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2.1            Introduction 

    Diabetes mellitus is a group of metabolic diseases that produces an increase in 
blood glucose as a result of inadequate production/release of insulin by the beta 
cells of the pancreas (type 1 diabetes mellitus, insulin-dependent diabetes, juvenile- 
onset diabetes) or as a result of inadequate responses of cells to insulin that is 
 produced/released by the pancreas (type 2 diabetes mellitus, non-insulin-dependent 
diabetes, adult-onset diabetes). Estimates suggest that there are about 26 million 
children and adults (over 8 % of the population) that have been diagnosed with dia-
betes, about 7 million individuals that have diabetes but have not been diagnosed, 
and about 79 million people that are prediabetic. The cost of diabetes has been 
estimated to be over $180 billion per year (disability, work loss, and premature 
mortality). The complications from diabetes include, but are not limited to, hyper-
tension, neuropathy, nephropathy, blindness, peripheral vascular disease, infl amma-
tion, heart disease, and stroke. Thus, diabetes contributes to an increase in morbidity 
and mortality in children, adolescents, adults, and the elderly. It remains critical to 
defi ne mechanisms by which diabetes contributes to dysfunction of many organ 
systems in order to provide new therapeutic approaches for the prevention of 
diabetes- induced disease states. In this chapter, we will focus on mechanisms by 
which type 1 diabetes (T1D) may contribute to an increase in oxidative stress in the 
brain and how this increase in oxidative stress may contribute to cerebrovascular 
dysfunction, brain injury, cognitive dysfunction, and perhaps stroke.  
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2.2     Oxidant Pathways in Diabetes 

 T1D impairs nitric oxide synthase (NOS)-dependent responses of large and small 
peripheral and cerebral blood vessels. Mechanisms responsible for T1D-induced 
impairment in vascular function appear to be related to the generation of reactive 
oxygen species (ROS) through a variety of cellular pathways. This increase in oxi-
dative stress during T1D can occur from many cell types (endothelium, vascular 
smooth muscle, neurons, glia, astrocytes) and represents an imbalance between the 
production of ROS by oxidizing enzymes and the scavenging of these ROS by anti-
oxidant defense enzymes, which serve to interfere with the downstream signaling 
events triggered by these ROS. In T1D, the activity of ROS-producing enzymes is 
increased, while antioxidant defense enzymes appear to be unaltered or decreased, 
shifting the balance in favor of ROS production. There are several oxidant- producing 
and antioxidant-protecting pathways that are altered by T1D in peripheral and cere-
bral blood vessels. In the following sections, we will outline some of the key aspects 
of these pathways. 

2.2.1     Cyclooxygenase Pathway 

 The cyclooxygenase pathway has been implicated in synthesis of ROS for many 
years and has been thought to be a contributor to the formation of ROS during dia-
betes [ 30 ,  154 ,  156 ]. Early studies by Kontos and colleagues [ 88 ,  90 ,  91 ,  173 ] found 
that application of arachidonate to the cerebral microcirculation could produce dila-
tion of large and small cerebral arterioles. This dilation could be inhibited by a 
combination of superoxide dismutase (SOD) and catalase, thus implicating a role 
for superoxide anion, hydrogen peroxide, and hydroxyl radical [ 90 ,  173 ]. It is now 
becoming apparent that hydrogen peroxide may be acting as an endothelium-derived 
hyperpolarizing factor in the brain and other vascular organs [ 89 ,  92 ,  104 ,  167 ]. 
Support for the production of ROS by the cyclooxygenase pathway during diabetes 
can be found in early studies by Pieper et al. [ 127 ,  129 ] and Tesfamariam et al. 
[ 155 ]. Pieper et al. [ 127 ] found that oxygen radicals, generated via xanthine plus 
xanthine oxidase, could impair relaxation of the thoracic aorta in nondiabetic and 
diabetic rats and that catalase and SOD could enhance relaxation of the thoracic 
aorta in diabetic rats [ 129 ]. Tesfamariam et al. [ 155 ] found that indomethacin could 
restore impaired relaxation of the thoracic aorta in diabetic rats to that observed in 
nondiabetic rats. Thus, it appeared that ROS generated via the activation of the 
cyclooxygenase pathway could contribute to impaired vascular function of periph-
eral blood vessels during T1D. With regard to cerebral vessels, we [ 108 ] found that 
treatment with indomethacin or the thromboxane A2/prostaglandin H2 receptor 
(SQ 29548) improved impaired endothelial NOS (eNOS)-dependent responses of 
cerebral arterioles in diabetic rats. In addition, others [ 79 ] have reported that 
 indomethacin can restore impaired cerebrovascular reactivity to insulin in 
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insulin-resistant obese rats. Taken together, these fi ndings suggest that the produc-
tion of a cyclooxygenase constrictor substance and/or the production of ROS via the 
cyclooxygenase pathway may contribute to impaired eNOS-dependent responses of 
cerebral arterioles during T1D.  

2.2.2     NADPH Oxidase 

 NADPH oxidases are a primary source of ROS in the vascular system and are active 
in all cell types within the walls of blood vessels [ 66 ,  162 ]. NADPH oxidases are 
comprised of two membrane bound subunits (Nox and p22phox), up to three cyto-
plasmic subunits (p67phox, p47phox, and p40phox), and a G protein (Rac1/Rac2). 
Several NADPH oxidases have been identifi ed (Nox1, Nox2, Nox4, and Nox5), and 
these are a primary source of ROS in the vasculature [ 13 ,  17 ,  30 ,  156 ]. Since the 
formation of ROS (presumably via an increase in cellular levels of glucose) appears 
to be of primary importance in vascular dysfunction during T1D, compounds that 
inhibit Nox activity may offer therapeutic benefi ts in T1D-induced cerebrovascular 
dysfunction (Fig.  2.1 ). In fact, investigators have shown that inhibition of Nox with 

     Fig. 2.1    Hyperglycemia- 
induced activation of 
NADPH oxidase. Activation 
of NADPH oxidase isoforms 
via an increase in cellular 
levels of glucose 
(hyperglycemia) can increase 
the formation of superoxide 
(O 2  − ) from numerous cellular 
sources. Superoxide can then 
combine with nitric oxide 
(NO), forming peroxynitrite 
(ONOO − ), which can then 
reduce NO bioavailability, 
leading to cerebrovascular 
dysfunction       
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apocynin reversed upregulation of Nox enzymes, improved nitric oxide function, 
and reduced vascular dysfunction of peripheral blood vessels in diabetic animals 
[ 8 ,  15 ,  56 ,  124 ]. While studies have shown that apocynin can infl uence the patho-
genesis of stroke [ 153 ] and can improve impaired cerebrovascular function during 
hyperhomocysteinemia [ 33 ], few studies have examined the role of Nox enzymes in 
impaired responses of cerebral blood vessels during T1D. In a previous study, we 
found that T1D increased superoxide levels in brain tissue and increased the protein 
expression of various subunits of Nox in brain tissue and cerebral blood vessels 
[ 105 ]. Further, we found that chronic treatment of diabetic rats with apocynin could 
reverse the increase in superoxide levels in brain tissue and also could reverse 
impaired eNOS-dependent responses of cerebral arterioles [ 105 ]. Although studies 
have shown that Nox may be of benefi t during diabetes, some have questioned the 
specifi city, potency, and toxicity of this type of treatment and how it may translate 
to treatment of humans with diabetes or, in fact, with other disease states [ 73 ,  161 ]. 
Thus, while there may be a signifi cant role for Nox enzymes in the generation of 
ROS, there may not be enough defi nitive evidence to determine which isoform of 
Nox may be most important in cerebral vessels during T1D.

   The precise cellular pathway underlying increased Nox expression/activity in 
T1D remains unclear. One possibility is that angiotensin II plays a critical role 
(Fig.  2.2 ). Stimulation of vascular smooth muscle cells with angiotensin II, throm-
bin, lipopolysaccharide, and cytokines increases the activity of NADPH oxidase, 
vascular p47phox expression, and production of ROS [ 1 ,  21 ,  54 ,  65 ,  66 ,  93 ]. Since 
tissue and plasma levels of angiotensin-converting enzyme, and thus angiotensin II, 
are elevated in diabetics [ 42 ,  97 ,  138 ] and since angiotensin II has been shown to 

  Fig. 2.2    Role for angiotensin 
II in mediating 
hyperglycemia-induced 
activation of NADPH 
oxidase. Angiotensin, acting 
via AT-1 receptors, can 
activate NADPH oxidase, 
lead to a decrease in NOS 
activity (and subsequent 
formation of NO), and/or 
increase the synthesis/release 
of endothelin-1 (ET-1). These 
actions can lead to a decrease 
in NO bioavailability and 
cerebrovascular dysfunction       
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activate NADPH oxidase (presumably Nox2) via stimulation of AT-1 receptors [ 65 , 
 132 ,  177 ], it seems reasonable to suggest that the formation of superoxide during 
T1D may be related to angiotensin II-induced stimulation of Nox. Support for this 
concept can be found in studies that report treatment of diabetic subjects with 
angiotensin- converting enzyme inhibitors improves impaired NOS-dependent 
responses of large peripheral blood vessels [ 24 ,  116 ]. Given that angiotensin II can 
infl uence the brain via the circulation and via local production, it is not surprising 
that the cerebral circulation is also quite sensitive to angiotensin II. Investigators 
have shown that angiotensin II can produce endothelial dysfunction, impair neuro-
vascular coupling, and alter the transport properties of the blood–brain barrier [ 6 , 
 35 ,  48 ,  62 ,  67 ,  81 ,  112 ,  137 ]. With regard to T1D, we have reported that treatment 
of diabetic rats with enalapril [ 163 ] or losartan [ 6 ] can alleviate impaired eNOS- 
dependent responses of cerebral arterioles [ 163 ]. Although most studies have sug-
gested that angiotensin II promotes endothelial dysfunction largely due to activation 
of NADPH oxidase and the subsequent formation of superoxide, additional mecha-
nisms may also account for angiotensin II-induced vascular dysfunction. For exam-
ple, angiotensin II can limit the production of nitric oxide [ 61 ,  100 ], can lead to the 
formation of an endothelium-derived contracting factor [ 38 ,  102 ,  172 ], and can lead 
to an increase in the synthesis/release of endothelin-1 [ 130 ,  179 ]. Impaired responses 
of cerebral arterioles during T1D have also been implicated to be related to altera-
tions in nitric oxide production [ 79 ,  84 ], the production of a cyclooxygenase con-
strictor substance [ 79 ,  108 ], and/or the increased synthesis of endothelin-1 [ 4 ]. 
Thus, future studies will be required to determine the mechanism underlying the 
role for angiotensin II in cerebrovascular dysfunction during T1D.

2.2.3        Mitochondria 

 The mitochondria are a key source of ROS in cells as a result of an imbalance in the 
electron transport chain. Since oxidative stress is now widely accepted to play a key 
role in vascular dysfunction in a variety of disease states, including T1D, it has 
become apparent that the mitochondria might be a major contributor to this increase 
in oxidative stress (Fig.  2.3 ). The production of ROS by the mitochondria is a very 
complex process that involves oxidative phosphorylation across the electron trans-
port chain; for review see [ 135 ]. Although mitochondrial complexes I and III may 
be mainly responsible for the generation of ROS, complexes II and IV may also 
result in the production of ROS [ 25 ,  115 ]. The mechanism by which hyperglycemia 
can lead to an increase in the synthesis/release of ROS by mitochondria is not 
entirely clear, but appears to involve an increase in electron donors (NADH and 
FADH2) through the electron transport chain. The role of mitochondria in impaired 
vascular function during T1D has not been extensively examined, but investigators 
have shown that inhibition of the electron transport chain can reduce oxidative 
stress in the heart [ 25 ,  98 ]. In addition, rotenone, an inhibitor of complex I, has been 
shown to decrease the levels of hydrogen peroxide in the posterior cerebral artery of 
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diabetic mice and partially reverse decreased calcium currents in smooth muscle 
cells during T1D [ 40 ]. Thus, we speculate that inhibition of the electron transport 
chain may have important implications for cerebrovascular dysfunction in T1D. 
Support for this concept may come from studies of type 2 diabetic patients. One of 
the more common treatments of type 2 diabetes is metformin. One mechanism of 
metformin is the ability to inhibit complex I of the electron transport chain [ 20 ]. 
Therefore, it is conceivable that inhibition of the mitochondrial electron transport 
chain also may have important clinical applications to T1D.

2.2.4        Endothelial NOS 

 eNOS is modulated by many mechanisms including enzyme phosphorylation, inter-
actions with various proteins, several transcription factors, levels of substrate, and 
the availability of critical cofactors. In addition, there are various downstream regu-
lators of cellular signaling pathways that are able to modulate eNOS function 
including Rho kinase (RhoA) [ 140 ]. With regard to cofactors for eNOS, tetrahydro-
biopterin (BH 4 ) has been shown to be a critical component of eNOS regulation 
[ 2 ,  23 ,  64 ]. In order for eNOS to remain active, it must remain in a dimeric form and 
BH 4  contributes to the ability of eNOS to remain in this state [ 16 ,  32 ,  168 ]. There 
are many studies that have shown that hyperglycemia/diabetes can produce 

  Fig. 2.3    The role of the mitochondria. Increases in cellular levels of glucose can stimulate the 
mitochondria to release ROS via activation of NADPH oxidase and through the electron transport 
chain. Once formed, ROS can then produce a decrease in NO bioavailability and cerebrovascular 
dysfunction       
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reductions in the cellular levels of BH 4 , leading to an “uncoupling” of eNOS to its 
monomeric form, thereby increasing the formation of eNOS-derived superoxide [ 3 , 
 49 ,  69 ,  86 ,  120 ]. Thus, it is conceivable that eNOS uncoupling is a viable mecha-
nism by which T1D can produce cerebrovascular dysfunction (Fig.  2.4 ). Support for 
this concept can be derived from studies that have shown that treatment of type 2 
diabetic patients or patients following a glucose challenge with BH 4  can improve 
eNOS-dependent dilation [ 71 ,  76 ]. In addition, treatment with sepiapterin, a precur-
sor of BH 4 , or supplementation with BH 4  produced an improvement in eNOS- 
dependent responses of peripheral arteries in diabetic rats [ 11 ,  120 ,  121 ]. Only a 
limited number of studies have examined the infl uence of BH 4  on cerebral blood 
vessels. Early studies have shown that application of BH 4  to cerebral blood vessels 
could produce dilation or constriction dependent upon the size of the cerebral artery 
and/or species [ 82 – 84 ,  136 ]. A more recent study [ 79 ] reports that supplementation 
with sepiapterin in insulin-resistant obese rats improved dilation of cerebral arteri-
oles in response to insulin suggesting eNOS uncoupling in this model. Unfortunately, 
there are no studies that we are aware of that have examined the infl uence of chronic 
treatment with BH 4  or sepiapterin on responses of cerebral arteries or arterioles dur-
ing T1D. We have, however, shown that supplementation with BH 4  improves 
impaired responses of cerebral arterioles during other disease states [ 44 ,  145 ,  146 ], 
and thus it is conceivable that eNOS uncoupling may play a critical role in impaired 
vascular function during T1D.

  Fig. 2.4    eNOS uncoupling. The formation of ONOO −  by an increase in cellular levels of glucose 
can contribute to cerebrovascular dysfunction by oxidizing tetrahydrobiopterin (BH 4 ) to dihydro-
biopterin (BH 2 ). This defi ciency in the availability of BH 4  would force eNOS from its dimeric form 
to its monomeric form (an uncoupled state). Once in this uncoupled state, electrons fl owing from 
the eNOS reductase domain to the oxygenase domain are diverted to molecular oxygen rather than 
to  l -arginine, resulting in the production of superoxide (O 2  − ) rather than nitric oxide (NO). Once 
formed, superoxide can inactivate NO and produce cerebrovascular dysfunction       
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2.2.5        Protein Kinase C 

 The protein kinase C (PKC) family comprises at least fi fteen isoforms. This family 
of protein kinase enzymes is involved in managing the function of other proteins 
through the phosphorylation of hydroxyl groups of serine and threonine amino acid 
residues on these specifi c proteins. PKC enzymes are activated by signals such as 
increases in the concentration of diacylglycerol (DAG) or calcium ions (Ca 2+ ). 
Hence, PKC enzymes play important roles in several signal transduction cascades. 
Increases in cellular levels of glucose can increase the synthesis of DAG which, in 
turn, will activate the classical isoforms of PKC [ 60 ,  72 ,  77 ]. Once PKC is acti-
vated, a variety of events can occur within the cell, which may result in alterations 
in vascular permeability and/or vascular function (Fig.  2.5 ). For example, activation 
of PKC can lead to a decrease in eNOS, an increase in the expression of endothe-
lin-1, and an increase in oxidative stress via NADPH oxidase [ 9 ,  18 ,  31 ,  77 ,  122 , 
 131 ,  133 ,  169 ,  180 ]. In addition, activation of PKC can induce the activation of 

  Fig. 2.5    Infl uence of PKC on cerebrovascular dysfunction. Hyperglycemia can increase the syn-
thesis of diacylglycerol (DAG) which will activate the classical isoforms of protein kinase C 
(PKC). Once PKC is activated, a variety of events can occur within the cell, including an increase 
in the expression of endothelin-1 (ET-1) and the activation of NADPH oxidase. These events will 
lead to cascade of actions to decrease NO bioavailability and cerebrovascular dysfunction       
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several proinfl ammatory agents such as tumor necrosis factor-α (TNF-α), vascular 
endothelial growth factor (VEGF), and nuclear factor-κB (NF-κB) [ 47 ,  50 ,  101 , 
 142 ,  158 ,  166 ].

   Many investigators have reported a role for PKC in impaired endothelial func-
tion of peripheral blood vessels during T1D [ 46 ,  70 ,  114 ,  115 ,  178 ]. In addition, a 
few studies have implicated a role for activation of PKC in impaired responses of 
cerebral blood vessels during T1D. Studies by Pelligrino et al. [ 123 ] have shown 
that treatment of diabetic rats with staurosporine could restore impaired responses 
of pial arterioles in diabetic rats. In subsequent studies, Pelligrino and colleagues 
[ 170 ] found that PKCδ activity was increased in the glio-pial tissue of diabetic rats, 
suggesting that this isoform of PKC may ultimately lead to impaired neurovascular 
coupling during T1D. Others also have reported impairment in neurovascular cou-
pling in diabetic rats was related to an increase in the activity of PKC [ 171 ]. This 
increase in the activity of PKC appeared to be responsible for a decrease in large 
conductance (BK) calcium channel and inward rectifi er (Kir) calcium channel 
activity [ 171 ]. In addition, we have shown that acute hyperglycemia could impair 
NOS-dependent responses of pial arterioles in rats and this impairment could be 
reversed by treatment with a PKC inhibitor [ 106 ]. Thus, it appears that activation of 
PKC, through the stimulation of various downstream events, can infl uence cerebro-
vascular function during T1D.  

2.2.6     Poly(ADP-Ribose) Polymerase 

 Poly(ADP-ribose) polymerases (PARPs) are an important set of nuclear enzymes 
that appear to be involved in the response of the cell to DNA injury/DNA strand 
breaks [ 27 ,  59 ,  126 ]. These enzymes, of which PARP-1 is most abundant, normally 
function in DNA repair, but extensive activation of PARP can promote cellular dys-
function and/or cell death via mechanisms involving depletion of NAD+ and ATP 
within the cell [ 27 ,  59 ,  126 ]. Activation of PARP has been implicated in the patho-
genesis of several disease states including stroke [ 29 ,  43 ,  109 ,  126 ], infl ammation 
[ 63 ,  80 ,  151 ,  181 ], myocardial dysfunction [ 28 ,  119 ,  164 ,  180 ], autoimmune dis-
eases [ 125 ,  126 ], and cognitive impairment following hypoglycemic cell death 
[ 144 ]. Since oxidative stress can induce the activation of PARP [ 57 ,  59 ] and since 
oxidative stress is increased in T1D, it is conceivable that PARP activation may 
contribute to vascular dysfunction during T1D (Fig.  2.6 ).

   Several studies have suggested that PARP activation is increased in T1D and this 
increase may contribute to cardiovascular and endothelial dysfunction. Pacher et al. 
[ 119 ] have reported an increase in the activation of PARP in the heart of diabetic rats 
and mice, cardiac dysfunction, and a decrease in NOS-dependent reactivity of the 
thoracic aorta. In addition, these alterations in cardiac/vascular function observed in 
diabetic rats and mice could be restored to that observed in nondiabetic animals by 
treatment with PJ-34 [ 119 ]. Studies by others [ 57 ,  58 ] also report that T1D activates 
PARP and induces endothelial dysfunction of the thoracic aorta. In addition, 
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treatment of vascular rings from PARP-defi cient mice with glucose (30 mM for 
16 h) did not produce endothelial dysfunction, and acute treatment of vascular rings 
from wild-type mice with PJ-34 prevented endothelial dysfunction induced by an 
acute episode of hyperglycemia [ 57 ]. In studies using T1D rats, we found that acute 

  Fig. 2.6    The contribution of PARP. Hyperglycemia during T1D can stimulate increased levels of 
angiotensin II (AII) and activate PKC. AII and PKC can increase the production of superoxide 
anion (O 2  − ) via activation of NADPH oxidase. Once formed, O 2  −  can react with nitric oxide (NO) 
to form peroxynitrite (ONOO − ), to induce DNA strand breaks thereby activating poly(ADP-ribose) 
polymerase (PARP). PARP activation can trigger a proinfl ammatory pathway and the generation of 
infl ammatory mediators (TNFα, iNOS and/or NF-κB) that may lead to cerebrovascular dysfunc-
tion. Activation of PARP may, via a metabolic pathway, produce a decrease in NADPH and 
GAPDH leading to a decrease in cellular energy status (ATP), a decrease in production of eNOS, 
and a further increase in ROS through activation of several pathways. This decrease in cellular 
energy status and increase in oxidative stress can lead to cerebrovascular dysfunction       
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treatment of pial arterioles with an inhibitor of PARP (PJ-34) could restore impaired 
NOS-dependent reactivity [ 5 ]. We suggested that the infl uence of PJ-34 on vascular 
function was related to its effect on superoxide levels in brain tissue since PJ-34 
prevented an increase in superoxide levels found in diabetic rats. 

 In addition to studies that have examined the role of PARP activation in cerebro-
vascular dysfunction during T1D, others have suggested that PARP plays an impor-
tant role in protection of the brain following cerebral ischemia/reperfusion [ 14 ,  26 , 
 68 ,  140 ]. These investigators have shown that treatment with inhibitors of PARP 
decreased brain injury and disruption of the blood–brain barrier following ischemia/
reperfusion by a mechanism that appeared to be related to preventing an increase in 
the synthesis/release of infl ammatory mediators (TNFα, IL-6, E-selectin, and 
ICAM-1) [ 68 ], thereby preserving endothelial tight junction integrity [ 96 ]. Although 
no studies to our knowledge have examined the infl uence of PARP inhibition on 
brain injury following ischemia/reperfusion during T1D, given the results from pre-
vious studies, we suggest that future studies should examine the role of this impor-
tant pathway in the pathogenesis of cerebral ischemia-/reperfusion-induced brain 
injury and disruption of the blood–brain barrier during T1D. We speculate that the 
results from these types of studies might have important implications regarding 
mechanisms for the increased incidence of stroke and cognitive dysfunction 
observed in diabetic subjects. 

 Given that PARP activation is a very complex process, it would appear diffi cult 
to determine mechanisms that PARP activation produces vascular dysfunction, 
including cerebrovascular dysfunction, during T1D. Two pathways have been pro-
posed to account for the role of PARP activation in T1D: the proinfl ammatory and 
metabolic pathways. The proinfl ammatory pathway [ 59 ,  147 ,  149 ] suggests that 
PARP activates multiple pathways of damage, including NF-κB, PKC, and/or 
 generation of advanced glycosylation end products (AGEs). Activation of these 
pathways can stimulate the synthesis/release of infl ammatory mediators (E-selectin, 
IL-6, TNFα, ICAM-1, and iNOS) that have been implicated in endothelial 
 dysfunction and brain injury observed in T1D and can generate ROS from addi-
tional pathways [ 68 ,  94 ,  103 ,  117 ,  128 ,  134 ,  181 ]. Thus, it is possible that PARP 
activation during T1D can increase the formation of infl ammatory mediators that, in 
turn, produce endothelial dysfunction directly and/or via the production of ROS. 
The metabolic pathway [ 57 ] suggests that hyperglycemia during T1D stimulates the 
production of oxidants. Although the pathway for the formation of these oxidants in 
T1D is not entirely clear, it may involve the activation of NADPH oxidase via 
increased levels of angiotensin II [ 42 ,  54 ,  65 ,  97 ,  132 ,  138 ]. Evidence suggests that 
angiotensin II can activate PARP in cultured endothelial cells and can induce DNA 
strand breaks [ 150 ]. In addition, angiotensin II-induced endothelial dysfunction can 
be prevented by inhibition of NADPH oxidase and PARP [ 150 ]. In addition to a 
possible role for angiotensin II, elevated levels of glucose also have been shown to 
activate PKC and produce oxidative stress [ 55 ,  95 ,  176 ]. Further, it has been sug-
gested that oxidative stress may further stimulate the activity of PKC via activation 
of PARP [ 41 ]. It is also conceivable that oxidative stress-induced stimulation 
of PARP, in turn, activates endothelin-1 to produce vascular dysfunction [ 110 ]. 
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Finally, PARP activation can increase ROS formed via an increase in AGEs and the 
polyol pathway, both of which have been implicated as an important source of ROS 
during T1D [ 19 ,  141 ,  175 ]. Regardless of the precise cellular mechanism, once ROS 
are formed they can induce DNA strand breaks to activate PARP, producing a cel-
lular energy crisis. Without suffi cient energy, the endothelium could presumably 
produce additional levels of ROS and/or have less potential to produce nitric oxide. 
This metabolic pathway is supported by data obtained from studies that have shown 
that exposure of endothelium to oxidants can produce depletion of NAD+ in cells 
that can be prevented by inhibition of PARP, endothelial dysfunction in T1D can be 
prevented by inhibition of PARP, glucose-induced endothelial dysfunction is pre-
vented in PARP-defi cient mice, and altering the energy status within endothelial 
cells can infl uence vascular function [ 22 ,  58 ,  59 ,  119 ].   

2.3     Antioxidant Pathways 

 Excess production of ROS in the vascular system, the peripheral organ systems, 
and/or the brain by T1D can be regulated through the expression of a variety of 
endogenous antioxidant enzymes. These antioxidant enzymes serve to protect the 
vasculature and/or organ systems, including the brain, by scavenging ROS and 
interfering with or preventing the activation of downstream signaling events trig-
gered by these ROS. Unfortunately, in T1D where there is a dramatic increase in the 
levels of ROS, these antioxidant enzyme systems may not be able to adequately 
regulate these excess levels of ROS and/or may be adversely affected by T1D. This 
consequence would tip the balance in favor of a prooxidant environment to detri-
mentally affect vascular function during T1D. 

2.3.1     Superoxide Dismutases 

 The bioactivity of nitric oxide depends, in part, on its ability to interact with ROS, 
especially superoxide [ 12 ]. Early fi ndings suggested that superoxide inactivates 
nitric oxide [ 174 ] and studies since have shown that inactivation of nitric oxide by 
superoxide contributes to impaired vascular function [ 36 ,  37 ,  107 ]. While there is 
considerable attention paid to examining the role of superoxide during disease 
states, little information is available regarding the functional signifi cance of altera-
tions in the activity/expression of antioxidant pathways during disease states. 
SODs exist in three isoforms localized within specifi c cellular compartments. 
Copper-zinc SOD (SOD-1, CuZnSOD) is located predominately within the cyto-
sol, as well as in the nucleus, and is expressed in all mammalian cells. Manganese 
SOD (SOD-2, MnSOD) is localized to the mitochondrial matrix, and it is consid-
ered to be the primary SOD isoform in relation to oxidative stress in the mitochon-
dria. SOD-2 is needed to protect cellular constituents from superoxide derived 
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from the electron transport chain. Extracellular SOD (SOD-3, EC-SOD) is also 
a copper-zinc-containing SOD and is secreted extracellularly. SOD-3 is found 
bound to heparin sulfate proteoglycans on the surface of cells. It appears that the 
predominant form of SOD in blood vessels is SOD-1, followed by SOD-2 and the 
least involving SOD-3 [ 51 – 53 ,  143 ]. During T1D, superoxide levels are increased 
in brain tissue [ 7 ], but levels of SODs in the brain during T1D are not as clear. 
Some studies have reported an increase in SOD-2 in brain tissue of diabetic rats 
[ 75 ], but others showing decreases in total SOD activity in the brain [ 87 ,  118 ], and 
a decrease in SOD-2 and SOD-1 activity and mRNA in the aorta of diabetic rats 
[ 78 ,  85 ]. In addition, we have reported that SOD-1 and SOD-2 proteins are similar 
in brain tissue and cerebral microvessels from nondiabetic and diabetic rats, even 
though levels of superoxide are increased in brain tissue from T1D rats [ 7 ].  

2.3.2     Glutathione Peroxidases 

 In addition to SODs, other antioxidant systems tightly regulate cellular redox bal-
ance. Cellular protection against ROS and their related by-products involves the 
activities of endogenous enzymes that belong to the oxidoreductase superfamily 
[ 139 ]. Glutathione peroxidases (Gpx) are a family of antioxidant enzymes that par-
ticipate in the neutralization of hydrogen peroxide to water utilizing glutathione 
(GSH) as its substrate. A previous study has shown that Gpx1 plays a functional role 
in reactivity of cerebral blood vessels in mice [ 111 ]. In addition, previous studies 
have suggested that T1D can reduce Gpx mRNA in patients with T1D [ 74 ] and can 
reduce glutathione levels in the aorta [ 152 ] and brain [ 118 ] of rats, that the glutathi-
one pathway is susceptible to oxidative stress [ 39 ], and that glutathione can protect 
diabetic rats from neuropathy [ 165 ]. However, the role of this endogenous enzyme 
pathway in protection of cerebral vessels during T1D remains unclear. 

 Taken together, these fi ndings seem to indicate that antioxidant enzymes (SODs 
and Gpx) may not be able to compensate for increases in superoxide levels in the 
brain during T1D and thus may not be able to protect the vasculature from the dam-
aging effects of ROS during T1D.   

2.4     A Common Link? 

 On a cellular/molecular level, there are several major pathways that have been 
implicated in T1D-induced increases in oxidative stress to account for dysfunction 
of blood vessels of peripheral organ systems and the brain. Those discussed in this 
chapter include the cyclooxygenase pathway, NADPH oxidase, eNOS uncoupling, 
the mitochondria, PKC, and PARP. In addition to these oxidant-producing path-
ways, it appears that T1D can infl uence oxidant-protecting pathways (SODs and 
Gpx) to further alter the balance to favor the damaging effects of ROS. Although not 
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entirely clear for cerebral blood vessels, based upon fi ndings from previous studies 
(see [ 19 ,  115 ]), it appears unlikely that oxidant-producing pathways act indepen-
dently. A unifying hypothesis that has been presented by others [ 18 ,  19 ,  34 ,  115 , 
 175 ] suggests that as glucose enters the cell, it stimulates the mitochondria to release 
superoxide, which in turn activates a number of downstream pathways (PKC, cyclo-
oxygenase, infl ammatory cytokines, PARP). These downstream pathways can pro-
duce a further increase in the generation of ROS and/or excite other pathways that 
could contribute to vascular dysfunction. However, this type of unifying hypothesis 
may not adequately account for the complexity of vascular dysfunction during T1D 
since inhibition of one of these pathways could not discount the formation of ROS 
from other distinct pathways, unless there was a linear relationship between the 
pathways. Faraci [ 45 ] has suggested that angiotensin II, acting via AT-1 receptors, 
can stimulate an increase in the synthesis of ROS from the mitochondria as well as 
promote infl ammation and thus account for cardiovascular-related impairment in 
vascular function. Others [ 147 ,  148 ] have suggested that increases in cellular levels 
of glucose can stimulate the production of ROS from a variety of sources, which 
then activates PARP. Once activated, PARP would stimulate a number of down-
stream pathways (polyol pathway, PKC, AGEs, infl ammatory mediators) that could 
then lead to the production of more ROS to produce vascular dysfunction. However, 
one might assume that inhibition of a singular pathway might not restore impaired 
vascular function given that other oxidant-producing pathways would remain intact. 
However, studies as outlined in this chapter have shown that inhibition of presum-
ably singular cellular pathways can improve impaired responses of peripheral and 
cerebral blood vessels during T1D. Thus, although the basic principle that ROS are 
critical for impaired cerebrovascular function during T1D is certain, what remains 
uncertain is(are) the cellular pathway(s), indeed networks, that may be activated by 
ROS during T1D. We suggest that additional studies need to be completed before 
we can fully address the complexity of the interactions between the various cellular 
pathways that ultimately contribute to the generation of ROS during T1D.  

2.5     Therapeutic Interventions 

 Based upon the experimental evidence presented in this chapter, one might specu-
late that inhibition of ROS during T1D would be an attractive therapeutic approach 
for addressing cerebrovascular dysfunction and its consequences, i.e., cognitive 
impairment and/or ischemic stroke. The vast majority of studies, several of which 
are presented in this chapter, have shown that short- and long-term treatment using 
scavengers of ROS improves vascular function in animal models of T1D. In addi-
tion, there are limited data to suggest that treatment of humans with scavengers of 
ROS improves endothelial function during T1D [ 159 ,  160 ] and brain injury follow-
ing subarachnoid hemorrhage [ 10 ]. However, others have failed to demonstrate a 
dramatic effect of antioxidant therapy in human subjects with diabetes and/or other 
cardiovascular-related diseases [ 99 ,  113 ]. There may be several potential key 
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aspects as to why there are differences with regard to the benefi cial effects of 
 inhibition of ROS on vascular function in human subjects. First, the duration of 
exposure to antioxidant therapy may be important. A recent study reports that rever-
sal of endothelial dysfunction in type 2 diabetic humans was only observed with 5 
years of treatment with a combination of agents that lowered blood pressure, blood 
lipids, and ROS [ 157 ]. Second, it is possible that the duration of exposure to ROS 
during disease states in humans may create a condition whereby the endothelium is 
less able to respond to antioxidant therapy. Third, it would be rare for a human 
population not to have multiple risk factors for cardiovascular and cerebrovascular 
dysfunction. Therefore, the population being studied may not be an appropriate 
choice due to these multiple risk factors. Fourth, it is diffi cult to adequately control 
human subjects during a drug trial and there may be confounding infl uences in 
studying this type of population. Fifth, it is certainly possible that mechanisms con-
tributing to vascular dysfunction during disease states, including T1D, are much 
more complex in humans than in animal models and different modes of therapy 
need to be examined in more long-term studies before conclusions can be drawn 
regarding the role of ROS in the pathogenesis of disease states. It may be premature 
to suggest a single therapeutic approach to limit the production of ROS during 
cardiovascular- related diseases, including T1D.  

2.6     Closing Statement 

 The production of ROS appears to be the critical component of cerebrovascular 
dysfunction during T1D. Once ROS are formed, they can damage the endothelium 
directly and/or activate downstream networks that can lead to the generation of 
infl ammatory mediators and/or produce an additional increase in the levels of ROS. 
We suggest that these processes not only contribute to impairment of dilator and 
constrictor responses of cerebral arteries and arterioles but also contribute to 
impaired neurovascular coupling, leading to an increase in the susceptibility of the 
brain to injury following ischemia/reperfusion, cognitive dysfunction, and an 
increase in prospect for ischemic stroke in diabetic humans.     
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