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ABSTRACT

Homocysteinemia is routinely measured as a biomarker of cardiovascular risk, but its pathogenic role remains controversial
because it is unclear whether—and how—interventions to lower homocysteine levels provide real benefit. In the present orig-
inal study, we analyzed in detail the effects of oxidative stress, thiol-disulfide exchange reactions, and plasma thiol levels on
homocysteinemia. We conducted a clinical study in a group of healthy, homogeneous individuals (n = 62) in which the different
redox forms of plasma thiols and several biomarkers of oxidative stress were determined. Homocysteine was characterized by the
fact that it was almost completely present as mixed protein disulfide (about 80%-85%). A strong inverse correlation was found
between total homocysteine and glutathione concentrations, whereas no correlation was found between homocysteine and ox-
idative stress markers. The observation that oxidative stress does not affect total homocysteine levels in plasma was confirmed
by in vitro treatments of human blood with a special device that allows slow delivery of oxidants. Experiments with cultured
cells showed that they can release glutathione in large quantities with different kinetics over time. In addition, a strong inverse
correlation between GSH and total homocysteine has been demonstrated in the plasma of humans of different ages and in mam-
malian species. All these data support the hypothesis that GSH, once released from cells, can trigger a series of thiol-disulfide
exchange reactions leading to the cleavage of protein-bound homocysteine and the increase of free homocysteine, thus promoting
its excretion. It can therefore be concluded that homocysteinemia can be regulated by the release of GSH from cells and that, con-
sequently, total homocysteine in plasma can be considered a biomarker of cardiovascular risk without necessarily having a direct
causal role. The specificity of this process must be taken into account when investigating the pathogenetic role of homocysteine.

1 | Introduction cross-linking, leading to lens slippage, osteoporosis, scoliosis, a
long, thin body and a high arched palate. Elevated homocyste-
ine levels also damage the vascular epithelium and lead to the

formation of thrombi, which are the main cause of death [2].

Significantly elevated homocysteine levels in human plasma
and urine were first described in certain rare inborn errors of
metabolism known as homocystinuria. This condition is due to

a recessive disorder of homocysteine metabolism involving the
enzymes cystathionine-g-synthase (CBS) or methylenetetrahy-
drofolate reductase (MTHFR) [1]. The elevated homocysteine
levels in homozygous individuals (up to 500 uM) impair collagen

More than 50years ago, McCully first reported that even mod-
erately elevated blood homocysteine levels could be a possible
cause of vascular abnormalities and thrombosis in individu-
als without homocystinuria. In short, the hypothesis was that,
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given that untreated young homocystinuria patients develop
aggressive vascular disease, even very moderately elevated ho-
mocysteine could itself be a risk factor or amplify the effects of
other risk factors to cause early-onset vascular disease [3]. This
condition is more common and may be due to several factors:
(i) heterozygous defects for CBS or MTHFR genes; (ii) dietary
causes: homocysteine may increase in individuals without ge-
netic disorders due to a deficiency of one or more of the three
key nutrients folate, cobalamin or vitamin B6 as a result of
diet, malabsorption or other as yet undefined causes. Some of
these individuals who appear to be normal with respect to the
metabolism of the three nutrients may have underlying, as yet
unidentified genetic variants; (iii) clinical conditions in which
the metabolism of homocysteine is impaired, particularly renal
disease [4]. Uremic patients have elevated plasma homocysteine
levels [5], as do renal transplant recipients with mildly impaired
renal function.

The normal values for homocysteine in the serum of healthy,
fasting people are between 5 and 15 uM. Patients who exceed
this value are classified as hyperomocysteinemic and divided
into three categories: mild (15-30 uM), moderate (30-100 uM),
severe (>100 uM). According to various studies, the preva-
lence of mild, moderate and severe hyperomocysteinemia is
5%-10%, 0.5%-1% and 0.01%-0.03% respectively [6]. According
to Humphrey et al. [7], every 5uM rise in serum concentration
corresponds to a 20%-30% increase in the risk of ischemic heart
disease. Based on these considerations and since a considerable
percentage of the population can be counted among the groups
with increased cardiovascular risk, a wealth of literature was
written in the following decades with the aim of investigating
the epidemiology of the phenomenon and the pathophysiologi-
cal causes as well as the biochemical nature.

Dozens of observational studies have shown that a homocyste-
ine level above 15 uM is a risk factor for cardiovascular events
(as summarized in some meta-analyzes [8, 9]). In addition, nu-
merous experimental studies in animals have shown that hy-
perhomocysteinemia can cause damage to blood vessel walls,
pro-inflammatory effects, oxidative stress, and endothelial
dysfunction [10]. Several pathways by which homocysteine
levels can damage endothelial cells and lead to atherosclero-
sis have been described in detail [11-13]. It is thought to have
a direct pathogenic effect by causing oxidative modification
of lipoproteins and subsequent precipitation of aggregates. It
may also generate reactive oxygen species and impair basal
production of nitric oxide, thereby preventing vasodilatation.
Furthermore, in vitro studies have shown that homocyste-
ine increases the production of various pro-inflammatory
cytokines such as monocyte chemoattractant protein 1 or
interleukin-8, a T-lymphocyte and neutrophil chemoattrac-
tant, thereby promoting the development and progression of
atherosclerosis [14]. However, treatment with homocysteine-
lowering vitamins (folic acid and vitamin B,,) did not reduce
the risk of recurrent cardiovascular disease after acute myo-
cardial infarction [15] or the risk of major cardiovascular
events in patients with vascular disease [16], nor did it reduce
the incidence of ischemic stroke, although it did result in a
significant reduction in circulating homocysteine (~30%) [17].
Currently, there is only weak (and controversial) evidence for a
reduction in cardiovascular risk with homocysteine-lowering

interventions [18, 19], and homocysteine is mostly not con-
sidered a causal risk factor for cardiovascular disease, which
is confirmed by both the American College of Clinical
Cardiology and the European guidelines on cardiovascular
disease prevention in clinical practice. However, the debate
remains, especially after a recent Cochrane review found a
small difference in favor of homocysteine-lowering interven-
tions compared to placebo in relation to strokes [20].

One of the weaknesses of these observational studies linking
hyperhomocysteinemia to cardiovascular disease is that the mo-
lecular pathogenesis process has not been adequately explained.
Although animal models suggest a link between mild hyper-
homocysteinemia and cardiovascular disease, there is still no
confirmation of both the biochemical origin of cell damage and
evidence that therapy that can lower homocysteine levels will in
turn reduce the risk of cardiovascular events.

In the present study, we first attempted to determine plasma
homocysteine levels in a carefully selected group of subjects,
eliminating or reducing confounding factors as much as pos-
sible. In particular, all samples were taken over a 2-month pe-
riod (May-June) to limit the influence of seasonal fluctuations
in the availability of fruit and vegetables. The age range of the
subjects was limited to 20years, as the influence of age on ho-
mocysteinemia is well known [6], and selection was based on
diet, ethanol consumption and various other factors. Based on
the observation that an increase in plasmatic low molecular
weight thiol is associated with a decrease in circulating ho-
mocysteine, we hypothesized that homocysteine might be an
indicator that something is going wrong, a kind of “canary in
the coal mine” that is itself a dangerous molecule for the car-
diovascular system. The analytical method used for homocys-
teine measurement was the “gold standard” (i.e., HPLC), and
the various redox forms of the major thiols in plasma were
measured after stabilization with a proper solution added to
whole blood immediately after collection [21].

2 | Methods
2.1 | Materials and Study Group

Citrate buffer solution pH4.3 (thiol stabilizing solution) was
prepared by mixing 0.5M sodium citrate with 0.5M citric acid
and stored at —20°C. All other reagents were purchased from
Merck (Milan, Italy) unless otherwise stated. The equipment
used for the in vitro experiments on oxidant-treated blood was
purchased from LabOmak (Siena, Italy).

Analytical analyses were performed using an Agilent 1100
HPLC with fluorometric detector (Agilent Technologies, Milan,
Italy) equipped with a Zorbax Eclipse XDB-C18 4.6 X150 mm,
5um column (Agilent Technologies) and a UV-Vis spectropho-
tometer (Jasco, V-750).

The study group consisted of 62 consenting volunteers (32
women and 30 men, age range 31-49years) who were re-
cruited from among coworkers, relatives, and friends and
verbally consented to the study (Table 1). None of the partici-
pants were active smokers and all were abstinent or drank less
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TABLE1 | Clinical characteristics of the subjects considered for the

study. In brackets the range interval is reported. n=62.

Value

Characteristics

M/F 30/32

Age 40.3+6.5 (31-49)

Males weight (kg) 73.2+5.1(69-84)

Females weight (kg) 62.9+5.6 (53-76)

Males height (cm) 176 +7.0 (168-191)

Females height (cm) 169+10 (156-177)

Male BMI (kg/m?) 23.54+1.9 (21.4-24.8)

Female BMI (kg/m?) 22.1+2.8(19.9-24.3)
Food daily intake

Energy (kcal/day) M 2110+136

Energy (kcal/day) F 2086174

Protein (g/day) M 84.7+10.2

Protein (g/day) F 80.5+8.85

Fat (g/day) F 53+6

Carbohydrate (g/day) M 263+15

Carbohydrate (g/day) F 25123

than 20g of alcohol per week (equivalent to a medium glass
of wine or a pint of beer). All participants reported being in
good health and none of them had any abnormalities on phys-
ical examination or routine blood and urine laboratory tests
performed no more than 6 months previously (routine blood
chemistry including lipid profile, blood glucose, complete
blood count, comprehensive metabolic panel, kidney, liver
and heart functions, uric acid, electrolytes, urinary iron and
glucose). All subjects received a free diet and reported regular
moderate physical activity (e.g., walking, cycling or light ex-
ercise without intensive training) and regular sleep, with an
average sleep duration of almost 8 h per night.

The evaluation of the diet showed that none of the test subjects
had habits that could impair homocysteine metabolism (e.g.,
folic acid deficiency). The intake of N-acetylcysteine, vitamins
C and E as well as NSAIDs was avoided at least in the 2months
prior to the analyses. The basal homocysteine level was not con-
sidered an exclusion criterion.

2.2 | Nutrition Study Group

A semi-quantitative questionnaire with 360 items (both fre-
quency and portion size) on frequency of food consumption
[22] was completed by a registered dietitian. Frequency of
consumption was divided into nine categories: never or rarely,
once a month, two to three times a month, once or twice a
week, three to four times a week, five to six times a week,
once a day, twice a day, or three or more times a day. In order

to minimize seasonal variations due to differences in diet, all
samples were taken in the months of May-June. The dietary
profile was assessed by a registered dietitian and subjects were
included in the study if they were in the middle quartiles of
the Food Frequency Questionnaire in terms of protein, fat,
carbohydrate, and saturated/unsaturated fat intake. The as-
sessment of nutritional status also included measurements of
body mass (body mass index, BMI) and muscle mass (anthro-
pometric indices of the arms) [23].

2.3 | Processing of the Samples

Blood samples (3mL) were collected from the antecubital vein
in the morning after fasting for approximately 12h in evacuated
plastic tubes containing K,EDTA and 0.01mM acivicin (final
concentration). The sample was divided into different aliquots
for analysis of thiols and disulfides in erythrocytes and plasma
according to the recently published procedure with minor mod-
ifications [21].

2.3.1 | Low Molecular Mass Thiols (LMM-SH) in Red
Blood Cells (RBCs)

0.2mL of blood was washed three times with saline, and after
removal of the supernatant, 1mL of 10mM phosphate buffer
pH7.4 was added to hemolyze the erythrocytes. An aliquot of
the hemolysate was used for the determination of hemoglobin
(Hb), while 0.2mL of the sample was treated with 1 mM mono-
bromobimane (mBrB, final concentration) for 10 min and stored
at —80°C until analysis.

2.3.2 | Disulfides in RBCs and Plasma

800uL of blood was transferred to tubes containing 80 uL
of 310mM N-ethylmaleimide (NEM) and gently shaken for
1min. The sample was then centrifuged at 8000g for 30s. The
supernatant was collected and stored for analysis of disulfides
in plasma. Three hundred microliters of erythrocytes were
collected from the bottom of the tube, washed three times
with saline, and then hemolyzed by adding 1mL of 5mM
phosphate buffer, pH6.5, with 2mM NEM. The supernatant
obtained by centrifugation at 20000g for 15min at 4°C was
stored at —80°C for analysis of glutathione disulfide (GSSG)
and S-glutathionylated hemoglobin (HbSSG). For the analysis
of membrane-bound S-thiolated proteins (mRSSP), the pellets
were resuspended with a glass rod in 5mM phosphate buffer,
pH6.5, with 1 mM NEM and centrifuged at 20000 g for 15 min
at 4°C; this step was repeated three times. The samples were
stored at —80°C until analysis [24].

2.3.3 | Plasma Thiols

500 uL of blood was treated with 50 uL of the citrate buffer solu-
tion (see Section 2.1). Plasma was collected by centrifugation at
10000g for 20s and then 0.2mL was spiked with 0.2mL H,O
and 20 uL of the thiol stabilizing solution and stored at —80°C
until analysis.
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2.3.4 | Protein Inter- and Intra-Chain Disulfides (PSSP)
in Plasma and RBCs

500 uL of blood was immediately spiked with 50 uL of 310 mM
NEM and shaken for 1min. Plasma was separated by centrifu-
gation (8000g for 30s) and purified erythrocytes were obtained
by repeated washing of the pellet with saline as described above.
0.1 mL-aliquots of both samples were added with trichloroacetic
acid (TCA, 3% [w/v] final concentration) and stored at —80°C
until analysis.

2.3.5 | Other Oxidative Stress Parameters

The remaining blood was centrifuged at 8000g for 30s and the
plasma was divided into 0.2mL aliquots for analysis of protein
carbonyl (PCO), malonyldialdehyde (MDA) and F2-isoprostanes
and stored at —80°C until analysis. The aliquot used for F2-
isoprostanes was treated with 0.005% (final concentration) bu-
tylated hydroxytoluene before storage.

2.4 | Blood Treatment for the In Vitro
Experiments With Oxidizing Agents

Twenty milliliters of whole blood were collected from the an-
tecubital vein of 5 healthy donors who participated in the clin-
ical study. The blood was collected in evacuated plastic tubes
containing K,EDTA and treated under controlled conditions
(i.e., 37°C temperature, low pO,). A stock of glucose (1M) and
glucose oxidase (10 U/mL), both dissolved in saline, was added
to the blood to a final concentration of 10 mM and 0.01 U/mL,
respectively. This system is known to release hydrogen perox-
ide [25]. During the experiment, both tert-butyl hydroperoxide
(t-BOOH, 10 mM solution in saline) and peroxynitrite (2 mM
solution in saline with 10mM NaOH) were slowly added to
the reservoir using a syringe precision pump set to 2 uL/
min. The blood flow was set to 20mL/min. At various time
points, 0.5mL of blood was withdrawn, derivatized for anal-
ysis of GSSG, HbSSG, S-thiolated proteins (RSSP), mRSSP in
RBCs, the ratio of low molecular mass thiols to low molecular
mass disulfides (LMM-SH/LMM-SS), protein thiolation index
(PTI), PCO and MDA in plasma, and stored at —80°C until
analysis as indicated above.

2.5 | InVitro Experiments to Evaluate GSH
Release From Cells

Five healthy donors who participated in the clinical study
(3 women, 2 men) had six milliliters of whole blood collected
from the antecubital vein in evacuated plastic tubes containing
K3EDTA.

The blood components were obtained by centrifugation under
different conditions. In detail: RBCs were purified by centri-
fuging 0.5mL of blood at 10000g for 30s, removing the super-
natant and washing the pellets three times with saline. The
RBCs were then diluted with phosphate-buffered saline pH 7.4
with 5mM glucose at a hematocrit of 25% and used for the
experiments.

Polymorphonuclear leukocytes (PMN) and lymphocytes were
separated from 5mL of blood using PolymorphoprepTM (Fisher
Scientific). According to the instructions for use, after centrifuga-
tion of the blood, the cells separated into two bands corresponding
to PMN and lymphocytes plus monocytes, respectively. The cells
were collected and resuspended in PBS and glucose (as above).

Erythrocytes, lymphocytes and polymorphonuclear cells (PMN)
were incubated at 37°C for 2h. The supernatant was then col-
lected by centrifugation (10000g for 30s), treated with mBrB
and stored at —80°C.

2.5.1 | Cell Cultures

Human umbilical vein endothelial cells (HUVEC) were iso-
lated from umbilical cords of uncomplicated pregnancies and
grown on 1% (w/v) gelatin in EBM-2 medium (Lonza). A549
(human lung carcinoma cells), IMR90 (human embryonic lung
fibroblasts), HEK293 (human embryonic kidney cells), A375
(human melanoma cells) and HeLa cells were obtained from
ATCCs (American Type Culture Collection Manassas, VA). All
cells were maintained in DMEM supplemented with 10% heat-
inactivated fetal bovine serum, 100U penicillin, 100ug/mL
streptomycin, and 2mM glutamine. All cells were cultured in
an atmosphere of 95% air and 5% CO, at 37°C in 100mm cul-
ture plates. After reaching confluence, the culture medium was
changed and the cells were harvested after 24h, deproteinized,
treated with mBrB and stored at —80°C.

2.6 | InVitro Treatment of Plasma

Six milliliters of whole blood were collected from the antecubi-
tal vein of 3 healthy donors (2 females and 1 male) in evacuated
plastic tubes containing K,EDTA. The samples were immedi-
ately centrifuged at 10000g for 30s to separate the plasma. The
resulting plasma was then pooled, divided into three aliquots,
and incubated at 37 °C with different concentrations of GSH (5,
10, and 20 uM). In addition, 1 mM NADPH (final concentration)
and 0.5mL of glutathione reductase were added to the incuba-
tion mixture. At 0, 1, 2, 6 and 12h, 0.1 mL of plasma was col-
lected and stored at —80 °C until analysis of HcySSP.

2.7 | Analysis of Thiolome, PCO, MDA
and F2-Isoprostane

2.71 | LMM-SH in RBCs

Samples in mBrB were deproteinized by treatment with 10uL
60% (w/v) TCA and centrifugation (2min at 14000g). The
LMM-SH were measured in the supernatant by HPLC [21].

2.7.2 | Disulfides in RBCs

GSSG was measured in the supernatant after deproteiniza-
tion of the sample with TCA (0.12mL hemolyzed sample in
NEM +10uL 60% [w/v] TCA). Five hundred microliters of the
hemolyzed sample in NEM was passed through PD10 columns
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for gel filtration, and the eluate was used for both Hb determina-
tion and HbSSG analysis [26]. GSSG, HbSSG, and mRSSP were
measured by HPLC after reduction with dithiothreitol (DTT)
and labeling of the released thiol by mBrB [21, 24].

2.7.3 | Thiols in Plasma

Protein thiols (PSH) were measured on the spectrophotome-
ter by colorimetric reaction with Ellman reagent (DTNB) [27].
LMM-SH were measured in the supernatant by fluorometric
HPLC after plasma deproteinization with 60% (w/v) TCA and
thiol labeling with mBrB [21].

2.7.4 | Disulfides in Plasma

0.1 mL plasma was deproteinized by treatment with 10uL 60%
(w/v) TCA. After centrifugation (2min at 14000g), the super-
natant was used to measure LMM-SS and the pellet for RSSP
analysis. In both cases, the thiols released by DTT treatment
were labeled with mBrB and detected by HPLC [21]. The PTI
was calculated as the molar ratio between the RSSP and the PSH
in plasma [28].

2.7.5 | PSSP in Plasma and RBCs

Samples in TCA were centrifuged at 10000g for 2min and the
supernatant discarded. The pellets were resuspended in 1mL
of 1.5% (w/v) TCA using a glass rod, centrifuged at 10000g for
2min and the supernatant discarded. This step was repeated
three times. The protein pellet was finally resuspended in 1 mL
of 0.2M Tris-HCI buffer pH8.0 in the presence of 5mM DTT.
The samples were incubated for 30min with rotary shaking,
then the proteins were precipitated by adding TCA (3% w/v final
concentration) and washed several times until DTT disappeared
from the supernatant (checked spectrophotometrically with
DTNB). The protein pellets were then resuspended in 100mM
Tris buffer pH8.5 containing 1% SDS with rotary shaking. The
PSH released by the reduction of high molecular mass disulfides
(HMMS-SS) were measured spectrophotometrically using a spec-
trophotometer by reaction with DTNB. The PSSP were calcu-
lated as the difference between HMM-SS and RSSP [29].

2.76 | PCO

Carbonylated proteins were derivatized with 2,4-dinitrophenylhy-
drazine (DNPH) and detected by Western immunoblotting with
anti-DNP antibodies according to Colombo et al. [30]. In brief,
400pg (1mg/mL) of plasma proteins were mixed with 80uL of
10mM DNPH and incubated in the dark for 60 min. Samples were
then mixed with 480uL of 20% (w/v) TCA and incubated on ice
for 10min. After centrifugation at 20000g for 15min at 4°C, the
protein pellets were washed three times with ethanol: ethyl acetate
in a 1:1 ratio to remove free DNPH. The dried protein pellets were
resuspended in 2x reducing Laemmli sample buffer. Proteins were
separated by SDS-PAGE on 7.5% (w/v) Tris-HCI polyacrylamide
gels, transferred to a PVDF membrane, and detected by Western
immunoblotting. Rabbit anti-DNP (Molecular Probes) was used

as the primary antibody. HRP-conjugated goat anti-rabbit IgG was
used as a secondary antibody (Molecular Probes). The immunore-
active protein bands were visualized by ECL detection.

2.7.7 | MDA

MDA was measured in the supernatant obtained by treating
0.4mL of plasma with 40 uL 60% (w/v) TCA. Two hundred mi-
croliters (200 uL) of the supernatant was then reacted with 0.6%
(w/v) thiobarbituric acid (TBA) in a 1:1 ratio in a boiling water
bath in tightly sealed glass tubes for 10min. The samples were
then cooled in an ice-water bath and immediately analyzed by
colorimetric HPLC [31].

2.7.8 | F,-Isoprostanes (8-iso-PGF2a)

Free 8-isoprostanes were measured in plasma using a commer-
cial ELISA kit (Cayman) that utilizes an 8-isoprostane-acety
Icholinesterase conjugate as a competitor for the binding sites
in 8-isoprostane-specific rabbit antibody binding sites. Plasma
samples were purified by solid-phase extraction and then read in
a 96-well microplate reader at a wavelength of 420 nm according
to the manufacturer's instructions.

2.8 | Protein Determination

The cell protein concentration was measured in acid-precipitated
pellets according to the Bradford assay [32] after they had been
dissolved in 0.2mL 0.1 N NaOH.

Hb concentration was measured in an aliquot of hemolyzed
RBCs using a spectrophotometer (wavelength range 500-
700nm) [33].

2.9 | Statistics

The data are given as mean +SD. The differences between the
mean values were determined using ANOVA followed by a
Bonferroni post-test. A value of p <0.05 was considered statisti-
cally significant. Normality was tested using the Kolmogorov-
Smirnov test. Correlation analysis was performed by calculating
Pearson's product-moment correlation coefficient. Holm-
Bonferroni was used to adjust for multiple comparisons.

3 | Results
3.1 | Clinical Study

This study focuses on the question of whether fluctuations in
plasma homocysteine levels in healthy individuals can be asso-
ciated with the distribution of high and low molecular weight
thiols and disulfides in intra- and extracellular compartments.
To this end, the different redox forms of high and low molecu-
lar mass thiols were measured in the blood of healthy subjects
(what we can call the blood thiolome). As numerous factors
can influence the plasma levels of all aminothiols present, we
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decided to include a carefully selected group of men and women
in the study (see Section 2.2 for details) who were particularly
homogeneous in terms of age, lifestyle, and dietary habits,
had no chronic diseases, and had not taken any medication or
supplements in the previous 6 months. The information on the
group of people included in this study is shown in Table 1. The
data on the thiolome are summarized in Table 2.

It is known that thiols and disulfides are distributed differ-
ently between intracellular and extracellular compartments
[34]. Specifically, in blood we found a ratio between PSH and
PSSP of > 100 in the cytoplasm and <0.003 in plasma, as well a

ratio between LMM-SH and LMM-SS > 800 intracellularly and
<0.25 in plasma. Large amounts of mixed disulfides between
proteins and LMM-SH were present in plasma but almost ab-
sent in cells. A variable distribution of the different LMM-SH
(and LMM-SS) between the two compartments was also evident,
with the intracellular environment being extremely rich in re-
duced glutathione (GSH), while extracellularly cysteine (Cys)
predominates over the other LMM-SH, but only by an order of
magnitude (or less). The LMM-SS and RSSP redox forms for
each aminothiol (except GSH) predominate over the reduced
forms. In particular, the ratios between free thiols, disulfides,
and mixed disulfides with proteins are relatively similar for

TABLE 2 | Thiolome in blood of healthy human volunteers. Data are reported as mean+SD, n=62.

Parameter Intraerythrocitic uM Extracellular pM
GSH 2463+174 2.64+0.52
GSSG 3.69+0.03 1.11+0.33
GSH/GSSG 821+168 1.88+0.52
GSSP 2.74+0.34 0.73+0.09
Cys 18.4+0.99 12.3+0.56
CySS Nd 59.8+8.40
Cys/CySS — 0.11£0.06
CySSP Nd 113439
CysGly Nd 2.44£0.09
CySSGly Nd 5.60+0.21
CysGly/CySSGly — 0.41+0.01
CyGlySSP Nd 5.04+0.66
Hcys 8.73+0.33 0.183+0.061
HcySS Nd 1.12+0.045
Hcys/HcySS — 0.042+0.007
HcySSP Nd 10.3+2.66
y—GluCys 13.8+0.9 0.052+0.003
y—GluCySS Nd 0.821+0.102
y—GluCys/y—GluCySS — —
y—GluCySSP Nd 1.32+0.12
PSH 9840+1566 42483
PSSP? 253+1.1 1485042430
mRSSP 4.05+0.22 —
RSSP 5.95+0.85 125+29
PTI 0.395+0.258
LMM-SH/LMM-SS 821+166 0.217+0.081
tSH/tSS 123340.+121 0.0294+0.005

Abbreviations: CyGlySSP, mixed disulfide between cysteinylglycine and proteins; Cys, cysteine; CysGly, cysteilylglycine; CySS, cystine; CySSGly, cysteinylglycine
disulfide; CySSP, S-cysteinylated proteins; GSH, reduced glutathione; GSSG, glutathione disulfide; GSSP, S-glutathionylated proteins; Hcys, reduced homocysteine;
HcySS, homocystine; HcySSP, S-homocysteinylated proteins; LMM-SS/LMM-SS, low molecular mass thiols/low molecular mass disulfides; mRSSP, membrane RSSP;
PSH, protein thiols; PSSP, protein inter and intra-chain disulfides; PTI, protein thiolation index; tSH/tSS, total thiols/total disulfides; y—GluCys, y—glutamylcysteine;
y—GluCysSS, y—glutamylcystine; y—GluCySSP, mixed disulfide between y—glutamylcysteine and proteins.

Intraerytrocytic RSSP =cytosolic + membrane RSSP; extracellular RSSP=GSSP + CySSP + CyGlySSP + HcySSP + y—GluCySSP.
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cysteine (1:4:7) and cysteinylglycine (1:2:2), whereas for gluta-
thione and homocysteine they are clearly shifted towards the
reduced and oxidized forms, respectively (glutathione, 1:0.4:0.2;
homocysteine, 1:12:56). It is striking that homocysteine is the
only aminothiol that occurs mainly as a mixed disulfide bound
to proteins (HcySSP, about 80%-85%), while all other aminothi-
ols are bound to less than 50%.

Although homocysteine is present in plasma in various redox
forms, for diagnostic/prognostic purposes its sum is routinely
measured, which should be referred to as total Hcys (tHcys).
In addition to the reduced form (Hcys), this parameter also in-
cludes the disulfide forms (HcySS and HcySSP). In our study,
tHcys values were within the normal range (< 15 uM) in most
of the subjects studied (~88%), with only a small percentage of
subjects exhibiting mild hyperhomocysteinemia; this is con-
sistent with values reported for a 30-50year old population
[6]. The tHcys values showed an inverse correlation with the
LMM-SH/LMM-SS ratio (r=-0.5152, p<0.05) and a direct
correlation (r=0.6284, p <0.01) with the PTI (which is calcu-
lated as the ratio RSSP/PSH in plasma) (Figure 1A,B). This
means that the higher the thiol content in the reduced form,
the lower tHcys is.

To test whether different variables, in particular the individual
oxidative state, could play a role in the observed correlations,
we analyzed a handful of different biomarkers for oxidative
stress in all subjects of the present study and correlated them
with tHcys. Therefore, in addition to the thiol oxidation pa-
rameters listed in Table 2, we also analyzed several biomark-
ers of lipid (MDA, F,-isoprostanes) and protein oxidation
(PCO). No correlation was found between these biomarkers
of oxidative stress and tHcys. There was also no correlation
between these biomarkers and thiols, disulfides and the ratio
of thiols to disulfides in the plasma environment (Table 3). No
correlation was also found between tHcys and the GSH/GSSG
ratio in RBCs or the concentration of S-thiolated proteins in
erythrocyte membranes (mRSSP). In contrast, both GSH/
GSSG and mRSSP, which are extremely sensitive biomarkers
of oxidative stress [24, 26], correlate positively with MDA,
PCO and F,-isoprostanes.

Based on the observed inverse correlation between tHcys lev-
els and LMM-SH (Figure 1) we then investigated whether spe-
cific correlations exist with different plasma thiols or disulfides
(Table 3 and Figure 2). An inverse correlation of tHcys with
GSH (r=-0.589, p<0.001), cysteinilglycine (CysGly, r=—0.608,
p<0.001), GSH + CysGly (r=-0.686, p<0.001) was found. In
addition, it is noteworthy that there was a highly significant
inverse correlation was present between GSH+ CysGly and
HCySSP (p <0.001).

3.2 | InVitro Experimental Model of Oxidative
Stress in Blood

Based on the data presented in Table 3, two main observations
can be made: (i) there is no apparent correlation between total
homocysteine (tHcy) levels and oxidative stress markers; and
(ii) there is an inverse correlation between glutathione and
tHcy. These results prompted us to investigate in an in vitro

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
LMM-SH/LMM-SS

0.2 0.3 0.4 0.5 0.6 0.7 0.8

PTI

FIGURE1 | Correlations between tHcys and thiol to disulfide ratios
in plasma. Total homocysteine was calculated as the sum of Heys + 2xH-
cySS+ HcySSP using the data summarized in Table 2. The values refer
to the clinical study carried out on 62 healthy volunteers.

model whether mild oxidative stress could be associated with
increased tHcy levels. As homocysteine is predominantly pres-
ent in the form of protein-bound homocystine (hCySSP), an in-
creased presence of reactive oxygen species and thus oxidative
stress could promote the formation of disulfide bonds between
homocysteine and plasma proteins.

Human blood was treated with a slow but continuous delivery of
minimal amounts of oxidizing agents (glucose/glucose oxidase,
t-BOOH and peroxynitrite) using a special device (Figure 2A)
that allows the rate of delivery of the oxidizing agents to be ad-
justed while generating a continuous blood flow. We have re-
produced here a slow release of oxidants, as should generally
occur in vivo from the surrounding tissues to the blood. Blood
pO, tension and temperature were also tightly controlled. A
pro-oxidizing environment was generated introducing a flow of
2.5% pO, which produced a 40% oxygenated Hb. Under these
conditions, hemoglobin becomes slightly leaky and generates
the anion superoxide [35]. In this experiment, we observed a
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FIGURE 2 | Correlations between tHcys and LMM-SH in plasma. Total homocysteine was calculated as the sum of Hcys+ 2xHcySS + HcySSP
using the data summarized in Table 2. The values refer to the clinical study carried out on 62 healthy volunteers.

marked rise in some oxidative stress biomarkers, especially in-
tracellular ones (GSSG, mRSSP and HbSSG), which increased
significantly at the first time point of analysis (30min) and re-
mained high throughout the experiment (120 min). MDA also
increased, albeit slowly and to a lesser extent. In contrast, all
other parameters measured in the plasma, especially thiols and
disulfides, remained unchanged (Figure 3B). Moreover, the
effect of the oxidizing agents on HcySSP levels was negligible.
Overall, these results suggest that even under conditions of sys-
temic oxidative stress, plasma biomarkers, including HcySSP,
remain largely unaffected. This supports the hypothesis that
plasma is not the primary target of oxidative stress; instead, re-
active oxygen species likely act primarily on intracellular thiol-
containing compounds.

3.3 | Export of GSH From Cells

The contribution of the liver, blood cells, and various types of
cultured cells to GSH export was then evaluated. The cells were
cultured for 2h, and the data were compared with those previ-
ously obtained in our laboratory using the isolated perfused rat

liver. As shown in Figure 4, GSH is consistently exported from
all cells examined with the liver exporting the most. GSH release
from red blood cells amounted to about 15% of their content.

3.4 | InVitro Treatment of Plasma With GSH

To investigate the effect of thiol-disulfide exchange on Hcyssp
levels, we performed an in vitro experiment with plasma samples
from three healthy volunteers. The samples were treated with
GSH at three different concentrations, and to promote the reduc-
tive environment required for dethiolation, we also added NADPH
and glutathione reductase. This arrangement should favor the re-
duction of disulfide bonds and shift the equilibrium towards the
formation of free thiol groups. The time-dependent change in
HcySSP concentrations is shown in Figure 5. The data indicate
that the dethiolation of HcySSP proceeds at a relatively slow but
concentration-dependent rate, as expected for this type of redox re-
action. Furthermore, the extent and kinetics of the process appear
to be directly influenced by the initial GSH concentration added
to the system, highlighting its key role in modulating the thiol-
disulfide equilibrium under these conditions.
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FIGURE3 | Evaluation of different biomarkers of oxidative stress in human blood. Human blood was continuously exposed to oxidants (glucose/
glucose oxidase, t-BOOH, peroxynitrite) under controlled conditions (37°C, blood flow 20mL/min, 2.5% 0,/97.5% N,) using a device shown schemat-
ically in (A). The device consists of two cylinders: (a) blood chamber, (b) gas equilibration chamber circulated with 2.5% O,, 97.5% N,. Blood is fluxed
(20mL/min) throughout the two cylinders by a peristaltic pump. A double syringe precision pump delivers the oxidants into the blood-containing
cylinder. The temperature is controlled by placing the device in a thermostatically controlled cabinet. (B) At time 0 (before oxidant treatment) and
after 30, 60 and 120 min of continuous exposure to oxidants aliquots (0.5mL) of blood were collected for analysis of the indicated biomarkers of oxi-
dative stress. n=>5. **p <0.01 versus time 0; * <p <0.05 versus time 0.

3.5 | Correlation Between tHcys and GSH + CysGly divided into three age groups (20-40, 40-60, and 60-80years).
Levels in Plasma of Different Mammals Two of these groups (20-40 and 40-60years) included also par-

ticipants who took part in the present clinical study. The other
Plasma levels of total homocysteine (tHcy) were analyzed in data came from our previous research with healthy individuals
different animal species to investigate their possible correla-  of different ages [28, 37]. Plasma data previously collected in
tion with GSH + CysGly concentrations. Human subjects were  our laboratory in different mammalian species such as mice,
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FIGURE4 | Release of GSH from various cell types and tissues. GSH
was measured in the extracellular medium after a 24-h incubation of
cultured cells at confluence. RBCs, lymphocytes, and polymorphonu-
clear cells (PMN) were purified from human blood and, after a 2-h in-
cubation at 37°C, GSH was measured in the extracellular milieu. n=5
for each cellular model. For comparison, our data on release from the
liver, obtained with the isolated perfused organ model and previously
published, were included [36].
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FIGURE 5 | Time course of HCySSP from 3 pooled plasma sam-
ples (plasma initial levels of HCySSP: 15.6, 12.2, 8.6 uM) after in vitro
treatment with increasing concentrations of GSH (5, 10, 20 uM) in the
presence of 2mM NADPH and 0.5U/mL glutathione reductase. n=3.
*#p <0.01 versus time 0; * <p <0.05 versus time 0.

rats, calves, sheep, and turkeys were also used for comparison
[38-41]. The mean tHcys concentrations varied significantly in
the groups studied and showed a strong inverse correlation with
GSH + CysGly levels (r=-0.829, p=0.0005; Figure 6). Plasma
concentrations of GSH + CysGly vary considerably among the
animal species studied, with some rodents (e.g., ICR B and ICR
C mice) showing particularly high levels (>30uM). In contrast,
other mammals such as calves and sheep have remarkably low
levels of GSH and CysGly. This corresponds to a broad spectrum
of tHcys concentrations in plasma, ranging from nearly 30 uM
in calves and sheep (where GSH and CysGly are present in

30 Calves
Sheep
25 1 H Turkeys
91 Humans 60-80
= 20 A - i ICR A mice
1 )—%
2 151
] Humans 40-60
= 10 Humans 20-40
DBA mice
5 . ICR B mice
}—E{ Wistar rats
Balb C mice Sprague ICR C mice
04 Dawley rats
0 5 10 15 20 25 30 35
GSH+CysGly uM

FIGURE 6 | Inverse correlation between GSH + CysGly and tHCys
content in plasma of different mammals. The data for laboratory an-
imals were obtained in our laboratory and published previously [38-
41]. ICR mice are classified into three subgroups (A, B, C) on the basis
of phenotypic and genetic differences [40]. Values for humans include
original data from this work and previous data [37]. Calves: N=11;
sheep: N=9; turkeys: N=15; ICR A mice: N=18; ICR B mice: N=16;
ICR C mice: N=16; DBA mice: N=26; BALB C mice: N=26; Wistar
rats: N=18; Sprague-Dawley rats: N=32; humans 20-40: N=67; hu-
mans 40-60: N=75; humans 60-80: N=32.

minimal amounts) to 1-2uM in ICR mice (where the concentra-
tions of GSH and CysGly is much higher). In humans, the age-
related decline of GSH and CysGly in plasma is accompanied by
an increase in tHcys [6, 37, 42], a trend that was also confirmed
by our results.

4 | Discussion

The main finding of this study is that total homocysteine (tHcys)
levels in the plasma healthy individuals are closely associated
with fluctuations in other low-molecular-mass thiols (LMM-SH),
particularly glutathione (GSH). This conclusion is based on a
series of analyses performed on blood samples from 62 healthy
volunteers. It is noteworthy that homocysteine is the only ami-
nothiol that is predominantly present as a mixed disulfide with
proteins (80%-85% of its total plasma concentration, see Table 2).
The reason for this peculiarity is not fully understood. In general,
the ratio between the different redox forms of plasma aminothi-
ols is determined by the thiol-disulfide exchange reactions (1),
whose kinetics and equilibrium constants are influenced by sev-
eral factors, but certainly follow the law of mass action. Protein
SH can also be involved in these reactions (2):

R,SH + R,SSR, < R,SSR, + R,SH )

PSH + R,SSR, < PSSR, + R,SH )

Previous studies have attributed an important role to albumin,
which is known to possess a Cys residue at position 34 that is par-
tially bound to LMM-thiols via a disulfide bridge [43]. As the -SH
group of this cysteine has a low pKa, it can participate in several
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reactions at physiological pH, which include the thiol-disulfide
exchange reactions with LMM-SS, forming mixed disulfides, es-
pecially with cysteine (CySSP). It has been hypothesized that re-
duced homocysteine (Hcys) enters the bloodstream and attacks
cysteinylated albumin, making it dethiolated via an uncatalyzed
thiol-disulfide exchange reaction.

The free -SH just-formed in albumin in turn reacts with ho-
mocystine (HcySS) or with the mixed disulfide between cyste-
ine and homocysteine to form albumin-bound homocysteine
(HcySSP) [44]. These reactions are favored over other trans-
thiolations both by steric hindrance and by the pKa value of
the leaving group. An important point is that the equilibrium
constant for the exchange reactions between thiol-disulfide
pairs in plasma does not match those calculated in vitro at
neutral pH [43]. The estimation of this parameter for the re-
actions between different LMM-SS and the SH group of albu-
min is difficult to calculate, but again it is assumed that the
different thiol-disulfide pairs are far from equilibrium [45].
In addition, low molecular weight thiols are slowly oxidized
to low molecular weight disulfides, mainly by catalysis of ce-
ruloplasmin [46]. In the case of homocysteine, the fact that
it is predominantly covalently bound to plasma proteins as a
mixed disulfide is an important factor in its pharmacokinet-
ics, as it can hardly be eliminated.

We have considered the possibility that oxidative stress may
play a role in determining the HcySSP content. Indeed, the ex-
tracellular compartment is essentially devoid of antioxidants
[45], and even a minimal increase in oxidative stress could
decrease circulating thiols and generate more disulfides. The
shifts in balances leads to the formation of the poorly elim-
inable albumin-bound homocysteine, so oxidative stress could
be the cause of possible hyperhomocysteinemia. However, the
oxidative stress parameters measured in the clinical study
showed no correlation with the redox forms of Hcys (Table 3).
These results suggest that: (i) oxidative stress has not effect
on plasma total homocysteine (tHcys); and (ii) its effects are
probably mainly confined primarily to the intracellular envi-
ronment. These observations were confirmed by data from an
in vitro experiment in which human blood was treated with
oxidants and intracellular and extracellular biomarkers of ox-
idative stress were analyzed (Figure 3). The results indicate
that intracellular antioxidants face mainly with reactive oxy-
gen/nitrogen species (RO(N)S) and that the extracellular mi-
lieu plays only a minimal, if any, antioxidant role. This also
supports the concept that plasma levels of tHcys and the ratios
between the different redox forms are not related to the oxida-
tive status in the bloodstream.

The steady-state concentrations and ratios of reduced and ox-
idized thiols in plasma are influenced by several processes in
addition to the kinetics of the thiol-disulfide exchange reactions
(1) and (2). For example, autoxidation of free thiols and the rate
of enzymatic degradation and transport s of LMM-SH/SS across
cell membranes are variability factors that contribute to the
observed differences in the ratios between the different redox
forms of aminothiols in plasma.

Cysteine and glutathione are the most abundant thiols in mam-
malian tissues, with GSH predominating intracellularly and

cysteine in extracellular fluids (see Table 2 and [34]). These two
compounds are metabolically linked, and while GSH represents
a defense mechanism against RO(N)S-mediated damage within
cells, it certainly has a different role in the extracellular fluids.
This hypothesis is underscored by the experiment in Figure 3,
in which a huge increase in its oxidized forms following oxi-
dant exposure was found only in the intracellular compartment.
GSH is synthesized intracellularly from its amino acids cyste-
ine, glutamate and glycine in a two- step reaction catalyzed by
the enzymes -glutamylcysteine synthetase and GSH synthetase
[46]. Cellular cysteine can have various uses: it can be incor-
porated into GSH and proteins (and other essential molecules
such as coenzyme A), it can be metabolized to produce taurine
and sulfate, and finally, it can be exported [47]. Extracellular
cysteine rapidly oxidizes to cystine (CySS); CySS may have a
significant physiological role as a source of Cys because once
it enters another cell, it can be reduced back again to Cys by
GSH via catalyzed or uncatalyzed thiol-disulfide exchange re-
actions [48]. Cystine is transported into cells by several trans-
porters. One of the best studied is the Na*-independent specific
cotransporter system Xc~ which utilizes the antiporter system
for neutral amino acids to exit cells [49]. Extracellular cysteine
probably also originates from GSH hydrolysis by the enzyme
-glutamyltranspeptidase (-GT), which is located on the extracel-
lular side of the plasma membrane. Specifically, y—GT converts
GSH into CysGly, which in turn is hydrolyzed to Cys and Gly by
dipeptidases [50]. The amino acids released by this mechanism
(-GT is widely distributed in animal tissues) can remain in the
bloodstream or be taken up by other cells, contributing to thiol
homeostasis between organs. Therefore, the uptake of cysteine
or cysteine and the intracellular reduction process may play a
role in maintaining the plasma thiol-disulfide balance. GSH is
also exported by cells. GSH conjugates are known to be trans-
ported outside the cells by multi-drug resistance proteins (Mrp/
ABCC proteins). A total of nine functional Mrp genes have been
identified (Mrpl to Mrp9), and almost all of them transport
GSH conjugates [51]. Less information is available on the export
of free GSH, but increasing data suggest that most Mrp trans-
porters may also be involved in this process [52, 53]. The export
of GSH is common to many, perhaps all, cells, although the liver
is considered the major supplier of GSH and its derivatives in
plasma [54].

To explore this topic further, we performed the experiment
shown in Figure 4, in which the contribution of liver, blood cells
and a number of different types of cultured cells to the export of
GSH was investigated.

All samples tested showed the ability to release significant
amounts of GSH into the extracellular compartment every hour,
with the liver making the largest contribution. Small amounts of
LMM-SH other than GSH, particularly Cys and Hcys, are also
exported by RBCs [55]. Endothelial cells have also been charac-
terized in the past for their ability to release Hcys [56, 57].

Although the liver is considered the main supplier of plasma
GSH for inter-organ exchange, our data suggest that other cells
also play a non-negligible role and that even poorly metabolizing
cells such as RBCs can make a significant contribution. Indeed,
in humans, we found a strong direct correlation between plasma
thiols and red blood cells count [55].
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The strength of the correlations shown in Figure 2 and Table 3
appears to assign a central role to GSH in regulating the SH/SS
ratio and thus the level of tHcys in the extracellular fluids. The
results of treatment of human plasma with glutathione (GSH)
support this observation as they showed a slow but significant
decrease in HcySSP levels. This effect was more pronounced at
higher GSH concentrations, indicating a clear dose-dependent
relationship (Figure 5).

It should be noted that the sum GSH + CysGly can also be taken
into account, as CysGly always results from the enzymatic deg-
radation of GSH. This aspect is confirmed by data from the work
of Garibotto et al. [58], where a release of CysGly is reported for
peripheral tissues and splanchnic organs, which presumably
have GSH-degrading enzymes in the cell membranes. We there-
fore investigated whether tHcys correlates with plasma concen-
trations of GSH + CysGly in different mammalian species. This
analysis was motivated by our previous results showing that GSH
(and CysGly) concentrations vary considerably between species.
It is also known that plasma GSH concentration decreases with
age, an observation that our study confirmed in human partic-
ipants divided into three age groups (Figure 6). Notably, we ob-
served a linear inverse correlation between plasma tHcys and
GSH + CysGly concentrations, supporting the hypothesis that
homocysteinemia is influenced by fluctuations in plasma GSH.

Dozens of clinical studies have shown that a high concentra-
tion of Heys in plasma is a significant risk factor for mortality,
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regardless of cause [59]. Retrospective and prospective studies
aswell as meta-analyses confirmed that Hcys in plasma is a risk
factor for cardiovascular disease (CVD) and stroke [7, 8, 60].
However, the potential role of homocysteine as an enhancer of
cardiovascular risk factors has yet to be proven or disproven
with certainty, and doubts remain about the causal involvement
of hyperhomocysteinemia in atherosclerosis still persist. In
particular, the results of large randomized double-blind trials
on the efficacy of homocysteine-lowering therapy suggest that
lowering tHcys levels does not have a beneficial effect on CVD
risk, and instead suggest that homocysteine may not play a di-
rect pathogenic role [17, 61, 62]. To complicate matters, epide-
miologic data from some countries with prophylactic folic acid
fortification of cereal products and results from large primary
prevention trials show a reduction in primary stroke events and
a decrease in neural tube defects. It is important to remember
that vitamin-based interventions, particularly those containing
high doses of folic acid and vitamins B6 and B12, may not be
biologically inert. These treatments may potentially have un-
anticipated adverse effects or interact negatively with existing
pathophysiologic conditions, which could negate the expected
benefits [20]. In addition, homocysteine may play a more im-
portant role in the early stages of cardiovascular disease, when
vascular damage is still limited and potentially reversible. In
contrast, therapeutic strategies aimed solely at lowering Hcy
levels may not effectively alter clinical outcomes in the later
stages when atherosclerotic lesions and endothelial dysfunction
are already established. The failure of Hcy-lowering therapies

SH-SS exchange reactions

H
/. metabolism
-

elimination

mGSSP

FIGURE 7 | Schematic representation of GSH as defense against RO(N)S (intracellular) and tHcys modulator (extracellular). The rate of GSH
synthesis within cells is limited by Cys availability. Both Cys and CySS can enter the cells and are involved in GSH synthesis. GSH can be reversibly
oxidized by RO(N)S to GSSG which in turn can cause an increase in both cytoplasmic and membrane S-glutathionylated proteins. The GSH release

by the cells is enzymatically degraded producing other LMM-SH (CysGly and Cys). These LMM-SH can react with HcySSP (the prevailing form of

homocysteine in plasma) generating fHcys. This mechanism makes a large part of the homocysteine available for clearance. Cys, cysteine; CysGly,
cysteinylglycine; CySS, cysteine; fHcys, reduced homocysteine + homocysteine disulfide; Glu, glutamate; Gly, glycine; GR, glutathione reductase;
GSH, reduced glutathione; GSSG, glutathione disulfide; HbSSG, S-glutathionylated hemoglobin; HcySSP, S-homocysteinylated proteins; mGSSP, S-
glutathionylated membrane proteins; RO(N)S, reactive oxygen-nitrogen species; tHcys, FHcys+ HcySSP.
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to reduce cardiovascular events and mortality in clinical trials
may therefore be due in part to the timing of the intervention
and the underestimated complexity of the metabolic pathways
involved [20]. To date, the mechanism mediating the harmful
effects of homocysteine is only partially understood. In this
manuscript, we hypothesize that homocysteine levels should
not be considered an independent variable, but are closely re-
lated to plasma levels of some specific LMM-SH. In support of
this hypothesis, our results and others emphasize that treat-
ment with NAC, penicillamine, and anethole dithiolethione,
which increase plasma GSH levels, resulted in a significant
decrease in homocysteine [36, 63, 64]. Furthermore, adminis-
tration of MESNA (a sulfhydryl compound) to cancer patients,
although it does not directly increase plasma GSH, has a strong
effect on the plasma thiol/disulfide balance and coincidentally
leads to a dramatic decrease in tHcys from 12.3+2.1to 1.4+ 1.1
MM [65]. A strong dose-dependent inverse correlation between
MESNA or NAC infusion and tHcys concentration was ob-
served. All these facts led us to believe that LMM-SHs, which
are distinct from Hcys, are crucial for the regulation of circulat-
ing tHcys. This can be explained biochemically: plasma homo-
cysteine is mainly present as a mixed disulfide with albumin
(about 80%). This redox form has only minimal possibilities
of being metabolized/eliminated. The kidney filters and reab-
sorbs most of the free Hcys through both low K, /high affinity
and high K,,/low affinity transporters [66]. The homocysteine
fraction bound to albumin is not filtered but can be converted
to fHceys (either thiol or disulfide) by thiol-disulfide exchange
reactions with other LMM-SH. This is facilitated by an increase
in the ratio of LMM-SH/LMMS-SS, which is determined by GSH
export (Figure 7). Higher concentrations of the free forms of
homocysteine may saturate the renal transporters, considering
that other amino acids (cystine, arginine, ornithine, lysine) also
share the uptake system with low K,; and high affinity. This
is supported by a clinical study in which healthy volunteers
received MESNA, which resulted in a significant decrease in
plasma tHcys levels and an increase in urinary free Hcys ex-
cretion [67].

In conclusion, the present study provides a rationale for con-
sidering plasma tHcys as a biomarker of cardiovascular risk
rather than ascribing a direct causal role to it. We hypothesize
that plasma homocysteine levels are influenced by the concen-
tration of physiological LMM-SH. When plasma thiol levels are
elevated, mainly due to high GSH efflux, plasma tHcys con-
centration may be reduced by cellular uptake, metabolism and
renal excretion (Figure 7). Conversely, a decrease in LMM-SH in
plasma can hinder the excretion of tHcys removal. The change of
plasma thiol levels and a decrease in GSH redox potential have
been associated with cardiovascular disease. For example, it has
been observed that the GSH/GSSG ratio in plasma correlates
with the intima-media thickness (IMT) of the carotid artery in
healthy subjects [68]. Changes in plasma tHcys levels may sim-
ply be an event triggered by the redox state of the plasma thiols.
The ratio between LMM-SH and LMM-SS is mainly altered by
GSH influx from tissues, with oxidative stress playing at best a
minor role. We believe that the most important points to inves-
tigate in the near future are both the regulatory mechanisms by
which GSH is released from cells and whether this phenome-
non, rather than tHCys, may play a causal role in cardiovascular
disease.

This study has some limitations that should be taken into ac-
count. First, it is limited to individuals who are not affected by
hyperhomocysteinemia, so its results may not be generalizable
to populations with elevated homocysteine levels. Second, the
study is primarily biochemical in nature and does not allow for
direct conclusions or hypotheses regarding the clinical impact
of hyperhomocysteinemia on cardiovascular disease. Further
studies, especially large-scale clinical trials, are needed to clar-
ify the causal relationships and the possible pathophysiological
mechanisms.

Nonetheless, the mechanism and underlying reasons by which
cells release significant amounts of glutathione into the extracel-
lular space remain intriguing and require further investigation,
particularly with regard to their potential role in modulating
thiol homeostasis in plasma.
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