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Abstract
Free radical production is implicated in the pathogenesis of diabetes mellitus, where several pathways
and different mechanisms were suggested in the pathophysiology of the complications. In this study,
we used electron paramagnetic resonance (EPR) spectroscopy combined with in vivo spin-trapping
techniques to investigate the sources and mechanisms of free radical formation in streptozotocin-
induced diabetic rats. Free radical production was directly detected in the diabetic bile, which
correlated with lipid peroxidation in the liver and kidney. EPR spectra showed the trapping of a lipid-
derived radical. Such radicals were demonstrated to be induced by hydroxyl radical through isotope
labeling experiments. Multiple enzymes and metabolic pathways were examined as the potential
source of the hydroxyl radicals using specific inhibitors. Neither xanthine oxidase, cytochrome
P450s, the Fenton reaction, nor macrophage activation were required for the production of radical
adducts. Interestingly, inducible nitric oxide synthase (apparently uncoupled) was identified as the
major source of radical generation. The specific iNOS inhibitor 1400W as well as L-arginine
pretreatment reduced the EPR signals to baseline levels, implicating peroxynitrite as the source of
hydroxyl radical production. Applying immunological techniques, we localized iNOS
overexpression in the liver and kidney of diabetic animals, which was closely correlated with the
lipid radical generation and 4-hydroxynonenal-adducted protein formation, indicating lipid
peroxidation. In addition, protein oxidation to protein free radicals occurred in the diabetic target
organs. Taken together, our studies support inducible nitric oxide synthase as a significant source of
EPR-detectable reactive intermediates, which leads to lipid peroxidation and may contribute to
disease progression as well.

Introduction
Despite the fact that diabetes mellitus is one of the best characterized chronic metabolic
diseases, it is still a major concern in human health and shows increasing incidence. According
to a World Health Organization study, the estimated number of patients with diabetes
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worldwide is around 170 million and projected to reach about 300 million in 2025 [1;2]. As a
consequence, this will lead to an increased number of people with diabetic complications such
as diabetic nephropathy, neuropathy, retinopathy and, last but not least, diabetic cardiovascular
complications and atherosclerosis, which is the major cause of death resulting from the disease
[3]. Several trial studies emphasize the importance of persistent hyperglycemia in the
pathogenesis of diabetes [4;5]. It is present in both type 1 and type 2 diabetes and plays a key
role in the development of complications through different and multiple mechanisms, including
nonenzymatic glycation [6], protein kinase C activation [7], and increased aldose reductase
activity [8;9]. There is accumulating evidence, especially in diabetic animal models (such as
streptozotocin-diabetic rats and mice), that hyperglycemia induces oxidative stress, and
reactive species such as lipid peroxides and glucose-derived aldehydes contribute to the
pathogenesis of the disease and the development of complications as well [10–15]. Various
studies propose different sites for production of reactive species in diabetes.

Under hyperglycemic conditions, the polyol pathway becomes activated; here aldose reductase
plays a role [16], converting glucose to sorbitol and producing oxidative stress through
superoxide radical anion formation. Obrosova and co-workers have studied the inhibition of
aldose reductase, focusing on diabetic complications [17;18]. They also emphasized the
possible role of peroxynitrite, nitration, and nitrotyrosine formation in certain diabetic
complications such as neuropathy [19;20]. Mitochondria as a site of superoxide formation
under hyperglycemia is one of the most widely studied areas in the etiology of diabetes.
Hyperglycemia-induced overproduction of superoxide by the mitochondrial electron transport
chain activates three major pathways of hyperglycemic damage in aortic endothelial cells by
inhibiting GAPDH activity [21]. This investigation led to a unifying mechanism in the field
of diabetic pathophysiology, alterations of several metabolic pathways, and mitochondrial
oxidative stress [22].

Other studies have focused on the possible role of NOS enzymes in the disease. If these enzymes
are affected, under oxidative stress conditions they may fail to produce NO or may produce
both NO and superoxide, which is likely to result in peroxynitrite formation and contribute to
the complications. Uncoupling of endothelial NOS (eNOS) by peroxynitrite has been shown
previously [23;24]. This may be an additional mechanism by which glucose contributes to
endothelial dysfunction in diabetes. Regulation of eNOS transcription by reactive species
produced in hyperglycemia has also been suggested [25]. There are a few attempts to prove
free radical formation in any of the diabetic models directly and thus offer mechanisms through
which these species could affect the tissue environment as the disease progresses. One study
used direct spin-trapping methods to show that free radical formation occurs in the pancreatic
islets upon addition of exogenous cytokines [26]. Other studies have been performed to
demonstrate the possibility of radical generation in a whole diabetic animal [27;28] through
L-band EPR spectroscopy which used non-specific spin probes.

Here we provide EPR data for in vivo free radical formation as a mechanism that occurs in
STZ-induced diabetes and contributes to lipid peroxidation and protein nitration in the liver
and kidney. STZ-induced diabetes is associated with signs of fatty liver [29] and was found to
show nephropathic changes and kidney damage as well [30]. We have addressed these
questions through the combined use of in vivo EPR methodologies and spin trapping to
specifically detect increased free radical production in the diabetic rat liver. In addition, a
detailed search for the sources of reactive intermediates was conducted through the
combination of EPR and immunological techniques. The uniqueness of EPR spectroscopy
combined with in vivo spin trapping and isotope labeling allowed us to identitify iNOS as a
source of hydroxyl radicals in diabetes. Furthermore, our studies indicate that iNOS protein
expression was correlated with increased free radical production in the organs examined. The
role of iNOS was further confirmed by EPR using a specific iNOS inhibitor, 1400W, and L-
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arginine supplementation. Lipid and protein damage paralleled iNOS overexpression in the
liver and kidney of diabetic animals as demonstrated by the immunohistochemical detection
of 4-hydroxynonenal-adducted proteins resulting from increased lipid peroxidation. Protein
nitration was also evidenced and colocalized with iNOS in the liver. Such results clearly link
iNOS overexpression with increased free radical formation and lipid peroxidation in the
disease, which might be involved in the progression of diabetes. iNOS-mediated free radical
production in diabetes

Experimental procedures
Materials

α-(4-pyridyl-1-oxide)-N-t-butylnitrone (POBN) was obtained from Alexis Biochemicals (San
Diego, CA). Streptozotocin (STZ), dimethylsulfoxide (DMSO), 2,2′-dipyridyl (DP),
bathocuproinedisulfonic acid (BC), deferoxamine mesylate (Desferal), aminoguanidine,
allopurinol, 1-aminobenzotriazol, gadolinium(III)-chloride (GdCl3) and L-arginine were all
obtained from Sigma (St.Louis, MO). 13C-DMSO was obtained from Isotec. N-(3-
aminomethyl)benzylacetamidine (1400W) was from Calbiochem-Novabiochem (La Jolla,
CA). Paraformaldehyde and sucrose were from ICN (Orangeburg, NY). For the confocal and
Western blot studies, monoclonal iNOS primary antibody was from Sigma (St.Louis, MO).
Alexafluor 488 goat anti-mouse secondary antibody was from Invitrogen (Carlsbad, CA).

Animals
Sprague-Dawley male rats weighing 100–120 g (Charles River Breeding Laboratories) were
used in all experiments. Rats were housed in a room with air conditioning and a 12/12 h light/
dark cycle, fed a standard rat chow (NIH open formula, Ziegler Brothers, Gardner, PA) and
had access to water ad libitum. Diabetes was induced by a single dose of streptozotocin (65
mg/kg, i.p., in 0.1 M citrate buffer, pH = 4.6) which is known to be excreted within 48 h from
injection and therefore cannot be a direct cause of oxidative stress thereafter [31]. Development
of the disease was confirmed three days later with a urinary glucose test strip (Chemstrip uGK,
Roche). One month after the onset of the disease, animals were anesthetized by i.p. injection
of Nembutal (50 mg/kg), the spin trap POBN was injected i.p. and bile was collected
immediately by bile duct cannulation via a segment of PE-10 tubing (Becton Dickinson). For
time course studies, similar experimental protocols were followed at one, two, or three weeks
after streptozotocin injection. Blood was collected at the end of each experiment to verify the
presence of diabetes by measuring blood glucose levels. Measurement of serum glucose,
aspartate aminotransferase (AST), alanine aminotransferase (ALT), and triglycerides was
performed at NIEHS by the Laboratory of Experimental Pathology. Rats with normal glucose
levels were excluded from the study. Body weights and water consumption were also monitored
throughout the experiments. All studies were approved by the institutional review board and
adhered to NIH guidelines for the care and handling of experimental animals.

In vivo studies
POBN was dissolved in saline and administered i.p. at 1 g/kg body weight, and bile samples
(approximately 300 µl) were collected every 30 min for 2.5 h into plastic Eppendorf tubes
containing a 50 µl solution of bathocuproine disulfonic acid and 2,2’-dipyridyl (30 mM,
respectively, to prevent ex vivo free radical production). Kidney tissue samples were also
collected at the end of the spin-trapping experiments, and lipid extraction was performed using
chloroform/methanol (2:1) as described previously [32]. Samples were frozen in dry ice
immediately after collection and stored at −80°C until the EPR measurements.

During inhibitor studies, after a month of diabetes, diabetic rats were divided into several
different groups and received different metabolic inhibitors before bile cannulation and spin
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trapping. Each group contained at least 6 animals. In each set of experiments, DMSO (1 ml/
kg body weight, i.p.) was injected simultaneously with POBN. In the experiments with isotope-
labeled DMSO, 13C-DMSO was administered i.p. (1 ml/kg body weight) instead of unlabeled
DMSO. ABT (100 mg/kg, i.p.) [33] or Desferal (50 and 200 mg/kg, i.p.) [34] in saline was
administered to rats 2 or 1 h before spin trapping, respectively. Allopurinol (100 mg/kg) was
given i.p. 5 and 24 h before the POBN and DMSO injection [35]. GdCl3 (10 mg/kg) was injected
intravenously 24 h before the spin-trapping experiments [36]. Aminoguanidine (200 mg/kg)
or 1400W (15 mg/kg) was administered 30 min or 1 h prior to spin trapping, respectively
[37]. L-arginine (100 mg/kg) was administered 30 min prior to spin trapping.

Ex vivo studies
Control ex vivo studies were made by mixing POBN (20 mM) and DMSO (10 mM) in the
collecting tube containing 30 mM bathocuproine disulfonic acid and 30 mM 2,2′-dipyridyl,
and diabetic bile was collected into the solution. All ex vivo experiments were done in triplicate.

EPR studies
All EPR spectra were recorded at room temperature in a quartz flat cell on a Bruker EMX EPR
spectrometer equipped with a super high-Q cavity (Bruker, Billerica, MA). Spectra were
recorded using an IBM-compatible computer interfaced with the spectrometer with the
following instrument settings and conditions: 20.2 mW microwave power, 100 kHz modulation
frequency, 1.25 G modulation amplitude, 1,300 ms time constant, 655 ms conversion time and
a single scan of 80 G. The simulations of EPR spectra and determination of hyperfine coupling
constants were performed using the WINSIM program developed in our laboratory [38] and
available on the internet for download at http://epr.niehs.nih.gov.

Confocal microscopy
For confocal studies, animals were divided into two groups, control and diabetic. After one
month of diabetes, animals were anesthetized by i.p. injection of Nembutal (50 mg/kg), and
liver perfusion was carried out through the vena portae using a peristaltic pump. First, saline
was perfused through the liver for 10 min; then the system was switched to 3.5 %
paraformaldehide solution in PBS (pH = 7.4) for in situ tissue fixation. After fixation, livers
were removed and placed into 30 % sucrose for 24 h. Tissues were then sliced on a microtome
into 70 µm sections and placed in PBS, then permeabilized with 0.1 % Surfact-Amps-X-100
for 1 h. After blocking with 0.1 % bovine serum albumin in PBS, staining of iNOS was
performed using monoclonal anti-iNOS as the primary antibody and an Alexafluor 488 anti-
mouse secondary. Nitrotyrosine staining was carried out using a rabbit polyclonal anti-
nitrotyrosine antibody [39] and an Alexafluor 568 anti-rabbit secondary. Secondary controls
were made to determine background fluorescence by omitting the primary antibody, but
applying the secondary antibody. Slices were mounted on microscope cover glasses (22 × 22
mm, 1 ½ thickness) (Erie Scientific Co. Portsmouth, NH), and sections were observed under
a confocal laser microscope (Zeiss).

Western blotting
Western blot analysis was used to determine iNOS protein expression in control and diabetic
rat liver, kidneys and lungs after one month of diabetes, and at each timepoint as well. Tissue
samples were homogenized with a Polytron homogenizer in RIPA buffer containing a mixture
of protease inhibitors. After incubation at 4 °C for 30 min, samples were centrifuged at 14,000
rpm for 15 min. Protein concentrations were quantitated with a protein assay kit (Biorad), and
an equal amount of protein (40 µg/lane) was separated on reducing NuPAGE 4–12 % Bis-Tris
gel (Invitrogen) and transferred to a nitrocellulose membrane. After overnight blocking (1%
bovine serum albumin, 1% amicase in PBS 0.1M, pH=7.4), the membrane was probed with a
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monoclonal iNOS primary antibody (Sigma) followed by an anti-mouse secondary antibody
and CDP-Star chemiluminescent substrate (Roche). Western blot band intensities were
quantified using the Image J program (download available at http://rsb.info.nih.gov/ij/).

Immunohistochemistry
For the immunohistochemical detection of 4-hydroxynonenal protein adducts, control and
diabetic liver, kidney and lung tissue slices were fixed in neutralized formaldehyde for 24
hours, then transferred into 70 % ethanol. Tissue samples were embedded into paraffin, and
three micrometer sections were cut and mounted onto glass slides. Monoclonal anti-4-
hydroxynonenal protein adduct antibody (Alexis Biochemicals, San Diego, CA) was applied
as a primary antibody and anti-rabbit as the secondary to detect the adduct in tissue samples.

Statistical analysis
Data were expressed as mean ± SEM except for EPR hyperfine coupling data, which were
given as mean ± SD. Statistical significance between groups was determined by the analysis
of variance and Student’s t-test. p < 0.05 was considered to be statistically significant.

Results
Diabetes was confirmed in streptozotocin (STZ)-injected rats by monitoring weight loss and
a significant increase in blood glucose levels. Compared to control animals, plasma triglyceride
and ALT levels were increased by factors of three and four, respectively, in the diabetic
animals, while AST remained unchanged (data not shown). These parameters indicate that the
diabetic animals had non-alcoholic fatty liver damage, which is consistent with the STZ model
[29]. One month after the onset of the disease, we used in vivo spin-trapping techniques with
EPR to assess free radical production in the bile of the animals. In spin trapping, short-lived
free radical intermediates react with the spin-trapping agent, producing stable free radical
adducts that are excreted in the bile. These can then be detected and characterized through their
unique signature EPR spectra. Moreover, the fraction of the radicals trapped is proportional to
the total amount of the given free radical produced, thereby allowing comparative quantitation
[34].

Experiments performed in diabetic rats led to the detection of strong six-line EPR signals of a
POBN radical adduct which were reproducibly observed in the bile of rats 2 h after spin trap
administration (Fig. 1B). In age- and weight-matched controls, residual signals of POBN
radical adducts were recorded (Fig. 1A), confirming increased free radical formation in the
diabetic animals. The free radicals trapped were identified through their EPR parameters, aN

= 15.75 ± 0.06 G and aβH = 2.77 ± 0.07 G, corresponding to those reported previously for the
POBN radical adduct of a carbon-centered, lipid-derived radical [32].

One possible candidate for triggering lipid peroxidation is the hydroxyl radical (•OH). As
the •OH radical adduct of POBN is unstable, a •OH scavenger, dimethyl sulfoxide (DMSO),
was used to determine whether •OH radicals were produced. It is well-known that •OH is
specifically converted into a methyl radical (•CH3) through its diffusion-limited reaction with
DMSO (k = 7 × 109 M−1s−1) [40]. The •CH3 radical and closely related species are then trapped
and detected by EPR as POBN-radical adducts. In rat bile, these POBN radical adduct signals
increased significantly as early as 30 min after the simultaneous administration of POBN and
DMSO in the STZ-treated rats (Fig. 1C). Ex vivo studies confirmed the in vivo origin of the
radical adduct formation. Only a minor background POBN radical adduct signal was noted
following addition of POBN (20 mM) and DMSO (10 mM) in collecting tubes containing bile
from diabetic rats (Fig. 1D). The same characteristic POBN-lipid radical adduct was detected
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in the lipid extracts of kidneys from diabetic animals, but the intensity was only twofold higher
than controls (Fig. 1E and F).

Use of 13C-labeled DMSO led to the detection of a twelve-line signal in diabetic, but not control
bile (Fig. 2), providing further evidence for the fundamental role of the •OH radicals in the
diabetic animals. Computer simulation [38] of the EPR spectrum (Fig. 2C–F) confirmed the
presence of the POBN/•13C-methyl, and possibly closely related species such as
POBN/•13CH2OH (40) (aN = 16.02 ± 0.02 G, aβH = 2.98 ± 0.14 G, and a13C = 4.59 ± 0.13 G).
POBN/•L was indicated by aN =15.72 ± 0.11 G, aβH = 2.92 ± 0.11 G [32].

We next investigated in deeper detail the mechanism of free radical production and the possible
origin of the •OH produced in the progression of STZ-induced diabetes. For this, injections of
known metabolic enzyme inhibitors in the diabetic rats were performed before the
administration of the spin trap (Fig. 3A). The xanthine oxidase inhibitor allopurinol (100 mg/
kg, i.p.) [35] given to rats 24 and 5 h before spin trapping with POBN had no effect on free
radical generation in diabetic animals. Likewise, pretreatment with 1-aminobenzotriazle
(ABT) (100 mg/kg, i.p.) [33], a suicide substrate of cytochrome P450s, did not not affect the
radical generation compared to the untreated diabetic group.

To study the possible role of transition metal ions in the generation of •OH, diabetic animals
were pretreated with the potent iron chelator Desferal (50 or 200 mg/kg, i.p., 1 h before spin
trapping) [34]. We also investigated whether phagocytic activation might be involved in, or
related to, free radical production using gadolinium chloride (GdCl3), a phagocytic suppressing
agent (10 mg/kg, i.v.), 24 h before the experiments [36]. Neither the iron chelator Desferal nor
GdCl3 was found to cause any significant change in radical production in this disease model
(Fig. 3A).

In contrast, a dramatic decrease in the formation of free radicals was found in the diabetic
animals when the non-specific nitric oxide synthase (NOS) inhibitor aminoguanidine (200 mg/
kg, i.p.) was administered 30 min prior to the POBN/DMSO injection [37] (Fig. 3A and B).
This effect was even more pronounced when rats were injected with 1400W (15 mg/kg, i.p.),
a specific inhibitor of the inducible form of NOS (iNOS) [41], 1 h before spin trap
administration (Fig. 3A and B). The inhibiting effect remained for over 2 h (data not shown),
and only a residual EPR signal of POBN radical adducts was detected 30 min after injection
with POBN/DMSO. To determine if 1400W affected the yield of the lipid and the methyl
radicals trapped in the presence of DMSO differently, we performed additional studies
with 13C-DMSO and 1400W. As shown in Fig. 3C, the hyperfine structure of the spectrum
was not changed from Fig 2B, thus indicating that both methyl and lipid radicals were
secondary species derived from the •OH reaction with DMSO and lipids, respectively.

The lack of an effect from Desferal revealed that hydroxyl radical production was independent
of iron catalysis, suggesting peroxynitrite production since spontaneous peroxynitrite
decomposition is a known metal-independent source of hydroxyl radicals. In addition, none of
the metabolic inhibitors tested other than the iNOS inhibitors inhibited the free radical
formation. This suggests a close relationship between nitric oxide and subsequent •OH
production. Taken together, these results suggest a significant contribution of iNOS in the
mechanism. Nitric oxide synthase have also been demonstrated to be able to produce
both •NO and O2

•− simultaneously [42] and could thus be the source of peroxynitrite and,
consequently, •OH. Other possible sources of superoxide, such as the mitochondria, and
NADPH oxidases cannot be excluded as well in our model but we have no data to confirm
that. To further test the role of iNOS, diabetic rats were injected with L–arginine (100 mg/kg)
30 min before applying POBN. This treatment should diminish O2

•− generation that occurs in
the absence of L-arginine and, thus, peroxynitrite production. Indeed, L–arginine pretreatment
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consistently prevented lipid radical formation, leaving only a minor background EPR signal
of the POBN adduct (Fig. 4).

In addition to these mechanistic studies, time course EPR experiments of bile collected from
animals 1, 2 and 3 weeks following STZ injection revealed significantly increased lipid radical
production after three weeks of diabetes compared to control animals (Fig. 5). Together with
increased formation of free radical intermediates at 3 weeks, iNOS protein expression was
considerably augmented in the liver and in the kidney, known target organs for diabetes (Fig.
6A and B). In tissues that are not affected in diabetes such as the lung, iNOS overexpression
was not observed (Fig. 6C).

To gather further insight about iNOS expression patterns in the liver of diabetic animals and
to further examine the key role of peroxynitrite in the concomitant protein damage, confocal
microscopy of in situ fixed liver slices obtained from control and diabetic animals was
performed. Nitrotyrosine was utilized as a marker of protein modification/oxidation resulting
from increased reactive species production. As shown in Fig. 7., increased iNOS
immunostaining was apparent in the diabetic liver and was consistently more intense around
vessels of pericentral hepatocytes (Fig. 7A and B). Positive nitrotyrosine staining was also
observed in the diabetic slices (Fig. 7C and D), and presented considerable colocalization with
iNOS (Fig 7E and F). This data suggests that iNOS overexpression led to protein nitration,
which is consistent with peroxynitrite formation.

Additional immunohistochemical studies revealed significantly increased 4-hydroxynonenal
formation and conjugation to proteins in the liver (Fig. 8A and B) and kidney (Fig. 8C and D)
of diabetic animals. 4-Hydroxynonenal is a well characterized aldehyde product of lipid
peroxidation which reacts with protein amine groups to produce chemical modification of
proteins and enzymes, thus possibly contributing to the complications of diabetes (Fig. 8A and
B). In the lung, which is not a target organ, low levels of lipid peroxidation were detected in
comparison with controls, which was consistent with the absence of iNOS overexpression in
that organ (Fig. 8E and F). Taken together, our results strongly support a mechanism where
EPR-detectable radical adducts in diabetic bile and kidney are iNOS-dependent, possibly
leading to increased lipid peroxidation and protein modification.

Discussion
Diabetes is known to be a major metabolic disorder in which oxidative stress and free radical
production have been implicated through several lines of evidence. Our study suggests a free
radical mechanism, where iNOS-mediated hydroxyl radical production plays a significant role
in the initiation of lipid peroxidation in STZ-diabetic bile and kidney, which might be
contributing to diabetes progression. We have to note here that though streptozotocin-induced
diabetes is a very common and intrinsic model of uncontrolled diabetes, it is not an analogue
of the human disease. Streptozotocin is a glucose-like molecule with a nitrosourea moiety.
Thus, it enters the β-cells through glucose transporters, thereby poisoning them [43].

Here, we have directly demonstrated the production of lipid radicals by EPR spin trapping and
established •OH as the initiator of the lipid peroxidation through the use of ordinary and
isotopically labeled DMSO (Fig. 1, Fig. 2). We have characterized the enzyme involved in the
augmentation of radical production using a selection of well-described and reasonably specific
metabolic inhibitors (Fig. 3, Fig. 4) to evaluate known alternative sources of reactive
intermediates, namely, xanthine oxidase, cytochrome P450s, or phagocytic cell activation
[33–36]. Our data clearly demonstrate that none of these enzymes or processes plays a
significant role in diabetes-derived oxidative stress in the STZ model. These studies
demonstrated iNOS as a major source of •OH. Furthermore, through a set of time course
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experiments, we detected a close correlation between the levels of free radical production and
iNOS protein expression (Fig. 5). We propose that iNOS is likely to mediate peroxynitrite
formation and, consequently, •OH production since the process was strongly inhibited by L-
arginine, a substrate of this enzyme (Fig. 4). Finally, overexpression of iNOS was localized in
the diabetic liver and kidney, as were specific markers of protein chemical modification such
as protein-bound 4-hydroxynonenal and nitrotyrosine (Fig. 6–Fig 8). This result specifically
reveals oxidative damage to proteins and lipids in the model with the accumulation of oxidized
protein end products. Both protein bound to 4-hydroxynonenal and nitrotyrosine staining
detected by immunohistochemistry in the liver show considerable colocalization with the sites
of maximum iNOS expression as well.

The failure of Desferal to affect •OH production precluded the Fenton reaction as a source
of •OH [44]. This potent iron chelator has previously been shown to inhibit metal-dependent
Fenton-type reactions [34]. The strong inhibition elicited by both L-arginine and 1400W upon
lipid radical formation clearly establishes a connection between iNOS and •OH production.
The iNOS inhibitor 1400W was demonstrated to cause irreversible inhibition of the enzyme
by inducing extensive chemical modification of the heme site, rendering the enzyme unable to
oxygenate L-arginine [45]. The fact that L-arginine abrogated free radical production is
consistent with an iNOS-dependent but transition metal-independent route for hydroxyl radical
production, which induces lipid peroxidation in the diabetic animals.

Under these circumstances, other nitric oxide synthases have previously been shown to
produce •NO and O2

•− simultaneously, leading to peroxynitrite production [42;46;47], which
is a transition metal-independent source of •OH [48–52]. Although peroxynitrite homolysis
to •OH is expected to be a minor route in vivo, such a reaction may acquire significant relevance
in hydrophobic environments and initiate lipid peroxidation [53]. Peroxynitrite may further
contribute to NOS uncoupling as well, by promoting tetrahydrobiopterin depletion [42;47] and
direct enzyme modification [54]. Several other sources, for example, mitochondrial oxidative
stress and activation of NADPH oxidases in diabetes may also contribute to superoxide
production, which then rapidly reacts with •NO to form the deleterious peroxynitrite. Consistent
with an increased production of reactive nitrogen species and, in particular, peroxynitrite,
increased nitrotyrosine formation was detected. The hydroxyl radical-driven lipid peroxidation
was further characterized through immunohistochemistry using 4-hydroxynonenal protein
adducts as a specific marker. The significantly increased staining of the diabetic liver and the
significant staining of the diabetic kidney confirmed lipid peroxidation as a consequence of
increased free radical production in the disease.

The high correlation of iNOS expression, free radical production, and lipid peroxidation in two
diabetic target organs (liver and kidney) and the absence of iNOS in the lung, which was less
affected by oxidative damage, support the conclusion that iNOS is a significant source of EPR-
detectable products in diabetic bile and kidneys. Our results are further supported by previous
studies in the STZ model, where nitric oxide formation was increased during the progression
of diabetes as early as three weeks after the onset of the disease in diabetic liver and kidneys,
suggesting that augmented nitric oxide synthase activity provoked by the disease [55] leads to
the formation of peroxynitrite, which has been implicated in neuropathy or vascular
complications [20;56].

It is noteworthy that there is also abundant evidence indicating that iNOS mediates insulin
resistance where inflammatory processes are involved [57;58]. For example, the enzyme seems
to be markedly expressed in insulin-sensitive organs such as liver, skeletal muscle, and adipose
tissue.
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In summary, our work demonstrated that •OH radical production arising from peroxynitrite
formation as a result of iNOS overexpression may potentially be a primary event which leads
to lipid peroxidation in an animal model of streptozotocin-induced diabetes. Detection of in
vivo free radical generation, the identification of iNOS as a significant free radical source in
diabetic bile and kidneys, and the observation of the related lipid and protein damage provide
new insight necessary to understand free radical mechanisms behind diabetic complications.
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Fig. 1.
Free radical production in STZ-induced diabetes one month after the onset of disease.
Representative EPR spectra of POBN radical adducts detected in bile of control (A) or diabetic
(B) rats 2 h after POBN injection or in diabetic rats (C) 30 min after the administration of the
spin trap POBN (1 g/kg) and DMSO (1 ml/kg). No free radical production was detected if
POBN and DMSO were not administered in vivo (D). Representative EPR spectra of POBN
radical adducts detected in the lipid extracts of the kidney of control (E) and diabetic animals
(F). Spectra are representative of at least six independent experiments.
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Fig. 2.
Representative EPR spectra of rat bile obtained 30 min after injection of 13C-labeled DMSO
(1 ml/kg) and POBN (1 g/kg). Spectrum of untreated control bile (A) showed no extra hyperfine
splitting while diabetic bile (B) showed a twelve-line spectrum characteristic of •OH radical
production. Composite computer simulation of the spectra (C) allowed us to further
characterize and confirm the identities of the radical species being trapped (D–E) and a
negligible background from the ascorbate semidione radical (F).
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Fig. 3.
Effect of different enzymatic inhibitors on free radical production in diabetic animals. (A)
Comparative quantitation of the effects of different inhibitors and treatments on the detectable
POBN radical adduct levels detected in diabetic rat bile one month after the onset of the disease.
Samples were collected 30 minutes after POBN (1 g/kg, i.p.) and DMSO (1 ml/kg)
administration. (B) Representative EPR spectra of POBN radical adducts detected in the
diabetic rat bile or in the bile of diabetic rats pretreated with aminoguanidine and 1400W.
Spectra are representative of at least six independent experiments. (C) Effect of the iNOS
inhibitor 1400W on the ratio of free radical species generated in STZ-induced diabetes.
Representative EPR spectra of POBN radical adducts were detected in the bile. Spectra show

Stadler et al. Page 15

Free Radic Biol Med. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bile from an untreated diabetic rat and from a diabetic rat pretreated with 1400W. Spectra are
representative of three independent experiments.
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Fig. 4.
Effect of L-arginine pretreatment on free radical generation in diabetic animals. (A) L-arginine
administration (100 mg/kg) reduced the detectable free radical level to the background signal.
Spectra show bile from an untreated diabetic rat and from a diabetic rat pretreated with L-
arginine. Spectra are representative of three independent experiments. (B) Bar values represent
mean ± SE of the intensity of the first peak on the spectra derived from the same experiments.
* p < 0.05 vs. untreated diabetic animals.
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Fig. 5.
Time course study of lipid radical adduct production measured by EPR spectroscopy. POBN/
lipid radical adducts were determined in the bile of diabetic and age-matched control rats one,
two, three and four weeks after the onset of the disease. Each experiment was repeated in
triplicate. * p < 0.05 vs. control.
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Fig. 6.
Western blot analysis of iNOS protein expression in rat liver (A), kidney (B) and lung (C)
tissues after one month of diabetes. Data are representative of three independent experiments.
Graph shows the statistics between control (white bar) and diabetic (black bar) groups. * p< .
05.
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Fig. 7.
Immunofluorescence detection and colocalization of iNOS and nitrotyrosine in rat liver tissues
using confocal microscopy. (A) Significant iNOS staining was observed in diabetic rat liver
(green labeling). (B) Liver slices from control animals show little iNOS staining. (C) Positive
nitrotyrosine staining was detected in the diabetic samples (red labeling). (D) Control liver
slices showed negligible staining for nitrotyrosine. (E) and (F) Colocalization of the site of
iNOS expression and nitrotyrosine formation. Images are representative of four independent
experiments.
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Fig. 8.
Immunohistochemical detection of 4-hydroxynonenal in the diabetic liver, kidney and lung.
(A) Control liver samples showed minimal staining; meanwhile, (B) strong positive staining
was observed in the diabetic liver. (C) 4-hydroxynonenal detection in control and (D) diabetic
kidney – the staining was more pronounced around the tubuli in the diabetic kidney. (E) and
(F): control and diabetic lung samples showed no significant difference in 4-hydroxynonenal
staining. Images are representative of three independent experiments.
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