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ABSTRACT 

 
In this mini review we discuss the importance of various oxidative stress promoting agents like oxidized-
LDL, iron homeostasis, hyperhomocysteinemia, diabetes and inflammation in inducing endothelial 
dysfunction leading to the cardiovascular abnormalities. It is now clear that nitric oxide plays a significant 
role in vascular protection through its radical scavenging abilities and also via inducing intracellular 
signaling cascades mediated by cGMP/cAMP pathways. The NO/cGMP/cAMP signaling pathway mitigates 
transferrin-iron-mediated oxidative stress and apoptosis in endothelial cells through induction of 
immunoproteasomes resulting in increased proteolysis. Herein, we also comment up on the usefulness of 
mitochondria-targeted therapies in maintaining endothelial functions and also utilizing certain caloric 
restriction mimics to prevent age-associated vascular disorders. 
 

_____________________________________________________ 
 

[I] INTRODUCTION 
 
Endothelial dysfunction is known to be one of the primary 

causes of the diseases of the vascular system and oxidative 

stress seems to be the common denominator in mediating this 

process. Only recently it has been recognized that reactive 

oxygen species (ROS; e.g., H2O2, hydroxyl radical, superoxide 

anion, peroxynitrite, lipid peroxyl radical etc.) are widely 

employed second messengers which are involved in cell death, 

proinflammatory, growth stimulatory and several other signals 

altering the physiological state of the cell.  Endothelial 

dysfunction may arise due to many factors like smoking, vessel 

injury and collagen exposure, metabolite deposition in the 

vessel wall (increase in lipid, cholesterol), or change in vascular 

reactivity due to change in the rate or force with which blood 

flows [1]. Macrophages also undergo apoptosis inside the 

endothelium, leading to their phagocytic clearance [2]. Necrotic 

death of macrophages and vascular smooth muscle (VSM) cells, 

leads to accumulation of insoluble lipids and other cellular 

contents, a characteristic of advanced lesions [2]. ROS 

generation causes apoptosis via caspase induction and collagen 

matrix degradation by activating MMPs, factors implicated in 

plaque instability [3, 4]. As a result of increased oxidative and 

nitrasative stress, vascular cells tend to cope with the 

accumulation of oxidized, nitrated, and nitrasated proteins 

through altered proteolysis [5]. In this article, we present an 

overview of the interrelationship between oxidative stress, 

inflammation, iron homeostasis, and nitric oxide-mediated 

antioxidative and signaling mechanisms in mediating vascular 

injury. Also we discuss the recent discoveries on the possible 

usefulness of mitochondria-targeted therapies and caloric 

restriction mimics in restricting endothelial dysfunction and 

vascular senescence. 

 

1.1. LDL and peroxide-induced endothelial 
dysfunction and the role of nitric oxide 
 

It is well established that nitric oxide (NO) protects vascular cell 

abnormalities through its pleiotropic effects. The endothelium-

derived relaxing factor (VDRF) discovered in the mid-1980s 

was soon then identified as NO and shown to possess potent 

anti-atherosclerotic properties. NO released from endothelial 

cells works in concert with prostacyclin to inhibit platelet 

aggregation, the attachment of monocytes to endothelial cells, 

and the expression of adhesion molecules [6]. Further it inhibits 

smooth muscle cell proliferation, a hall mark of atherosclerotic 

disease progression. Thus the process of atherosclerosis is 

instigated under all conditions in which an absolute or relative 

NO levels are depleted because of its insufficient production or 

it is rapidly scavenged. 

 

Ample evidence supports the belief that oxidatively modified 

low-density lipoprotein (ox-LDL) plays a dominant role in the 

onset of atherogenic processes. Endothelial injury is considered 

to be one of the earliest atherogenic events [7, 8]. The cytotoxic 

effects of ox-LDL are well established [7-9]. Endothelial injury 

plays a prominent role in the increased adherence of monocytes 

and their migration into the subendothelial space of blood 
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vessels [10]. The adhesion of monocytes to the endothelium is a 

key atherogenic process [11, 12]. Recently it has been shown 

that the activation of the cellular suicide pathway of the 

endothelial cell may be crucial to the development of 

atherosclerosis [13, 14]. Although the exact mechanism of ox-

LDL-induced apoptosis in endothelial cells remains unknown, 

published reports suggest a role for free radical intermediates 

[15, 16]. It has also been reported that the up-regulation of 

endothelial nitric-oxide synthase (eNOS) and copper-zinc 

superoxide dismutase and/or manganese superoxide dismutase 

protects endothelial cells against ox-LDL-induced apoptosis 

[17]. Collectively, these reports reveal an intriguing link 

between ox-LDL, apoptosis, NO/O2
.-
 interaction in endothelial 

cells. 

 

Nitric oxide has been reported to have a dual effect on cell-

dependent LDL oxidation [18]. NO acts as a pro-oxidant in the 

presence of O2
.-
 and an antioxidant in the presence of lipid 

peroxyl radical [19, 20]. The reaction between NO and O2
.-
 to 

form peroxynitrite ONOO
−
) is one of the most facile radical-

radical recombination reactions in free radical biology [21, 22]. 

NO also reacts with lipid peroxyl radical (–LOO⋅) at a nearly 

diffusion-controlled rate (k = 1–3 × 10
9
 m 

−1
 s

−1
) [23]. This rate 

constant is ∼10
7
 times greater than that reported for the reaction 

between LOO⋅ and unsaturated lipid, and 10
4
 times greater than 

the rate constant for the reaction of LOO⋅ with α-tocopherol 

[24]. Thus NO can act as a potent chain-breaking antioxidant. 

Consequently, the reaction between NO
.
 and O2

.-
 has the 

combined effect of removing an antioxidant such as NO, and 

generating the prooxidant, ONOO
−
. 

 

The pathophysiological effects of ox-LDL in vascular cells have 

previously been investigated using ox-LDL as a whole [7-10, 

25]. It is also well known that cells are more vulnerable to ox-

LDL-induced toxicity if serum or other proteins are excluded 

from the media. Reports also indicate that ox-LDL-induced 

endothelial apoptosis is markedly diminished in the presence of 

added serum [26]. Ox-LDL is a mixture of several cytotoxic 

components consisting of lipid hydroperoxides (e.g. 9- and 13-

hydroperoxyoctadecadienoic acid, cholesteryl 

hydroperoxyoctadecadienoate, aldehydes such as 4-

hydroxynonenal and malondialdehyde, and oxysterols (7-

ketocholesterol, 7β-hydroxycholesterol)). Individually these 

components are potent inducers of apoptosis in several cell 

types including bovine and human endothelial cells. Previously 

we have shown that the lipid extract of ox-LDL containing lipid 

hydroperoxides induces endothelial apoptosis in bovine aortic 

endothelial cells (BAEC) or human umbilical vein endothelial 

cells (HUVEC) exposed to ONOO
−
-modified LDL [27]. 

Possible proapoptotic candidates present in ONOO
−
-modified 

LDL include hydroperoxy derivatives of cholesteryl linoleate, 

linoleate, and cholesteryl hydroperoxides. Pretreatment of 

endothelial cells with ebselen, a synthetic glutathione 

peroxidase/phospholipid hydroperoxide glutathione peroxidase 

mimic, has been shown to afford protection against copper ox-

LDL [28]. Scheme S1 summarizes the reactions of pro-

apoptotic reactive oxygen and nitrogen species and the anti-

apoptotic mechanism(s) of several antioxidants including NO. 

In this study it was found that the antioxidant effect of NO is 

linked to its ability to scavenge lipid peroxyl radicals [27]. 

Whereas these chemical effects of NO may still be important in 

inhibiting oxidant-induced lipid peroxidation, in a separate 

study it was discovered that NO could induce both anti-

oxidative and anti-apoptotic effects through activation of a 

common cell-signaling pathway, namely the proteolytic 

degradation mechanism [29, 30]. Earlier studies revealed a bell-

shaped NO signaling response in BAEC treated with 

glucose/glucose oxidase (Glu/GO) [2–20 mU/ml]. GO treatment 

(2 mU/ml) enhanced endothelial nitric oxide synthase (eNOS) 

phosphorylation and NO release in BAEC. Twenty mU of 

glucose oxidase (GO) generates 1 µmol H2O2/L/min. With 

increasing GO concentrations, phospho eNOS and NO levels 

decreased. Bell-shaped responses in proteasomal function and 

NO induction were observed in BAEC treated with varying 

levels of GO (2–10 mU/ml) [31].  

 

The peptidase (trypsin-like and chymotrypsin-like) activities of 

the 26S and 20S proteasome were increased when BAEC were 

incubated with DETA/NO (NO donor). Whereas treatment of 

BAEC with Glu/GO (enzymatic generation of H2O2) dose-

dependently completely diminished both the chymotrypsin-like 

and trypsin-like activities of the 26S proteasome, these enzyme 

activities remained elevated during the combined treatment of 

H2O2 and DETA/NO [29]. Consistent with the proposal that 

NO-stimulated proteasomal function is responsible for the 

observed anti-oxidant and anti-apoptotic effects, proteasomal 

inhibitors (clasto-lactacystin-β-lactone, MG-132, or 

epoxomycin) reversed the anti-oxidative and cytoprotective 

effects of NO [29]. NO inhibits transferrin receptor (TfR)-

mediated iron uptake, oxidative damage as measured by protein 

carbonyls, and apoptotic signaling in H2O2-treated endothelial 

cells by stimulating proteolytic signaling [29-32]. 

NO/cGMP/cAMP signaling mechanism transcriptionally up-

regulates LMP2 and LMP7 (immunoproteasomal subunits of 

the proteosome). The enhanced proteolytic activities of the 

proteasome in the presence of NO are correlated to the 

increased expression of LMP2 and LMP7 and their 

incorporation into the proteasome [30]. NO/cGMP/cAMP 

signaling mechanism enhanced the phosphorylation of the 

transcription factor cAMP-response element-binding protein 

(CREBP), elevated the cAMP-response element-promoter 

activity (CRE) and induced the expression of 

immunoproteasomal subunits (LMP2 and LMP7). NO-

dependent proteasomal activity was abrogated in BAEC 

transfected with antisense LMP2 and LMP7 oligonucleotides 

and in line with this, antisense oligo’s of LMP2 and LMP7 

increased TfR levels in BAEC [30]. Proteasomal activities are 

significantly down in aorta of iNOS
-/- 

mice, possibly because of 

the lower levels of LMP2 and LMP7 detected in aorta of iNOS
-

/– 
mice compared to wild-type controls [30]. Thereby suggesting 

that endogenous production of NO is important in the basal 

regulation of immunoproteasome. In agreement with the cell 

culture data, the transferrin receptor levels were markedly 
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increased in iNOS
-/- 

mice aorta [30]. Further, these intriguing 

studies clearly highlight a new role for immunoproteasomes in 

regulating endogenous protein turnover (i.e. non-immune 

functions).

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme S1: A hypothetical model describing the inhibitory role of NO and other antioxidants in ox-LDL-mediated 
apoptosis. Nitric oxide and antioxidants could inhibit apoptosis by chelating redox-active metal ions and by scavenging or 
decomposing reactive oxygen and nitrogen species at various points as indicated by the dotted arrow. The mechanism by which 
various agents inhibit cellular lipid oxidation and apoptsis is proposed as follows: DTPA and desferral (redox-metal ion chelation); 
PBN (trapping of lipid or lipid-derived peroxyl radical); BHT and probucol (scavenging of the lipid peroxyl radical); ebselen 
(decomposing lipid hydroperoxides and hydrogen peroxide); MnTBAP/FeTBAP (dismutating superoxide and hydrogen peroxide) and 
FeTBAP (decomposing peroxynitrite). Adopted from Kotamraju. S., et al. J. Biol. Chem. 2001 

 
1.2. Oxidant-induced altered iron homeostasis 
and endothelial cell injury 

 

Iron is essential for a variety of metabolic process such as 

oxygen transport, respiration, TCA cycle, lipid metabolism, 

gene regulation and DNA synthesis. On the contrary, it plays a 

pivotal role in the pathophysiology of various cardiac diseases 

as seen in iron-overload cardiomyopathy [33], myocardial 

ischemia-reperfusion injury [34], and atherosclerosis [35]. 

 

It is well known that labile iron participates in the production of 

hydroxyl radicals through Fenton’s reaction. There are ample 

evidences in the literature which have clearly correlated the 
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increased levels of iron accumulation to the vascular 

abnormalities including atherosclerosis, possibly through 

increased oxidative stress.  Earlier work of Ames and co-

workers showed that both iron deficiency and excessive iron 

supplementation will result in oxidative stress causing lipid 

oxidation, protein oxidation, and DNA damage [36]. Whereas 

excess iron has been known to trigger reactive oxygen species 

(ROS) such as hydroxyl and lipid-derived oxy radicals via a 

Fenton mechanism, oxidative damage by iron deficiency 

seemed paradoxical. Ames and coworkers suggested that iron 

deficiency can induce the iron-regulatory protein (IRP)-

mediated cellular iron-signaling pathway, leading to enhanced 

intracellular iron levels [36]. This is a novel insight into how 

cellular iron homeostasis critically controls cell death and cell 

survival. 

One of the key pathways through which endothelial cells of the 

vasculature fulfill their iron requirements is via the transferrin 

receptor (TfR) which facilitates the uptake of transferrin bound 

iron (Tf-Fe) through endocytosis [29, 37-39]. After releasing the 

iron intracellularly and due to the acidic pH in the lysosomes, 

TfR-Tf complex recycles back to the cell surface wherein Tf 

gets detached from TfR because of the alkaline pH in the 

extracellular milieu. 

 

The cellular iron sensing mechanism is activated under 

conditions of iron deficiency or when the 4Fe–4S cluster in 

aconitase is disassembled; inactivation of aconitase and 

subsequent activation of a 98 kDa, cytosolic, iron-regulatory 

protein-1 (IRP-1) as a sensor of cellular iron status [40]. Under 

conditions of iron deprivation or aconitase inactivation during 

oxidative stress, the IRPs bind to the iron-responsive elements 

(IRE’s) present on 3`- and 5`-untranslated regions of TfR and 

ferritin mRNAs, respectively. The increased binding of IRP to 

the IRE’s of TfR mRNA which are present on the 3` end 

stabilizes the mRNA, resulting in increased mRNA translation 

and TfR synthesis. The IRP-1/IRE interaction prevents 

translation of ferritin mRNA, as the IRE’s are found on the 5` 

end of the ferritin mRNA [40]. By contrast, when cellular iron 

is in excess, IRP-1/IRE binding is decreased, leading to rapid 

degradation of TfR mRNA and to efficient translation of ferritin 

mRNA. Thus, IRP-1 provides a link between ferritin, TfR, iron, 

and mitochondrial apoptosis [29, 38-40]. IRP-1 senses iron 

levels by switching between cytoplasmic aconitase and IRP-1. 

When cells are iron-depleted, the [4Fe–4S] cluster is 

disassembled and the cytosolic aconitase switches to IRP-1, an 

IRE-binding protein; when cells are iron-replete, the cluster is 

reconstituted and IRP-1 switches back to aconitase. Thus, how 

cells under oxidant stress control IRP-1 activity and in turn, 

regulate iron metabolism via the IRE/IRP system is a new and 

intriguing aspect of oxidant-induced iron-signaling.  

 

Endothelial cells that are exposed to hydroperoxides or drugs 

that can stimulate intracellular ROS increase the expression of 

the TfR mRNA via the mechanism outlined above that will 

trigger increased signaling for iron uptake. Although, at first 

glance, this process (i.e., increased cellular uptake of iron in 

response to oxidative stress) seems counterintuitive, a large 

portion of endothelial cell iron requirement is for the assembly 

of iron clusters and heme synthesis in mitochondria [41]. Thus, 

even a partial inactivation of mitochondrial iron–sulfur proteins 

(e.g., aconitase and complex-1) in response to oxidants is 

sufficient to stimulate cellular iron-signaling which will further 

amplify the oxidative stress. Increased iron staining has been 

shown in atherosclerotic tissues [42]. Our earlier studies showed 

that iron chelator’s like deferoxamine (desferal) and 

dexrazoxane (ICRF-187) significantly prevented peroxide-

induced oxidative stress and apoptosis in endothelial cells 

thereby suggesting a role for iron in mediating endothelial cell 

injury [33, 38]. The specific role of transferrin receptor-

dependent iron uptake is verified by using an IgA class of TfR 

antibody (42/6) that binds to the extracellular domain of TfR 

and inhibits the receptor endocytosis. Thus, in the presence of 

TfR antibody iron cannot enter the cells through TfR. 

Incubation of endothelial cells with TfR antibody (42/6) 

significantly prevented H2O2-induced endothelial cell death [33, 

38]. In the same study it was also observed that there exists an 

inverse correlation between DCF fluorescence and intracellular 

GSH levels. The oxidation of 2’,7’-dichlorodihydrofluorescein 

(DCFH), a non-fluorescent probe, to a green fluorescent product 

(DCF), has been frequently used to measure intracellular 

oxidative stress [32, 43, 44]. The oxidation of DCFH to DCF is 

influenced by intracellular H2O2, iron, and other heme proteins 

[45-47]. Typically, the cell permeable non-fluorescent probe, 

DCFH-diacetate (DCFH-DA), is used; the active DCFH probe 

is formed intracellularly following hydrolysis by esterases. 

Exogenous addition of bolus H2O2 or continuously generated 

H2O2 using glucose/ glucose oxidase to endothelial cells caused 

intracellular oxidation of fluorescent probe DCFH to DCF. The 

oxidation of DCFH to DCF was controlled by TfR-mediated 

uptake of transferrin–iron [32]. Under these conditions, 

intracellular GSH, a major H2O2 detoxifying anti-oxidant, was 

depleted with time. Only after nearly 60% of intracellular GSH 

was depleted did DCF fluorescence begin to appear. This 

inverse relationship between intracellular GSH levels and DCF 

fluorescence in BAEC treated with H2O2 suggests that 

supplementation with agents (e.g., GSH ester) that enhance 

intracellular GSH levels should inhibit intracellular oxidative 

stress and DCF fluorescence.  

 

1.3. Hyperhomocysteinemia and endothelial 
dysfunction:  

 

Elevation of plasma concentrations of total homocysteine (HCy) 

is considered to be a clinical risk factor for cardiovascular 

diseases like stroke, myocardial infarction, venous thrombosis 

and dilated cardiomyopathy. Several plausible mechanisms for 

HCy-induced atherosclerosis have been suggested, including 

endothelial dysfunction, promotion of lipoprotein oxidation, 

platelet activation, and enhanced coagulability in arteries [48]. 

Deficiency of Folic acid, vitamin B12, and genetic factors, 

including cystathione B synthase (CBS) and methylene-

tetrahydrofolatereductase (MTHFR) gene leads to increased 

homocysteine (HCy) levels.  
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 Hyperhomocyteinemia leads to increased oxidative stress and 

reduced endothelial dependent relaxation. If auto-oxidation of 

HCy occurs during hyperhomocysteinemia in vivo, excessive 

production of hydroxyl radicals formed in this process may 

cause lipid peroxidation. Both superoxide and lipid peroxyl 

radicals may react rapidly with endothelium-derived NO to 

produce ONOO
–
. In support of this mechanism, elevated levels 

of superoxide and 3-nitrotyrosine, a product of protein 

modification by peroxynitrite, have been detected in the aortas 

of hyperhomocysteinemic mice [49].  HCy interferes with the 

activity and expression of pro-and anti-oxidant enzymes. HCy 

chelates copper from copper-dependent enzymes such as lysyl 

oxidase, cytochrome c oxidase, and superoxide dismutase and 

impairs their function generating reactive oxygen species 

(ROS), causing endothelial dysfunction [50]. HCy activates 

NADPH oxidase by the increased membrane translocation of its 

cytosolic p47 phox subunit [51].  HCy inhibits the expression of 

the anti-oxidant enzymes heme oxygenase-1 (HO-1) and 

glutathione peroxidase (GPx-1) [52, 53].  Hcy-induced vascular 

oxidant stress may be additionally aggravated by an Hcy-

mediated, specific decrease in the expression of the cellular 

isoform of GPx-1 [54]. This key enzyme responsible for the 

cellular defense against oxidant stress uses glutathione to reduce 

H2O2 and lipid peroxides to their respective alcohols [55,56]. 

GPx-1 may also provide protection from the toxic effects of 

ONOO
-
 through its peroxynitrite reductase activity [57]. Over 

expression of GPx-1 in hyperhomocysteinemic mice restored 

the normal endothelium dependent vasodilator response [58].  

 

Endothelial cells possess several antithrombotic mechanisms 

like thrombomodulin-dependent activation of anticoagulant 

protein C and antithrombin III pathways. These antithrombotic 

properties are significantly affected in CBS
+/-

 mice as well as in 

homocysteine fed animals.  Administration of HCy causes 

vascular injury and thrombosis in animals [59].  Elevated levels 

of plasma HCy are associated with both venous and arterial 

thrombosis [59, 60]. Thrombomodulin is a critical cofactor for 

the activation of anticoagulant protein C [61] and it inhibits the 

procoagulant activities of thrombin [62]. HCy inhibits cell-

surface thrombomodulin expression and irreversibly inactivates 

both thrombomodulin and protein C in a sulfhydryl-dependent 

process [63]. Thrombomodulin activity is reduced by 20% in 

CBS
+/-

 mice compared with CBS
+/+

 mice fed with the normal 

diet in aortic arch after 15 weeks [64] thereby indicating that 

HCy levels regulate anticoagulant activities of endothelial cells, 

shifting to procoagulant effects. HCy increases monocyte 

adhesion to human aortic EC [65]. Thus, HCy may modulate 

aspects of atherogenesis, vascular disease, and thrombosis. HCy 

induces the expression and substantial release of 

proinflammtory chemokines like MCP-1 and IL-8 in human 

aortic endothelial cells (HAEC) [66]. HCy at pathophysolosical 

concentrations stimulates inflammation by increased expression 

of MCP-1, VCAM-1 and E-selectin [66]. Treatment of EC with 

either homocysteine or ox-LDL resulted in a 2-3 fold 

enhancement in monocyte and platelet adhesion [67, 68].  It has 

been proposed that hyperhomocysteinemia due to methionine 

loading may increase production of asymmetric 

dimethylarginine (ADMA) through increased SAM-dependent 

arginine methylation [69]. Alternatively, hyperhomocysteinemia 

may produce elevation of ADMA by inhibiting its metabolism 

by the enzyme dimethylarginine dimethylaminohydrolase [70]. 

 
1.4. Role of diabetes in endothelial dysfunction-
Effect on NO synthesis and its availability:  
 

Nitric oxide (NO) synthesized by endothelial nitric oxide 

synthase (eNOS) in endothelial cells (EC) plays a key role in 

maintaining vascular homeostasis. eNOS to function properly, 

requires tightly-bound cofactors like tetrahydrobiopterin (BH4), 

FAD,  FMN and iron protoporphyrin IX (heme) and  substrates 

like-arginine,  NADPH [71, 72].  Deficit of any of these 

cofactors leads to eNOS uncoupling generating superoxide 

instead of NO.  BH4 promotes formation of active eNOS 

homodimers and its deficiency is a common factor responsible 

for eNOS uncoupling in diabetes mellitus, and these 

abnormalities are effectively prevented by administration of 

sepiapterin, an analogue of BH4, in diabetic animals [73, 74].  

Endothelial cells from diabetic Biobreeding (BBd) rats, a model 

of human type I diabetes, have an impaired ability to produce 

NO because of BH4 deficiency [75].  

 

Intracellular BH4 levels are regulated by guanosine triphosphate 

cyclohydrolase-1 (GTPCH-1) biosynthetic pathway.  GTPCH-1 

is the first and rate limiting enzyme in the de novo synthesis of 

BH4 which is involved in the maintenance of normal blood 

pressure and endothelial function in vivo by preserving NO 

synthesis [76]. Exposure of aortic endothelial cells to GTPCH-1 

inhibitors (2,4-diamino-6-hydroxypyrimidine or N-acetyl-

serotonin)  or  GTPCH-1 siRNA significantly reduced BH4 and 

thereby NO levels [77]. GTPCH-1 activity in the aorta of 

insulin resistance rats is significantly lower than that of its 

normal counterparts, and its activity is regulated by mechanisms 

like protein expression and posttranslational modifications. 

High glucose and Angiotensin II (Ang II) diminishes the 

GTPCH levels by increasing its degradation via ubiquitin-

mediated proteasomal machinery. Inhibition of the 26S 

proteasomal activity by either MG132 or PR-11 prevented high 

glucose-induced reduction of GTPCH-1 and restored NO levels 

in endothelium [78]. Activators of GTPCH-1 seem to augment 

endothelial BH4 and recover eNOS activity in hyperglycemic 

endothelial dysfunction states. GTPCH-1 over expression in 

endothelial cells isolated from BBD rats significantly restored 

NO levels by increasing BH4 levels [79]. The maintenance of 

BH4 levels in this scenario could be because of the reduced 

superoxide levels. Adenovirus-mediated gene transfer of 

GTPCH-1 restored eNOS activity and dimerization in 

hyperglycemic HAEC [80].  Treatment with HMG-CoA 

reductase inhibitor, atorvastatin up regulated GTPCH-1 levels, 

and normalized endothelial dysfunction in an experimental 

model of diabetes mellitus [81]. GTPCH-1 protein stability is 

preserved by AMP-activated protein kinsase (AMPK) by 

inhibiting the 26S proteasome [82]. High glucose increases 26S 
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proteasome activity by inhibiting AMPK activity.  Decreased 

AMPK activity in aortic endothelium is closely associated with 

impaired endothelium-dependent relaxation, as well as an 

increased number of apoptotic endothelial cells. AMPK-

dependent eNOS activation is generally correlated to increased 

phosphorylation of eNOS at Ser 1177 by AMPK, increased 

association of HSP 90 with eNOS, or both [83]. Metformin, an 

antidiabetic drug known to improve vascular functions and 

reduce cardiovascular end points and mortality in diabetic 

patients, activates AMPK [84].   

 

Ang II is a circulating vasoconstrictive hormone whose 

production is often elevated in diabetes. Ang II decreases 

dihydrofolate reductase (DHFR), a key enzyme responsible for 

the recycling of BH4 from its inactive, oxidized form to BH2. 

Ang II decreases both total biopterins and BH4 by increasing 

GTPCH-1degradation through ONOO
–
 mediated tyrosine 

nitration of PA700, a 26 proteasomal regulatory subunit [85]. 

Ang II receptor type-1 blocker, candesartan or Angiotensin 

converting enzyme (ACE) inhibitor captopril markedly 

attenuated eNOS-derived O2
.-
 and hydrogen peroxide (H2O2) 

production while augmenting NO bioavailability in aortas of 

streptozotocin-induced diabetic mice, implicating recoupling of 

eNOS [86]. These findings indicate that BH4 is an important 

mediator of eNOS regulation in diabetes and is a rational 

therapeutic target to restore NO-mediated endothelial function 

in diabetes and other vascular diseases. 

 

During diabetes, impaired vascular function is also closely 

associated with oxidative stress and vascular inflammation both 

of which have been mediated through increased arginase (Arg) 

expression and activity. Several studies showed significant 

increases in Arg I protein levels in the aorta and liver of diabetic 

rats as compared to non diabetic rats [87, 88]. Arginase, which 

metabolizes L-arginine to urea and ornithine, competes directly 

with NOS for L-arginine. Arg I (cytosolic enzyme) is expressed 

predominantly in liver and to a much lesser extent in other cell 

types, where as Arg II (a mitochondrial enzyme) is wide spread 

[89, 90]. Arg I is co-localized with ornithine decarboxylase 

directing ornithine to polyamine synthesis [91, 92]. Polyamines 

are essential for endothelial cell proliferation and play an 

important role in angiogenesis and wound healing processes. 

Arg II is co-lacalized with ornithine aminotranferase in 

mitochondria converting ornithine to proline and glutamate [91, 

93]. The proline thus generated contributes to vascular 

remodeling by making collagen. L- Glutamine also markedly 

decreases NO synthesis from L-arginine in cultured EC [94] and 

in intact blood vessels [95]. It affects the arginine-citrullline 

cycle by inhibiting the conversion of L-citrulline to L- arginine 

in EC [96].  L- Glutamine inhibits the expression and acitivity 

of argininosuccinate synthase activity, which is responsible for 

making arginine from citrulline [97, 98]. Exposure of human 

pulmonary artery smooth muscle (PASM) cells to hypoxic 

conditions significantly increases Arg II but not Arg I transcript 

and protein levels along with increased activity and thereby 

promoting smooth muscle cell proliferation [99]. However, it 

has been suggested that increase in Arg activity may contribute 

to endothelial dysfunction in aging [100]. In ApoE
-/-

 mice, 

inhibition of arginase activity by selective Arg II inhibition or 

deletion of the Arg II gene (Arg II
-/-

 mice) prevents high-

cholesterol diet-dependent decrease in vascular NO production, 

decrease ROS production, restores endothelial function and 

prevents ox-LDL-dependent increases in vascular stiffness 

[101]. The reduced NO synthesis in not accounted by the 

decline in intracellular arginine concentration. Arginase I may 

be co-localized or closely associated with eNOS such that high 

expression of Arg I may reduce arginine concentrations at or 

near the site of NO production. However, it is not clear how Arg 

II might compete with eNOS for intracellular arginine. A 

possible explanation for this interplay is that an increase in 

mitochondrial arginine conversion by Arg II may result in the 

enhanced transport of arginine from cytosol into the 

mitochondria, thereby reducing the availability of cytosolic 

arginine for NO synthesis. Interestingly, Gotoh and Mori [102] 

also found that elevated expression of Arg II reduced NO 

production by iNOS in activated RAW 264.7 murine 

macrophages.  

 

Insulin represses expression of genes for urea synthesis pathway 

and that insulin signaling is impaired in both type-1 and type-2 

diabetes. Elevation of Arg II activity has been shown to involve 

the activation of RhoA pathway in endothelial cells and 

expression of eNOS is regulated by the RhoA/ROCK pathway 

[103, 104]. The small GTP-binding protein RhoA GTPase and 

its downstream target, the Rho-associated kinase (ROCK), are 

implicated in a variety of physiological functions of endothelial 

cells including cell adhesion, motility, migration, and 

contraction [105]. Inhibition of the RhoA/ROCK pathway 

indirectly by HMG-CoA reductase inhibitors (statins) or 

directly by ROCK inhibitors or dominant-negative mutant of 

RhoA has been shown to increase eNOS expression [106, 107]. 

Scheme 2 summarizes the involvement of different regulatory 

pathways in reduced NO synthesis during diabetic 

complications.   

 

Oral administration of L-Arginine (200 mg/kg per day) to 

rabbits continuously for 3 days causes decreased NO production 

in response to acetylcholine (ACh), which is associated with 

increased arginase activity in both liver and aorta [108]. In 

contrast, continuous treatment with L-citrulline for 3 days was 

beneficial in supporting NO production. L-Citrulline an 

allosteric inhibitor of arginase recycles back to L-Arginine in 

many tissues and contributes to sustained L-arginine supply for 

NO production [109]. STZ-induced diabetes in rats causes 

impaired coronary endothelial cell-dependent vasorelaxation. 

This dysfunction is prevented by treatment with simvastatin [5 

mg/kg per day, subcutaneously] but not by L-Arginine 

treatment [50 mg/kg per day, orally] [106, 110].   

 

Asymmetric dimethylarginine (ADMA) is an endogenous 

competitive inhibitor of L-arginine. ADMA interferes with the 

NO production by L-arginine. ADMA is formed through protein 

methylation catalyzed by protein methylases I and II. The 

methyl groups transferred to form ADMA are derived from S- 
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adenosylmethionine, an intermediate in the metabolism of 

homocysteine. ADMA levels are elevated in individuals with 

hypercholesterolemia [111], hyperhomocysteinemia [112], 

hypertension [113], and hyperglycemia. The plasma 

concentrations of ADMA represent an independent predictor for 

all causes of cardiovascular mortality [110, 114-116].  

 

Over 90% of endogenous ADMA is metabolized by 

dimethylarginine dimethylaminohydrolase (DDAH) with the 

remainder renally excreted [116, 117]. DDAH metabolizes 

ADMA to L-Citrulline. DDAH dysfunction hence seems 

plausible, especially in the clinical setting of diabetes mellitus, 

in which hyperglycemia has been known to elevate oxidative 

stress. Several pathways have been characterized to account for 

the increased production of free radicals in hyperglycemia. For 

instance, elevated glucose may activate the polyol pathway, 

leading to the oxidation of sorbitol to fructose, coupled by the 

reduction of NAD
+
 to NADH [118]. The increased ratio of 

NADH/NAD
+
 may in turn promote free radical production by 

activating xanthine oxidase and inactivating intracellular and 

extracellular SOD [119]. Co-incubation with the anti-oxidant 

PEG-SOD blocked the effect of glucose on ADMA 

accumulation.  PEG-SOD also reversed the high glucose-

induced reduction of cGMP production in human EC [120]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme S2: The above scheme represents the arginine-GTPCH-BH4-axis in modulating NO levels during diabetic 
vasculopathies: Reduced BH4 and arginine levels leads to uncoupling of eNOS, generating superoxide instead of NO. During 

diabetic conditions, angiotensin II (Ang II) activity is increased which in turn leads to increased degradation of GTPCH-1 by the 26S 
proteasome activity. This decreased GTPCH-1 levels leads to reduced BH4 synthesis. Dihydrofolate reductase (DHFR)-mediated 
BH2 to BH4 conversion is also blocked by Ang II. Up regulation of Rho/ROCK pathway as seen in diabetic conditions is known to 
increase arginase activity favoring the conversion of arginine to urea cycle thereby depleting NO synthesis. Glutamine generated in 
this process acts as an inhibitor of arginosuccinate synthetase (ASS) which is otherwise responsible for the conversion of ci trulline to 
arginine. Simultaneously, Proline generated through arginase pathway increases collagen synthesis in the sub-endothelial membrane 
leading to increased inflammation by providing basement for T-cell/monocyte attachment. 

 
1.5. Effect of diabetes in initiating inflammation 
and changes in sub-endothelial membrane (SEM) 
functions: role of advanced glycation end 
products (AGEs) 

 

The role of chronic hyperglycemia in the development of 

vascular complications is associated with increased formation 

and deposition of reactive intermediate products like advanced 

glycation end product (AGE) adducts and expression of its 

receptor for advanced glycation end products (RAGE) [121]. 

During the physiological conditions of oxidative 

phosphorylation, the minimal superoxide leakage is 

immediately scavenged by the anti-oxidant enzyme manganese 

superoxide dismutase (MnSOD, SOD2). However under 
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pathological conditions, damaged or dysfunctional mitochondria 

generate excessive superoxide, creating a state of redox 

imbalance [122]. Hyperglycemia, a characteristic of diabetes, 

increases the complex I substrate NADH, which is likely to 

potentiate ROS production by the respiratory chain [123] which 

in turn activates poly(ADP-ribose) polymerase (PARP).  

Activated PARP reduces GAPDH activity and stimulates polyol 

pathway rising intracellular AGE formation [124]. AGEs are 

proteins, lipids or polynucleotide’s modified by non enzymatic 

glycation and oxidation. During physiological process of aging, 

N-carboxymethyl-lysine (CML), pentosidine, and 

methylglyoxal derivatives of AGEs accumulate in extracellular 

matrix proteins [125]. This happens to be the case in diabetic 

individuals compared to non diabetics [126]. AGE precursors 

diffuse out of the endothelial cells and modify circulating 

proteins like albumin in the blood. These modified proteins bind 

to RAGE and activate them to produce inflammatory cytokines 

and growth factors which in turn cause vascular abnormalities 

by modifying extracellular matrix molecules. CML is the major 

non-cross linking (AGE) shown to act via RAGE [125, 127], 

there by stimulating the proinflammatory actions [127, 128]. 

CML is elevated in diabetic patients and apparent in 

atherosclerotic lesions [129]. CML is involved in vascular 

stiffening of type-1 diabetics as well as of hypertensive subjects 

[130]. CML is a strong inducer of VCAM-1 [131]. AGEs 

induce hypertension and arterial stiffness potentially by 

qualitative changes of elastic fibers in diabetic patients. 

Pentosidine is a major AGE cross linker found in diabetic 

tissues linked to destabilization of collagen and basement 

membrane [132]. 

 

RAGE, a multi ligand receptor of the immunoglobulin super 

family interacts with a number of endogenous ligands in normal 

physiology, playing a homeostatic role in lung development, 

osteoclast differentiation, innate immunity, inflammatory cell 

recruitment and adhesion molecules [132-134].  But in diabetic 

conditions, this homeostasis is disturbed and increases the 

expression of RAGE [135], and its high-affinity endogenous 

ligand namely S100A8, S100A12 calgranulin [134, 136, 137], 

and HMGB1 which act as danger signals, and activate 

inflammation. Ligation of RAGE with these endogenous ligands 

triggers a series of cellular signaling events, including the 

activation of NF-κB, production of pro-inflammatory cytokines, 

thereby promoting chronic inflammation [138, 139]. Such 

chronic inflammation plays a major role in the development of 

diabetic complications, including atherosclerosis [140,141]. 

Inhibition of RAGE-S100/calgranulin interaction decreases NF-

kB activation and also the expression of proinflammatory 

cytokines [142, 143]. One of the consequences of ligand-

RAGE-mediated activation of MAP kinases and NF-kB is 

increased transcription and translation of VCAM-1 [131, 144].  

In addition to signaling, ligand-activated RAGE serves as an 

adhesion receptor interacting with integrins and thereby 

facilitating the recruitment of proinflammatory leukocytes to the 

sites of inflammation, further amplifying the inflammatory 

cascade. A decrease of eNOS activity and quenching of nitric 

oxide has been a prominent response to AGE, demonstrated 

both in vitro and in vivo [145, 146]. AGEs also increase 

susceptibility of LDL to oxidation [147]. AGEs induce 

apoptosis in cultured HUVECs [148].  Glutathione peroxidase 

and glutathione reductase (GR) play roles in the formation and 

regeneration of GSH that serve to detoxify methylglyoxal 

derivatives. Advanced protein oxidation products with abundant 

dityrosines, allow cross linking, disulfide bridges, and carbonyl 

groups act as markers of inflammation and oxidative stress 

leading to endothelial dysfunction. 

 

AGE-LDL and AGE-modified proteins act as ligands for class 

AI/AII scavenger receptors. Binding to these receptors leads to 

endocytic uptake of LDL. AGE-LDL has been identified in the 

cytoplasm of macrophage foam cells and the extracellular core 

of atherosclerotic lesions in humans and animals. AGEs 

interfere with reverse cholesterol transport by suppressing 

scavenger receptor B1 (SRB1)-mediated uptake of cholesterol 

ester from HDL by liver and SRB1-mediated cholesterol efflux 

from peripheral cells. 
 

1.6. Role of Inflammation in endothelial 
dysfunction:   
 

Inflammation is a major contributing factor to many vascular 

events including atherosclerotic plaque development and 

rupture, aortic aneurysm formation, and ischemia/reperfusion 

damage. Cells of the vasculature are both a source and a target 

of cytokines secrete chemokines  attracting circulating 

monocytes, T lymphocytes and also induce the expression of the 

adhesion molecules making endothelial lining of artery sticky 

upon activation with inflammatory molecules like CRP-1, TNF-

α and LPS. Recent studies demonstrate that exposure of EC to 

ox-LDL or TNF-α reduces thickness of the EC glycocalyx and 

decreases the amount of Heparin sulfate (HS) associated with 

the surface [149]. CRP-1 impairs the endothelial glycocalyx 

resulting in endothelial dysfunction [150]. Chemokines promote 

recruitment and migration of T cells and monocytes into the 

sub-endothelial space and develops atherosclerotic lesion. 

Within the plaque, chemokines induce activation of endothelial 

cells and different leukocyte subsets (e.g. T cells) with 

subsequent release of inflammatory cytokines and chemokines, 

which in turn further promote the recruitment and activation of 

leukocytes into the lesion. 

 

P-selectin, IL-6, TNF α, soluble intercellular adhesion 

molecule-1 (sICAM-1), and CRP-1 levels are highly elevated in 

plasma during vascular defects. In a prospective study among 

14, 916 healthy men enrolled in the Physicians’ Health Study 

(PHS), baseline levels of sICAM-1 and IL-6, the main 

stimulants of hepatic production of CRP-1 have been shown to 

be independent predictors of future cardiovascular risk. Baseline 

levels were higher among men who subsequently developed 

myocardial infarction than those who did not. Similarly, levels 

of total cholesterol, LDL cholesterol, and the ratio of total 

cholesterol to HDL cholesterol were significantly higher among 

patients than in control subjects. Mean levels of soluble P-
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selectin were significantly higher at baseline among women 

who subsequently experienced cardiovascular events compared 

with those who did not in a study of 28, 263 apparently healthy 

women enrolled in the Women’s Health Study (WHS).   

 

The adherence and subsequent transmigration of leukocytes 

across the vascular endothelium are mediated by cellular 

adhesion molecules (CAMs). The selectins are adhesion 

molecules that mediate the initial rolling of inflammatory cells 

along the endothelial cells and platelets. P-selectin stored in the 

granules of platelets and the Weibel-Palade bodies of 

endothelial cells rapidly redistributes to the surface of these 

cells after stimulation by agonists such as thrombin [151].  

There is increased expression of P-selectin, on endothelial cells 

of plaques from patients with unstable angina compared to those 

with stable disease [152].  E-selectin is synthesized de novo by 

endothelial cells when activated by IL-1 or TNF-α [153]. 

ICAM-1 and VCAM-1 bind to integrins on the surface of 

leukocytes. The β2 integrin, lymphocyte function-related 

antigen-1 (LFA-1) is a monocyte/macrophage ligand for ICAM-

1, is expressed by more than 85% of the macrophages within 

artherosclerotic lesions suggesting that the LFA-1/ICAM-1 

interaction may direct monocyte recruitment into 

artherosclerotic lesions [154]. Binding of VLA-4 (α4β1) on 

monocytes to VCAM-1 promote monocyte adhesion to 

activated endothelium [155]. Adhesion of monocytes and T 

lymphocytes to the arterial endothelium is followed by their 

migration into the sub-endothelial space by binding to CCR2 

chemokine receptor of monocytes with MCP-1 expressed in 

sub-endothelial membrane (SEM).  Han et al recently observed 

that LDL is a positive regulator of CCR2 expression on 

monocytes [156]. Following recruitment, monocytes and T-cells 

differentiate and further secrete cytokines and growth factors 

which act both in an autocrine and a paracrine manner.  

 

CD81 also known as TAPA -1, a member of the tetraspanin 

superfamily of transmembrane proteins is up regulated in 

atherosclerotic lesions, particularly in the endothelium 

overlaying the early human atherosclerotic plaques [157, 158]. 

CD81 positivity in advanced human atherosclerotic lesions is 

diminished when compared with the early lesions [159].  The 

presence of CD81 especially in early lesions suggests that CD81 

could play a role in the initial stages of lesion formation, a role 

that fades when the lesion matures, acquires a fibrous cap and 

stabilizes. CD81 is most extensively studied in leukocytes 

where it facilitates integrin-mediated adhesion to VCAM-1 

under flow [160]. However, CD 81 expression has also been 

observed in endothelial cells. Typical of tetraspanins is the 

propensity to form lipid-raft-like membrane microdomains, 

between individual tetraspanin molecules and other membrane 

proteins, such as integrins and adhesion molecules. These micro 

domains contribute to the enhancement of various cellular 

processes, including receptor signaling and cellular adhesion. 

 

In contrast to ICAM-1 and VCAM-1, CD81 expression seems 

to be induced by oxidant stress, independent of inflammation 

[158]. Increased CD81 expression in non-activated endothelial 

cells increased monocyte adhesion nearly to the level of TNFα-

activated endothelium indicating that endothelial cells with high 

CD81 do not require cytokine-invoked inflammatory 

stimulation in order to efficiently capture monocytes [158]. 

Furthermore, the enhancement of monocyte adhesion upon 

oxidative stress treatment of the monolayers was similar to that 

invoked by CD81. As the stimulatory effect of CD81 is blocked 

by the addition of a mixture of anti-ICAM-1 and VCAM-1 

antibodies, it appears that CD81 is an accessory factor that 

requires both the adhesion molecules in order to increase 

monocyte adhesion [158, 159]. This is further supported by the 

observation that CD81 colocalizes with ICAM-1 and VCAM-1 

in adhesion rings formed by the endothelial membrane around 

the bound leukocytes [158]. ICAM-1 is expressed by both 

macrophages and endothelial cells in response to inflammatory 

cytokines such as IL-1, TNF-α, and interferon-γ, whereas 

VCAM-1 expression is restricted to endothelial cells. VCAM-1 

expression has been demonstrated to precede macrophage and 

T-lymphocyte recruitment to atheromatous plaque. ICAM-1 

expression by endothelial cells has been demonstrated over all 

types of atheromatous plaque [161]. Cytokine stimulated 

endothelial cells produce MCP-1, monocyte colony-stimulating 

factor, and IL-6, which further amplifies the inflammatory 

cascade.   Activated ECs produce pro-inflammatory cytokines 

like IL-1α, IL-1β, IL-8 and TNF-α which in turn activate NF-κB 

and mitogen-activated protein kinase (MAPK) signaling 

pathways [162, 163]. NF-κB plays a central role in the further 

development of inflammation through regulation of genes 

encoding pro-inflammatory cytokines, adhesion molecules, 

growth factors, and inducible enzymes such as cyclooxygenase-

2 (COX-2). 

 

Chemokines may act at several levels within the atherosclerotic 

lesion, contributing to various pathogenic loops being important 

actors in the inflammatory arm of atherogenesis [163]. Pro-

inflammatory cytokines, thrombin, platelet activating factor, 

and other toxic substances, alter the functions of the junction-

associated actin filament system and allow an opening of the 

intercellular space eventually altering the endothelial 

permeability. Activation of circulating monocytes is favored by 

the release of IL-8 and MCP-1 by the endothelial cells which 

then bind to CXCR2 and CCR2 receptors of monocytes. On the 

other hand, ligands such as MIG, IP-10 and I-TAC bind to 

CXCR3 receptors of T-cells for their activation and migration 

into sub-endothelial space [163-165]. Thus, targeted disruption 

of the genes for CCR2 (Monocytes) or CCR3 (T cells) 

significantly decreases atherosclerotic lesion formation and lipid 

deposition in mice prone to develop atherosclerotic-like lesions. 

Furthermore, deletion of CX3CL1 in CCR2
-/-

 ApoE
-/-

 mice 

dramatically reduces the development of atherosclerosis, 

providing in vivo evidence for the independent roles played by 

CCR2 and CX3CL1 in atherogenesis, indicating that successful 

therapeutic strategies may need to target multiple chemokines or 

chemokine receptors [166]. The role of chemokines in 

atherosclerosis is further supported by several studies showing 

that modified LDL particles are potent inducers of chemokines 
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in various cells such as macrophages and vascular smooth 

muscle cells [167, 168]. 

 

Chemokines and mast cells enhance macrophage lipid loading 

and foam cell formation through their ability to up regulate 

scavenger receptors. Furthermore, decreased efflux of 

cholesterol from macrophages occurs because mast cell 

products also proteolyze HDL particles so that they no longer 

promote efflux of LDL from macrophages.  In culture, mast 

cells were observed to induce a 50-fold increase in macrophage 

LDL accumulation [169].  These events will transform 

macrophages into an inflammatory; and smooth muscle cells 

into matrix degrading, procoagulant, and apoptosis-inducing 

phenotype in plaques [170, 171].  

 

By releasing non-oxidative and oxidative products, 

macrophages affect endothelial-dependent 

vasoconstriction/vasodilation [172]. Oxygen free radicals 

generated by activated macrophages deplete NO produced by 

healthy endothelium, depriving the blood vessel of a major 

vasodilator. Macrophages also release the mitogens like 

platelet-derived growth factor (PDGF) and IL-1 stimulating 

proliferation of smooth muscle cells, resulting in plaque growth 

[173-175]. In addition, proteases derived from activated 

macrophages within atherosclerotic plaques can initiate rupture 

of large and, more commonly, small plaques. Plaque rupture is 

accompanied by thrombosis, which may result in transient or 

complete obstruction. 

 

Differentiation of monocytes to macrophages and subsequent 

accumulation of lipid results in foam cell generation and fatty 

streak formation. Further recruitment of inflammatory cells and 

proliferation of smooth muscle cells lead to the development of 

a mature atherosclerotic plaque, with a fibrous cap separating 

the prothrombotic lipid pool from luminal blood flow. Fibrous 

cap thinning may lead to plaque rupture and precipitate the 

onset of an acute ischemic event [170]. 

Increased percentage of ICAM-1 expression observed in the 

high-grade regions of the symptomatic plaque suggests that 

components of the inflammatory pathway are directly involved 

in the conversion of the atherosclerotic plaque to the 

symptomatic or prothrombotic state.  

 

Oxidized-LDL (ox-LDL) along with cholesterol mediates 

endothelial dysfunction by expressing Lectin-like oxidized-LDL 

receptor (LOX-1) during pathological conditions including 

inflammation [176]. LOX-1 mediates the binding and uptake of 

ox-LDL by endothelial cells and plays a pivotal role in ox-LDL-

induced endothelial dysfunction [176]. Binding of ox-LDL to 

endothelial LOX-1 generates superoxide anions, decreases nitric 

oxide production, and activates NF-κB-mediated signaling 

events [177]. Ox-LDL activates endothelial cells leading to P-

selectin expression resulting in recruitment and accumulation of 

inflammatory and immune cells. Furthermore, inhibition of 

LOX-1 reduces ox-LDL-mediated upregulation of MCP-1 and 

monocyte adhesion to endothelial cells [178]. Endothelial LOX-

1 expression is induced by various pro-inflammatory cytokines, 

such as CRP-1 [176], TNF-α  and transforming growth factor-β 

(TGF-β) [179] as well as by pro-atherogenic factors, such as ox-

LDL and advanced glycation end products in vitro [180]. This 

receptor is expressed in the aortas of hypertensive, diabetic, and 

hyperlipidemic animals and is up regulated in early human 

atherosclerotic lesions [181,182].  

 

CRP-1, a prototypic marker of inflammation produced by liver 

upon stimulation with inflammatory mediators especially IL-6 

secreted by adipose tissue, has been shown to promote 

atherogenesis [182-184]. CRP is strongly associated with the 

occurrence of new cardiovascular events in patients with both 

unstable and stable angina, and it is an important risk factor for 

cardiac mortality in normal subjects [185-188]. In addition to 

being a risk marker, CRP by enhancing inflammation, oxidative 

stress, and pro-coagulant activity appears to mediate 

atherothrombosis [188,189]. CRP increases the expression of 

cell adhesion molecules, chemokines, endothelin-1, 

plasminogen activator inhibitor and also down regulates 

prostacyclin release as well as tissue plasminogen activator 

activity. CRP participates in complement activation and tissue 

damage. CRP has been shown to induce the expression of LOX-

1 in human endothelial cells. In addition, angiotensin II is 

known to increase the production of proinflammatory cytokines 

such as IL-6. Up regulation of vascular Angiotensin 1 receptor 

expression in vitro and in vivo is decisively involved in IL-6-

induced propagation of oxidative stress and endothelial 

dysfunction. 

 

Trauma from invasive procedures such as balloon angioplasty, 

transplantation, coronary bypass surgery, and other vascular 

insults including tissue ischemia/ reperfusion, elevated levels of 

ox-LDL, cigarette smoking, diabetes mellitus, and acute blood 

loss can all trigger an inflammatory response. These stimuli 

cause direct or indirect damage to the vascular endothelium and 

stimulate an inflammatory cascade from resident and recruited 

leukocytes that release mediators, which in turn affect blood 

vessel composition, function, and integrity.   

 
1.7. Role of oxidative stress in vascular 
senescence:  
 

Diseases of the vascular system have long been considered to be 

age related in terms of their onset and progression. The process 

of aging is one of the most complex and intriguing biological 

phenomena. Aging is usually defined as the progressive and 

generalized loss of function resulting in an increasing 

vulnerability to environmental factors and growing risk of 

disease and death. Oxidative stress has been suggested to have a 

role in human aging as well as cellular senescence. Chronic 

oxidative stress caused by reactive oxygen/ nitrogen species 

induces telomere shortening and accelerates the onset of 

senescence [190]. Vascular aging is associated with endothelial 

dysfunction [191-193], arterial stiffening and remodeling [194], 

impaired angiogenesis [195], defective vascular repair [193] and 

with an increasing prevalence of atherosclerosis [196]. 
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Although the reasons for these associations are still obscure, one 

process that has been increasingly linked to both aging and the 

development of vascular pathologies is cellular senescence and 

the involvement of oxidative events during the process. 

 

Epidemiological studies have shown that age is the dominant 

risk factor for atherosclerotic cardiovascular diseases and either 

an increase in oxidative stress per se or a decline in the net anti- 

oxidative mechanisms has been implicated to play a 

predominant role in causing senescence [197]. Senescence is a 

stress and damage response phenomenon that locks up 

mitotically competent cells in a permanent growth arrest. This 

cessation of cell division is accompanied by a specific set of 

changes in cell function, morphology, and gene expression 

including negative regulators of the cell cycle such as p53, p16, 

p27 and so on. These changes in cell phenotype may contribute 

to age-associated diseases, including atherosclerosis. Earlier 

studies on endothelial cells have shown that the onset of 

senescence can be modulated by a plethora of factors affecting 

vascular function. These include mitogens [198], inflammatory 

molecules [199], angiotensin II [200], oxidants and anti-

oxidants [201, 202], nitric oxide [203], high glucose, advanced 

glycation end-products [204], and mitochondria [205]. Most of 

these factors influence senescence via altering the intracellular 

levels of cellular oxidative stress. 

 

Since Harmon proposed the original free radical theory of aging 

[206], considerable evidence has been published showing that 

aging in various tissues is associated with an increased 

oxidative stress. One of the consequences of increased oxidative 

stress, predominantly through mitochondrial dysfunction in 

aging results in functional inactivation of NO by high 

concentrations of O2
.-
, and thereby increased peroxynitrite 

(ONOO
-
) formation [207]. ONOO

-
 is one of the most potent 

radical species known to react with all the macromolecules 

ultimately causing cellular dysfunctions. Accumulated oxidative 

stress resulting from a gradual shift in the redox status of tissues 

is now considered to be a key feature underlying the aging 

process. If the rate of radical generation overwhelms the anti-

oxidant defense capacity, a pro-oxidant shift in the arterial wall 

may ensue. Mitochondria produce large amounts of free radicals 

and play an important role in the life and death of a cell [208]. It 

has been widely accepted that mitochondrial oxidative stress is 

a major factor in the pathophysiology of aging in many organs, 

including skeletal muscle, heart, and the brain. There is 

evidence that in these organs, mitochondrial biogenesis is 

dysregulated, and it is thought that the resulting decline in 

cellular mitochondrial mass may contribute to the increased 

mitochondrial generation of ROS [209]. However, the 

molecular mechanisms responsible for mitochondria-mediated 

disease processes are yet to be understood in detail. The rate of 

aging could be affected by differences in genetically controlled 

resistance to oxidative stress. Genetic manipulations which 

increase oxidative damage shorten lifespan, while those which 

lead to increased resistance to oxidative damage, extend it 

[210]. Hypermethylation of estrogen receptor promoter in 

cardiovascular system has been shown with increasing age may 

play a role in atherogenesis and aging [211]. In C. elegans, 

mutational inactivation of several mitochondrial genes, such as 

the clk-1 gene which encodes a mitochondrial protein involved 

in the synthesis of ubiquinone, increases longevity by 15–35% 

and induces resistance to oxidative stress [212]. The association 

between calorie intake, rate of metabolism and the production of 

ROS has also been observed in mice [213]. Deletion of Shc 

gene encoding the p66shc protein, an important regulator of 

cellular redox potential and oxidative damage in response to 

extracellular signals, including insulin, reduces production of 

ROS, increases resistance to oxidative stress-induced apoptosis, 

delays aging and increases longevity by 30% [214]. p66Shc 

knockout mice are also protected against vascular, cardiac, and 

renal diseases attributable to hypercholesterolemia, diabetes and 

aging. Similarly, the current research is focusing on several 

different pathways including the roles of Forkhead transcription 

factors [215], TOR signaling, Klotho gene deletion [216] etc., in 

deciphering the mechanisms of overall aging.  

 

Age-associated changes of blood vessels include a decrease in 

compliance and an increase in inflammation and an impaired 

angiogenesis with advancing age and that aging decrease the 

antithrombogenic properties of the endothelium [191, 192]. 

These changes in the vascular structure and function have been 

suggested to have a role in the increased risk of atherosclerotic 

cardiovascular disease in the elderly [194, 197]. Both eNOS 

activity and NO production are hampered in senescent vascular 

endothelial cells, possibly because of the rise in ROS/RNS 

levels in senescent cells and thereby limiting the NO 

bioavailability [217, 218]. It has been reported that senescent 

fibroblasts are resistant to apoptosis and whereas, apoptosis is 

enhanced in senescent vascular endothelial cells [219, 220]. 

There is also evidence showing that senescence-associated 

functional changes occur in vascular smooth muscle cells 

(VSMC) [221]. Interestingly, individuals with shorter white 

blood cell telomeres tend to show a >2.8-fold higher coronary 

risk than the highest quartile for telomere length, after adjusting 

for age [222]. Telomerase counteracts the shortening of 

telomeres and contains a catalytic subunit, the hTERT. The 

introduction of hTERT into human cells extends both their 

lifespan and their telomeres to lengths typical of those of young 

cells. Emerging evidence suggests that increasing nitric oxide 

(NO) bioavailability or endothelial NO synthase (eNOS) 

activity activates telomerase and delays endothelial cell 

senescence [223, 224]. 

 

Since the last decade, there is a growing body of evidence 

showing that the aging process is genetically determined and 

there is reasonable hope that the function of genes that control 

life span can eventually be therapeutically modulated. In this 

regard, recent research has focused on utilizing certain caloric 

restriction (CR) mimetics (CRM) which mimic dietary 

restriction to see whether they delay the aging process per se 

[225]. CR decreases the incidence of cardiovascular disease and 

has been shown to alter neuroendocrine and sympathetic 

nervous system in laboratory animals and some of these are 

replicating now in ongoing human studies. In particular, the 
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National Institute on Aging through its program, CALERIE 

(Comprehensive Assessment of Long-Term Effects of Reducing 

Intake of Energy, initiated in 2002) endeavors to fund clinical 

trials address the feasibility of using CR as therapeutical tool as 

well as its effects and mechanisms in disease prevention. 

CALERIE studies examine the delay of aging-related co 

morbidities, particularly those associated with metabolic rate 

and biomarkers of aging, studying those that predict age related 

diseases such as cardiovascular disease and type-2 diabetes 

[226, 227]. It has been suggested that CR induces SIRT–1 

(silent mating type information regulation 2 homolog) an NAD-

dependent deacetylase sirtuin-1 [228]. SIRT1 is distributed in 

all mammalian tissues studied and modulates cellular and tissue 

homeostasis interacting with metabolic and stress response 

proteins and factors. Mounting evidence suggests that SIRT1 

regulates energy metabolism, endocrine signaling and some 

stress responses [225]. SIRT1 is also inducible by a broad 

variety of signals, in response to CR [228] or fasting [229], 

suggesting a broad role in mammalian physiology. SIRT1 

regulates several transcription factors that regulate stress 

responses including peroxisome proliferator-activated receptor-

γ (PPAR-γ), PPARγ-coactivator-1α (PGC1-α), forkhead-box 

transcription factors (FOXOs), LXR and p53.  

 

CR was shown to attenuate atherogenesis in rodents [230]. The 

cardiovascular effects of CR observed so far are consistent with 

the view that CR may confer vasoprotection in humans, 

although the effects of CR on progression of atherosclerosis and 

plaque composition in elderly humans or aged primates [231] 

are still not well documented. In general, CR may affect 

vascular health both by improving systemic risk factors for 

coronary artery disease (CAD) (e.g. plasma lipid and glucose 

levels, blood pressure) and by modulating cellular functions and 

gene expression in endothelial and smooth muscle cells that 

create a microenvironment in the vascular wall, which does not 

favor atherogenesis (e.g. attenuation of ROS production, anti-

inflammatory effects). Recent data suggest that lifelong CR in 

rats prevents aging-induced endothelial dysfunction [232]. 

Accordingly, CR elicited significant improvement of both 

agonist- and flow-induced, NO-mediated dilation of resistance 

arteries from the skeletal muscle of aged F344 rats, suggesting 

that CR increases bioavailability of NO. However, it is yet to be 

determined whether CR can also improve endothelial function 

in elderly humans independent of weight reduction. 

 

There is data suggesting that CR may regulate both eNOS 

activity and expression via activation of SIRT-1; also showing 

that SIRT1 and eNOS colocalize in endothelial cells, and SIRT1 

deacetylates eNOS, stimulating eNOS activity and increasing 

endothelial nitric oxide. Moreover, CR in mice leads to 

deacetylation of eNOS [232], whereas SIRT1 overexpression or 

SIRT1 activators were shown to induce eNOS expression in 

endothelial cells. Further studies are definitely needed to 

elucidate whether SIRT-1 activation results in increased NO 

bioavailability and thereby improving endothelial function in 

aged CR individuals. 

 
1.8.Mitochondria-targeted therapies to tackle 
vascular dysfunctions:  
 

Increased oxidative stress, which is associated with increased 

production of reactive oxygen/nitrogen species, plays a pivotal 

role in vascular dysfunction and contributes substantially to the 

structural and functional changes leading to vascular disease 

progression. Only recently it has been recognized that 

ROS/RNS are widely used as second messengers to propagate 

proinflammatory, growth stimulatory and several unknown 

signals. This increasing knowledge has contributed to the 

corollary realization that oxidative stress and inflammation are 

interrelated and probably indivisible phenomena.  

 

Although it is well known that oxidative stress plays a 

predominant role in the onset of many vascular pathologies, 

paradoxically, by and large treatment of atherosclerosis and its 

associated vascular dysfunctions using traditional anti-oxidant 

therapies have shown not much of success in the clinical 

settings. The reasons for the failure of these anti-oxidant trials is 

likely multifactorial. Of which, an important parameter is the 

lack of knowledge on the optimal dosage for the various anti-

oxidants. More recently it has become apparent that the 

bioavailability and there by improving distribution of 

administered anti-oxidants may limit their usefulness. To be 

effective, anti-oxidants must reach the cellular compartment in 

which ROS are generated. For many vascular cells, this requires 

uptake into the cytoplasm or vesicles. 

 

The failure of classic anti-oxidants has led to the search for new, 

more effective compounds. The vasodilator activity of NO-

donor phenols on rat aortic strips [233], and the inhibition of 

proinflammatory gene expression by the new anti-oxidant AGI-

1067 [234] are promising ex vivo results that require follow up. 

Attention has also shifted to dietary supplementation of anti-

oxidants, on the theory that absorption, metabolism and 

bioavailability of these forms may not be mimicked by 

administration in the form of a pill [235]. However, it is clear 

from animal studies that individual ROS mediate specific 

pathophysiological responses in the vessel wall. Superoxide 

nactivates NO, thus counteracting its vasodilatory, 

antiproliferative and anti-inflammatory effects. In contrast, 

H2O2 mediates VSMC apoptosis, proliferation and migration. 

Based on this analysis, the choice of anti-oxidant should depend 

upon the identity of the ROS responsible for the pathology. 

Thus, inhibition of H2O2 might be more effective in reducing 

neointima and plaque formation. When trying to scavenge ROS, 

it must be kept in mind that low levels of ROS are necessary for 

cell viability, so nonselective scavenging of ROS may be 

deleterious. The final verdict on anti-oxidant treatment for 

vascular injury must therefore await the development of more 

effective anti-oxidants, and better biomarkers of oxidative 

stress.  

 



SPECIAL ISSUE: REDOX BIOLOGY IN CARDIOVASCULAR AND NEUROLOGICAL DISORDERS  

____________________________________________________________________________________
    

  

©IIOAB-India                                       OPEN ACCESS                              IIOABJ; Vol. 2; Issue 6; 2011:9–28 21 

R
E

V
IE

W
 

E
D

IT
E

D
 B

Y
 –

 P
R

O
F

. 
S

.K
. 

M
A

U
L
IK

; 
M

D
, 
P

H
D
 

                           w
w

w
.iio

a
b

.o
rg

                                                                                        
 

   
                                            w

w
w

.iio
a
b

.w
e
b

s
.c

o
m

 

It is now increasingly recognized that mitochondria produce 

large amounts of free radicals and play an important role in 

several pathologies including atherosclerosis [208, 236, 237]. 

Although the molecular mechanisms responsible for 

mitochondria-mediated disease processes are not yet clear, 

oxidative stress seems to play an important role. The selective 

mitigation of oxidative damage in mitochondria is therefore an 

effective strategy in such age related disorders. However, a 

major limitation of anti-oxidant therapy in the treatment of 

mitochondrial diseases has been the inability to enhance the 

anti-oxidant levels in mitochondria. Recently, there was a 

breakthrough in mitochondrial targeting of anti-oxidants [236]. 

Anti-oxidants are covalently coupled to a triphenylphosphonium 

cation, and these compounds were preferentially taken up by the 

mitochondria.  These agents initially accumulated in the 

cytoplasmic region of cells because of the negative plasma 

membrane potential (30–60 mV). The lipophilic cations easily 

permeate through the lipid bilayers and subsequently 

accumulate several hundred-fold within mitochondria because 

of a large mitochondrial membrane potential (150–170 mV; 

negative inside). 

 

Mito-Q, a derivative of ubiquinone, and MitoVit-E, a derivative 

of Vit-E, are two promising anti-oxidants that are specifically 

targeted to mitochondria [236, 237]. Mitochondrial ubiquinone 

is a respiratory chain component buried within the lipid core of 

the inner membrane where it accepts 2 electrons from 

complexes I or II forming the corresponding reduction product 

(i.e. ubiquinol) which then donates electrons to complex III 

[238]. The ubiquinone pool in vivo exists largely in the reduced 

ubiquinol form acting as an anti-oxidant and a mobile electron 

carrier.  

 

Ubiquinol has been reported to function as an anti-oxidant by 

donating a hydrogen atom from one of its hydroxyl groups to a 

lipid peroxyl radical, thereby decreasing lipid peroxidation 

within the mitochondrial inner membrane [239, 240]. The 

ubisemiquinone radical formed during this process 

disproportionates into ubiquinone and ubiquinol [241, 242]. The 

respiratory chain subsequently recycles ubiquinone back to 

ubiquinol, restoring its anti-oxidant function. Vitamin E (α-

tocopherol) is another anti-oxidant within the mitochondrial 

inner membrane, and the tocopheroxyl radical formed from one-

electron oxidation of Vit-E regenerates Vit-E by reacting with 

ubiquinol [241, 243]. Previously, it was reported that N-tert-

butyl hydroxylamine reversed age-related changes in 

mitochondria by undergoing redox cycling in the mitochondrial 

electron transport chain [244].  

 

It has been previously shown by us and other groups that 

mitochondrially targeted ubiquinone (MitoQ) at very low 

concentrations significantly inhibited peroxide-induced 

endothelial dysfunction in aortic endothelial cells [237, 245]. 

However, at this time we do not know whether MitoQ protects 

endothelial cells just by the virtue of having the anti-oxidant 

moiety or any other molecular signaling mechanisms associated 

with it. Nevertheless, the results with mitochondrially targeted 

anti-oxidants are promising and more studies are indeed needed 

to understand their effects on other vascular cells before we can 

arrive at definitive conclusions. 
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