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Review Article

Cardiovascular pathogenesis in hyperhomocysteinemia
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Increased plasma homocysteine (Hcy) is a significant and independent risk factor for cardiovascular disease. It
can cause multi-disease manifestations such as smooth muscle proliferation, premature occlusive vascular dis-
ease, progressive arterial stenosis, haemostatic changes, placental vasculopathy, spontaneous early abortion,
birth defects, impaired cognitive function and dementia. This review paper summarizes the role of elevated Hey
levels in cardiovascular and other diseases and the molecular mechanisms and pathophysiology involved in the
deleterious manifestations of hyperhomocysteinemia. We have collected data from MEDLINE, Current Contents
and scientific journals, which included 112 publications from 1932 to 2007. Cardiovascular pathophysiology in
hyperhomocysteinemia is a complicated process, possibly due to direct toxicity of Hcy on tissues, low S-
adenosylmethionine, high S-adenosylhomocysteine or thrombotic events triggered by stimulation of procoagu-
lant factors and suppression of anticoagulant factors and platelet activation, thereby enhancing oxidative stress,
smooth muscle cell proliferation, formation of reactive oxygen species, hypomethylation, induction of unfolded
protein responses and extracellular matrix modification. The mechanisms involved in the increased risk of car-
diovascular disease still remains a mystery in many respects, and more studies are needed to elucidate this asso-

ciation.
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INTRODUCTION

Homocysteine (Hey) is a sulfur amino acid derived from
methionine during transmethylation. It is a by-product of
methionine metabolism, first reported in 1932." For a
number of years, some researchers demonstrated that vas-
cular disease of various forms is associated with abnormal
methionine metabolism, leading to elevated plasma levels
of Hey.> Due to its association with various pathological
conditions, Hey gained widespread attention, leading to
clarification of the methionine metabolism pathway. Me-
thionine is converted to S-adenosylmethionine (SAM) via
the enzyme methionine adenosyltransferase, which is the
only methyl-donating pathway in humans.* This pathway
is essential in the provision of methyl groups to activate
biomolecules such as DNA, creatine, phospholipids etc.
SAM is demethylated to S-adenosylhomocysteine (SAH),
as a product of these methyl-transferase reactions. SAH is
hydrolyzed to Hcy in a reversible reaction, in which SAH
formation is favored. Once Hcy is formed, it is metabo-
lized through two metabolic pathways: remethylation and
transsulfuration. Remethylation is the vitamin-dependent
pathway, which converts Hcy back to methionine via the
enzyme S5-methyltetrahydrofolate reductase (MTHFR)
and the enzyme methionine synthase (MS).” Remethyla-
tion appears to be the primary modulator of fasting and
elevated plasma Hcy concentrations.® Transsulfuration
requires vitamin By, to convert Hey to cysteine via a two-
step process involving the vitamin Bg-dependent enzyme
cystathionine B-synthase (CBS) and cystathionase. Ulti-
mately cysteine is converted to sulfate and excreted
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Figure 1. Metabolism of homocysteine. MS: Methionine
synthetase; CBS: Cystathionine B-synthase; CSE: Cystathionine y-
lyase; MTHFR: Methylenetetrahydrafolate reductase; BHMT:
Betaine-homocysteine methyltransferase; MG: Dimethylglycine;
5, 10-CH3-THEF: 5, 10-Methylene-Tetrahydrofolate; 5-CH;-THF:
5-Methyl-Tetrahydrofolate; THF: Tetrahydrofolate; SH: Serine
hydroxymethyl transferase; Pi: Orthophosphate; PPi: Pyrophos-
phate
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into the urine (Figure.1).

In the human body, total Hey (tHcy) reflects the com-
bined pool of free, bound, reduced, and oxidized forms of
Hcy in the blood.” Normal tHcy levels ranges between 5
and 15 pmol/L (12 pmol/L being the upper reference limit
for populations on a folic-acid-fortified diet, as in North
America) with elevations of 16 to 30 umol/L, 31 to 100
pmol/L, and >100 umol/L classified as mild, moderate,
and severe hyperhomocysteinemia (HHcy), respec-
tively.*’ Life-threatening HHcy is associated with enzy-
matic defects at various points of Hcy metabolism.'*"?
Several dietary and lifestyle factors, genetic defects, nutri-
tional deficiencies, and other etiologies can also cause
elevations in Hey."'* A thermolabile variant of MTHFR
with reduced enzymatic activity (C677T mutation) is the
most common form of genetic HHcy. However, an asso-
ciation of this mutation with increased cardiovascular
disease (CVD) risk is manifested only in populations
characterized by low baseline folate levels.'>'® Deficiency
of folic acid, vitamin By, and vitamin B, accounts for the
majority of cases of elevated Hcy in the general popula-
tion.'"'*

Despite considerable advances in our understanding of
the etiology of CVD, about 30% of CVD cannot be ex-
plained by conventional risk factors."” It has been sug-
gested that HHcy accounts for the higher prevalence of
CVD that is not explained by traditional risk factors."
HHcy is known to cause multi-disease manifestations
such as premature occlusive vascular disease,”® smooth
muscle proliferation, progressive arterial ~stenosis,”'
haemostatic changes, nephritic syndrome,* placental vas-
culopathy,” birth defects,* impaired cognitive function,
dementia,” and type-2 diabetes.”® HHcy is also a risk fac-
tor for osteoporotic fractures.””** In 1969, observations in
patients with homocystinuria led McCully to suggest that
Hcy may be involved in the pathogenesis of arteriosclero-
sis.” In general, clinical and epidemiologic studies show
an independent and graded association between Hcy lev-
els and CVD, as well as peripheral artery disease,™
*myocardial infarction,”’ and venous thromboem-
bolism.**** Dinleyici et al. recommended the use of
plasma tHcy levels as a risk indicator along with other
coronary risk factors for detecting and preventing CVD in
diabetic children.’

Over the past several decades, the mechanism of Hcy-
induced vascular disease has been actively investigated
using different experimental models, which have provided
important insight into our understanding of the role of
Hey in CVD." In experimental studies, the following
mechanisms have been suggested to explain the mecha-
nism by which Hcy induces vascular disease:

Endothelial injury

Endothelial dysfunction is an early key event preceding
the manifestation of atherosclerosis and vascular dis-
ease.”® Increased cardiovascular risk associated with
HHcy has been linked to Hey-induced endothelial cell
(EC) dysfunction. Hey has a direct toxic action on blood
vessel endothelium.* EC can inhibit thrombosis through
the interconnected regulatory systems: (a) the coagulation
cascade; (b) the cellular components of the blood such as
leukocytes and platelets and (c) the complement cascade,

and also through effects on fibrinolysis and vascular tone,
the latter which influences blood flow.”” Endothelin-1, a
vasoactive peptide synthesized mainly by vascular EC, is
crucial for normal vasomotor function, limiting inflamma-
tory activation and maintaining a nonthrombogenic endo-
thelial surface.”® Hey decreases endothelin-1 biosynthesis,
and down-regulates endothelin-1 at the transcriptional
level by decreasing preproendothelin-1 promoter activity.
Hcy reduces the binding activity of EC nuclear extracts to
an AP-1 consensus site. The AP-1 signaling pathway may
be of major importance in Hcy-induced endothelial dys-
function. Hey can also regulate EC growth and apoptosis
by inducing PI3K/Akt or p53 signaling and metallopro-
teinase.””*' Hcy, at a physiologically relevant concentra-
tion, inhibits EC growth through hypomethylation and
cyclin A transcriptional inhibition. Hcy, but not cysteine,
markedly increases the level of SAH, a potent inhibitor of
cellular methylation in EC and has little effect on vascular
smooth muscle cell (VSMC).*** Hcy also induces ex-
pression and acceleration of monocyte chemoauractant-
protein-1 (MCP-1) and interleukin-8 (IL-8) in human aor-
tic EC and causes a significant alteration in vascular reac-
tivity of pulmonary arteries.”” This alteration is via oxida-
tive stress in the pulmonary artery endothelium with sub-
sequent DNA damage and the activation of the poly
(ADP-ribose) polymerase (PARP) pathway.” Hcy sig-
nificantly inhibits the endothelium-dependent relaxation
response to acetylcholine (ACh) in a dose-dependent
manner, and decreases cGMP levels increased by ACh in
the aorta.”” Hey induces impairment of nitric oxide (NO, a
potent vasodilator) production through the modulation of
Cav-1 expression associated with a loss of the endothelial
isoform of NO synthase in caveolae.”® Hcy can also in-
crease vascular endothelial growth factor (VEGF) expres-
sion 4.4-fold due to ATF4-dependent activation of VEGF
transcription in the retinal-pigmented epithelial cell line
ARPE-19.* This leads to impaired synthesis of NO and
other vasoactive substances, resulting in endothelial dys-
function.”® These biological mechanisms might represent
an important mechanism for Hey-induced arteriosclerosis.

Stimulation of vascular smooth muscle cell proliferation
Hcy affects the neural crest-derived SMC and their ex-
tracellular matrix proteins in the pharyngeal arch arteries,
resulting in an abnormal smooth muscle that interacts with
EC, leading to EC detachment. Similarly to what happens
in adult life, increased Hcy concentrations leads to vascu-
lar damage in the embryo. This prenatal damage might
increase the susceptibility to develop vessel pathology
later in life.”! Hey (0.01-0.25 mmol/L) significantly in-
creases the expression of interleukin-6 (IL-6) mRNA and
proteins in rat VSMC. The ability of Hcy to elicit an in-
flammatory response in rat VSMC occurs through the
stimulation of IL-6 production and activation of NF-xB.>*
>3 Activation of vessel wall inflammation by elevated Hcy
may contribute to the pathogenesis of atherosclerosis.
Hcy acts as a mitogen via a receptor-mediated effect,
coupled to diacylglycerol production and protein kinase C
activation in VSMC.> Hcy can up-regulate the transcrip-
tion of c-fos and c-jun which mediates the expression of
many cytokines, especially growth factors in the common
carotid artery, and activates the essential transcription
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factor AP-1 in the cell nucleus. As a consequence,
autocrine and paracrine injury of the SMC is initiated
with excess proliferation and differentiation of arterial
SMC.” Hcy significantly inhibits Ca’’- activated K"
channel (BKc,, a major factor mediating the degree of
depolarization and contraction in vascular smooth muscle)
currents in isolated human and rat artery SMC. The re-
duced and impaired BK(, by elevated Hcy levels might
contribute to the abnormalities seen in vascular diseases.™
The possible role of Hey in the formation of atheroscle-
rotic lesions is through a direct proliferative effect on
VSMC in a dose-dependent fashion.”’

Lipid dysregulation and oxidizing stress

Hcy like sulthydryl compounds can promote the oxidation
of LDL, reduce the concentration of HDL cholesterol in
plasma by inhibiting the hepatic synthesis of apoA-I, the
main HDL apolipoprotein® and increase the serum levels
of malonyldialdehyde (MDA). Hcy induced lipid dysregu-
lation is an important mechanism linking Hcy to the de-
velopment of atherosclerosis. The oxidative stress result-
ing from elevated plasma Hcy can oxidize membrane
lipids and proteins and stimulate the activation of NF-xB,
and consequently increases the expression of inflamma-
tory factors in vivo. Hcy can be converted to highly reac-
tive thiolactone which is able to react with proteins form-
ing -NH-CO- adducts, thus affecting body proteins and
enzymes.” Such an effect may contribute to atherogenesis
by enhancing the inflammatory response of the vascular
endothelium,”” Hcy and copper induces increased ex-
tracellular hydrogen peroxide, intracellular ROS and cel-
lular lipid peroxide levels.®" Prooxidant effect of Hey on
LDL at lower concentrations in the presence of Cu®" was
ascribed to the capacity of Hey to reduce Cu®* to Cu* and
cause LDL oxidation in vitro.*> ® Hcy can promote pro-
tein oxidation and induce LDL protein modification via
the induction of HMG-CoA reductase and nitration or via
nitric oxide and copper which promotes LDL uptake by
scavenger receptors. The autoxidation of Hcy in the pres-
ence of metal ions and oxygen has been shown to result in
the generation of ROS, such as hydrogen peroxide.**
Therefore the rate of the autoxidation process and the rate
of generation of ROS available for oxidative reactions
depends partly upon the concentration of Hecy and trace
metal ions. Hey-induced ROS can upregulate the expres-
sion and translocation of Ref-1 via NADPH oxidase. In
turn, Ref-1 increases NF-kB activity and MCP-1 secretion
in human monocytes/macrophages, which may accelerate
the development of atherosclerosis.”

Platelet activation and thrombosis activation

Hcy can enhance the self-oxidation of LDL. Ox-LDL
affects the synthesis of nitric oxide and the activity of
thrombin equestron which leads to further injury of endo-
dermis function.’® Destroying the vascular endothelial cell
(VEC) and aggregation of icky blood results in throm-
bopoiesis. Thrombosis activation might be responsible for
the increased incidence of both arterial and venous
thrombosis in human HHcy.®” In humans, plasma Hcy
affects clot permeability and resistance to lysis, most
likely by a mechanism involving fibrinogen modification
via HTL. Alteration in the balance between blood clotting

and fibrinolysis induced by Hcy leads to an increase in
blood viscosity. Hey decreases the largest von Willebrand
factor (a thrombophilic protein) multimers in women with
thrombosis,®® and the activity of thrombomodulin, the
thrombin cofactor responsible for protein C activation in
the aorta in monkeys.”” Hcy can initiate coagulation by
the TF pathway (through a mechanism involving the free
thiol group of the amino acid and by TF gene transcrip-
tion”"), enhancement in the activity of blood coagulation
factor VII and VI, suppression of the activity of pro-
teinum C and inhibition of the combining of tissue plas-
minogen activator (t-PA) to EC.”""* Hcy alters the anti-
coagulant properties of EC to a procoagulant phenotype,
which may contribute to cerebral infarction in patients
with HHcy.” Hey activates platelets in humans and rats’™
" and affects platelet aggregation and the activity of
blood coagulation factor-V via increased thromboxane B,
(TXB,) and prostaglandin B, (PGB,) induced by hydro-
sulfuryl-lactone.”® The alteration of the metabolism of
arachidonic acid (AA) induced by Hcy leads to an in-
crease in the synthesis of thromboxane A, (TXA,), which
promotes vasoconstriction and platelet aggregation, both
in the arteriolar endothelium and platelets. By promoting
vascular constriction and platelet aggregation simultane-
ously, these alterations are likely to contribute to the
atherothrombotic vascular diseases described in HHcy.”
Perturbation of vascular coagulant mechanisms may con-
tribute to the thrombotic tendency seen in patients with
homocystinuria. The formation of clots from plasma or
fibrinogen could directly contribute to the increased risk
of thrombosis in HHcy.”’

Teratogenic action

Although a number of congenital defects are known to be
the result of chromosomal aberrations, a major proportion
of congenital malformation appears to be the result of
environmental factors including nutritional deficiency or
toxicity.”® Hey also contributes to the occurrence of con-
genital defects. Treatment of avian embryos with doses of
0.5-20 uM exogenous Hcy per embryo resulted in physio-
logical increases of Hcy in the embryonic serum and pro-
duced heart and neural tube defects that were typical of
folate deficiency, in a dose- and time-dependent fashion.”™
Several studies have suggested that neural crest cells
might be particularly susceptible to the teratogenic effects
of Hey.”™ ™ Hey directly disrupts normal neural crest cell
formation in vivo and Hcy treatment decreased the num-
ber of these cells and increased the number of neural tube
cells.*” Hey-induced defects are mediated by the inhibi-
tion of the N-methyl-D-aspartate (NMDA) receptors
found on neural crest cells.* Hey treatment disrupts nor-
mal development of avian embryos; and this effect is pre-
vented by retinoic acid. Limpach first suggested that Hcy-
induced congenital defects are due to the specific ability
of Hcy to inhibit the conversion of retinal to retinoic acid.
HHcy is frequently associated with congenital defects of
the heart and neural tube and is also a suspected patho-
genic factor in atherosclerosis and neoplasia.®

Monocyte activation and inflammatory reaction
Pathophysiological levels of Hcy alters EC function by
upregulating MCP-1 and IL-8 expression and secretion.*”
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% MCP-1 is a potent chemokine that stimulates the

migration of monocytes into the intima of the arterial wall.

MCP-1 enhances the binding of monocytes to the endo-
thelium and their recruitment to the sub-EC space. The
infiltration of monocytes into the arterial wall is one of
the key events during atherogenesis.*® Considering that
Hcy increases MCP-1 secretion from isolated monocytes
in response to low-dose lipopolysaccharide (LPS),* Hcy
stimulates monocyte series Mac 6 (MM6) and PBMC13
and VSMC, and consequently produces IL-6."" Hcy in-
creases vascular cell adhesion molecule (VCAM)-1
mRNA expression in HAEC. Coincubation of HAECs
with Hcy and TNF-a synergistically elevated monocyte
adhesion as well as VCAM-1 protein expression.*® Hcy
can also increase intercellular adhesion molecule
(ICAM)-1 and P-selectin in vena mesenterica and in the
aorta.*”** It also plays an important role in the activation
of NF«B and formation of nitrotyrosine in the aorta.” Hcy
may contribute to atherogenesis by enhancing the respon-
siveness of monocytes to inflammatory stimuli and pro-
moting leukocyte recruitment into atherosclerotic
plaque.”!

Endoplasmatic reticulum stress and unfolded protein
response

Endoplasmatic reticulum (ER) stress and unfolded protein
response (UPR) is one of the proposed Hcy toxicity
mechanisms. The cellular consequence of protein modifi-
cation with Hcy is ER stress, a condition in which un-
folded proteins accumulate in the ER lumen under
physiological or pharmacological ER stresses such as a
block in protein glycosylation, expression of mutated pro-
teins, or disturbance of calcium homeostasis. The ER is a
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critical cellular compartment responsible for proper local-
ization and folding of transmembrane and secreted pro-
teins.”® Disruption of protein folding and maturation acti-
vates the UPR, a signaling pathway that results in in-
creased expression of UPR responsive genes, reduced
global protein translation and unfolded protein degrada-
tion.* CBS-deficiency in mice liver significantly increases
expression of genes induced by ER stress and genes that
regulate the expression of enzymes required for choles-
terol and fatty acid biosynthesis and uptake, notably the
scavenger receptor class B type I (SR-BI), concomitant
with overexpression of SR-BI at the protein level.” Hey
induces the expression of GRP78 mRNA and activates
PERK in VSMCs, and these responses can be observed
during ER stress.”* Upon exposure to chemical inducers
of ER stress, VEGF expression is increased. Hcy also
decreases extracellular superoxide dismutase (EC-SOD)
mRNA expression and protein secretion, a glycoprotein
that protects the vascular wall from oxidative stress.”

Prevention and treatment of hyperhomocysteinemia

Because the prevalence of HHcy ranges from 20% to 40%
in different populations with CAD, therapeutic control of
elevated Hcy concentrations may be important in the pre-
vention of premature vascular disease. Lowering plasma
Hcy can improve endothelial function, a marker of
atherothrombotic risk.”> *°As for therapeutic options, se-
vere and moderate HHcy can be treated with vitamin sup-
plements of folate, Bsand B1,.”™” Lower plasma concen-
trations of folate, vitamins By, and Bg, older age, being
male, and living in urban areas were all independently
associated with elevated Hcy, with low folate as the
strongest determinant.'”"'%* Folate supplementation (0.5
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Figure 2. Proposed cardiovascular pathogenesis of hyperhomocysteinemia. HHcy: Hyperhomocysteinemia; EC: Endothelial
cell; VSMC: Vascular smooth muscle cell; ER: Endoplasmatic reticulum.
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to 5 mg/day) significantly reduces Hcy concentration by
25% in patients with mild to moderate HHcy.'"® Hcy-
induced vascular dysfunction is more severe in the pres-
ence of low folate.'” Supplementation with vitamin B,
produces a small additional effect (7%), whereas vitamin
Bg treatment alone only reduces post-methionine load
concentrations.'” Daily administration of the combination
of folic acid, vitamin By, and vitamin B,, lowers Hcy lev-
els significantly but does not reduce the incidence of the
primary outcome, which is the composite of death from
cardiovascular causes, myocardial infarction, and stroke.
1% Individuals with HHcy secondary to renal disease
commonly require significantly higher doses of folic acid
to achieve maximal therapeutic effect.'” [6S]-5-
methyltetrahydrofolate was shown to be an adequate al-
ternative to folic acid in reducing Hey concentrations.'"’

Betaine (trimethylglycine) reduces fasting Hey by 12%
to 20% without altering folate levels. Betaine is a methyl
donor agent that is beneficial in lowering Hcy through the
remethylation of methionine. Betaine therapy alone has
been shown to prevent vascular events in HHcy and may
have clinical benefits in other hyperhomocysteinemic
disorders when used as an adjunctive therapy.'® Choline,
a precursor to betaine, decreases fasting and post-
methionine load Hcy levels. However, both betaine and
choline can have an adverse impact on lipid profiles.°

Ginsenoside Rg3, one of the active ingredients in
Panax ginseng, has been found to significantly and dose-
dependently inhibit Hey-induced hippocampal cell death,
with an ECsy value of 28.7 £ 7.5 uM. Ginsenoside Rg3
treatment not only significantly reduced Hcy-induced
DNA damage, but also dose-dependently attenuated Hcy-
induced caspase-3 activity in vitro.'” Plasma Hcy demon-
strated a significant positive correlation with adrenic acid
(22:4n—-6) (r = 0.188, p = 0.018) and a negative correla-
tion with 22:6n-3 (r = —-0.277, p = 0.001) and the ratio of
n—3/n-6 (r =0.231, p = 0.003). An increased ratio of n—
3/n—6 PUFA in platelet phospholipid is associated with
decreased thrombotic risks such as plasma Hey in middle
aged and geriatric hyperlipaemia patients.'"’ The mecha-
nism that might explain the association between plasma
22:6n-3 and Hcy levels is not clear.'"""'"? There are stud-
ies currently being conducted with the aim to demonstrate
why and how n—-3 PUFA decreases the concentration of
Hcy in blood.

CONCLUSIONS

Cardiovascular pathogenesis of hyperhomocysteinemia is
a complicated process (Figure 2). Possible explanations
include direct toxicity of Hcy on tissues, low SAM or
high SAH, thrombotic events triggered by the stimulation
of procoagulant factors and suppression of anticoagulant
factors and platelet activation, enhanced oxidative stress,
SMC proliferation, formation of ROS, hypomethylation,
induction of UPR and extracellular matrix modification.
The mechanism for which Hcy increases the risk of car-
diovascular events still remains a mystery in many as-
pects. More studies are needed to elucidate this significant
relationship.
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