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Abstract

Importance of the field—Disrupted L-methionine (Met) metabolism can lead to hepatic,
neurological, and cardiovascular dysfunction in humans. Aberrant methyl group flux likely
contributes to the development of these pathologies, but when patients also become
hypermethionemic, additional toxicological mechanisms may be relevant.

Areas covered in this review—Following a discussion of the causes of hypermethionemia in
humans, evidence for the toxicological roles and clinical significance of the Met transmethylation
(TM), transamination (TA) and sulfoxidation (SO) pathways will be presented.

What the reader will gain—Recent data from freshly-isolated mouse hepatocytes (FIMHSs)
confirmed previous in vivo results in rodents that Met TM is a detoxification pathway while Met TA
leads to toxicity. Gender-related differences in Met accumulation and metabolism in FIMHs
correlated with gender differences in toxicity. Data obtained from FIMHSs also implicated Met SO
in Met metabolism and toxicity. Currently, little is known about the mechanisms and biological
significance of Met sulfoxidation in humans.

Take home message—In hypermethionemic patients, clinical and dietary interventions should

focus on increasing Met TM and decreasing Met TA and SO. Novel biomarkers of hypermethionemia
in humans that correlate with pathological end points are needed to better understand the impact of
the condition.
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1. Introduction

L-Methionine (Met) is an essential amino acid fundamentally involved in many biological
processes [1]. Besides serving as a building block and start codon for protein synthesis, Met
plays a pivotal role in methyl group metabolism and homeostasis through its conversion to S-
adenosylmethionine (SAM). Among its many functions, SAM serves as the methyl group
donor for all known mammalian DNA methyltransferases. The importance of DNA
methylation and gene silencing in the development of cancer has now been established [2].
SAM formation and the Met transmethylation (TM) pathway as a whole (Fig. 1) are also
important in the regulation of hepatocellular differentiation [3] and metabolism [4], and a

Correspondence to: Adnan Elfarra, el farra@vm vet med. wi sc. edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dever and Elfarra

Page 2

dysfunctional Met TM is associated with many forms of chronic liver injury in animal models
[5] as well as humans [6].

It is not clear how a blocked or deficient Met TM pathway leads to liver damage. Decreased
or aberrant hepatic methyl group flux likely plays a major role [6], however, reduced Met TM
may also lead to much higher tissue concentrations of Met which itself may be toxic [7-9].
The toxicological mechanisms of hypermethionemia have not been fully established, however,
the excessive formation of reactive metabolites in the Met transamination (TA) pathway (Fig.
2) may be at least partially responsible [10,11]. In addition, recently obtained evidence also
suggests a role for the Met sulfoxidation (SO) pathway (Fig. 2) in Met metabolism and toxicity
[12,13].

Thus, the purpose of this review is to highlight the potential clinical significance of
hypermethionemia, particularly in human liver disease. After providing some relevant
background on the causes of hypermethionemia in humans and its associated liver injury, the
potential toxicological mechanisms of hypermethionemia will be examined. The functional
roles of the Met TM, SO, and TA pathways in Met toxicity will be discussed since these
pathways have garnered the greatest amount of research interest. Data acquired from both
freshly isolated mouse hepatocytes (FIMHSs) and hypermethionemic animal models will be
discussed along with numerous studies in hypermethionemic humans to fully address the
potential clinical impact of the condition. Finally, experimental strategies to improve our
understanding of the toxicological role of hypermethionemia in liver injury will be presented.

2. Methionine: Essential but hepatotoxic

The biological formation of Met occurs only in plants and some microorganisms via a seven-
step synthesis requiring aspartate and cysteine [14]. Mammals must obtain their Met
requirement from the diet in free or protein-bound form and thus, human Met-deficiency can
be a clinical concern in areas where malnutrition is prevalent. Acute Met deficiency in animal
models results in widespread physiological dysfunction. In a recent study, rats fed a diet devoid
of Met lost weight, developed anemia, and suffered from liver dysfunction [15]. Other reported
effects of Met deficiency include bladder and kidney lesions [16]. Recent experiments in
calorically-restricted drosophila, which have an increased lifespan but decreased fecundity,
also indicate a pivotal role for Met in reproduction. Increasing only the Met content of the
calorically-restricted diet completely restored normal fecundity in flies while maintaining their
extended lifespan [17].

2.1 Hypermethionemia in animal models

Despite its biological indispensability, decades of research have also demonstrated the negative
effects of excessive dietary or endogenous Met. In fact, Met is one of the most acutely toxic
amino acids of those normally involved in protein synthesis [18]. Early studies demonstrated
that high levels of Met given orally or by i.p. injection to guinea pigs induced cholestatic liver
damage with hepatic ATP depletion, inhibition of RNA synthesis, nuclear fragmentation as
well as hypoglycemia, hypothermia, and eventual death [7-9]. High levels of dietary Met given
to rats led to growth suppression and splenic abnormalities [19]. In another study, long-term
consumption (6 months) of a Met-supplemented diet in rats, as well as rabbits, led to increased
lipid peroxide levels in the liver [20,21]. In male mice, Met adenosyltransferase (MAT) 1A
knockout strains have very high Met levels, low SAM levels, 40% lower GSH levels, and are
much more prone to oxidative stress and tumor formation in the liver compared to wild type
male mice [5,22].

Conversely, decreased Met consumption appears to have health benefits in rodents. Rats given
a diet containing 0.17% Met lived 30% longer than rats fed a diet composed of 0.86% Met

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dever and Elfarra

Page 3

[23]. The effect was found to be independent of overall dietary energy intake. Average life-
span increases were also noted in mice given a Met-restricted diet beginning at 6 weeks of age
[24] and 12 months of age [25]. Met-restricted mice were also much more resistant to oxidative
liver damage induced by a single acetaminophen challenge dose [24]. Other biochemical
effects of Met restriction, including lower blood glucose levels, were also noted, however, the
mechanisms by which Met restriction increases lifespan in rodents were not clear. The effects
of Met-restricted diets in primates have not yet been examined, but the above described
experiments in rodents suggest that the upper limit for optimal dietary Met intake in primates
may be lower than previously thought.

2.2 Hypermethionemia in humans

Overall Met status of humans is typically assessed by measuring the plasma Met concentration.
While plasma Met levels do appear to at least loosely correlate with liver Met levels in animal
models [26], the underlying assumption that they are representative of overall Met status has
not been definitively confirmed. In general, plasma Met concentrations of 10-40 puM are
considered normal [27]. No clinical definition of hypermethionemia has been established,
however, Met concentrations of greater than 500 uM have often been reported in
hypermethionemic patients [28]. Indeed, one undiagnosed patient had a plasma Met
concentration of over 2,500 uM [28]. Both genetic and environmental etiologies can result in
hypermethionemia (Table 1). Regardless of the root cause, hypermethionemia in humans is
almost always associated with a defective Met TM pathway, the major metabolic outlet for
free Met.

2.2.1 Methionine adenosyltransferase I/lll deficiency—The Met TM pathway (Figure
1) begins with the formation of SAM from Met and ATP via the Met adenosyltransferases
(MAT I, I, and I11). MAT I and MAT Il are a tetramer and dimer, respectively, of the MAT1A
subunit, and both are expressed primarily in the liver [3]. MAT Il is expressed extrahepatically
and is formed from the MAT2A gene. Over two dozen different mutations in the MAT1A gene,
which leads to MAT I/111 deficiency, have been described, and MAT1A mutations may be the
most common cause of inherited hypermethionemia [6,29,30]. While MAT I/111 deficiency
results in high plasma Met and low plasma SAM levels, it does not necessarily lead to overt
clinical pathologies [28,31,32]. Neurological effects and associated deficiencies in cognitive
functions have been reported [33]. Most patients with MAT I/111 deficiency appear to have
adequate liver function, however, the long-term effects of this deficiency remain in question
since all of the available clinical information is from children and young adults. It is noteworthy
that MAT 1A knockout male mice are viable, but are much more susceptible to liver injury than
their wild type counterparts [5].

2.2.2 Glycine N-methyltransferase deficiency—SAM is converted to S-
adenosylhomocysteine (SAH) after methyl group donation via a wide range of
methyltransferases. One of the most abundant is glycine N-methyltransferase (GNMT) which
methylates glycine to sarcosine. Since sarcosine can be readily demethylated back to glycine,
the function of this pathway may be to control the SAM/SAH ratio which is an important
homeostatic regulator of methylation reactions [6]. Though rare, human GNMT deficiency has
been described [34,35] and results in high levels of plasma Met and SAM, but normal levels
of SAH. The primary pathology associated with the disorder appears to be mild liver damage
including elevated serum aminotransferases and hepatomegaly. GNMT knockout mice also
develop significant liver pathologies including steatosis, fibrosis, and hepatocellular carcinoma
[36-38].

2.2.3 S-Adenosylhomocysteine hydrolase deficiency—The subsequent hydrolysis of
SAH to form adenosine and homocysteine (Hcy) is catalyzed by SAH hydrolase (Fig. 1).

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dever and Elfarra

Page 4

Human SAH hydrolase deficiency also appears to be relatively rare having been described in
only three patients [39-41]. Besides very high plasma Met, SAM, and SAH concentrations,
the disorder leads to elevated serum liver enzymes, hepatitis, portal fibrosis, neurological
pathologies, and developmental delay.

2.2.4 Cystathionine B-synthase deficiency—The last well-documented genetic cause
of human hypermethionemia is cystathionine B-synthase (CBS) deficiency (Fig. 1). CBS
irreversibly combines Hcy with serine to form cystathionine which is further metabolized to
cysteine and a-ketobutyric acid. CBS deficiency not only results in hypermethionemia but also
homocystinuria and is primarily associated with mental retardation and cardiovascular disease
[42-44]. The vascular toxicity associated with this disorder is very likely related to the high
levels of Hcy which has well-documented arteriosclerotic effects [45-47], possibly through
formation of the reactive metabolite homocysteine thiolactone [48]. A major role for Hey in
Met-induced hepatotoxicity has yet to be established.

2.2.5 Non-genetically based causes of hypermethionemia—Human
hypermethionemia may also develop from non-genetically based etiologies. Elevated Met
levels have been detected in premature or postoperative infants given Met-containing total
parenteral nutrition (TPN) [49-51], an intervention which can lead to TPN-associated
cholestasis [52]. Rabbits infused with TPN solution or with Met alone at the same concentration
present in TPN solution developed identical cholestatic liver disease characterized by balloon
degeneration and portal inflammation suggesting that elevated Met levels may contribute to
the pathology of this life-threatening condition in infants [53].

The increased toxicity of parenterally-administered Met suggests that Met metabolism in the
gut is important for not only Met utilization, but also Met detoxification. Studies in piglets
indicate that 20% of dietary Met is metabolized in the gastrointestinal tissues [54]. Furthermore,
the Met requirement in parenterally-fed piglets was found to be ~69% that of enterally-fed
piglets [55]. Further studies are needed to clarify the role of the gut in Met metabolism and
toxicity, however, the above results should be considered when determining the appropriate
Met concentrations of TPN solutions.

Elevated plasma Met levels have also been detected in alcoholics and other patients with hepatic
encephalopathy and liver cirrhosis [56-58], possibly due to reduced activity of enzymes
involved in Met TM [59]. Met toxicity may exacerbate hepatocellular necrosis and fibrogenesis
in patients with chronic liver disease [60].

3. Methionine metabolism: Physiological roles and toxicological significance

Excessive Met is clearly toxic to laboratory animals. Humans who become hypermethionemic
due to genetic defects or chronic liver disease may also develop cardiovascular, hepatic and
neurological pathologies. Since human hypermethionemia generally arises as a secondary
symptom of Met TM disruption, itis difficult to separate the clinical impact of disrupted methyl
flux from the additional toxicological consequences of hypermethionemia itself. In both
hypermethionemic animal models and humans, hepatotoxicity can be a clinical outcome
possibly because the liver is also the primary organ involved in Met metabolism. Therefore
hypermethionemia may lead to the formation of hepatotoxic Met metabolites via the Met TA
and Met SO pathways in addition to the injury caused by methyl group imbalance.

3.1 Methionine transmethylation

The Met TM pathway (Fig. 1) is the most significant and physiologically important route of
Met metabolism with as much as 50% of dietary Met being converted to SAM, much of it in
the liver [61]. Methylation reactions are central for a broad range of biological processes
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including the regulation of gene expression and cellular growth. The Met TM pathway also
leads to formation of the amino acid cysteine, a key precursor to glutathione. Alternatively,
SAM decarboxylation is an important step in the synthesis of polyamines which are involved
in cellular differentiation and growth. With the multiple biological functions of the Met TM
pathway, it is not surprising that its disruption via genetic or environmental etiologies is
associated with major biochemical imbalances, including hypermethionemia, and significant
pathologies.

An efficient Met TM pathway not only prevents a buildup of excess Met, it appears to function
as a Met detoxification pathway under hypermethionemic conditions. One line of evidence for
this hypothesis is provided by observations that supplementation with Met TM cofactors
decreases Met toxicity in animal models. For example, elevated glycine levels increase the rate
of SAM utilization via glycine N-methyltransferase while elevated serine levels increase the
favorability of cystathionine formation from Hcy [62]. Dietary stimulation of the Met TM
pathway via glycine and serine supplementation in rats also fed excess Met prevented Met-
induced growth inhibition and feed-intake reduction and also lowered hepatic SAM levels by
40% compared to rats fed only excess Met for two weeks [62]. Glycine and serine supplemented
rats on the high Met diet also had dramatically lower plasma and liver Met concentrations
compared with nonsupplemented rats.

While stimulation of the Met TM pathway decreased Met toxicity, inhibition of the Met TM
pathway increased Met cytotoxicity (Fig. 3) [11-13]. Addition of the SAH hydrolase and Met
TM inhibitor 3-deazaadenosine (3-DA) [63] significantly potentiated Met-induced cytotoxicity
in male FIMHs compared with those exposed to only Met [11] (Fig. 3C). Because 3-DA also
inhibits formation of Hcey (Fig. 1), this finding suggested that Hcy was not responsible for
eliciting Met toxicity in male FIMHSs.

In contrast to Hey, several Met TM metabolites, most notably SAM and cysteine, have inherent
cellular protective properties. Treatment with SAM has been shown to improve clinical
outcomes of patients with various forms of liver disease by unestablished mechanisms [64].
In addition, SAM also has chemotherapeutic properties [65]. The protective properties of
cysteine are well-known as it is central to the synthesis of glutathione. Administration of Met
has been shown to result in higher glutathione levels in animal models [66]. Thus, besides
serving as the primary metabolic outlet for the removal and, if necessary, the detoxification of
free Met, the Met TM pathway converts Met into beneficial metabolites that may provide an
additional level of cellular protection from the potentially toxic metabolites formed from Met
TA and potentially Met SO.

3.2 Methionine transamination

Since the discovery and characterization of the Met TA pathway over 30 years ago, its
metabolic and toxicological relevance, particularly in humans, has been the subject of much
study [19,26,31,32]. Two major conclusions are well-supported by experimental data. First,
the Met TA pathway results in the formation of toxic metabolites. Second, these metabolites
are often formed at significant levels in hypermethionemic humans.

Multiple transaminases are likely involved in Met TA (Figure 2) with glutamine transaminase
L and K having been confirmed to participate [13,67]. In rats and sheep, the highest tissue Met
TA activity was detected in liver extracts with kidney extracts also demonstrating significant
activity [67]. The in vitro K, of Met TA by glutamine transaminase K was determined to be
3.3 mM which is much higher than the K, for SAM formation (0.003-1.3 mM) [1,68]. This
supports the observation that, in humans with normal physiological Met concentrations, Met
TA metabolite levels are extremely low or not detectable [32].
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Met TA results in formation of 2-keto-4-methylthiobutyric acid, the keto-acid of Met (Fig. 2).
This may be further metabolized, primarily in mitochondria, by branched-chain 2-oxo acid
dehydrogenase complex to 3-methylthiopropionic acid (3-MTP) [69-71]. The toxicity of 3-
MTP has been investigated. Rats fed a diet spiked with 3-MTP (2.57%) or an equimolar amount
of Met for two weeks had similar growth depression, lower levels of food intake, and splenic
abnormalities [19]. Further metabolism of 3-MTP in rat liver homogenate or rat and human
hepatocytes exposed to 3-MTP resulted in formation of methanethiol, dimethylsulfide, and
methanethiol-mixed disulfides [72,73]. Short-term exposure of liver, spleenic and red blood
cell extracts to methanethiol (10 min) resulted in depressed cytochrome c oxidase and catalase
activities [10], and similar reductions in the activities of these enzymes were detected in rats
fed a diet containing 3% Met [19]. These data suggested that hypermethionemic conditions
may lead to the formation of toxic volatile sulfur molecules such as methanethiol that inhibit
enzyme activity, likely via reactions with free sulfhydryl groups.

Recent Met metabolism and toxicity studies in FIMHSs also support a prominent bioactivating
role for Met TA. Whereas L-Met was cytotoxic to male FIMHs, equimolar doses of D-Met did
not cause cytotoxicity (Fig. 3A) [11] consistent with the finding that D-amino-acid oxidase is
present in mouse kidney but not liver [74]. Addition of the Met transaminase inhibitor
aminooxyacetic acid (AOAA) [75] to Met-exposed male FIMHs significantly decreased both
Met-induced cytotoxicity and GSH depletion compared with FIMHs exposed to Met alone
[11]. Furthermore, exposure to 3-MTP elicited a similar degree of cytotoxicity and GSH
depletion without glutathione disulfide (GSSG) formation in male hepatocytes at 100-fold
lower concentrations than Met (Fig. 4).

In the FIMH model, male, but not female, hepatocytes were sensitive to Met toxicity and also
obtained much higher intracellular Met levels following Met exposure (Table 2) [11]. Addition
of AOAA further increased cellular Met levels in Met-exposed male, but not female,
hepatocytes. This suggested that Met TA was only significant in the male hepatoctyes,
consistent with the increased sensitivity to Met of that gender. Supportively, no gender
differences were detected in Met TA activity by glutamine transaminase K (GTK) in male and
female mouse liver cytosol, and AOAA completely inhibited Met TA in the cytosol of both
genders [11].

Met TA metabolites have been detected in hypermethionemic humans. Increased levels of 2-
keto-4-methylthiobutyric acid, 3-MTP, methanethiol, and protein and non-protein
methanethiol-mixed disulfides were observed in the plasma of patients with MAT [31] and
CBS [42] deficiency. The increases were most notable in patients with plasma Met levels
greater than 350 uM [28]. Increases in Met TA metabolites were also detected in the plasma
of healthy human volunteers given 0.1 g/kg Met [76]. Thus, the formation of methanethiol as
well as methanethiol mixed-disulfides from the Met TA pathway does occur in humans, but
their clinical impact, particularly in patients with chronic hypermethionemia, has been difficult
to distinguish from the effects of altered or disrupted Met TM. Nevertheless, reduction of Met
TA in hypermethionemic humans, perhaps using competitive amino acid inhibitors of
transaminases, could be beneficial. The use of dietary glycine and serine for this purpose might
also work to simultaneously stimulate Met TM [62]. In addition, treatment of
hypermethionemic patients with N-acetyl cysteine could help restore GSH levels depleted by
reactive Met TA metabolites.

3.3 Methionine sulfoxidation

The metabolic and toxicological role of the Met SO pathway has received less attention than
the Met TM and TA pathways, however, emerging evidence suggests that its significance in
both physiological and hypermethionemic conditions may have been overlooked.
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Biological Met S-oxidation to methionine-d-sulfoxide (Met-d-O) or methionine-I-sulfoxide
(Met-1-O) is likely accomplished through multiple mechanisms including chemical oxidation
by reactive oxygen species (ROS) [77] and enzymatic oxidation by flavin-containing
monooxygenases and/or other unidentified enzymes [78-81]. Experiments in FIMHSs have
provided the most recent evidence that Met SO may be enzymatically catalyzed and
physiologically significant [12,13]. In one set of studies, male, but not female, FIMHs exposed
only to the transaminase inhibitor AOAA showed an unexpected, time-dependent increase in
cellular Met-d-O levels compared with control FIMHSs (Fig. 5) [12]. This result led to the
identification of methionine-dl-sulphoxide (MetO) TA as a novel metabolic pathway of interest
and suggested that Met S-oxidation and MetO TA may occur in vivo at physiological Met
concentrations and have some unidentified physiological role.

In healthy individuals, MetO is present in the plasma at low but detectable concentrations (4
+ 1 uM) [77] indicating that it is present in humans with normal Met levels. MetO levels were
higher in the serum and urine of hypermethionemic infants compared with physiologically
normal infants [82]. In a human with MAT deficiency, high concentrations (460 uM) of plasma
Met-d-O were observed [31]. Two-fold increases in Met-d-O were also detected in the liver
and plasma of male and female mice given a single, high Met dose [26]. The detection of only
Met-d-O suggested either stereoselective S-oxidation of Met to Met-d-O or selective
subsequent metabolism of Met-1-O to yield further metabolites. Most importantly, these
findings provide compelling evidence for the metabolic significance of the Met S-oxidation.

To investigate the potential toxicological role of Met SO, the direct toxicity of MetO was
examined using FIMHSs [12]. As with Met, male, but not female FIMHs were sensitive to MetO
toxicity. Also similar to Met, MetO toxicity was characterized by cytotoxicity preceded by
GSH depletion without GSSG formation and was strongly inhibited by AOAA. Thus, along
with its potential physiological significance, MetO TA also appeared to be toxicologically
relevant. It was further hypothesized that MetO TA could lead to the formation of
methanesulfenic acid (Fig. 2) which, like methanethiol, should react rapidly with free
sulfhydryl groups. Because MetO toxicity was elicited at similar concentrations as Met (>20
mM) [12], the role of Met sulfoxidation in Met toxicity is likely additive to that of the Met TA
metabolites.

Cellular levels of Met-d-O and Met-I-O were assessed in FIMHs exposed to toxic levels of
Met [13]. Consistent with previous in vivo results, increases in Met-d-O, but not Met-I-O, were
detected in FIMHSs of both genders. Interestingly, addition of AOAA resulted in significant
increases in Met-d-O levels in Met-exposed male, but not female, hepatocytes (Table 2). This
result suggested that Met-d-O TA was more active in male hepatocytes. Because MetO TA
activity by GTK in mouse liver cytosol of both genders was similar, the exact reason for the
increased MetO TA in male hepatocytes was not clear, but it correlated with the higher
accumulation of Met in the male mouse hepatocytes (Table 2). It was also consistent with the
increased sensitivity of male hepatocytes to Met toxicity.

The Met and MetO metabolism and toxicity experiments in FIMHs confirmed the significance
of Met SO at both low and high biological Met concentrations. They also led to the
identification of MetO TA as a pathway of potential metabolic and toxicological interest.
Currently, these studies constitute the only detailed studies of the potential metabolic and
toxicological significance of the Met SO pathway. Further experiments are now required in
humans as well as in vivo animal models to elucidate the biological significance of MetO
formation.
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4. Assessing the clinical impact of hypermethionemia: Future studies

Excessive bodily Met loads have established harmful effects in a variety of animal models.
Under hypermethionemic conditions, Met TM appears to play a detoxification role while Met
TA is bioactivating. In addition, the Met SO pathway may have a significant but as yet
undetermined role in Met metabolism and toxicity. In humans, hypermethionemia is typically
caused by genetic or environmental Met TM disruption. Thus, it is difficult to distinguish the
clinical impact of Met toxicity from that of disrupted methyl group homeostasis. Innovative
approaches are now required to decisively determine whether human hypermethionemia is a
benign biochemical anomaly or a cause for clinical concern.

One established technique that may be useful in accurately measuring the rate of formation
rather than just the presence of toxicologically-relevant Met metabolites is Met multiple stable
isotope tracing. Through the infusion of dual labeled [1-13C; methyl-2H3] Met, the rates of Met
TM, transsulfuration, and incorporation into protein can be simultaneously measured. This
approach has been used with great success in animal models [83] as well as humans [84,85]
to study how Met metabolism is regulated under particular dietary and environmental
conditions. Met isotope tracing could potentially be used to measure the rate of formation of
potentially toxic Met TA metabolites in hypermethionemic humans. For example, [1-13C;
methyl-2H3] Met TA should result in the formation of labeled methanethiol and methanethiol
mixed disulfides which can be measured by GC-MS [31]. Determining the rate of [1-13C;
methyl-2H3] Met S-oxidation to [1-13C; methyl-2H3] MetO would also be of interest to
determine the quantitative significance of the Met SO pathway in hypermethionemic humans.

The use of Met stable isotope tracing has the potential to greatly improve our understanding
of the metabolic significance of Met TA and Met SO, however, research efforts should also
focus on establishing direct links between hypermethionemia and its associated clinical
pathologies. A bottom up metabolomic and/or proteomic search for toxicologically-relevant
serum or urinary biomarkers of hypermethionemia in humans would be a first step toward this
goal. Candidate biomarkers could then be examined for their correlation to any observed
pathologies. This approach has already been piloted in rats given excessive dietary Met where
serum levels of Hey, cystathionine, and one unidentified metabolite successfully discriminated
between subtoxic and toxic Met levels [86]. Because hypermethionemia in humans is usually
due to a dysfunctional Met TM rather than Met overconsumption, human biomarkers of
hypermethionemia may be different than those identified in the rat study.

5. Conclusions

The precise clinical impact of human hypermethionemia remains unclear, but much is known
regarding the metabolic mechanisms that could elicit Met toxicity in humans. Disruption of
the Met TM pathway, the major cause of human hypermethionemia, not only leads to greatly
elevated Met levels, it marginalizes Met detoxification. The Met TA pathway appears to elicit
Met toxicity in animal and cellular models. Met TA metabolites can be detected in
hypermethionemic humans, but their toxicological significance remains unclear. The Met SO
pathway and subsequent MetO TA may also have a role in toxicity that warrants further
investigation for its human physiological relevance. Gender-related differences in Met uptake
and cytotoxicity in human hepatocytes should be investigated as significant gender-related
differences in Met uptake and toxicity have been observed in FIMHSs. In addition, next-
generation metabolomic and proteomic technologies will be important for further clarification
of the relationship between hypermethionemia and its associated clinical pathologies.
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6. Expert Opinion

Extensive strides have been made over the past thirty years to clarify the biochemical
mechanisms that elicit the toxicity of Met in various in vitro and in vivo models. Despite these
advances, we still have a poor understanding of the toxicological impact of hypermethionemia
in humans. Tackling this problem will require more sophisticated approaches than simply
measuring serum Met metabolite levels. To a large degree, the toxicological impact of Met
probably depends on its metabolic partitioning between Met TM, the detoxification route, and
Met and MetO TA, the bioactivation routes. Under normal physiological conditions, Met TM
is heavily favored while Met TA is not significant. A blocked TM pathway leads to a dramatic
reversal of this metabolic equilibrium resulting in higher rates of Met and MetO TA and the
potential for increased toxicity. Determining Met metabolic partitioning rates between Met
TM, TA and SO, perhaps through the use of stable isotope tracer techniques, may provide more
useful data from which to make extrapolations regarding the potential toxicity of Met in
individuals.

Many scientists have concluded that the toxicological effects of disrupted Met TM probably
outweigh those of direct Met toxicity. This hypothesis is well-founded due to the ubiquitous
cellular impact of methylation reactions. Nevertheless, it would be rash to clinically dismiss
the additional toxicological impact of hypermethionemia as only minor without more robust
evidence supporting that claim. The presence of even small amounts of Met TA metabolites
in hypermethionemic humans is a cause for concern considering that these metabolites have
proven toxicity in animal models. The lack of any detectable acute toxicological effects of
hypermethionemia in healthy individuals does suggest that, in most cases, hypermethionemic
humans are able to effectively detoxify reactive Met and MetO TA metabolites. The more
compelling question resides in the long-term health consequences of chronically excessive Met
and MetO TA.

From a research standpoint, the Met SO pathway currently represents the most intriguing Met
metabolic pathway. Several mysteries, including the apparent stereoselective formation of
Met-d-O at physiological and high Met states and the physiological significance of MetO TA,
await experimental insights. The long standing assumption that MetO formation is primarily
carried out by ROS may need to be revisited. Most importantly, the Met SO pathway must be
characterized in healthy and hypermethionemic humans to determine its significance. These
studies represent an exciting frontier in the field of Met metabolism and toxicity.

Article Highlights Box

e L-Methionine (Met) is toxic in animal models, but hypermethionemic humans do
not always develop overt pathologies.

*  Hypermethionemia in humans usually develops secondary to a defective Met
transmethylation pathway, the major metabolic outlet for free Met.

e The Met transamination pathway appears to elicit Met toxicity in animal models
exposed to high levels of Met, but its toxicological significance in humans remains
unclear.

»  Met sulfoxidation (SO) to form L-methionine-d-sulfoxide (Met-d-O) and
subsequent Met-d-O transamination may have both physiological and
toxicological importance.
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¢ Next-generation metabolomic and proteomic technologies will be important to

further clarify the relationship between hypermethionemia and clinical

pathologies.
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L-Methionine (Met)

Figure 1.

The Met TM pathway, the major metabolic outlet for free Met. Adapted from Dever JT, Elfarra
AA. Gender differences in methionine accumulation and metabolism in freshly isolated mouse
hepatocytes: Potential roles in toxicity. Toxicol Appl Pharmacol 2009;236:358-65 with
permission from Elsevier.
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Figure 2.

The Met SO and TA pathways, proposed Met bioactivation pathways. Adapted from Dever
JT, Elfarra AA. Gender differences in methionine accumulation and metabolism in freshly
isolated mouse hepatocytes: Potential roles in toxicity. Toxicol Appl Pharmacol
2009;236:358—65 with permission from Elsevier.
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Figure 3.

Cell viability (as determined by LDH leakage) of freshly isolated male mouse hepatocytes
(n=3-4) incubated at 37°C for 0-5 h in medium alone or medium spiked with Met (30 mM)
compared with male hepatocytes exposed to medium spiked with D-Met (30 mM) (A), AOAA
(0.2 mM) and Met + AOAA (B), and 3-DA (0.1 mM) or Met + 3-DA (C). The symbol *
indicates values that were significantly lower than cells incubated with medium alone (*p<0.05,
**p<0.01, ***p<0.001). The symbol T indicates values that were significantly different than
cells incubated with only Met ( Tp<0.05, T Tp<0.01, T T Tp<0.001). Adapted from Dever JT,
Elfarra AA. L-methionine toxicity in freshly isolated mouse hepatocytes is gender-dependent
and mediated in part by transamination. J Pharmacol Exp Ther 2008;326:809-817 with
permission from the American Society for Pharmacology and Experimental Therapeutics.
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Figure 4.

Cell viability (as determined by LDH leakage) and cellular GSH levels of freshly isolated male
(A, C) and female (B, D) hepatocytes (n=3-4) incubated with medium alone or medium spiked
with 3-MTP (0.3 mM) for 0-5 h at 37°C. The symbol * indicates values that were significantly
lower than cells incubated with medium alone (*p<0.05, **p<0.01). Adapted from Dever JT,
Elfarra AA. L-methionine toxicity in freshly isolated mouse hepatocytes is gender-dependent
and mediated in part by transamination. J Pharmacol Exp Ther 2008;326:809-817 with
permission from the American Society for Pharmacology and Experimental Therapeutics.
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Figure 5.

Cellular Met-d-O (A) and Met-1-O (B) levels in freshly isolated male hepatocytes (n=3-4)
incubated with medium alone or medium spiked with AOAA (0.2 mM) for 0-1.5 h at 37°C.
The symbol * indicates values that were significantly higher than cells incubated with medium
alone (*p<0.05). Adapted from Dever JT, Elfarra AA. L-Methionine-dl-sulfoxide metabolism
and toxicity in freshly isolated mouse hepatocytes: Gender differences and inhibition with
aminooxyacetic acid. Drug Metab Dispos 2008;36:2252—-2260 with permission from the
American Society for Pharmacology and Experimental Therapeutics.
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Table 2
Area under the curve (AUC) analysis for intracellular Met, SAM, Met-d-O, and Met-1-O in
male or female FIMHs incubated with 30 mM Met for 1.5 h with or without 0.2 MM AOAA

(Adapted from JT, Elfarra AA. Gender differences in methionine accumulation and metabolism in freshly isolated
mouse hepatocytes: Potential roles in toxicity. Toxicol Appl Pharmacol 2009;236:358-65 with permission from

Elsevier).

AUCq_1 5, (nmol - h/108 cells)@

Treatment Met SAM Met-d-O  Met-I-O
Male
Met 4031140 29+11 52%12 5.2+2.7

Met + AOAA 50.6111.3b 3.1+14 9.242.6C 6.6+4.0

Female
Met 15.8+1.4 7.4+33  6.8+0.8 3.7+0.2
Met + AOAA 18.7+4.4 8.0+4.8 6.6+2.1 4.0+0.4

aData are expressed as mean + SD (n = 3-4).
bValues are significantly higher than the corresponding values obtained in FIMHSs of the opposite gender (p<0.05).

CValues are significantly higher than the corresponding values obtained in FIMHs of the same gender incubated with Met only (p<0.05).
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