), although gastrointestinal problems and
metabolic effects may also present a problem (Creider et al., 2012). These authors also cite
several studies that have reported that high-dose aspirin (325 mg) is the most effect means
by which flushing could be prevented. This efficacy was not shared by ibuprofen, so it is
unlikely that prevention of flushing is mediated by inhibition of prostaglandin synthesis, as
various authors have suggested. Much more probable is an interaction between SA and NA
at the level of the GDS, which is already known (Ding et al., 1989). In any case, the
administration of aspirin will surely elevate plasma levels of NA and one must therefore
propose that the flushing mechanism involves a metabolite of NA rather than NA itself.
Nevertheless, ablation of the major limiting side-effect of this useful lipid-lowering drug
certainly must contain a component of the GDS. Co-administration of NA and SA will
elevate plasma GLY concentrations, and the role of GLY, either centrally or systemically, in
the flushing response is completely unknown.

4.8. Ifosfamide encephalopathy

4.8.1. History of ifosfamide—On May 8 1973, US Patent 3,732,340 was awarded to the
German company Asta-Werke for “N’,0-propylene phosphoric acid ester diamides”, which
contained the chemical structure of ifosfamide (IFO), whose features were described as
“known to have the best cytostatic properties”. The company had earlier published data on
the first such nitrogen mustard pro-drug, cyclophosphamide (CP), a structural isomer of IFO
and a molecule specifically designed as inert but that might be converted into an active
metabolite at its site of action (Arnold et al., 1958). The only known example of this cancer
chemotherapy pro-drug principle at that time was stilboestrol diphosphate for the treatment
of prostatic carcinoma (Druckrey & Raabe, 1952). The principle that was developed with
respect to CP, IFO, and related drugs was that of the “transport form/active form” for these
highly reactive nitrogen mustards whose “phosphamide and phosphoric ester bonds would
be particularly susceptible to tumour-specific enzyme reactions” (Arnold et al., 1961). Fig. 5
shows the chemical structures of the oxazaphosphorines IFO and CP and their metabolism to
the unwanted toxic aldehydes acrolein and chloroacetaldehyde (CAL). The formation of
acrolein was said to be greater for CP than for IFO and acrolein was originally proposed to
contribute to the cytotoxic activity of the drugs (Alarcon et al., 1967). There followed many
metabolic studies of IFO and CP, both in vivo and in vitro, in an attempt to clarify the exact
mode of cancer cytotoxicity of these drugs. An investigation of the in vitro metabolism of
both drugs led to the finding that IFO underwent A-dechloroethylation (which yields CAL)
while CP did not. Subsequently, it was reported that either of the IFO N-(2-chloroethyl)
groups could be dealkylated in patients treated with IFO and that the resulting dealkylated
compounds were major metabolites for IFO but not CP (Norpoth, 1976). Recently, a
metabolomic study of IFO and CP metabolism has been conducted in mice, which reported
11 urinary IFO metabolites and 12 urinary CP metabolites. Comparison of normalized peak
areas permitted estimation of A-dechloroethylated metabolites to represent ~40% of the dose
for IFO and only ~10% dose for CP in the mouse (Li etal., 2010).

Historically, CP has been perhaps the most widely used cancer chemotherapeutic agent.
Additionally, its isomer IFO has also become widely used in the treatment of a range of
solid tumors, both in adults and children (Misiura, 2006). Both drugs have the propensity to
cause unwanted urotoxicity, due to the production of acrolein (Brock et al., 1979) (Fig. 5),
most commonly, hemorrhagic cystitis, which can be fatal, but this can be successfully
managed by the co-administration of mesna (mercaptoethylsulfonate Na* salt) (Lawson et
al., 2008), which forms an excretable adduct with acrolein (Brock et al., 1981). What
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emerged soon after the introduction of IFO into clinical oncology was the appearance of
neurotoxicity, in particular, so-called “ifosfamide encephalopathy”, which was not a feature
of CP treatment regimens.

4.8.2. Occurrence of ifosfamide encephalopathy—The occurrence of
encephalopathy associated with IFO (and mesna) treatment was first reported by groups in
Birmingham and London, UK in 1985 when 5 of 31 patients with cervical and endometrial
carcinoma had clinical and electroencephalographic features of severe encephalopathy. The
dose employed was 5 g/m? IFO and 8.2 g/m? mesna over 36 h. The death of one patient was
attributed to these untoward CNS effects (Meanwell et al., 1985). Soon thereafter a few
further cases were reported for the IFO/mesna combination (Cantwell & Harris, 1985).
There quickly followed a rebuttal of the notion that the encephalopathy might be due to
mesna, from another group in London who had administered 7 g/m2 CP over 15 h and 10.5
g/m2 mesna over 33 h, without signs of encephalopathy (Osborne & Slevin, 1985). In the
intervening years, there have been numerous reports of ifosfamide encephalopathy. This
life-threatening drug effect has been estimated to occur with an incidence from <5% to
>70% (Tajino et al., 2010), with a typical occurrence of 10-30% in adult patients (Liu et al.,
2010; Ryan et al., 2008; Savica et al., 2011; Tajino et al., 2010) and 3-19% in pediatric
patients (Ames et al., 2010; Kerdudo et al., 2006). Other types of neurotoxicity, particularly
transient seizures, have been reported in ~5% children receiving IFO for solid tumors or
leukemia (Di Cataldo et al., 2009). What is certain today is that ifosfamide encephalopathy
has an unfortunate and unacceptably high incidence in cancer patients receiving IFO. This
occurs particularly in adult patients, some of whom die as a result.

4.8.3. Theories of ifosfamide encephalopathy—Clinical commentators were quick to
propose the source of ifosfamide encephalopathy soon after it was first noted. In the first
report, Meanwell and his colleagues suggested that exceptional fluxes of iron or copper were
a possible cause, by direct analogy with the encephalopathy seen in rheumatoid arthritis
patients receiving desferrioxamine (Meanwell et al., 1985). Later, this same group reported a
discriminant analysis on 77 patients that had received IFO, of which seven developed
encephalopathy. This analysis showed that low plasma albumin, high plasma creatinine
concentration, and the presence of pelvic malignancy were all risk factors for ifosfamide
encephalopathy (Meanwell et al., 1986). A center in Newcastle, UK had treated 119 patients
with 314 cycles of IFO and mesna. They proposed that women seemed to be more
susceptible and that the encephalopathy was caused by a “direct effect of ifosfamide/mesna
or one of their metabolites on the central nervous system” (Cantwell & Harris, 1985). Goren
and his colleagues reasoned that CAL (Fig. 5) was the culprit. They were aware that little
CP was dechloroethylated to CAL, but up to 50% of a dose of IFO may pass down this
pathway, added to which, IFO doses were typically ten-times greater than CP doses,
meaning that an IFO patient may be exposed to 100-times the quantity of CAL as a CP
patient (Goren et al., 1986). These investigators determined blood and urine concentrations
of CAL in six children who had received 1.6 g/m? IFO and 400 mg/m? mesna. Urinary CAL
concentrations were as high as 221 M. In two children with neurotoxicity, characterized by
somnolence, urinary incontinence, and inappropriate behavior, blood concentrations of CAL
were 88 UM at 6 h and 109 uM at 24 h after IFO administration, compared with 10 uM and
22 UM for the same times, respectively, in four patients without neurotoxicity. They
proposed a causative role for CAL (Goren et al., 1986).

A detailed investigation of a single patient with ifosfamide encephalopathy after 25 g IFO
and 20 g mesna within 24 h by Kipfer and his colleagues in our laboratories led to the
observation that urinary glutaric acid was raised from a normal value of <0.02 mmol/day to
7.4 mmol on day 1 and 6.6 mmol on day 2, a >370-fold increase. In addition, they observed
that urinary sarcosine output was elevated from a normal value of <0.03 mmol/day to 0.78
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and 0.45 mmol on these same two days, a >26-fold increase (Kiipfer et al., 1994). They
proposed that ifosfamide encephalopathy was mimicking glutaric aciduria type 11, an effect
on glutaryl-CoA dehydrogenase (EC 1.3.99.7), an enzyme in the mitochondrial matrix
(Koeller et al., 1995). As methylene blue (MB) had been used successfully to treat glutaric
acidurias, Kupfer and his colleagues evaluated MB successfully in both the treatment and
prophylaxis of ifosfamide encephalopathy (Kiipfer et al., 1994). Many clinical groups have
since investigated MB as a prophylaxis or therapy for ifosfamide encephalopathy, with
variable results. Nevertheless, MB is still widely employed in this regard (Oz et al., 2011).
The CAL liberated by IFO in particular can be further metabolized by adduct formation with
cellular thiols leading to S-carboxymethyl-L-cysteine (SCMC) and the depletion of total
cysteine, glutathione and homocysteine (Lauterburg et al., 1994). Transamination and
decarboxylation of SCMC leads to thiodiglycolic acid (TDGA), which was reported to
inhibit mitochondrial function in rats, specifically palmitic acid p-oxidation (Visarius et al.,
1998). Of interest with respect to encephalopathy is that SCMC is structurally closely-
related to glutamate. SCMC, but not TDGA, was reported to activate AMPA/Kainate
receptors (non-NMDA glutamate receptors) on single mouse cortical neurons in vitro and to
induce cellular acidification. These properties were believed to provide a basis for
ifosfamide encephalopathy (Chatton et al., 2001). Subsequently, it was reported that SCMC
was formed directly in mouse brain after the administration of IFO, lending support to the
SCMC theory of ifosfamide encephalopathy (Lerch et al., 2006).

Finally, a clinical perspective stated that previous cisplatin administration or the
administration of IFO at doses >9 g/m? are risk factors for ifosfamide encephalopathy
(Tajino et al., 2010). However, one must distinguish between clinical risk factors for, and
biochemical mechanisms of, ifosfamide encephalopathy. To date, here has been no
consensus regarding the mechanism of ifosfamide encephalopathy.

4.8.4. Ifosfamide encephalopathy as a failure of the glycine deportation
system—We wish to review the evidence that ifosfamide encephalopathy is due to a
failure of the GDS. For GLY plasma levels to rise significantly, without the administration
of GLY, not only must the glycine cleavage system be attenuated, but also the glycine
deportation system. Is it possible to envisage a situation where both GLY clearance
pathways are compromised? It has been stated above that the GCS is believed to be the main
source of GLY for the GDS (Gregus et al., 1993a). Under these circumstances, the GCS
would be synthesizing GLY de novo and driven by NADH (see Fig. 1). With the GCS
powered by NADH and synthesizing GLY, the only route for removal of GLY would be the
GDS.

As depicted in Fig. 5, the hepatic metabolism of IFO produces copious quantities of toxic
aldehydes, acrolein and CAL. Acrolein is well-known to react rapidly with reduced
glutathione (GSH) to form a stable adduct (Esterbauer et al., 1975) and to deplete GSH in rat
hepatocytes in a dose-dependent manner (Zitting & Heinonen, 1980). Experiments with
P388 cells in vitro and lymphocytes from an IFO patient ex vivo suggested that the decline
in GSH observed in these cells could be accounted for by the metabolism of IFO to CAL
(Lind et al., 1989). Additionally, CAL may reduce cerebral GSH levels in mice (Sood &
O'Brien, 1996), although the role of this in ifosfamide encephalopathy is unclear.
Furthermore, acrolein is a potent inhibitor of cytosolic aldehyde dehydrogenase 1 (ALDH1)
with a Ki of 0.65 uM (Ren et al., 1999). By using the pharmacokinetic parameters for CP
metabolites and the inhibition kinetics of acrolein, it has been calculated that ALDH1 is
inhibited in vivo by 85-91% after CP administration in patients (Ren et al., 1999). The
inhibition of ALDH1 by acrolein in the cytosol of liver cells will encourage formation of the
glutathione-acrolein adduct as shown in Fig. 6. The metabolism by ALDH isozymes of this
adduct has been investigated and reported to occur most efficiently by mitochondrial
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aldehyde dehydrogenase 2 (ALDHZ2), which was 3.5- to 175-times more active than other
ALDH isozymes (Mitchell & Petersen, 1989). This is surely also be the case for the GSH
adduct of CAL, which merely possesses one methylene group less than the acrolein adduct
(see Fig. 6). These now stable aldehydes on penetration to the mitochondrial matrix, where
ALDH2 is expressed at high levels in human liver (Hempel et al., 1985; Stewart et al.,
1996), will be converted to their corresponding carboxylate metabolites (Fig. 6) with the
generation of NADH from NAD*. The same will occur for any free aldehydes that can
access this compartment, that is, acrolein and CAL themselves. Doses of IFO are of the
order of 2.5 t0 8.5 g per day (Boddy et al., 1995; Lind et al., 1990), which corresponds to
~10-30 mmol IFO. It has been estimated that as much as 50% of an administered dose of
IFO may be converted to CAL (Goren et al., 1986), which would be equivalent to 5-15
mmol CAL (~400 to 1200 mg per day) .This, together with acrolein produced also from
IFO, leads to what has been described as “hepatic aldehyde overload” (Adrian Kipfer,
personal communication). These huge quantities of toxic aldehydes in the livers of
ifosfamide patients have two major effects of relevance to ifosfamide encephalopathy.

First, acrolein has been reported to diminish mitochondrial complexes 1,11, and 111 (Jia et al.,
2007). This may be the mechanism underlying the reported glutaric aciduria in IFO patients
with encephalopathy that was assumed to be due to an inhibition of mitochondrial electron
transport (Kupfer et al., 1994). Weight has been added to this theory by more recent studies
in rats treated with IFO in which oxidative phosphorylation was inhibited at the level of
complex I, with a significant elevation in NADH and depletion of NAD * (Nissim et al.,
2006). These authors believed this effect to be due to CAL Reduction of electron flow in
oxidative phosphorylation with reduce ATP formation. This has been reported in LSI 74T
colon cancer cells where addition of 50 pM CAL reduced ATP synthesis (Motrescu et al.,
2005). This is the first major effect of the aldehyde overload, the reduction of ATP synthesis
by acrolein and CAL.

Second, the metabolism of toxic aldehydes and their adducts by ALDH2 in the
mitochondrial matrix causes a sequestration of NADH in the matrix, at the expense of
NAD*. This may be exacerbated by the inhibition of oxidative phosphorylation at complex |
referred to above. Overall, therefore, a shortfall in mitochondrial matrix ATP production and
sequestration of NADH are the hallmarks of IFO administration.

Fig. 7 illustrates the chain of reactions that we propose leads to ifosfamide encephalopathy.
The high throughput of aldehyde oxidation by ALDH2 leads to NADH sequestration. This
in turn drives the GCS towards GLY synthesis, oxidizing NADH to NAD™ (see Fig. 1). The
NAD™ produced by the GCS is seen as fuelling ALDH2. Excess GLY produced under the
influence of NADH in the mitochondrial matrix would normally be scavenged by the GDS,
which, as was stated earlier, usually operates at only half-capacity. But the GDS requires 2
mol of ATP for each mol of GLY and BA converted to HA (BAGly in Fig. 7) (Gatley &
Sherratt, 1977) and is extremely sensitive to ATP depletion (Gregus et al., 1996). Given the
shortfall in ATP, the GDS will fail to dispose of the excess GLY, which is now free to leave
the mitochondrion and the liver, and develops hyperglycinemia.

What experimental evidence exists in support of the proposition that ifosfamide
encephalopathy arises due to a failure of the glycine deportation system? As has been
mentioned previously, Goren and colleagues determined CAL levels in children treated with
IFO, including those with neurotoxicity and reported considerably elevated concentrations
of CAL in the neurotoxic patients (Goren et al., 1986). In order to explain why IFO was
neurotoxic and CP not, these authors calculated that IFO patients may be exposed to 100-
fold greater levels of CAL than CP patients and furthermore proposed that CAL was the
cause of the encephalopathy (Goren et al., 1986). Kipfer and his colleagues demonstrated
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that both glutaric acid and sarcosine were considerably raised (>370-fold and >26-fold,
respectively) in the urine of a patient with ifosfamide encephalopathy and proposed that this
was symptomatic of an effect of IFO administration on oxidative phosphorylation. Sarcosine
is A-methylglycine and is the only alternative metabolite of GLY possible when the GCS
and GDS are compromised. Kipfer and colleagues also successfully tested the efficacy of
methylene blue (MB) in the therapy and prophylaxis of the encephalopathy, demonstrating
that IFO administration had a negative impact on mitochondrial electron transport that could
be reversed with the redox acceptor MB (Kiipfer et al., 1994). Finally, using 1H nuclear
magnetic resonance spectroscopy on the urine of both rats and humans treated with IFO, it
was reported that many analytes were increased or decreased in urine. Of particular interest
was elevated GLY and reduced HA (Foxall et al., 1996). A more detailed study by the same
group was reported in which patients were investigated using high resolution 1H nuclear
magnetic resonance spectroscopy (Foxall et al., 1997). In a group of ten patients, urinary
GLY was increased by 0.35 mmol/mmol creatinine and urinary HA was decreased by 0.33
mmol/mmol creatinine during the first cycle of IFO treatment. In the second cycle, GLY
was increased by 0.63 mmol/mmol creatinine and HA by 0.66 mmol/mmol creatinine. GLY
was elevated and HA reduced in the urine of all ten patients (Foxall et al., 1997). Although
the authors ascribe transient damage to the renal cortex as an explanation for these findings,
the molar equivalence in the changes in GLY and HA suggests that these findings may be
due to a failure of the GDS. Sadly, there has been to date no investigation of the effect of
IFO administration on the GCS and GDS, neither in cancer patients nor in laboratory
animals.

Our proposition also states that ifosfamide encephalopathy mimics nonketotic
hyperglycinemia and its resultant encephalopathy (Hall & Ringel, 2004; Suzuki et al., 2010),
where GLY concentrations in blood may be only modestly elevated but increased GLY
concentrations in CSF is diagnostic of the disease (Applegarth & Toone, 2006).

Finally, it is of interest to note here that GLY has been administered in 3 g doses to persons
who had complained about sleep quality and performed statistically significantly better than
placebo in improving subjective sleep quality (Inagawa et al., 2006). Using
polysomnography, these workers established that this night-time dose of GLY improved
objective measures of sleep quality (Yamadera et al., 2007).

5. Conclusions

It is concluded that the glycine deportation system is responsible for the removal of 400 to
800 mg per day of glycine in the form of urinary hippuric acid. Therefore, the glycine
deportation system is an essential component of glycine homeostasis and works in concert
with the glycine cleavage system. The bolus administration of pharmaceutical doses of
benzoic acid upregulates the glycine deportation system and this is a useful therapeutic
maneuver in cases of congenital urea cycle enzymopathies and nonketotic hyperglycinemia.
Aspirin overdose and adverse drug reactions to nicotinic acid and ifosfamide appear to
involve perturbations of the glycine deportation system. Therefore, the glycine deportation
system is an vital homeostatic mechanism that helps regulate glycine concentrations in the
central nervous system and can be harnessed to remove both excess glycine and excess
nitrogen in the form of glycine (Fig. 8).

The importance of the concept of the glycine deportation system is that it may lead to new
therapeutic and prophylactic strategies for the common adverse drug reactions that limit the
use of at least two valuable drugs, nicotinic acid and ifosfamide.
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benzoic acid

glycine transporter

blood-brain barrier
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glycine cleavage system

glycine deportation system
nonketotic hyperglycinemia
progressive encephalomyelitis with rigidity and myoclonus
salicylic acid
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cyclophosphamide
chloracetaldehyde

sodium 2-mercaptoethylsulfonate
methylene blue
S-carboxymethyl-L-cysteine
thiodiglycolic acid

cytosolic aldehyde dehydrogenase 1
mitochondrial aldehyde dehydrogenase 2
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The biosynthesis and degradation of glycine. Glycine (GLY) is synthesized from serine
(SER) by serine hydroxymethyltransferase (SHMT) using tetrahydrofolate (THF) as
cofactor and generating 5,10-methylene-tetrahydrofolate (5,10-MeTHF) and water. GLY is

also synthesized de novo from CO, and NH; by the glycine cleavage system that uses 5,10-
MeTHF and NADH and generates THF and NAD™. GLY is metabolically removed by three
pathways, specifically the SHMT-mediated synthesis of SER by SHMT, the reverse of the

synthetic pathway; the conversion to CO, and NH; by the glycine cleavage system, utilizing
NAD* and generating NADH, the reverse of the synthetic pathway; and a minor pathway to
glyoxylate catalyzed by D-amino acid oxidase (DAAQ), and the resulting glyoxylate
converted to oxalate by lactate dehydrogenase (LDH), using NAD* and generating NADH.
GLY is also removed by the glycine deportation system by acylation with benzoyl-CoA,
yielding A-benzoylglycine (hippuric acid; HA), which is irreversibly excreted into urine.
GLY deportation is the only truly irreversible reaction of GLY homeostasis.
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The glycine deportation system. Glycine (GLY) molecules in tissues such as brain and
muscle form part of a large volume compartment which is in equilibrium with a smaller
central compartment that comprises the blood, liver, and kidneys where GLY is both
synthesized and removed, both by metabolism and deportation into urine. The glycine
cleavage system (GCS) in mitochondria is a reversible process that can convert GLY to CO,

and NH; (NAD*-dependent) or can resynthesize GLY from these same products (NADH-
dependent). In contrast, the glycine deportation system (GDS) in the mitochondrial matrix
uses predominantly benzoic acid (BA) as an escort molecule for GLY deportation through
the formation of hippuric acid (A~benzoylglycine; ATP- and CoA-dependent). The GDS
deporting GLY molecules from peripheral compartments, such as the central nervous
system, into urine is depicted by the red arrows.
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Quantitative aspects of the fate of glycine. This schematic shows that there is 50-100 mg of
circulating GLY that enters the liver from the aorta into the hepatic artery, 250 mg of GLY
in the liver and 400-800 mg GLY deported through the hepatic vein into the vena cava after
reaction of GLY with BA in the liver. BA is produced by the gut microbiota at 700-1400
mg/day and enters the liver through the hepatic portal vein.
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Dietary precursors of benzoic acid for the glycine deportation system. Ingested chlorogenic
acid (3-caffeoylquinic acid; A) is hydrolyzed by gut microbiota to quinic acid (B) and
caffeic acid (not shown). Quinic acid is metabolized to cyclohexane carboxylic acid (C) and
this is aromatized by gut microorganisms to benzoic acid (F) which is absorbed into the liver
by the hepatic portal vein. Caffeic acid can be metabolized by the microbiota to cinnamic
acid (D) and phenylpropionic acid (E), which are also absorbed and taken up by the liver,
whereby these are metabolized by B-oxidation to benzoic acid. The benzoic acid formed by
these processes is utilized exclusively as the escort molecule for glycine in the glycine
deportation system by conversion in hepatic mitochondria to hippuric acid (G). Chemical
components of dietary precursors that become benzoic acid are shown in red. Glycine
(GLY), both in its free and deported form, is shown in blue.
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The metabolism of ifosfamide and cyclophosphamide to unwanted toxic intermediates.
Ifosfamide (IFO) and its structural isomer cyclophosphamide (CP) are both metabolized by
cytochrome P450 isozymes to their 4-hydroxy derivatives (not shown), which are ring-
opened to the corresponding aldehydes, aldoifosfamide and aldophosphamide, respectively.
These aldehyde metabolites both undergo a p-elimination of the highly toxic metabolite
acrolein. Cytochrome P450-mediated metabolism of the nitrogen mustard side-chains also
occurs leading to the toxic metabolite chloroacetaldehyde (CAL), either directly, or via 2-
chloroethylamine (CEA), with the participation of amine oxidases. Acrolein is believed to
cause urotoxicity and CAL has been proposed to cause neurotoxicity. Arrow size indicates
the relative flux down different pathways and therefore that CAL formation is considerably
greater with IFO than with CP. Chemical components of IFO and CP that become the toxic
aldehydes acrolein and CAL are shown in red.
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Adduct formation and subsequent metabolism of ifosfamide toxic aldehydes. Acrolein and
chloracetaldehyde (CAL) react readily with glutathione (GSH) to form adducts through the
cysteine sulfur. Both adducts are metabolized by mitochondrial ALDH to the corresponding
S-carboxymethyl- (for CAL) and S-carboxyethyl- (for acrolein; not shown) glutathione
adducts. These undergo metabolism to S-carboxymethyl-L-cysteine, which in turn, is
transaminated and decarboxylated to yield thiodiglycolic acid.
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The effect of ifosfamide toxic aldehydes on the glycine cleavage system and glycine
deportation system in the mitochondrial matrix. In this representation of the mitochondrion,
showing the outer and inner membranes and the mitochondrial matrix, the aldehyde
metabolites of ifosfamide (IFO), chloracetaldehyde and acrolein (represented by R-CHO),
inhibit ATP production by the electron transport chain (shown by red X). They are also
metabolized by aldehyde dehydrogenase 2 (ALDH2), thus converting NAD* to NADH. The
aldehyde overload in the liver from IFO therapy thus causes NADH sequestration in the
mitochondrial matrix (shown in pink). This excess NADH drives the glycine cleavage
system towards the de novo synthesis of glycine (GLY). The shortfall in ATP production
attenuates the glycine deportation system (shown by red X) and GLY is no longer scavenged
by benzoic acid (BA) and converted into hippuric acid (BAGIly) for deportation and thus
plasma levels of GLY rise.

Pharmacol Ther. Author manuscript; available in PMC 2013 May 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Beyoglu and Idle Page 39

GLY URINARY DEPORTATION

Fig. 8.

The three components of the glycine deportation system. 1. Glycine (Gly) is deported from
the liver as hippuric acid (BAGIy) by the hepatic glycine deportation system (GDS, ) that
uses benzoic acid (BA), coenzyme A (CoA) and 2 mol ATP. 2. Gly is also deported from
the kidney as BAGIy by the kidney glycine deportation system (GDSk) that also requires
BA, CoA, and 2 mol ATP. This system can also use salicylic acid (SA), deporting Gly as
salicyluric acid (SAGIy). 3. BAGly (and SAGIy) are subjected to active tubular secretion in
the final stage of glycine urinary deportation.
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