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A B S T R A C T

Brain inflammation in Alzheimer’s disease (AD) involves reactive nitrogen species (RNS) generation. Protein 
contents of 3-nitrotyrosine, a product of RNS generation, were assessed in frontal lobe brain homogenates from 
patients with AD, patients with vascular dementia (VaD) and non-dementia (ND) controls. Western blotting 
revealed a dominant 15 kDa nitrated protein band in both dementia (AD/VaD) and ND frontal lobe brain tissue. 
Surprisingly, this protein band was identified by mass spectrometry as hemoglobin, an erythrocytic protein. The 
same band stained positively when western blotted using an anti-hemoglobin antibody. On western blots, the 
median (IQR) normalized staining intensity for 3-nitrotyrosine in hemoglobin was increased in both AD [1.71 
(1.20–3.05) AU] and VaD [1.50 (0.59–3.04) AU] brain tissue compared to ND controls [0.41 (0.09–0.75) AU] 
(Mann-Whitney U test: AD v ND, P < 0.0005; VaD v ND, P < 0.05; n = 11). The median normalized staining of 
the nitrated hemoglobin band was higher in advanced AD patients compared with early-stage AD (P < 0.005). 
The median brain tissue NO2

− levels (nmol/mg protein) were significantly higher in AD samples than in ND 
controls (P < 0.05). Image analysis of western blots of lysates from peripheral blood erythrocytes suggested that 
hemoglobin nitration was increased in AD compared to ND (P < 0.05; n = 4 in each group). Total protein- 
associated 3-nitrotyrosine was measured by an electrochemiluminescence-based immunosorbent assay, but 
showed no statistically significant differences between AD, VaD and ND. Females showed larger increases in 
hemoglobin nitration and NO2

− levels between disease and control groups compared to males, although the group 
sizes in these sub-analyses were small. In conclusion, the extent of hemoglobin nitration was increased in AD and 
VaD brain frontal lobe tissue compared with ND. We propose that reactive nitrogen species-mediated damage to 
hemoglobin may be involved in the pathogenesis of AD.

1. Introduction

As human life expectancy increases, so do the health care conse-
quences of an ageing population, one of which is an increasing preva-
lence of dementia [1]. The prevalence of dementia has been estimated to 

increase from 57⋅4 million cases globally in 2019 to 152⋅8 million cases 
in 2050 [2]. Alzheimer’s disease (AD), a sub-type of dementia makes up 
approximately 70 % of all dementia patients [1]. The second largest 
sub-type, vascular dementia (VaD), (increasingly known as Vascular 
Cognitive Impairment (VCI) [3], is characterized by hypoxia due to 
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reduced cerebral blood flow or infarction [4]. However, the clinical 
reality is that a ‘mixed’ dementia (AD with cerebrovascular disease) 
sub-type (or indeed other sub-types of dementia with vascular pathol-
ogies) is often underestimated in the patient population [5]. Vascular 
dysregulation may be one of the earliest events in the evolution of AD, 
preceding the classical amyloid- and tau-related hallmarks of AD pa-
thology [6]. Similarly neuro-inflammation, which can be promoted by 
mediators of both vascular dysfunction and pathology in AD [7,8] is an 
important factor in AD progression [9]. Resident innate immune cells 
(microglia and astrocytes) within the central nervous system are acti-
vated by amyloid plaques, while neurofibrillary tangles [10] and pla-
ques activate complement pathways [11].

Oxidative and nitrative stress are common in dementia [12–15] and 
result in the generation of increased levels of nitrated proteins (such as 
proteins containing 3-nitrotyrosine residues), protein carbonyls, 
malondialdehyde (a product of lipid peroxidation) and advanced gly-
cation end products (AGEs). Oxidative damage to enzymes involved in 
glycolysis, the tricarboxylic acid cycle and ATP biosynthesis, contributes 
to decreased glucose metabolism [15]. Amyloid-β and tau both trigger 
mitochondrial alterations that are involved in synaptic dysfunction, 
synaptic loss and neuronal death which manifest themselves in impaired 
cognitive function [16]. During normal ageing, neurons progressively 
accumulate somatic mutations [17] and somatic neuronal DNA alter-
ations due to nucleotide oxidation were found to be increased in AD 
patients compared with control individuals [18], implicating oxidative 
stress in the pathogenesis of AD. Oxidative/nitrative stress pathways 
which may play a role in brain tissue damage include: (a) the generation 
of reactive oxygen species, e.g. hydrogen peroxide (H2O2), induced by 
amyloid-β plaques [19–21]; (b) amyloid-β-induced nitric oxide (NO) 
synthase expression leading to increased NO production [22]; (c) NO 
upregulating the expression of heme oxygenase-1, which mediates the 
degradation of heme to ferrous iron and is associated with neurofibril-
lary pathology [23] and (d) increased expression of the heme enzyme, 
myeloperoxidase (MPO) [24,25].

These vascular and inflammatory mediators may interact within the 
biochemical environment of the AD brain [26], thereby producing a 
nitrating system composed of MPO, H2O2 and NO2

− , that is induced in AD 
[25,26]. In vivo, NO is unstable and is quickly oxidized to the stable 
metabolites, nitrite (NO2

− ) and nitrate (NO3
− ). One proposed pathway 

[27] for the nitration of tyrosine to form 3-nitrotyrosine is shown in 
equations (1)–(4): 

H2O2 + MPO → Compound I + H2O                                               (1)

NO2
− + Compound I → Compound II + •NO2                                   (2)

Compound I + Tyrosine → Compound II + Tyrosine• (3)

Tyrosine• + •NO2 → 3-Nitrotyrosine                                               (4)

The above system has the capacity to nitrate tyrosine residues within 
proteins, generating post-translationally modified proteins containing 3- 
nitrotyrosine residues. Protein nitration may also occur via the rapid 
reaction of NO with superoxide, O2

. − , to generate the potent nitrating 
agent, peroxynitrite (ONOO− ) [27]. Nitrated proteins have been 
observed in human AD brain tissue [28–35] and cerebrospinal fluid 
(CSF) [36]. Total protein 3-nitrotyrosine has been shown to be increased 
in the inferior parietal lobule and hippocampus brain regions in 
amnestic MCI patients compared to those regions from control subjects 

[34,37]. Increased 3-nitrotyrosine was also observed in the medial 
temporal lobe (including the hippocampus) and orbitofrontal cortex 
[29], in the inferior parietal lobule [32,38], and in the hippocampus and 
cerebellum [39,40] from patients with AD. MPO is increased in hippo-
campal neurons [25] and a functional polymorphism in the MPO gene 
was associated with AD [24]. Oxidative stress and H2O2 are implicated 
in the neurotoxicity of amyloid-β [19,41], while amyloid-β oligomers 
generate H2O2 [21]. Nitrated proteins in the AD brain include α-enolase, 
triose phosphate isomerase, ATP synthase, voltage-dependent anion 
channel protein 1 and β-actin [42]. Furthermore, nitrated tau was 
observed in neurofibrillary tangles, with evidence that tau nitration 
occurred early in the disease [43].

We hypothesized that there are increased levels of NO2
− , NO3

− and 
nitrated proteins within the frontal lobe brain tissue of AD and VaD 
patients compared to non-dementia (ND) controls. We therefore set out 
to detect these entities in brain tissue. We also tested whether the levels 
of nitrated proteins were correlated with pathological disease severity, 
as assessed by the Braak classification, a staging system used to classify 
the degree of pathology in AD [44].

2. Methods

2.1. Patient and control samples

Human brain tissue was obtained from the Human Tissue Authority 
licensed (license number 12273) “South West Dementia Brain Bank” 
(SWDBB), University of Bristol, UK, with local research ethics committee 
approval (National Research Ethics Service 08/H0106/28 + 5) and 
informed consent from participants in the study. Neuropathological 
examination was undertaken by a neuropathologist. Control brain tissue 
samples were from people who had no history of dementia, had been 
extensively assessed neuropathologically, and had few or absent neuritic 
plaques, a Braak tangle stage 3 or less, and no other neuropathological 
abnormalities [45,46]. AD brains had detailed neuropathological 
assessment according to the National Institute on Aging-Alzheimer’s 
Association guidelines [47], and AD pathology was a sufficient expla-
nation for the dementia in these cases. Human brain tissue was collected 
from the left midfrontal lobe (an area of brain affected early on in AD 
[48]) of frozen hemispheres from 15 AD patients, 15 VaD patients and 
15 non-dementia (ND) controls patients. The demographics of the pa-
tients and control individuals are summarised in Table 1. Equivalent 
areas of brain tissue, approximately 200 mg/ml in cold lysis buffer (1 % 
SDS, 100 mM NaCl, 10 mM Tris(hydroxymethyl)methylamine; pH 7.6, 
1 mg/ml aprotinin, 1 mg/ml phenylmethanesulfonyl fluoride) were 
homogenized in a Precellys 24 Homogenizer (Stretton Scientific Ltd, 
Derbyshire UK) using 2.3 mm ceramic beads. The samples were ho-
mogenized at 3000 g for 15 s, then left for 3 min on ice before the process 
was repeated. The samples were centrifuged at 14,000 g for 10 min and 
the supernatants aliquoted and stored at − 80 ◦C until analysis. The AD 
group was selected for brain tissue analysis on the basis of a diagnosis 
according to the “Consortium to Establish a Registry for Alzheimer’s 
Disease” (CERAD) criteria of “definite AD” [49]. The recruited AD pa-
tients had a Braak tangle stage of 4–6. Braak stages 1 and 2 are char-
acterized by neurofibrillary tangle involvement that is confined mainly 
to the transentorhinal region of the brain; stages 3 and 4 are charac-
terized by the additional involvement of limbic regions such as the 
hippocampus; and stages 5 and 6 are characterized by extensive 

Table 1 
Summary of demographics of control, VaD and AD cases used for brain sample analysis.

Age-at-death Gender Postmortem Braak tangle stage

(years ± SD) (F:M) delay (h ± SD) 0-II III-IV V-VI

Controls (n = 15) 79.2 ± 11.6 6:9 43.2 ± 29.5 11 4 0
VaD (n = 15) 81.9 ± 9.1 7:8 44.9 ± 20.9 10 5 0
AD (n = 15) 77.4 ± 9.2 10:5 43.2 ± 29.5 0 0 15
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neocortical involvement [50]. VaD cases had a clinical history of de-
mentia, occasional neuritic plaques (if present), a Braak tangle stage of 3 
or less, histopathological evidence of multiple infarcts/ischemic lesions, 
moderate to severe atheroma and/or arteriosclerosis, and an absence of 
histopathological evidence of other disease likely to cause dementia.

Human peripheral blood erythrocyte samples were collected from 
AD patients and ND volunteers who attended North Bristol NHS Trust, 
Southmead Hospital, Bristol UK. Participants were recruited from North 
Bristol Trust NHS cognitive disorders clinic, local volunteer databases, 
the Join Dementia Research platform and word of mouth. All partici-
pants were verbally screened for a history of neurological disorders and 
memory problems in a telephone interview. All patients provided 
informed written consent prior to testing. Ethical approval was given by 
Frenchay NHS Research Ethics Committee. Erythrocytes were stored at 
− 80oC until analysis. Defrosted samples of lysed erythrocytes were 
centrifuged at 14,000 g for 15 min to remove cellular debris.

2.2. Measurement of brain amyloid-β load

Paraffin sections 7 μm in thickness were cut from blocks of the brain 
frontal lobes. After pretreatment for 20 min in 100 % formic acid and 
subsequent blocking in horse serum solution, the sections were incu-
bated overnight at room temperature with antibody to Aβ (1:2000, 
DAKO M0872, raised against Aβ residues 8–17, Vectalabs, Peter-
borough, UK). Bound antibody was visualized by incubation with bio-
tinylated Universal Antibody (Vectastain Universal Elite; Dako, Ely, 
Cambridgeshire, UK) and visualized with avidin-biotin horseradish 
peroxidase complex kit from Vector Laboratories, Burlingame, CA, 
USA). Histometrix software (Kinetic Imaging, Wirral, UK) driving a 
Leica DM microscope with a motorised stage was used to make an un-
biased selection of the 10 areas, as previously described [51]. Aβ-laden 
blood vessels were excluded from analysis.

2.3. Peroxynitrite synthesis, and nitration of bovine serum albumin and 
human hemoglobin for use as positive control samples

Nitrated bovine serum albumin (BSA) and nitrated human hemo-
globin (isolated from blood) were prepared from the corresponding 
native proteins (both from Sigma Aldrich, Gillingham, Dorset, UK) for 
experiments where nitrated albumin and/or nitrated hemoglobin was 
required as a positive control to confirm binding of the anti- 
nitrotyrosine antibody. ONOO− was first synthesized as a nitrating 
agent according to the method described by Beckman et al. (1994a). In 
ice-cold glassware, acidified H2O2 (0.7 M, 0.6 M HCl) was quickly mixed 
with NaNO2 (0.6 M), and this was immediately followed by the addition 
of NaOH (1.2 M), resulting in a yellow solution of diluted ONOO− . MnO2 
(~15 mg) was added to deplete excess H2O2, and the solution was then 
filtered and frozen at − 20 ◦C. The top layer of concentrated ONOO−

thaws most rapidly. This layer was collected, and the ONOO− concen-
tration was calculated from the absorbance at 302 nm (extinction co-
efficient 1670 M− 1 cm− 1 (Hughes and Nicklin, 1968). For the nitration 
of BSA or hemoglobin, solutions of 2 mg/ml protein in bicarbonate- 
based nitration buffer (potassium dihydrogen phosphate (100 mM) 
and sodium bicarbonate (25 mM)) were mixed with ONOO− (3 mM), 
whilst being gently vortexed. Nitration was measured, at pH 10, on a 
Cary 300 UV–vis spectrophotometer (Agilent Technologies LDA UK 
Limited, Stockport, Cheshire UK), using the extinction coefficient at 428 
nm of 4200 M− 1 cm− 1 (van der Zee et al., 1977). For some experiments, 
where indicated, nitrated BSA was purchased from Enzo Life Sciences 
(Exeter, Devon, UK).

2.4. Western blotting of nitrated proteins from human brain and 
peripheral blood erythrocytes

For reducing SDS PAGE, FastCast acrylamide kits (12 % gels) or Mini- 
protean plates (8–16 % gradient gels), nitrocellulose membrane (0.45 

μm), and transfer packs were from Bio-Rad (Hemel Hempstead, Hert-
fordshire, UK) and were used according to the manufacturer’s in-
structions. The gel percentage in each experiment is detailed in each 
figure legend. Two samples from each group (ND, VaD and AD) were run 
per gel, with 60 μg of protein per lane and 2-mercaptoethanol used as 
the reducing agent and samples were heated to 99oC for 5 min. β-Actin 
or hemoglobin were used as the loading controls (as indicated in figure 
legends) and nitrated BSA was used as a positive control, to verify 
binding of the anti-nitrotyrosine antibody. Transfer from the SDS- 
polyacrylamide gel to the membrane (nitrocellulose, 0.45 μm, Bio- 
Rad) was performed using the ‘wet’ tank electro-transfer method, 
using a constant current of 0.35 A for 60 min (Bio-Rad). For the probing 
of western blots of brain tissue extracts, the membrane was blocked with 
protein-free blocking buffer, 60 min at room temperature. Mouse 
monoclonal anti-nitrotyrosine and rabbit polyclonal anti-β actin 
(human) antibodies (product numbers 189542 and A300-485A respec-
tively, Cambridge Biosciences, Cambridge, UK) were diluted 1:1000 in 
protein free blocking buffer with 0.05 % Tween and incubated for 1 h at 
room temperature. A near infra-red fluorescence-labelled secondary 
anti-mouse antibody (IRDye800CW, green fluorescence, 925–32210, Li- 
Cor Biosciences, Cambridge, UK) was used for detection of 3-nitrotyro-
sine. A secondary anti-rabbit antibody (IRDye680RD, red fluorescence, 
925–68071, Li-Cor Biosciences, Cambridge, UK) was used to detect actin 
(the loading control).

The LI-COR Odyssey CLx imaging system was used to image the gels 
(LI-COR Biosciences UK Ltd, Cambridge, UK). Images were analyzed 
using Image Studio Lite (LI-COR Biosciences UK Ltd, Cambridge, UK). 
The normalization calculation was as follows: lane normalization factor 
(LNF) = actin signal from lane/highest actin signal in blot and the 
normalized signal = (3-nitrotyrosine signal/LNF) x 10− 4. Western blots 
of peripheral blood erythrocytes were performed as described above but 
using 8–16 % pre-cast gradient gels (Bio-Rad) and a Bio Rad Trans-Blot 
Turbo transfer system. The bicinchoninic acid (BCA) assay (Thermo 
Fisher, Swindon, UK) was used to determine the protein concentration of 
samples using BSA (0.06–2 mg/ml) as standards. Then, for electropho-
resis, 30 μg sample protein was loaded/well. A rabbit polyclonal anti- 
human hemoglobin antibody (Ab 191183, Abcam, Cambridge, UK) 
was used to test for the co-localization on western blots of hemoglobin 
and the 15 kDa nitrated protein; the visualization was performed using 
an anti-rabbit secondary antibody (IRDye680RD, red fluorescence, 
product number 925–68071, Li-Cor Biosciences, Cambridge, UK). 
Human immunoglobulin G was used to assess non-specific binding of 
secondary antibodies to IgG present within samples (product number 
56834, Merck, Gillingham, UK). Additionally, some western blots were 
stained using Revert total protein stain (LiCor) prior to blocking and 
antibody incubation. One of the most abundant proteins in human 
erythrocytes is hemoglobin. The equal protein loading of the erythrocyte 
lysate samples when they were applied to the wells of the poly-
acrylamide gels prior to electrophoresis, was established by determining 
the sample hemoglobin concentrations using Drabkin’s assay [52]. 
Drabkin’s reagent (catalog number D5941) was purchased from Sigma. 
The assay was conducted according to the manufacturer’s instructions, 
using a standard curve from dilutions of cyanomethemoglobin (180 
mg/ml) and reading the absorbance at 540 nm. Based on Drabkin’s 
assay, 30 μg of hemoglobin was loaded into each well of the gel.

2.5. Analysis of nitrated human brain proteins by mass spectrometry

Proteins separated by reducing SDS-PAGE (12 % acrylamide gel), 
were excised from the Coomassie-stained gel, and trypsin-digested and 
prepared for mass spectrometry as previously described [53]. Samples 
were analyzed by liquid chromatography tandem mass spectrometry 
(LC-MS/MS) using an Ultimate 3000 high pressure liquid chromatog-
raphy (HPLC) system (Dionex, UK). The peptides were separated on a 
nano-HPLC column (0.075 × 150 mm, 3 μm, PepMap C18; Thermo 
Scientific, Hemel Hempstead, UK) at a flow rate of 300 nL/min using a 
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gradient elution running from 2 % to 45 % aqueous acetonitrile (0.1 % 
formic acid) over 60 min. The HPLC was coupled to a 5600 TripleTOF 
mass spectrometer (Sciex, Warrington UK). Ionization of the peptides 
was achieved with the following settings: spray voltage 2.4 kV, source 
temperature 150 ◦C, declustering potential 50 V and a curtain gas of 15 
V. High resolution TOF MS mode was used to collect parent ion scans in 
positive mode, from 400 to 1200 Da for 200 ms. MS/MS data were 
collected using information-dependent acquisition selecting the 10 most 
intense ions with the following criteria: +2 to +5 charge states and a 
minimum intensity of 500 counts-per-second, using dynamic exclusion 
for 20s, 250 ms acquisition time, and standard settings for rolling 
collision energy settings. The generated data were then analyzed using 
the Mascot statistical software v 2.3.2 (Matrix Science, London, UK [54]. 
Scores >50 indicated identity or extensive homology at the p = 0.05 
probability cut off [54]. Mascot Daemon (MatrixScience, 2014) was also 
used to search Swiss-Prot for protein identifications [55].

2.6. Electrochemiluminescence-linked immunosorbent assay for total 
protein 3-nitrotyrosine in human brain tissue

The total protein-bound 3-nitrotyrosine content of the tissue was 
measured by an electrochemiluminescence-based immunosorbent assay 
(ECLISA), as described previously [56]. The anti-nitrotyrosine antibody 
(1 μg/ml) (Cambridge Biosciences, Cambridge, UK) was added to a 
“Standard Bind” single spot 96-well plate (MSD, Maryland, USA) and 
incubated at 4 ◦C overnight. The plate was blocked with blocker A 
(product number R93BA-4) and standard/samples (25 μl) added. After 
washing (0.05 % Tween-20 in PBS), a biotinylated version of the same 
anti-nitrotyrosine antibody (2 μg/ml) was used with SULFO-TAG 
labelled streptavidin (1:500) coupled to a ruthenium complex. Read 
buffer (50 % Read Buffer T 4x, 50 % H2O) was placed into each well and 
the plate immediately read on an Electrochemiluminesence Sector 
Imager 2400 (Meso Scale Discovery (MSD), Maryland, USA). A nitrated 
BSA standard (0.04 nM–10 nM) dissolved in a dilution buffer (1 % 
blocker A in PBS) or 1 % blocker A in PBS used as a blank. The standard 
curve was run with 0.1 % lysis buffer, equivalent to that present in the 
samples. Samples were measured in duplicate. The intra-assay CV for 
brain tissue (n = 8) was 6.4 %.

2.7. Nitrate and nitrite analyses of human brain tissue by ozone-based 
chemiluminescence

Samples (human brain frontal lobe homogenates prepared according 
to the method described under Section 2.1) were deproteinized using a 
modification of the zinc sulfate precipitation technique [57], using 0.5 
M NaOH and 10 % ZnSO4. Samples were vortexed and incubated at 
room temperature for 15 min, then centrifuged at 17,500 g for 5 min. 
The supernatant was analyzed for NO3

− and NO2
− concentrations using a 

nitric oxide analyzer (Sievers NOA 280; Analytix Ltd, Durham, UK) [58]. 
Samples were refluxed in 0.1 M vanadium chloride (VCl3) in 1 M HCl at 
95oC (for NO3

− ) or sodium iodide and glacial acetic acid at 35 ◦C (for 
NO2

− ). The NO produced then reacts with ozone to produce a lumines-
cence signal. Standard curves were constructed using known concen-
trations of sodium nitrate or sodium nitrite. Samples were analyzed in 
duplicate. The assays’ between-batch coefficients of variation were 6.1 
% for NO2

− and 5.8 % for NO3
− .

2.8. Statistical analysis

A test of normality (Shapiro-Wilks) showed that the data values had a 
skewed distribution and did not satisfy normality. Data were therefore 
analyzed using non-parametric tests; one-way ANOVA (Kruskal-Wallis), 
students t-test (Mann Whitney U) and Spearman’s rank correlation, rs). A 
Bonferroni post-test was applied to cases of multiple correlations against 
the same data set. A P value of less than 0.05 was considered statistically 
significant.

3. Results

3.1. Identity of 3-nitrotyrosine-containing proteins in human frontal lobe 
brain tissue

Human brain homogenates from AD, VaD patients and ND controls 
(see Table 1 for patient and control demographics) were analyzed by 
reducing SDS-PAGE (with 12 % gels) followed by western blotting. 
Western blotting for 3-nitrotyrosine-containing proteins was performed 
to determine: (1) whether 3-nitrotyrosine-containing proteins were 
detectable; (2) if so, the number of 3-nitrotyrosine-containing proteins, 
their molecular weight distribution and relative staining intensities; and 
(3) if there was a different pattern of nitration between patient groups. 
Several nitrated protein bands between 10 and 1000 kDa were observed 
in western blots of frontal lobe brain tissue samples (from both dementia 
and ND controls). The most prominent nitrated protein bands were seen 
at approximately 300, 60, 18 and 15 kDa and a representative western 
blot is shown in Fig. 1.

The 300, 60, 18 and 15 kDa nitrated protein bands (Supplementary 
Fig. 1) were excised from a Coomassie-stained gel, and peptides present 
in the bands were identified by mass spectrometry. The data for the 
proteins with the top ten protein abundance index (emPAI) scores for 
each of the excised bands are shown in Supplementary Table 1, Parts A- 
G. Mass spectrometry analysis identified the nitrated protein band with 
a molecular weight of approximately 300 kDa as non-erythrocytic 
spectrin-α and spectrin-β (Supplementary Table 1, Parts A-C). The two 
major proteins in the 60 kDa band were pyruvate kinase and 
dihydropyrimidinase-related protein 2 (Supplementary Table 1, Part D). 
The band excised from the Coomassie gel at 18 kDa, was identified by 
mass spectrometry as peptidyl-prolyl cis-trans isomerase A 
(Supplementary Table 1, Part E).

In addition to the nitrated protein bands at molecular weights ≥18 
kDa, the single protein band at approximately 15 kDa on 12 % 

Fig. 1. Western blot analysis of representative 3-nitrotyrosine-positive bands in 
the frontal lobe brain tissue homogenates from patients with Alzheimer’s dis-
ease, vascular dementia or non-dementia controls. The upper blot shows 3- 
nitrotyrosine-positive bands at 300, 60, 18 and 15 kDa. The 15 kDa band was 
found to be nitrated in nearly all patient samples. Lane 1, protein molecular 
weight markers; lanes 2 and 3, brain tissue extracts from Alzheimer’s disease 
(AD) patients; lanes 4 and 5, brain tissue extracts from vascular dementia (VaD) 
patients; lanes 6 and 7, brain tissue extracts from non-dementia (ND) control 
individuals; with 60 μg of protein loaded/well. Lane 8, nitrated BSA (1 μg/well; 
prepared in the laboratory according to the procedure described in section 2.3) 
was used as a positive control for the presence of 3-nitrotyrosine within a 
polypeptide. The blot shown (which has been rendered as a grayscale image) 
was obtained by the immunoblotting of a 12 % cross-linked polyacrylamide gel 
after reducing SDS PAGE. The lower blot shows the corresponding immunoblot 
of cytoskeletal β-actin, which was used as a loading control (bands indicated 
with arrow). This figure shows a representative immunoblot selected from a 
total of 10 immunoblots performed, in which each of the blots contained 
samples from different patients.
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crosslinked polyacrylamide gels frequently showed evidence of nitration 
in human brain tissue, when immunoblotted using an anti-nitrotyrosine 
antibody, in the AD, VaD and ND groups (Fig. 1). Analysis of this 15 kDa 
band by LC-MS/MS (Supplementary Table 1, Parts F and G) revealed it 
to be the α- and β-subunits of hemoglobin, which had not been resolved 
on the gel due to the close similarity of the molecular weights of the α- 
and β-subunits (these molecular weights being 15,248 and 15,988 Da, 
respectively). This 15 kDa band (marked “F” and “G” on the gel, Sup-
plementary Fig. 1) was assigned using the following criteria: (1) the 
excised protein band was at a migration distance which was consistent 
with the molecular weights of the α- and β-subunits of hemoglobin; (2) 
the mass spectrometry-derived ion score was high in relation to the 
other proteins identified in the band. The two protein subunits, hemo-
globin-α and -β, fulfilled both these criteria and had the highest confi-
dence score of 3 (Supplementary Table 1), with a sequence coverage of 
69 % and 75 % for the α and β subunits, respectively. Hemoglobin 
subunits were also identified in other higher molecular weight bands 
(60 kDa and approximately 300 kDa), although the ion scores for he-
moglobin subunits in these bands were not as high as the score seen for 
the 15 kDa band. This raises the possibility that aggregation of hemo-
globin subunits had occurred, possibly as a result of oxidative damage to 
hemoglobin [59]. These nitrated bands, at 60 kDa and approximately 
300 kDa, did not show statistically significant differences in signal in-
tensity between the groups.

An immunoblot for the nitrated 15 kDa band (along with β-actin 
bands) present in homogenized human brain tissue from AD, VaD and 
ND patients is shown in Fig. 2 (Panel A). Semi-quantitative analysis of 
the nitrated hemoglobin band present in homogenized human brain 
tissue from AD, VaD and ND patients was performed, assessing the 
nitrated hemoglobin band fluorescence when normalized to the staining 
intensity of the housekeeping protein, β-actin, using LiCor software. 
Fig. 2 (Panel B) shows that the median normalized fluorescence in-
tensities of nitrated hemoglobin were: ND, 0.41 (0.09–0.75) AU; VaD: 
1.50 (0.59–3.04) AU; and AD: 1.71 (1.20–3.05) AU. Thus, hemoglobin 
nitration was detected in all groups (including ND controls). However, 
the median normalized fluorescence intensities for nitrated hemoglobin 
were significantly different between groups (Kruskal-Wallis test; P <

0.005) and were observed to be higher in both the AD and VaD groups 
(n = 9 in each group) compared to the ND control group (n = 8; Mann 
Whitney U test for AD versus ND: P < 0.005 and for VaD versus ND: P <
0.05).

3.2. Comparison of Braak stages with hemoglobin nitration levels

Braak stages were employed to describe the extent of the pathology- 
based evidence for the involvement of brain regions in disease- 
associated changes. The normalized median 15 kDa band (nitrated he-
moglobin) band intensities in the patient groups at various Braak stages 
(Fig. 3) were: stage 0, 0.20 (0.04–0.68) AU; stages 1–2, 0.85 (0.46–2.10) 
AU; stages 3–4, 0.86 (0.33–4.80) AU; stages 5–6, 1.71 (1.20–3.05) AU. 
The median nitrated hemoglobin was different between groups (Krus-
kal–Wallis test, P < 0.05) and was found to be increased in individuals 
with Braak stages 5–6 (n = 10) compared to the group of individuals at 
Braak stage 0 (n = 5); Mann-Whitney U test, P < 0.005.

3.3. Western blotting of 3-nitrotyrosine-containing proteins in peripheral 
blood erythrocytes

Human erythrocyte lysates were analyzed by SDS-PAGE (gradient 
8–16 % gels) followed by western blotting. The blot in Fig. 4 (Panel A) 
shows the nitrated hemoglobin band in extracts of peripheral blood 
erythrocyte lysates stained using both anti-nitrotyrosine (upper blot) 
and anti-hemoglobin antibodies (lower blot). The bands for native he-
moglobin and nitrated hemoglobin had indistinguishable electropho-
retic mobilities. Image analysis showed anti-3-nitrotyrosine (green) and 
anti-hemoglobin (red) bands colocalized to give yellow bands (colored 
image not shown here) giving further evidence that hemoglobin was the 
15 kDa protein that was nitrated in erythrocytes. In contrast to the single 
band for hemoglobin seen on 12 % gels, on an 8–16 % gel, it was possible 
to resolve the two closely migrating bands corresponding to the α- and 
β-subunits of hemoglobin (Fig. 4 and Supplementary Fig. 2). Semi- 
quantitative analysis was performed for the nitrated hemoglobin band 
fluorescence intensity, using LiCor software. Fig. 4 (Panel B) shows the 
normalized fluorescence intensity of nitrated hemoglobin in peripheral 

Fig. 2. Western blot analysis of the 15 kDa 3-nitrotyrosine-positive band in the frontal lobe brain tissue homogenates from patients with Alzheimer’s disease or 
vascular dementia, and from non-dementia controls. Panel A shows a representative image of the region of the blot which corresponds to about 15 kDa (upper image) 
and an image of the region of the same blot which corresponds to protein molecular weights of 40–55 kDa (lower image). The upper image in Panel A shows an 
immunoblot obtained when probing with the anti-nitrotyrosine antibody and the lower image shows the immunoblot obtained when the same gel was probed with 
the antibody to cytoskeletal β-actin. The latter was used as a loading control (bands indicated with arrow). Lane 1, protein molecular weight markers (2 μl/well, 
according to the manufacturer’s instructions); lanes 2 and 3, brain tissue extracts from Alzheimer’s disease (AD) patients; lanes 4 and 5, brain tissue extracts from 
vascular dementia (VaD) patients; lanes 6 and 7, brain tissue extracts from non-dementia (ND) control individuals; from different patients to those shown in Fig. 1. 
There was 30 μg of protein loaded/well in lanes 2–7. The blot shown was obtained by the immunoblotting of a 12 % cross-linked polyacrylamide gel after reducing 
SDS PAGE. Panel B shows the fluorescence intensity of the 15 kDa 3-nitrotyrosine band in all of samples analyzed within the control group and the two patient 
groups. The graph shows the median and IQR values for each group, as long and short horizontal bars, respectively. Image analysis of the immunoblots was per-
formed, to obtain a signal intensity for each 15 kDa band, which was normalized using the actin signal to determine a lane normalization factor. The normalized 
median 3-nitrotyrosine-associated fluorescence intensities (IQR) for the 15 kDa band were: ND, 0.41 (0.09–0.75) AU, n = 7; VaD, 1.50 (0.59–3.04) AU, n = 9; and 
AD, 1.71 (1.20–3.05) AU, n = 9. The fluorescence intensity was significantly higher in both the AD and VaD groups compared to ND control group (Kruskal-Wallis 
test, P < 0.0005, followed by Mann Whitney U test, P < 0.05).
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blood erythrocytes from AD and ND patients. The median fluorescence 
intensity of nitrated hemoglobin, normalized to hemoglobin, in AD pa-
tients was 19.5 (16.2–20.9) AU, which was significantly higher than the 
nitrated hemoglobin level in healthy control subjects (14.2 (13.5–4.4) 
AU; Mann Whitney U test, P < 0.05, n = 4.

An anti-hemoglobin antibody had been used to probe the blots from 
electrophoresed samples of human peripheral blood erythrocyte lysates. 
Therefore, to test whether the 15 kDa band in brain tissue could be 
immunochemically identified as hemoglobin, reducing SDS PAGE and 
western blotting experiments were performed using the samples of 
human brain tissue homogenates, in which the blots were probed with 
the anti-hemoglobin antibody (as opposed to the anti-actin antibody 
used in earlier brain tissue analyses) in combination with probing by the 
anti-nitrotyrosine antibody. Western blots, showing the full-length lanes 
of the separated proteins from brain tissue homogenates, are presented 
in Supplementary Fig. 2. It was observed that the nitrated protein bands 
(green fluorescence) colocalized (yellow) with the hemoglobin bands 
(red fluorescence) in brain tissue from AD, VaD patients and ND 
controls.

3.4. Western blotting control experiments

In addition to a 3-nitrotyrosine-containing band corresponding to the 
hemoglobin subunits at 15 kDa, there were also hemoglobin bands 
detected at 30 and 55 kDa (Supplementary Fig. 2). These higher mo-
lecular weight bands may be covalently linked dimers and tetramers of 
hemoglobin subunits, in which the inter-molecular covalent bonds were 
stable to reducing SDS PAGE, i.e., the covalent bonds did not correspond 
to disulfide bridges. However, further experiments were required before 
being able to rule out the possibility that the higher molecular weight 
bands might be explained by non-specific binding of the secondary an-
tibodies to human IgG fragments. IgG fragments have similar molecular 
weights to those predicted for covalently linked dimers/tetramers of 
hemoglobin subunits (the IgG light chain has a molecular weight of 
about 25 kDa and the IgG heavy chain has a molecular weight of about 
50 kDa). To test whether the bands at 30 and 55 kDa were truly nitrated 
proteins (and not due to antibody cross-reactivity with IgG chains), 
commercial purified human IgG, human hemoglobin and nitrated 
human hemoglobin (synthesized as described in section 2.3) were 
blotted and probed with primary and secondary antibodies, or with a 
secondary antibody without the presence of the primary antibody. The 
results (Supplementary Fig. 3, Panel A) demonstrated that the secondary 
antibodies showed no significant non-specifical binding to IgG and 
confirmed that hemoglobin multimers were present in brain samples. A 
prominent nitrated hemoglobin band at 30 kDa was seen in nitrated 
hemoglobin synthesized in the laboratory (Supplementary Fig. 3, Panel 
A, lane 3), which was also seen in patient samples (Supplementary 
Fig. 2). A similar dimeric band was observed by Denicola et al. [60] after 
both purified human Hb and erythrocytes were exposed to ONOO− . 

Fig. 3. Normalized intensities of the 3-nitrotyrosine staining of the 15 kDa 
band in Alzheimer’s disease, vascular dementia and non-dementia groups ac-
cording to Braak classification. The normalized 3-nitrotyrosine staining in-
tensity of the 15 kDa band in western blots of brain homogenates was grouped 
according to Braak stage. The graph shows the median and IQR values for each 
group, as long and short horizontal bars, respectively. There were higher 
amounts of nitrated 15 kDa protein bands in the Braak 5–6 stage group (n = 10) 
than in the Braak 0 stage group (n = 5); Mann Whitney U test, **P < 0.005. The 
median 3-nitrotyrosine-associated fluorescence intensities (IQR in brackets) 
were: Braak stage 0, 0.20 (0.04–0.68); Braak stages 1–2, 0.85 (0.46–2.10); 
Braak stages 3–4, 0.86 (0.33–4.80); and Braak stages 5–6, 1.71 (1.20–3.05) AU. 
3-Nitrotyrosine, 3-NT.

Fig. 4. Western blot results showing hemoglobin nitration in erythrocytes from Alzheimer’s disease patients, compared to non-dementia controls. Panel A shows a 
representative blot probed with (upper part) the anti-nitrotyrosine antibody and (lower part) the anti-hemoglobin antibody. A commercial anti-hemoglobin antibody 
was observed to give a fluorescence signal from two closely migrating bands (almost indistinguishable on the blot shown) at about 15 kDa, using an 8–16 % gradient 
gel. Lanes 1–4, peripheral blood erythrocyte lysates from Alzheimer’s disease (AD) patients and lanes 5–8 peripheral blood erythrocyte lysates from non-dementia 
(ND) controls. Hemoglobin was measured using Drabkin’s assay, and 30 μg of hemoglobin was loaded onto each well. The proteins were transferred onto nitro-
cellulose membranes, then probed with both anti-hemoglobin and anti-nitrotyrosine antibodies. Panel B shows the results of semi quantitative image analysis when 
using a lane normalization factor obtained from the hemoglobin signal. The graph shows the median and IQR values for each group, as long and short horizontal bars, 
respectively. These results show that the extent of nitration of hemoglobin was significantly increased in AD patients (n = 4) compared to ND controls (n = 4) (Mann- 
Whitney U test ND vs AD, *P < 0.05). 3-Nitrotyrosine, 3-NT; hemoglobin β-subunit, Hb β; hemoglobin α-subunit, Hb α.
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Supplementary Fig. 3 (Panel A) confirmed there was very low 
non-specific binding of the secondary antibodies to hemoglobin at 
similar fluorescence intensities (600 AU) as seen in sample blots. It was 
noted that there was an absence of non-specific binding of the secondary 
antibodies to nitrated proteins on the blot. Next, as hemoglobin displays 
autofluorescence [61], western blotting was employed to determine if 
hemoglobin displayed an inherent fluorescence, without being incu-
bated with primary or secondary antibodies and Supplementary Fig. 3
(Panel B) confirmed that hemoglobin fluorescence in the infra-red re-
gion used here was minimal. Supplementary Fig. 3 (Panel C) shows that 
the molecular weight markers imaged in the red channel, 700 nm, and in 
the green channel, 800 nm, were only visible in the red channel. The 
markers only became visible in the green channel after the 
anti-nitrotyrosine antibody was used, confirming that the marker pro-
teins were nitrated and there was no spectral overlap between the red 
and green channels using the LiCor system. Non-specific binding of 
secondary antibodies to hemoglobin was assessed by incubating blots 
with secondary antibodies (without the primary antibodies). In Sup-
plementary Fig. 3 (Panel D) both the anti-β-actin and the 
anti-3-nitrotyrosine bands displayed a linear increase in fluorescence 
intensity as the protein load was increased in a sample.

3.5. Quantitation by ECLISA of total protein 3-nitrotyrosine levels in 
brain tissue

Total protein 3-nitrotyrosine levels, adjusted for sample protein 
concentration, were measured by ECLISA and the median and IQR 
determined for each group (Supplementary Fig. 4). Total protein 3-nitro-
tyrosine levels showed a high inter individual variability and there were 
no statistically significant differences observed between the median 
values of total 3-nitrotyrosine content: median (IQR) AD, 0.29 
(0.19–0.57) pmol nitrated albumin equivalents/mg protein; VaD, 0.36 
(0.18–0.40) pmol/mg; and ND controls 0.3 (0.22–0.55) pmol/mg. There 
was no association between total protein 3-nitrotyrosine levels and pa-
tient age, tissue pH or post-mortem interval.

3.6. Measurement of nitrite and nitrate levels in brain tissue by ozone- 
based chemiluminescence

The median NO2
− levels were: ND, 0.08 (0.07–0.09); VaD, 0.11 

(0.08–0.12); and AD, 0.12 (0.08–0.18) nmol/mg protein. The median 
NO2

− level was significantly different between lysates of frontal lobe 

brain tissue (Kruskal–Wallis test, P < 0.05, n = 15 in each group). The 
median NO2

− level (Fig. 5, Panel A) was significantly higher in lysates of 
frontal lobe brain tissue from AD participants than in ND controls (Mann 
Whitney U test, P < 0.05). There was no significant difference in median 
NO2

− levels between VaD and either of the other groups. There were no 
statistically significant differences between the three groups when 
considering median NO3

− concentrations (Fig. 5, Panel B): ND, 2.1 
(1.8–2.3) nmol/mg protein; VaD 2.4 (1.9–3.3) nmol/mg protein; and AD 
2.6 (1.8–4.9) nmol/mg protein. Although equivalent areas of brain tis-
sue were excised from donated brains, the median protein concentration 
(IQR) was lower in the lysates from the AD group (10.1 (6.1–12.3) mg/ 
ml) than in the lysates from either the VaD group (12.8 (10.6–15.3) mg/ 
ml) or the ND individuals (13.4 (9.7–18.5) mg/ml); P < 0.05 and P <
0.005, respectively. Thus, NO3

− and NO2
− levels were expressed as nmol/ 

mg of protein to account for the differences in sample protein concen-
trations. There were no statistically significant correlations between 
either NO2

− or NO3
− levels and patient age, sex, tissue pH or post-mortem 

interval. Brain NO3
− and NO2

− levels were positively correlated with each 
other (Spearman’s rank correlation, rs = 0.53, P < 0.0001). Brain NO3

−

levels were found to correlate positively with 3-nitrotyrosine (rs = 0.42, 
P < 0.05). NO2

− levels did not show a statistically significant correlation 
with 3-nitrotyrosine. There was a trend towards an inverse association 
between brain NO2

− and amyloid-β deposition (Spearman r = − 0.59, P =
0.06, n = 11), although the sample size was small.

3.7. Analysis of sex-dependent differences between disease and control 
groups in relation to the levels of hemoglobin nitration, total protein 3- 
nitrotyrosine, NO2

− , and NO3
− in brain tissue

Western blotting analysis showed that the median fluorescence in-
tensity of the nitrated hemoglobin band (normalized to actin) was 
significantly higher in both the AD and VaD groups compared to ND 
controls when male and female participants were analyzed together 
(Section 3.1). When male and female participants were analyzed sepa-
rately, there were clear differences in brain levels of hemoglobin nitra-
tion, total 3-nitrotyrosine, NO2

− , and NO3
− levels according to sex 

(Supplementary Fig. 5). Only females showed significantly higher (P <
0.05) normalized hemoglobin nitration levels in AD samples (1.85 
(1.11–5.88) AU, n = 5) compared with ND people (0.67 (0.39–0.75) AU, 
n = 3). In males alone there were no statistically significant differences 
between the median normalized hemoglobin nitration levels between 
groups, AD: 1.85 (0.77–2.60) AU, n = 4; VaD: 0.61 (0.51–5.11) AU, n =

Fig. 5. Nitrite and nitrate levels in human brain tissue from Alzheimer’s disease, vascular dementia patients and non-dementia control samples. NO2
− /NO3

− con-
centrations were measured by ozone-based chemiluminescence and expressed relative to the amount of protein. Long horizontal lines indicate median values, and 
short horizontal lines represent IQRs (n = 15 in each group). Panel A shows the levels of NO2

− in the frontal lobe brain tissue samples from Alzheimer’s disease (AD) 
vascular dementia (VaD) patients and non-dementia (ND) healthy controls. There was a statistically significant difference in median NO2

− levels between the ND and 
AD groups, (Mann Whitney U test, *P < 0.05, n = 15). Panel B shows the levels of NO3

− in the frontal lobe brain tissue from the three groups. There were no 
statistically significant differences between the median NO3

− levels in the different groups.
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5; and ND: 0.79 (0.17–1.28) AU, n = 4. The median NO2
− levels were 

significantly higher in homogenates of frontal lobe brain tissue from all 
the AD participants (male plus female) compared to all ND controls 
(Section 3.4). However, in female participants alone the median (IQR) 
brain tissue NO2

− level was significantly higher in both the AD and VaD 
groups compared to ND controls, the values being AD: 0.11 (0.10–0.19) 
nmol/mg protein, n = 10; VaD: 0.10 (0.10–0.13) nmol/mg protein, n =
7; and ND: 0.09 (0.07–0.09) nmol/mg protein, n = 6 (AD v ND, P < 0.05; 
VaD v ND, P < 0.05). For male participants alone, the median (IQR) 
brain tissue NO2

− levels did not show any statistically significant differ-
ences between groups: AD: 0.08 (0.08–0.16) nmol/mg protein, n = 5; 
VaD: 0.10 (0.07–0.12) nmol/mg protein, n = 8; and ND: 0.08 
(0.07–0.11) nmol/mg protein, n = 9 (Supplementary Fig. 5).

4. Discussion

4.1. Hemoglobin nitration in frontal lobe brain tissue samples

We observed 3-nitrotyrosine-containing protein bands on western 
blots at 300, 60 and 18 kDa which were subsequently assigned to spe-
cific proteins by mass spectrometry analysis. The two major proteins in 
the band excised from the Coomassie gel at 60 kDa, were identified as 
pyruvate kinase and dihydropyrimidinase-related protein 2. These 
nitrated proteins were previously identified in AD brain samples by 
Butterfield et al. [62]. Also in agreement with the observations of But-
terfield et al., the 18 kDa band was identified by mass spectrometry as 
peptidyl-prolyl cis-trans isomerase A (Supplementary Table 1) [39,42,
62]. In addition to these nitrated proteins, we observed a dominant 
nitrated band at 15 kDa, and mass spectrometry analysis identified this 
band as hemoglobin. Mass spectrometry data from the excised 15 kDa 
bands were assessed according to: (a) whether the molecular weight of 
the identified polypeptide was consistent with the relevant band’s 
electrophoretic mobility, and (b) whether the ion score was high in 
relation to the other proteins identified in the band. We also went on to 
consider whether (c) the identified protein was already known to be a 
protein which is present in adult brain tissue (vide infra). The two protein 
subunits, hemoglobin-α and -β, fulfilled all these criteria and had the 
highest confidence score of 3. This does not completely exclude the 
possibility that the 15 kDa band may have contained a relatively low 
abundance protein, which was highly nitrated. However, our data 
strongly support the assignment of the nitrated 15 kDa band to hemo-
globin based on the comparative ion and emPAI scores, which were 
markedly higher than any other identified protein. Furthermore, in 
support of assigning the nitrated band to hemoglobin, a commercial 
anti-hemoglobin antibody was observed to co-localize with this nitrated 
15 kDa band in western blots of brain tissue homogenates. The detection 
of hemoglobin (an erythrocytic protein) and, moreover, the presence of 
the nitrated form of hemoglobin, in human frontal lobe brain samples 
was surprising. To our knowledge, the extent of hemoglobin nitration in 
AD brain tissue has not been reported previously.

A possible explanation for the absence of any reports of hemoglobin 
nitration, in earlier immunoblotting studies of brain tissue extracts from 
AD patients, may be the use of chemiluminescence-based detection 
techniques for the development of blots. Chemiluminescence-based 
detection methods for immunoblotting often use a horseradish 
peroxidase-labelled secondary antibody, whereby the detected lumines-
cence of antibody-stained bands is triggered by the addition of luminol 
and hydrogen peroxide. Horseradish peroxidase catalyzes the oxidation of 
luminol by hydrogen peroxide. However, hemoglobin itself displays a 
pseudo-peroxidase activity such that it acts in the same way as horseradish 
peroxidase, to produce a luminescence signal even in the absence of any 
binding of the peroxidase-labelled antibody [63]. Thus, a positively 
stained band corresponding to hemoglobin could have been dismissed as 
an artefact due to this pseudo-peroxidase activity. Conceivably, it is the 
advent of fluorescence-labelled antibodies, such as were used in the pre-
sent study, that has facilitated the identification of nitrated hemoglobin.

The presence of hemoglobin in the brain samples used in this study 
may be explained by the samples being small blocks of post-mortem 
frozen brain tissue, which were then homogenized and analyzed. 
These tissue samples will have contained blood vessels which will, in 
turn, have trapped erythrocytes with high cellular levels of hemoglobin. 
Another possibility is that the detected hemoglobin was produced by 
neurons, as rat and human neurons have been shown to express hemo-
globin [64]. It remains unclear whether the hemoglobin detected in the 
analyzed brain tissue samples was derived from erythrocytes or neurons. 
Human and rat neuronal cells also contain neuroglobin, a protein with a 
relatively close sequence homology to hemoglobin [65]. However, 
analysis of the peptide sequences identified by mass spectrometry, in the 
present study, confirmed that the protein was hemoglobin rather than 
neuroglobin.

In a limited number of patients, we also found that peripheral blood 
erythrocyte lysates from AD patients and ND control subjects contained 
a dominant nitrated 15 kDa band, which stained with an anti- 
hemoglobin antibody on western blots. Based on the analysis of west-
ern blots, the extent of hemoglobin nitration in brain samples (expressed 
relative to hemoglobin band intensity, Supplementary Fig. 2) was 
several-fold higher than in the erythrocytes (Fig. 4). However, this 
comparison between brain and erythrocyte samples was not quantita-
tive, as it is unlikely that there is preservation of the linearity of the 
concentration-response curve for the anti-hemoglobin fluorescence 
response across the entire broad range of hemoglobin concentrations in 
brain tissue and erythrocytes (relatively low concentrations of hemo-
globin in brain tissue, to the much higher concentrations in erythro-
cytes). Nevertheless, the clear increase in the proportion of nitrated 
hemoglobin in brain tissue, compared to erythrocytes, is consistent with 
nitration originating in the brain. Some of the observed hemoglobin 
nitration may have been extravascular, following the leakage of hemo-
globin into the parenchyma. Blood components may enter the brain 
tissue during micro-bleeds [66] or with increased vascular permeability 
[67]. The presence of elevated hemoglobin polypeptides in the AD 
cerebellum was reported as being a likely consequence of blood vessel 
leakage [68]. Neuroinflammation and oxidative stress in AD are asso-
ciated with extracellular iron and hemoglobin accumulation in grey 
matter brain regions [69]. ONOO− -mediated nitrative damage to he-
moglobin may be associated with the release of heme from hemoglobin 
[70]. Cellular heme is a substrate for the enzyme heme oxygenase, 
which (i) catalyzes the degradation of heme to free iron, biliverdin, and 
carbon monoxide [23] and (ii) has been implicated in the pathogenesis 
of AD [71]. Free iron has been implicated in oxidative damage as it a 
powerful catalyst of free radical reactions [72].

Brain tissue homogenates were loaded onto the gels with equal 
amounts of protein/well, as determined by the BCA assay. However, 
variable staining intensity was observed for the actin band between 
samples (Figs. 1 and 2). β-Actin is part of the cell cytoskeleton and the 
proportion of protein from cells (versus protein from the extracellular 
matrix) may vary in brain tissue samples, depending on the cellular 
density of each brain tissue biopsy. Western blotting studies by other 
researchers showed granzyme B-induced cleavage of β-actin in brains of 
rats following 10-min and 2-h focal ischemia [73]. In relation to the 
collection of post-mortem human brain tissues used in the present study, 
it is possible that the duration of ischemic episodes may have varied, 
leading to varying amounts of intact β-actin being present.

Therefore, after it had been discovered during the present study that 
the nitrated band in brain homogenates was hemoglobin, and that the 
β-actin varied between samples, normalization in the subsequent part of 
the study (Fig. 4) was based on the total hemoglobin band as detected by 
western blotting using an antibody against native hemoglobin. It was 
observed that the intensity of the hemoglobin band was less variable 
between patient samples containing the same amounts of loaded total 
protein, compared with the variability in the actin band. In a subset of 
11 brain samples, there were sufficient sample volumes to allow the 
determination of hemoglobin nitration levels when normalized in two 
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different ways: nitrated hemoglobin was normalized to the anti-actin 
fluorescence intensity, and nitrated hemoglobin was also normalized 
to the anti-hemoglobin fluorescence intensity. In this subset, there was a 
positive correlation between the nitrated hemoglobin levels when 
calculated using the two different methods for normalization (Spear-
man’s rank correlation, rs = 0.68, P < 0.05, n = 11). The median values 
(IQR) for the normalized hemoglobin band intensities, as obtained using 
the anti-hemoglobin antibody in western blots, were not significantly 
different when comparing the homogenates from AD patients and ND 
controls: AD 151.5 (98.3–210.5) AU, n = 8; VaD 171.0 (95.5–289.0) AU, 
n = 9; and ND 174.0 (139.5–297.0) AU, n = 9. Thus, there was an 
increased proportion of hemoglobin which was nitrated, rather than 
there being more hemoglobin present in AD and VaD brain samples 
compared to ND brain samples.

4.2. The extent of hemoglobin nitration is increased in frontal lobe brain 
tissue from AD and VaD patients compared to non-dementia control 
patients, but this is not the case for some of the other nitrated proteins in 
the brain

The normalized levels of the nitrated hemoglobin band were 
increased in patients with AD or VaD, compared with ND control in-
dividuals. Nitrated hemoglobin also showed increased levels in patients 
with higher Braak stages. Additional nitrated proteins observed in the 
brain samples analyzed in the present study were peptidyl-prolyl cis- 
trans isomerase (also known as cyclophilin A) and dihydropyrimidinase 
related protein 2 (Supplementary Table 1). Peptidyl-prolyl cis-trans 
isomerase has been implicated in cerebrovascular and neurodegenera-
tive pathologies [74–76]. Dihydropyrimidinase related protein 2 is 
involved in axonal growth and guidance and was shown to be signifi-
cantly increased in AD brain, suggesting a role for the impaired mech-
anism of neural network formation in AD [77]. In the present study, the 
brain tissue from AD patients exhibited significantly increased median 
levels of normalized nitration within the 18 kDa band (peptidyl-prolyl 
cis-trans isomerase) compared to ND, but there was no significant dif-
ference between VaD and ND: AD, 0.52 (0.23–3.91); VaD, 0.13 
(0.02–2.00); ND, 0.06 (0.04–0.17) AU (Mann-Whitney U test, ND v AD, 
P < 0.05; ND v VaD, P = 0.48, n = 10 in each group). For the 60 kDa 
band from frontal lobe brain tissue, which contained dihydropyr-
imidinase related protein 2, there were no statistically significant dif-
ferences between groups, in terms of the median (IQR) values of 
normalized nitration: AD, 0.19 (0.03–0.59); VaD, 0.26 (0.06–0.84); ND, 
0.13 (0.03–0.24) AU, n = 10 in each group. Similarly, the 300 kDa band, 
containing non-erythrocytic spectrin-α and -β, did not display any sta-
tistically significant differences between the groups, in relation to the 
median (IQR) values for normalized nitration: AD, 0.62 (0.17–1.62); 
VaD, 0.26 (0.07–1.00); and ND, 0.11 (0.01–0.67) AU, n = 10 in each 
group.

4.3. The extent of hemoglobin nitration is increased in erythrocytes from 
AD patients compared to non-dementia controls

The extent of hemoglobin nitration was increased in peripheral blood 
erythrocyte lysates from a small number of AD patients compared to ND 
controls. Hemoglobin is a major protein constituent of blood and per-
forms the crucial role of carrying oxygen to tissues. The slow turnover of 
erythrocyte hemoglobin (half-life of approximately 120 days) may 
explain why hemoglobin accumulates nitrative damage and acts as a 
“sink” for chemical nitrating species. Hemoglobin accumulates covalent 
chemical modifications, as demonstrated by the presence of glycated 
hemoglobin (hemoglobin A1c; HbA1c) in patients with diabetes. HbA1c 
is a useful clinical marker of long-term exposure to high glucose levels 
[78]. Thus, nitrated hemoglobin, present within both the brain and 
peripheral blood, may constitute a novel marker of long-term exposure 
to nitrative/oxidative stress in AD patients. Studies with matched sam-
ples of both brain tissue and peripheral blood erythrocytes from the 

same patients would further elucidate the involvement of nitrated he-
moglobin in blood and brain tissue.

The clinical diagnosis of AD is reliant on the exclusion of other causes 
for the decline in cognitive function/dementia and will typically allow a 
diagnosis of either ‘possible’ or ‘probable’ AD [79]. To date, the most 
accepted laboratory method for AD diagnosis in biofluids from living 
patients is the measurement of amyloid-β (1–42), total tau (T-tau), and 
phospho-tau-181 (P-tau181) in CSF, collected by lumbar punctures 
[80]. As CSF sampling is an invasive procedure, new biomarkers in more 
easily accessible bodily fluids, such as whole blood from which eryth-
rocytes can be readily isolated, continue to be sought. Blood–brain 
barrier damage in AD may promote the movement of proteins between 
brain and blood [81,82]. It has been shown that amyloid-β and tau levels 
increase in blood after crossing the blood-brain barrier [83]. Crystals 
composed of fibrils on erythrocytes were identified as biomarkers of AD 
pathology [84] along with oxidative stress indicators [85,86].

4.4. Suggested sex-dependent differences between disease and control 
groups in relation to the levels of hemoglobin nitration, NO2

− , NO3
− and 3- 

nitrotyrosine in brain tissue

We observed that when the sample population was stratified in a sex- 
based analysis, there were sex-dependent differences between AD, VaD 
and ND groups in the levels of NO2

− and hemoglobin nitration. Sex 
specific differences were also found by Sharma et al. [87], where 
advanced oxidized protein products, such as oxidized albumin, leading 
to elevated levels of carbonyl groups of albumin, were measured. AD 
females displayed lower levels of the advanced oxidation end-product, 
carboxyethyllysine, compared to AD males. Plasma levels of 3-nitrotyr-
osine were higher in male AD patients compared to healthy controls 
[87], but no such differences were observed in females. Furthermore, 
significantly higher concentrations of NO and ONOO− were observed in 
platelets from male AD patients compared to female AD patients [88]. 
Sharma et al. [87] discussed the role of anti-oxidative effects of estro-
gens and menopause, which may play a role in observed sex-specific 
differences.

4.5. Hemoglobin as a target for nitration in the AD brain, and the 
potential role of hemoglobin nitration in the pathogenesis of AD

Proteins from human AD brain tissue [34] and CSF [36] have been 
previously observed to contain 3-nitrotyrosine. Based on the observa-
tions in the present report, it appears that hemoglobin should be added 
to the list of proteins which are targeted for nitrative damage in the 
brain. Protein nitration is a post-translational modification which is 
increased under nitro-oxidative stress in vivo, with important patho-
physiological consequences associated with inflammatory, neurode-
generative, and cardiovascular disorders [89]. In the present study, 
analysis by reducing SDS-PAGE showed covalently linked dimers, and 
covalently linked tetramers, of hemoglobin. This finding is consistent 
with an earlier observation that, after hemolysis and SDS-PAGE analysis, 
free hemoglobin exists in plasma as tetramers and αβ-subunit hetero-
dimers, with a predominant dimer state [90]. Treatment of 
ultra-purified hemoglobin with H2O2 generates ferryl hemoglobin 
leading to the formation of covalently cross-linked α/β-globin dimers 
and tetramers [91]. Tyrosyl radicals can form covalent dityrosine bonds, 
leading to inter- and intra-molecular cross-linking and to ferrylhemo-
globin polymerization [92]. Under pathophysiologic conditions, 
oxidized and cross-linked hemoglobin dimers and tetramers were 
detected in human CSF [93].

Under inflammatory conditions, superoxide reacts rapidly with NO 
to form ONOO− . When hemoglobin is exposed, in vitro, to nitrating 
agents such as ONOO− , nitration occurs at Tyr-24 and Tyr-42 in 
α-globin, and at Tyr-130 in β-globin [94]. In vivo, a potential mechanism 
of 3-nitrotyrosine generation is via the MPO–H2O2–NO2

− system. Our 
results have shown that NO2

− was increased in the frontal lobe of the AD 
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brain and therefore it appears NO2
− is available in the brain as a substrate 

for MPO. Additionally, oxyhemoglobin undergoes a slow 
auto-oxidation, producing the superoxide anion radical which, in the 
presence of intracellular superoxide dismutase, yields H2O2 [95]. In the 
presence of NO2

− , which we have found here to be elevated in AD brain 
tissue, and H2O2, hemoglobin demonstrates pseudo-halide peroxidase 
activity, resulting in self-nitration [96]. H2O2 oxidizes ferric (FeIII)-he-
moglobin to ferryl (FeIV)-hemoglobin and, in the presence of NO2

− , Fe 
(IV)-hemoglobin is reduced to Fe(III)-hemoglobin with the simulta-
neous oxidation of NO2

− to the nitrating agent, nitrogen dioxide (NO2), 
thereby self-nitrating tyrosine residues within hemoglobin. Hemoglobin 
nitration has been detected in vivo by mass spectrometry in human blood 
[94] and is increased in cigarette smokers [94] and in type 2 diabetes 
[97]. However, there have been no previous reports of hemoglobin 
nitration in the human brain, and no studies of the extent of hemoglobin 
nitration in relation to AD. The self-nitration of hemoglobin may explain 
the selectivity that we have observed for the nitration of hemoglobin, in 
comparison with the level of nitration in other brain tissue proteins.

There is experimental evidence suggesting pathways by which 
nitration reactions involving hemoglobin might contribute to AD path-
ogenesis [98]. As mentioned above, extracellular hemoglobin has been 
detected in the human brain, possibly emanating from hemolysis around 
cerebral micro blood vessels [99]. Hemoglobin binds to extracellular 
amyloid-β peptide [100] via heme within hemoglobin [101]. Wu et al. 
[102] reported that hemoglobin is colocalized with amyloid-β deposits 
in the AD brain, colocalizes with senile plaques in AD brains and pro-
motes amyloid-β oligomer formation. Kummer et al. [103] reported that 
within the plaques of an AD mouse model (APP/PS1) the nitration of 
tyrosine 10 in the amyloid-β peptide caused a marked enhancement of 
amyloid-β aggregation and plaque formation. When heme binds to 
amyloid-β, the iron center of the heme-amyloid-β complex offers one 
electron to O2 and the Tyr10 residue of the amyloid-β possibly offers 
another electron [104], forming H2O2 and a radical on Tyr10 of the 
amyloid-β peptide. This tyrosyl radical can then result in amyloid-β 
aggregation or the nitration of the amyloid-β peptide [105,106]. We 
suggest that the nitration reactions within hemoglobin-amyloid-β com-
plexes, involve not only the nitration of amyloid-β, but also the 
self-nitration of hemoglobin. Dey and colleagues have reported that 
heme-bound amyloid-β peptides have peroxidase activity [107–110]. 
We suggest that the observed presence of nitrated hemoglobin in AD 
brain tissue reflects the enhanced peroxidase activity of hemoglobin that 
is colocalized with heme-bound amyloid-β peptides. Thus, in the pres-
ence of H2O2 and NO2

− , heme-bound amyloid-β peptides may catalyze 
hemoglobin nitration [111], thereby explaining the presently reported 
detection of 3-nitrotyrosine in AD brain tissue.

The accumulation of nitrated/oxidized proteins may result from 
either an increase in protein nitration/oxidation, or a decline in the 
degradation of post-translationally modified proteins, or from a com-
bination of both changes. The ubiquitin proteasome system is one of the 
most important mechanisms for degrading proteins [112–114]. Nitra-
tion targets proteins for degradation, and 3-nitrotyrosine-containing 
proteins undergo faster degradation and removal by the proteasome 
[115]. However, AD patients exhibit decreased proteasomal activity in 
the hippocampus, a particularly vulnerable area of the brain during the 
early stages of the disease [116,117]. Furthermore, the proteasome was 
inhibited by accumulated oxidized or cross-linked protein aggregates, 
leading to decreased proteasomal activity and progressive diminution of 
cellular ability to degrade oxidized proteins in AD [118,119]. Therefore, 
either an increased rate of formation of nitrated hemoglobin, and/or a 
decreased rate of removal of nitrated hemoglobin, could explain our 
current observation of an increased steady-state level of hemoglobin 
nitration in brain tissue from AD patients compared with ND control 
tissue.

The potential functional consequences of hemoglobin-catalyzed 
nitration may be relevant to AD pathogenesis through mechanisms 
which extend beyond just the deposition of amyloid-β plaques. When 

proteins are modified by post-translational modifications, thereby 
generating neoepitopes, this can lead to the production of autoanti-
bodies [120] in association with autoimmunity. Autoantibodies (tar-
geting brain proteins such as amyloid-β plaques) were detected in the 
CSF of AD patients (reviewed in Ref. [121]). It is conceivable that such 
autoantibodies are targeted to peptide/protein neoepitopes containing 
3-nitrotyrosine. However, the nitration of brain hemoglobin may not be 
specific to AD, as it may occur in other chronic inflammatory diseases. 
The synthesis of NO in the human brain is catalyzed by the nitric oxide 
synthase (NOS) isozymes: neuronal NOS (nNOS), inducible NOS (iNOS), 
and endothelial NOS (eNOS). Subsequent biochemical reactions of NO 
(see Introduction) may then cause protein nitration. Pharmacological 
intervention studies in mouse models of AD using selective inhibitors of 
NOS isozymes [122] that inhibit protein nitration [123]), as well as 
NADPH oxidase-2 inhibitors [124–126] and MPO inhibitors [127], may 
aid in defining the extent to which hemoglobin nitration plays a role in 
the pathogenesis of AD - or whether nitrated hemoglobin is a conse-
quence of the disease process.

4.6. Conclusions

Western blotting of frontal lobe brain tissue revealed that specific 
proteins were prone to nitration. Mass spectrometry analysis showed, 
surprisingly, that one of these proteins was hemoglobin - despite he-
moglobin being classically regarded as an erythrocytic protein. This 
identity was confirmed by western blotting using a commercial anti- 
hemoglobin antibody. The present study showed a significant increase 
in the extent of nitration of hemoglobin in brain tissue from AD and VaD 
patients compared to ND controls. Furthermore, the extent of hemo-
globin nitration was also increased in peripheral blood erythrocyte ly-
sates from a small number of AD patients compared to ND controls. We 
propose that increased levels of hemoglobin nitration in erythrocytes 
may be a biomarker of early AD. There are multiple functional conse-
quences of hemoglobin nitration, as discussed above, which may 
impinge on the pathogenesis of AD.
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