
INTRODUCTION

THE VASCULAR endothelium, although not traditionally
considered an organ, is intimately involved in maintain-

ing organ and tissue homeostasis, and is a dynamic structure
that responds to local changes in the environment. It exhibits
a spectrum of behaviors that ranges from the protective to the
pathogenic, contributing to end-organ damage. Under ex-
treme circumstances, and once a certain threshold has been
reached, the endothelium can become pro-thrombotic and
pro-inflammatory (2). Indeed, the endothelium is a particu-
larly sensitive target of inflammatory end-organ disease.
Autoimmune diseases, including type 1 diabetes (T1D),
rheumatoid arthritis, and systemic lupus erythematosus, show
the presence of antiendothelial cell antibodies that appear not
to be mere markers but may play a pathogenic role and
contribute to endothelial dysfunction (19, 82, 113). 

Although the pathogenesis of vascular complications in type I
diabetes (T1D) is currently under intense investigation, the ex-
citing results from the long-term Diabetes Control and Clinical
Trials Group/Epidemiology of Diabetes Interventions and Com-
plications Research Group (DCCT/EDIC) have helped to narrow
the gap about our understanding of the role that uncontrolled
glucose levels play in the pathogenesis of complications (76, 77,
92). These studies illustrate the importance of tight glycemic
control and its positive influence in attenuating the progression
of carotid intimal thickening and the urinary albumin excretion
associated with renal glomerular changes. However, a level of
pathology remained in some patients (92), suggesting that a crit-
ical event prior to or concurrent with hyperglycemia may con-
tribute to early vascular changes. This review will show the pos-
sible basis for endothelial pathobiology in T1D, a disease with
clearly unique but sometimes overlapping features compared to
the vasculopathy of type 2 diabetes (44).
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In diabetes, complications such as microangiopathies, arte-
riosclerosis, sclerosis of small and large vessels, remodeling of
extracellular matrix (ECM), and reprogramming of the gene
expression pattern of vascular cells are commonly found (4,
13, 36, 37, 61). Endothelial cells (EC) regulate vascular tone
by releasing endothelium-derived constricting factors, such as
endothelin-1, and endothelium-derived relaxing factors, such
as nitric oxide (NO•) (23). In diabetes, endothelial dysfunction
occurs, and this leads to decreased responses to NO•, increased
expression of proinflammatory and procoagulant factors
(ICAM-1, VCAM, E- and P-selectin, and plasminogen activa-
tor inhibitor-1) and secretion of chemokines and cytokines (15,
24, 27, 91, 94, 97, 107, 120). Regardless of whether they are
spontaneous or induced, a universal finding in a variety of dia-
betes models is impairment of endothelium-dependent relax-
ation (27, 57, 62, 78, 81). Endothelial dysfunction has been de-
scribed in older diabetics (27, 29, 115) and in younger patients
with T1D (18, 86). Vessels in asymptomatic young type I dia-
betics appear particularly susceptible to damage from LDL
cholesterol, and very young pediatric patients show microvas-
cular abnormalities as well (18, 21). Studies emanating from
our laboratory (described below) and others suggest that
endothelial dysfunction in a subset of patients who are
autoimmune-prone may antedate the hyperglycemia and injure
the blood vessels and accelerate complications later on.

CONCEPT OF OXIDANT/ANTIOXIDANT
BALANCE IN DIABETES

As scientists, we have been discussing and pondering the
role of reactive oxygen species in disease. The question often is
whether a particular effect is just a response to injury or some
pathophysiological condition or whether the biochemical
changes are part of the normal physiological processes. Oxida-
tive stress is characterized by increased production of cellular
oxidants and/or decreased concentrations of antioxidants and
antioxidant enzymes (including glutathione, vitamin E, ascor-
bate, glutathione peroxidase, superoxide dismutases, and cata-
lase). Reactive oxygen species (ROS) include superoxide (O2

•–),
hydrogen peroxide (H2O2), hypochlorous acid, and the most re-
active of all, the hydroxyl radical. We know that an imbalance
between reactive nitrogen/oxygen species and antioxidants re-
sults in tissue injury and dysfunction. However, we do not really
know what the magic “balance” is. In vivo, one source of free
radical production often leads to additional sources, as ischemia
leads to inflammation and vice versa (74). Furthermore, all of
these species, in one way or another, initiate lipid peroxidation
processes and inflammation. Reactive nitrogen species (RNS),
such as nitric oxide (NO•), also play an important role in inflam-
mation. NO• reacts with O2

•– to produce the powerful oxidant
peroxynitrite, ONOO– (10). ONOO– reacts with proteins, nitrat-
ing cysteine or tyrosyl residues, and resulting in an accumula-
tion of nitrotyrosyl groups (NTY) (51, 105). Stimulation of
endothelial cell NO• synthase (eNOS) by various agonists pro-
duces NO•, which then causes vasodilation through its actions
on the smooth muscle cells. When this endothelial/smooth mus-
cle axis is impaired, vessel dysfunction occurs, and in fact, NO•

inactivation by O2
•– has been associated with the pathogenesis

of hypertension (6). Nevertheless, complete inhibition of ROS
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production can also lead to pathologies, as mutants of the super-
oxide-generating enzyme NADPH oxidase as well as mutants
that lack p47 phox are more susceptible to arthritis (49), sug-
gesting that the system behaves more like a rheostat and it is not
necessarily just “on” or “off.” In diabetes, there is a severe
deficiency in the capacity of pancreatic �-cells to detoxify reac-
tive oxygen species (54, 68), and diabetic patients have de-
creased glutathione levels (26). What is not clear is whether this
defect also translates into increased susceptibility to vascular
complications. The redox imbalance, as it pertains to the sus-
ceptibility to diabetic vascular complications, has been pro-
posed to be a function of the endogenous antioxidant status
(37). In this context, we recognize the role that high glucose
plays in the pathogenesis of diabetic complications, particularly
as high glucose conditions lead to an oxidant-mediated EC dys-
function (75, 101). Glucose plays a central role in increasing
oxidant burden via accumulation of advanced glycation end
(AGE) products and AGE-receptor-mediated activation of vas-
cular NADPH oxidase (35, 94, 114). In addition, high glucose
leads to mitochondrial uncoupling and activation of PARP (13,
30, 75, 79). In either case, it is clear that the increased oxidant
burden leads to endothelial dysfunction.

Because oxidative stress is likely to play a central role in the
development of endothelium-dependent vascular complica-
tions in T1D, the identification of similar abnormalities in the
nonobese diabetic (NOD) mouse allows the dissection of the
biochemical mechanisms responsible for this dysfunction. In
almost every reported case of endothelial dysfunction in a
clinical setting or in animal models, antioxidant treatment has
restored normal vascular responses, suggesting a common un-
derlying mechanism (41, 58, 60, 63, 83, 107, 115, 118, 119).
A study that examined parameters of oxidative stress in chil-
dren with T1D and their nondiabetic relatives showed that
oxidant burden was high in both groups, although these differ-
ences did not achieve statistical significance (108). Given that
we find vascular dysfunction in prediabetic healthy mice (70),
it is plausible to suggest that endothelial dysfunction may also
be found in these healthy relatives of T1D patients. The ques-
tion becomes then, why is oxidant burden high prior to hyper-
glycemia and why is it that in some patients, tight glycemic
control does not completely restore normal endothelial func-
tion? A logical assumption is that the immune dysregulation
and its associated endothelial dysfunction may be the common
denominator linking these conditions in susceptible families.
Indeed, autoimmune diseases are now recognized as having a
vascular component, and these diseases usually cluster in fam-
ilies. Thus, it is not uncommon to find T1D patients who have
relatives with other autoimmune diseases other than T1D.

As it is difficult to predict with certainty who will develop
T1D, no studies of endothelial dysfunction have been performed
in prediabetic patients at risk or their healthy first-order relatives.
In published studies performed on prediabetic children, the au-
thors demonstrated elevated C-reactive protein (CRP) levels in
subjects who had one or more islet autoantigens; CRP levels were
more predictive of subsequent disease development (17), lending
support to the idea that vascular dysfunction and inflammation
can be dissociated from the hyperglycemia in some T1D patients.

In addition, once oxidant burden becomes high, this results
in further amplification of the inflammatory process, upregu-
lating adhesion molecules, inflammatory cytokines, and



chemokines, many of which are regulated by NF-�B. Thus, it
is difficult to distinguish events temporally or spatially.
Nevertheless, we propose a novel mechanism that may partly
account for lack of correlation between tight glycemic control
and endothelial dysfunction in diabetes that implicates a spe-
cific autoreactive T cell subset. In this new paradigm, the
mechanisms that allow for a diabetogenic T cell clone to ex-
pand also allow for activation of NADPH oxidase-mediated
oxidant stress and subsequent vascular dysfunction.

NADPH OXIDASES IN VASCULAR
FUNCTION

The NADPH oxidase of phagocytes is a high output
superoxide-generating enzyme whose purpose is bactericidal.
The phagocyte enzyme consists of five subunits: a gp91 and
p22 phox that assemble at the membrane to form cytochrome
b558, the cytosolic p47 and p67 phox, and a regulatory small
G-protein rac. It has become clear, however, that a variety of
nonphagocyte cells have oxidase homologues. These have now
been termed NOX to distinguish them from the phagocyte
phox family. The vascular oxidase, however, produces little su-
peroxide and appears to be constitutively active. Cytokines, va-
soactive hormones, pressor and inflammatory mediators result
in increased levels above baseline.  Oxidase activation has been
associated, in one form or another, with diseases such as ather-
osclerosis, hypertension, cardiomyopathy, coronary artery dis-
ease, and even cell transformation in cancer (38, 66, 99). The
high glucose-mediated angiotensin II-dependent cardiac con-
tractile dysfunction could be abrogated by NADPH oxidase in-
hibitors, highlighting the central role of this enzyme in the
pathogenesis of diabetic hypertension (87). NOX isoforms in a
wide variety of tissues and even plants (32) have been associ-
ated with growth, the angiogenic switch (5), differentiation,
and cancer (99). For reviews see Refs. 34, 64, and 104.

Although studies done on macrophages, antigen presenting
cells (APC), and dendritic cells show a clear role for their ox-
idases in adapting to a changing immune microenvironment,
little is known about the functional link between immune dys-
regulation and vascular oxidases. Most studies have been
done in vitro, but several studies have managed to make the
connection between immune dysregulation and oxidase acti-
vation in end-organ targets. For example, some patients with
early HIV-1 infection develop a thrombocytopenia because of
the presence of autoantibodies against an epitope of the beta3
(GPIIIa) integrin that, when engaged, induces platelet frag-
mentation via H2O2 derived from the interaction of platelet
NADPH oxidase and 12-lipoxygenase (69). Pre-eclamptic
patients develop agonistic antibodies that increase the chro-
notropic response of isolated murine cardiomyocytes and acti-
vate human smooth muscle cell and trophoblast NADPH
oxidase by engaging the angiotensin receptor 2 (28, 112).
Whereas the NAD(P)H oxidase of phagocytes is a bactericidal,
high output O2

•–-generating enzyme, the vascular counterpart
produces little O2

•– and appears to be constitutively active.
Tumor necrosis factor-� (TNF-�) has been shown to increase
p22 phox levels, and as a consequence, ROS generation in-
creases (25). It is possible that similarly to what has been
observed in pre-eclamptic patients, this immune dysregulation
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leads to inappropriate activation of vascular oxidases and pro-
duction of ROS.  It is now clear that the output of ROS can be
modulated in several tissue types and a variety of cells by
antibody-mediated stimulation of cell surface receptors. Whether
vasculopathogenic antibodies are present in autoimmune-prone
T1D patients remains to be established.

ROLE OF T CELLS IN VASCULAR AND
AUTOIMMUNE DISEASES

The destruction of the pancreatic beta cells in type 1 dia-
betes occurs through an autoimmune process, and T cells are
the primary mediators. These pathogenic T cells are reactive
with as yet unknown islet antigens, and their expansion is a
result of a failure of the homeostatic mechanisms that prevent
destruction of self-antigens. Interestingly, cross-linking of
the T-cell receptor (TCR) activates a T-cell oxidase through
recruitment of Fas and Fas ligand (52) and mutations in the
ncf gene (p47phox) have been associated with an increased
susceptibility to arthritis (49).

Regulatory T cells play a central role in the maintenance of
immune homeostasis. Breakdown of their regulatory role is
thought to contribute to the autoimmune destruction of pancre-
atic �-cells (45). Apart from Th2 T cells, several types of regu-
latory T cells (Treg) have been described with distinct pheno-
types and mechanisms of action (48, 65). Partly due to the
difficulty of maintaining cell lines in vitro, the various subsets
of regulatory T cells have been poorly defined and there is often
overlap in phenotypic properties. More recent reports have pro-
vided somewhat clearer definition of these subsets, which in ad-
dition to Th2 T cells, include Th3 cells, Tr1 T cells and “natural”
regulatory T (Tregs) cells (73, 100). Much recent emphasis has
been directed at Tregs, which are CD25+, IL-2-dependent, and
also highly specific for expression of Foxp3. Natural Tregs in
addition express CTLA-4 and GITR (glucocorticoid-induced
TNF receptor family) (80) and blockade of these molecules ab-
rogates suppression, although their function in Tregs is not well
understood (59). Therapeutic approaches aimed at modulating
Treg activity are currently being attempted in the management
of T1D.

DIABETES AND INFLAMMATION

The inflammatory infiltrates, presence of anti-islet anti-
bodies, and identification of diabetogenic T cells indicate that
inflammation is a central participant in the pathogenesis of
diabetes, and these processes can be initiated or amplified by
oxidant stress. Just as the immune system has initiator and ef-
fector phases, so does inflammation have similar temporally
segregated events. Oxidant stress can itself initiate an inflam-
matory process, but once it happens, oxidant stress will lead
to activation of endothelial cells that will synthesize inflam-
matory cytokines and chemokines and recruit additional
inflammatory cells to the site of injury. Leukocytes secrete
oxidants and toxic cytokines at inflammatory sites, further in-
juring surrounding tissues. These interactions may be the re-
sult of high glucose, accumulation of advanced glycation
end-products, increased ROS, or a combination of these (117),



Endothelial activation mediated by inflammatory cytokines,
high levels of triglyceride-rich lipoproteins and/or ROS ad-
versely affect vessel function and disrupt normal communica-
tion with smooth muscle cells. Adhesion molecules, elevated
in plasma and blood vessels of diabetic patients (26), also
contribute to inflammatory damage. 

When NF-�B and activating protein-1 (AP-1) are acti-
vated by oxidants and/or cytokines (3, 22), expression of
pro-inflammatory genes is increased (85, 90, 93). Chemokines
and metalloproteases are regulated by ROS and NF-�B (98).
As an inflammatory transcriptional factor, NF-�B is a central
player. It is activated by many of the same signals that lead to
diabetes. Peripheral blood monocytes from patients with dia-
betic nephropathy show increased activation of NF-�B. This
activation was partially inhibited by the antioxidant alpha
lipoic acid (47). CD40 also activates NF-�B (1, 46, 103),
which then activates a host of �B-regulated genes. Thus, a vi-
cious cycle of inflammation and increased oxidant burden
can be initiated by CD40/CD40 ligand interactions. 

In summary, in autoimmune-prone individuals, alterations in
immune homeostasis may have an impact on blood vessel oxidant
burden and when antioxidant defenses are inadequate to keep up
with the increased generation, a positive feedback loop mediated
by oxidants and amplified by cytokines results in further imbal-
ances in cytokine production and adhesion molecule expression.

THE NOD MOUSE AS A MODEL OF
VASCULAR COMPLICATIONS IN T1D

The NOD mouse is an accepted model of type 1 autoim-
mune diabetes. It is known to have a generalized autoimmu-
nity that is ultimately responsible for �-cell destruction
(102). Interestingly, autoantibodies against EC antigens have
indeed been identified in NOD mice (89) and in patients with
T1D as well (53). In addition, diabetes can be transferred by
specific immune components, and NOD.scid mice, or mice
that have mutations in costimulatory pathways also fail to
develop diabetes (8, 121, 122). In fact, a failure to limit the
expansion of these effector T cells has been associated with
diabetes onset (11). It is clear from these studies that a com-
petent immune system is required for T1D. In the context of
vascular dysfunction in the NOD, it is possible that there is a
convergence between some immune system component, oxi-
dant stress, and endothelial dysfunction in diabetes. However,
less is known about the metabolic abnormalities and vascular
complications in NOD mice, particularly in the prediabetic
state. Significant hypercholesterolemia and increased triglyceride
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and hyperlipidemia levels were reported in hyperglycemic
NOD mice fed a western diet (56) and plasma lipid concen-
trations were positively correlated with the duration of hyper-
glycemia (7). Interestingly, their low density lipoprotein
(LDL) was also shown to be more susceptible to oxidation by
copper, suggesting the provocative possibility that mediators
in the circulation of the NOD mouse caused conformational
changes that changed LDL sensitivity to oxidants. In spite of
these evident abnormalities, the NOD mouse does not
develop atherosclerotic plaques (56) and therefore, these
mice are not a model for the study of atherosclerotic plaque
burden, although this could be due to the way vascular macro-
phages dispose of their oxidized lipids in NOD mice. Never-
theless, NOD mice do develop endothelial dysfunction, even
in prediabetic stages. Endothelial dysfunction, characterized
by abnormal endothelium-dependent vasoreactivity, is the
first sign of blood vessel damage and may be a sign of early
vessel disease in asymptomatic (21) or normoglycemic pa-
tients (29). We found impaired endothelium-dependent
vasodilation and paradoxical vasoconstriction that could be
dissociated from the high glucose in NOD mice (70). This
dysfunction requires activation of NADPH-oxidase and a
reactive oxygen species-dependent production of vasocon-
strictive arachidonic acid metabolites.

Endothelium-dependent relaxation in aortae from diabetic
and hypertensive patients and from hypertensive animal
models has been shown to be impaired (57). The abnormal
vasoconstrictor activity of acetylcholine in the aortae of
spontaneously hypertensive rats (SHR) is probably mediated
by oxygen-derived radicals, since allopurinol, an inhibitor of
xanthine oxidase, abolishes this effect (118). Additional stud-
ies concluded that cyclooxygenase-1 (COX-1), and possibly
one of the endoperoxide products of this reaction (prostaglan-
din H2 is a possibility) were responsible for this response
(107). Interestingly, SHR aorta show increased COX-1 ex-
pression and increased production of endoperoxides (33). Fi-
nally, development of diabetes after streptozotocin resulted in
hyperglycemia, as expected, but also a selective loss of endo-
thelium-dependent vasodilation in the thoracic aorta and an
early diastolic dysfunction of the heart were observed (81). 

Our laboratory is interested in whether a redox imbalance
antedates the rise in blood glucose that is the hallmark of dia-
betes. Carbonyl protein content, an index of increased protein
oxidation from lipid hydroperoxides, was measured in aortic
lysates from prediabetic 10-week-old NOD mice via im-
munoblots with an �DNPH antibody. NOD mice have in-
creased oxidation of several proteins when compared with the
age-matched BALB/c controls (Fig. 1, left top panel).

FIG. 1. Increased markers of oxidant stress in
10-week-old prediabetic NOD and age-matched
BALB/c aortae and hearts. AORTAE: left panel,
top, carbonyl protein content as determined by
DNPH-immunoblot analysis of aortic lysates; left
panel, bottom, nitrotyrosine (NTY); right panel, 
4-hydroxynonenal (4-HNE) levels detected by IHC
in BALB/c, NOD, and NOD + antioxidant mimetic
treatment for 2 weeks. Each lane represents a dif-

ferent animal. HEARTS: Immunoblot analysis of nitrotyrosine levels in prediabetic 10-week-old NOD and age-matched
BALB/c heart protein lysates. Numbers refer to molecular weight markers in kDa.
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FIG. 2. Left: Immunoblot analysis of constitu-
tive levels of NF-�B p65 protein in lysates from
aortae of four separate 10-week old BALB/c and
NOD mice. Right: NF-�B p65 levels in prediabetic
aortae are decreased by antioxidant mimetic treat-
ment (NOD/M) for 2 weeks in vivo.

Immunoblots for nitrotyrosine (NTY), an index of increased
reactive nitrogen/oxygen species (Fig. 1, left bottom panel)
confirmed the published immunohistochemical results (70).
Levels of immunoreactive 4-hydroxynonenal (4-HNE, a lipid
peroxidation product) were also higher in histological sections
of prediabetic NOD aortae (middle panel). Heart tissue lysates
also show more nitrated proteins (Fig. 1, right panel). These
results demonstrate that steady-state levels of reactive nitro-
gen and/or oxygen species are higher in young (10-week-old)
prediabetic aortae and hearts when compared to nonimmune
BALB/c mice. A clinical correlate to these observations is
found in both normal and diabetic subjects where high fat
nutritional load and glucose alone produced a decrease of
endothelial function, and an increase in nitrotyrosyl residues
in proteins (16), suggesting that the endothelium in healthy
and susceptible individuals is subject to constant postprandial
oxidant damage.

The family of NF-�B transcriptional factors includes c-Rel,
RelB, p52, p50, and p65. Constitutive p65 levels are a good re-
flection of whether a particular tissue will be hyperresponsive
to an inflammatory stimulus. Thus, we measured constitutive
p65 levels in aortic tissues from prediabetic NOD and
BALB/c mice. The results in Fig. 2 demonstrate that levels of
p65 were consistently higher in aortae from NOD mice;
mimetic treatment prevented the increase. Areas of high shear
stress that have a high probability of developing atheroscle-
rotic plaques have been shown to express high levels of
cytoplasmic p65, suggesting that NF-�B signal transduction
pathways are already primed, increasing the susceptibility to
atherosclerotic insults (42). Interestingly, basal levels of nu-
clear p65 and ICAM-1 protein expression were higher in cells
from hypertensive rats (116). NF-�B is activated by extracel-
lular signals such as those elicited at sites of inflammation:
oxidants and cytokines. In addition, it is possible that increased
p65 is not confined to the vascular tissues, as macrophages
from the same mice have dysregulated cytokine production that
could potentially be secondary to increased p65 and NF-�B.
Furthermore, we (40) and others (12, 31, 50) have shown the
reciprocal relationship between NADPH-oxidase-mediated
reactive oxygen species generation and NF-�B activation in
endothelial cells.

To further evaluate the level of vascular oxidative stress in
T1D, we sought to determine whether aortae and hearts from
prediabetic NOD have increased expression of NADPH oxidase
subunits. Immunoblot analyses of aortic and heart lysates for
several of the NADPH oxidase subunits revealed that levels of
p67 as well as rac1 are higher in aortae from prediabetic NOD.
Of note, the diabetes-resistant NOD.Lc7 showed levels of oxi-
dase subunits that were similar to BALB/c (Fig. 3). Thus,
NOD.Lc7 mice are phenotypically similar to BALB/c in dia-
betes resistance, low oxidant stress, no endothelial dysfunction,
and normal oxidase expression. These results are significant
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because NOD.Lc7 is a NOD congenic strain that has a segment
from C57L/J chromosome 7 that not only imparts diabetes resis-
tance but restores normal endothelial-dependent vasodilation,
suggesting that these may be linked, possibly by altered redox ho-
meostasis. These results provide further evidence for disrupted
responses to oxidative stress in diabetic vascular endothelium.

Although pharmacological NADPH oxidase inhibitors (apoc-
ynin, diphenyleneiodonium) prevent the paradoxical vasocon-
striction in prediabetic NOD aortae, these inhibitors may have
nonspecific effects. We used a targeted approach with a recom-
binant adenovirus expressing a dominant negative mutant of
p67phox (Ad-dnp67) and an adeno-lacZ (Ad-LacZ) as a con-
trol. The dnp67phox adenovirus harbors a mutation in the p67
phox activation domain that prevents enzyme activation (39)
and therefore acts as a transdominant negative inhibitor. Freshly
isolated aortic rings from NOD mice were transduced with 3 �
108 plaque forming units/200 �l of either AdLacZ or Ad-dn p67
virus in sterile DMEM (containing antibiotic/antimycotic
agents). After incubation, rings were treated with an inhibitor of
NO• synthase (NLA) to uncover the paradoxical vasoconstric-
tion, and changes in developed tension in response to cumula-
tive doses of acetylcholine were measured. Figure 4 shows that
expression of the transdominant negative p67phox in the aortic
rings of prediabetic mice abolishes the paradoxical vasocon-
striction, while transduction of the adenoLacZ control had no
effect, validating the specificity of the transgene.

We further established the role of ROS by inhibiting the
paradoxical vasoconstriction with recombinant human Mn-
superoxide dismutase or commercially available catalase (data
not shown) administered ex vivo to aortic rings or with a metal-
loporphyrin superoxide dismutase mimetic administered in vivo
(70). We concluded from these studies that antioxidants can in-
hibit the vasoconstriction whether used acutely or chronically.

A fundamental question that arises from the above findings is
whether the endothelial dysfunction in prediabetic animals re-
quires a competent immune system. The possibility that the in-
creased reactive oxygen species seen in the prediabetic NOD
mice was secondary to the autoimmunity present in these mice

FIG. 3. Immunoblot analyses of NADPH oxidase subunits
in aortae and hearts of prediabetic 10-week-old NOD mice
and age-matched BALB/c or NOD.Lc7. All immunoblots
were stripped and membranes stained with colloidal gold to
ensure that equal amounts of protein were loaded in the wells. 
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can not be excluded. We have undertaken a careful examination
of NTY levels in aortae of NOD.scid mice. These mice, which
have no functional T or B cells, are also resistant to spontaneous
diabetes, unless diabetogenic T cells are adoptively transferred.
Indeed, we have used this model of accelerated diabetes (7–10
days from transfer to onset) to demonstrate how a metallopor-
phyrin SOD mimetic prevents or delays onset of diabetes after
adoptive transfer (84). After a quantitative evaluation of NTY in
aortic tissues from these mice, we conclude that levels of NTY
in NOD.scid aortae are not different from levels in BALB/c aor-
tae (Fig. 5). We then asked whether aortic rings from these mice
show the paradoxical vasoconstriction present in the prediabetic
NOD. The results in Fig. 6 demonstrate that there is no paradox-
ical vasoconstriction in NOD.scid mice, suggesting that a com-
petent immune system is essential for the full spectrum of
observed endothelial dysfunction. 

THE LINK BETWEEN THE IMMUNE-
MEDIATED OXIDATIVE STRESS AND

ENDOTHELIAL DYSFUNCTION IN
PREDIABETIC NOD MICE

The above-described results with NOD. scid aortic rings in-
dicated that a competent immune system is essential for the
paradoxical vasoconstriction. We questioned what specific cel-
lular component leads to this defect. CD4+ T cells play a major
role in the pathogenesis of T1D, and adoptive transfer of CD4+
diabetogenic T cell clones into NOD.scid mice causes pancre-
atic infiltration and loss of insulin production (14, 43). Al-
though CD8+ T cells are able to transfer diabetes when adop-
tively transferred, it is clear that for optimal diabetogenesis,
CD4+ T cells are required when primary CD8+ T cells are used
(67). A unique subset of CD4+ T cells expressing CD40 on
their surface are autoaggressive and diabetogenic (110, 111).
This population of CD40+ T cells constitutes a larger percent-
age of the CD4+ cells in NOD mice when compared to control
BALB/c mice, indicating that this population is unique to au-
toimmunity. CD40 is a member of the TNF receptor superfam-
ily and is expressed on B cells, T cells, APC, dendritic cells,
and in nonimmune cells such as platelets, fibroblasts, smooth
muscle, and endothelial cells (88, 106). In T cells, CD40 is
thought to play a costimulatory role in antigen presentation and
processing. Its ligand, CD40 ligand (CD154), is required for

FIG. 5. NTY IHC in aortae of mice. CD4+CD40+ or
CD4+CD40– T cells were adoptively transferred into 4-week-old
NOD.scid recipients. After 3 weeks, aortae were removed, used in
functional studies and then fixed in formalin for NTY IHC. The
top panel shows a representative image, and the bottom panel
shows the quantification of image intensities. Multiple random
images were captured with a digital camera and the relative stain-
ing per micron of tissue was analyzed with ImagePro software.
Each of the groups was analyzed for differences with a one-way
ANOVA test using the software package StatMost for Windows.
The NOD.scid CD40+ animals were found to have statistically
significantly higher staining than the NOD.scid/CD40-animals
(p < 0.001, n = 9), the NOD.scid (p < 0.001, n = 16) and the
BALB/c control animals (p = 0.0076, n = 3).

FIG. 6. Tension measurements in NOD.scid mouse aortae
+/–NLA. (ANOVA, p < 0.005, n = 9).

FIG. 4. Percent change in tension as a response to Ach of
aortic rings isolated from prediabetic NOD mice. Rings
were incubated ex vivo with the indicated recombinant aden-
ovirus overnight, followed by tension measurements. Controls
received media alone. Rings were placed in a 24-well tissue cul-
ture dish and incubated in atmospheric O2/6.8% CO2 for 3 h at
37°C, with mild agitation every 30 min. Rings were then re-
moved from the DMEM mixture, washed, and immersed in ster-
ile Earle’s basic salt solution and incubated for another 24 h.
Aortic rings retain their properties after 24 h incubated under
these conditions (not shown). 
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these activities. CD40–CD40L interactions have been associ-
ated with atherosclerosis (72, 95, 96) and diabetes (8, 11). Ex-
posure of fibroblasts and human intestinal microvascular endo-
thelial cells to CD40L or CD40L-positive T cells results in
increased adhesion molecule and RANTES expression in an an-
tigen-independent manner (109). Type 2 and type 1 diabetic pa-
tients have significantly higher soluble CD40L (sCD40L) lev-
els than controls, and improved metabolic control reduces its
plasma levels (20). Cultured human umbilical vein endothelial
cells (HUVEC) constitutively express a low level of CD40 an-
tigen, but this expression is increased by incubation with in-
flammatory cytokines such as TNF and IL-1. Exposure of EC
to CD40L induces adhesion molecule expression within hours
of exposure (55). Many of these CD40L-dependent effects are
mediated through NF-�B (9, 71). 

When adoptively transferred into NOD.scid mice, this pop-
ulation of CD40+ T cells expands and rapidly induces diabetes
(111). We were intrigued by the possibility that this population
of T cells could also transfer endothelial dysfunction. To in-
vestigate this idea, CD40+ and CD40– T cells were isolated
from the spleens of NOD mice by immunomagnetic absorp-
tion. Both CD4+/CD40+ and CD4+/CD40– T cell
populations were transferred into individual NOD.scid mice
(3–4/group). After 3 weeks, NOD.scid/CD40+ and NOD.scid/
CD40– adoptively transferred mice were sacrificed, and aor-
tic ring functional studies were performed. At the time of sac-
rifice, only 1 NOD.scid CD40+ mouse had a blood glucose
level above 13.9 mmol/L, indicative of diabetes (data not
shown). Despite this fact, all NOD.scid/CD40+ mice showed
paradoxical vasoconstriction in response to acetylcholine
(Fig. 7), suggesting that the paradoxical vasoconstriction
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depended on CD40+ T cells. NOD.scid/CD40– mice showed
a much attenuated effect when compared to the effect caused
by the CD40+ cells. In fact, all acetylcholine gradients per-
formed on NOD.scid/CD40+ aortic rings showed signifi-
cantly greater contraction than NOD.scid/CD40– aortic rings:
10–9 to 10–6 M acetylcholine (p < 0.006), 10–5 to 10–4 M acetyl-
choline (p < 0.05). When examined individually, the differ-
ences in contraction between each acetylcholine concentration
were clearly evident. For example, at an acetylcholine concen-
tration of 10–5 M, NOD.scid/CD40+ aortic rings showed an av-
erage of 160.39% change in tension, as compared with only
119.88% in NOD.scid/CD40– mice. In summary, with a view
to further characterizing the immune component potentially re-
sponsible for conferring vascular anomalies in T1D, we have
found CD4+/CD40+, but not CD4+/CD40– T cells transfer
endothelial dysfunction in NOD mice.

Given the impact of CD4+CD40+ cells on vascular pathology,
we sought to determine whether adoptive transfer of these cells
affected oxidative stress through activation of NADPH oxidase in
vascular tissues. We first examined expression of several of the
oxidase subunits in heart tissue lysates because aortic tissues had
been extensively manipulated in the functional studies and were
unavailable for immunoblot analyses. Both p47 and p67phox ex-
pression were higher in the NOD and NOD.scid/CD40+ but not
in the NOD.scid and NOD.scid/CD40– mice examined in each
group (Fig. 8). These results suggest two things: NOD.scid mice
have lower levels of oxidase subunit expression than NOD mice
and transfer of CD40+ cells results in upregulation of oxidase
subunits in the heart. In summary, adoptive transfer of CD40+
cells into NOD.scid mice results in upregulation of NADPH oxi-
dase subunit expression. Importantly, this finding provides a
mechanistic link between the autoimmune response and the host
oxidative stress response.

Finally, we also examined NTY levels in some of the aortic
rings after adoptive transfer. Please note that these rings were
stained after the functional studies were performed, so they have
been extensively manipulated and not fixed in situ. In addition,
there is always the possibility that the NTY turns over ex vivo
and we may not see differences in NTY after the ex vivo manip-
ulations. Nevertheless, we did find differences in levels of NTY
between the NOD.scid, NOD.scid/CD40+, and NOD.scid/CD40-

(Fig. 5). These surprising results suggest that a dysregulated im-
mune system leads to activation of vascular NADPH oxidase,
which in turn leads to endothelial dysfunction. The basic con-
cept remains the same: the redox imbalance and vascular dys-
function can be dissociated from the hyperglycemia.

FIG. 7. Ach dose response curves in NOD.scid mice aortae
after adoptive transfer of CD4+CD40+ or CD4+CD40– T cells
(n = 5 animals).

FIG. 8. NADPH oxidase ex-
pression in hearts of NOD.scid
mice after adoptive transfer of
the indicated T cell population.
Three weeks after transfer, p67
and p47phox expression were ex-
amined via immunoblots analy-
ses. Heart lysates from wild-type
NOD mice are included for com-
parison purposes.
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In summary, we have demonstrated that (a) the aortae and
other tissues from prediabetic NOD mice have increased bio-
chemical indices of oxidant stress associated with vascular
dysfunction; (b) the vascular dysfunction can be attenuated
with antioxidants ex vivo and in vivo; (c) metabolites of arachi-
donic acid are involved; and (d) these effects are mediated by a
vascular NADPH oxidase. Our recent preliminary data impli-
cate the immune system, whereby CD4+CD40+, but not
CD4+CD40- cells can adoptively transfer the dysfunction. Fi-
nally, adoptive transfer of these pathogenic T cells appears to
cause dysfunction by NADPH oxidase activation. These excit-
ing results suggest a mechanistic link between vascular dys-
function in autoimmune diseases and reactive oxygen species.

CONCLUSION

Although tight glucose control delays the increase in ca-
rotid-intimal thickness that is the hallmark of late diabetic
vascular complications, some diabetic patients still develop
complications. The assumption that endothelial dysfunction
in diabetes is solely due to abnormal glucose and perhaps ex-
acerbated by dyslipidemia is inadequate to explain some clin-
ical and experimental observations. In the NOD mouse, the
preferred and accepted animal model of spontaneous autoim-
mune T1D, there is an endothelial dysfunction characterized
by a paradoxical vasoconstriction that precedes the hyper-
glycemia. This could explain the clinical observation that cer-
tain people are very prone to complications (despite good
glycemic control), while others are not, regardless of glycemic
status. In susceptible individuals, immune dysregulation and
alterations in redox homeostasis may be the initiating mecha-
nism, and this process continues even in a background of good
glycemic control. We have reviewed what is known about au-
toimmunity, oxidative stress, and vascular injury in T1D, as well
as presented experimental data from our group in the NOD
mouse. The case that is being built is that autoimmune injury
may affect more than the destruction of pancreatic �-cells and
include injury to the vascular endothelium; an injury that is
likely facilitated by an enhanced oxidative state and perhaps
diminished defenses against oxidative injury. Given the rela-
tive novelty of some of these concepts, it is hoped that this
improved understanding between the phenomena that link au-
toimmunity, oxidative stress, and vascular injury will culminate
in new avenues of therapy for patients with T1D.

ABBREVIATIONS

Ach, acetylcholine; Ad-dnp67, a dominant negative mutant
of p67phox; Ad-LacZ, adeno-LacZ; AP-1, activating protein-1;
APC, antigen presenting cell; AGE, advanced glycation end-
product; CD4, CD4 co-receptor-positive T lymphocytes; CD8,
CD8 co-receptor-positive T lymphocyteslCD25, CD25 antigen-
positive T lymphocytes ;CD40, CD40 antigen-positive; CD40L,
CD40 ligand antigen-positive; COX-1, cyclooxygenase-1;
CRP, C-reactive protein; CTLA-4, cytotoxic T-lymphocyte an-
tigen 4 ; DCCT/EDIC, Diabetes Control and Clinical Trials
Group/Epidemiology of Diabetes Interventions and Complica-
tions Research Group; DMEM, Dulbecco’s Modified Eagle
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Minimal Essential Medium; DNPH, dinitrophenylhydrazine);
EC, endothelial cells; ECM, extracellular matrix; eNOS, endo-
thelial cell nitric oxide synthase; Foxp3, forkhead/winged-helix
family of transcriptional regulators transcriptional regulators;
GITR, glucocorticoid-induced TNF receptor family; H2O2,

hydrogen peroxide; 4-HNE, 4-hydroxynonenal; HUVEC,
human umbilical vein endothelial cells; ICAM-1, intracellular
adhesion molecule-1; IL-2, interleukin-2; LDL, low density
lipoprotein; NADPH-oxidase, nicotinamide adenine dinu-
cleotide phosphate-oxidase; NF-�B, nuclear factor kappaB;
NO•, nitric oxide; NOD, nonobese diabetic; NOD.Lc7, NOD
congenic strain with a segment from C57L/J chromosome 7;
NOD.scid, nonobese diabetic severe combined immunodefi-
ciency; O2–, superoxide; O2•–, superoxide radical; ONOO–, oxi-
dant peroxynitrite; p67phox, adenovirus expressing a dominant
negative mutant of p67phox; PARP, poly(ADP-ribose) poly-
merase; RANTES, regulated upon activation, normal T-cell-
expressed and secreted; RNS, reactive nitrogen species; ROS,
reactive oxygen species; SHR, spontaneously hypertensive
rats; TCR, T-cell receptor; Th1 cells, Th1 subset of T lympho-
cytes; Th2 cells, Th2 subset of T lymphocytes; Th3 cells, Th3
subset of T lymphocytes; Treg cells, regulatory T lymphocytes;
Tr1 cells, Tr type 1 Treg cells; TNF-�, tumor necrosis factor-
alpha; T1D, type I diabetes; VCAM, vascular cell adhesion
molecule-1.

REFERENCES

1. Ahmed–Choudhury J, Russell CL, Randhawa S, Young LS,
Adams DH, and Afford SC. Differential induction of nuclear
factor-kappaB and activator protein-1 activity after CD40 liga-
tion is associated with primary human hepatocyte apoptosis or
intrahepatic endothelial cell proliferation. Mol Biol Cell 14:
1334–1345, 2003.

2. Aird WC. Endothelium as an organ system. Crit Care Med 32:
S271–S279, 2004.

3. Anderson MT, Staal FJ, Gitler C, Herzenberg LA, and Herzenberg
LA. Separation of oxidant-initiated and redox-regulated steps in
the NF-kappa B signal transduction pathway. Proc Natl Acad Sci
USA 91: 11527–11531, 1994.

4. Andreassen TT and Oxlund H. Changes in collagen and elastin
of the rat aorta induced by experimental diabetes and food re-
striction. Acta Endocrinol (Copenh) 115: 338–344, 1987.

5. Arbiser JL, Petros J, Klafter R, Govindajaran B, McLaughlin
ER, Brown LF, Cohen C, Moses M, Kilroy S, Arnold RS, and
Lambeth JD. Reactive oxygen generated by Nox1 triggers the
angiogenic switch. Proc Natl Acad Sci USA 99: 715–720, 2002.

6. Auch–Schwelk W, Katusic ZS, and Vanhoutte PM. Nitric oxide
inactivates endothelium-derived contracting factor in the rat
aorta. Hypertension 9: 442–445, 1992.

7. Baeder WL, Sredy J, Sehgal SN, Chang JY, and Adams LM.
Rapamycin prevents the onset of insulin-dependent diabetes melli-
tus (IDDM) in NOD mice. Clin Exp Immunol 89: 174–178, 1992.

8. Balasa B, Krahl T, Patstone G, Lee J, Tisch R, Mcdevitt HO, and
Sarvetnick N. CD40 ligand-CD40 interactions are necessary for
the initiation of insulitis and diabetes in nonobese diabetic mice.
J Immunol 159: 4620–4627, 1997.

9. Bavendiek U, Libby P, Kilbride M, Reynolds R, Mackman N,
and Schonbeck U. Induction of tissue factor expression in
human endothelial cells by CD40 ligand is mediated via
activator protein 1, nuclear factor kappa B, and Egr-1. J Biol
Chem 277: 25032–25039, 2002.

10. Beckman JS and Crow JP. Pathological implications of nitric
oxide, superoxide and peroxynitrite formation. Biochem Soc
Trans 21: 330–334, 1993.



11. Bour–Jordan H, Salomon BL, Thompson HL, Szot GL,
Bernhard MR, and Bluestone JA. Costimulation controls
diabetes by altering the balance of pathogenic and regulatory T
cells. J Clin Invest 114: 979–987, 2004.

12. Brar SS, Kennedy TP, Quinn M, and Hoidal JR. Redox signaling
of NF-kappaB by membrane NAD(P)H oxidases in normal and
malignant cells. Protoplasma 221: 117–127, 2003.

13. Brownlee M. Biochemistry and molecular cell biology of dia-
betic complications. Nature 414: 813–820, 2001.

14. Candeias S, Katz J, Benoist C, Mathis D, and Haskins K. Islet-
specific T-cell clones from nonobese diabetic mice express het-
erogeneous T-cell receptors. Proc Natl Acad Sci USA 88:
6167–6170, 1991.

15. Carr ME. Diabetes mellitus: a hypercoagulable state. J Diabetes
Complications 15: 44–54, 2001.

16. Ceriello A, Taboga C, Tonutti L, Quagliaro L, Piconi L, Bais B,
Da Ros R, and Motz E. Evidence for an independent and
cumulative effect of postprandial hypertriglyceridemia and hy-
perglycemia on endothelial dysfunction and oxidative stress gen-
eration: effects of short- and long-term simvastatin treatment.
Circulation 106: 1211–1218, 2002.

17. Chase HP, Cooper S, Osberg I, Stene LC, Barriga K, Norris J,
Eisenbarth GS, and Rewers M. Elevated C-reactive protein lev-
els in the development of type 1 diabetes. Diabetes 53:
2569–2573 2004.

18. Cheung AT, Price AR, Duong PL, Ramanujam S, Gut J, Larkin
EC, Chen PC, and Wilson DM. Microvascular abnormalities
in pediatric diabetic patients. Microvasc Res 63: 252–258,
2002.

19. Ciarla MV, Bocciarelli A, Di Gregorio S, Tordi A, Cotroneo P,
Marra G, Ghirlanda G, and Strom R. Autoantibodies and endo-
thelial dysfunction in well-controlled, uncomplicated insulin-
dependent diabetes mellitus patients. Atherosclerosis 158:
241–246, 2001.

20. Cipollone F, Chiarelli F, Davi G, Ferri C, Desideri G, Fazia M, Iezzi
A, Santilli F, Pini B, Cuccurullo C, Tumini S, Del Ponte A, Santucci
A, Cuccurullo F, and Mezzetti A. Enhanced soluble CD40 ligand
contributes to endothelial cell dysfunction in vitro and monocyte
activation in patients with diabetes mellitus: effect of improved
metabolic control. Diabetologia 48: 1216–1224, 2005.

21. Clarkson P, Celermajer DS, Donald AE, Sampson M, Sorensen
KE, Adams M, Yue DK, Betteridge DJ, and Deanfield JE. Im-
paired vascular reactivity in insulin-dependent diabetes mellitus
is related to disease duration and low density lipoprotein choles-
terol levels. J Am Coll Cardiol 28: 573–579, 1996.

22. Collins T, Read MA, Neish AS, Whitley MZ, Thanos D, and
Maniatis T. Transcriptional regulation of endothelial cell adhe-
sion molecules: NF-kappa B and cytokine-inducible enhancers.
FASEB J 9: 899–909, 1997.

23. Conger JD. Endothelial regulation of vascular tone. Hosp Pract
(Off Ed) 29: 117–116, 1994.

24. Cosentino F and Luscher TF. Endothelial dysfunction in diabetes
mellitus. J Cardiovasc Pharmacol 32: S54–S61, 1998.

25. De Keulenaer GW, Alexander RW, Ushio–Fukai M, Ishizaka N,
and Griendling KK. Tumour necrosis factor alpha activates a
p22phox-based NADH oxidase in vascular smooth muscle.
Biochem J 329: 653–657, 1998.

26. De Mattia G, Bravi MC, Laurenti O, Cassone–Faldetta M, Proietti
A, De Luca O, Armiento A, and Ferri C. Reduction of oxidative
stress by oral N-acetyl-L-cysteine treatment decreases plasma solu-
ble vascular cell adhesion molecule-1 concentrations in non-obese,
non-dyslipidaemic, normotensive, patients with non-insulin-
dependent diabetes. Diabetologia 41: 1392–1396, 1998.

27. De Vriese AS, Verbeuren TJ, Van d, V, Lameire NH, and
Vanhoutte PM. Endothelial dysfunction in diabetes. Br J
Pharmacol 130: 963–974, 2000.

28. Dechend R, Viedt C, Muller DN, Ugele B, Brandes RP, Wallukat
G, Park JK, Janke J, Barta P, Theuer J, Fiebeler A, Homuth V,
Dietz R, Haller H, Kreuzer J, and Luft FC. AT1 receptor agonis-
tic antibodies from preeclamptic patients stimulate NADPH oxi-
dase. Circulation 107: 1632–1639, 2003.

29. Dogra G, Rich L, Stanton K, and Watts GF. Endothelium-dependent
and independent vasodilation studies at normoglycaemia in type I

OXIDATIVE STRESS, IMMUNE DYSREGULATION, AND DIABETES 887

diabetes mellitus with and without microalbuminuria.
Diabetologia 44: 593–601, 2001.

30. Du XL, Edelstein D, Rossetti L, Fantus IG, Goldberg H, Ziyadeh
F, Wu J, and Brownlee M. Hyperglycemia-induced mitochondr-
ial superoxide overproduction activates the hexosamine pathway
and induces plasminogen activator inhibitor-1 expression by
increasing Sp1 glycosylation. Proc Natl Acad Sci USA 97:
12222–12226, 2000.

31. Fan J, Frey RS, Rahman A, and Malik AB. Role of neutrophil
NADPH oxidase in the mechanism of tumor necrosis factor-
alpha-induced NF-kappa B activation and intercellular adhesion
molecule-1 expression in endothelial cells. J Biol Chem 277:
3404–3411, 2002.

32. Foreman J, Demidchik V, Bothwell JH, Mylona P, Miedema H,
Torres MA, Linstead P, Costa S, Brownlee C, Jones JD, Davies
JM, and Dolan L: Reactive oxygen species produced by NADPH
oxidase regulate plant cell growth. Nature 422: 442–446, 2003.

33. Ge T, Hughes H, Junquero DC, Wu KK, Vanhoutte PM, and
Boulanger CM: Endothelium-dependent contractions are asso-
ciated with both augmented expression of prostaglandin
H synthase-1 and hypersensitivity to prostaglandin H2 in the
SHR aorta. Circ Res 76: 1003–1010, 1995.

34. Geiszt M and Leto TL. The Nox family of NAD(P)H oxidases:
host defense and beyond. J Biol Chem 279: 51715–51718, 2004.

35. Genuth S, Sun W, Cleary P, Sell DR, Dahms W, Malone J, Sivitz
W, and Monnier VM. Glycation and carboxymethyllysine levels
in skin collagen predict the risk of future 10-year progression of
diabetic retinopathy and nephropathy in the diabetes control and
complications trial and epidemiology of diabetes interventions
and complications participants with type 1 diabetes. Diabetes
54: 3103–3111, 2005.

36. Giugliano D, Ceriello A, and Paolisso G. Diabetes mellitus,
hypertension, and cardiovascular disease: which role for oxida-
tive stress? Metabolism 44: 363–368, 1995.

37. Giugliano D, Ceriello A, and Paolisso G. Oxidative stress and di-
abetic vascular complications. Diabetes Care 19: 257–267, 1996.

38. Griendling KK, Sorescu D, and Ushio–Fukai M. NAD(P)H oxi-
dase: role in cardiovascular biology and disease. Circ Res 86:
494–501, 2000.

39. Gu Y, Wu RF, Xu YC, Flores SC, and Terada LS. HIV Tat acti-
vates c-Jun amino-terminal kinase through an oxidant- depen-
dent mechanism. Virology 286: 62–71, 2001.

40. Gu Y, Xu YC, Wu RF, Nwariaku FE, Souza RF, Flores SC, and
Terada LS. p47phox participates in activation of RelA in endo-
thelial cells. J Biol Chem 278: 17210–17217, 2003.

41. Gunnett CA, Heistad DD, and Faraci FM. Interleukin-10 pro-
tects nitric oxide-dependent relaxation during diabetes: role of
superoxide. Diabetes 51: 1931–1937, 2002.

42. Hajra L, Evans AI, Chen M, Hyduk SJ, Collins T, and Cybulsky
MI. The NF-kappa B signal transduction pathway in aortic endo-
thelial cells is primed for activation in regions predisposed to
atherosclerotic lesion formation 1. Proc Natl Acad Sci USA 97:
9052–9057, 2000.

43. Haskins K and Wegmann D. Diabetogenic T-cell clones. Dia-
betes 45: 1299–1305, 1996.

44. Hayden MR and Tyagi SC. Is type 2 diabetes mellitus a vascular
disease (atheroscleropathy) with hyperglycemia a late manifesta-
tion? The role of NOS, NO, and redox stress. Cardiovasc Dia-
betol 2: 2, 2002.

45. Higuchi M, Ishizu A, Ikeda H, Hayase H, Fugo K, Tsuji M, Abe
A, Sugaya T, Suzuki A, Takahashi T, Koike T, and Yoshiki T.
Functional alteration of peripheral CD25(+)CD4(+) immunoreg-
ulatory T cells in a transgenic rat model of autoimmune diseases.
J Autoimmun 20: 43–49, 2003.

46. Hinz M, Loser P, Mathas S, Krappmann D, Dorken B, and
Scheidereit C. Constitutive NF-kappaB maintains high expres-
sion of a characteristic gene network, including CD40, CD86,
and a set of antiapoptotic genes in Hodgkin/Reed–Sternberg
cells. Blood 97: 2798–2807, 2001.

47. Hofmann MA, Schiekofer S, Isermann B, Kanitz M, Henkels M,
Joswig M, Treusch A, Morcos M, Weiss T, Borcea V, Abdel
Khalek AK, Amiral J, Tritschler H, Ritz E, Wahl P, Ziegler R,
Bierhaus A, and Nawroth PP. Peripheral blood mononuclear cells



isolated from patients with diabetic nephropathy show increased
activation of the oxidative-stress sensitive transcription factor
NF-kappaB. Diabetologia 42: 222–232, 1999.

48. Homann D and von Herrath M. Regulatory T cells and type 1 di-
abetes. Clin Immunol 112: 202–209, 2004.

49. Hultqvist M, Olofsson P, Holmberg J, Backstrom BT, Tordsson J,
and Holmdahl R. Enhanced autoimmunity, arthritis, and en-
cephalomyelitis in mice with a reduced oxidative burst due to a
mutation in the Ncf1 gene. Proc Natl Acad Sci USA 101:
12646–12651, 2004.

50. Irani K. Oxidant signaling in vascular cell growth, death, and
survival: a review of the roles of reactive oxygen species in
smooth muscle and endothelial cell mitogenic and apoptotic sig-
naling. Circ Res 87: 179–183, 2000.

51. Ischiropoulos H and Almehdi AB. Peroxynitrite-mediated oxida-
tive protein modifications. FEBS Lett 1995;364: 279–282.

52. Jackson SH, Devadas S, Kwon J, Pinto LA, and Williams MS. T
cells express a phagocyte-type NADPH oxidase that is activated
after T cell receptor stimulation. Nat Immunol 5: 818–827, 2004.

53. Jones DB, Wallace R, and Frier BM. Vascular endothelial cell
antibodies in diabetic patients. Association with diabetic
retinopathy. Diabetes Care 15: 552–555, 1992.

54. Kaneto H, Kajimoto Y, Miyagawa J, Matsuoka T, Fujitani Y,
Umayahara Y, Hanafusa T, Matsuzawa Y, Yamasaki Y, and Hori
M. Beneficial effects of antioxidants in diabetes: possible pro-
tection of pancreatic beta-cells against glucose toxicity. Diabetes
48: 2398–2406, 1999.

55. Karmann K, Hughes CC, Schechner J, Fanslow WC, and Pober
JS. CD40 on human endothelial cells: inducibility by cytokines
and functional regulation of adhesion molecule expression. Proc
Natl Acad Sci USA 92: 4342–4346, 1995.

56. Keren P, George J, Keren G, and Harats D. Non-obese diabetic
(NOD) mice exhibit an increased cellular immune response to
glycated-LDL but are resistant to high fat diet induced athero-
sclerosis. Atherosclerosis 157: 285–292, 2001.

57. Kerr S, Brosnan MJ, McIntyre M, Reid JL, Dominiczak AF, and
Hamilton CA. Superoxide anion production is increased in a
model of genetic hypertension: role of the endothelium. Hyper-
tension 33: 1353–1358, 1999.

58. Kim YK, Lee MS, Son SM, Kim IJ, Lee WS, Rhim BY, Hong
KW, and Kim CD. Vascular NADH oxidase is involved in im-
paired endothelium-dependent vasodilation in OLETF rats, a
model of type 2 diabetes. Diabetes 51: 522–527, 2002.

59. Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K,
Yamaguchi T, Shimizu J, Nomura T, Chiba T, and Sakaguchi S.
Treatment of advanced tumors with agonistic anti-GITR mAb
and its effects on tumor-infiltrating Foxp3+CD25+CD4+ regula-
tory T cells. J Exp Med 202: 885–891, 2005.

60. Kobayashi T and Kamata K. Modulation by hydrogen peroxide of
noradrenaline-induced contraction in aorta from streptozotocin-
induced diabetic rat. Eur J Pharmacol 441: 83–89, 2002.

61. Kwan CY, Wang RR, Beazley JS, and Lee RM. Alterations of
elastin and elastase-like activities in aortae of diabetic rats.
Biochim Biophys Acta 967: 322–325, 1988.

62. Lagaud GJ, Masih–Khan E, Kai S, van Breemen C, and Dube
GP. Influence of type II diabetes on arterial tone and endothelial
function in murine mesenteric resistance arteries. J Vasc Res 38:
578–589, 2001.

63. Laight DW, Desai KM, Anggard EE, and Carrier MJ. Endothelial
dysfunction accompanies a pro-oxidant, pro-diabetic challenge in
the insulin resistant, obese Zucker rat in vivo. Eur J Pharmacol
402: 95–99, 2000.

64. Lambeth JD. NOX enzymes and the biology of reactive oxygen.
Nat Rev Immunol 4: 181–189, 2004.

65. Lan RY, Ansari AA, Lian ZX, and Gershwin ME. Regulatory T
cells: development, function and role in autoimmunity. Autoim-
mun Rev 4: 351–363, 2005.

66. Lassegue B and Clempus RE. Vascular NAD(P)H oxidases: spe-
cific features, expression, and regulation. Am J Physiol Regul In-
tegr Comp Physiol 285: R277–R297, 2003.

67. Lejon K and Fathman CG. Isolation of self antigen-reactive cells
from inflamed islets of nonobese diabetic mice using CD4high
expression as a marker. J Immunol 163: 5708–5714, 1999.

888 NICOLLS ET AL.

68. Lenzen S, Drinkgern J, and Tiedge M. Low antioxidant enzyme
gene expression in pancreatic islets compared with various other
mouse tissues. Free Radic Biol Med 20: 463–466, 1996.

69. Li Z, Nardi MA, and Karpatkin S. Role of molecular mimicry to
HIV-1 peptides in HIV-1-related immunologic thrombocytope-
nia. Blood 106: 572–576, 2005.

70. Ling X, Cota–Gomez A, Flores NC, Hernandez–Saavedra D,
McCord JM, Marecki JC, Haskins K, McDuffie M, Powers K,
Kench J, Oka M, McMurtry I, and Flores SC. Alterations in redox
homeostasis and prostaglandins impair endothelial-dependent
vasodilation in euglycemic autoimmune nonobese diabetic mice.
Free Radic Biol Med 39: 1089–1098, 2005.

71. Longo CR, Arvelo MB, Patel VI, Daniel S, Mahiou J, Grey ST,
and Ferran C. A20 protects from CD40-CD40 ligand-mediated
endothelial cell activation and apoptosis. Circulation 108:
1113–1118, 2003.

72. Mach F, Schonbeck U, and Libby P. CD40 signaling in vascular
cells: a key role in atherosclerosis? Atherosclerosis 137:
S89–S95, 1998.

73. Maggi E, Cosmi L, Liotta F, Romagnani P, Romagnani S, and
Annunziato F. Thymic regulatory T cells. Autoimmun Rev 4:
579–586, 2005.

74. McCord JM. Superoxide radical: controversies, contradictions
and paradoxes. Proc Soc Exp Med Biol 209: 112–117, 1995.

75. Mullarkey CJ, Edelstein D, and Brownlee M. Free radical gener-
ation by early glycation products: A mechanism for accelerated
atherogenesis in diabetes. Biochem Biophys Res Commun 173:
932–939, 1990.

76. Nathan DM, Cleary PA, Backlund JY, Genuth SM, Lachin JM,
Orchard TJ, Raskin P, and Zinman B. Intensive diabetes treat-
ment and cardiovascular disease in patients with type 1 diabetes.
N Engl J Med 353: 2643–2653, 2005.

77. Nathan DM, Lachin J, Cleary P, Orchard T, Brillon DJ, Backlund
JY, O’Leary DH, and Genuth S. Intensive diabetes therapy and
carotid intima-media thickness in type 1 diabetes mellitus. N
Engl J Med 348: 2294–2303, 2003.

78. Nishida M, Miyagawa JI, Tokunaga K, Yamamoto K, Keno Y,
Kobatake T, Yoshida S, Nakamura T, Odaka H, Ikeda H, Hanafusa
T, Yamashita S, Kameda-Takemura K, and Matsuzawa Y. Early
morphologic changes of atherosclerosis induced by ventrome-
dial hypothalamic lesion in the spontaneously diabetic
Goto–Kakizaki rat. J Lab Clin Med 129: 200–207, 1997.

79. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T,
Kaneda Y, Yorek MA, Beebe D, Oates PJ, Hammes HP, Giardino
I, and Brownlee M. Normalizing mitochondrial superoxide
production blocks three pathways of hyperglycaemic damage.
Nature 404: 787–790, 2000.

80. Ono M, Shimizu J, Miyachi Y, and Sakaguchi S. Control of
autoimmune myocarditis and multiorgan inflammation by
glucocorticoid-induced TNF receptor family-related protein(high),
Foxp3-expressing CD25+. J Immunol 176: 4748–4756, 2006.

81. Pacher P, Liaudet L, Soriano FG, Mabley JG, Szabo E, and
Szabo C. The role of poly(ADP-ribose) polymerase activation in
the development of myocardial and endothelial dysfunction in
diabetes. Diabetes 51: 514–521, 2002.

82. Petty RG, Pottinger BE, Greenwood RM, Pearson JD, and
Mahler RF. Diabetes is associated with a high incidence of
endothelial-binding antibodies which do not correlate with
retinopathy, von Willebrand factor, angiotensin-converting
enzyme or C-reactive protein. Diabetes Res 17: 115–123, 1991.

83. Pieper GM, Moore–Hilton G, and Roza AM. Evaluation of the
mechanism of endothelial dysfunction in the genetically-
diabetic BB rat. Life Sci 58: L147–L152, 1996.

84. Piganelli JD, Flores SC, Cruz C, Koepp J, Batinic–Haberle I,
Crapo J, Day B, Kachadourian R, Young R, Bradley B, and
Haskins K. A metalloporphyrin-based superoxide dismutase
mimic inhibits adoptive transfer of autoimmune diabetes by a
diabetogenic T-cell clone. Diabetes 51: 347–355, 2002.

85. Pober JS. Activation and injury of endothelial cells by cytokines.
Pathol Biol (Paris) 46: 159–163, 1998.

86. Pomilio M, Mohn A, Verrotti A, and Chiarelli F. Endothelial
dysfunction in children with type 1 diabetes mellitus. J Pediatr
Endocrinol Metab 15: 343–361, 2002.



87. Privratsky JR, Wold LE, Sowers JR, Quinn MT, and Ren J. AT1
blockade prevents glucose-induced cardiac dysfunction in
ventricular myocytes: role of the AT1 receptor and NADPH
oxidase. Hypertension 42: 206–212, 2003.

88. Quezada SA, Jarvinen LZ, Lind EF, and Noelle RJ.
CD40/CD154 interactions at the interface of tolerance and im-
munity. Annu Rev Immunol 22: 307–328, 2004.

89. Quintana FJ and Cohen IR. Autoantibody patterns in diabetes-
prone NOD mice and in standard C57BL/6 mice. J Autoimmun
17: 191–197, 2001.

90. Rahman A, Kefer J, Bando M, Niles WD, and Malik AB. E-selectin
expression in human endothelial cells by TNF-alpha-induced
oxidant generation and NF-kappaB activation. Am J Physiol 275:
L533–L544, 1998.

91. Ren S, Lee H, Hu L, Lu L, and Shen GX. Impact of diabetes-
associated lipoproteins on generation of fibrinolytic regulators
from vascular endothelial cells. J Clin Endocrinol Metab 87:
286–291, 2002.

92. Schaumberg DA, Glynn RJ, Jenkins AJ, Lyons TJ, Rifai N,
Manson JE, Ridker PM, and Nathan DM. Effect of intensive
glycemic control on levels of markers of inflammation in type 1
diabetes mellitus in the diabetes control and complications trial.
Circulation 111: 2446–2453, 2005.

93. Schindler U and Baichwal VR. Three NF-kappa B binding sites
in the human E-selectin gene required for maximal tumor necro-
sis factor alpha-induced expression. Mol Cell Biol 14:
5820–5831, 1994.

94. Schmidt AM, Hori O, Chen JX, Li JF, Crandall J, Zhang J, Cao
R, Yan SD, Brett J, and Stern D. Advanced glycation endproducts
interacting with their endothelial receptor induce expression of
vascular cell adhesion molecule-1 (VCAM- 1) in cultured
human endothelial cells and in mice. A potential mechanism for
the accelerated vasculopathy of diabetes. J Clin Invest 96:
1395–1403, 1995.

95. Schonbeck U and Libby P. CD40 signaling and plaque instabil-
ity. Circ Res 89: 1092–1103, 2001.

96. Schonbeck U and Libby P. The CD40/CD154 receptor/ligand
dyad. Cell Mol Life Sci 58: 4–43, 2001.

97. Skrha J, Prazny M, Haas T, Kvasnicka J, and Kalvodova B.
Comparison of laser-Doppler flowmetry with biochemical indi-
cators of endothelial dysfunction related to early microangiopa-
thy in Type 1 diabetic patients. J Diabetes Complications 15:
234–240, 2001.

98. Soares MP, Muniappan A, Kaczmarek E, Koziak K, Wrighton
CJ, Steinhauslin F, Ferran C, Winkler H, Bach FH, and Anrather
J. Adenovirus-mediated expression of a dominant negative mu-
tant of p65/RelA inhibits proinflammatory gene expression in
endothelial cells without sensitizing to apoptosis. J Immunol
161: 4572–4582, 1998.

99. Suh YA, Arnold RS, Lassegue B, Shi J, Xu X, Sorescu D, Chung
AB, Griendling KK, and Lambeth JD. Cell transformation by the
superoxide-generating oxidase Mox1. Nature 401: 79–82, 1999.

100. Taams LS and Akbar AN. Peripheral generation and function of
CD4+CD25+ regulatory T cells. Curr Top Microbiol Immunol
293: 115–131, 2005.

101. Tesfamariam B and Cohen RA. Free radicals mediate endothe-
lial cell dysfunction caused by elevated glucose. Am J Physiol
263: H321–H326, 1992.

102. Thomas JW, Kendall PL, and Mitchell HG. The natural autoanti-
body repertoire of nonobese diabetic mice is highly active.
J Immunol 169: 6617–6624, 2002.

103. Tsukamoto N, Kobayashi N, Azuma S, Yamamoto T, and Inoue J.
Two differently regulated nuclear factor kappaB activation path-
ways triggered by the cytoplasmic tail of CD40. Proc Natl Acad
Sci USA 96: 1234–1239, 1999.

104. Ushio–Fukai M and Alexander RW. Reactive oxygen species as
mediators of angiogenesis signaling: role of NAD(P)H oxidase.
Mol Cell Biochem 264: 85–97, 2004.

105. van der Vliet A, Eiserich JP, Halliwell B, and Cross CE. Modifi-
cation of aromatic amino acids by reactive nitrogen species.
Biochem Soc Trans 23: 237S, 1995.

106. van Kooten C. Immune regulation by CD40-CD40-l interactions
- 2; Y2K update. Front Biosci 5 :D880–693, 2000.

OXIDATIVE STRESS, IMMUNE DYSREGULATION, AND DIABETES 889

107. Vanhoutte PM and Boulanger CM. Endothelium-dependent
responses in hypertension. Hypertens Res 18: 87–98, 1995.

108. Varvarovska J, Racek J, Stozicky F, Soucek J, Trefil L, and
Pomahacova R. Parameters of oxidative stress in children with
Type 1 diabetes mellitus and their relatives. J Diabetes Compli-
cations 17: 7–10, 2003.

109. Vogel JD, West GA, Danese S, De La MC, Phillips MH, Strong
SA, Willis J, and Fiocchi C. CD40-mediated immune-nonimmune
cell interactions induce mucosal fibroblast chemokines leading to
T-cell transmigration. Gastroenterology 126: 63–80, 2004.

110. Wagner DH, Jr., Vaitaitis G, Sanderson R, Poulin M, Dobbs C,
and Haskins K. Expression of CD40 identifies a unique patho-
genic T cell population in type 1 diabetes. Proc Natl Acad Sci
USA 99: 3782–3787, 2002.

111. Waid DM, Vaitaitis GM, and Wagner DH, Jr. Peripheral
CD4loCD40+ auto-aggressive T cell expansion during insulin-
dependent diabetes mellitus. Eur J Immunol 34: 1488–1497,
2004.

112. Wallukat G, Neichel D, Nissen E, Homuth V, and Luft FC. Ago-
nistic autoantibodies directed against the angiotensin II AT1 re-
ceptor in patients with preeclampsia. Can J Physiol Pharmacol
81: 79–83, 2003.

113. Wangel AG, Kontiainen S, Scheinin T, Schlenzka A, Wangel D, and
Maenpaa J. Anti-endothelial cell antibodies in insulin-dependent
diabetes mellitus. Clin Exp Immunol 88: 410–413, 1992.

114. Wautier MP, Chappey O, Corda S, Stern DM, Schmidt AM, and
Wautier JL. Activation of NADPH oxidase by AGE links oxidant
stress to altered gene expression via RAGE. Am J Physiol En-
docrinol Metab 280: E685–E694, 2001.

115. Weidmann P, Boehlen LM, and de Court. Pathogenesis and treat-
ment of hypertension associated with diabetes mellitus. Am
Heart J 125: 1498–1513, 1993.

116. Wu L and Juurlink BH. Increased methylglyoxal and oxidative
stress in hypertensive rat vascular smooth muscle cells. Hyper-
tension 39: 809–814, 2002.

117. Yan SD, Schmidt AM, Anderson GM, Zhang J, Brett J, Zou YS,
Pinsky D, and Stern D. Enhanced cellular oxidant stress by the
interaction of advanced glycation end products with their re-
ceptors/binding proteins. J Biol Chem 269: 9889–9897, 1994.

118. Yang D, Feletou M, Boulanger CM, Wu HF, Levens N, Zhang
JN, and Vanhoutte PM. Oxygen-derived free radicals mediate
endothelium-dependent contractions to acetylcholine in aortas
from spontaneously hypertensive rats. Br J Pharmacol 136:
104–110, 2002.

119. Yang D, Feletou M, Levens N, Zhang JN, and Vanhoutte PM. A
diffusible substance(s) mediates endothelium-dependent con-
tractions in the aorta of SHR. Hypertension 41: 143–148, 2003.

120. Yang XD, Michie SA, Mebius RE, Tisch R, Weissman I, and
Mcdevitt HO. The role of cell adhesion molecules in the devel-
opment of IDDM: implications for pathogenesis and therapy.
Diabetes 45: 705–710, 1996.

121. Yang Y and Santamaria P. Dissecting autoimmune diabetes
through genetic manipulation of non-obese diabetic mice.
Diabetologia 46: 1447–1464, 2003.

122. Yoon JW, Jun HS, and Santamaria P. Cellular and molecular
mechanisms for the initiation and progression of beta cell de-
struction resulting from the collaboration between macrophages
and T cells. Autoimmunity 27: 109–122, 1998.

Address reprint requests to:
Sonia C. Flores, Ph.D.

Box C272
University of Colorado-Denver Health Sciences Center

4200 E. 9th Avenue
Denver, CO 80262

E-mail: Sonia.flores@uchsc.edu

Date of first submission to ARS Central, February 27, 2007;
date of final revised submission, March 2, 2007; date of accep-
tance, March 3, 2007.





This article has been cited by:

1. Daisuke Ekuni, Takaaki Tomofuji, Yasumasa Endo, Kenta Kasuyama, Koichiro Irie, Tetsuji Azuma, Naofumi Tamaki, Shinsuke Mizutani,
Azusa Kojima, Manabu Morita. 2012. Hydrogen-rich water prevents lipid deposition in the descending aorta in a rat periodontitis model.
Archives of Oral Biology . [CrossRef]

2. Yuping Li, Takeki Hamasaki, Kiichiro Teruya, Noboru Nakamichi, Zbigniew Gadek, Taichi Kashiwagi, Hanxu Yan, Tomoya Kinjo, Takaaki
Komatsu, Yoshitoki Ishii, Sanetaka Shirahata. 2011. Suppressive effects of natural reduced waters on alloxan-induced apoptosis and type 1
diabetes mellitus. Cytotechnology . [CrossRef]

3. Valerio Chiurchiù , Mauro Maccarrone . 2011. Chronic Inflammatory Disorders and Their Redox Control: From Molecular Mechanisms to
Therapeutic Opportunities. Antioxidants & Redox Signaling 15:9, 2605-2641. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

4. Sona Mitra, Tanu Goyal, Jawahar L. Mehta. 2011. Oxidized LDL, LOX-1 and Atherosclerosis. Cardiovascular Drugs and Therapy . [CrossRef]

5. Shanker K. Singh, Umesh Dimri, Mahesh C. Sharma, Devendra Swarup, Bhaskar Sharma, Hari Om Pandey, Priyambada Kumari. 2011. The
role of apoptosis in immunosuppression of dogs with demodicosis. Veterinary Immunology and Immunopathology . [CrossRef]

6. S.K. Singh, U. Dimri, M.C. Sharma, D. Swarup, B. Sharma. 2011. Determination of oxidative status and apoptosis in peripheral blood of dogs
with sarcoptic mange. Veterinary Parasitology 178:3-4, 330-338. [CrossRef]

7. Michael A. Zimmerman, Kathryn Haskins, Brenda Bradley, Jessica Gilman, Fabia Gamboni-Robertson, Sonia C. Flores. 2011. Autoimmune-
Mediated Vascular Injury Occurs Prior to Sustained Hyperglycemia in a Murine Model of Type I Diabetes Mellitus. Journal of Surgical
Research 168:2, e195-e202. [CrossRef]

8. Jung-Mi Yun, Ishwarlal Jialal, Sridevi Devaraj. 2011. Epigenetic regulation of high glucose-induced proinflammatory cytokine production in
monocytes by curcumin. The Journal of Nutritional Biochemistry 22:5, 450-458. [CrossRef]

9. Hana Drobiova, Martha Thomson, Khaled Al-Qattan, Riitta Peltonen-Shalaby, Zainab Al-Amin, Muslim Ali. 2011. Garlic Increases Antioxidant
Levels in Diabetic and Hypertensive Rats Determined by a Modified Peroxidase Method. Evidence-Based Complementary and Alternative
Medicine 2011, 1-8. [CrossRef]

10. Corey E. Tabit, William B. Chung, Naomi M. Hamburg, Joseph A. Vita. 2010. Endothelial dysfunction in diabetes mellitus: Molecular
mechanisms and clinical implications. Reviews in Endocrine and Metabolic Disorders 11:1, 61-74. [CrossRef]

11. Tina K. Thethi, Ajay Rao, Haytham Kawji, Tilak Mallik, C. Lillian Yau, Uwe Christians, Vivian Fonseca. 2010. Consequences of delayed
pump infusion line change in patients with type 1 diabetes mellitus treated with continuous subcutaneous insulin infusion. Journal of Diabetes
and its Complications 24:2, 73-78. [CrossRef]

12. Jaime S. Rosa, Masato Mitsuhashi, Stacy R. Oliver, Mieko Ogura, Rebecca L. Flores, Andria M. Pontello, Pietro R. Galassetti. 2010. Ex vivo
TCR-induced leukocyte gene expression of inflammatory mediators is increased in type 1 diabetic patients but not in overweight children.
Diabetes/Metabolism Research and Reviews 26:1, 33-39. [CrossRef]

13. Michael A. Zimmerman, Sonia C. Flores. 2009. Autoimmune-Mediated Oxidative Stress and Endothelial Dysfunction: Implications of
Accelerated Vascular Injury in Type I Diabetes. Journal of Surgical Research 155:1, 173-178. [CrossRef]

14. Lorraine M. Sordillo, Stacey L. Aitken. 2009. Impact of oxidative stress on the health and immune function of dairy cattle. Veterinary
Immunology and Immunopathology 128:1-3, 104-109. [CrossRef]

15. Han-Yao Chiu, Lon-Yen Tsao, Rei-Cheng Yang. 2009. Heat-shock response protects peripheral blood mononuclear cells (PBMCs) from
hydrogen peroxide-induced mitochondrial disturbance. Cell Stress and Chaperones 14:2, 207-217. [CrossRef]

16. Sushil K. Jain , Justin Rains , Jennifer Croad , Bryon Larson , Kimberly Jones . 2009. Curcumin Supplementation Lowers TNF-#, IL-6, IL-8,
and MCP-1 Secretion in High Glucose-Treated Cultured Monocytes and Blood Levels of TNF-#, IL-6, MCP-1, Glucose, and Glycosylated
Hemoglobin in Diabetic Rats. Antioxidants & Redox Signaling 11:2, 241-249. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

17. Jarek Pasnik, Krzysztof Zeman. 2009. Role of the neutrophil in myocardial ischemia–reperfusion injury. Journal of Organ Dysfunction 5:4,
193-207. [CrossRef]

18. Gudrun Ulrich-Merzenich, Heike Zeitler, Hans Vetter, Karin Kraft. 2009. Synergy research: Vitamins and secondary plant components in the
maintenance of the redox-homeostasis and in cell signaling. Phytomedicine 16:1, 2-16. [CrossRef]

19. Giacomo Zoppini, Giuseppe Verlato, Giovanni Targher, Enzo Bonora, Maddalena Trombetta, Michele Muggeo. 2008. Variability of body
weight, pulse pressure and glycaemia strongly predict total mortality in elderly type 2 diabetic patients. The Verona Diabetes Study. Diabetes/
Metabolism Research and Reviews 24:8, 624-628. [CrossRef]

20. J KOLODJASCHNA, F BERISHA, M LASTA, E POLSKA, G FUCHSJAGERMAYRL, L SCHMETTERER. 2008. Reactivity of retinal
blood flow to 100% oxygen breathing after lipopolysaccharide administration in healthy subjects. Experimental Eye Research 87:2, 131-136.
[CrossRef]

http://dx.doi.org/10.1016/j.archoralbio.2012.04.013
http://dx.doi.org/10.1007/s10616-011-9414-1
http://dx.doi.org/10.1089/ars.2010.3547
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3547
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3547
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3547
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3547
http://dx.doi.org/10.1007/s10557-011-6341-5
http://dx.doi.org/10.1016/j.vetimm.2011.08.008
http://dx.doi.org/10.1016/j.vetpar.2011.01.036
http://dx.doi.org/10.1016/j.jss.2011.01.021
http://dx.doi.org/10.1016/j.jnutbio.2010.03.014
http://dx.doi.org/10.1093/ecam/nep011
http://dx.doi.org/10.1007/s11154-010-9134-4
http://dx.doi.org/10.1016/j.jdiacomp.2009.03.002
http://dx.doi.org/10.1002/dmrr.1052
http://dx.doi.org/10.1016/j.jss.2008.04.026
http://dx.doi.org/10.1016/j.vetimm.2008.10.305
http://dx.doi.org/10.1007/s12192-008-0075-8
http://dx.doi.org/10.1089/ars.2008.2140
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2140
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2140
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2140
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2140
http://dx.doi.org/10.3109/17471060802227122
http://dx.doi.org/10.1016/j.phymed.2008.11.007
http://dx.doi.org/10.1002/dmrr.897
http://dx.doi.org/10.1016/j.exer.2008.05.006


21. C. Roisin-Bouffay, R. Castellano, R. Valéro, L. Chasson, F. Galland, P. Naquet. 2008. Mouse vanin-1 is cytoprotective for islet beta cells and
regulates the development of type 1 diabetes. Diabetologia 51:7, 1192-1201. [CrossRef]

22. S BENEKE. 2008. Poly(ADP-ribose) polymerase activity in different pathologies – The link to inflammation and infarction. Experimental
Gerontology 43:7, 605-614. [CrossRef]

23. Raymond M Schiffelers, Marcel Ham Fens, Janneke M van Blijswijk, Dieuwertje I Bink, Gert Storm. 2007. Targeting the retinal
microcirculation to treat diabetic sight problems. Expert Opinion on Therapeutic Targets 11:11, 1493-1502. [CrossRef]

24. Melvin R. Hayden , James R. Sowers . 2007. Redox Imbalance in Diabetes. Antioxidants & Redox Signaling 9:7, 865-867. [Citation] [Full
Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1007/s00125-008-1017-9
http://dx.doi.org/10.1016/j.exger.2008.04.008
http://dx.doi.org/10.1517/14728222.11.11.1493
http://dx.doi.org/10.1089/ars.2007.1640
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1640
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1640
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1640

