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Abstract

Megaloblastic anaemias (MA) are frequently associated with haemolysis. The pathogenesis of these finding is not clear, but it is thought

to depend on the greater destruction of abnormal and fragile megaloblastic erythrocytes. Vitamin B12 and folate deficiencies are the

commonest cause of MA; these deficiencies may simultaneously induce a significant alteration in homocysteine metabolism leading to

hyperhomocysteinemia. Blood cells have enzymes involved in homocysteine metabolism. Considering the possible effects of

hyperhomocysteinemia in erythrocyte toxicity (due to oxidative damage and/or to interaction with sulfhydryl residues of structural and

enzymatic proteins), the aim of our study was to evaluate (1) the homocysteine blood cells production in patients with MA due to vitamin B12

and folate deficiency and (2) the possible role and mechanism of hyperhomocysteinemia in MA haemolysis. After incubation at 37 8C, blood
samples from MA patients showed higher and significant levels of Hcy, LDH, lipid peroxidation parameters (MDA), and ghost protein-bound

Hcy than controls. Haemolysis (%) was higher in MA patients than controls and was significantly correlated with Hcy accumulation in the

medium, lipid peroxidation indices and ghost protein-bound Hcy. No significant (or significantly lower) alterations through time in

considered parameters were observed in the corresponding samples incubated at 48 C or in samples incubated with methionine-free medium

(lower Hcy production). Our data, deriving from an in vitro experience, suggest a possible role of Hcy accumulation due to vitamin B12 and

folate deficiencies in haemolysis associated to MA due to vitamin deficiency.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Homocysteine (Hcy) is a sulfur amino acid deriving from

the metabolic conversion of methionine, mainly in liver and

kidney, through different enzymatic pathways dependent on

vitamins as cofactors [1–3]. High level of plasma homo-

cysteine (hyperhomocysteinemia, HHcy) may result both

from several different genetic alterations in enzymes

involved in its metabolism (inherited forms) [2,4–8] and

from deficiencies of their cofactors, namely betaine, folates,
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pyridoxine, or cobalamine (vit. B12) (acquired forms) [9,10]

(Fig. 1). The importance of low availability of cobalamine

and folates as determinants of HHcy has been well

documented by many different epidemiological studies

[11,12] and high level of plasma homocysteine has been

advocated as a possible marker, even at subclinical level, of

cobalamine and folate deficiency [13–16]. HHcy has been

reported to negatively influence normal cell function in

many different tissues, ranging from vascular endothelial

and smooth muscle cells to blood cells [17,18]. These

effects, in turn, have been advocated in explaining the

association of HHcy with vascular diseases (thrombosis of

arterial and venous districts and atherosclerosis) [17,19–21].

Many hypotheses have been proposed to explain the
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Fig. 1. Schematic representation of homocysteine metabolism. SAM=S-adenosyl-methionine; SAH=S-adenosyl-homocysteine; CbS=cystathionine-beta-

Synthase; CgL=cystathionine-gamma-Lyase; MS=methione synthase; MTHFR=methylene-tetra-hydrofolate-reductase; BHMT=betaine-homocysteine-methyl-

transferase; vitamin cofactors for each enzyme are indicated.
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pathological mechanism by which HHcy promotes athero-

sclerosis, venous thrombosis and cell toxicity in general

[22]. Due its peculiar chemical structure, homocysteine is a

very reactive thiol: different reports have shown that Hcy,

with respect to other thiols (especially cysteine), has a

preferential interaction with -SH groups of proteins, being

able also to displace other thiols from protein binding sites

to form homocysteine-protein disulfides [23–25]. Moreover,

it has been demonstrated that during Hcy oxidation in vitro

to homocystine and to other mixed disulfides, free radical

oxygen species, such as H2O2 and Superoxide Anion (O2.),

well-known promoters of molecular peroxidation, are

generated [26–29].

Megaloblastic anaemias (MA) are a heterogeneous

group of disorders sharing common morphologic charac-

teristics: erythrocytes are larger and have higher nuclear-

to-cytoplasmic ratios compared to normoblastic cells.

Neutrophils can be hypersegmented, and megakaryocytes

are abnormal. On the molecular level, in megaloblastic

cells the maturation of nuclei is delayed, while cytoplasm

development is normal. The molecular basis for mega-

loblastosis is failure in the synthesis and assembly of

DNA. The most common causes of megaloblastosis are

cobalamine and folate deficiencies, in turn due to many

different possible situations [30]. Cobalamine and folate

metabolisms are intricately related, and abnormalities in

these pathways are believed to lead to the attenuated

production of DNA. A hallmark of megaloblastic anaemia

is ineffective erythropoiesis, as evidenced by erythroid

hyperplasia in the bone marrow, decreased peripheral

reticulocyte count, and elevation in plasma lactate

dehydrogenase (LDH) and indirect bilirubin levels. The
pathogenesis of these findings is not completely cleared,

but it is thought to depend on the intramedullary

destruction of fragile and abnormal megaloblastic eryth-

roid precursors [30–32].

It is well known that oxidative stress causes important

modifications in cellular macromolecules (in membrane and

in cytoplasm) leading to cell damage; damage to cytoske-

leton or membrane protein thiols by the formation of high

molecular aggregates was proposed to be related to the

haemolytic process and mixed disulfide formation between

protein thiols and other sulfhydryl compounds has been

demonstrated in red blood cells under oxidative stress [33].

Moreover, interference with the functional capability of

membrane sulfhydryl groups, either by their oxidation or by

their blockade, results in premature red cell destruction in

vivo [34,35].

There are different data about the presence in blood

cells of enzymes involved in the conversion of methio-

nine into homocysteine [36–39]; Malinow et al. in their

elegant studies showed that synthesis of homocysteine

occurs in erythrocytes (RBC), whereas leucocytes

(WBC) both synthesize and transulfurate homocysteine

[40].

Considering the possible effects of Hcy in red blood

cell toxicity (interaction with sulfhydryl groups of protein

membrane and cytoskeleton and induction of peroxida-

tion), we undertook this study in order to evaluate (1) the

homocysteine blood cell production in patients with

megaloblastic anaemias due to vitamin B12 and folate

deficiency, and (2) the possible role of homocysteine

excess in the haemolysis commonly observed in these

diseases.
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2. Materials and methods

Blood samples were obtained from 14 healthy volunteers

(Control Group, CG; age 38F6, 6 f) and 16 subjects with

documented megaloblastic anaemia (Megaloblastic Anemia

Group, MAG; age 52F8, 7 f). MAG subjects were recruited

as having: (1) red blood mean corpuscolar volume greater

than 100 fl (measured by a Coulter Haematology Analyser;

STKS Coulter Electronics, Miami, USA); (2) haemoglobin

levels V11.0 g/dl; (3) peripheral blood smears showing

hypersegmentation of neutrophils (defined as the presence

of 5% or more five-lobed neutrophils, or one or more six-

lobed neutrophils as reviewed by a haematologist); (4)

significant vitamin B12 or folate deficiency (or both). Serum

vitamin B12 was measured as serum cobalamine by ELISA

commercial kit (Abbott Lab, IL, USA); red blood cell

folates were measured as previous described [41]. The

normal range of serum cobalamine was 148 to 445 pmol/l

and that of RBC folate was 360 to 1400 nmol/l. In MAG

group subjects, six had frank (levels under reference values)

serum B12 deficiency, five frank folate deficiency and five

both folate and B12 frank deficiency; moreover, the patients

with B12 deficiency had serum folates levels within the low

quartile of reference values and, similarly, folate deficient

subjects had serum cobalamine levels within the low

quartile of cobalamin reference values. All subjects gave

their informed consent to participate to the study. Blood cell

variables were determined on automatic blood cell counter.

Haptoglobin and LDH values were measured by standard

methods.

2.1. Samples collection and study design

Fasting venous blood samples were drawn into 20-ml

VacutainerR tubes containing Na2-EDTA as an anti-

coagulant. After centrifugation at 3000�g at room

temperature for 10 min, the plasma supernatant was

aspired and used for homocysteine (HPLC) and vitamin

B12 determinations. Blood cell fractions were separated

by density gradient and differential centrifugation; bWBC

fractionQ was obtained by single-density gradient centri-

fugation with Ficoll-Paque (Pharmacia Biotech, USA) at

500�g for 30 min at room temperature; the WBC band

was then harvested from the interface and washed three

times with phosphate-buffered saline (PBS) before recon-

stitution. RBC fraction was prepared by removing the

RBCs pelletted through the Ficoll-Plaque gradient and by

three times washing with PBS. The washed RBCs were

then suspended in RPMI-1640 Medium Modified (free of

l-methionine and other sulfur containing amino acid;

Sigma-Aldrich, St. Louis, MO, USA) containing 3%

BSA, 10 mM glucose with a hematocrit value of 30%.

Each sample was added with its corresponding WBCs, to

obtain a WBCs:RBCs ratio 1:500. Methionine concen-

tration was adjusted to 50 Amol/l by addition in the

medium of l-methionine (Sigma-Aldrich).
All samples were prepared in duplex and incubated under

slight mixing at 4 8C and 37 8C. Four samples from both

groups were also incubated at 37 8C in a free-methionine

medium. Samples from supernatant and RBC were taken at

the beginning of the study (time 0) and after 1, 4, 8 and 24 h

of incubation for different assays.

2.2. Biochemical assays

Cysteine (Cys) and homocysteine (Hcy) in supernatant

and within cytoplasm erythrocytes were measured by HPLC

with fluorimetric detection [42].The assay has a sensitivity of

0.1 Amol/l for Hcy and 10 Amol/l for Cys and an intra- and

inter-CV of 4.1% and 4.6%, respectively. Methionine was

measured in supernatant of methionine-enriched medium at

time 0, 8 and 24 h by HPLC method with fluorimetric

detection [43]. The assay has a sensitivity of 3.5 Amol/l and

an intra- and inter-CVof 4.0% and 3.0%, respectively.

In order to assess erythrocyte thiols content, each time-

collected sample of RBCs was washed twice with PBS and

haemolysed with hypotonic 5 mM Tris–HCl buffer (pH

7.4); the haemolysed (300 Al) was then assessed for Hcy and
Cys by HPLC. In order to assess thiol content in membrane

proteins, the ghost membranes were prepared by centrifu-

gation at 10000�g for 10 min. The resultant pellets were

washed with the same buffer until no red color remained.

The final pellets were resuspended with an equal volume of

3% sodium dodecyl-phosphate solution and incubated at 37

8C for 20 min; the solubilized ghosts were then incubated at

60 8C for 30 min in the absence or presence of dithiothreitol

(DTT, Sigma Chemicals, St. Louis, MO, USA) 30 mM.

Ghost protein content was assessed by the method of Lowry

(Lowry); ghost protein-bound thiol content (Hcy, Cys)

(thiol-protein mixed disulfide amount) was assessed by

HPLC as the difference between the amount of thiols in the

ghost medium after DTT treatment and the amount present

before DTT (DTT, due its high reductive potential, induces

the reduction of disulfide bounds, leading to release in

solution of thiols bound to protein cysteine residuals).

Haemolysis measurement was assessed by the measure-

ment in the cell-free supernatant of lactate dehydrogenase

activity (LDH) and by photometrical (545 nm) detection of

the haemoglobin amount [44].

As a marker of lipid peroxidation, we measured the

thiobarbituric acid-reactive substances [malondialdehyde

(MDA)] in the supernatant, according to the method of

Fukunaga et al. [45]. Although the level of MDA is thought

to be nonspecific due to the large amount of artefacts it may

produce, it is very commonly used as an indicator of lipid

peroxide levels; moreover, the HPLC method reduces the

rate of artefacts, making the results more reliable.

2.3. Statistical analysis

Conventional statistic methods were used for calculation

of means and S.D. When the distribution of the various



ARTICLE IN PRESS
P. Ventura et al. / Biochimica et Biophysica Acta xx (2004) xxx–xxx4
parameters within the population studied shows a significant

departure from normality at the Shapiro–Wilk W test, data

were log-converted before statistical analysis. Therefore,

basal data of continuous variables were compared using the

unpaired Student t test and effects of incubation in

considered groups were analysed by two-factorial repeated

measures ANOVA (group x time) with time as the repeated

measure. The repeated measures were over three to five time

periods (Basal–1–4–8–24 h, excluding measurements where

no detectable measurement was noticed) for supernatant and

cytoplasm parameters. When significant interaction was

noted in the ANOVAs (Wilks’ Lambda test), post-hoc

pairwise comparisons using Tukey’s test were used to

compare each group over each time interval and groups

within each time period. The Pearson r coefficient was used

to assess the correlation between continuous variables. In all

statistical evaluations a Pb0.05 was taken as significant.

Statistical analysis was performed by SPSS v.11.0 commer-

cial package (SPSS, Chicago, IL).
3. Results

All data are reported as meanFstandard deviation (S.D.).

Clinical data of studied groups were reported in Table 1.

Table 2 shows haemolysis increase rate through time of

incubation in two considered groups during incubation at 37

8C compared with Hcy levels in the medium and in RBC

cytoplasm; trends of lipoperoxidation (MDA levels in the

supernatant) and Hcy-protein bound in RBC ghosts are also

reported. In Table 3 are reported the same data from the
Table 1

Clinical and biological characteristics of studied subjects

CG (n=14) MAG (n=16) P

Age (years) 38F6 52F8 b0.01

Sex (M/F) 8/6 9/7 ns*

Plasma homocysteine

(Amol/l)

8.8F1.4 26.8F4.6 b0.018

Plasma vit. B12

(mmol/l)

890F281 125F62 b0.018

RBC folates

(mmol/l)

921F324 310F90 b0.018

RBC count

(n�106/mm3)

4.7F0.5 3.0F0.3 b0.018

RBC MCV (fl) 88.2F2.3 112F2.6 b0.018
Haemoglobin (g/dl) 14.2F1.2 9.6F1.3 b0.018
WBC count

(n�103/mm3)

7.4F1.1 (70%) 6.9F1.3 (68%) 0.0568

Serum LDH (U/l) 180F45 280F60 b0.058
Plasma haptoglobin

(mg/dl)

122F25 54F31 b0.018

RBC=red blood cell; WBC=white blood cell (in brackets percentage is

referred to PMN); MCV=mean corpuscolar volume; LDH=lactate dehy-

drogenase. Results are expressed as meanFS.D. p value of unpaired

Student’s t-test and *chi-square test. ns, not significant. 8Comparison after

age adjustment. Vitamins reference range: RBC folate 360–1400 nmol/l;

B12: 148–445 pmol/l; LDH reference range: 100–240 U/l. Haptoglobin

reference range: 30–140 mg/dl.
corresponding samples from the two groups through

incubation time at 4 8C. Considering the results from

incubation at 37 8C samples, Hcy shows a progressive and

significant increase in medium over time in both MAG and

CG groups (F=23.3, Pb0.01 and F=15.6, Pb0.01, MAG

and CG, respectively), a similar significant increase trend

over time was observed with regard to RBC cytoplasm

homocysteine content in both groups (F=7.29, Pb0.05 and

F=6.48, P=0.048, MAG and CG, respectively). Hcy levels

both in the supernatant and in RBC cytoplasm were always

significantly higher in MAG group than in CG group in

each corresponding time assessment (cf. legend of Table 2).

Similar significant trends over time were observed within

both groups with regards to haemolysis (F=8.71, Pb0.01

and F=6.52, Pb0.05, MAG and CG, respectively), LDH

(F= 9.02, Pb0.01 and F=6.88, Pb0.05, MAG and CG,

respectively) and MDA (F=9.15, Pb0.01 and F=7.12,

Pb0.05, MAG and CG, respectively) increase in the

supernatant and RBC ghost protein-bound Hcy increase

(F=13.2 and F=8.43, MAG and CG, respectively Pb0.01

for both); even for these parameters the values were always

significantly higher in MAG group than in CG group in

each corresponding time assessment (cf. legend of Table 2).

With regards to results from samples incubated at 4 8C
(Table 3), no significant increase over time was observed in

Hcy levels both in RBC cytoplasm and in the supernatant in

both groups, even if Hcy in cytoplasm and in supernatant

was significantly higher in MAG group than in CG group in

each corresponding time assessment (legend Table 2). Hcy

levels in supernatant and RBC cytoplasm were always

significantly higher at 1, 4, 8 and 24 h in samples at 37 8C
with respect to correspondent samples at 4 8C (Pb0.01 for

all samples).

With regards to haemolysis parameters (LDH levels in

supernatant and haemolysis% measurement), a significant

increasing trend over time (Pb0.05) was observed in

samples at 4 8C within each group, whereas no

significant difference was observed between groups.

Significant and higher haemolysis parameters were

observed in both groups comparing data from samples

incubated at 37 8C with those incubated at 4 8C (Pb0.01

for all assessment at 1, 4, 8 and 24 h). MDA levels in

the supernatant showed a not significant increase trend

over time in both groups with no significant difference

between groups. Similarly, no significant increase over

time was noticed in both groups for ghost protein-bound

Hcy, whereas significant difference between groups was

noticed for every time measurement. LDH, haemolysis%,

MDA and ghost-protein bound Hcy from samples

obtained at 37 8C incubation were always higher

(Pb0.01 for all; 1–4–8–24 h time determinations) vs.

the corresponding samples at 4 8C incubation. No

significant differences in all considered parameters were

observed comparing different MAG subgroups (i.e.,

subjects with folate deficiency, cobalamine deficiencies

or with both deficiencies; data not reported).
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Table 2

Trend over time of considered parameters in samples from controls (CG, n=14) and patients with megaloblastic anemia (MAG, n=16) at 37 8C incubation

Basal 1 h 4 h 8 h 24 h

Supernatant Hcy (Amol/l) MAG group n.d. 3.9F0.6A 7.5F0.91 A 9.6F1.11 A 13.8F1.21 A

HG group n.d. 2.4F0.5 4.8F0.8 6.9F1.2 8.1F1.3

RBC Hcy (Amol/l) MAG group 2.5F0.5B 2.8F0.62 B 3.1F0.52 A 3.4F0.62 A 3.6F0.71 A

HG group 2.1F0.2 2.3F0.50 2.5F0.61 2.6F0.61 2.8F0.51

Supernatant LDH (UI/l) MAG group n.d. 15F0.8A 28F2.21 A 46F5.31 A 67F8.21 A

HG group n.d. 8F1.1 12F3.2NS 22F6.11 42F9.11

Haemolysis (%) MAG group n.d. 5.3F0.5A 8.2F0.72 A 10.1F11 A 15.2F0.81 A

HG group n.d. 1.1F0.1 3.1F1.10 4.1F0.52 6.1F0.72

Protein-bound Hcy

(Amol/g protein)

MAG group 0.21F0.04A 0.45F0.111 A 0.61F 0.121 A 0.83F0.181 A 1.12F0.211 A

HG group 0.12F0.03 0.18F0.07NS 0.21F0.082 0.41F0.111 0.61F0.181

Supernatant MDA

(nmol/ml)

MAG group n.d. 0.20F0.06B 0.26F0.082 B 0.36F0.101 B 0.48F0.121 A

HG group n.d. 0.11F0.04 0.15F0.060 0.18F0.082 0.25F0.111

Intragroup difference (with respect to first detectable assessment): 0=ns; 1=Pb0.01; 2=Pb0.05. Intergroup difference: A=Pb0.01; B=Pb0.05; NS=no

significant.
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Table 4 reports data observed in samples (four MAG

patients and four CG subjects) incubated at 37 8C in a

methionine-free medium. Supernatant, RBC and ghost

protein-bound Hcy increased significantly over time in both

groups; this increase was higher for MAG patients than CG

subjects; in both groups Hcy levels reached through time

were significantly lower (up to 4–6 time lower at 24 h) than

those observed in methionine-enriched samples (Pb0.01 for

all time measurement comparisons). No significant differ-

ence in haemolysis parameters between groups through time

was observed.

A significant correlation between supernatant Hcy

levels and MDA levels (r=0.468, Pb0.05), LDH levels

(r=0.395, Pb0.05) and haemolysis% (r=0.332, Pb0.05)

was observed in samples from 37 8C incubation but not

in those from 4 8C incubation; similarly, a significant or

nearly significant correlation was found between ghost

protein-bound Hcy levels and haemolysis (r=0.210,

P=0.056) or LDH levels (r=0.341, Pb0.05) in 37 8C
samples, whereas no significant correlation was observed

regarding these parameters in the samples from 4 8C
incubation.
Table 3

Trend over time of considered parameters in samples from controls (CG, n=14) and patients with megaloblastic anemia (MAG, n=16) at 4 8C incubation

Basal 1 h 4 h 8 h 24 h

Supernatant Hcy (Amol/l) MAG group n.d. 0.21F0.04B 0.22F0.030 B 0.23F0.040 B 0.23F0.050 B

HG group n.d. 0.15F0.02 0.17F0.020 0.18F0.030 0.18F0.040

RBC Hcy (Amol/l) MAG group 2.5F0.50 B 2.4F0.60 B 2.6F0.40 B 2.4F0.60 NS 2.6F0.60 NS

HG group 2.1F0.2 2.0F0.30 2.2F0.40 2.2F0.50 2.3F0.50

Supernatant LDH (UI/l) MAG group n.d. 4F0.5NS 8F1.21 NS 15F3.21 NS 22F3.61 NS

HG group n.d. 3F0.6 7F1.32 12F4.12 18F2.81

Haemolysis (%) MAG group n.d. 1.2F0.3NS 1.3F0.40 NS 2.7F1.00 NS 4.1F0.52 NS

HG group n.d. 1.1F0.2 1.1F0.30 2.5F0.80 3.7F0.72

Protein-bound Hcy (Amol/g protein) MAG group 0.21F0.04A 0.23F0.050 B 0.24F0.060 B 0.24F0.070 A 0.25F0.070 B

HG group 0.12F0.03 0.14F0.040 0.15F0.050 0.15F0.060 0.16F0.060

Supernatant MDA (nmol/ml) MAG group n.d n.d. 0.12F0.02NS 0.15F0.030 NS 0.16F0.060 NS

HG group n.d n.d. 0.11F0.03 0.13F0.040 0.13F0.050

Intragroup difference (with respect to first detectable measurement): 0=ns; 1=Pb0.01; 2=Pb0.05. Intergroup difference: A=Pb0.01; B=Pb0.05; NS=no

significant.
t

Fig. 2 shows cysteine levels in supernatant through time

in incubation samples at 37 and 4 8C. Both groups showed a

significant increase in cysteine supernatant levels (F=7.48,

Pb0.05 and F=7.05, Pb0.05) at 37 8C; MAG group had

always higher cysteine supernatant levels than controls over

time with respect to CG group at 37 8C (cf. Fig. 2 legend).

Fig. 3 shows methionine levels in supernatant through time

in incubation samples at 37 and 4 8C. A significant decrease

in methionine supernatant levels over time was observed in

samples at 37 8C (F=9.48, Pb0.01 and F=7.46, Pb0.05,

MAG and CG samples, respectively). No significant

alteration in supernatant methionine levels was observed

over time in samples at 4 8C from both groups (cf. legend of

Fig. 3).
4. Discussion

Oxidative stress may cause important modification of

cellular macromolecules at different levels, leading to cell

damage: membrane lipids and membrane and cytoskeletal

proteins are thought to be important target of oxidative
t
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Table 4

Trend over time of considered parameters in samples from controls (CG, n=4) and patients with megaloblastic anemia (MAG, n=4) after incubation in a

methionine-free medium

Basal 1 h 4 h 8 h 24 h

Supernatant Hcy (Amol/l) MAG group n.d. 1.8F0.04B 2.4F0.042 B 2.7F0.052 B 2.9F0.051 B

HG group n.d. 1.4F0.03 1.8F0.052 2.2F0.052 2.4F0.061

RBC Hcy (Amol/l) MAG group 2.3F0.5 B 2.5F0.60 B 2.7F0.42 B 2.8F0.62 B 2.8F0.62 B

HG group 1.9F0.2 2.1F0.30 2.3F0.40 2.5F0.42 2.4F0.52

Supernatant LDH (UI/l) MAG group n.d. 5F0.6NS 9F1.61 NS 16F3.51 NS 25F3.71 NS

HG group n.d. 4F0.7 8F1.21 11F4.11 21F2.81

Haemolysis (%) MAG group n.d. 1.4F0.4NS 1.7F0.30 NS 2.8F1.00 NS 5.8F0.41 NS

HG group n.d. 1.3F0.1 1.5F0.40 2.4F0.80 4.5F0.71

Protein-bound Hcy (Amol/g protein) MAG group 0.21F0.04 A 0.25F0.050 B 0.28F0.060 B 0.31F0.072 B 0.34F0.072 B

HG group 0.12F0.03 0.17F0.040 0.20F0.050 0.24F0.062 0.27F0.062

Supernatant MDA (nmol/ml) MAG group n.d n.d. n.d. 0.13F0.03NS 0.16F0.060 NS

HG group n.d n.d. n.d. 0.12F0.04 0.15F0.050

Intragroup difference (with respect to first detectable measurement): 0=ns; 1=Pb0.01; 2=Pb0.05. Intergroup difference: A=Pb0.01; B=Pb0.05; NS=not

significant.
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damage in RBC. Progressive peroxidation of membrane

lipids has been advocated as a possible mechanism of

haemolysis in the presence of many different experimental

and clinical conditions [46–49]. A similar role in haemolytic

process has been advocated for modifications concerning

RBC membrane-related and cytoskeletal proteins. Particu-

larly, protein thiol groups (cysteine residues) represent one

of the sites most likely to be modified: interference with the

functional capability of membrane sulfhydryl groups, either

by their oxidation or by their blockade, results in premature

RBC destruction in vivo; moreover it has been demonstrated

that high concentrations of sulfhydryl-active agents (includ-

ing molecules able to form mixed disulfide linkages) in vitro

interfere with the transport and metabolism of glucose and

the membrane permeability to cations, thus leading to

osmotic swelling and haemolysis [34,35]. Homocysteine,

with respect to other circulating thiols, has been attributed
Fig. 2. Trend over time of supernatant cysteine in samples from controls (CG) and p

8C incubation are presented). *Pb0.05 and **Pb0.01, MAG vs. CG samples at 37

any correspondent time assessment. MAG and CG values at 37 8C always showed

with respect to their correspondent time assessment at 4 8C.
some peculiar characteristics that make this compound of

interest as a potential bhaemolytic toxinQ: (1) pro-oxidant

effect due to induction of free-radicals during the autox-

idation to homocystine or during the oxidation in the

formation of different mixed disulfide compounds

[22,50,51]; (2) greater disposition (about 100 times greater

than cysteine) to form disulfide bounds than other thiols

(hence, higher disposition to bind to cysteine lateral residues

of proteins) [23,24].

Different authors demonstrated the presence in blood

cells of enzymes involved in the conversion of methionine

into homocysteine [36,38,39]; Malinow et al. in their

elegant studies showed that synthesis of homocysteine

occurs in erythrocytes, whereas leucocytes both synthesize

and transulfurate homocysteine. Elevation of homocysteine

in red blood suspensions would represent the effect of a

continue conversion of methionine to homocysteine, and its
atients with megaloblastic anemia (MAG) (results from samples at 4 and 37

8C. No difference was found in intragroup comparison at 4 8C incubation at

significant higher ( Pb0.01 for all assessments) supernatant cysteine levels
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Fig. 3. Trend over time of supernatant methionine in samples from controls

(CG) and patients with megaloblastic anemia (MAG) (results from basal, 8-

and 24-h samples at 4 and 37 8C incubation are presented) *Pb0.05 and

**Pb0.01, MAG vs. CG samples at 37 8C. No difference was found in

intragroup comparison at 4 8C incubation. MAG and CG values at 37 8C
showed significant lower ( Pb0.01) supernatant methionine levels with

respect to their correspondent time (8 and 24 h) assessment at 4 8C.
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prompt export into plasma [40]. No conclusive data are

available on the presence within mature red blood cells of

remethylation activities, even if Bagley and Selhub [52]

showed the role of MTHFR variants in influencing the kind

of folates stored within red blood cells and, more recently,

the presence within RBC of soluble cytochrome b5 (an

important cofactor of methionine synthase, a key enzyme

involved in remethylation of homocysteine to methionine)

has been demonstrated [53]. WBCs seem to be able of Hcy

remethylation by methionine synthase (MS) pathway (vit.

B12- and folate-dependent; this pathway is thought to

responsible for about 27–30% of Hcy consumed), whereas

Hcy remethylation by betaine-homocysteine methyl trans-

ferase (BHMT) (about 27–30% of Hcy consumed) seems to

occur only in liver and kidney [54].

To our knowledge, no data are available concerning

the homocysteine production by blood cells in mega-

loblastic anaemias due to vitamin B12 and folate

deficiencies (both conditions known to lead to hyper-

homocysteinemia) and if this production may have a role

in increased haemolytic process observed in these

diseases.

Our data (Table 1) confirm the well-known link

between vitamin B12 and folate status and plasma

homocysteine: MAG group patients have significantly

higher levels of plasma homocysteine than CG; this is

likely the consequence of the impairment of homocys-

teine metabolism due the severe lack of vitamin

cofactors, essential for Hcy remethylation by MS path-
way. Moreover, our data suggest that blood cells from

MA patients produce in vitro significantly greater

amounts of Hcy than controls. The metabolic activity

seems to be relevant in this production (i.e., it is not a

consequence of cellular leakage due to haemolysis), as

may argued by the scanty effect in Hcy production in

samples at 4 8C (Table 3). This observation is in

agreement with previous data about the continuous

production (and export) of Hcy by metabolic active

RBCs in suspension as an effect of continuous trans-

methylation of methionine [40,55,56]. In our model, part

of this Hcy is likely to be metabolized by WBCs, whose

regulatory effect on whole-blood Hcy production has

been previously demonstrated [55]; the higher Hcy levels

in supernatant from MAG patients with respect to CG

subjects may be a consequence of the impairment of MS

remethylation pathway in WBCs of MAG group,

consequent to deficient vitamin status: in these cells only

(or in prevalence) the transsulfuration is likely to be

functioning (and partially compensating for remethylation

impairment); transsulfuration has been demonstrated able

to increase significantly in response to conditions leading

to HHcy [54]. These observations may explain the higher

cysteine levels through time found in the supernatant of

MAG group with respect to CG group (at 37 8C) (Fig.

2). Similarly, the greater supernatant methionine decrease

over time in MAG group compared to CG group (Fig. 3)

may be explained by new methionine synthesis (reme-

thylation) which is possible only by blood cells of CG

group.

With regards to the possible effect of relative increase of

Hcy production on RBC damage, our data (cf. results about

differences and correlations about Hcy increase, MDA

production, ghost protein-bound protein and haemolysis in

metabolic active MAG samples with respect CG) seem to

confirm the possible haemolytic effect of homocysteine

excess in vitro, especially in presence of polymorphonuclear

cells [18]. Goth and Vitai [57] recently confirmed the

possibility of Hcy to induce RBC membrane peroxidation

in vivo, especially in the presence of decreased cellular

antioxidant capacity, and it has been observed that folates or

vitamin B12 deficiency is associated to a reduced availability

of glutathione, an important factor in antioxidant defence of

RBC [58,59].

With concerns to the possible toxic effect by methionine

per se [60], it is to be considered that the methionine levels we

used in our experimental model were adjusted at 50 Amol/l,

which is a concentration near at the higher level of the

physiological plasma range for adults (15–45 Amol/l).

Moreover, in our study, methionine levels reduced during

incubation at 37 8C (i.e., during increase in peroxidation and

haemolysis parameters), whereas they remained almost

unchanged during incubation at 4 8C (Fig. 3). In this last

situation, even though RBC remained exposed to relative

high levels of methionine through time, no significant signs

of haemolysis were noticed. Moreover, in samples at 37 8C,
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methionine levels in supernatant were always significantly

higher over time in CG group (Fig. 3), where RBC damage

parameters were significantly lower then those observed in

NAG group samples.

On the other hand, a low increase in Hcy levels, as that

observed in samples incubated in a methionine-free medium

(Table 4), seems to induce scanty effects on RBC damage,

supporting a dose-dependent effect in Hcy-induced damage.

This scanty increase in Hcy supernatant even in the absence

of methionine, the homocysteine natural precursor, may be

explained by metabolism of methionine and S-adenosylme-

thionine present in cell cytoplasm at time 0, according to

previous observation by other authors in similar conditions

[55,56,61].

Nevertheless, before drawing definitive clinical conclu-

sions, some issues have to be considered. The first issue

regards data from human models: so far, no data about

clinical evidence of haemolysis have been reported in

patients with homocystinuria (homocysteine plasma levels

N200 Amol/l) not due to B12 or folate deficiencies, or to

inherited metabolic defects influencing B12 or folates

cellular utilization (as in CbL diseases) [10,62]. It is to be

considered that our study was conducted in vitro and under

conditions far enough from physiological: for example, our

model lacks plasma antioxidants and proteins (both able to

modulate Hcy toxicity). Moreover, in vivo, the Hcy

transsulfuration by other tissues (mainly the liver and the

kidney) may be important in limiting Hcy accumulation as

well [3,63]. On the other hand, our model (blood cells

only) somehow reflects a condition quite similar to that

present in the blood marrow, where haemolysis in

megaloblastic anaemias is thought to take place.

Similarly, though our data would suggest a relation

between ghost protein-bound Hcy and RBC damage,

nevertheless it is to be reminded that different authors have

demonstrated that a cytoplasm increase in Hcy may

influence the cytoskeletal proteins, and hence favour

haemolytic processes, by altering the processes of protein

methylation; a Hcy accumulation in fact progressively

blocks the transmethylation of methionine, this inducing a

reduction in cell S-adenosyl-methionine (SAMe) availabil-

ity, a key substrate for methylation reactions needed to

maintain the integrity of RBC structural proteins through

RBC life-time [64–67]. Both mechanisms (direct, by func-

tional alteration due to mixed-disulfide formation with

protein-ghost cysteine residues; indirect, by SAMe synthesis

blockade) may be relevant in Hcy-induced damage to RBC

cytoskeletal or membrane proteins.

In conclusion, our data from an in vitro experience

suggest a higher production of Hcy by blood cells in the

presence of vit. B12 and folate deficiency leading to

megaloblastic anaemias. The same data suggest a possible

effect of Hcy accumulation in inducing erythrocyte damage

and favouring haemolysis by mechanisms involving both

lipid peroxidation and membrane/cytoskeletal protein

derangement [57,68–70].
Nevertheless, more data are needed in order to evaluate

and confirm a similar effect in vivo of Hcy accumulation on

erythrocyte survival in case of megaloblastic anaemias due

to cobalamine and folate deficiency.
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