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EVIEW ARTICLE

Homocysteine Remethylation and Trans-sulfuration

L. John Hoffer

he plasma homocysteine (Hcy) concentration represents the balance between its entry and removal from the circulation.

his understanding has stimulated efforts to elucidate the causes of hyperhomocysteinemia by measuring plasma Hcy

urnover. However, these studies have been performed under steady-state conditions, which do not allow for conclusions

bout the type and severity of the metabolic blocks that cause metabolites to accumulate. Failure to appreciate this has led

o some confusion in the literature dealing with whole body Hcy metabolism.
2004 Elsevier Inc. All rights reserved.
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TRONG EVIDENCE that homocysteine (Hcy) is a vascu-
lar toxin has focused interest on the factors that determine

ts plasma concentration in health and disease. The prevailing
lasma Hcy concentration represents the balance between its
roduction and removal from the circulation, so the usefulness
f plasma Hcy kinetic measurements in normal and hyperho-
ocysteinemic states seems obvious. Moreover, an elegant

ual-label tracer model, developed by Storch and Young, is at
and to perform such studies.1 It needs to be appreciated,
owever, that the Storch-Young model is a steady-state model,
nd steady-state substrate flux does not provide information
bout the type and severity of metabolic blocks.2 Failure to
ppreciate this will lead to misinterpretation of the results
enerated by this model.

HOMOCYSTEINE METABOLISM

Hcy is the sulfur amino acid created upon removal of me-
hionine’s labile methyl group. Approximately 80% of fasting
hole-body methionine disappearance is due to uptake for
rotein synthesis; the remainder is catabolism via conversion to
cy.3 The first step in methionine’s catabolic pathway is acti-
ation to S-adenosylmethionine (SAM), the donor in most
ethyl transfer reactions.4 Methyl donation by SAM produces
-adenosylhomocysteine, which, upon hydrolysis, yields Hcy.
cy is metabolized by 2 pathways. The first is reconversion to
ethionine (remethylation pathway [RM]). The second is con-

ersion to cystathionine in a reaction catalyzed by cystathi-
nine �-synthase (CBS). Cystathionine is subsequently cleaved
o cysteine and �-ketobutyrate (trans-sulfuration pathway
TS]). Methionine catabolism by other routes is insignificant5,6

o the TS pathway is, with rare exceptions, the only route of
ethionine (and Hcy) elimination from the body.
The RM and TS pathways have different metabolic func-
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ions. Organisms in metabolic balance eliminate methionine at
he same rate it enters from the diet, so their TS rate matches
ethionine intake. RM appears to represent a mechanism by
hich methyl groups from diverse sources are channelled, via
cy reconversion to methionine, into SAM-mediated trans-
ethylation reactions.7 Selhub and Miller8,9 have described a

lausible scheme by which the intracellular SAM concentration
egulates traffic on these independent, but intersecting meta-
olic pathways. According to their scheme, high methionine
tates increase intracellular SAM, activating CBS to eliminate
he surfeit methionine. High SAM simultaneously inhibits
ethylenetetrahydrofolate reductase (MTHFR), the supplier of
ethyltetrahydrofolate to the Hcy remethylating enzyme, me-

hionine synthase, thereby limiting needless methionine syn-
hesis via Hcy remethylation in a situation in which methionine
s already abundant. Low methionine states—as would be pre-
icted with a low methionine diet—decrease intracellular
AM. This reduces CBS activity, conserving methionine, while
imultaneously stimulating MTHFR to increase Hcy remeth-
lation and maintain sufficient methionine influx for essential
ransmethylation reactions. Finally, an increased transmethyl-
tion requirement is sensed as a reduction in SAM. This in-
reases the RM rate to increase the supply of methionine to
orm SAM while keeping TS constant, the latter being essential
o maintain methionine balance.

THE STORCH-YOUNG MODEL

Whole body TS can be measured in the steady state by
eans of a primed, continuous infusion of tracer [1-13C]me-

hionine. It is valid to use the steady-state 13CO2 production
ate to calculate methionine oxidation, first, because the C-1
tom of methionine becomes the C-1 of Hcy, which in turn
ecomes the C-1 of a molecule—�-ketobutyrate—whose only
etabolic fate is irreversible C-1 decarboxylation,1 and, sec-

nd, because TS is the only quantitatively important pathway
or methionine oxidation in humans.5,6 The C-1 of methionine
s not affected by demethylation to form Hcy nor by Hcy
emethylation to form methionine, so the methionine disappear-
nce rate calculated with this tracer provides no information
bout the RM pathway. Storch and Young realized that a label
n methionine’s labile methyl group will be lost in both the TS
nd RM pathways, so methionine turnover measured using a
ethyl-labeled tracer will exceed that measured using a C-1–

abeled tracer by an amount equal to RM. SAM-mediated
ethyl transfer occurs at the rate RM � TS, which is termed
he transmethylation rate (TM).1,3
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1481HOMOCYSTEINE REMETHYLATION AND TRANS-SULFURATION
The interactions described here among rate of methionine
ngestion, metabolite concentrations, and flux rates are perti-
ent to steady-state conditions; the situation is more compli-
ated under short-term non–steady-state conditions. In the non–
teady-state period immediately following methionine
ngestion, serum and tissue concentrations of methionine and
ts metabolites such as SAM, S-adenosylhomocysteine, and
cy may rise, creating a temporary mismatch between methi-
nine entry and its ultimate disposal. Temporal variation could
lso exist in the rates of SAM-mediated transmethylation reac-
ions. Like most tracer models of amino acid metabolism, the
torch-Young model is applicable only when metabolic and

sotopic steady state prevail. The TS and RM rates it indicates
pply to a steady-state situation in which metabolite pool sizes
re constant in size.

The Storch-Young model assumes the TS pathway is the
nly quantitatively important route of methionine catabolism in
he body. This is a valid assumption, since the existing data
ndicate that methionine transamination is quantitatively insig-
ificant in humans.5,6 In certain metabolic disorders, urinary
xcretion of methionine or its metabolites, including Hcy or
ystathionine, could be quantitatively important.6,10 In such
ituations the model needs to be adjusted to account for steady-
tate urinary excretion of these molecules.

CAUSES OF HYPERHOMOCYSTEINEMIA

The RM pathway largely depends on the cobalamin-depen-
ent enzyme, methionine synthase, and on the availability of its
ubstrate, methyltetrahydrofolate, to supply the methyl group
ecessary to reconvert Hcy to methionine. Folate and vitamin

12 deficiency cause hyperhomocysteinemia by inhibiting this
eaction. The TS pathway depends on CBS, a pyridoxine-
ependent enzyme, so vitamin B6 deficiency or a defective
BS gene (as in classic homocystinuria) cause hyperhomocys-

einemia. Since Hcy removal is the sum of RM and TS, some
uthors have found it appealing to ask which of these 2 pro-
esses is impaired in different hyperhomocysteinemic states.
s the following paragraphs will show, the Storch-Young
odel cannot be used to answer this question.

A REDUCED REMETHYLATION RATE NEITHER CAUSES
NOR EXPLAINS HYPERHOMOCYSTEINEMIA

As illustrated in Fig 1, the RM pathway is a closed loop that
oes not eliminate Hcy from the body. Slowing of the RM rate
annot, in itself, cause hyperhomocysteinemia since any reduc-
ion in Hcy’s removal rate from the sampling pool by this
athway will slow its entry rate equivalently. In fact, when
easured in the steady state, a disease that impairs Hcy re-
ethylation cannot even be assumed to lower the RM rate.
ather, the onset of impaired remethylation lowers SAM con-
entrations. The low-SAM state feeds forward to inhibit CBS.
he combination of impaired RM activity and feed-forward–

educed CBS activity causes Hcy to accumulate, increasing the
ubstrate concentration for CBS, for methionine synthase, and
or the folate- and vitamin B12-independent Hcy remethylating
nzyme, betaine:homocysteine methyltransferase.11 The end
esult is an adaptive return of RM and TS to normal steady-

tate rates. The Storch-Young model indicates only these final, b
daptively restored flux rates. Thus, a normal RM rate does not
ule out the presence of an enzymic RM block when measured
nder steady-state conditions.
Nor does a low-steady state RM rate prove remethylation is

mpaired: it might merely indicate a low requirement for trans-
ethylation reactions. Much of SAM-mediated methyl dona-

ion is destined for creatine synthesis,7,12,13 so it is conceivable
hat an individual’s RM rate is influenced by his or her muscle
ass.

METHIONINE CATABOLISM REQUIRES
TRANSMETHYLATION

Since methionine catabolism requires SAM formation, situ-
tions arise in which SAM is formed faster than required for
iologically necessary transmethylation reactions. This ex-
lains the importance of the “overflow” pathway in which
AM methylates glycine to form N-methylglycine.7,9,14,15 This

s really a methyl group disposal pathway. This pathway must

Fig 1. The Storch-Young model of homocysteine metabolism in

he basal state. The remethylation pathway is a closed loop: it nei-

her adds nor subtracts homocysteine from the body. A decreased

ate of homocysteine removal by this pathway will not raise the

lasma homocysteine concentration because it simultaneously de-

reases the entry rate.
e important in normal metabolism, for when it is blocked, as
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1482 L. JOHN HOFFER
n glycine N-methyltransferase deficiency, hyperSAMemia and
ypermethioninemia occur.16,17

The basal TM rate of normal persons is approximately 6 to
�mol/kg-h.3 How much of this represents biologically nec-

ssary biosynthetic reactions and how much is merely over-
ow? A recent study18 casts light on this. If the RM rate is

argely regulated by the need to guarantee sufficient methionine
nflux to allow essential transmethylation reactions to proceed,
s current commentaries assume,9 one would predict a com-
ensatory increase in the RM rate when methionine influx from
iet (and endogenous protein breakdown) falls below the min-
mum necessary from these sources.9 The observation that
onsumption of a diet so low in methionine that it reduced the
M rate to 4 �mol/kg-h caused a marked reduction, rather than

n increase, in RM rate implies that the rate of essential trans-
ethylation reactions is not greater than 4 �mol/kg-h. If the

equirement for essential transmethylation reactions was
reater than 4 �mol/kg-h, the requirement could easily be met
y supplying SAM at a faster rate, via the RM pathway: that is,
y increasing the RM rate. Since the RM rate decreased mark-
dly under these conditions18 it would seem that 4 �mol/kg-h
f transmethylation reactions is all the body needs, and that
ates greater than this represent physiologically inconsequential
overflow.” This assumes, of course, that the Selhub-Miller
cheme and the Storch-Young model are substantially correct.

THE TRANS-SULFURATION RATE IS THE METHIONINE
AND HOMOCYSTEINE ELIMINATION RATE

Statements to the effect that Hcy has a “choice” between RM
r TS for elimination are incorrect. As shown in Fig 1, Hcy
olecules have a metabolic “choice,” but not for elimination.

n the steady state, any reduction in the rate of Hcy removal by
M will reduce the Hcy entry rate equivalently, and hence will
ave no effect on Hcy’s plasma concentration. Except for rare,
nborn errors of metabolism, the only way the body has to
ispose of Hcy is via the TS pathway. This is a key (and
alid5,6) assumption of the Storch-Young model, in which the
S rate is measured as tracer-determined oxidation of �-keto-
utyrate, a trans-sulfuration–derived molecule.1

Except, potentially, for severe protein catabolic states or
evere dietary methionine excess, which would increase Hcy
ntry, all hyperhomocysteinemia must be due to reduced whole
ody CBS activity, since CBS is the regulatory enzyme on the
S pathway, and the TS pathway is the only pathway for Hcy
limination. This is true whether the specific cause of reduced
BS activity is direct inhibition, as in vitamin B6 deficiency,
AM-mediated inhibition, as in folate or vitamin B12 defi-
iency, or decreased metabolic mass, as may occur in renal
ailure.3 As explained earlier, under steady-state conditions the
S rate is not slowed by CBS inhibition. Rather, CBS inhibi-

ion causes Hcy to accumulate upstream of it. This accumula-
ion increases the enzyme’s catalytic rate, allowing TS flux to
roceed at a normal rate despite the defect or inhibition.
The only exception to this is when CBS deficiency is so

evere that even extremely high substrate Hcy concentrations
o not permit TS to match normal methionine intake. Patients
hose disease is this severe excrete Hcy and other metabolites
n their urine, and often require a methionine-restricted, cys-
eine-supplemented diet for survival. In such cases TS is cer-
ainly reduced, but only because methionine intake is restricted.
nder conditions of metabolic equilibrium (and when urinary

osses are corrected for) methionine intake always equals TS.
Diseases that inhibit CBS activity can be revealed by the

arge rise and delayed fall in the plasma Hcy concentration that
ollows administration of a methionine load9 or by the delayed
xidation of a single dose of [1-13C]methionine19; these are
on–steady-state responses. Under steady-state conditions, the
vidence for CBS inhibition (and this may be sufficient evi-
ence) is hyperhomocysteinemia itself. Steady-state RM and
S rates will be appropriate for the prevailing methionine

ntake and TM rates, and hence, unrevealing.

RENAL FAILURE-ASSOCIATED
HYPERHOMOCYSTEINEMIA IS DUE TO IMPAIRED

TRANS-SULFURATION

In a frequently cited study, the Storch-Young model was
sed in an attempt to determine whether the hyperhomocys-
einemia of chronic renal failure is due to impaired RM or
mpaired TS.20 Upon finding the TS rate of hemodialysis pa-
ients was normal, the authors concluded that hyperhomocys-
einemia in end-stage renal disease is not due to impaired TS,
nd suggested that the main cause is impaired RM. This con-
lusion is wrong.

The TS rate is the rate at which methionine and Hcy are
liminated from the body, and in states of metabolic equilib-
ium it is equal to methionine intake. People with stable chronic
enal failure are in metabolic equilibrium, eliminating urea
itrogen and oxidizing methionine at rates commensurate with
heir protein and methionine intakes. The observation that the
S rate of such persons was normal implies only that their
rotein intake was normal (and indeed, it was20). The abnor-
alities in renal failure are urea clearance and Hcy clearance.
he difference between turnover and clearance of a metabolite
an be illustrated by reference to glucose metabolism. Type 2
iabetes is characterized by impaired insulin-mediated glucose
emoval; that is, by reduced glucose metabolic clearance. The
act that steady-state glucose removal rates are normal in type
diabetes does not contradict this conclusion.

CONCLUSION

Inhibition of the regulatory enzyme on an obligatory meta-
olic pathway causes metabolite accumulation upstream of it.
he regulatory enzyme in methionine’s catabolic pathway is
BS. CBS may be inhibited directly, as in pyridoxine defi-
iency, or indirectly, as when vitamin B12 or folate deficiency
ause a low-SAM state. When the block is mild or moderate,
yperhomocysteinemia increases the enzyme’s catalytic rate
ntil a new steady state is established in which Hcy conversion
o cystathionine occurs at normal rate past the block. The
torch-Young model is a valuable tool for studying methionine
nd Hcy catabolic rates and the rate of SAM-mediated methyl
ransfer reactions. As it is a steady-state model, it cannot
rovide information about the type and severity of metabolic
locks that cause hyperhomocysteinemia.
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