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Hyperhomocysteinemia (HHcy) was found to be a risk factor for cardiovascular disorders
and many other diseases. HHcy occurs when homocysteine (Hcy) exceeds 15 umol/L. The
prevalence of HHcy ranges from 5 — 10% in the general adult population. HHcy can cause
atherosclerosis and heart dysfunction through oxidative stress, inflammation, endothelial
interaction with leukocytes, coagulation, endothelial fibrosis, SMCs proliferation, apoptosis,
lipids dysregulation, epigenetic modifications and modifications of electrical conduction in the
heart. Some of the drugs that have been studied have been shown to be effective in reducing the
level of HHcy. Conclusion: High Hcy level can be a strong cause in several disorders including
cardiovascular diseases. So, serious effort should be made to avoid and treat HHcy. All
evidence suggests that Hcy is causally connected to atherosclerosis by many mechanisms. But
future studies should concentrate on the molecular pathways of HHcy in cardiac dysfunction,

and the effects of Hcy-lowering medications on cardiac dysfunction.
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INTRODUCTION

Cardiovascular diseases are the major
cause of death in both developing and
developed countries. Hyperhomocysteinemia
(HHcy) is a risk factor for atherosclerosis and
cardiovascular diseases. Atherosclerosis is
a chronic inflammatory condition in which
cholesterol, fatty deposits, calcium, cellular
waste  products, and other chemicals
accumulate in the endothelium layer, narrowing
the arteries>. HHcy, which is a medical
condition characterized by an abnormal
concentration of homocysteine (Hcy, a sulfur-
containing non-protein amino acid that is found
in blood plasma normally) in the blood, has
been found to present in a wide range of
diseases®.

Hyperhomocysteinemia

Normal plasma Hcy range is (5-15
umol/L). HHcy occurs when there is a presence
of an inborn error of homocysteine metabolism.
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Moderate, intermediate, and severe HHcy are
defined as basal values for plasma
homocysteine less than 30, between 31 and
100, and above 100 pmol / L, respectively*.

Epidemiology

The prevalence of HHcy ranges from 5 —
10% in the general adult population, with
maxima of 30% among the geriatric®. Findings
from large-scale longitudinal and observational
research indicates that those with HHcy and
high blood pressure have a greater risk of
stroke than those who do not have either
condition®.
Biosynthesis and metabolism of
Homocysteine

Hcy in humans, is generated from
Methionine (MET) containing diets, MET is
converted into cofactor: S- adenosylmethionine
(SAM; a universal methyl donor.) In a
controllable way, the reaction's result is
adenosylhomocysteine (SAH) which is
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converted to Hcy. Then, Hcy is metabolized by
three pathways: the remethylation pathway
(folic acid and vitamin B12 dependent), in
which Hcy is reconverted to MET, and the
transsulfuration  pathway  (vitamin  B6
dependent), in which Hcy is transformed
to cystathionine then cysteine, or cyclized to
generate homocysteine thiolactone (HTL)’
(Fig.1).

Although Hcy is produced in all human
organs, it is mostly detoxified in the liver and
kidney. Re-methylation is the only route to
detoxify Hcy in human skin and vascular
tissues; as, transsulfuration pathway enzymes
are not produced in such tissues’.

The first step is the interaction
between MET and ATP producing SAM
(AdOMET). After transferring the methyl group
to acceptor molecules (DNA, RNA,
proteins, etc.), SAH is  produced. Then,
Adenosyl  homocysteinase transforms SAH
into Hcy. The methyl group from 5-N-methyl
tetrahydrofolate can be used to remethylate the
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Hcy back to MET by MET synthase (MS).
Whereas 5-N-methyl tetrahydrofolate is the
most common  methyl  donorin  the
remethylation pathway, choline and betaine can
also be used. However, the betaine route,
which is driven by betaine-Hcy-methyl-
transferase, is primarily limited to the liver.
Hcy can also generate cystathionine by
combining with serine.  Cystathionine--
synthase (CBS) catalyzes this reaction®,

Furthermore, Hcy can be cyclized to
create HTL, which is regarded as the hazardous
product of Hcy. An error-editing reaction in
protein  biosynthesis is thought to be
responsible for the creation of HTL. Because
MET and Hcy are structurally similar,
methionyl- tRNA synthetase prefers to use Hcy
over Met. The AMP is lost from the activated
Hcy or adenylated Hcy (not S-adenosyl-Hcy)
resulting in the cyclization process and
formation of HTL, although this error is
promptly corrected®.
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Fig. 1: Biosynthesis and metabolism of Homocysteine (Hcy): first, dietary Methionine interacts with
ATP producing S-Adenosyl-L-methionine (SAM). After transferring the methyl group to
acceptor molecules, S-Adenosyl homocysteine (SAH) is produced. Then, Adenosyl
homocysteinase transforms SAH into Hcy. The methyl group from 5-N-methyl
tetrahydrofolate can be used to remethylate the Hcy back to MET (MET synthase (MS);
vitamin B12-dependent) (remethylation pathway). choline and betaine can also be used for
remethylation However, the betaine route, which is driven by betaine-Hcy-methyl-
transferase, is primarily limited to the liver. Hcy can also generate cystathionine by
combining it with serine (Cystathionine-g-synthase (CBS; vitamin B6-dependent
activity) (transsulfuration pathway). MTHFR, Methylenetetrahydrofolate reductase.
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Etiology
Genetic- induced

Disease probabilities are linked to genetic
variations in important enzymessuch as
MS, MTRR, MTHFR, and CBS® (Fig.2).

CBS deficiency

Because CBS is an enzyme that
participates in the transsulfuration pathway,
which converts Hcy to cystathionine, a defect
in CBS is the most prevalent cause of HHcy.
Human CBS is found in the brain, liver,
muscle, kidney, and ovaries, as well as in the
nerves and heart during early embryonic
development. An inadequate amount of Hcy is
converted to cystathionine when CBS
malfunctioned. The transsulfuration pathway
does not convert any Hcy to cystathionine in
the lack of CBS. In several ethnic groups, a
T833C polymorphism in CBS has been
identified to produce mild HHcy. Moreover,
not every CBS polymorphism causes HHcy*.

MTHFR deficiency

A mutation in the gene coding for the
enzyme (MTHFR) causes moderate
elevation of Hcy . C677T polymorphism is
one of the most studied polymorphisms.
According to estimates, 10% of the global
population is homozygous for the common
C677T polymorphism, even though the actual
causes of high C677T polymorphism incidence
in specific parts of the world are still being
investigated, knowing the prevalence of these
polymorphisms in different parts of the world
could be useful for therapeutic
treatment. Indeed, the strong association
between MTHFR polymorphisms and levels of
folate in the mothers' serum expressed concern
about the use of folic acid- containing dietary
supplements by pregnant?2,

MSR deficiency

MS (CblG) and methionine synthase
reductase (MSR) (CbIE) deficiency, as well as
abnormalities of intracellular
cobalamin metabolism that decrease MS
function and produce homocystinuria, are rare
illnesses®®. MS activity is dependent on
reactivation, which is performed by a reductase
(MSR) converting cobalamin 1l to cobalamin
14, CbIG is caused by mutations in the MTR

gene, which codes for MS, resulting in aberrant
enzyme action?®.

Nutritional- induced

Nutritional inadequacies of several of the
cofactors implicated in Hcy metabolism
(Fig.2).
B vitamin deficient (folate, B6, B12) diets

The absorption of thethree dietary
vitamins, vitamin B12, folic acid, and vitamin
B6, is required for normal Hcy metabolism.
Folic acid, also known as pteroylmonoglutamic
acid, is a precursor of 5- methyl-THF, which is
essential for optimal MS activity. Folates
contribute to the synthesis of important

molecules  (like  purines) by  boosting
SAM levels™.

Folic acid intake of 0.5- 5.0 mg/ day has a
larger effect on decreasing

plasmatic Hcy levels than other cofactors.
vitamin B12 and folic acid co-
administration has a  synergistic  effect
on Hcy levels. Because vitamin B6 cannot be
produced in the body, it is easily detectable,
and its blood level is low in all ages. Only a
serious and long-term vitamin B6 deficiency
might influence basal Hcy*.

However, these vitamins are easily lost
through urination since they are water-
soluble. In elders, a loss of vitamin B12,
cobalamin and vitamin B is frequent. As a
result, Hcy levels rise as people get older.
Vitamin B12 deficiency is rare in adults who
eat a balanced diet, as overall body reserve can
surpass 2500 mcg and daily cycling is
modest®.

Cobalamin (an organometallic molecule
that is essential for the normal action of MS)
unlike folic acid, is only present in animal
meats or dairy products, putting vegans at
danger of shortage'®.

The cofactor pyridoxine phosphate is
required for normal CBS enzyme function.
Pyridoxine phosphate is available in all kinds
of foods and is stored in the liver, therefore
nutritional shortage is unusual. The risk of
pyridoxine deficit is higher in patients with a
combined liver illness and low nutritional
condition, such as alcoholism (1.5 g of alcohol/
kg/ d, >5 years)*'.
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High Methionine diet

The only source of Hcy accessible in diet
is MET, a necessary amino acid in animals.
The development of HHcy is induced by a
high- MET diet e.g. turkey, fish, milk and
Tofu. Urinary HTL concentrations were
substantially greater in mice fed a high- MET
or high- Hcy diet than in mice provided a
regular, balanced diet. The high- MET diet
altered blood HTL levels as well, but the
difference was insignificant'®.

Alcohol- induced

As previously stated, persistent alcohol
consumption raises the likelihood of pyridoxine
deficiency (Fifure2). It also interacts with folic
acid and cyanocobalamin  metabolism.
Furthermore, it is linked to gastrointestinal
problems, which cause a reduction in vitamin
and folic acid absorption, contributing to high
Hcy levels®,

Drug- induced
HHcy can be caused by the overuse of
certain medicines (Figre2, Tablel).

Renal dysfunction

The mechanism through which chronic
renal failure enhances Hcy levels is uncertain
(Fig.2). Reduced renal clearance of Hcy and
non-renal  disposition of drugsare two
hypothesized pathways. Increased Hcy levels

1- Genetic- induced:

Israa A. Jalal, et al.

are linked to a lower glomerular filtration rate
(GFR) in theories that indicate slower
elimination as the primary cause. The typical
GFR is 100 mL/ min, while a GFR of 60 mL/
min indicates a modest decrease of function in
the kidney. HHcy, on the other hand, occurs at
a GFR of roughly 60 mL/ min, and the
likelihood of HHcy is 85— 100% in end-stage
renal disease (ESRD)™.

Despite the lack of a clear mechanism, a
negative linear correlation has been found
between Hcy levels and GFR. Furthermore,
renal failure appears to have a role in the
inhibition of key enzymes involved in Hcy
metabolism. Human kidney tissue contains Hcy
remethylation  and transsulfuration enzymes,
which are inactivated in chronic renal failure?®.

HHcy is not caused by the Kidney's
inability to eliminate Hcy. Patients with renal
failure exhibit aberrant folate metabolism and
elevated AdoMet and AdoHcy levels. These
are nonrenal variables that can cause HHcy by
inhibiting the remethylation of Hcy and
cysteine excretion, respectively. On the other
hand, renal failure is thought to produce the
accumulation of uremic toxins, which then
disrupt Hcy metabolism, resulting in HHcy?,
Others

Other diseases can participate in HHcy,
including® (Fig.2):

5- Diseases:
£ ™ 2 Bvitamin deficient * CBS deficiency : senm :VSf;DCUOH
T (folate, B6, B12) diet * MTHFR deficiency ~ Sipdthytodis v o:
| * MSR deficiency Estrogen deficiency : ‘
* Malignant tumors ; '

3- High Methionine diet:
K * Brazil nuts
[ m' * Fish, salmon, and canned
| 4\ tuna

*Eggs
. *Beef and chicken breast

n
il o
é 4- Alcohol- induced
u

o

Mia Wl

6- Medications:
* Methotrexate
* Oral contraceptive pills il |

* Metformin/ fibric acid
— derivatives and nicotinic acid ﬁ )
* nitrous oxide Y &
* immunosuppressive e.g.,
cyclosporine

\ 7- Ethnic, Age and Gender

Fig. 2: Etiology of Hyperhomocysteinemia, Created with BioRender.com.
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Table 1: Some drugs- induced Hyperhomocysteinemia.

Drug Mechanism Ref.
1. L-DOPA L-DOPA is metabolized by Catechol-O-methyl transferase 19
(COMT) leading to increase SAH levels

2. Trimethoprim It prevents remethylation by blocking dihydrofolate-reductase
(DHFR), which transforms dihydrofolate to active 2
tetrahydrofolate.

3. H2- receptor antagonists | It reduces the absorption of protein- bound vitamin B12 in the n
and/or PPIs diet.

4.  Metformin It interferes with vitamin B12 absorption. 2

5. Theophylline, isoniazid, | Inhibitor of vitamin B6 (phosphodiesterase inhibitor of 2
and hydralazine pyridoxal phosphate).

6. Nitrous oxide Vitamin B12 cofactor inactivator; inhibits methionine 24

synthase.

7. Anticonvulsants— It disrupts folate metabolism by reducing intestinal absorption,
carbamazepine, activating hepatic enzymes which need and deplete folate, and 23
phenobarbital, phenytoin, | messing with folate coenzyme metabolism.
primidone, valproic acid

8. 6-Azauridine Inhibitor of vitamin B6. 2

9. Cyclosporine Possibly acts as folate antagonist; preventing homocysteine 23

remethylation with folate.

10. Methotrexate Blocks the folate cycle by inhibiting dihydrofolate reductase 2

and lowering 5-methyltetrahydrofolate levels.

11. Loop diuretics: Furosemide/ | It raises the rate of vitamin B6 and folic acid excretion. 25
Torsemide

12. Cholestyramine It hinders the absorption of folate and vitamin B12. %

13. Nicotinic acid It inhibits pyridoxal kinase, resulting in lower vitamin B6 %

levels and CBS activity.

14. Fibric acid derivatives (e.g., | Unknown mechanism 27
fenofibrate)

Cardiovascular Effects of
Hyperhomocysteinemia:

a. Pathways of Hyperhomocysteinemia-

induced atherosclerosis (Fig.3):

The mechanisms of how Hcy induces
atherosclerosis could be explained as the
follow:

Homocysteine- Induced Oxidative Stress
and Endothelial Dysfunction

Hcy's highly reactive thiol group
undergoes an autoxidation reaction with a
cation like copper, resulting in production of
superoxide anion, hydrogen peroxide, and
hydroxyl radical both wvascular cells and
circulating leukocytes? (Fig.4).

On the other hand, Hcy may cause
oxidative stress indirectly by decreasing the
expression and activities of antioxidants
thioredoxin, superoxide dismutase (SOD),
glutathione peroxidase (PGX-1) and heme

oxygenase 1 (HO-1), all of which have been
linked to oxidative stress and endothelial
damage® (Fig.4).

Superoxide anion interacts with NO
decreasing it and creating peroxynitrite
(ONOO-), both induce lipid peroxidation of
cell membranes®. Furthermore, High amounts
of ROS lead to suppression of dimethylarginine
dimethylaminohydrolase (DDAH, an enzyme
involved in the metabolism of asymmetric
dimethylarginine  ADMA  which  isan
endogenous inhibitor of NO synthase by
competing with L-arginine) which in turn has
been found to impede NO production®? (Fig.4).

The activity of the L-arginine transporter
CAT-1 in endothelial cells is likewise reduced
by Hcy-induced ROS which in turn leads
to endothelial  NOS (eNOS) uncoupling,
eventually reduces NO synthesis
and increases ROS generation®® (Fig.4).
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Fig. 3: Pathways of Hyperhomocysteinemia- induced atherosclerosis.
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Fig. 4 : Homocysteine (Hcy)- Induced Oxidative Stress and Endothelial Dysfunction: Cu+2;copper,
02-; superoxide anion, H202; hydrogen peroxide, OHe; hydroxyl radical, NO; nitric oxide,
SOD; superoxide dismutase, GPx; glutathione peroxidase, HO-1; heme oxygenase 1,

NMDA; N-methyl-D-aspartate, ROS;

reactive oxygen species, OONO-;

peroxynitrite,

THBP; tetrahydrobiopterin, DDAH; dimethylarginine dimethylaminohydrolase, ADMA;

asymmetric dimethylarginine,

CAT-1; Cationic Amino Acid Transporter-1,

eNOS;

endothelial NOS, LDL; low-density lipoproteins, MDA; malondialdehyde, MAPK; mitogen-
activated protein kinase, JNK; c-Jun N-terminal kinase. Created with BioRender.com

The related thiolactone (HTL), which is
created by an error-editing action of
aminoacyl- tRNA synthetases with Hcy and
ATP, is primarily responsible for N-
homocysteinylation. While S-
homocysteinylation happens when Hcy forms a
disulphide bond with a protein by binding its
free thiol group to another free thiol group of a
cysteine residue in the protein molecule.
Homocysteinylated eNOS inhibits NOS
activity®, while homocysteinylated
metallothionein promotes ROS buildup in
ECs®. Homocysteinylated ACE, on the other
hand, has a higher potential to generate Ang Il
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in ECs and hence activates the Ang II- NOX-
ROS pathway®.

Furthermore, by activating protease-
activated receptor-4, which upregulates NOX,
HHcy produces dose-dependent damage to
heart microvascular endothelial cells ¥.

By interrupting disulphide bond formation
and causing misfolding of proteins traversing
the ER, Hcy oxidative stress causes ER stress®
(Fig.4). Increased intracellular Hcy levels may
boost the expression of ER stress response
genes like GRP-78, GRP-94, RTP and Herp *.
Furthermore, ER stress is linked to the release
of ER Ca2+ reserves, which can contribute to



oxidative stress via mitochondrial effects and
NF-kB activation, resulting in inflammation“.
Glutamate receptors AMPA and NMDA,
have been identified as possible Hcy cell
surface receptors (Fig.4). In
neutrophils, monocytes/macrophages,
lymphocytes, ECs and VSMCs, NMDA
receptors are expressed. NMDA receptor
antagonist prevented oxidative damage caused
by Hcy, Hcy- induced proliferation and
mitochondrial toxicity in ECs. Furthermore,
Hcy increased expression of COX-2 by ROS
produced by NMDA- mediated calcium
signaling pathways in murine macrophages,
which are inhibited by NMDA antagonist*!.

Homocysteine Promotes Endothelial
Inflammation and  Interaction  with
Leukocytes

The highly regulated process of

inflammation is thought to have a major role in
the  development and progression  of

atherosclerosis. The proinflammatory action of
HHcy is linked to the production of ROS and
the activation of nuclear transcription factor B
(NF-«xB), ERKI1/2, as well as PKC and
calmodulin,  which  regulate  adhesion
molecules, chemokines and cytokines (Fig.5).
NF-xB is present in the cytosol in an inactive
form under normal physiological conditions.
Stimuli like homocysteine and reactive oxygen
species (ROS) phosphorylate the inhibitory
protein IkB alpha, causing it to be degraded,
and NF-xB to be translocated to the nucleus,
where the target genes are activated. The
expression of intercellular adhesion molecule-1
(ICAM-1), monocyte chemoattractant protein-1
(MCP-1/ CCL2), vascular adhesion molecule-1
(VCAM-1), soluble cell adhesion molecule-1
(SCAM-1) and E and P-selectins has been
shown to increase following Hcy-induced NF-
kB activation®>*,
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Fig. 5: Homocysteine Promotes Endothelial Inflammation and Interaction with Leukocytes: NF-kB;
nuclear transcription factor kappa B, ERK1/2; extracellular signal-regulated kinases 1 and 2,
TNF-alpha; tumor necrosis factor alpha, NOX2,4; NADPH oxidase2 and 4, TGF-B1;
transforming growth factor betal, Ref-1; redox factor-1, ER; endoplasmic reticulum, oxLDL;
oxidized LDL, LOX1; lectin-type oxidized LDL receptor 1, O2-; superoxide anion, PERK;
Protein kinase R-like ER kinase, IRE-1; Inositol-requiring enzyme 1, VSMCs; vascular
smooth muscle cells RAGE; receptor for advanced glycation end products, EN-RAGE;
ligand of RAGE, VEGF; Vascular endothelial growth factor, ICAM-1; intercellular adhesion
molecule-1, MCP-1; monocyte chemoattractant protein-1, VCAM-1; vascular adhesion
molecule-1, I1L-8,6; interleukin-8 and 6, IL-1R antagonist; Interleukin 1 receptor antagonist,
ROS; reactive oxygen species. Created with BioRender.com.
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Additionally, Hcy upregulates MCP-1 (a
protein that promotes monocyte adhesion to the
endothelium and  recruitment to the
subendothelial cell compartment, which is an
important stage in the progression of
atherosclerotic  lesions)  expression  via
upregulating redox factor-1 (Ref-1) expression,
activation of PKC and superoxide formation
which activate NF-xB*, MCP-1's main
mechanism of action is its contact with the
MCP-1 receptor on the surface of monocytes
(CCR2) which is stimulated by homocysteine,
resulting in increased binding®. Also,
homocysteine caused monocytes/macrophages
to produce and secrete the tumor necrosis
factor alpha (TNF-a), IL-1p, IL-8 and CCL2%.,

The migration of leukocytes from the
vascular compartment into the tissue is a
multistep process in Hcy-induced vascular
inflammation. In the first step mediated by
selectins, neutrophils are attracted to the vessel
wall via margination, which is followed by
rolling. Both neutrophils and endothelial cells
express adhesion molecules and their ligands in
response to certain stimuli, allowing for
adherence and ultimate migration into tissues.
Hcy stimulates the production of CD11B/CD18
proteins, which create a docking complex that
allows inflammatory cells to interface with the
endothelium.  Additionally, Activation of
mitogen-activated phosphokinases (MAPKS) in
neutrophils and c-Jun NH(2)-terminal kinase in
vascular endothelial cells has been indicated.
Endothelial cells are damaged and lost as a
result of the combined effects of these
processes*?. Moreover, homocysteine causes
superoxide anion to be produced by NOX,
which causes ERK1/2 and Akt signaling to be
activated, resulting in the creation of neutrophil
extracellular traps*’.

Also, through the activation of NF-«B,
Hcy increases interleukin-6 (IL-6) expression
in rat VSMC, and this increase in IL-6
exacerbates inflammation and consequent
cellular impairment?®,

As Hcy increases the cholesterol
synthesis; this stimulates LDL oxidation
producing oxidized LDL (OxLDL). This
increases endothelial LOX-1 (the main OxLDL
receptor) gene expression, TNF-a release,
MCP-1 and inhibits vasorelaxation*. OxLDL
activates PPAR-y in atherosclerotic lesion foam
cellsand modulates oxLDL another receptor
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CD36%. As a result, PPAR and CD36
activation creates a positive feedback loop that
amplifies the effectof oxLDL. However,
PPAR-0 and PPAR-y may decrease
the expression of inflammatory gene in
monocytes and result in anti-inflammatory
response in the artery walls®l. Moreover,
OxLDL stimulates Nod-like receptor protein 3
(NLRP3) inflammasome activates

inflammatory processes. Findings imply that
NLRP3 inflammasome stimulation leads to
HHcy-exacerbated inflammation and
atherosclerosis in apoE -/- mice®.

VEGEF has also been linked to an increase
in the size of atherosclerotic plaques®. Hcy
increases VEGF expression, possibly by
activating NF-xB. In human coronary
atherosclerotic plaques, VEGF was reported to
be generated in endothelial cells, smooth
muscle cells and activated macrophages, and
not in normal arteries®. Moreover, Increased
expression of the receptor for advanced
glycation end products (RAGE) leading to the
production and accumulation of its signal-
transducing  ligand, EN-RAGE, further
promotes the inflammation®,

Evidence has emerged that ER stress
triggers inflammatory responses via the PERK
and IRE-1 pathways leading to generation of
ROS and activation of NF-xB *. The acute-
phase response in the liver is mediated by
CREBH, a regulated intramembrane
proteolysis  (RIP)-regulated bZIP-containing
transcriptional factor.®® ER stress causes S1P
and S2P proteases to cleave CREBH, releasing
an amino-terminal fragment that travels to the
nucleus and stimulates transcription of
numerous gene including those encoding C-
reactive proteins and serum amyloid P
component which involved in  the acute
inflammatory process. It was shown that
treatment with many ER stress inducers, such
as thapsigargin, tunicamycin, A23187 and
dextran  sulphate, significantly  boosted
leukocyte adherence to smooth muscle cells.
The hyaluronan structure was changed by ER
stress to a more cable-like shape that was more
favorable for leukocyte binding.%’

CBS deficiency-induced HHcy has been
found to promote inflammatory monocyte
(ly6Chigh) differentiation, a mechanism that
depends on  superoxide anion generation.
Moreover, Hcy- induced oxidative stress



increased the proliferation and activation of
concanavalin  A-stimulated  splenic  T-
lymphocytes, indicating that T-lymphocytes
were overactivated. It has been found
that regulatory T-cells inhibit the inflammatory
activation of T-lymphocytes and CTLA4-1gG
reduced atherosclerotic lesions in
apolipoprotein E-deficient (ApoE—/—) animals
with HHcy via interfering with CD28 to
prevent T-lymphocyte overactivation *..

Homocysteine Promotes Coagulation

To prevent thrombosis, the endothelium
maintains an equipoise between procoagulant
substances and numerous antithrombotic
processes. HHcy causes coagulation imbalance
that leads to myocardial and peripheral
thrombotic diseases (Fig. 6,7), which is
predominantly  caused by  endothelial
dysfunction®. According to reports, Hcy and
HTL reduces the antithrombin Il binding
activity to cell surface in a dose and time
dependent manner when aortic endothelial cells
were incubated with different concentrations of
Hcy®e.

Furthermore, Through Tissue Factor gene
transcription (an integral membrane
glycoprotein and forms a complex (1:1) with
factor VII), Hcy initiates the coagulation TF
pathway in diet-induced HHcy?*#%, and ECs
that have been oxidatively disturbed increase
the release of tissue factors like factor V, which
transforms prothrombin to thrombin, and so
commence pro-coagulant activity®. Moreover,
GRP78 overexpression has been shown to
reduce TF procoagulant activity, implying that
inhibiting ER stress can suppress
the prothrombotic activity®.

As well, Hcy irreversibly suppresses the
expression of thrombomodulin (a membrane-
bound cofactor) on cell surface, which causes
thrombin to be activated and reduces protein C
activation®.,

At the same time, Hcy stimulates platelet
adhesion by increasing the expression of Von
Willebrand factor (VWF)®2. Mild HHcy has
been reported to enhance platelet sensitivity to
adenosine diphosphate (ADP) and thrombin,
resulting in platelet activation in individuals
with peripheral vascular diseases (Fig.7). Aside
from, ADP sensitivity boosted P-selectin
expression. Phosphorylation of p38 mitogen-
activated protein  kinase (p38 MAPK),

cytosolic phospholipase A2 (cPLA2), as well
as phospholipase C gamma 2 (PLC2) have all
been implicated in the activation of platelets by
HHcy®. Moreover, Luo et al, discovered that
Hcy induces platelet activation by oxidized
LDL and collagen type I via a2B1 and the
glycoprotein VI pathway signaling components
8. Hcy stimulates activation of platelets in
humans and rats, and platelet aggregation by
decreasing NO bioavailability and increasing
thromboxane (TXA2) and prostaglandin H2
(PGH2) due to increased metabolism of
arachidonic acid (AA), which induce platelet
aggregation and vasoconstriction, both in
platelets and the arteriolar endothelium 6365,
Hcy decreases NO which plays a major role in
inhibition of plasminogen activator inhibitor-1
(PAI-1) expression and platelet adhesion as
nitration of a-actin inhibits its
phosphorylation®®. HTL enhances platelet
aggregation produced by thrombin in the same
way that Hcy does, also, Hcy and HTL enhance
platelet integrin allbp3/ CD40L, which are
implicated in  platelet adhesion and
aggregation®”8,

Also, it was found that homocysteinylated

LDL causes  cytotoxicity in ECs. In
contradiction,
homocysteinylated fibronectin reduces its

interaction with fibrin, indicating a possible
delay in  hyperhomocysteinaemia  and
haemostasis*.

Additionally, by a mechanism independent
of TGF-a and TNF-B paracrine-autocrine
activity, Hcy lowers cellular affinity for tissue
plasminogen activator and increases gene
expression and secretion PAI-1 from vascular
endothelial and smooth muscle cells®®°. It has
also been demonstrated that Hcy induce
binding of lipoprotein A to fibrin, implying that
thiol compound, thrombosis and atherosclerosis
are all linked™.

Because Hcy-SH is engaged in disulfide
exchange or oxide-reduction reactions, it
has been shown that Hcy improves plasma
factor XllI-mediated fibrinogen crosslinking.
Moreover, patients with mild HHcy generate
clots that are more compact, have fewer and
more often branching fibers, and are more
resistant to fibrinolysis than those formed in
the absence of Hcy, increasing the risk of
atherothrombosis®’.
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Fig.7: Homocysteine promotes platelets activation. Created with BioRender.com

Hcy or its thiolactone can covalently
modify many proteins including fibrinogen.
Homocysteinylation of twelve lysine residue
was observed in fibrinogen treated with Hcy.
several of them are near to the binding sites of
plasminogen and tissue plasminogen activator
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(tPA), as well as plasmin cleavage sites.
Moreover, a change in the C domain which
could change the lateral connection of fibers
and changes in protein conformation
which may cause calcium binding to be



disrupted, resulting in changes in the structure
of fibrin clot®’.

As a result, it's reasonable that high Hcy
levels can cause thrombosis by boosting the
procoagulant pathway and/or decreasing the
anticoagulant pathway.

Endothelial fibrosis and SMCs proliferation

Vascular remodeling is described as an
ongoing change in the size and composition of
blood vessels and tissues that underpins the
pathogenesis of major CVDs such as
atherosclerosis. The degradation and synthesis
of the Extra Cellular Matrix (ECM) are
involved in both physiological and pathological
vascular remodeling. Matrix metalloproteinases
(MMPs), a group of specialized proteases,
begin the process and regulate VSMCs
proliferation™,

Hcy-induced oxidative stress and reduced
NO bioavailability stimulate expression and
activity of MMPs impairing ECM metabolism
and promoting collagen deposition, which
result in fibrosis of blood vessels™. Hcy
inhibits collagenase activity in the coronary
arteries, resulting in collagen buildup and
fibrosclerosis™. Fibrillar collagen plays an
important role in the pathophysiology of
atherosclerosis as it provides plaques with
structural support. Arterial stenosis is caused
by excessive collagen buildup whereas excess
collagen degradation paired with insufficient
production weakens plaques, making them
more likely to rupture™.

NO is known to be coordinated in MMPSs'
activation site, and to have a function in
their latency. NOis quenched by Hcy-
generated O2- leading to production of ONOO-
, Which uncovers the active site and increasing
MMP activity™.

Glomerulosclerosis mediated by high Hcy
was observed in a diabetic mouse model with
oxidative decrease of NO, and elevated MMP-2
activity, which was alleviated by activating
PPARy. It's thought that HHcy-dependent
matrix buildup plays a role in hypertension-
related vascular hypertrophy. Enhanced MMP-
2 and MMP-9 activity contributes to ECM
buildup and arterial remodeling in an animal
model of HHcy-induced arterial hypertension’.

Hcy promotes SMCs proliferation as
Hcy increases AP-1 action by a Ca*?-dependent
pathway that boosts Erk action in SMCs,

influencing cells proliferation. Hcy has been
shown to activate ATF4 to increase the
production of VEGF mRNA P13-mediated
activation of Akt/PKB is primarily responsible
for the cell survival. Furthermore, VEGF
causes the Raf-MEK-ERK pathway to be
activated in human umbilical endothelial cells
(HUVECs), which is linked to cell survival®.

Apoptosis

By activating different death signaling
pathways, HHcy promotes vascular damage by
triggering apoptosis in a variety of cell types.
The Fas cell death pathway, the p53/Noxa
route, and the cytochrome-C activated
caspases3 and 9 pathway all have been
demonstrated to be triggered by Hcy in ECs®.
Furthermore, Hcy accelerated VSMC apoptosis
mediated by caspase-3.

Hcy is also known to interfere with
protein  processing in the endoplasmic
reticulum, resulting in the activation of
unfolded proteins and ER stress, which leads to
apoptosis®®.  Possibly by Hcy- induced
peroxynitrite formation which has been shown
to trigger apoptosis by a variety of
mechanisms, including ER stress, a direct nitric
oxide-dependent  mechanism, p53/NADPH
oxidase and activation of the MAPK/ERK and
MAPK/JNK pathways'’.

Hcy- induced ER stress causes apoptosis
dependent on IRE-1 signaling and on the
production of C/EBP homologous protein
(CHOP is a growth arrest and DNA damage-
inducible gene)/ GADD153”. Interaction
between IRE-1 and TRAF2 (transduces signals
from IREs that serve as stress sensors and
begins UPR) stimulates apoptosis-signaling
kinase (ASK1), which triggers apoptosis by
stimulating JNK protein kinase leading to
phosphorylation and activation of transcription
factors including c-JUN. TRAF2 also connects
to the TNFR-Associated Death Domain
(TRADD), which attracts activated caspase 8,
triggering a proteolytic cascade that leads to
cell death. Caspases 8 also stimulates the
secretion of the pro-apoptotic protein
cytochrome C from the mitochondria®®.

Furthermore, the increased production of
intracellular S-adenosylhomocysteine
(SAH) caused by extracellular adenosine
generated during Hcy biosynthesis promotes
ECs death. SAH inhibits isoprenylcysteine
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carboxylmethyl transferase (ICMT), which is
responsible of Ras methylation leading
to apoptosis. Likewise, L1210 cells undergo
apoptosis when exposed to high levels of
adenosine which is preceded by c-myc
expression. C-myc expression makes cells
vulnerable to a variety of pro-apoptotic stimuli,
including hypoxia, DNA damage and
starvation. The release of cytochrome C into
the cytosol mediates the pro-apoptotic impact
of c-myc . Apoptotic protease activating factor
(APAF- 1) interacts with holocytochrome C,
which recruits and activates procaspase 9.
When cytochrome C is released into the
cytosol, this attracts cells to other apoptotic
triggers such as the CD95 pathway or p53
activation®®.

Moreover, by reducing the expression of
cyclin A mRNA, Hcy may also impede ECs
proliferation. In addition, cyclin dependent
kinase (CDK2) activity was also suppressed
considerably. Stress-induced induction of P53
stimulates expression of P21, which then
interacts with CDKs and prevents the cell cycle
G1/S transitioning.*

Homocysteine mediates lipids dysregulation

One of key mechanisms linking Hcy to
atherosclerosis is Hcy-induced
lipids disturbances. In hepatocytes, as well as
vascular endothelial and aortic smooth muscle
cells, Hcy-induced ER stress stimulates UPR,
GRP78/BiP and sterol regulatory element-
binding proteins (SREBPs)®. This process
most likely indicates how liver steatosis and
atherosclerosis lesions develop and worsen in
HHcy®.

Hcy stimulates SREBP-1 and SREBP-2
which  regulate  genes responsible for
triglyceride biosynthesis and the expression of
HMG-CoA reductase (3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase), the rate-
limiting enzyme in cholesterol production.
However, the actual transport of cholesterol in
endothelial cells is downregulated, resulting in
elevation of HMGCR in endothelial cells and
increased  cholesterol  biosynthesis  and
accumulation °°. Also, Hcy lower HDL
cholesterol levels in plasma by blocking the
hepatic synthesis of apoA-I, the primary HDL
apolipoprotein®?,

Hcy was
macrophage

discovered to enhance
lipoprotein  lipase  (LPL)
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expression (probably via PKC activation), as
well as c-fos mMRNA levels and nuclear protein
binding to the APl sequence ®. LPL is
responsible for the breakdown of triglycerides
in lipoproteins. In atherosclerotic lesions,
macrophage LPL is released, and generated in
the vascular wall works as a pro-atherogenic
protein. This enzyme is involved in the
absorption of lipoproteins by macrophages, the
retention of lipoproteins in the ECM, the
induction of the proatherogenic cytokine TNF-
a, monocyte adherence to ECs,
VSMC:s proliferation as well as the production
of foam cells®,

Epigenetic modification in HHcy
First, Hypomethylation by Hcy limits ECs
growth:

Hcy reduced cell growth in ECs by
process known as hypomethylation . HHcy-
related MS or MTHFR insufficiency prevents
Hcy from being converted into Methionine,
thus reduces SAM formation. Whereas
Hcy buildup raises the level of SAH and
prevents SAM from being transmethylated. The
reduced SAM/SAH ratio due to an increase in
SAH and a decrease in SAM, coincides to the
levels of global hypomethylation in cells®. In
contrast, in CBS-deficient animals, Hcy caused
decreased SAM/SAH ratio but with actually
hypermethylation in liver and kidney. It was
found that SAM's level did not drop but rather
elevated, this is thought to be as a result of the
functioning of MS and MTHFR*.,

Second, Hypomethylation by Hcy promotes
VSMCs growth:

As a result of DNA demethylation
mediated by the Hcy-reduced SAM/ SAH ratio,
production of PDGF, a VSMCs proliferation
inducer, is upregulated in VSMCs.
Furthermore, SAM and SAH have opposed
effects on VSMCs migration, proliferation, as
well as neointimal formation. In obese diabetic
rats, SAM protects from neointimal formation
by inhibiting ER stress and
VSMCs inflammation, while SAH boosts
VSMCs migration and proliferation and
increases atherosclerotic plaques
through ERK1/2/pathway- dependent oxidative
stress*,

b. Pathways of Hyperhomocysteinemia-

induced cardiac dysfunction.



Hcy aggravates the cardiac remodeling, in
addition to its atherosclerotic consequences.
An  unbalanced elevation  of collagen in
perivascular and interstitial,  thickening
of coronary arteriolar wall, and myocardial
mast cell infiltration were seen in
hyperhomocysteinemic rats' right and left
cardiac ventricles®”. The mechanisms of how
Hcy- induced CHF are not fully understood,
but it can be explained as follow:

Cardiac dysfunction caused by Hcy-induced
vascular dysfunction:

Hcy is linked to coronary artery disease
and myocardial infarction, the latter being a
major cause of congestive heart failure.
Hcy can also cause myocardial ischemia
without an infarction by inducing endothelial
dysfunction in coronary resistance arteries. In
individuals with acute coronary syndrome,
higher Hcy levels are linked to more
myocardial damage, as demonstrated by higher
troponin levels®,

Hcy can cause acute negative inotropic
effectand vasodilatory effect mediated by
adenosine, which is released from the
endothelium and blocked by endothelium
inactivation®. Coronary dilation is mediated by
an elevation of NO release or by the formation
of S- nitroso- Hcy, a potent vasodilator, but
other studies suggest that Hcy inactivates NO
via oxidative mechanisms and impairs
the synthesis of NO by the generation of
ADMA?®. It has been observed that
nonselective Ado receptor antagonist inhibits
the endothelium- dependent vasodilation
induced by Hcy in the rat heart; they propose
that Hcy releases Ado from endothelial cells,
which then acts on the endothelium to release
NO and relax VSM. However, this mechanism
is likely distinct from the chronic effect of
HHcy, which has been linked to elevated levels
of both iINOS and eNOS, along
with peroxynitrite formation®’.

Cardiac dysfunction caused by Hcy direct
effect:

In hypertensive heart disease, cardiac
remodeling is first characterized by remodeling
of coronary arteriolar and myocardial matrix,
which leads to higher myocardial rigidity and
diastolic dysfunction. Then, systolic
dysfunction and overt HF are seen after a time

of compensated cardiac hypertrophy and
diastolic dysfunction®.

Myocardial ~ collagen  buildup  was
accompanied by an increase in the size of left
ventricular myocytes in HHcy caused by
heterozygous CBS deficiency. Parallel to
fibrosis, a significant hypertrophy was seen in
numerous cases®. It was observed that Hcy has
a direct effect on myocardial fibrosis and
systolic  dysfunction, and the activated
myocardial redox state could be a key factor of
Hcy- induced cardiac remodeling. Also, Hcy is
linked to cardiac mitochondrial dysfunction as
Hcy promotes Ca*? accumulation and oxidative
stress in the mitochondria, boosting the
activation of mitochondrial MMP, resulting in
the opening of the mitochondrial permeability
transition pore, leading to abnormal cardiac
contractility, mechano-electrical dysfunction
and perhaps arrhythmogenesis. Hcy
also regulates endothelial and neuronal NOS,
and so plays a role in cardiac arrhythmias®.

Moreover, activated mitochondrial redox
state results in liberation of cytochrome c from
mitochondria. Caspases are activated by
cytochrome c release, which results in the
degradation of several nuclear proteins, which
leads to DNA breakage and apoptosis®.

Furthermore, mast cell is among the most
prominent cellular aspects of Hcy-induced
cardiac remodeling, according to certain
studies, and it is associated with severe
myocardial fibrosis®.

As Hcy causes ER stress in the heart
leading to myocardial inflammation, SREBP
cleavage and apoptosis, as well as fibrosis®.
SREBPs are transcription factors that are
produced as inactive precursors and bound to
ER membrane, and they are responsible for the
upregulation of genes implicated in cholesterol
production. SREBP-1a and -2 are the most
common isoforms, but SREBP-1c and -2 are
found in the majority of tissues. The
overexpression of genes involved in cholesterol
production is mediated by SREBP-1a and -2.
SREBP-1c is required for the overexpression of
genes involved in the fatty acid production
pathway. SREBPs interact with SREBP
cleavage activating protein (SCAP) and Insig to
localize in the ER. SCAP interacts with
SREBPs and is required for their activation.
External free cholesterol is required for the
survival of cells lacking SCAP. Insig is an ER-
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resident protein anchor that binds SCAP and
keeps the SCAP-SREBP complex in the
ER80&93.

Activation of caspases and apoptosis can
occur as a result of prolonged or severe ER
stress. Caspase-3 and -7 cleave SREBPs in
response to apoptotic stimuli. SREBP's caspase
cleavage site is thought to be on the N-
terminal, cytoplasmic side. Caspase-3/7 cleaves
SREBP at a different position than S1P/S2P,
according to these findings. Other studies
suggests that ER stress-induced SREBP
activation is mediated by the site- 1 protease
(S1P)/ site- 2 protease (S2P) proteolytic
pathway (Colgan et al., 2007; Dorotea et al.,
2020). Activation of SREBP as a result of ER
stress leads to elevation of intracellular lipid
levels and cardiac lipidopathy®. Elevated
intracellular fat levels increase cardiac lipid
lipolysis and fatty acid oxidation, leading
to cardiac mitochondrial dysfunctionand ER
stressand forming a vicious loop of lipid
biosynthesis—mitochondrial and ER stress
leading to ventricular malfunction®,

SREBP1 is considered as mediator of
TGF-B1 signaling pathway®:, TGFb1 may play
a role in HHcy-induced heart structural
remodeling. TGFb1 has been implicated in the
development of fibrosis and wventricular
hypertrophy in several studies. TGFbl is
known to promote a variety of signaling
pathways, including the JNK, p38 and
ERK pathways. In the hearts of HHcy rats, it
was discovered JNK activation as well as
elevated levels of MMP2 and TIMP2%,

MMP-9 and MMP-2 activation by Hcy has
previously been reported in ECs, VSM, and
in the heart and aorta of CBS-deficient animals.
Other findings of high MET- diet model
demonstrate that rats with HHcy have no active
MMP-9 form and have lower MMP-2
activity. This could be due to Hcy's cell type-
specific effect or the etiology of HHcy (MET
administration or enzyme deficiencies)®.
MMP2 is released as apro-enzyme and
activated primarily through a membrane- linked
process that involves MT1-MMP, while an
excess of TIMP-2 restricts MMP-2 activation
by attaching all MT1-MMP molecules. The
increase in TIMP2 amount can then counteract
the increase in MMP2 activity®.

Conduction problems in infarction and
heart failure appear to be linked to connexin
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dysfunction and prolonged action potential
duration (APD), whereas in atrial fibrillation,
APD reduction appears to be a prominent
factor. Gap junction channels (GJCs), which
are made up of connexins (Cxs), are
responsible for intercellular communication.
There are twenty-one human Cx isoforms, five
of which are found in the heart: Cx31.9, Cx37,
Cx40, Cx43, and Cx45. Cx43 is the most
frequently expressed Cx in the heart, and it is
found in both the atrial and ventricular working
myocardium. Evidence suggests that long-term
diet- induced HHcy suppresses Cx43
expression. In heart failure, Cx43 expression is
downregulated, resulting in a positive feedback
loop in which sluggish ventricular impulse
conduction leads to mechanical dysfunction,
increases ventricular remodeling and prolonged
QRS complex®,

Clinical Laboratory  Evaluation of
Hyperhomocysteinemia in Clinical Practice

The physician may suggest measuring Hcy
plasma level if a patient displays symptoms of
a vitamin B6, B12, or folate deficiency or if
they are at a high risk of cardiovascular
disorders or to diagnose homocystinuria which
is a rare genetic disease. Temporary elevated
blood level of Hcy can also be influenced by
other factors, such as certain medications,
heavy alcohol consumption, and smoking as
previously mentioned. A Hcy test often does
not require any particular preparation. The
patient may be asked to fast for 8 to 12 hours.
Additionally, the physician may advise the
patient to stop using any supplements or
medications before the test. Elevated Hcy
plasma level may be a sign of: deficiency of
vitamin B6, B12 or folic acid, homocystinuria,
increased risk of heart diseases. Also, may
occur in conjunction with other disorders,
including osteoporosis, chronic renal disease,
hypothyroidism, or Alzheimer's disease.

Total Hey in plasma or serum is the sum
of all homocysteine species, including free and
protein-bound forms. Total Hcy can be
detected in preserved samples using different
method of assay whcich incorporate the
reduction of all forms into a single species. Hcy
is continuously produced and released from
blood cells, which causes the total Hcy in
whole blood to rise at room temperature.
However, this increase is artificially reduced if


https://medlineplus.gov/genetics/condition/homocystinuria/
https://medlineplus.gov/geneticdisorders.html

the blood sample is centrifuged within an hour
of collection or stored on ice®”. Many analytical
approaches can be used to determine Hcy.

Immunoassays including  the  enzyme
immunoassay  (EIA),  chemiluminescence
immunoassay  (CLIA) and  fluorescence

polarisation immunoassay (FPIA). However,
there has been a rise in interest in using
chromatographic techniques®.

Recent treatments of
Hyperhomocysteinemia- induced
cardiovascular dysfunction

Plasma concentration of Hcy may be
lowered by giving cofactors of Hcy-
metabolizing enzymes: folic acid, vitamin B6
and vitamin B12.

Reductions in oxidative stress may be
responsible for the observed cardioprotective
ability of Atorvastatin and Simvastatin, and
statins may be used interchangeably to provide
cardiac protection against | / R-induced
myocardial injury in hearts of normal and
hyperhomocysteinemic rats®.

Recently, by stimulating the Ca2+ and
Akt- eNOS- NO signalling pathways, Physcion
inhibits Hcy-induced endothelial
damage, showing that physcion could
attenuate Hcy-induced cardiovascular

disease'®.

Also, Homocysteine-responsive
endoplasmic  reticulum  protein  (Herp)
deficiency inhibits the phenotypic

transformation of VSMCs and the

atherosclerosis 101,

Conclusion

High Hcy level can bea strong cause in
several disorders including cardiovascular
diseases. So, serious effort should be made to
avoid and treat HHcy. All evidence suggests

that Hcy is causally connected to
atherosclerosis by oxidative stress,
inflammation, endothelial-leukocyte

interaction, coagulation, endothelial fibrosis,
SMC proliferation, and apoptosis. But future
studies should concentrate on the molecular
pathways of HHcy in cardiac dysfunction, and
the effects of Hcy-lowering medications on
cardiac dysfunction.
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