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Abstract
Hyperglycemia, a key factor in insulin resistance and diabetic pathology, is associated with cellular
oxidative stress that promotes oxidative protein modifications. We report that protein nitration is
responsive to changes in glucose concentrations in 3T3-L1 adipocytes. Alterations in the extent of
tyrosine nitration as well as the cellular nitroproteome profile correlated tightly with changing
glucose concentrations. The target proteins we identified are involved in fatty acid binding, cell
signaling, protein folding, energy metabolism, antioxidant capacity, and membrane permeability.
The nitration of adipocyte fatty acid binding protein (FABP4) at Tyr19 decreases, similar to
phosphorylation, the binding of palmitic acid to the fatty acid-free protein. This potentially alters
intracellular fatty acid transport, nuclear translocation of FABP4, and agonism of PPAR gamma. Our
results suggest that protein tyrosine nitration may be a factor in obesity, insulin resistance, and the
pathogenesis of diabetes.
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Introduction
The prevalence of obesity and one of its foremost comorbidities, type 2 diabetes [1], is
increasing worldwide in epidemic proportions [2–4]. A key link between both metabolic
diseases is the chronic subacute inflammatory status that is characteristic for obesity. Together
other factors like endoplasmic reticulum (ER) stress and chronic inflammation may impair the
insulin-stimulated glucose uptake in insulin-sensing tissues like liver, muscles, and adipose
tissue [5]. The resulting insulin resistance, a primary condition in obesity, is a crucial step in
the pathogenesis of type 2 diabetes and the lead cause of impaired glucose tolerance (IGT)
[6]. However, limited glycemic control is maintained by compensatory increases in β-cells
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insulin secretion, resulting in hyperinsulinemia [7]. The full transition to type 2 diabetes is
triggered by β-cell failure [1].

Regulation and control of the systemic metabolic homeostasis and energy storage by interorgan
communication networks are critical for this process. Adipocytes of the white adipose tissue
are an important part of this network due to their endocrine and secretory function as well as
the capacity to store and release lipids [8]. Alterations in the metabolic state of hypertrophic
adipocytes and the recruitment of immune cells like macrophages, especially in the obese
visceral adipose tissue, are now thought to play an important regulatory role in the obesity-
associated pathological processes [1,8,9]. This includes the accumulation and redistribution of
potentially toxic metabolic byproducts like nonesterified fatty acids as well as the altered
release of peptide hormones (adipokines) and expression of proinflammatory cytokines (e.g.,
interleukins IL-1 and IL-6; tumor necrosis factor-α, TNFα; interferon-γ, IFNγ) [1,6,8–11].
These factors are detrimental for insulin signaling and glucose homeostasis in liver, skeletal
muscle, and adipose tissue itself [1,8]. They also affect the expression of insulin and metabolic
enzymes in β-cells [9]. Thus, the regulation of the metabolic state of adipocytes is highly
relevant for the onset of insulin resistance and type 2 diabetes.

At physiological levels, nitric oxide (NO) acts as a signaling molecule regulating energy
homeostasis in adipose tissue by stimulating glucose uptake and insulin-responsive glucose
transporter protein-4 (GLUT4) translocation along with increasing glucose and fatty acid
metabolism [10,11]. In adipocytes NO is generated by endothelial (eNOS) and inducible
(iNOS) NO synthase [12]. Adipogenic differentiation and obesity increase the expression of
iNOS leading to an augmented generation of NO. Since insulin increases NO generation in
human preadipocytes [12], one of the contributing factors might be the increased insulin
secretion by β-cells due to insulin resistance. Glycemic dysregulation leading to a
proinflammatory response and the augmentation of reactive oxygen species (ROS) [13] could
further modulate NO bioavailability in adipocytes. Conditions characterized by the
simultaneous generation of increased amounts of NO and ROS like superoxide are prone to
oxidative protein modifications, particularly protein tyrosine nitration [14].

Protein tyrosine nitration can be part of a transient adaptive response based on regulated
nitration/denitration or have detrimental effects on excessive and potentially accumulative
modification due to overwhelmed cellular response mechanisms [14–17]. Thus, protein
nitration in adipocytes could be a crucial factor in adipose dysfunction and therefore obesity-
related pathologies. However, the effects of elevated glucose or lipid levels on protein tyrosine
nitration in adipocytes have not been studied. In the present study, we therefore identified the
target proteins for tyrosine nitration in 3T3-L1 adipocytes under different hyperglycemic
conditions. The results provide insights into the cellular effects of protein nitration in
adipocytes.

Materials and methods
Cell culture

Mouse 3T3-L1 cells (ATCC, CRL-173) were used as a model for white adipose tissue
adipocytes. Cells were grown at 37 °C under isobaric conditions (5% CO2, 95% air) in
humidified atmosphere using Corning CellBIND culture material. Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5 mM D-glucose (normoglycemic standard),
10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml
streptomycin was used to propagate the cells. The media were changed every day and cells
were maintained at <60% confluence prior to diffentiation. For adipocyte differentiation 3T3-
L1 cells were grown to confluency (Day 0), and then stimulated for 2 days with 1 μM
dexamethasone, 0.5 mM isobutyl-methylxanthine, and 2 μg/ml insulin (Day 2), followed by
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another 2 days with 2 μg/ml insulin alone (Day 4). By Day 4 media were changed to regular
DMEM and fully differentiated phenotype, including the accumulation of lipid droplets,
reached at Days 8 to 10, which was monitored by light microscopy. At this time experiments
were performed. Differentiated 3T3-L1 cells express adipokines like leptin and adiponectin
[18].

Conditions of elevated glucose levels
To simulate in vivo conditions of normal fasting glucose (NFG), which is now linked to plasma
glucose levels of less than 5.2 mM, cells were constantly cultured at 5 mM D-glucose and
media changed every 24 h. As IFG is related to glucose levels between 5.6 and 6.9 mM and
IGT is associated with a postprandial hyperglycemia marked by D-glucose levels of 7.8–11
mM [6,19], 3T3-L1 cells were exposed to 6.5, 8, and 11 mM D-glucose in DMEM in the
presence of 2 μg/ml insulin to support glucose uptake. To exclude the influence of osmotic
changes, variable amounts of L-glucose were added resulting in 11 mM total glucose. The time
of exposure was 24 or 12 h with intermittent phases of 5 and 11 mM glucose. The intermittent
exposure was used to simulate physiological fluctuations in glucose levels according to the
fact that postprandial blood glucose level regularly peaks approximately 30–120 min after the
start of a meal [6].

Cell lysis
After removing culture media cells were washed three times with PBS and lysed by adding
lysis buffer (7.8 M urea, 2.2 M thiourea, and 1% Triton X-100). For two-dimensional
electrophoreses 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 1% dithiothreitol (DTT), and 1% IPG ampholytes (Bio-Lyte 3/10) were added
immediately before isoelectric focusing [15,20].

Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis was performed with the IEF/Criterion gel system (Bio-
Rad, Hercules, CA) [16,20]. The first dimension used lysis buffer (above) and 11-cm nonlinear
pH 3–10 immobilized pH gradient (IPG) strips. IPG strips were rehydrated with sample at 50
V/14 h, and then isoelectric focusing was performed by a linear increase to 250 V over 20 min
followed by a linear increase to 8000 V over 170 min and then held at 8000 V until a total of
45 kV h is reached. For the second dimension, the IPG strips were equilibrated for 12 min in
50 mM Tris/HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 1% DTT, and bromophenol blue,
and then 15 min in 50 mM Tris/HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 2%
iodoacetamide, and bromophenol blue. The strips then were embedded in 1% (wt/vol) agarose
on the top of 12.5% acrylamide gels containing 4% stacking gel (Criterion gel). The second
dimension SDS/PAGE was performed essentially according to Laemmli. After completion
acrylamide gels were soaked 20 min in transfer buffer (25 mM Tris/HCl, 192 mM glycine, pH
8.3, and 20% methanol) and then partially electro-transferred to a Hybond-P PVDF membrane
(Bio-Rad) using a semidry transfer apparatus. The gels then were stained with colloidal Coo-
massie blue (GelCode blue stain).

Western analysis
PVDF Membranes were blocked for 60 min by using blocking buffer (25 mM Tris, 150 mM
NaCl, pH 7.5, 0.2% Tween 20, and 1.5% BSA). Membranes were then probed for 60 min at
25 °C with a monoclonal antibody against 3-nitrotyrosine (1:5000; clone 1A6, Upstate
Biotechnology) in blocking buffer. The membranes were then washed four times in washing
buffer (20 mM Tris, 150 mM NaCl, pH 7.5, and 0.2% Tween 20), probed 60 min at 25 °C with
a goat anti-mouse antibody (horseradish peroxidase conjugate, 1:3.000, Bio-Rad), and finally
washed again four times in washing buffer. Immunopositive spots were visualized by
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chemiluminescence using ECL-Plus reagent (Amersham Biosciences, Little Chalfont,
Buckinghamshire, England) according to the manufacturer. The nitrotyrosine
immunoreactivity results were verified by reduction of nitrotyrosine to aminotyrosine with
sodium hydrosulfite followed by determination of remaining nitrotyrosine immunoreactivity
using anti-nitrotyrosine antibody [16,20].

Protein identification by MALDI-TOF mass spectrometry
In-gel spots matching spots immunopositive for 3-nitrotyrosine on immunoblots were
subjected to in-gel tryptic digestion. The tryptic peptide mixtures were analyzed by matrix-
assisted laser desorption ionization/time-of-flight mass spectrometry (MALDI-TOF/TOF PE
Biosystems Model 4800) as primarily described in detail [20,21]. Measured peptide masses
were used to search the Swiss-Prot, TrEMBL, and NCBI sequence databases using Mascot
(http://www.matrixscience.com). However, these proteins should be considered putatively
nitrated until the nitrated sites have been identified by sequence analysis. All searches were
performed with a mass tolerance of 0.005% error (50 ppm). Only proteins that reproducibly
showed positive nitrotyrosine immunoreactivity in all samples from each experimental
condition were included in the analysis.

FABP4-GST expression
GST (glutathione S transferase)-tagged FABP4 was expressed in BL21 Escherichia coli cells
transformed with the plasmid pGEX3-FABP4. Cells were grown overnight at 37 °C in LB
media containing 100 μM ampicilin. Ten milliliters of this culture was added to 1 liter of TB
media containing 100 μM ampicillin and grown until OD 600 reached 0.8. IPTG was then
added to a final concentration of 1 mM and left for 18 h at room temperature with shaking.
Cells were harvested by centrifugation. The bacterial pellet was resuspended in potassium
phosphate buffer (100 mM potassium phosphate, 150 mM NaCl, pH 7.0) containing protease
inhibitors (5 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstain, and 24 μg/ml Pefabloc SC),
1 mg/ml lysozyme, and 5 units/ml deoxyribonuclease 1. Cells were then sonicated on ice and
centrifuged at 16,000 g for 30 min at 4°C. The supernatant was loaded onto a column containing
5 ml glutathione-Sepharose preequilibrated with potassium phosphate buffer. After washing
with 100 ml of potassium phosphate buffer, the protein was eluted with potassium phosphate
buffer containing 20 mM reduced glutathione. FABP4 was then dialyzed with phosphate buffer
overnight at 4°C and concentrated with Amicon ultra-4 centrifugal filter devices (Millipore)
with a 3-kDA molecular weight cutoff. Protein yield was 6.5 mg per liter of bacterial culture.

FABP4 purification
The FABP4-GST protein construct, which contains a thrombin cleavage site between the GST
and the mouse FABP4, was incubated with 10 U/mg thrombin (7.5 U/λ) for 20 min at 37°C in
phosphate buffer. The reaction was stopped with serine protease inhibitors (5 μg/ml aprotinin,
24 μg/ml Pefabloc SC). FABP4 was separated from GST and thrombin by FPLC at 4°C using
a Sephacryl S-200 column and potassium phosphate buffer at a flow rate of 0.5 ml/min.
Purification was verified by SDS-PAGE and solely FABP4 containing eluate concentrated to
1 mg/ml with Amicon ultra-4 centrifugal filter devices with 3 kDA molecular weight cutoff.

Biotinylation of FABP4
GST-free FABP4 was reacted with EZ-link Sulfo-NHS-LC-Biotin (Pierce) at a molar ratio of
1:20 in potassium phosphate buffer, pH 7.0, for 2h at 4°C and 1h at room temperature according
to the manufacturer.

Koeck et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.matrixscience.com


Nitration of FABP4
GST-free FABP4 and biotinylated FABP4 were nitrated with hydrogen peroxide-free
peroxynitrite (Calbiochem) at molar ratios of 1:10 and 1:50 as reported recently [22]. Briefly,
FABP4 was exposed to peroxynitrite for 30 s at 25 °C in potassium phosphate buffer, pH 7,
with 25 mM sodium bicarbonate by rapid mixing. Thereby equal amounts of 0.1 M NaOH
were added (with and without peroxynitrite), which changed the pH of the protein solution
from 7 to 7.1. This excludes any nitration of tyrosine residues by acidic reactions of
decomposition products like nitrate. Nitration in the presence of fatty acid was done at a molar
ratio of 1:1 between FABP4 and palmitic acid. After nitration the protein solutions were stored
on ice until used. Aliquots were taken for Western analysis. The concentration of the
peroxynitrite stock solution was UV spectrophotometrically determined in 0.1 M sodium
hydroxide using ε =1670 M−1cm−1 at 302 nm.

Identification of FABP4 nitration sites by LC-MS/MS
Nonnitrated and nitrated FABP4 were subjected to SDS/PAGE according to Laemmli and the
resulting protein bands excised and treated with trypsin [22]. The resulting extracts were mixed
1:11% (v/v) acetic acid and 20 μl was transferred to the autosampler of the ThermoScientific
LTQ ion trap mass spectrometer system. For analysis a volume of 10 μl was injected onto a 8
cm×75 μm Phenomenex Jupiter C18 reversed-phase capillary chromatography column using
an Eksigent splitless nanoflow LC system. The peptides were eluted from the column by an
acetonitrile/0.1% (v/v) formic acid gradient at 250 nl/min. The microelectrospray ion source
was operated at 2.5 kV. Full-scan mass spectra were acquired to determine peptide molecular
weights and product ion spectra to determine amino acid sequences in successive instrument
scans. The data were analyzed by using all collisionally induced dissociation spectra (CID)
collected in the experiment to search the NCBI sequence databases using Mascot. Each
identification was verified by manual inspection of several matching spectra. The potential
nitration sites were interrogated by manual inspection of the spectra and through the use of the
program Sequest.

Fatty acid binding to FABP4
Nitrated and nonnitrated biotinylated FABP4 were incubated with equimolar amounts of
[9,10-3H]palmitic acid (50 Ci/mmol; Sigma; final ethanol concentration 1% v/v) in potassium
phosphate buffer for 2 h at room temperature. Then the biotinylated FABP4 with bound
palmitic acid was separated using UltraLink Immobilized NeutrAvidin Protein (Pierce)
according to the manufacturer. Washed Immobilized NeutrAvidin Protein with bound FABP4
was quantatively transferred to scintillation vials and activity measured using a Beckman
Coulter LS6500 Multipurpose scintillation counter.

Statistics and data analysis
Presented 2D blots are representative for three independent experiments. All other data are
presented as mean±SEM. Unpaired two-tailed Student’s t tests were performed using the Prism
software package version 4 (GraphPad). Differences were considered significant at P<0.02.

Results
Glucose concentration-dependent protein tyrosine nitration

Our established proteomic method [16,20] was used to examine the effects of glucose on the
nitroproteome of differentiated mouse 3T3-L1 adipocytes to reveal the potential involvement
of NO-mediated oxidative protein modifications in the pathology of obesity and insulin
resistance. To avoid premature oxidative stress, excessive triglyceride accumulation, and
deregulated basal glucose uptake as well as the onset of insulin resistance, preadipocytes were
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differentiated under normoglycemic conditions, hence in the presence of 5 mM glucose [13].
The increase in glucose concentration from 5 mM to physiologically/pathologically relevant
concentrations of 6.5, 8, and 11 mM resulted in a general and concentration-dependent increase
in 3-nitrotyrosine immunoreactivity (Figs. 1A–D). These results are consistent with previous
studies showing increased glucose-mediated generation of nitrating reagents fueled by elevated
generation of NO and ROS like superoxide in adipocytes [13] and retinal Müller cells [23,
24]. However, this regimen also caused alterations of the nitroproteome that are highly target
selective as a subset of the protein targets had a decrease or loss of immunoreactivity with
increasing glucose concentrations rather than an increase.

Effect of fluctuating glucose concentrations on protein tyrosine nitration
To test how physiological glucose concentration fluctuations influence protein nitration in 3T3-
L1 adipocytes, physiological conditions were mimicked by switching the cell culture four to
five times between media containing 5 or 11 mM glucose over a period of 12 h (Figs. 2A–C).
This approach revealed that fluctuating glucose levels result in a pronounced increase in protein
tyrosine nitration after repeated 2-h 11 mM glucose phases (Fig. 2C). Despite the widely similar
alterations in the 2D nitroproteome profiles, the increase in 3-nitrotyrosine immunoreactivity
resulting from 12 h of intermittent exposure to 11 mM glucose notably exceeded the one
resulting from 24 h of continuous exposure (compare Figs. 1D and 2C). However, a comparison
with cells grown at 5 mM glucose showed that a period of 4 h at 5 mM glucose following two
intermittent 2-h 11 mM glucose phases resulted in the return to the base tyrosine nitration level
(compare Figs. 2B with A and C). This points toward cellular mechanisms that remove nitrated
proteins by increased turnover [25] and/or denitration of modified target proteins [15,17]. In
case of a regulated denitration, protein nitration could be part of a cellular response to minimize
glucotoxicity that includes NO-dependent glucose uptake [26].

Identities of the nitrated proteins
The identification of the tyrosine nitrated proteins is a prerequisite for the approximation of
the potential (patho)physiological impact of their modification. Thus, following 2D SDS-
PAGE, immunoblotting, and in-gel tryptic digestion, product peptides from nitrotyrosine-
immunoreactive protein spots were subjected to mass spectrometric analysis. The modified
proteins identified in samples from 3T3-L1 adipocytes that were exposed to 11 mM glucose
are listed in Table 1. They participate in a variety of physiological processes essential for the
maintenance of normal metabolic homeostasis and paracrine function. The affected processes
comprise glycolysis, fatty acid binding, mitochondrial metabolism, mitochondrial
permeability, protein folding, protein translation, antioxidant defense, and signal transduction.

Nitration of FABP4
FABP4 contains two tyrosine residues and both have been demonstrated to be critical for
function. To identify the site of tyrosine modification in FABP4, we used capillary column
LC-tandem mass spectrometry. The analysis confirmed the protein identity (NCBI Accession
No. 14149635). Successive analysis showed that exposure of FABP4 to peroxynitrite at molar
ratios of 1:10 as well as 1:50 leads to nitration of tyrosine 19 (Tyr19) of the peptide
LVSSENFDDYMK (Fig. 3). In all cases in which Tyr19 was modified, methionine 20 (Met20)
was also found oxidized. This observation is consistent with the preferential oxidation of the
methionine prior to the tyrosine nitration under the conditions used. Thereby the increase of
the molar ratio from 1:10 to 1:50 led to a several-fold increase in the amount of peptides with
oxidized Met20 as well as the comodification in the form of nitrated Tyr19 and oxidized Met20
relative to unmodified peptide. This increase was more pronounced for the double-modified
peptide.
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Fatty acid binding to nitrated FABP4
To determine the potential functional impact of the nitration of Tyr19 and oxidation of Met20
the affect of peroxynitrite exposure on the fatty acid binding ability of FABP4 was determined.
Depending on the molar ratio of FAPB4 and peroxynitrite, the exposure to peroxynitrite was
associated with a significant decrease in the binding of palmitic acid to FABP4 (Fig. 4).
However, treatment of FABP4 with decomposed peroxynitrate had no effect on the fatty acid
binding. This decrease in binding occurs likely due to the alteration of the pKa of the hydroxyl
group and therefore the polarity of the tyrosine residue by nitration [27]. In the case of FABP4
the change in polarity probably mimics phosphorylation [23,28], which has been shown to
greatly inhibit lipid binding and release [29].

Discussion
Continuous consumption of surplus lipids and carbohydrates is a major causative factor for
obesity. The disproportionate or excessive gain of white adipose tissue mass affects the
systemic energy balance as well as glucose and lipid metabolism [8], which is correlated with
the development of comorbidities like type 2 diabetes, hepatosteatosis, and atherosclerosis
[5]. Thereby different molecular factors like nonesterified fatty acids and cytokines, originating
from the dysregulation of metabolic and secretory/endocrine functions of adipocytes as well
as the chronic subacute inflammation, contribute to an inadequate control of blood glucose due
to insulin resistance. Acute or chronically elevated glucose can cause toxicity that correlates
with oxidative stress, favoring oxidative protein modifications like protein nitration [14].
Insulin resistance is also associated with an increased generation of reactive species like
peroxynitrite [30]. The various potential (patho)physiological effects of protein nitration under
these conditions will depend on target proteins and the extent of modification [17]. In this
context our study represents the first systematic investigation that correlates glucose and
protein tyrosine nitration in adipocytes. Our data show that the extent of cellular tyrosine
protein nitration, along with an expansion of the nitroproteome, mirrored rises in the glucose
concentration during continuous exposure as well as during the simulation of a more
physiologically relevant periodic fluctuation in the glucose concentration. Thus, our study adds
greatly to the understanding of the effects of oxidants like peroxynitrite in insulin resistance
[30].

The largest functional group of target proteins comprised metabolic enzymes including
enzymes of the glycolytic pathway, tricarboxylic acid (TCA) cycle, and fatty acid β-oxidation.
Among the proteins identified, the glycolytic pathway was most extensively modified. We
have recently shown that nitration of aldolase A inhibits enzyme activity [22]. G3PDH and
phosphoglycerate kinase were also found to be sensitive to protein nitration and/or thiol
oxidation [31,32]. Thus, the simultaneous nitration of aldolase A, G3PDH, phosphoglycerate
kinase, and pyruvate kinase suggests that elevated glucose levels can decrease the glycolytic
activity in adipocytes. The metabolism of glucose carbons could be suppressed further, as the
mitochondrial TCA cycle enzymes malate dehydrogenase [33] and aconitase [34,35] become
inactivated by oxidative modifications. Tyrosine nitration acts probably as markers for these
oxidative modifications. These metabolic alterations potentially lead to a decreased generation
of ATP, GTP, NADHs and FADH2, a decrease in mitochondrial membrane potential as well
as a depletion or quantitative shift of essential metabolic intermediates like oxaloacetate. A
depletion or shift in these intermediates has the potential to decrease mitochondrial fatty acid
β-oxidation, which might be further affected by the nitration of the α-chain of the trifunctional
protein. In combination with the potential impairment of integrity and biogenesis as well as
the altered permeability of mitochondria through the nitration of heat shock protein 60 [36–
38] and voltage-dependent anion-selective channel protein 1 [39,40], this could result in
mitochondrial dysfunction accompanied by altered fuel metabolism and lipid homeostasis.
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Elevated nonesterified fatty acids and metabolic lipid products transmit stress responses
through activation of several kinases, including c-jun NH2-terminal kinase (JNK) and inhibitor
of kappa kinase (IκK) [41].

In adipocytes lipid trafficking/metabolism and hormone action are integrated with stress and
inflammatory responses by aP2/FABP4, the predominant fatty acid binding protein, which
modulates the systemic glucose and lipid metabolism [41,42]. All FABPs (1–9) in mammals
share the same general tertiary structure. It consists of a β-barrel around the ligand-binding
cavity covered with a helix-turn-helix cap and contains only two tyrosine residues, Tyr19 and
Tyr128, which are highly conserved [43]. Both tyrosine residues are functionally important.
The carboxylate group of a lipid ligand directly interacts with Tyr128 through hydrogen
bonding [43,44] and phosphorylation of Tyr19 by insulin receptor tyrosine kinase [43,45]
regulates lipid binding and release [29]. Nitration of Tyr19 mimicking and modulating
phosphorylation [23,28] could therefore represent an additional regulatory mechanism
especially under stress conditions. This, in turn, could further affect the regulatory interaction
of FABP4 with hormone-sensitive lipase [46], nuclear translocation of FABP4, and agonist
supply for peroxisome-proliferator activated receptor γ (PPAR-γ) [47–49] as well as the
activation of JNK [41,42]. Alterations in PPAR-γ agonism further alter FABP4 expression,
lipolysis, fatty acid β-oxidation, and mitochondrial biogenesis [50]. Therefore, the nitration of
FABP4 could be an important factor for the adipose tissue and systemic response to high
metabolic load in regard of adipocytokines as well as glucose and lipid metabolism.

The (patho)physiological effects resulting from the high metabolic load and inflammatory
responses also depend on the status of the ER and cellular antioxidant capacity. In adipocytes
under hyperglycemic conditions this capacity is likely weakened by the tyrosine nitration of
the antioxidant enzyme catalase, which is associated with inactivation [51]. Moreover,
alterations in the agonist stimulation of PPAR-γ could decrease the expression of catalase
[52]. The potential effects of the nitration protein disulfide isomerase A3 are unknown, but the
oxidative folding of glycoproteins in the ER and/or the interaction with calnexin and
calreticulin could be affected [53].

The nitration of Rho GDP-dissociation inhibitor 2 (RhoGDI2) in 3T3-L1 adipocytes has the
potential to further alter metabolic stress response. RhoGDI2, whose abundance decreases
during differentiation [54], has a relatively narrow specificity for Cdc42, Rac1, and RhoA of
the Rho family of small GTP-binding proteins [55]. It contains a tyrosine phosphorylation site
at Tyr24 [56], which decreases the ability for complex formation with target proteins. Thus,
tyrosine nitration has the potential to alter the physiological function of Cdc42, Rac1, and/or
RhoA and therefore stress fiber formation, adipocyte morphology [57,58], and maybe even
glucose [59] and GLUT4 trafficking [57,58,60]. Nitration of nucleoside-diphosphate kinase B
(NDK-B) could contribute to these effects as it can exist in two distinct pools in 3T3 fibroblasts:
one population is transiently translocated to the cell periphery on activation of receptor tyrosine
kinases and G-protein-coupled receptors, whereas a second pool binds constitutively to
microtubule-associated vesicles [61]. The association with vesicles might provide a regulated
source of GTP for GTPases that control intracellular trafficking, while the potential interaction
with integrin cytoplasmic domain-associated protein 1α (ICAP-1α) as a consequence of Rac
activation might affect cell morphology and behavior during adhesion [61]. NDK-B further
binds polyunsaturated fatty acids [62], interacts with heterotrimeric G protein βγ dimers [63],
facilitates coat protein complex II assembly [64], and induces c-myc [65] in various cell types.
These functions of NDK-B could, if present in adipocytes, provide additional mechanisms by
which NDK-B nitration might alter adipocyte biology.
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Conclusion
The understanding is incomplete of the molecular mechanisms linking obesity to insulin
resistance, type 2 diabetes, and other comorbidities. However, in recent years it has become
clear that inflammation and adverse metabolic alterations are key factors. Many of these factors
are associated with oxidative stress, and protein tyrosine nitration is an important (patho)
physiological mechanism by which oxidative stress is manifested in cells. The physiological
functions of the proteins identified in this study implicate tyrosine nitration as a potentially
significant mechanism for the development of insulin resistance itself and the associated
complications in obesity.
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Abbreviations

FABP4 fatty acid binding protein 4

RhoGDI2 Rho GDP-dissociation inhibitor 2

NDK-B nucleoside-diphosphate kinase B

GLUT4 insulin-responsive glucose transporter protein-4

PPAR-γ peroxisome-proliferator activated receptor γ

TCA tricarboxylic acid

ER endoplasmic reticulum

IGT impaired glucose tolerance

IL-1β interleukin-1β

ROS reactive oxygen species

NO nitric oxide

NOS nitric oxide synthase

SOD superoxide dismutase

MALDI matrix-assisted laser desorption ionization/time-of-flight mass spectrometry

CID collision-induced dissociation
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Fig. 1.
Glucose concentration-dependent increase in protein tyrosine nitration. Representative 2D
blots for 3-nitrotyrosine immunoreactivity of 3T3-L1 adipocytes sampled after 24 h of
exposure to 5 (A), 6.5 (B), 8 (C), and 11 (D) mM glucose. Cells have been cultured at 5 mM
glucose prior to the experiment.
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Fig. 2.
Increase in protein tyrosine nitration by fluctuating glucose levels. Representative 2D blots for
3-nitrotyrosine immunoreactivity of 3T3-L1 adipocytes sampled after exposure to specified
conditions. Cells have been cultured at 5 mM glucose prior to the experiment. Conditions for
glucose exposure were: (A) 12 h 5 mM with media change after 2, 4, 6, and 10 h; (B) 2 h 11
mM, 2 h 5 mM, 2 h 11 mM, and 4 h 5 mM; (C) 2 h 11 mM, 2 h 5 mM, 2 h 11 mM, 4 h 5 mM,
and 2 h 11 mM.
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Fig. 3.
Identification of tyrosine 19 as a nitration site in FABP4 using capillary column LC-tandem
mass spectrometry. Collision-induced dissociation (CID) spectra of the tryptic peptide peptide
10-LVSSENFDDYMK-21 from FABP4 (NCBI Accession No. 14149635). Representative
CID spectra of the unmodified peptide (LVSSENFDDYMK), methionine oxidized peptide
(LVSSENFDDYMoK), and tyrosine nitrated-methionine oxidized peptide
(LVSSENFDDYNO2MoK) clearly showing the site of the modified amino acids Tyr19 and
Met20. The interpretation of each spectrum is inset.
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Fig. 4.
Fatty acid binding to FABP4. The binding of [9,10-3H]palmitic acidto nonnitrated and nitrated
FABP4 is shown dependent on the applied peroxynitrite concentration. The data are
represented as mean±SEM of 4 independent experiments (n=4). Thereby asterisks represent
alterations with P<0.02 and were therefore considered significant.
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Table 1

Identification of nitrated proteins

Symbol Protein % Sequence coverage Peptide matches

AC2 Aconitase 2, mitochondrial 27 16

FABP4 Adipocyte fatty acid binding protein (aP2/FABP4) 38 6

ALDA Aldolase A 52 12

CAT Catalase 17 7

G3PDH Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) 15 3

RNP Heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNP-A2/B1) 23 6

HSP60 Heat shock protein 60 (HSP60) 26 8

IVDH Isovaleryl-CoA dehydrogenase 19 7

MDH Malate dehydrogenase 36 9

NDKB Nucleoside-diphosphate kinase B (NDK-B) 59 9

PGK Phosphoglycerate kinase 24 8

ER60 Protein disulfide isomerase A3 (ERp60, Erp57, ER-60) 25 11

PK Pyruvate kinase 31 12

GDI Rho GDP-dissociation inhibitor 2 (RhoGDI2) 50 7

TP Trifunctional protein, mitochondrial, α-chain 12 7

VDAC Voltage-dependent anion-selective channel protein 1 (VDAC-1) 40 7

Proteins immunopositive for 3-nitrotyrosine from 3T3-L1 adipocytes were identified by mass spectrometry. Values for sequence coverage and peptide
matches originate from a Mascot search using MALDI-TOF mass spectrometry peptide map data. Only proteins reproducibly present in the 2D
nitroproteome profiles of all samples from each experimental condition using 11 mM glucose are listed.
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