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ABSTRACT

Introduction: Folic acid is the most important
dietary determinant of homocysteine (Hcy).
Hcy serves as a critical intermediate in methy-
lation reactions. It is created from methionine
and either converted back to methionine or
transformed into cysteine. This process is aided
through several enzymes and three vitamins,
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folic acid, B12, and B6. Daily supplementation
with 0.5-5.0 mg of folic acid typically lowers
plasma Hcy levels by approximately 25%.
Hyperhomocysteinemia is a known risk factor
for coronary artery disease. In this regard, ele-
vated levels of Hcy have been found in a
majority of patients with vascular disease.
Methods: A literature review of folic acid sup-
plementation for various disease states includ-
ing cardiovascular disease was conducted. This
article is based on previously conducted studies
and does not contain any studies with human
participants or animals performed by any of the
authors.
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Results: In this review, we discuss the bio-
chemistry of folic acid, Hcy biosynthesis, Hcy
and hydrogen sulfide bioavailability, patho-
genesis of hyperhomocysteinemia and its role as
a risk factor for disease, and treatment studies
with folic acid supplementation in disease
states.

Conclusion: Folic acid supplementation should
be recommended to any patient who has an
elevated Hcy level, and this level should be
measured and treated at an early age, since folic
acid is easily obtained and may likely reduce
vascular disease and other deleterious patho-
logic processes in high-risk populations.

Keywords: Coronary artery disease; Folic acid;
Heart disease; Homocysteine; Hyperhomo-
cysteinemia

Key Summary Points

Hyperhomocysteinemia is a known risk
factor for coronary artery disease.

Elevated levels of homocysteine have been
found in a majority of patients with
vascular disease.

Folic acid supplementation should be
recommended to any patient who has an
elevated homocysteine level.

Folic acid is easily obtained and may likely
reduce vascular disease and other
deleterious pathologic processes in high-
risk populations.

INTRODUCTION

Recently, homocysteine (Hcy), an amino acid,
has garnered much attention in the medical
community. The earliest known report of Hcy
was in 1932 by DuVignaued and Butz, who
created it through transmethylation of
methionine (Met) [1, 2]. At the time, the role of
this molecule was undetermined; however, later
it was discovered that Hcy acted as an

intermediate component in the biosynthesis of
cysteine and Met [2]. It was not until the 1960s
that elevation in Hcy levels was linked to vari-
ous disease states, especially cardiovascular dis-
ease [2].

In the early 1990s, homocystinemia became
a recognized risk factor and later an indepen-
dent risk factor for atherosclerotic disease [2, 3].
Levels of Hcy > 15 micromoles/L was defined as
hyperhomocysteinemia, and in one study it was
reported to be found in “16 of 38 patients with
cerebrovascular disease (42%), 7 of 25 with
peripheral vascular disease (28%), and 18 of 60
with coronary vascular disease (30%), but in
none of the 27 normal subjects” [4].

Considering that cardiovascular disease is
responsible for nearly 1/3rd of all deaths
worldwide, understanding the pathogenesis
and treatment of homocystinemia is of clinical
relevance [2].

Hcy serves as a key intermediate in methy-
lation reactions. It is created from Met and
either converted back to Met or transformed
into cysteine. This process is aided through
several enzymes and three vitamins, folic acid,
B12, and B6. A dysfunction in these enzymes or
a deficiency in these vitamins can lead to a rise
in the blood levels of Hcy. Given this relation-
ship, several studies have shown evidence that
daily supplementation of folic acid lowers Hcy
levels, more so than the addition of B12 and B6
[6]. In fact, it has been shown that folic acid
supplementation of 0.5-5.0 mg can lower Hcy
levels by 25% and, thus, may decrease the risk
of cardiovascular disease [7]. It should also be
stated that there are many available prepara-
tions, not only of folic acid but which addi-
tionally include B12 and B6.

Several mechanisms have been proposed for
Hcy’s pathogenesis related to vascular disease.
Hcy can cause endothelial injury, dysfunction
of DNA, proliferation of smooth muscle cells,
oxidative stress, decreased function of glu-
tathione peroxidase, impaired nitric oxide syn-
thase, and inflammation [8].

Given that Hcy is associated with vascular
disease, there has been growing research on
hydrogen sulfide (H,S). A deficiency of H,S is
associated with Hcy and increased cardiovascu-
lar disease [3]. Interestingly, H,S is produced
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through cystathionine f-synthase (CBS) and
cystathionine y-lyase (CTH), key enzymes that
metabolize Hcy to cysteine [3]. There is evi-
dence to suggest that H,S and Hcy regulate each
other, and that the ratio of H,S/Hcy is a reliable
marker for cardiovascular disease risk [3]. H,S
also has a protective effect against Hcy-induced
vascular injury, especially with eNOS signaling
and reducing oxidative stress [3].

In patients undergoing coronary artery
bypass grafting (CABG), there is an increased
risk of subsequent ischemic events, either
through worsening of coronary artery disease or
decrease in vein graft patency by atherosclerosis
[9]. To reduce adverse cardiovascular events,
CABG patients are given antiplatelet and lipid-
lowering agents as a secondary prevention
measure [9]. Furthermore, there is evidence that
folic acid can increase bioavailability of
tetrahydrobiopterin (BH4), which improves
endothelial function; however, its effectiveness
in decreasing adverse cardiovascular events in
CABG has not yet been determined [10].

In this review, we discuss the biochemistry of
folic acid, Hcy biosynthesis, Hcy and H,S
bioavailability, pathogenesis of hyperhomocys-
teinemia and its role as a risk factor for disease,
and treatment studies with folic acid supple-
mentation in disease states.

BIOCHEMISTRY OF FOLIC ACID

Folate is an essential nutrient from the B group
of vitamins and is present naturally in foods
such as fruits and green leafy vegetables, kidney,
and liver [11, 12]. Tetrahydrofolate (THF), an
important derivative of folate, plays an essential
role in one-carbon metabolism, which involves
the transfer of single-carbon units from donor
molecules into biosynthetic pathways such as
purine and pyrimidine biosynthesis [12, 13].
Additionally, one-carbon metabolism is impor-
tant for biosynthesis of Met, interconversion of
serine and glycine, and catabolism of histidine
[12, 14].

In humans, folate is obtained from the diet
and is transported across the enterocyte brush
border membrane in the jejunum. After
absorption, it is released into portal circulation

and taken up by the liver, which is the main
regulator of folate homeostasis. Within the
plasma, up to 40% of folate is bound to carrier
proteins such as albumin and transferrin [12].
Transport into cells is accomplished via both
receptor-mediated and carrier-mediated mech-
anisms [14].

A polyglutamate form of folate known as
THEF is the central acceptor molecule in the one-
carbon cycle. Folate is sequentially reduced into
dihydrofolate and THF by the enzyme dihy-
drofolate reductase [14, 15]. Methotrexate is a
folic acid antagonist used in cancer treatment,
autoimmune disease, and non-surgical treat-
ment of ectopic pregnancy. By irreversibly
inhibiting dihydrofolate reductase, methotrex-
ate decreases the formation of THF, which ulti-
mately hinders the biosynthesis of DNA and
RNA [15, 16].

Once THF is formed, a single carbon group is
then transferred from serine to THF in a reac-
tion mediated by serine hydroxymethyltrans-
ferase, forming 5,10-methylene-THF and
glycine in the process. Then, 5,10-methylene-
THF together with the enzyme thymidylate
synthase participate in reductive methylation of
deoxyuridine monophosphate, resulting in the
formation of deoxythymidine monophosphate
(dTMP) and dihydrofolate (DHF) [17, 18]. Con-
sequently, dTMP may go on to participate in
DNA biosynthesis, while DHF may be reduced
to THF and 5,10-methylene-THF [19, 20].

Alternatively, 5,10-methylene-THF may be
further reduced to 5-methyl-THF by methylene
tetrahydrofolate reductase (MTHFR). In a sub-
sequent step, methionine synthase catalyzes the
formation of THF from 5-methyl-THF in a step
that simultaneously recycles Hcy into Met. Met
is involved in the metabolism of S-adenosyl-
methionine (SAM) and Hcy, which are dis-
cussed below.

HCY BIOSYNTHESIS

Hcy is a non-essential, sulfur-containing amino
acid [21, 22]. Although it is not used directly in
the synthesis of proteins, Hcy is required as an
intermediate in the metabolism of the essential
amino acid Met, which is derived from the diet.
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Hcy represents an intersection of a series of
metabolic pathways: it may be resynthesized
into S-adenosyl-.-homocysteine (SAH); it may
undergo remethylation into methionine
through the remethylation pathway; or it may
be irreversibly degraded to cysteine via the
transsulphuration pathway. Hcy is an impor-
tant molecule in the synthesis of SAM, a uni-
versal methyl donor involved in transferring
methyl groups to various acceptor molecules in
biosynthesis of numerous biochemical com-
pounds [22, 23].

As mentioned previously, Hcy is not
obtained from the diet but rather is derived
from Met. In a reaction involving ATP, the
enzyme SAM synthetase/L-methionine adeno-
syltransferase activates Met and leads to the
formation of SAM. As a universal donor of
methyl groups, SAM is utilized in a wide variety
of biosynthetic pathways, including the syn-
thesis of DNA, RNA, amino acids, polyamines,
proteins, creatine, epinephrine, carnitine, and
phospholipids [21, 24]. Additionally, SAM has
been shown to play an important role in epi-
genetic mechanisms, such as the regulation of
DNA methylation, the remodeling of chro-
matin, editing of RNA, and post-translational
modification of histone proteins [24]. Inappro-
priately high levels of SAM have been linked to
the hypermethylation of tumor suppressor
genes and, subsequently, cancer [25, 26].

The transfer of methyl groups from SAM to
acceptor molecules is mediated or modulated by
methyltransferase enzymes, and the result of
every SAM-dependent methyltransferase reac-
tion is the formation of SAH [21, 24]. This is true
regardless of the biosynthetic pathway or
specific methyltransferase enzyme involved.
Several methyltransferases have been described
in mammals. It is estimated, however, that
approximately 85% of SAM-dependent methyl-
transferase reactions are mediated by phos-
phatidylethanolamine N-methyltransferase and
guanidine-acetate N-methyltransferase in the
liver, which are involved the synthesis of
phosphatidylcholine and creatinine, respec-
tively [24, 27]. The cytosolic enzyme glycine N-
methyltransferase is another important exam-
ple of SAM-dependent methyltransferase.
Within the liver, this enzyme helps in the

optimization of transmethylation reactions by
regulating the ratio of SAM to SAH [24].

Following SAM-dependent transmethyla-
tion, SAH hydrolase metabolizes SAH into ade-
nosine and Hcy. However, SAH hydrolase is a
reversible enzyme; in states of elevated Hcy
levels, SAH hydrolase catalyzes the reverse
reaction of Hcy to SAH. High levels of SAH have
an inhibitory effect of methyltransferase
enzymes, which are largely regulated by the
ratio of SAM to SAH [28]. Consequently, dys-
regulation of these biochemical pathways lead-
ing to reduced synthesis of SAM is thought to be
one of the mechanisms behind the vascular and
neurodegenerative effects of hyperhomocys-
teinemia [29].

Under normal circumstances, approximately
half of Hcy undergoes remethylation into Met
[24]. This is accomplished via one of two path-
ways: a vitamin B12- and folate-dependent
pathway, or a betaine-dependent pathway.
Additionally, Hcy may undergo irreversible
transsulfuration to ultimately become cysteine
[21, 22, 24]. The Hcy and folic acid metabolisms
are illustrated in Fig. 1.

HCY AND H,S BIOAVAILABILITY

Hcy and H,S levels are associated with a wide
variety of clinical physiology, such as cardio-
vascular function, neuromodulation, and
inflammation [32]. The downstream health
effects of these molecules are antagonistic to
each other. Elevated Hcy levels have been
implicated as a possible cause of hypertension
and coronary artery disease, whereas H,S has
been shown to act as a gaseous antioxidant
protector against disease [33]. Because of the
competing roles in disease, bioavailability of
these compounds has been of immense clinical
interest. Amino acid metabolism of sulfur-con-
taining amino acids—also known as the
transsulfuration pathway (TSP)—is known to be
a major pathway that determines H,S and Hcy
bioavailability [34]. As discussed above, three
enzymes involved in the TSP are classically
known to synthesize H,S and Hcy: CBS, CTH,
and 3-mercaptopyruvate sulfurtransferase (3-
MST). In particular, the most common cause of
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Fig. 1 Metabolism of homocysteine and folic acid

inherited homocystinemia is decreased CBS
enzymatic activity [35]. Under normal condi-
tions, CBS condenses Hcy and serine to cys-
tathionine, effectively depleting amino acid
levels of Hcy. CBS is a vitamin Bg (2 pyri-
doxal 5’-phosphate, PLP)-dependent enzyme.
Therefore, either genetic loss-of-function

VitB12 MS

DHFR Dihydrofolate Reductase

DHF Dihydrofolate

THF Tetrahydrofolate

MTHFR Methylenetetrahydrofolate Reductase
MS Methionine Synthase

SAM S-Adenosylmethionine

CBS Cystathionine B-Synthase

Homocysteine

cBS
Vit B6

Cystathionine

Vit B6

Cysteine

mutations to CBS, epigenetic promotor hyper-
methylation, or a deficiency of vitamin Bg levels
can all drive homocystinemia [36]. Vitamin Be
is a water-soluble vitamin found in many Wes-
tern diet foods (i.e., fish, beans, nuts, grains,
fruits, vegetables), and thus dietary causes of
deficiency are rare in the United States. Various
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drugs (i.e., isoniazid, levodopa, penicillamine)
and autoimmune disorders (rheumatoid arthri-
tis) can alter vitamin Bg metabolism and
thereby induce PLP deficiencies [37]. The next
step of amino acid metabolism is carried out by
CTH and dependent upon PLP cofactor to pro-
duce H,S. The equilibrium constant of CTH
tfavors the forward reaction to generate cysteine
and o-ketobutyrate from cystathionine reactant.
Therefore, CTH enzymatic activity is critical in
driving forward the CBS reaction, and thus Hcy
removal. Alterations in CTH expression and
protein activity have been linked to numerous
disease states, such as retinopathy, neuropathy,
and renal fibrosis [38-40]. The final TSP enzyme
known to increase bioavailability of Hcy and
H,S is 3-MST [41].

The transsulfuration pathway is extraordi-
narily plastic in response to dietary, microbiota,
and other environmental cues. Dietary inter-
ventions of high fat content that precipitate
obesity, diabetes, and hypertension have a
direct impact on the bioavailability of Hcy and
H,S. For example, a recent experiment studying
mice found that renal CBS is selectively down-
regulated in both genetic and diet-induced
obesity [42]. Additional studies have found that
liver synthesis of H,S are decreased in both the
liver and kidney organs of obesogenic mouse
models, albeit protein levels of CBS and CTH
were variable [43]. Interestingly, exercise
appears to have a negative effect on high-fat
diet-altered H,S production by the CBS and
CTH enzymes. In one study, it was found that
exercise training in high-fat diet-induced non-
alcoholic fatty liver disease resulted in increased
serum and liver H,S levels corresponding with
increased CBS, CTH, and 3-MST mRNA [44].
Meanwhile, other micronutrient agents have
been linked to decreases in H,S bioavailability,
such as a high-salt diet and aspartame, com-
monly used as a food sweetener [45].

Of additional importance is a new frontier of
H,S bioavailability research exploring the role
of gut microorganisms in various diseases of the
gastrointestinal tract (i.e., inflammatory bowel
syndrome and inflammatory bowel disease)
[46]. Bacterial residents of the gut microbiome
utilize inorganic sulfate from the diet as a ter-
minal electron acceptor to serve as a

nonenzymatic source of H,S. These bacteria are
collectively called sulfate-reducing bacteria and
include many species of the Desulfovibrio genus
(D. piger, D. desulfuricans), Desulfobacter, Desul-
fobulbus, Desulfotomaculu, and Fusobacterium
[47]. The H,S equilibrium is precariously
U-shaped, meaning either that too high or too
low concentrations can trigger detrimental
health effects. Sulfate-rich diets containing
nutrients like sulfated glycans stimulate growth
of D. piger in mouse models but only in the
presence of Bacteroides thetaiotaomicron because
the latter species liberates sulfate from muco-
polysacharides via sulfatases [48, 49]. Addition-
ally, the presence of D. piger is positively
correlated with Actinobacterium and Collinsella
aerofaciens due to the symbiotic nature of sugar
fermentation and electron donation to D. piger
for H,S reduction. Despite the non-enzymatic
microbiome generation of H,S, a second reser-
voir of H,S synthesis is derived from several
anaerobic bacterial strains, including Escherichia
coli, Salmonella enterica, Clostridia, and Enter-
obacter aerogenes [50]. Gram-negative microbiota
convert cysteine to H,S, pyruvate, and ammo-
nia by cysteine desulfthydrase. Moreover, several
bacteria also conduct sulfite reduction via sulfite
reductase. These microbiota include Klebsiella,
Bacillus, Staphylococcus, Corynebacterium and
Rhodococcus [51, 52]. On this subject, antibiotic
use has clear implications for H,S bioavailability
in the intestine. One experiment in mouse
models showed that neomycin administration
(an antibiotic that does not cross the GBB)
demonstrated significant reductions in intra-
colonic and peripheral blood concentrations of
thiosulfate and sulfane sulfur, both products of
H,S oxidation. Compared to intracolonic
administration of Na,S (H,S donor), the chan-
ges in H,S oxidative products were opposite
[51]. In summary, antibiotic-induced gut dys-
biosis can directly alter the bioavailability of
H,S.

Additional environmental factors have been
linked to changes in CBS, CTH, and 3-MST
enzymatic activity and in corollary Hcy levels.
UV radiation, alcoholic hepatitis, and particular
cancers (e.g., breast cancer, liver cancer) have all
been linked to decreased CBS activity [45]. In
contrast, cocaine has been shown in increase
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CBS activity. A plethora of other environmental
cues have been shown to alter CTH activity,
including morphine, cigarette smoke, ketogenic
diet, and air pollutants, among many others
[45]. The clinical significance of these factors
has posed a challenge for researchers to tease
apart, but correlation between Hcy and H,S
bioavailability with health span and disease is
undeniable.

PATHOGENESIS

OF HYPERHOMOCYSTEINEMIA
AND ITS ROLE AS A RISK FACTOR
FOR DISEASE

Hyperhomocysteinemia is a syndrome of ele-
vated plasma Hcy levels resulting in dysfunc-
tion of multiple organ systems, most
significantly an elevated risk for arterial
thrombosis, venous thromboembolism, and
premature development of cardiovascular dis-
ease [53]. Elevations in plasma Hcy levels are
often multifactorial, with genetic and acquired
components [54]. While the correlation
between hyperhomocysteinemia and vascular
disease is well established [55-57], the underly-
ing mechanisms are under investigation. Ani-
mal and cell models have highlighted the
potential mechanisms for Hcy-mediated dam-
age to the vascular architecture, but evidence of
a causal relationship between hyperhomocys-
teinemia and vascular disease in humans
remains to be shown [58].

Severe hyperhomocysteinemia and subse-
quent homocystinuria is rare, and most often
caused by an inherited deficiency in the enzyme
CBS [54]. In this variant of the disease, also
known as classic homocystinuria, plasma Hcy
levels in excess of 100 umol/L are frequently
seen. In addition to an increased risk of arterial
and venous thromboembolic events, which is a
major cause of morbidity and mortality, classic
homocystinuria is also associated with ocular
defects, including ectopia lentis, myopia, glau-
coma, optic atrophy, and retinal detachment; a
Marfanoid habitus characterized by elongated
bones, genu valgum, pectus malformation,
scoliosis, and osteoporosis; and neurological

defects including intellectual disability, psychi-
atric disorders, and seizures [53, 54].

In contrast to severe hyperhomocysteinemia,
mild to moderate hyperhomocysteinemia
occurs more commonly, and is typically caused
by a nutritional deficiency of folate, vitamin
Bi,, or vitamin Bg in the setting of genetic
polymorphisms in MTHFR. Common polymor-
phisms in MTHEFR include C677T and A1298C,
which result in decreased enzyme activity and
increased thermolability [54]. Mild elevations of
serum Hcy (15-30 umol/L) or moderate eleva-
tions (30-100 pmol/L) are commonly seen.
Hyperhomocysteinemia related to MTHEFR
polymorphism presents with predominantly
neurologic symptoms, including psychomotor
retardation, abnormal gait, psychiatric distur-
bances, and seizures. Thromboembolic events
and ectopia lentis are also seen [53].

Hyperhomocysteinemia can also be acquired
as a side effect of medications, lifestyle, or
chronic disease (Table 1). Hyperhomocysteine-
mia may result from vitamin B¢ deficiency fol-
lowing isoniazid therapy. Folate and B,
deficiencies are seen in alcoholics and pregnant
women [53]. Drugs such as methotrexate,
theophylline, phenytoin, and cyclosporine are
also associated with acquired hyperhomocys-
teinemia. Finally, hyperhomocysteinemia is

Table 1 Etiologies of hyperhomocysteinemia

Mild to moderate Severe

hyperhomocsyteinemia hyperhomocsyteinemia

Genetic polymorphism of
MTHER (commonly C677T
and A1298C)

Classic homocystinuria

(CBS deficiency)

Medication side effects
(methotrexate, theophylline,
phenytoin, and cyclosporine)

Lifestyle (alcoholism,
pregnancy)

Chronic discases (end-stage
renal disease, severe hepatic

dysfunction, diabetes mellitus,

and hypothyroidism)

I\ Adis



4156

Adv Ther (2020) 37:4149-4164

associated with chronic diseases such as end-
stage renal disease, severe hepatic dysfunction,
diabetes mellitus, and hypothyroidism [53, 54].

The vascular endothelium plays an impor-
tant role in maintaining vascular homeostasis
by regulating vascular tone, inflammation, and
cell growth [58]. Endothelial dysfunction
caused by hyperhomocysteinemia can trigger
inflammation, apoptosis, and the subsequent
formation of atherosclerotic lesions [59]. Stud-
ies involving cell cultures and animal models
have shown that Hcy impairs the ability of
endothelial cells to produce nitric oxide and
prostacyclin, both  potent endogenous
vasodilators [60-62]. There is also evidence that
Hcy induces inflammation in endothelial cells,
resulting in increased activation of NF-xB and
subsequent release of inflammatory cytokines,
including interleukin-6, interleukin-8, and
tumor necrosis factor-a [63-66]. Additionally,
Hcy has been shown to induce apoptosis in
endothelial cells [58, 61]. A proposed mecha-
nism for Hcy-mediated damage to endothelium
and other vascular cells is via irreversible pro-
tein homocysteinylation. In the setting of ele-
vated Hcy, Hcy is incorporated into proteins,
affecting their biological activity [58, 67].

The medial layer of arteries comprises
smooth muscle cells interspersed with elastin
filaments, collagen, and proteoglycans. This
layer is responsible for the elastic properties of
the artery. Healthy vascular smooth muscle cells
are contractile and non-proliferative, allowing
for the elasticity and structural integrity of the
vascular media [58]. In cell and animal studies,
aortic smooth muscle cells exposed to Hcy
underwent proliferation and exhibited the for-
mation of fatty streaks [68-70], changes also
associated with atherosclerosis [58].

Finally, Hcy has been shown to induce
atherosclerotic changes in the outermost layer

of blood vessels, the adventitia [58]. In animal
studies, elevated Hcy levels caused inflamma-
tion in the adventitia [71] and increased depo-
sition of adventitial collagen [72]. The
pathophysiologic changes resulting from
hyperhomocysteinemia are illustrated in Fig. 2.

TREATMENT STUDIES WITH FOLIC
ACID SUPPLEMENTATION
IN DISEASE STATES

The effect of folate supplementation on lower-
ing serum Hcy levels in other disease states is
well established. For example, a 2019 study of
major depressive disorder found that L-methyl-
folate improved symptoms in treatment-resis-
tant major depressive disorder, in particular
patients with SSRI-resistant depression and
subgroups of patients with biomarkers of
inflammation, metabolic disorders, or folate
metabolism-related genetic polymorphisms
[73]. There is also evidence for its effectiveness
in treating rheumatoid arthritis [74]. In 1998,
the Homocysteine Lowering Trialists’ Collabo-
ration conducted a meta-analysis to assess the
effect of folate supplementation on serum Hcy
levels, both with and without the addition of
vitamins Bg and B;,. All published and unpub-
lished randomized trials were considered, and,
after applying exclusion criteria, the analysis
identified 12 suitable trials including 1114 sub-
jects in total. Subject demographics were
notable for a mean age of 52 years, with a range
of trial means from 23 to 75 years, and a mean
treatment duration of 6 weeks, with a range
from 3 to 12 weeks. Folate supplementation
resulted in a decrease in serum Hcy levels,
although this reduction was dependent on
pretreatment serum levels of Hcy and folate.
The highest proportional and absolute

Elevated Homocysteine — Decreased nitric oxide and prostacyclin ——» Impaired vasodilation

\—r Increased activation of NF-kB ——» Inflammatory cytokine release

Acceleration of atherosclerosis

Fig. 2 Pathophysiologic changes related to hyperhomocysteinemia
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reductions in serum Hcy occurred at higher
pretreatment serum Hcy levels (P < 0.001) and
at lower pretreatment serum folate concentra-
tions (P < 0.001). A proportional reduction of
serum Hcy of 16% was seen in subjects in the
bottom fifth of pretreatment serum Hcy levels,
while a reduction of 39% was seen in subjects in
the top fifth. Overall, folate supplementation
resulted in a 25% decrease in serum Hcy levels
(95% confidence interval 23-28%; P < 0.001).
Combined vitamin B;, supplementation pro-
duced a modest additional 7% reduction in
serum Hcy levels (95% confidence interval
3-10%), while combined vitamin Bg supple-
mentation did not have a significant additional
effect [75]. This effect of folate supplementation
on serum Hcy levels has been replicated in
subsequent studies [76]. Furthermore, a 2019
systematic review and dose-response meta-
analysis of prospective cohort studies investi-
gating the intake of vitamin B6, folate, and
vitamin B12 and the risk of coronary heart dis-
ease found that higher intake of folate and
vitamin B6 is associated with a lower risk of
coronary heart disease in the general popula-
tion [77]. Another 2019 prospective cohort
study investigating dietary vitamin B6 intake
found that a higher intake level of vitamin B6
was associated with a reduced cardiovascular
disease risk in Korean men [78]. These data are
supported in several other studies [79, 80].

Of note, a trial conducted in 2006 among
Indian soldiers working in a high-altitude
environment showed that daily supplementa-
tion with folate, vitamin Bs, and vitamin By,
reduced thrombotic events over a period of
2 years. Rapid ascent to high altitude is a risk
factor for thrombotic events, including cerebral
thrombosis. This study specifically looked at the
impact on homocysteine and other thrombotic
factors and vasodilators. The study participants
consisted of 12,000 soldiers entering a high-
altitude region in northern India at an altitude
of 3500 m above mean sea level for a period of
2 years. Participants were randomly assigned to
receive a supplement of 5 mg folic acid, 3 mg
vitamin Bg, and 1 mg vitamin B,, daily, or a
placebo. All cases of thrombotic events were
reported throughout the duration of the study.
At the conclusion of the study, 5 thrombotic

events occurred in the intervention group and
17 occurred in the control group (relative risk
0.29; 95% CI 0.11-0.80). The study concluded
that supplementation with folate, vitamin B,
and vitamin By, had a protective effect on
thrombotic events at high altitude [81].

Even though supplementation with dietary
folate decreases serum Hcy levels, no corre-
sponding mortality benefit has been shown.
Beginning in 2000, the Heart Outcomes
Prevention Evaluation 2 trial was conducted to
assess the effect of long-term supplementation
with folate, vitamin B¢, and vitamin B;, on the
risk of major cardiovascular events in patients
with vascular disease. The study included 5522
men and women age 55 or older with a history
of vascular disease, including coronary artery
disease, cerebrovascular disease, or peripheral
vascular disease, or a history of diabetes mellitus
and additional risk factors for atherosclerosis.
Patients were randomly assigned to receive a
supplement of 2.5 mg folic acid, 50 mg vitamin
Bg, and 1 mg vitamin B;, daily, or a placebo. All
study participants and investigators were blin-
ded. Serum levels of folate, vitamin Bg, vitamin
Bi,, and Hcy were measured at intervals
throughout the study, which had an average
length of 5years. At the conclusion of the
study, 519 patients (18.8%) of the active treat-
ment group had experienced a major cardio-
vascular event, defined as myocardial
infarction, stroke, or death related to cardio-
vascular causes, compared with 547 patients
(19.8%) in the placebo group (relative risk 0.95;
95% CI 0.84-1.07; P = 0.41). The risk of death
related to any cause was similar in the active
treatment group and the placebo group (relative
risk 0.99; 95% CI 0.88-1.13; P =0.94). The
study concluded that supplementation with
folate, vitamin Bg, and vitamin B;, had no
beneficial effects on major vascular events in
high-risk patients with a history of vascular
disease [82].

These conclusions have been supported by
subsequent investigations. The Study of the
Effectiveness of Additional Reductions in
Cholesterol and Homocysteine trial, a double-
blind randomized controlled trial of 12,064
patients with a history of myocardial infarction
conducted between 1998 and 2008, showed no
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benefit of folate and vitamin B, supplementa-
tion on major cardiovascular events [83]. A
meta-analysis published in 2011 investigating
16 trials and 44,841 patients came to similar
conclusions [84].

Several explanations have been proposed for
the lack of morbidity and mortality benefit
shown in most studies of folate supplementa-
tion. Despite promising mechanisms of Hcy-
mediated vascular damage [58], elevated Hcy
may simply be a marker of vascular disease, and
not a cause [82]. Alternatively, the potential
benefit of exogenous folate may be offset by a
direct toxic effect in the body, causing increased
inflammation and proliferation of existing
atherosclerotic lesions [58, 85]. Finally, vascular
damage may be mediated solely by intracellular
or tissue-bound Hcy, irrespective of changes in
serum Hcy levels [58]. It should also be consid-
ered that many patients with cardiovascular
disease have comorbidities (diabetes mellitus,

hypertension, sedentary lifestyle, etc.) which
may complicate the perceived effectiveness of
folate as a treatment for high levels of Hcy.
Furthermore, the progression of cardiovascular
disease and comorbidities in these patients
should also be considered, as folic acid alone, or
combined with vitamins B6 and B12, may not
be enough to essentially reverse long-standing,
established health issues in these patients.
Overall, high levels of Hcy in cardiovascular
disease patients is a simple blood test that does
have established, statistically significant bene-
fits; therefore, folic acid supplementation
should be considered in these patients, as it has
been shown to reduce Hcy levels and could help
improve their symptoms and potentially may
have significant long-term benefits. Table 2
summarizes clinical trials investigating the
associations between hyperhomocysteinemia
and cardiovascular health.

Table 2 Folate supplementation trials in hyperhomocysteinemia and cardiovascular health

Source Study type  No. of Mean age (years) Population Mean Benefit
pts homocysteine
(nmol/L)

Clarke et al. Meta-analysis 1114 52 Varied 12 Yes
(1998) [6]

Kotwal et al. Randomized 12,000 Not reported Indian Soldiers at high 8.2 Yes
(2015) controlled altitudes
[81] trial

Lonn et al.  Randomized 5,522 68.85 Vascular disease (coronary, 12.2 No
(2006) controlled cerebrovascular, peripheral
[82] trial vascular)

Armitage Randomized 12,064 64 Previous MI 13 No
et al. controlled
(2010) trial
(83]

Zhou et al.  Meta-analysis 44,841 Varied by trial. Means Cardiovascular events Did not study No
(2011) ranged from
[84] 48.5-65.8
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CONCLUSIONS

Hcy has widely been accepted as an indepen-
dent risk for cardiovascular disease. This has
been demonstrated in multiple studies. Given
that hyperhomocysteinemia was reported to be
found in greater than 60% of patients with
vascular disease, there needs to be further
research on treatment and management of
homocystinemia [86]. One such option is folic
acid supplementation. Having shown promis-
ing results with reductions of blood levels of
Hcy, the results were greatest among patients
with high blood Hcy levels or lower blood folate
levels prior to treatment [6]. Although low-dose
folic acid has been shown to improve vascular
function by increasing bioavailability of BH4
and enhancing eNOS coupling, its effect in
reducing adverse cardiovascular events in
patients undergoing CABG has not yet yielded
promising results [9, 10]. Further studies must
be conducted in this regard to better ascertain
best practice strategies in different pathological
states.

Understanding the biosynthesis of Hcy and
folic acid is tantamount towards treating
hyperhomocysteinemia. Although it has been
identified that deficiencies in folic acid, B12,
and B6 cause elevations in Hcy, folic acid
treatment has shown to significantly reduce
Hcy compared to its B vitamin counterparts
[8, 67]. Furthermore, H,S, a byproduct of Hcy
metabolism, has been shown to antagonize
Hcy’s effects and is vascular protective [8].
Knowing this, the study of H,S is medically
relevant and should be further investigated.

Folic acid supplementation of 0.5-5.0 mg
can lower Hcy levels by 25% and therefore may
decrease the risk of cardiovascular disease [7].
Prior meta-analysis of observational studies
have suggested that lowering Hcy to 3-4 pmol/1
corresponds to about 30-40% less vascular dis-
ease [6]. Given that folic acid is cheap and
effective, this should be a viable option for
patients with high risk for cardiovascular
adverse events. Although there is still ongoing
research on folic acid (and other B vitamins)
and homocystinemia, the present review pro-
vides a strong basic science rationale to

advocate for the identification/screening of all
patients with elevated levels of Hcy and the
therapeutic delivery of folic acid supplementa-
tion as a strategy, in part, to reduce vascular
pathogenesis and other deleterious sequalae
from numerous disease states.

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.
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