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Abstract

Although hyperhomocysteinemia (HHcy) is an independent risk factor for cardiovascular diseases
(CVD), there is a debate on whether HHcy is a risk factor or just a biomarker. Interestingly,
homocysteine lowering strategies in humans had very little effect on reducing the cardiovascular
risk, as compared with animals; this may suggest heterogeneity in human population and
epigenetic alterations. Moreover, there are only few studies that suggest the idea that HHcy
contributes to CVD in the presence of other risk factors such as inflammation, a known risk factor
for CVD. Elevated levels of homocysteine have been shown to contribute to inflammation. Here,
we highlight possible relationships between homocysteine, T cell immunity, and hypertension, and
summarize the evidence that suggested these factors act together in increasing the risk for CVD. In
light of this new evidence, we further propose that there is a need for evaluation of the causes of
HHcy, defective remethylation or defective transsulfuration, which may differentially modulate
hypertension progression, not just the homocysteine levels.
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Introduction

Hyperhomocysteinemia (HHcy) is a clinical condition characterized by elevated plasma
homocysteine levels above the normal range (5-15 pmol/L). It can be further classified into
moderate and severe HHcy where the plasma homocysteine levels range between 16 and 100
pumol/L and more than 100 pmol/L, respectively (Dinavahi and Falkner 2004). Moderate
elevation in plasma homocysteine levels is often caused by excess methionine intake or
vitamin B deficiency or polymorphisms in the genes regulating methionine metabolism
(Brattstrom et al. 1998; Davis et al. 2005). On the other hand, severe HHcy is often caused
by deficiencies in the enzymes metabolizing homocysteine through demethylation and
transsulfuration pathways or impaired excretion of homocysteine through kidneys (Friedman
et al. 2001; Malinowska and Chmurzynska 2009; Selhub 1999). For instance, rare genetic
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mutations in the cystathionine-p-synthase (CBS) gene cause plasma homocysteine levels to
reach as high as 200 umol/L (Kruger et al. 2003) and these mutations are associated with
several abnormalities including atherosclerosis, coronary artery diseases, venous thrombosis,
birth defects, osteoporosis, and liver complications (Cattaneo 1997; Selhub 1999). Positive
correlation between HHcy and cardiovascular diseases led to the postulation that
homocysteine is an independent risk factor for cardiovascular diseases (McCully 2005).
However, most if not all therapeutic strategies aimed at decreasing homocysteine levels had
very little effect on reducing the cardiovascular risk (Cattaneo 2001; Dinavahi and Falkner
2004). Elevated oxidative stress has been shown as a key mechanism underlying the various
cardiovascular pathologies including those associated with HHcy; hence, it is assumed that
antioxidants could be a cure for the cardiovascular pathologies. Interestingly, antioxidant
therapy in the cardiovascular patients itself yielded unconvincing or paradoxical results
(Katsiki and Manes 2009; Steinhubl 2008). These findings not only revealed the complexity
of cardiovascular etiology, but also indicated various confounding predisposing factors such
as genetic differences, environment, and interactions between genetics and environment,
which could be behind the failure of HHcy correction strategies. Altogether, the above
findings have raised debate on homocysteine theory and given birth to an alternative
hypothesis suggesting that homocysteine can be a risk factor in the presence of other
cardiovascular disease risk factors and may cause increased cardiovascular damage in
certain genetic backgrounds after a certain age and with certain habits. Supporting this
notion, studies have found a positive correlation between HHcy and other known
cardiovascular risk factors such as inflammation (EI Oudi et al. 2011; Lazzerini et al. 2007)
and hypertension (Arroliga et al. 2003; Dinavahi and Falkner 2004; Sabio et al. 2014;
Sutton-Tyrrell et al. 1997), suggesting the possibility that these 3 cardiovascular risk factors
may together contribute to cardiovascular disease pathology. In this review, we aimed to
better understand the relationship between HHcy, hypertension, and inflammation, and
proposed therapeutic approaches that target these pathways together may be beneficial in
reducing the cardiovascular disease risk.

Homocysteine metabolism

Homocysteine is a sulfhydryl containing non-protein coding amino acid formed mainly as a
byproduct in the methionine metabolism (Selhub 1999). In this pathway, methionine donates
its methyl group in a multi-step methyl transfer reaction and forms a stable intermediate
product, S-adenosylhomocysteine (SAH), which further undergoes hydrolysis to yield
homocysteine. The resulting homocysteine, at this juncture, has multiple fates (Fig. 1): (1)
clearance by liver and kidneys for excretion (Friedman et al. 2001); (2) conversion back into
methionine by accepting a methyl group from betaine or methyl tetrahydrofolate, although
the reaction is biased towards homocysteine; or (3) entry into an irreversible transsulfuration
pathway with serine to form cystathionine, which further gets converted to cysteine and a-
ketobutyrate. The cysteine thus formed in the latter case can feed into pathways generating
important gasotransmitter H,S and antioxidant glutathione (GSH) (Sen et al. 2014).
Numerous studies have shown that disruptions in the pathways synthesizing or clearing
homocysteine can contribute to HHcy.
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Homocysteine and hypertension

Hypertension refers to a systemic increase in resistance to the arterial blood flow
culminating in increased arterial blood pressure, which is a well-known risk factor for
cardiovascular diseases. Current estimates predict nearly a billion people worldwide are at
the risk of developing hypertension or have been diagnosed with hypertension. The etiology
of hypertension is still not well defined and is a major topic of investigation, although it is
accepted that the disease is multifactorial in nature and any factor that can alter the vascular
properties and (or) osmotic regulation and hemodynamics can contribute to hypertension
(Trott et al. 2014). HHcy is one such factor that has gained significant importance due to its
ability to affect vascular endothelial cells and smooth muscle cells that maintain the integrity
of the blood vessel as well as renal function (Li et al. 2002; Narayanan et al. 2014; Sen et al.
2009). Numerous studies have clearly demonstrated a strong correlation between HHcy and
hypertension (Lip et al. 2001; Nygard et al. 1995; Sutton-Tyrrell et al. 1997). It has been
estimated that roughly half of the systolic hypertensive individuals have HHcy values above
11 umol/L (Sutton-Tyrrell et al. 1997). Other studies also identified positive correlation
between HHcy and hypertension, especially in males (e.g., Nygard et al. 1995). However,
the later longitudinal prospective cohort studies that examined the causal role of HHcy in the
development of hypertension revealed that the risk of hypertension development did not vary
much between high HHcy and low HHcy groups (e.g., Sundstrom et al. 2003). Other similar
studies have also found non significant increase in the risk of hypertension with higher
HHcy concentrations (Bowman et al. 2006; Wang et al. 2014). Although the cause and effect
relationship between homocysteine and hypertension is still in its infancy, existing evidence
points out several possible underlying mechanisms including: (1) loss of blood vessel
vasorelaxation due to homocysteine induced cytotoxic effects on smooth muscle cells and
endothelial cells (Blundell et al. 1996), which are crucial to maintain vascular contractility;
(2) impaired endothelial cell mediated nitric oxide production (Jiang et al. 2005; Stuhlinger
et al. 2001; Yang et al. 2013) that plays a critical role in vasorelaxation; (3) homocysteine
induced alterations in the elastin/collagen ratio (Crile 1978; Steed and Tyagi 2011), which
can compromise vascular elasticity or responsiveness. More recently, inflammation, in
particular altered T cell immune responses, has been implicated in the pathology of
hypertension (Harrison et al. 2011; Trott and Harrison 2014; Wenzel et al. 2016). Because
homocysteine can also alter both inflammation and T cell immune response, it is possible
that homocysteine may contribute to the hypertension through modulating immune response.

Homocysteine-mediated regulation of inflammation

Numerous studies have demonstrated a positive correlation between HHcy and increased
inflammatory markers in various disease conditions (EI Oudi et al. 2011; Lazzerini et al.
2006; Oudi et al. 2010; Zhu et al. 2015). In addition, these studies also prompted new
investigations mainly focusing on understanding the underlying mechanisms for
homocysteine regulation of inflammation. In vitro studies have implicated the existence of
multiple mechanisms through which homocysteine can modulate inflammatory responses.
For instance, homocysteine can induce inflammatory cytokine or chemokine production in
monocyte and endothelial cultures (Meng et al. 2013; Poddar et al. 2001; Postea et al. 2008;
Wang and O 2001). In these studies, homocysteine seems to mediate its effects indirectly
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through reactive oxygen species generation (ROS) and (or) PPAR-y activation, both of
which are known modulators of inflammation. In addition to these indirect mechanisms,
homocysteine can also activate NFxB transcription factor (Wang et al. 2000), which is
known to drive inflammatory gene expression in immune cells. It should be noted that, while
these studies shed light on the potential pathways that can be targeted by HHcy, it remains to
be tested whether all these pathways play a major role in driving inflammation in vivo.
Indeed, there is some progress in animal models of inflammation with regard to the role of
HHcy in causation of inflammation (Flannigan et al. 2014; Zhu et al. 2015). For instance,
HHcy was shown to aggravate the colon inflammation through the enhancement in the IL-17
cytokine levels, which was also observed during hypertension with abnormally activated T
cell presence (Kirabo et al. 2014; Zhu et al. 2015). Nonetheless, it remains to be seen
whether such HHcy-induced inflammatory changes also contribute to the development of
hypertension.

Metabolic requirements of activated T cell proliferation and putative

regulation by homocysteine levels in causation of hypertension

Proper activation and function of T cells are crucial for the body’s ability to fight infections
without causing significant damage to the host tissue. One of the hallmarks of T cell immune
response is the activation of a rare population of antigen specific T cells and their massive
expansion and differentiation to produce effector cells and memory cells that can clear the
pathogen and establish long-term protection against re-infections (Kaech et al. 2002).
Although antigen recognition is sufficient to initiate T cell receptor signaling on T cells, the
fate of antigen-stimulated T cells is dictated by a complex network of co-stimulatory, co-
inhibitory, and cytokine signals that precisely direct the T cell function, which is meant to
protect the host (Grossman et al. 2004; Smith-Garvin et al. 2009). Studies have shown that
these complex signaling pathways are highly sensitive to additional signals in the
microenvironment including metabolites, cell stressors, and ROS, etc.

The metabolic requirements of T cells are dynamic and change dramatically with the
activation, where the biosynthetic pathways are biased over ATP generating pathways that
dominate in naive T cells. Transport of certain amino acids is also significantly upregulated
in T cells following activation (Garg et al. 2011) to meet the biosynthetic demand. Hence,
activation of T cells is highly susceptible to micro-nutrient/metabolite availability in the T
cell microenvironment. For instance, limiting tryptophan during T cell activation
significantly affects the T cell proliferation following activation (Gmunder et al. 1991). T
cells are one of the few cells that exhibit dependency on cysteine supply for their metabolic
needs. Naive T cells have relatively low intracellular cysteine mainly due to the lack of
cystine transporters to bring external cysteine and due to the lack of efficient endogenous
transsulfuration pathways to produce cysteine; thus making cysteine a limiting factor during
T cell activation. It has been shown that antigen presenting cells fulfill the cysteine
requirements of T cells during activation (Garg et al. 2011). However, following stimulation,
T cells overcome the cysteine dependency through upregulation of cystine transporters and
the components of transsulfuration pathway. The main requirement of cysteine for T cells is
to make glutathione, which has been shown to be essential for optimal T cell expansion
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following stimulation (Garg et al. 2011). In addition, numerous studies have shown that
glutathione plays an important role in modulating T cell proliferation following activation
(Fidelus et al. 1987; Hadzic et al. 2005). Glutathione is a tripeptide, which plays an
important role in protecting cells from oxidative damage caused by the hydroperoxides
produced during redox reactions. Under physiological conditions, a majority of the
glutathione in the cells exists as reduced form, which rapidly gets utilized by enzymatic
redox reactions, thus leading to the formation of oxidized glutathione (GSSG). This oxidized
form glutathione can be reduced back to GSH through NAPDH-mediated pathways that
resupply the cells with GSH to maintain the redox balance. Alternatively, cells can de novo
synthesize GSH through enzymatic reactions utilizing glycine, cysteine, and glutamate. It is
counterintuitive in the sense that during T cell activation, there is an upregulation of xc—
cystine transporter (imports one cystine for every one glutamate export) to bring cystine into
the cells at the expense of glutamate, which is equally necessary for the synthesis of GSH
along with cysteine and glycine. It is possible that availability of cysteine rather than
glutamate is the rate limiting step in the synthesis of GSH especially in T cells (Garg et al.
2011; Srivastava et al. 2010). Though not yet clear, the apparent lack of glutamate
dependency for GSH synthesis could be because glutamate is present at much higher levels
intracellularly in T cells or there are other transporters, which might compensate for
glutamate exit through xc—cystine transporter.

Although homocysteine has been implicated in inflammatory responses, involvement of
homocysteine on modulating T cell immune response is still emerging. However, based on
the metabolic requirements of T cells, it may not be surprising that homocysteine can also
influence T cell immune responses and, hence, may contribute to T cell mediated
hypertension development. Consistent with this idea, Zhang et al. (2002) saw that
homocysteine indeed increased the expansion of lectin stimulated T cells and increased their
ability to produce IFN-vy. In addition, other studies have shown that homocysteine can
increase (1) T cell adhesion on endothelial cells (Koga et al. 2002); (2) alter co-stimulatory
signals on T cells (Ma et al. 2013); and (3) affect total lymphocyte counts in the circulation
(Fefelova et al. 2015). One of the major factors driving the T cell proliferation following
activation is the availability of IL-2 that is produced by activated T cells themselves. The
Zhang et al. (2002) study, which tested the homocysteine’s ability to drive IL-2 production
by the T cells, showed no significant difference, suggesting homocysteine may act through
IL-2 independent mechanisms.

Potential mechanisms underlying homocysteine-mediated proliferative effects on activated T
cells may involve cysteine import and de novo cysteine synthesis. Interestingly,
homocysteine and homocystine also use the cysteine (ASC transporter: alanine-serine—
cysteine transporter) and cystine (Xc—cystine transporter) transporters, respectively, to gain
entry into the endothelial cells (Budy et al. 2006), which may be the case in the T cells as
well (Fig. 2), as these cells also express these transporters (Garg et al. 2011). Hence, it is
possible that HHcy may competitively block cysteine/cystine import in a concentration
dependent manner. Once inside the cell, homocysteine may either stimulate or inhibit
cysteine synthesis based on the presence of intact or deficient CBS/cystathionine y-lyase
(CSE) enzyme function, respectively. Hence, whether HHcy is stimulatory or inhibitory to
the activated T-cell proliferation and development of hypertension may depend on the
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presence of intact CBS/CSE enzyme function, which is necessary for conversion of
homocysteine through the transsulfuration pathway to produce cysteine and H»S (Figs. 1 and
2). Suppression of these enzymes (CBS/CSE) not only inhibits cystine entry through xc—
cystine transporter by creating HHcy and inhibiting cystine entry into the cells (competitive
inhibition), but also compromises de novo cysteine synthesis through the transsulfuration
pathway, thereby inhibiting activated T cell proliferation and prevention of hypertension
development. In naive T cells, HHcy resulting from mutations in CBS/CSE enzymes may
enhance oxidative stress susceptibility, by inhibiting de novo cysteine synthesis and cystine/
cysteine import. However, with the intact CBS/CSE enzyme function, HHcy resulting from
the deficiencies in remethylation pathway (Veeranki and Tyagi 2013) may actually promote
activated T cell proliferation by stimulating transsulfuration pathway, which may be the case
in the previous study (Zhang et al. 2002). This possible duality of HHcy, suppression or
activation of T cell proliferation depending on the intact CBS/CSE enzyme function, could
be the main reason behind the observed discrepancies with the HHcy mediated hypertension
development. Further support for such a hypothesis comes from the fact that production of
H»S, which also stimulates T cell proliferation (please see below), is potentially limited only
in HHcy resulting from inhibition of CBS/CSE function but not in HHcy resulting from the
other causes. Moreover, the type of vitamin B deficiency also influences which of the 2
pathways, the transsulfuration pathway or the remethylation pathway, that clear HHcy are
compromised (Veeranki and Tyagi 2013). Though B6, B9, and B12 deficiencies can all
produce HHcy, only the B6 deficiency can limit the transsulfuration pathway resulting in
cysteine and H,S production suppression; the B9 and B12 deficiency limits remethylation
pathway, possibly without decline in cysteine and H,S production. In light of the new
evidence that underscored T cell dependent regulation of hypertension and HHcy mediated
T cell proliferation and possible duality of HHcy in T cell expansion (as proposed above),
careful assessment of underlying HHcy causes (which pathway affected: transsulfuration or
remethylation) not just homocysteine levels in patients progressing into the hypertension
state may solve the conundrum of HHcy-mediated hypertension: a bystander or the cause.
Future studies are necessary to test these possibilities.

H,S, a byproduct of transsulfuration pathway, also stimulates T cell

proliferation

H,S, an important gasotransmitter, has been long known for its cytotoxicity at higher
concentrations. However, at low concentrations, it is an important signaling molecule that is
crucial in several physiological functions such as vasodilation, reducing oxidative stress,
neuromodulation, angiogenesis, and inflammation (Chen et al. 2007). In addition, more
recent studies have shown that H,S also plays an important role in modulating T cell
immune responses, by demonstrating H,S ability in enhancing T cell proliferation (Kaur et
al. 2015; Miller et al. 2012). Because homocysteine can be readily catabolized to L-cysteine
endogenously through the transsulfuration pathway and produces H,S as a byproduct, it is
very likely that homocysteine can modulate T cell proliferation by targeting availability of
cysteine and HS (Fig. 2).
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T cell immunity in causation of hypertension and possible interactions with

HHcy

T lymphocytes are essential for the development of adaptive immune responses that provide
long-term memory to the host against infections (Park and Kupper 2015). Abnormalities in
T cell activation and function not only limit the body’s ability to fight infections but, under
certain conditions, leads to inflammation, autoimmunity, and cancer (Dejaco et al. 2006;
Gajewski et al. 2013; Harrison et al. 2011). Furthermore, more recent studies have shown
that T cells also play an important role in driving the pathology of metabolic disorders
including atherosclerosis, hypertension, and obesity (Bordon 2011; Tse et al. 2013). In
particular, the T cell’s role in contributing to the pathology of hypertension is intriguing.
Although early studies have hinted at the involvement of lymphocytes in hypertension (e.g.,
Okuda and Grollman 1967), the importance of T cells in hypertension was brought back to
light by studies from Guzik et al. (2007), who clearly demonstrated, using lymphocyte-
deficient mice and T cell adoptive transfer assay, that T cells can increase the blood pressure.
This has led to a series of new studies by others as well, who focused on further
understanding the mechanisms, resulting in further characterization of T cell mechanisms
involved in hypertension (Abais-Battad et al. 2015; Harrison et al. 2011; Singh et al. 2014;
Trott and Harrison 2014). While the detailed underlying mechanisms are still elusive and
several interesting hypotheses are currently being tested, it is clear that strategies that may
prevent inadvertent activation of T cells are beneficial in treating hypertension.

As dendritic cells (DCs) and macrophages (antigen presenting cells, APC) play a crucial role
in T cell activation, studies have also examined the role of these immune cells in causation
of hypertension via T cells activation and consequent hypertensive cytokine secretion. It was
shown that accumulation of isoketal modified proteins, signature of oxidative damage, in the
DCs can cause inadvertent T cell activation and proliferation thereby leading to secretion of
IFN-y and IL-17A cytokines and concomitant development of hypertension (Kirabo et al.
2014). Although adaptive transfer of DCs after oxidative damage is sufficient enough to
activate T cells and cause hypertension in the receiving mice, the inducers of oxidative
damage in the DCs that lead to hypertension needs further elaboration. Apart from
angiotensin Il (Ang I1; Kirabo et al. 2014), another potential inducer of DCs oxidative
damage is HHcy. Though the direct evidence for oxidative damage in DCs by HHcy is yet to
be produced, given its role in induction of oxidative stress in macrophages, T cells, and
endothelial cells (Chernyavskiy et al. 2016; Winchester et al. 2015; Zhang et al. 2002), such
a role for HHcy in the context of hypertension is a possibility. It was recently noted that
macrophage polarization can also influence the T cell polarization (Arnold et al. 2015). For
instance, M1 polarization with lipopolysaccharide (LPS) in the presence or absence of IFNy
can substantially determine the T helper cell polarization to Thl or Th17, respectively
(Arnold et al. 2015). Such differential T helper cell polarization assumes utmost significance
in hypertension development with the studies that implicated IL-17 producing Th17 cells in
hypertension development (Harrison 2014; Madhur et al. 2010). Given that HHcy can induce
M1 polarization in the presence of LPS (Chernyavskiy et al. 2016) and also enhances IFN-y
secretion by T cells after activation (Zhang et al. 2002), it is interesting to study whether
HHcy’s presence affects the course of hypertension development. In addition, as antigen
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presenting cells fulfill the cysteine requirements of T cells during activation (Garg et al.
2011), it is plausible that HHcy may effectively influence cysteine supply by these APCs,
thereby also affecting T cell activation (Fig. 2).

Apart from oxidative damage, phagocytic cell (dendritic cells and macrophages) infiltration
into hypertensive target organs such as kidney, brain, and vasculature, which when damaged
contributes to hypertension; have also been demonstrated as a potential mechanism for
inflammation-induced hypertension (Gooch and Sharma 2014; Harrison 2014; Hilgers 2002;
Singh et al. 2014; Trott and Harrison 2014). Both direct modifications in the phagocytic
cells as well as changes in the endothelial cells together contribute to the enhanced
infiltration of phagocytic cells (Nguyen et al. 2007). Interestingly, T cell infiltration was also
observed along with phagocytic cell infiltration in the target organs and mice lacking
lymphocytes exhibited attenuated hypertensive responses. These observations are consistent
with a model where the inducers of hypertension (such as Ang Il and possibly HHcy) cause
initial assault and (or) alterations in the phagocytic cells and target organs leading to
phagocytic cell localization in the target organs; and subsequent secretion of
chemoattractants which not only calls for further infiltration but also facilitates T cell
invasion, interaction with phagocytic cells (activation), proliferation and secretion of
hypertensive cytokines leading to hypertension. Consistent with this model, HHcy was
demonstrated to enhance adhesion of both monocytes and T cells to the aortic endothelium
(Koga et al. 2002), which may facilitate T cell activation and proliferation contributing to
hypertension development. Further studies are necessary to clarify such a possibility (Fig. 3).

In the recent past, there has been progress in identification of lymphocyte-mediated
hypertensive end-organ damage. It was observed that lymphocyte deficiency, which
enhances natriuresis, is renoprotective in a model of Ang Il induced hypertension (Crowley
et al. 2010). Studies that focused on identification of a specific type of lymphocyte
associated with hypertension development found that T cells can regulate hypertension
development. Further, it was also observed that different T cell subtypes could have opposite
roles in causation and (or) prevention of hypertension and associated end-organ damage. The
T cells can be subdivided into 3 major subtypes: cytotoxic (CD8"), helper (CD4*), and
regulatory (Treg) cells. It was observed that adaptive transfer of Treg cells (CD4*CD25%) but
not T helper cells (CD4*CD25") protected Ang Il induced vascular damage such as vascular
stiffness, impaired vascular responses, and inflammatory cell infiltration (Barhoumi et al.
2011). The causal role for T cells in hypertension was recently established by the studies
that used mice lacking specific T cell subtypes (e.g., Trott et al. 2014). It was noted that
oligoclonal cytotoxic T cells (CD8") but not T helper cells (CD4") mediate sodium retention
and renal vascular damage, thereby promoting Ang Il induced hypertension (Trott et al.
2014). These studies have identified T cell polarization as critical for hypertension
development. For instance, lack of proper Treg cell response or heightened cytotoxic T cell
response is detrimental and leads to hypertension. The factors that cause skewness in the T
cell subtypes during hypertension development and whether HHcy is one among them need
further investigation.

More recently, T cell mediated cytokine release has been implicated in the pathology of
hypertension (Harrison et al. 2011; Trott and Harrison 2014; Wenzel et al. 2016). Especially
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the T helper cell subtype, Ty17 cells, which produce IL-17 when activated, have been
implicated in hypertension. While overexpression of IL-17 cytokine resulted in elevation of
hypertension (Karbach et al. 2014), its neutralization through a specific antibody was
ineffective in controlling blood pressure (Marko et al. 2012), suggesting a complex web of
time- and dose-dependent events and a need for more studies for further clarification.
Interestingly, the T17 helper cell subtype is also responsible for cell-mediated auto-
immunity, further suggesting a role for chronic tissue injury induced autoimmunity in
causation of hypertension. Further support for this hypothesis comes from the studies that
showed the involvement of Treg cells, which downregulate autoimmune responses, in
controlling blood pressure and (or) in amelioration of hypertension-induced injury (Harrison
et al. 2011). Because homocysteine can also alter both inflammation and T cell immune
response, it is possible that homocysteine may contribute to the hypertension through
modulating immune responses (Fig. 3). For instance, homocysteine was shown to enhance
Con A induced T cell proliferation by elevating ROS through thiolmediated auto-oxidation
(Zhang et al. 2002). However, it is unknown whether there is any differential response
among different T cell subsets to homocysteine inflicted proliferation enhancement in
different models of hypertension. A possibility for such differential T cell proliferation
enhancement comes from the studies that demonstrated enhancement in IL-17 production (a
characteristic feature with Ty17 cell proliferation) concurrent with Treg cell suppression
(also reduces IL-10 secretion) in a HHcy model of atherogenesis (e.g., Feng et al. 2009).
How HHcy might lead to differential activation of different T cell subsets is currently
unknown. It is plausible that modulation of ROS levels might play a critical role, as it has
been proposed that different levels of ROS regulate T cell proliferation differently and the
ROS excess leads to T cell apoptosis (Kesarwani et al. 2013). Remarkably, ROS have also
been implicated in development of hypertension through chronic injury in the central
nervous system (CNS) and renal and vascular systems (Wenzel et al. 2016). It is possible
that the oxidative stress inflicted damage further leads to immune cell infiltration and
inflammatory reaction. From that point onward, whether the inflammation is resolved or not
resolved perhaps determines the outcome, i.e., hypertension (Fig. 3).

While there is convincing evidence pointing towards the involvement of T cell immunity in
hypertension, the underlying mechanisms for T cell activation, factors that cause selective
proliferation of certain T cell subtypes, and the nature of hypertensive cytokine profile are
still not clear. Under normal physiological conditions, inadvertent activation of T cells is
prevented by several regulatory mechanisms that are in place to prevent potential
autoimmunity. It is also known that T cell immune responses are sensitive to external factors
such as oxidative stress, inflammatory cytokine, and cellular metabolites, which can alter the
T cell activation and may contribute to the development of immune disorders. While it is
still not clear, it is plausible that hypertension may also involve similar mechanisms. We
propose that elevated homocysteine levels may contribute to altered T cell immune
responses and can contribute to the pathology of hypertension. In this regard, it is imperative
to carefully assess the causes of HHcy, which of the 2 pathways that clear homocysteine
(remethylation or transsulfuration) is defective, to better understand the HHcy-mediated
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hypertension development, not just the homocysteine levels. It is plausible that these
pathways that clear HHcy may differentially regulate T cell proliferation when affected.
Further studies testing these possibilities will be useful in better understanding the relation
between cardiovascular risk factors, homocysteine, immune response, and hypertension.
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Homocysteine metabolism
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Fig. 1.
Major steps in homocysteine metabolism. Schematic representation of key steps in

homocysteine metabolism. CBS, cystathionine p-synthase; CSE, cystathionine -y-lyase;
CHs. THF, 5-methyl tetrahydrofolate; DMG, dimethylglycine; THF,
methenyltetrahydrofolate; B4y, vitamin B12; Bg, vitamin B6.

Can J Physiol Pharmacol. Author manuscript; available in PMC 2017 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Veeranki et al.

Page 16
T cell activation
Extracellular
Methionine (MET)
]
]
co
L)
5 [_J
(LY = L_J
S5 Lol
k= §§ 09| o
T 9= °
§ 2 § ° Cell cycle genes
3 IL-2
w
Fig. 2.

Homocysteine mediated modulation of T cell immune response. Under physiological
conditions, antigen stimulation of T cell receptor (TCR), engagement of cluster of
differentiation 28 (CD28) by co-stimulatory molecules on antigen presenting cells provide
the necessary signals for full activation of T cells that enter into the cell cycle. IL-2 produced
by the activated T cells in autocrine fashion further influence the extent to which T cells
divide. Interestingly, hyperhomocysteinemia, although it enhances the proliferation of
activated T cells, does not augment IL-2 secretion by the T cells. Activation of T cells also
upregulates important enzymes, cystathionine p-synthase (CBS), cystathionine y-lyase
(CSE), in the methionine (MET) cycle. Under these conditions, we propose extracellular
MET or homocysteine (HCY) can feed into MET metabolism in T cells and result in the
production of L-cysteine (CyS) intracellularly. Intracellular cysteine thus formed feeds in to
the pathways generating H»S and glutathione (GSH), which enhances the T cell expansion.
ASC, alanine-serine-cysteine; CD25, cluster of differentiation 25; GSSG, oxidized
glutathione. [Color online.]
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Fig. 3.

T cell immunity in hyperhomocysteinemia (HHcy)-mediated hypertension. The hypothesis
is that HHcy-mediated oxidative damage in end organs (kidney, brain, and vasculature),
APC (antigen presenting cells), and T cells leads to their accumulation in the end organs.
Such accumulation facilitates T cell activation through interactions with APC. HHcy can
promote activated T cell proliferation, which may lead to skewed T cell subpopulations and
heightened inflammation. These events further cause exacerbation of end-organ damage and

hypertension.
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