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SUMMARY

 

Moderate hyperhomocysteinaemia is associated with atherosclerosis, thrombosis and also with stroke
and dementia. Elevated homocysteine concentrations are related to deficiency of folate and also
vitamin-B

 

12

 

, as these two vitamins are essential co-factors in the remethylation of homocysteine to
methionine. A causal role of homocysteine in the pathogenesis of vascular disease has been discussed
over years. Immune activation appears to be involved strongly in atherogenesis as well as in other dis-
eases found to be associated with moderate hyperhomocysteinaemia. To study a possible influence of
immune stimulation on homocysteine metabolism, 

 

in vitro

 

 experiments were performed using periph-
eral blood mononuclear cells upon stimulation with mitogens concanavalin A, phytohaemagglutinin
and pokeweed mitogen. In stimulated cells a dose-dependent increase of homocysteine concentrations
was found. When cells were kept in medium supplemented with methionine, homocysteine concentra-
tions increased further, while supplementation with folate had only a slight effect. We conclude that in
supernatants of stimulated peripheral blood mononuclear cells homocysteine is accumulating. T cell
activation could be involved in the development of moderate hyperhomocysteinaemia.
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INTRODUCTION

 

Moderate hyperhomocysteinaemia is found to be associated with
cardiovascular disorders such as atherosclerosis and thromobosis
and also with cerebrovascular diseases such as stroke and demen-
tia [1,2]. Moderate hyperhomocysteinaemia has been attributed
so far to deficiency of B-vitamins folate and B

 

12

 

 and also deficien-
cies of enzymes such as cystathionine-

 

b

 

-synthase or thermolabile
methylentetrahydrofolate-reductase [3–6]. In agreement, blood
homocysteine concentrations correlate inversely with concentra-
tions of B-vitamins, preferentially with folate concentrations. Sim-
ilarly, folate supplementation is able to reduce homocysteine
concentrations in patients [7].

Based on results of 

 

in vivo

 

 and 

 

in vitro

 

 studies, a causal role of
homocysteine in the development of cardiovascular disease and
atherosclerosis has been discussed, suggesting that auto-oxidation
of homocysteine may induce oxidative stress leading to endothe-
lial cell injury [8,9]. Immune activation appears to be involved

strongly in atherogenesis [10] as well as in other diseases found to
be associated with moderate hyperhomocysteinaemia, e.g.
autoimmune diseases such as rheumatoid arthritis and neurode-
generative disorders such as Alzheimer’s disease. We studied the
homocysteine metabolism of activated human peripheral blood
mononuclear cells (PBMC) as an 

 

in vitro

 

 model of immune acti-
vation. Furthermore, the influence of folate and methionine on
stimulation-induced homocysteine production was examined.

 

MATERIALS AND METHODS

 

Cell culture

 

PBMC were isolated from whole blood obtained from healthy
voluntary blood donors by density centrifugation (Lymphoprep,
Nycomed Pharma AS, Oslo, Norway). Cells were maintained in
RPMI-1640 (PAA-Laboratories, Linz, Austria) supplemented
with 10% heat-inactivated fetal calf serum (Biochrom, Berlin,
Germany), 2 m

 

M

 

 

 

L

 

-glutamine (Serva, Heidelberg, Germany) and
50 

 

m

 

g/ml gentamycin (Bio-Whitaker, Walkersville, MD, USA).
For stimulation cells were seeded at a density of 1 

 

¥

 

 10 

 

6

 

/ml
and stimulated with different concentrations of lectins concanava-
lin A (ConA, Sigma, Vienna, Austria), phytohaemagglutinin
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(PHA, Sigma) and pokeweed mitogen (PWM, Sigma) as well as
with TNF-

 

a

 

 (100–1000 U/ml; Strathmann Biotech, Hamburg,
Germany), interferon-

 

g

 

 (250–1000 U/ml; Bioferon, Laupheim,
Germany) and lipopolysaccharide (LPS; 0·01–1 

 

m

 

g/ml; Sigma).
Cells were then incubated at 37

 

∞

 

C in 5% CO

 

2

 

 for 72 h, and super-
natants were harvested by centrifugation (1500 r.p.m., 4

 

∞

 

C, 8 min)
and frozen at 

 

-

 

20

 

∞

 

C until measurement.
The effect of folate and methionine (Sigma, Vienna, Austria)

and a combination of these two substances on homocysteine pro-
duction of cells were studied employing different concentrations
of these compounds.

Experiments were performed three times with duplicates of
controls and stimulated cells.

 

Determination of homocysteine

 

Homocysteine was determined by high performance liquid chro-
matography (HPLC), as described previously [11].

 

Statistical analysis

 

For comparisons of grouped data the Mann–Whitney 

 

U

 

-test was
applied. 

 

P

 

-values below 0·05 were considered to indicate signifi-
cant differences.

 

RESULTS

 

Stimulation of peripheral blood mononuclear cells was performed
with several stimuli at different concentrations. While TNF-

 

a

 

,
interferon-

 

g

 

 and LPS showed no significant effects on peripheral
blood mononuclear cells with regard to homocysteine production
(Table 1), lectins concanavalin A (Con A), PHA and PWM exhib-
ited not only mitogenic effects, they also induced formation of
homocysteine.

Peripheral blood mononuclear cells stimulated with Con A
and PHA produced homocysteine in a dose-dependent manner;
the highest homocysteine concentrations were reached with
10 

 

m

 

g/ml Con A or PHA (Fig. 1, showing concentrations depen-
dency down to the first concentration not showing a significant
difference to the unstimulated control). PWM also induced sig-
nificant homocysteine production, but the effect of PWM was
smaller in comparison with Con A and PHA. In addition, dose-
dependency was weak within the concentration range of 0·1–
10 

 

m

 

g/ml (Fig. 1).
Media were supplemented with different folate and methion-

ine concentrations. In media supplemented with 10 

 

m

 

mol/l folate
and 500 

 

m

 

mol/l methionine, or a combination of these two com-
pounds, differences with regard to homocysteine production
could be monitored most effectively. Methionine supplementa-
tion further increased homocysteine production of cells
stimulated, whereas additional folate had only a slight

homocysteine-lowering effect (Fig. 2). Similar results were
obtained in experiments performed with Con A and PHA.

 

DISCUSSION

 

In 

 

in vitro

 

 experiments homocysteine was found to accumulate in
supernatants of stimulated peripheral blood mononuclear cells.
While other stimuli such as TNF-

 

a

 

, interferon-

 

g

 

 or LPS had nearly
no influence, homocysteine formation increased in PBMCs
treated with mitogens Con A, PHA and PWM in a dose-
dependent way. In contrast to treatment with cytokines and LPS,
mitogens preferentially stimulate cell growth. Homocysteine pro-
duction therefore seems to be associated with proliferative activ-
ity of PBMCs. Similarly, enhanced homocysteine production was
demonstrated in tumour cells recently by Wu and coworkers [12],
suggesting the use of homocysteine as tumour marker. Tumour
cells proliferate spontaneously, which might be the reason for
homocysteine formation. However, the fact that ‘normal’, i.e.
non-malignant, cells also show an enhanced homocysteine–
methionine metabolism when stimulated suggests a more general
association between cell proliferation and homocysteine accumu-
lation. Although it is difficult to extrapolate from the 

 

in vitro

 

 to
the 

 

in vivo

 

 situation, it appears possible that during the immune
response, proliferating immunocompetent cells could contribute
substantially to the development of hyperhomocysteinaemia.

 

Table 1.

 

Homocysteine concentrations in supernatants of peripheral 
blood mononuclear cells stimulated with LPS, TNF-

 

a

 

 and IFN-

 

g

 

Homocysteine (

 

m

 

mol/l)
(mean 

 

±

 

 s.d., range in brackets)

Unstimulated 1·1 

 

± 

 

0·2 (0·5–1·3)
LPS (0·01–1 

 

m

 

g) 0·9 

 

± 

 

0·1 (0·5–1·3)
TNF-

 

a

 

 (100–1000 U/ml) 0·8 

 

± 

 

0·2 (0·6–1·1)
IFN-

 

g

 

 (250–1000 U/ml) 1·1 

 

± 

 

0·1 (0·7–1·3)

 

Fig. 1.

 

 Homocysteine concentrations (mean 

 

±

 

 s.d.) in supernatants of
unstimulated peripheral blood mononuclear cells and on stimulation with
lectins concanavalin A (Con A), phytohaemagglutinin (PHA) and
pokeweed mitogen (PWM). *

 

P

 

 

 

<

 

 0·01 (compared to unstimulated controls
cells, US).
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Raised homocysteine production 

 

in vitro

 

 may indicate incom-
plete remethylation of homocysteine to methionine. Proliferating
cells require methionine, because it is one of the most important
methylgroup donors for the methylation of nucleic acids. In con-
trast to several tumour cell lines that are auxotroph for methion-
ine [13], normal cells do not generally have any problem in
obtaining methionine from homocysteine. It appears plausible
that proliferating cells have an enhanced demand for methionine,
on one hand, and folate on the other hand. In quickly proliferat-
ing cells, within the redox-recycling of essential co-factors some
folate might be wasted and could impair remethylation reaction.
Interestingly, in our experiments with methionine supplementa-
tion homocysteine accumulation was enhanced further.

Folic acid is involved in methylgroup metabolism as well as in
DNA synthesis and repair, which provides an appropriate expla-
nation for the various effects of folate deficiency besides hyper-
homocysteinaemia: inhibition of cellular proliferation, cell cycle
alterations, chromosome instability and even cell death [14,15]. In
experiments performed previously it has been demonstrated that
in lymphocytes grown in medium containing no or low folate con-
centrations DNA strand breakage and uracil misincorporation
increased in a time- and dosage-dependent manner [16]. While
PHA- or interleukin-stimulated cells showed high proliferation
rates, cells incubated in folate-deficient medium did not grow and
DNA strand breakage as well as uracil misincorporation were
increased. Furthermore, unstimulated lymphocytes cultured in
folate-containing medium were able to compensate for most of
the damage induced by hydrogen peroxide while cells deprived of
folate were unable to prevent DNA damage sufficiently. In accor-
dance with these findings, declining folate concentrations devel-
oping by stimulation of lymphocyte proliferation could be
responsible for the enhanced formation of homocysteine. Folate
depletion could therefore also serve as an explanation for hyper-
homocysteinaemia in cancer patients, as due to the rapid prolif-
eration of malignant cells folic acid concentrations, e.g. in lung
cancer, cells were found to be lower than in unaffected tissue. The
suggested role of homocysteine as a potential tumour marker

[12,16] could therefore reflect, on one hand, tumour progression,
and on the other hand, the enhanced consumption of folate by
proliferating tumour cells.

Activated macrophages appear to be involved critically in
atherogenesis. Reactive oxygen species (ROS) are also produced
in scope with immune activation by stimulated macrophages to
eliminate pathogens. As in states of chronic immune stimulation,
the production of ROS is supposed to play an important role, e.g.
in atherosclerosis, but in cancer and dementia [17–19] ROS could
also be responsible for the enhanced oxidation of antioxidants. In
this way development of hyperhomocysteinaemia may relate to
macrophage activation. The interaction between different immu-
nocompetent cells, e.g. T cells stimulating macrophages to pro-
duce ROS by producing various cytokines, could be crucial in this
process. In situations of immune activation, the enhanced produc-
tion of ROS influences the redox balance of cells strongly by lead-
ing to the oxidation of antioxidant substances and afterwards to
the oxidation of other oxidation-sensitive substances such as
methylene-tetrahydrofolate, the active form of folate participat-
ing in the remethylation of homocysteine to methionine.

An association between hyperhomocysteinaemia and
increased concentrations of immune activation marker neopterin
has been described previously in several clinical conditions such
as disturbed glucose metabolism, pre-eclampsia or Parkinson’s
disease [20–22]. Increased amounts of neopterin are produced by
human monocyte-derived macrophages on stimulation with inter-
feron-

 

g

 

 in scope [23]. Recently, higher neopterin concentrations in
carotid atherosclerosis were reported to be related to innate
immune mechanisms via toll-like receptor 4 polymorphism [24].
Thus, the coincidence of increased neopterin and homocysteine
concentrations suggests a relationship between activated mac-
rophages and the accumulation of homocysteine.

B-vitamins tetrahydrofolate and vitamin B

 

12

 

 are known to be
easily oxidized [25]; oxidative stress derived from immune activa-
tion would provide an appropriate explanation for increased
homocysteine levels resulting from the enhanced oxidation of
these two essential co-factors in the remethylation of homocys-
teine to methionine. Therefore, the question arises as to whether
moderate hyperhomocysteinaemia in cardiovascular disorders
and other diseases may be secondary and represent a
consequence of another primary event, namely immune system
activation.
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