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Abstract Diabetes mellitus is increasingly prevalent
worldwide. Diabetic individuals are at markedly increased
risk for premature death due to cardiovascular disease.
Furthermore, substantial morbidity results from microvas-
cular complications which include retinopathy, nephropa-
thy, and neuropathy. Clinical studies involving diabetic
patients have suggested that degree of diabetic hyperglyce-
mia correlates with risk of complications. Recent evidence
implicates a central role for oxidative stress and vascular
inflammation in all forms of insulin resistance, obesity,
diabetes and its complications. Although, glucose promotes
glycoxidation reactions in vitro and products of glycoxida-
tion and lipoxidation are elevated in plasma and tissue in
diabetics, the exact relationships among hyperglycemia, the
diabetic state, and oxidative stress are not well-understood.
Using a combination of in vitro and in vivo experiments, we
have identified amino acid oxidation markers that serve as
molecular fingerprints of specific oxidative pathways.
Quantification of these products utilizing highly sensitive
and specific gas chromatography/mass spectrometry in
animal models of diabetic complications and in humans
has provided insights in oxidative pathways that result in
diabetic complications. Our studies strongly support the
hypothesis that unique oxidants are generated in the
microenvironment of tissues vulnerable to diabetic damage.
Potential therapies interrupting these reactive pathways in
target tissue are likely to be beneficial in preventing
diabetic complications.
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Abbreviations
ACCORD Action to Control Cardiovascular Risk in

Diabetes
ADVANCE Action in Diabetes and Vascular Disease:

Preterax and Diamicron Modified Release
Controlled Evaluation

AGEs advanced glycation end-products
ALE advanced lipoxidation end-products
BHT butylated hydroxytoluene
BH4 tetrahydrobiopterin
CAD coronary artery disease
CML N "-(carboxymethyl)lysine
cGMP cyclic guanosine monophosphate
CVD cardiovascular disease
DCCT Diabetes Control and Complications Trial
DTPA diethylenetriaminepentaacetic acid
EDIC Epidemiology of Diabetes Interventions and

Complications
eNOS endothelial nitric oxide synthase
ESRD end stage renal disease
GC/MS gas chromatography/mass spectrometry
HDL high-density lipoprotein
HO� hydroxyl radical
HODE hydroxyoctadecadienoic acid
H2O2 hydrogen peroxide
HOCl hypochlorous acid
LDL low density lipoprotein
MPO myeloperoxidase
NEFA non-esterified fatty acid
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NOX NAD(P)H oxidase
NO� nitric oxide
NO2

− nitrite
NO�

2 nitrogen dioxide
ONOO− peroxynitrite
PUFA polyunsaturated fatty acid
RAGE Receptor for AGE
RNase ribonuclease
STZ streptozotocin
O��

2 superoxide anion
UKPDS United Kingdom Prospective Diabetes Study
XO xanthine oxidase

1 Introduction

Diabetes has reached epidemic proportions worldwide.
According to the American Diabetes Association, roughly
21 million people in the United States—more than 7% of
the population—have the disorder [1]. A recent World
Health Organization report states that the worldwide
prevalence of diabetes is expected to reach 366 million by
2030 [2]. While the United States, China, and India, are
expected to continue to have the highest prevalence of
diabetes in 2030, the greatest relative increase is expected
to be seen in the Middle East and sub-Saharan African
regions. Adaptation of a high fat and high calorie
“Western” diet and a more sedentary lifestyle in developing
countries has resulted in increased obesity and metabolic
syndrome which likely explains the continued rise of
diabetes.

Complex alterations of glucose and lipid metabolism are
the primary factors governing both type 1 and type 2
diabetes. Type 1 diabetes observed in approximately 10%
of cases develops due to autoimmune destruction of the
pancreatic β-cells, resulting in the failure of insulin
secretion. Type 2 diabetes accounts for the remaining 90%
cases and results from insulin resistance in skeletal muscle,
liver, and adipose tissue and impaired insulin secretion
from the pancreatic β-cell due to islet cell dysfunction.

Diabetics are at risk for both microvascular and macro-
vascular complications which can lead to significant
morbidity and mortality. Macrovascular disease involves
large vessel atherosclerosis which results in coronary artery
disease (CAD), stroke and peripheral vascular disease.
Indeed, atherosclerotic vascular disease remains the leading
cause of death in diabetic patients. Diabetic atherogenesis
associates with impaired endothelium-dependent vasomo-
tion [3, 4] and is seen in subjects with established
cardiovascular disease (CVD) in the coronary circulation
or the peripheral arterial vasculature. Myocardial infarction,
stroke, and peripheral vascular disease are 2- to 4-times

more prevalent in diabetic patients [5]. Moreover, vascular
disease occurs earlier, and follows a more aggressive course
[6]. Thus, the cardiovascular event rate in diabetic patients
without documented CAD is equivalent to that of non-
diabetic patients with CAD [6, 7]. Women with diabetes
lose their premenopausal cardioprotection, and are vulner-
able to CAD at the same rate as men [8]. Microvascular
complications include retinopathy, nephropathy, and neu-
ropathy that eventually affect nearly all patients with
diabetes. Diabetic nephropathy is the leading cause of end
stage renal disease (ESRD) in the United States [5].
Diabetic retinopathy is the major cause of adult blindness
in the diabetic population. Diabetic neuropathy, which
affects roughly half of all type 1 and type 2 diabetic
patients is the major cause of non-traumatic lower extremity
amputation [9]. In addition, an autonomic neuropathy can
develop which can lead to a myriad of disabling disorders
including gastroparesis, urinary retention due to detrusor
paresis, orthostatic hypotension, impaired sensation of
angina due to defective cardiac innervation, and alteration
in bowel habits due to disruption in intestinal innervation.

In this review, we will discuss how the diabetic state
induces oxidative stress which may lead to diabetic
complications. We will also discuss how oxidized amino
acids can serve as molecular fingerprints of various
oxidation pathways. Finally, we will describe how mass
spectrometric quantification of these markers in animal
models of diabetic complications and in humans can
provide insights into tissue-specific oxidant generation in
diabetes. Identifying specific pathways of reactive oxidant
generation in diabetes will ultimately lead to rational design
of drugs to interrupt this process and prevent diabetic
complications.

2 Mechanisms of diabetic complications

2.1 Hyperglycemia and diabetic complications

Both the degree of glycemic control and the duration of
diabetes predict the risk of diabetic complications [10, 11].
Over the last 15 years, many studies have shown an
independent relationship between diabetic complications
and glycemic control [12]. These observations have given
rise to the “glucose hypothesis,” which suggests that
glucose mediates many of the deleterious effects of the
disease. Glucose as well as some of the proposed factors
like abnormalities in lipoproteins, metabolic derangements
(insulin resistance, elevated free fatty acid levels, etc.), and
variations in genes controlling lipid metabolism, are
important in microvascular as well as macrovascular
disease [13].
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The Diabetes Control and Complications Trial (DCCT)
found that patients with type 1 diabetes who were treated
with intensive insulin therapy to achieve a mean hemoglo-
bin A1c of 7.0% had a markedly lowered incidence of
retinopathy, neuropathy, and nephropathy as compared to
subjects treated with conventional insulin therapy [14].
Similar results were demonstrated for type 2 diabetes in the
United Kingdom Prospective Diabetes Study (UKPDS) [10,
15, 16].

Although it has been well-established by studies such as
the DCCT and UKPDS that tight glycemic control reduces
microvascular complications, whether aggressive glucose-
lowering reduces macrovascular complications remains
controversial. The initial DCCT did not show an improve-
ment of macrovascular events with intensive glucose-
lowering therapy. The majority of patients involved in the
DCCT were subsequently followed up in the Epidemiology
of Diabetes Interventions and Complications (EDIC) study.
During a mean 17 years of follow-up, intensive glucose-
lowering treatment reduced the risk of any CVD event by
42% suggesting that tight glycemic control lowers macro-
vascular disease end-points [17, 18]. In contrast, patients
with type 2 diabetes whose glycated hemoglobin levels
were reduced from 8% to 7% in the UKPDS did not exhibit
a reduction in CV events. This observation was corroborat-
ed by the recent Action to Control Cardiovascular Risk in
Diabetes (ACCORD) and Action in Diabetes and Vascular
Disease: Preterax and Diamicron Modified Release Con-
trolled Evaluation (ADVANCE) trials which found that
lowering blood sugar to near normal levels (median
hemoglobin A1c of 6.4%) did not lead to a reduction in
macrovascular events [19–21]. In fact, in the ACCORD
study aggressive glucose-lowering was associated with
increased all cause mortality.

2.2 Endothelial dysfunction and diabetes

Endothelium forms the physical and biological barrier
between the vascular wall and circulating blood. Endothelial
dysfunction is a key early feature of diabetic complications
including atherogenesis and is also involved in plaque
progression and its complications [3, 22]. It is characterized
by a reduction in the bioavailability of vasodilators such as
endothelium-derived nitric oxide (NO�) and a relative or
absolute abundance of vasoconstrictors. This imbalance
impairs endothelium-dependent vasodilation, the functional
hallmark of endothelial function [3, 22]. Impaired endo-
thelial function has been demonstrated in both type 1 and
type 2 diabetes and in obese, insulin-resistant subjects
[23]. It predates hyperglycemia in subjects who develop
type 2 diabetes, suggesting that factors such as insulin
resistance and increased concentrations of metabolites such
as free fatty acids initiate endothelial dysfunction in this
setting. In established diabetes, hypercholesterolemia,
hypertension, and other factors can contribute to endothe-
lial dysfunction.

Hyperglycemia and elevated levels of free fatty acids
promote oxidative phosphorylation in mitochondria and
also promote the production of reactive intermediates such
as superoxide (O��

2 ) that accelerate NO� degradation [24].
Additional pathways (discussed below) that can potentially
result in vascular disease in the diabetic state include
glycoxidation pathway which results in formation of
advanced glycosylation end-products (AGEs) and the
carbonyl-polyunsaturated fatty acid (PUFA) pathway which
produces a hydroxyl radical-like oxidant (Fig. 1; ref [24–
29]). In vascular smooth muscle cells, oxidants have also
been implicated in changes to signaling pathways down-
stream of cyclic guanosine monophosphate (cGMP), the
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Fig. 1 Oxidative stress path-
ways in diabetic complications.
AGE advanced glycosylation
end-products, ALE advanced
lipoxidation end-products, eNOS
endothelial nitric oxide syn-
thase, HOCl hypochlorous acid,
MPO myeloperoxidase, NO�
nitric oxide, NOX NAD(P)H
oxidase, PUFA polyunsaturated
fatty acid, XO xanthine oxidase.
Modified from [26]
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second-messenger of NO� [23]. Thus, increased oxidant
generation in diabetes might contribute to endothelial
dysfunction by several distinct mechanisms.

2.3 Oxidative stress results in diabetic microvascular
and macrovascular complications

Although the clinical sequelae of diabetic complications are
well described, the pathophysiologic mechanisms underly-
ing complications remain poorly understood. As discussed
above, it appears that hyperglycemia promotes microvas-
cular and probably macrovascular complications. However,
glycemic control alone does not prevent diabetic complica-
tions, suggesting that additional factors must be involved.
During the past two decades, considerable evidence has
implicated oxidative stress in several distinct conditions,
including aging, atherosclerosis, neurodegenerative dis-
eases, and ESRD (reviewed in [25–27, 30–33]). Oxidative
stress occurs when there is an imbalance in the relative rates
of reactive oxidant generation and scavenging, with a
subsequent increase in the level of oxidized biomolecules
and associated tissue damage. Accumulating evidence
suggests that oxidative stress has a central role in diabetes
and vascular disease, and it might play this role by
promoting endothelial dysfunction [24, 34]. It is clinically
important to distinguish if oxidative stress is a primary
event that occurs early in the disease or if it occurs as a
secondary phenomenon merely reflecting end-stage tissue
damage [35]. If oxidative stress simply reflects tissue
damage, interventions that reduce it may fail to affect the
disease process. If oxidative stress promotes tissue injury,
therapies that interrupt oxidative pathways early in the
disease may prevent complications, and those that act later
may slow disease progression.

2.4 Pathways for generating oxidants
in the microenvironment

Proteins, lipids, and nucleic acids are important targets for
oxidative stress in vivo. However, the specific pathways
that promote oxidative stress in diabetes have not been
conclusively identified. One reason is that oxidizing
intermediates are difficult to detect in vivo because they
are short-lived and generated at low levels. Proposed
pathways for increased oxidant generation and oxidative
stress in diabetes are outlined in Fig. 1.

2.4.1 The glycoxidation pathway

Glucose-mediated oxidative reactions are collectively called
glycoxidation pathways. The open-chain form of glucose
has a carbonyl group that can be involved in oxidative
chemistry. In the presence of oxygen, glucose can auto-

oxidize to reactive oxygen species, such as hydroxyl
radical, which cross-links proteins [36]. Glucose also reacts
nonenzymatically with proteins to form the reversible
Schiff-base adduct, which subsequently can rearrange itself
into the irreversible Amadori product and AGE. An
increase in the rate of glycation, decrease in renal clearance
of AGE’s and increase in the expression of AGE receptors
occurs in diabetes [37]. This may be the cause of AGE-
related basement membrane thickening and AGE-mediated
cell activation. In addition to glucose, other sugars that
accumulate in the diabetic state can induce protein
glycation. It has been proposed that the ability of sugars
to glycate substrates involves the following rank-order:
glucose<fructose<ribose, and phosphorylated sugars being
more potent than their unphosphorylated counterparts. In
vitro, free metal ions catalyze steps in a nonenzymatic
glycoxidation pathway that generates AGE products. One
important intermediate is hydroxyl radical, which can
peroxidize lipids and convert phenylalanine residues of
proteins into two unnatural isomers of tyrosine, ortho-
tyrosine and meta-tyrosine [38–40]. Reduced, redox-active
metal ions such as copper or iron generate hydroxyl radical
(HO�) when they react with hydrogen peroxide (H2O2).
Once generated, AGEs can damage tissues through a
number of mechanisms, including generation of oxidizing
intermediates, formation of immune complexes, interaction
with a cellular receptor called RAGE (Receptor for AGE),
and promotion of cytokine release [25, 41]. Although
RAGE binds to AGE-modified proteins in vitro with high
affinity, its ligands in vivo are unclear. High levels of AGEs
accumulate in renal failure, even in nondiabetic patients,
and this process reverses after renal transplantation,
implicating the kidneys in AGE production and/or clear-
ance [35, 42–44]. Many studies have shown that age-
adjusted levels of pentosidine and N "-(carboxymethyl)
lysine (CML), two widely investigated AGE products,
correlate with the development of diabetic complications
[39, 45–48]. Thus, glycoxidation reactions can be one
mechanism for diabetic complications.

2.4.2 The reactive nitrogen pathway

Endothelial cells line the blood vessels produce NO� via
endothelial nitric oxide synthase (eNOS) and during
inflammation by macrophages, which are early components
of atherosclerotic lesions. NO� reacts with O��

2 to generate
peroxynitrite (ONOO−), a potent oxidant that converts
tyrosine residues to 3-nitrotyrosine. Thus, 3-nitrotyrosine
is a marker for the reactive nitrogen pathway. Nitrotyrosine
has been detected in low-density and high-density lip-
oproteins (LDL and HDL) isolated from human diabetic
atherosclerotic lesions [49, 50], and plasma nitrotyrosine
levels are elevated in patients with CAD [51, 52]. Because
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acute hyperglycemia promotes vasodilation in humans,
glucose might directly or indirectly enhance NO� release
and oxidant generation [13]. Myeloperoxidase (MPO)
present in neutrophils and macrophages can utilize nitrite
as substrate and generate reactive nitrogen species [53].

2.4.3 The myeloperoxidase pathway

H2O2 can be used by the phagocyte enzyme, MPO [54, 55],
to convert chloride ion to hypochlorous acid (HOCl)
Oxidation of NO� with oxygen yields nitrite (NO2

−), which
MPO converts to nitrogen dioxide radical (NO�

2), a potent
nitrating intermediate [53, 56]. MPO levels are elevated in
persons with angiographically documented cardiovascular
disease and within culprit lesions prone to rupture [57, 58].
Indeed, plasma levels of MPO in patients presenting with
chest pain predicted their CVD outcomes [59]. Lipoproteins
oxidized by MPO have been detected in human atheroscle-
rotic lesions [49, 50, 60, 61]. Thus, this pathway may be
relevant in diabetic macrovascular disease. The role of this
pathway in diabetic microvascular disease remains to be
determined.

2.4.4 Pathways that generate superoxide

At neutral pH, O��
2 is a reducing agent rather than an

oxidant. However, it dismutates enzymatically or non-
enzymatically into H2O2, which can oxidize thiol residues
and act as an oxidizing substrate for heme proteins such as
MPO. O��

2 also reacts at a diffusion-controlled rate with
NO� to form ONOO−, a powerful reactive nitrogen species
that nitrates tyrosine residues and damages a wide range of
biomolecules.

a) NAD(P)H oxidases. A family of NAD(P)H oxidases,
also known as the NOX enzymes, are major producers
of O��

2 in the vasculature [62]. Potential factors like the
angiotensin II, endothelin-1, hypercholesterolemia,
shear stress, non-esterified fatty acids (NEFA), hyper-
glycemia, and growth factors upregulate several NOX
isoforms present in the endothelium and smooth muscle
cells. Angiotensin II may represent a pathophysiolog-
ically relevant pathway for stimulating the production
of reactive intermediates by artery wall cells because
inhibitors of this pathway lower the risk for cardiovas-
cular events [63]. In humans, NOX activity correlates
inversely with endothelial function, even after other
major risk factors for atherosclerosis, including diabetes
and hypercholesterolemia, are taken into account [64].
The recent finding that Nox4 NAD(P)H oxidase can
mediate hypertrophy in the diabetic kidney [65]
suggests that this pathway could also be involved in
diabetic nephropathy.

b) The mitochondrial electron transport pathway. Mito-
chondrial overproduction of O��

2 and the subsequent
dismutation to H2O2 in diabetic tissues can lead to
oxidant injury. Both hyperglycemia and excess free
fatty acids can induce mitochondrial dysfunction and
lead to excess O��

2 production [24]. Moreover, O��
2

inhibits glyceraldehyde phosphate dehydrogenase, a
key glycolytic enzyme whose inactivity could make
upstream metabolites accumulate. Such inhibition of
glycolysis might promote end-organ damage by divert-
ing metabolites into the hexosamine pathway or
stimulating the polyol and diacylglycerol-protein ki-
nase C pathways. Exposing endothelial cells to
exogenous oxidants leads to mitochondrial damage
and can augment O��

2 production, a mechanism
whereby oxidative stress perpetuates oxidative stress
[62]. Benfotiamine, a lipid-soluble thiamine analog that
inhibits these pathways by activating transketolase, an
enzyme in the pentose pathway shunt, can prevent
complications from experimental diabetes in animal
models [41].

c) Uncoupled eNOS. NO synthesized by eNOS in endo-
thelial cells and its uncoupling plays a major role in
diabetes, hypertension, and hypercholesterolemia. Ox-
idation of its cofactor tetrahydrobiopterin (BH4; ref
[66]) uncouples eNOS which then transfers electrons to
molecular oxygen, generating O��

2 [67]. An alternative
mechanism for uncoupling eNOS involves overproduc-
tion of angiotensin II, which can induce dihydrofolate
reductase deficiency. Dihydrofolate reductase maintains
BH4 in its reduced form, and therefore its deficiency
uncouples eNOS. Administering BH4 improves endo-
thelium-dependent vasodilation in experimental ani-
mals and humans with those conditions [68].
Atherosclerotic plaque formation has been shown to
increase in Apo E/eNOS knockout mice models [69–
71]. Recently, studies of eNOS deficient mice reported
from two separate groups show dramatic histopatholo-
gy and decline in glomerular filtration rate in settings of
hyperglycemia attesting to the importance of this
pathway in diabetic nephropathy [72, 73].

d) Xanthine oxidase. Xanthine oxidase (XO) is a major
endothelial source of O��

2 and H2O2 in mammalian
cells. It converts hypoxanthine and xanthine to uric
acid while reducing molecular oxygen. H2O2 by itself
can increase levels of XO, further accentuating O��

2

production. Inflammatory cytokines, such as tumor
necrosis factor-alpha, and oxidation of cysteine resi-
dues by oxidants such as ONOO− can result in the
conversion of xanthine dehydrogenase to XO [68].
Endothelial levels of XO and activity are elevated in
humans with heart failure and subjects with CAD, and
they correlate with degree of impairment in endotheli-
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um-dependent vasodilation [68]. In a recent study
Landmesser et al. [74] have shown that angiotensin II
is a major stimulus for the XO production in
endothelial cells.

2.4.5 The glucose–PUFA pathway

In previous experiments, Pennathur et al. have demonstrat-
ed that glucose can generate reactive intermediates by
interacting with PUFA [28]. Glucose was incubated with
LDL or a model protein, ribonuclease (RNase). The buffer
had been treated with Chelex resin and supplemented with
a metal chelator to get rid of redox active metal ions.
Glucose at pathophysiologically relevant concentrations
modified LDL as evidenced by the formation of oxidized
amino acids. In striking contrast, glucose exposure did not
increase levels of oxidized amino acids in RNase. The
observation that levels of lipid oxidation products rise when
LDL is exposed to glucose is consistent with this proposal.
To test the hypothesis that lipid can enhance protein
oxidation, RNase was incubated with saturated, monoun-
saturated, or PUFA. Glucose stimulated protein oxidation
only in the presence of a PUFA. Thus, glucose appears to
promote protein oxidation by a pathway involving perox-
idation of PUFAs as this reaction is inhibited by lipid-
soluble antioxidants [28]. To determine whether glucose’s
carbonyl group promotes LDL oxidation, glucose was
replaced with a variety of short-chain and phosphorylated
sugars that have highly reactive carbonyl groups [28]. All
of the carbonyl compounds promoted oxidation of LDL
(but not RNAse) protein more effectively than did glucose.
In contrast, LDL oxidation was not enhanced by sorbitol,
the reduced form of glucose that lacks a carbonyl moiety.
Collectively, these observations indicate that glucose can
generate a species resembling the hydroxyl radical by a
carbonyl/PUFA pathway. This pathway might therefore
promote localized oxidative stress in tissues vulnerable to
diabetic damage [28].

2.5 Lipoxidation in diabetes mellitus

Several observations suggest a complex interplay among
protein oxidation, lipid peroxidation, and AGE formation.
When LDL is incubated with glucose or glycated proteins,
lipoprotein oxidation increases [75–78]. Moreover, CML,
an extensively studied AGE, forms from PUFAs during
lipid peroxidation [79] and is a product of both glycoxida-
tion and lipoxidation. CML and related glycoxidation
products can form not only from early intermediates in
the Maillard reaction but also directly from glyoxal or
methylglyoxal, which may in turn be derived from either
carbohydrates or lipids [35]. PUFAs are oxidized much

more readily than is glucose, and dyslipidemia is common
in diabetic patients. Thus, elevated levels of plasma
lipoproteins might contribute to lipoxidation in vivo. AGE
lipids have also been found in diabetic plasma lipoproteins
[75, 76, 80–82] and have been termed as advanced
lipoxidation end products (ALE). Moreover, systemic levels
of isoprostanes—specific markers of nonenzymatic lip-
oxidation—are elevated in diabetic patients [83, 84]. CML
and other AGE compounds could thus originate in vivo
when carbohydrates or lipids react with proteins. Amino-
guanidine and pyridoxamine comprise of a new class of
agents termed “amadorins” that prevent the Amadori
product from forming AGEs. Both inhibit AGE formation
from carbohydrates, and pyridoxamine also inhibits [85,
86] ALE formation. Aminoguanidine prevents diabetic
complications in animal models, which may reflect its
ability to inhibit AGE formation and inducible nitric oxide
synthase [87–91]. Pyridoxamine is effective in preventing
retinopathy and nephropathy in diabetic rats [92, 93], but its
effects on humans remain to be determined.

2.6 Carbonyl stress in diabetes

Glucose is a reactive carbonyl that can generate additional
carbonyls and other reactive compounds through both
enzymatic and nonenzymatic reactions. Baynes and Thorpe
proposed that diabetes is a characterized by carbonyl stress
that in turn may account for the increased protein and lipid
modifications that typify diabetes and uremia [35]. In this
model, reactive carbonyl production rises due to increased
substrate stress (elevated levels of glucose and its deriva-
tives), and is compounded by deficiency or overload of
pathways that detoxify carbonyl compounds. The abun-
dance of reactive carbonyls enhances protein and lipid
modification. Oxidative stress is thus a primary event that
increases carbonyl production, but is also a secondary event
due to elevated carbonyl levels [35].

3 Mass spectrometry is a highly sensitive and specific
approach for detecting oxidized biomolecules in vivo

Immunohistochemistry and dihydroethidium fluorescence
have been extensively used to study oxidation-specific
epitopes and oxidant production in targets of diabetic
damage and atherosclerosis. These techniques are highly
sensitive, and their ability to provide structural data can
localize oxidative events. However, they are nonspecific
and, at best, only semiquantitative. In contrast, mass
spectrometry (MS) offers a powerful set of analytical tools
for quantifying and identifying biomolecules. Isotope
dilution gas-chromatography/mass spectrometry (GC/MS)
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is a highly sensitive and specific method that we and others
have used to quantify oxidation of specific markers.

Biomolecules derived from plasma or tissue are separated
by GC, derivatized and ionized. The mass-to-charge ratios of
ions derived by fragmenting the ionized, derivatized parent
compound are determined by MS. A full scan mass spectrum
obtained for a target analyte can unequivocally identify a
target biomolecule because each compound has a unique
fragmentation pattern. The analyte is quantified by adding a
stable, isotopically labeled internal standard, which is
identical to the target analyte except for the heavy isotope.
With certain ionization processes, such as electron capture
negative-ion chemical ionization, it is possible to detect and
quantify sub-femtomole levels of biomolecules.

3.1 Patterns of oxidized amino acids can reliably detect
activated pathways of oxidation

To understand the molecular mechanisms that promote
oxidative stress in vivo, we first used a chemical approach
to define the patterns of oxidation products that are formed
by well-characterized oxidant-generating systems in vitro.
We then looked for similar patterns in tissue and plasma.
We focused on proteins because aromatic amino acids
retain the initial footprint of the reactive intermediate that
initiates oxidative damage. In contrast, lipid peroxidation
products readily undergo subsequent chain-propagating
reactions, which mask the products formed early in the
pathway. Moreover, many different oxidizing intermediates
give the same spectrum of oxidized lipids, making it
difficult to identify specific pathways that trigger lipid
oxidation. Using a combination of free radical generating
systems in vitro and studying tissue and plasma samples in
animal models of disease and humans, we and others have
defined patterns of these oxidative markers that accurately
indicate pathways of oxidation that are activated [26, 28,
29, 33, 49–52, 60, 94–104]. We have utilized this molecular
fingerprinting strategy to identify tissue-specific pathways
of oxidation in diabetic complications.

3.2 MS quantification of oxidized amino acids reveals
pathways of oxidative stress activated in diabetic
macrovascular disease

To investigate the potential role of localized oxidative stress
in diabetic macrovascular disease, we used a primate model
of diabetic atherosclerosis. These studies involved Cyno-
molgus monkeys that had been hyperglycemic for 6 months
due to streptozotocin-(STZ) induced diabetes [29]. We
analyzed samples from seven controls and eight diabetic
Cynomolgus monkeys, sampling three different areas from
the thoracic aorta of each animal. Compared with the
control samples, the aorta wall proteins from the diabetic

animals showed a significant 40% increase in ortho-tyrosine
(Fig. 2a) and a similar (60%) increase in meta-tyrosine
(Fig. 2b). The concentration of o,o′-dityrosine, a marker of
tyrosyl radical that is produced in lower yield by hydroxyl
radical (Fig. 2c), was fourfold greater in the diabetic
samples than in the control samples. Thus, ortho-tyrosine,
meta-tyrosine, and o,o′-dityrosine levels were higher in
aortic proteins from diabetic monkeys than in those from
control animals. However, we found no significant differ-
ence in 3-nitrotyrosine levels in proteins isolated from
aortic tissue of control and diabetic Cynomolgus monkeys
(Fig. 2d). Collectively, these results indicate that ortho-
tyrosine, meta-tyrosine, and o,o′-dityrosine levels are
selectively elevated in aortic proteins of diabetic monkeys,
whereas 3-nitrotyrosine levels remain unchanged. This
pattern of oxidized amino acids suggests that a hydroxyl
radical-like oxidant promotes aortic damage in this animal
model of diabetic macrovascular disease.

3.3 Correlations between aortic tissue levels of the oxidized
amino acids and serum levels of glycated hemoglobin

To determine whether glucose promotes protein oxidation
in vivo, we assessed the relationship between level of
glycemic control (measured as serum glycated hemoglobin)
and levels of amino acid oxidation products in aortic tissue

Fig. 2 Quantification of ortho-tyrosine (a), meta-tyrosine (b), o,o′-
dityrosine (c), and 3-nitrotyrosine (d) in aortic proteins isolated from
control and diabetic Cynomolgus monkeys. Aortic tissue was
harvested from control and diabetic animals at the end of the 6-month
study. Tissue was delipidated, hydrolyzed, and amino acids were
quantified by GC/MS. *p<0.01 by Student’s t-test. Reproduced from
[29]
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in control and diabetic Cynomolgus monkeys. Linear
regression analysis demonstrated a strong correlation
between levels of both ortho-tyrosine and meta-tyrosine
and glycated hemoglobin (r2=0.9 and 0.8, respectively;
both p<0.001). Levels of o,o′-dityrosine and glycated
hemoglobin correlated less strongly (r2=0.3; p=0.07). In
contrast, there was no correlation between levels of 3-
nitrotyrosine and glycated hemoglobin. These observations
support the hypothesis that glucose promotes the formation
of ortho-tyrosine and meta-tyrosine in the artery wall and
suggest that both glucose and other pathways contribute to
the generation of o,o′-dityrosine [29].

3.4 Hyperlipidemia in concert with hyperglycemia
stimulates the proliferation of macrophages
in atherosclerotic lesions

Macrophage proliferation has been implicated in the
progression of atherosclerosis. Recent studies have inves-
tigated the effects of hyperglycemia and hyperlipidemia on
macrophage proliferation in murine atherosclerotic lesions
and isolated primary macrophages [97]. Glucose promoted
lipid and protein oxidation of LDL in vitro. Oxidation of
LDL with glucose resulted in a selective increase in
protein-bound ortho-tyrosine and meta-tyrosine. Moreover,
glucose-oxidized LDL—but not elevated levels of glucose
alone—stimulated proliferation of isolated macrophages.
These observations may be pertinent to diabetic vascular
disease because macrophage proliferation in atherosclerotic
lesions was observed in LDL receptor-deficient mice that
were both hypercholesterolemic and hyperglycemic but in
not mice that were only hyperglycemic [97].

3.5 MS quantification of oxidized amino acids reveals
a novel pathway of glucose induced protein and lipid
oxidation in an animal model of diabetic microvascular
disease

To begin to explore the pathophysiological relevance of the
carbonyl-PUFA pathway, we quantified levels of protein
and lipid oxidation products in the retina of hyperglycemic
Sprague–Dawley rats, a well-characterized model of dia-
betic retinopathy [28]. Abnormalities such as increased
vascular permeability became well established in retinal
tissue as early as 4 weeks after STZ treatment [105, 106].
After 6 weeks, retinal tissue contained markedly elevated
levels of ortho-tyrosine and meta-tyrosine and high levels
of hydroxyoctadecadienoic acid (HODE), a major product
of lipid oxidation. Treatment with the carbonyl scavenger
aminoguanidine blocked these changes but failed to affect
levels of ortho- and meta-tyrosine in control animals
(Fig. 3). We observed no differences in levels of D-glucose
or hemoglobin A1c in the rats on the two different diets.

Thus, glucose or other reactive carbonyls that abound in the
diabetic milieu promote lipid and protein oxidation in vivo
by a pathway requiring PUFAs. These observations suggest
that glucose might operate locally by a variety of
mechanisms, damaging artery wall proteins even in the
absence of generalized oxidative stress. It will be important
to determine whether the pattern of oxidation products in
diabetic humans resembles the ones we observed in the
monkey and rat studies.

To investigate the potential relationship between lipid
peroxidation and protein oxidation in vivo, we assessed the
relationship between HODE levels and oxidized amino acid
levels in the retinal tissue of control and STZ-treated rats
(Fig. 4). Linear regression analysis demonstrated a strong
correlation between levels of ortho-tyrosine and HODEs
(r2=0.59; p<0.05). Levels of meta-tyrosine also correlated
highly with HODE (r2=0.50; p<0.05). In contrast, there

Fig. 3 Quantification of oxidized amino acids and lipids in retinal
tissue isolated from control and hyperglycemic Sprague–Dawley rats.
Rats were rendered hyperglycemic with STZ. At the end of the 6-
week study, retinal tissue was harvested from the animals. The isolated
amino acids were derivatized and analyzed by GC/MS with selected
ion monitoring (a and b). HODEs (hydroxyoctadecadienoic acid)
were quantified by reversed-phase HPLC (c). *p<0.05 by analysis of
variance. Reproduced from [28]
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was no correlation between HODEs and nitrotyrosine and
dityrosine (Fig. 4). These observations suggest that protein
oxidation and lipid oxidation increase in parallel in the
retina of diabetic rats and that hyperglycemia may provide
the link.

3.6 Oxidized amino acids are present in the plasma
and urine of animals and humans: potential markers
for assessment of in vivo oxidative stress

There is increasing evidence that oxidized amino acids in
plasma and urine can serve as markers for non-invasively

assessing oxidative stress in vivo [33, 50–52, 60, 94, 99,
104, 107]. In steady state, plasma and urine levels of these
markers are proportional to their rate of generation and can
serve as indices of chronic oxidative stress in vivo. A case–
control study demonstrated that systemic levels of protein-
bound nitrotyrosine were significantly higher among
patients with CAD compared with those with healthy
arteries and that statin therapy lowered levels of oxidation
markers in plasma, raising the possibility that statins can
potentially be antioxidants [51, 52, 107]. Therefore, these
markers would serve not only to assess degree of oxidative
stress but also to monitor efficacy of therapy. However, the
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role of these markers has not been determined systemati-
cally in response to antioxidant therapies in diabetic mouse
models and humans.

3.7 MPO-oxidized HDL, a novel marker for CAD
in humans

We employed our oxidized amino acid fingerprinting
strategy to discover novel biomarkers in humans with
CAD. Preliminary studies demonstrated that HDL, but not
LDL, isolated from plasma of subjects with established
CAD contained high levels of 3-chlorotyrosine, a highly
specific marker for the myeloperoxidase pathway. The level
of 3-chlorotyrosine was 13-fold higher in HDL isolated
from plasma of subjects with established CAD (Fig. 5a)
than in HDL from plasma of healthy subjects [60]. We also
found that levels of 3-nitrotyrosine were twice as high in
HDL from plasma of patients with established CAD
(Fig. 5b) [50]. These observations raise the exciting
possibility that oxidized HDL might be a novel marker
for clinically significant CAD. It will clearly be important
to determine whether levels of oxidized amino acids are
elevated in HDL and LDL of diabetic humans.

To determine whether MPO might promote protein
nitration in vivo, we assessed the relationship between 3-
chlorotyrosine, a marker of protein oxidation that is
generated only by MPO at plasma concentrations of halide
ion, and levels of 3-nitrotyrosine in both circulating and
lesion HDL (Fig. 5c). Linear regression analysis demonstrat-
ed a strong correlation between levels of 3-chlorotyrosine
and levels of 3-nitrotyrosine (r2=0.51; p<0.01) in plasma
HDL. These observations strongly support the hypothesis
that MPO promotes the formation of 3-chlorotyrosine and 3-
nitrotyrosine in circulating HDL.

4 Conclusion and perspectives

The ability to accurately quantify amino acid oxidation
markers in tissue samples, plasma, and urine can provide
invaluable mechanistic insights into disease pathogenesis.
We have utilized the power of MS to profile oxidized
amino acids to facilitate understanding of tissue specific
oxidative mechanisms of diabetic complications. Further
studies of the biochemical basis for oxidant generation
might facilitate the development of specific antioxidant
therapies designed to retard diabetic complications.

The potential role of antioxidant therapies in preventing
microvascular and macrovascular disease in diabetic
humans is another important issue. To examine the
oxidative stress hypothesis in diabetes, suitable test subjects
and optimal antioxidant regimens need to be identified.
Such a trial should involve diabetic patients with evidence

of increased oxidative stress (e.g. subjects with elevated
levels of oxidized amino acids in their plasma or urine).
These high-risk individuals are most likely to benefit from
antioxidant therapy. The optimal regimen for inhibiting
oxidative tissue injury in humans also needs to be
determined so that test compounds can be administered in
effective antioxidant regimens.
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