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Fasting induces a high level of 3-nitrotyrosine in the brain of rats
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Although the relationship between hyperglycemia (using diabetic animal model) and plasma nitrotyro-
sine level has been studied, the effect of hypoglycemia on nitrotyrosine level in the brain has not been
addressed. Here, we evaluated nitration of protein, the colocalization of nitration with a-synuclein, activ-
ity of inducible nitric oxide synthase, and nitric oxide content using fasting and diabetic animal models.
The results showed that signals of a-synuclein were widely distributed in most parts of the pallium,

Kgywo_rds: midbrain, hippocampus and cerebellum, as indicated by immunohistochemistry. Most signals of the 3-
Nitration . . . . L. . K .

3-Nitrotyrosine nitrotyrosine were colocalized with those of a-synuclein in the midbrain of fasting rats. The level of
a-Synuclein proteins containing 3-nitrotyrosine was significantly increased in the brain of fasting rats in Western

blotting, especially in the midbrain, compared with control rats. In addition, the 3-nitrotyrosine signals
increased in hippocampus of diabetic rats. Inmunoprecipitation showed that a-synuclein was nitrated
in the fasting rats. The iNOS activity and nitric oxide levels were significantly increased in both fasting
and diabetic animals. The enhanced 3-nitrotyrosine level in the brain of fasting rats suggests that nitra-
tion of protein including a-synuclein in the midbrain is more affected by hypoglycemia in fasting than

Nitric oxide

hyperglycemia in diabetic rats.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Nitrative injury has been implicated in the pathogenesis of some
common diseases such as diabetes [9,29], neurodegenerative dis-
orders [2,7] and vascular diseases [12,16,28]. Tyrosine nitration
is a common protein modification that occurs in disease states
associated with oxidative stress and increased nitric oxide syn-
thesis [10,20]. The reaction of superoxide anion and nitric oxide
(NO) in vivo produces peroxynitrite, which specifically modifies
the tyrosine residues of proteins to generate 3-nitrotyrosine and
other biomolecules such as thiol, aldehyde, and lipid [19,21,27].
The level of 3-nitrotyrosine and dityrosine, two biomarkers of
nitration injury, are elevated in the brain and cerebrospinal fluid
of Alzheimer’s patients, and both the 3-nitrotyrosine concentra-
tion and the 3-nitrotyrosine/tyrosine ratio in cerebrospinal fluid
increase significantly [25]. This elevation correlates positively with
decreased cognitive functions.

a-Synuclein is a 140-amino acid protein (~17 kDa) that is abun-
dant in presynaptic terminals and in Lewy bodies [24], which has
been implicated in synaptic plasticity, neurotransmitter release,
neuronal differentiation and regulation of neuronal viability [17].
This protein is regarded as a target for reactive nitrogen species
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in lesions caused by synucleinopathies, and this protein is specifi-
cally nitrated [7,8]. Although the precise function of a-synuclein
in normal and diseased tissues is unknown, several lines of
evidence suggest that hallmark lesions of neurodegenerative synu-
cleinopathies contain a-synuclein that is modified by nitration of
tyrosine residues and possibly by inter-protein cross-linking of
tyrosine residues (to produce dityrosine adducts) that generate
stable oligomers [11]. The presence of a-synuclein in the brains
of Alzheimer’s disease (AD) patients and animal models has been
demonstrated by immunohistochemical and electron microscopic
studies [15,24]. Giasson and colleagues reported that selective a-
synuclein nitration has been found in oxidatively damaged tissues
linked to neurodegeneration [7]. This is confirmed by another study
showing that a-synuclein can be nitrated leading to changes of the
structure and function of the protein [18].

As reported, a significant positive correlation between plasma
nitrotyrosine levels and glucose tolerance is evident only in the
presence of a reduced intake of some antioxidant vitamins in
humans [3]. The fasting nitrotyrosine level is also significantly
increased in diabetic patients [5]. However, Wang et al. showed
that diabetes has no effect on plasma nitrotyrosine levels in Mex-
ican Americans [26]. Recently, increased levels of inducible nitric
oxide synthase (iNOS) mRNA and nitrotyrosine content have been
observed in parallel with pathological alterations of the ultra-
structure of liver mitochondria in diabetic rats [22]. The nitration
of mitochondrial proteins induced by peroxynitrite may be respon-
sible for structural damage to liver mitochondria.
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Although it has been established that plasma nitrotyrosine
level correlates with severity of diabetes in rats, the rela-
tionship between hypoglycemia and nitrotyrosine levels in the
brain—especially the nitration of «-synuclein—has not been
reported. Thus, to elucidate the effect of hypoglycemia on the nitra-
tion of neural protein, we studied the nitration of protein, including
a-synuclein, in the brain using fasted Sprague-Dawley (SD) rats.

Eight-week-old male Sprague-Dawley rats were used for the
experiments. Diabetes (type-I) was induced by rapid intraperi-
toneal injection of streptozotocin (60 mg/kg). Blood glucose was
determined using the Super Glucocard GT-1640 test meter (Arkray
Inc., Japan). Animals were considered as diabetic when blood glu-
cose level was higher than 16.7 mmol/l in streptozotocin-treated
animals (n=30) and was maintained at or above this level for at
least 1 week. At 3- and 4-month intervals, animals were decap-
itated. The brain and blood were taken and frozen at —80°C for
later analysis. For the fasting animal model, 8-week-old male SD
rats (bred in our animal facility) weighing 220-250 g were housed
singly in cages. Rats were fasted for 48 h (but with water available),
after which they were decapitated and the brains and blood col-
lected. The different brain regions were immediately dissected and
homogenized for Western blot and immunoprecipitation analysis.
Brain homogenate and sera were obtained from the fasting group
(n=12), the diabetic group (n=30), and the normal group (n=12).
The samples were immediately frozen and stored at —70 °C for use.
Experimental protocols were performed in accordance with ani-
mal ethics statutes and were approved by the Animal Care and
Use Committee in the Institute of Biophysics, Chinese Academy of
Sciences.

Plasma glucose levels were determined by the glucose oxidase
method [4]. Fifteen microliters of serum from SD rats were put into
the working solution supplied with the glucose oxidase kit (Apply-
gen Company, China) and analyzed according to the manufacturer’s
instruction. iNOS activity was determined using an iNOS assay kit
(Nanjing Jiancheng Bioengineering Institute, China). Briefly, 10%
brain homogenate (30 1) or serum (15 wl) was mixed with the
working solution supplied in the kit, and after incubation at 37°C
for 15 min the reaction was terminated by adding the terminat-
ing solution provided in the kit. The absorbance at 530 nm was
recorded on a Hitachi U-2010 spectrophotometer (Japan), and iNOS
activity was calculated in the reference of a standard curve. The
amount of NO generated in samples was determined by measuring
the absorbance at 550 nm.

Protein in samples was quantified with the BCA™ Protein Assay
Kit (PIERCE, USA). Total soluble protein (10-30 p.g) from tissues
was resolved on 12% SDS-PAGE and transferred to a nitrocellu-
lose membrane. The nitrocellulose membrane was blocked for 1h
in 5% (w/v) nonfat dry milk, and four duplicate membranes were
probed overnight at 4°C with polyclonal anti-a-synuclein (anti-
Syn, Chemicon, USA) diluted 1:1000, rabbit anti-NOS-2 (iNOS, BIOS,
China)diluted 1:300, monoclonal anti-3-nitrotyrosine (mouse IgG1
isotype) diluted 1:1000, or anti-actin (Santa Cruz Biotechnology
Inc., USA) diluted 1:1000. Each membrane was washed three times
with Tris-buffered saline (23 mM Tris, 150 mM NaCl) with 0.1% (v/v)
Tween-20 (TBST, pH 7.4), then incubated with either horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG for 1h at
37°C. The membranes were again washed three times with TBST,
and then immunoreactive bands were visualized using enhanced
chemiluminescence. The protein bands were quantified by Quan-
tity One 1D analysis software 4.5.2 (Bio-Rad, USA).

Rats were sacrificed 48 h after fasting, and the midbrain was
quickly dissected out and homogenized in 9 volumes (m/v) of
ice-cold immunoprecipitation buffer (Beyotime Inc., China). After
spinning the homogenate at 14,000 x g for 15 min at 4°C, super-
natant (500 pl) was incubated with 2 pg (per 100-500 g of total
protein) of anti-a-synuclein antibody (Chemicon, USA) overnight

at 4°C with gentle shaking. The Ag/antibody immunocomplex was
captured by further incubating with 100 .l of PBS-washed protein
A/G agarose beads for 2 h and spun down (800 x g, 4°C, 2 min). The
beads were washed three times with PBS and resuspended in 10 1
4x sample buffer. After boiling in water bath for 5 min, the super-
natant was collected by centrifugation (14,000 x g, 25°C, 1 min).
Finally, the proteins were analyzed by Western blotting with mon-
oclonal anti-3-nitrotyrosine (mouse IgG1 isotype) diluted 1:1000
to detect the nitrated a-synuclein.

SD rats were anesthetized with 0.3% sodium pentobarbital
(1ml/100g body weight) and perfused through the heart with
ice-cold sodium phosphate-buffered saline (0.01 M PBS), pH 7.4,
followed by ice-cold 4% paraformaldehyde. Forimmunohistochem-
istry, we took brains from the SD rats and immersed them in 4%
paraformaldehyde/0.5% glutaraldehyde in PBS overnight at 4°C as
described [13]. Brain samples were subsequently immersed in 20%
sucrose in PBS for 24 h, followed by 30% sucrose in PBS for 48 h.
Brain sections (20 wm thick) were cut on a freezing microtome and
processed for immunohistochemical detection of a-synuclein and
3-nitrotyrosine. Sections were double-immunostained with rabbit
polyclonal anti-a-synuclein (1:3000) and mouse monoclonal anti-
3-nitrotyrosine primary antibody (1:500) overnight at 4°C. After
secondary incubation with a mixture of fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse and tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated goat anti-rabbit (Sigma, USA)
for 1h, sections were stained with Hoechst 33342 for 5min to
identify nuclei. Sections were then washed three times again in
PBS and then mounted and visualized by confocal microscopy. The
488-nm line of a krypton/argon laser was used for fluorescence
excitation of 3-nitrotyrosine, the 568-nm line for the fluorescence
excitation of a-synuclein and the 364-nm line was used for exci-
tation of Hoechst 33342. Images were collected at the same time
of exposure. TIFF filed were processed in Adobe Photoshop 8.0
for simultaneous 3-nitrotyrosine, a-synuclein and Hoechst 33342
visualization.

Data were analyzed using packages for the Social Sciences 11.5
statistical software (SPSS Inc., USA). One-way ANOVA followed by
least significant differences post hoc tests were used to determine
the statistical significance of differences of the means. Data are pre-
sented as the mean + SD. p values less than 0.05 were considered
significant.

Before measuring 3-nitrotyrosine levels in the rat brain, each
animal’s blood glucose was determined [4]. Fasting rats had a low
level of blood glucose (6.08 +1.58 mmol/l, n=12), and diabetic rats
had a high level (41.23 4+ 7.34 mmol/l, n=30), compared with con-
trol rats (10.62 +2.14 mmol/l, n=12). These results confirmed that
the fasting and diabetic animal models were successfully gener-
ated.

To investigate whether a-synuclein was nitrated in fasting rats,
monoclonal anti-3-nitrotyrosine and anti-a-synuclein were used
to detect the location of nitrated a-synuclein in the rat brain
(Fig. 1). The 3-nitrotyrosine signals were observed in the mid-
brain of 48-h fasted rats. a-Synuclein was widely distributed in
most regions of the brain of the fasting, diabetic, and control
rats. The majority of the 3-nitrotyrosine signals became yellow
in the merged panel (Fig. 1), suggesting their colocalization with
those of a-synuclein in the midbrain of the fasting rats. Under
the experimental conditions, the 3-nitrotyrosine signals of dia-
betic rats partially colocalized with a-synuclein in the brain, but
no substantial colocalization was observed in the control group.
Hoechst 33342 staining exhibited the nuclei of cells in the brain
of SD rats (Fig. 1). Relative quantification of the 3-nitrotyrosine
fluorescent signals showed that significant difference was found
between fasting and control group (p <0.05, data not shown). Sim-
ilar result was observed between the diabetic and control group
rats. The relative fluorescence intensity of 3-NT between fasting
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Fig. 1. Colocalization of a-synuclein and 3-nitrotyrosine in the midbrain of SD rats. Brain sections were double-immunostained with polyclonal anti-a-synuclein and mouse
monoclonal anti-3-nitrotyrosine (3-NT-keyhole lympet hemocyanin, KLH) and observed by confocal microscopy. a-Synuclein (SYN) (TRITC, red), 3-nitrotyrosine (3-NT) (FITC,
green), nuclei (Hoechst 33342, blue) and merged images are indicated. Abbreviations: Fast, fasting rats; Diab, diabetic rats; Ctrl, control. Scale bars: 20 pm. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

and diabetic rats was not significantly different. This suggests that
the a-synuclein nitration level may be elevated in the brain of the
fasting SD rats.

To investigate the level of a-synuclein nitration in fasting rats,
Western blotting was carried out using different brain sections. As
shown in Fig. 2C, a-synuclein was widely distributed in different
regions of the brain including the pallium, midbrain, hippocampus
and cerebellum. There is a decreased level of a-synuclein expres-
sion at the hippocampus and cerebellum regions in the diabetic
rats compared to that of control rats. In the fasting rats, however,
an increased level of a-synuclein expression was found in the hip-
pocampus sector and a decreased level of a-synuclein expression
in the cerebellum parts of the rats. In average, there was no signif-
icant difference in a-synuclein expression in these regions among
fasting, diabetic and control SD rats (Fig. 2D). Similar to the results
presented in Fig. 1, the levels of 3-nitrotyrosine-containing pro-
teins (55kDa) in fasting rats were significantly increased in the
midbrain and cerebellum, compared with the diabetic and control
group (Fig. 2A). Furthermore, anti-3-nitrotyrosine could recognize
a 17-kDa protein whose molecular mass was consistent with o~
synuclein, which was increased in midbrain and cerebellum. For
diabetic rats, however, the signals of 17-kDa were decreased in
midbrain, hippocampus and cerebellum. It appears that the 3-NT
signals of diabetic rats higher than those of control group (Fig. 1)
are resulted from some other proteins. Quantitative analysis also
showed that the 3-nitrotyrosine level increased slightly in the brain
of diabetic rats (Fig. 2B). This suggests again that nitration of a-
synuclein is increased in the brain of fasting rats.

To further confirm that this 17-kDa protein was a-synuclein
and whether a-synuclein was nitrated in the brain of SD rats, we

measured the nitration of a-synuclein by immunoprecipitation and
detected a significantly increased level of nitrated a-synuclein in
the midbrain of fasting rats (p<0.01) (Fig. 2E and F). These results
together suggest that the level of nitrated a-synuclein is increased
in the brain of fasting rats.

To study why nitration of a-synuclein increased in the fasting
rats, the expression and enzymatic activity of iNOS were also mea-
sured. The expression of iNOS was elevated in the brain of fasting
and diabetic animals in comparison with the control group (Fig. 3A
and B). However, there was no significant difference of the iNOS
activity in the brains between fasting and diabetic rats (Fig. 3C).
Similar result was observed in the blood of SD rats (Fig. 3E). To
confirm iNOS was indeed active in these animals, we analyzed NO
generation in the brain and serum. The results showed a higher level
of NO in both the fasting and diabetic rats compared with control
rats (Fig. 3D and F). However, there was no significant difference in
NO production between the fasting and diabetic groups, suggesting
that fasting is related to both the expression and activity of iNOS in
these animals.

In the present study, we demonstrated that the level of 3-
nitrotyrosine protein was increased in the brain of fasting rats, but
not in diabetic rats. Furthermore, the iNOS activity in the brain
of fasting rats increased significantly, and the levels of NO and
iNOS activity in both brain and plasma also increased. Accord-
ing to Abdelmegeed et al., the oxidative stress induced by fasting
may result in the generation of high levels of superoxide and
NO [1], leading to the generation and abundance of peroxynitrite,
which promotes tyrosine nitration in vivo. This suggests that fast-
ing induces oxidative stress and leads to increased protein nitration,
including nitration of a-synuclein.
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Fig. 2. Abundance of 3-nitrotyrosine and expression of a-synuclein in the brain of SD rats. Western blotting of 3-nitrotyrosine (3-NT)-containing proteins (panel (A)) and
a-synuclein (Syn) (panel (C)) are as indicated. Nitrated 55-kDa and 17-kDa proteins were observed in SD rats. 3-Actin level was used as a loading control. The results of
quantitation are shown in panels (B) and (D) reflect an average of all the brain regions. Immunoprecipitation of nitrated a-synuclein in the brain of SD rats (panel (E)) and
its quantitative analysis shown in panel (F). The results are expressed as the mean+SD (n=6). "p<0.05, “p<0.01 compared with control. Abbreviations: Fast, fasting SD rats;

Diab, diabetic rats; Ctrl, Control.

Our results suggest that hypoglycemia causes an increase in
the nitration of a-synuclein in the rat midbrain. This viewpoint
is based on several observations. (1) Under fluorescent confo-
cal microscopy, 3-nitrotyrosine signals were shown to colocalize
with a-synuclein signals in the midbrain sections of fasting rats
(Fig. 1). (2) A 17-kDa nitrated protein band was found in the
midbrain of fasting rats in Western blotting (Fig. 2), suggesting
that a-synuclein is nitrated at a higher level. (3) Results from
immunoprecipitation confirmed that a-synuclein is nitrated in the
brain of fasting rats. (4) The activity of iNOS was significantly
increased in the brain and serum of fasting rats compared to con-
trol rats (Fig. 3). (5) a-Synuclein has been found to be nitrated
under oxidative damage, which is consistent with the previous

reports [6,16]. Therefore, we suggest that fasting can induce a
high level of protein nitration—especially of a-synuclein—in the
rat brain.

In our experiments, the 3-nitrotyrosine level is increased in the
brain of diabetic rats, but lower than that of fasting rats (Fig. 1).
However, we did not see a marked increase in 3-NT of 55 kDa pro-
tein in Western blotting (Fig. 2). This result suggests that the 3-NT
level of the other proteins may increase in the midbrain in the
diabetic rats. Note that nitrated a-synuclein slightly increases in
the hippocampus of diabetic rats. Furthermore, the iNOS activity
increases in both fasting and diabetic rats. As described by Deeb
et al. [6], NO derived from iNOS is essential for 3-NT modification
of a protein. This indicates that fasting promotes the accumulation
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Fig. 3. Inducible NOS activity and NO production. (A) The expression of iNOS was detected by rabbit polyclonal anti-iNOS. (B) Quantitative analysis of iNOS expression in the
brain of SD rats. (C and E) iNOS activity in the brain and blood of SD rats. (D and F) Nitric oxide content in the brain and blood of SD rats. ‘p<0.05, “p<0.01 compared with

control. Abbreviations: Fast, fasting SD rats; Diab, diabetic rats; Ctrl, control.

of nitrotyrosine-containing proteins in rat brain, especially in the
midbrain.

It is well established that four tyrosine residues (Tyr 39, Tyr
125, Tyr 133, and Tyr 136) can be nitrated in a-synuclein [8,18].
Post-translational modification of a-synuclein by reactive nitrogen
species inhibits fibril formation and results in urea- and SDS-
insoluble protease-resistant a-synuclein aggregates that may be
responsible for cellular toxicity [11]. Nitration clearly plays an
important role in the normal function of a-synuclein and may
even be critical to its self-aggregation, but the specific function of
a-synuclein nitration is not clear. In the present study, the colo-
calization of a-synuclein and 3-nitrotyrosine in the midbrain of
fasting rats suggests a correlation between hypoglycemia and 3-
nitrotyrosine of a-synuclein.

Midbrain plays an important role in reaction with hypo-
glycemia, fasting and oxidative stress, especially the dopamine
energetic neurons [14,23]. Our results show that hypoglycemia
causes the expression changes of 3-nitrotyrosine, suggesting that
protein nitration may be related to the reaction of midbrain to
hypoglycemia. Our unpublished data also show that iNOS activity
and nitric oxide levels will increase when SH-SY5Y cells are exposed
to nitrated protein. This might be one of the reasons for the increase
in activity of iNOS. However, the physiological consequences fol-
lowing these changes need further investigating.

In summary, our observations provide direct evidence for the
pathogenic effect of glucose that may be associated with fasting
or diabetes in rats. The findings have an important implication
for current strategies to elucidate the consequences of fasting in

health and disease; and they provide new insight into the under-
lying mechanisms that lead to protein nitration and toxicity in
hypoglycemic animal models.
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