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Redox Status and Protein Binding of Plasma Aminothiols during the Transient
Hyperhomocystelnemla That Follows Homocystelne Administration
M. Azam Mansoor,' Anne Berlt Guttormsen, Torunn Flskerstrand Helga Refsum, Per M. Ueland, and

Asbjsrn M. Svardal

We administered reduced L-homocysteine perorally (67
umol/kg of body wt) to 12 healthy subjects and injected

the same dose into one person, and determined the
kinetics of the alterations in reduced, oxidized, and pro-

tein-bound concentrations of homocysteine, cysteine, and
cysteinylglycine. After oral intake, reduced homocysteine

‘increased rapidly (..« < 15 min), reaching concentra- -
tions [3.97 (SD 2.99) umol/L] 20-fold above fasting val- -
ues, and then declined towards the normal concentration

within 2 h. There was a similar increase in reduced
cysteine and a moderate increase in reduced cysteinyl-
glycine. During this response; we observed a positive
correlation between the reduced/total ratio for homocys-
teine and cysteine. When homocysteine was injected, the
increase in reduced homocysteine preceded the increase
in reduced cysteine by about 3 min. After .oral loading,
oxidized homocysteine showed a transient increase (f,ax
= 30 min) that lagged behind the increase of reduced
homocysteine. Oxidized cysteine and cysteinylglycine
were stable or decreased slightly. Protein-bound homo-
cysteine increased the least rapidly after homocysteine
administration (t... = 1-2 h), and returned to normal
values slowly. Changes in protein-bound homocysteine
essentially mirrored a concurrent decrease in protein-
bound cysteine, suggesting displacement of bound cys-
teine. These data show that plasma homOcystemé has a
pronounced, direct effect on the redox status and protein
binding of other plasma thiol components. Such effects
should be recognized when studying the mechanisms
behind the atherogenic effect of increased plasma homo-
- cysteine.

Indexing Terms: cysteine + cysteinyiglycine + . premature car-
diovascular disease - metabolism - - heritable disorders

Homocysteine is a sulfur amino acid and a product of

S-adenosylmethionine transmethylation reactions (1).-

The plasma concentration of this compound is increased

markedly in patients with the inborn error called homo-

cystinuria, which is most commonly caused by defi-
ciency of the homocysteine-catabolizing enzyme, cys-
tathionine B-synthase (EC 4.2.1.22). Rare forms are
caused by various defects in homocysteine remethyla-
tion (2).

Premature cardiovascular disease is a common cause

of death in these individuals and may occur in early

adolescence and even in childhood (2). The fact that
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- homocystinuria caused by various genetic defects is

associated with early vascular disease suggests that
homocysteine is responsible for the vascular lesions (3).
This hypothesis has motivated investigations to deter-
mine whether a moderate increase of plasma homocys-

- teine (hyperhomocysteinemia) is a risk factor for cardio-

vascular - disease.  Studies performed up- to now,
including about 1800 patients and a comparable num-

ber of controls, have shown a significant relation be-

tween hyperhomocysteinemia and premature cardio-
vascular disease (4, 5).

Despite the growing evidence that plasma homocys-
teine is a cardiovascular risk factor, the mechanism
behind the vascular injuries still remains conjectural.
Mechanistic studies are hampered by the fact that little
is known about which homocysteine species prevail(s) in
vivo. In freshly prepared plasma from healthy subjects,
the major fraction is protein bound and most free homo-
cysteine exists as homocysteine—cysteine mixed disul-
fide (6).

‘We recently developed a procedure for determining
reduced, oxidized, and protein-bound homocysteine and
other thiol components in human plasma. The proce-
dure is based on trapping thiols by collecting blood
directly into evacuated tubes containing thiol-reactive
agents (7). Using this method, we detected significant
amounts of reduced homocysteine in plasma from
healthy subjects (7). The reduced fraction was markedly
increased after an oral intake of methionine (8). Per-
haps more important, in eight patients with homocysti-
nuria, reduced homocysteine was increased to 200 times
the amount in healthy subjects (9), In both healthy
subjects and patients, increased amounts of reduced
homocysteine in plasma were associated with iricreased
concentrations of reduced cysteine and cysteinylglycine
and decreased protein-binding of these thiol components
8, 9).

The presence of large amounts of reduced homocys-
teine in homocystinuric patients and small amounts in

“healthy subjects complies with the idea that this species

plays a role in atherogenesis. Moreover, the increased
amount of reduced homocysteine may have marked
effects on the redox status of other thiols, as demon-
strated for cysteine and cysteinylglycine, and these
remote chemical effects may disturb normal cellular
function. Notably, there is recent evidence that reduced
homocysteine and cysteine may play a role in athero-
genesis by supporting cell-mediated generation of reac-
tive oxygen species that modify low-density lipoproteins
to a form that is taken up by macrophages via the
scavenger receptor (10, 11). '



" In the present work we investigated the effect of the.
increase in reduoed oxidized, and protem-bound homo-
cysteine after homocysteme administration on the redox

status of other thiol components in plasma. The magm
tude and kinetics of this response together with a low
plasma methionine concentration simplify the interpre-
tation of the results. The data we obtained support the
.idea that homocysteine has an immediate and direct
effect on the redox status and protem bmdmg of other
aminothiols in human plasma ‘ :

Materials and Methods
Materials and Subjects

Sources of most reagents were as glven prevmusly (7 ).
-Homocysteme thiolactone was purchased from Sigma
Chemical Co., St. Louis, MO It was converted into the
reduced form by incubating with 5 mol/L NaOH for 5
min at room: temperature (12).-The solution was then
placed on ice, neutralized by adding 5 mol/L. HCl, and
finally diluted to 200 mL, pH 4-5 (for oral use), or to 50
mL, 400 mmol/kg, pH 6-7 (for intravenous administra-
tion). The solution for 1ntravenous use was sterile-
filtered.

- 8ix healthy men (ages 22—36 years, mean 29 years)
‘and six healthy women (ages 27-34 years, mean 31
years) participated in this study. The participants had
provided their written informed consent, and the proto-
col was approved by the regmnal eth1cal committee of
western Norway.

Procedures

Administration of homocysteine, blood samplmg, and
processing. Homocysteine was given orally after an
overnight fast at a dose of 67 pmol/kg body weight.
Blood samples were collected immediately before and
15, 80, and 60 min and 2, 4, 6, 8, 12, 24, and 48 h after
the homocysteine intake. -

One subject was injected 1ntravenously w1th homocys-
teine at 67 pmol’kg body weight. From this person,
blood samples were drawn before-and at various times
after injection: 55 and 90 s; 3.75, 5.3, 10, 15, 30, 60, and
90 min; and 2, 3, 4, 6, 8, 12, 24, and 48 h.

Blood was routinely -collected into three evacuated
tubes containing the thiol-reactive reagents monobro-
mobimane (mBrB) or N-ethylmaleumde (NEM), or no
additive. The samples were then immediately centri-
fuged at 10 000 X g for 1 min to remove the blood cells.

Determination .of reduced, oxidized, and protein-
bound thiol components in plasma. Thiols in blood
collected into a tube with mBrB react with this reagent
and ‘form fluorescent adducts The blood cells are re-
moved by centrifugation, and the plasma proteins by
acid precipitation. Chromatographic analysis .of the
acid-soluble supernate yields the free, reduced forms of
homocysteine, cysteine, and cystemylglycme B
" When blood is collected into a solution containing
NEM, the reduced sulfhydryl groups are rapidly trapped
as their NEM adducts. The plasma fraction is then
deproteinized with acid, and the disulfides are reduced
in the presence of NaBH, to their corresponding thiols,

‘which are then derivatized with mBrB. With this pro-
‘cedure we determined the oxidized, free forms of homo-
_cysteine, cysteine, and cysteinylglycine.

Total amounts of homocysteine, cysteine, and cyste-
inylglycine in plasma were determined by reducing the
disulfides in whole plasma with NaBH4 and denvat1z-
ing the free thiols with mBrB.

The protem-bound fraction was calculated by sub-
tracting the quant1t1es of the reduced and the oxidized
species from the total amount.

The thiol-mBrB adducts are separated by 1on-pa.1red
hqmd chromatography on an ODS-Hypersil column.
Further details on these assays have been published
previously (7 ). '

Statistics. Variation in a particular analyte during
the48h after the homocysteme loading was analyzed by
the Fnedma.n test (nonparametrlc analysis of variance)
and- by repeated—measures analysis of variance. The

latter-test was also used to evaluate the sex-related

differences. In cases where significant (P <0.05) changes
were obtained, the values before loading and the maxi-
mal response after loading were compared by using the
Wilcoxon matched-pair signed rank test. The relation-
ship between the reduced/total ratio for various plasma
thiols was assessed by using linear correlation. P values
are given for a test for zero correlation; all P values are
given as two-ta.lled and values <0. 025 are conmdered
51gn1ﬁcant

Results

Homocysteine loading. Six healthy men and six
healthy women were included in this study. Their fast-
ing plasma concentrations of different forms of homocys-
teine, cysteine, and cysteinylglycine are listed in.Table
1. The values for total homocysteine, cysteinylglycine,
and cysteine were within the normal ranges (6, 13).
After the subjects were given a standard 'oral dose of
freshly prepared reduced homocysteine, the plasma con-
centrations of reduced, oxidized, and protein-bound thiol
components in men were not significantly different from
those in women. In the rest of our presentation, the data
from men and women are treated as a single population.

Reduced homocysteine and other thiol components.

There was a rapid (¢,,, <15 min), significant (P. <0.005)

increase in reduced -homocysteine in plasma from 0.04

(SD 0.026) to 3.97 (SD 2.99) umol/L after the oral

homocysteine loadmg Then the concentration rapldly
normalized, correspondmg to a rate of ~0.9 h™?! (F1gure

‘1,upper panel). -

- Reduced- cysteme showed 51m11ar klnet1cs (t = ,15
min); but the increase (P-<0.005) relative to the fasting

concentration.was less pronounced, from 4.68 (SD 1.93)

to 8.64(SD 3.93) umol/L (Figure 1, middle panel). There
was a concurrent moderate but significant (P. <0.05)
increase [from 1.66 (SD 0.49) to 2.4 (SD 0.61) umol/L] in

reduced cysteinylglycine (Figure 1, lower.panel).

We- also. investigated in the individual subjects the
relation between the reduced/total ratios (the fraction of

the total amount that exists in the reduced form) for the

plasma thiol components 15 and 30 min after. oral
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Table 1. Fasting Concentrations of Homocystelne, Cysteme, and Cystemylglycine in Plasma (umol/L)"

'homocystelne mtake (Flgure 2). There wasa mgmﬁcant
correlation by lmear-reg'ressxon analysis between the
reduced/total ratio for homocysteine and cystelne ‘the
relation vs the ratio for cysteinylglycine was weaker.
However, the reduced/total ratios for cysteine and cys-
teinylglycine were closely related espemally aﬁer 30
min (Figure 2).

The initial kinetics of the increase. of the reduced
species could be distinguished in the plasma from the
subject who was injected with homocysteine“ Reduced
homocysteme peaked after <1 min and preceded the
increase in reduced cysteine and cysteinylglycine,
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The frac’tion of total homocysteine that exlsts in the reduced form (plotted as
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: which was maxirna.l eﬂ;er a_bout 4 ’n‘lin. ‘Then, there was

‘a parallel decline in the plasma concentrations of all
three components (Figure 3). ,
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Fig. 3. Reduced homocysteine, cysteine, and cystemylglycme in
plasma after intravenous administration of homocysteine to one

subject

Free oxidized species. Oxidized homocysteine in-
creased significantly (P-<0.005 at 30 min)‘for a brief
time after the oral homocysteine loading but the re-
sponse (£yqx = 30 min) lagged behind the increase in the
reduced form, and the decline ‘towards the preload
values proceeded more slowly: The amounts of oxidized
cysteine and cystemylglyclne were not s1gmﬁcantly
altered (Figure 4). -

Protein binding. Protem-bound homocystelne showed
the slowest response after loading (fpax = 1-2 h, P
<0.005) and gradually (at a rate of about 0.15 h™h)
approached the preload value. Protein-bound cysteine

decreased (t,,, = 1 h, P <0.005), and the decrease -

mirrored the increase in protem—bound homocysteine. A
moderate decrease was also observed for protem-bound
cysteinylglycine. Notably, the decrease in‘ protein-
bound cysteine plus cystemylglycme was. somewhat
greater than the corresponding increase of protein-
bound homocysteine (Figure 5).

‘Discussion

We have previously demonstrated = that = small
amounts of reduced homocysteine exist in plasma from
healthy subjects (7, 8), and this thiol increases signifi-
cantly during the transient hyperhomocyste1nem1a in-
duced by methionine loading. There is a concurrent
complex effect on the protein binding of other thiol
components such as cysteme and cystemylglycme m
plasma (8).

The homocysteine response after ‘methionine loadmg
is preceded by the enzymic formation of S-adenosylme-
thionine, followed by the formation of S -adenosylhomo—
cysteine, which is ﬁna]ly hydrolyzed to homocysteine
(1). Accordingly, the homocysteme response is a slow
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process, reaching a maximum in 2-6 h (8), which
therefore does not allow evaluation of the kinetics of
interaction between homocysteine and other thiol com-
ponents in vivo. Furthermore, the amount of reduced
homocysteine is only slightly increased (8), ‘which
makes estimates on the relation between thiols in
plasma d1ﬂ‘icult Fmally, hlgh plasma concentrations of
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methionine may add a confounding factor because this
may enhance the production of cysteine and probably
cysteinylglycine in the liver (14). Conceivably, admin-
istered homocysteine may also serve as a cysteine pre-
cursor, but this metabolic conversion must be preceded
by distribution of homocysteine into. liver and’ other
tissues, and is probably a late event relative to the peak
plasma homocysteine concentration.

We observed that freshly prepared reduced homocys-
teine in solution is rapidly absorbed, causes a transient
increase in the various forms of homoCyéte‘ine, ‘and
affects other thiol components in human plasma (Fig-
ures ‘1-5). This experimental design allows the conclu-
sion that the homocysteine increase is the primary
event and the alterations in other thiol components are
secondary phenomena. In addition, the increase in re-
duced homocysteine was sufficiently high to: allow as-
sessment of kinetics and the relation to other plasma
thiol components.

The transient increase in reduced homocysteine is
closely followed by an increase in reduced: cysteine, and
the kinetics of these two processes are similar. There is
a concurrent small increase in reduced cysteinylglycine
(Figure 1). This suggests that reduced homocysteme
undergoes ‘a disulfide 1nterchange reaction with cys-
teine-mixed and symmetric disulfides. The observation
that a positive correlation exists between the reduced/
total ratios for homocysteine and cysteine and cysteinyl-
glycme and for cysteine vs cysteinylglycine (Figure 2),
suggests that there is an equilibrium state between
these species, and that such an equilibrium is reached
within 15 min in vivo.

. The time course for the increase of the reduced forms

after intravenous administration shows that homocys-:

teine was greatest immediately after infusion (55 s);
whereas both cysteine and cysteinylglycine lagged be-

hind and peaked: after about 4 min (Figure 3). This
observation also demonstrates that the increase of ho-
mocysteine is the primary event and suggests that the
time required to reach equilibrium is about 3 min—

although this time may be underestimated because of
the progressive decrease in homocysteine.

The finding discussed above shows that the reduction
potential of homocysteine is sufficiently high to reduce
other biological thiol components at physiological pH, as
demonstrated in the present work for cysteine and
cysteinylglycine, and previously in subjects receiving a
methionine loading (8) and in homocystinurics (9).
Conceivably, alteration of the redox status of other
biological thiol components in addition to cysteine and
cysteinylglycine during hyperhomocysteinemia may oc-
cur, and should be considered potentially important for
the tissue damage caused by a h1gh concentratlon of
homocystelne ‘

- The oral homocysteme 1ntake caused a marked in-
crease in protein-bound homocysteine that outlasted the
transient increase in reduced homocysteine (Figures. 1
and 5). There was a concurrent decline in protein-bound
cysteine:and to some extent cysteinylglycine (Figure 5).
Protein-bound cysteine and cysteinylglycine showed a
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similar response after methionine loading, but a dlﬁ‘er-
ence was noted. In most subjects given methionine, we
observed a temporary . increase in protein-bound cys-
teine after the initial decline (8). Because no transient
increase after homocysteine intake was observed, this
part of the response may be due to the marked increase
in:plasma methionin€, which may rapldly increase the
production of cysteine (14).

. Comparison of the curves for protein-bound homocys-
teine, cysteine, and cysteinylglycine shows that the
increase in homocysteine mirrored the decline in cys-
teine (Figure 5). This suggests that homocysteine dis-
places cysteine and, to a lesser degree, cysteinylglycine
from binding sites. However, a simple stoichiometric
displacement . cannot fully explain the alterations in
protein binding because the decrease in proteln-bound
cysteine and cysteinylglycine exceeded. the increase in
homocysteine (Figure 5). Results from experimental (15,
16) and clinical studies (17) suggest complex binding of
aminothiols to plasma proteins. The population of bind-
ing sites for homocysteine. is heterogeneous, and one
class of saturable sites :seems to preferentially interact
with homocysteine (15-17).

In conclusion, the increase of plasma homecysteine
alters the redox status and protein binding of other thiol
components in plasma, and probably also affects thiol-
disulfide interchange reactions involving structural pro-
teins and enzymes essential for normal cellular func-
tion.. ‘This- may play a:role in the: tissue damage
(including atherogenesis) induced by high homocysteine
concentrations. -Conceivably, efficient trapping of high
concentrations-of homocysteine in plasma through. in-
teraction with plasma protein(s) may represent a pro-
tectxve ‘process that counteracts such damage
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