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Abstract.
Background: Oxidative stress in the brain and peripheral systems is considered a major player in Alzheimer’s disease (AD).
Albumin is the main transporter and the main extracellular antioxidant in the human body.
Objective: Here we explore for the first time the oxidation status of cerebrospinal fluid (CSF) and plasma albumin in AD in
comparison to healthy subjects.
Methods: Plasma and CSF samples were obtained from mild-moderate AD patients and control healthy age-matched donors.
Albumin redox state forms (reduced: HMA; reversibly oxidized: HNA1; irreversibly oxidized: HNA2) were determined by
HPLC. Albumin post-translational modifications (PTM) analysis was performed by mass spectrometry.
Results: HPLC showed less HMA in AD plasma than in controls (54.1% versus 65.2%; p < 0.0001), mainly at expense of
HNA1 (42.8% versus 32.5%; p < 0.0001). In AD CSF, HMA was drastically decreased compared to controls (9.6% versus
77.4%; p < 0.0001), while HNA2 was increased (52.8% versus 7.4%; p < 0.0001). In AD patients but not in healthy controls,
CSF albumin was much more irreversibly oxidized than in plasma (close to 20-fold increase in HNA2). PTM analysis showed
that AD CSF albumin samples behave as a differentiated cluster, thus confirming the albumin oxidative pattern observed by
HPLC.
Conclusion: CSF albumin oxidation in AD patients was dramatically increased comparing to healthy controls, while in
plasma this increase was smaller. CSF albumin in AD patients was much more oxidized than in plasma, but this effect was
not observed in healthy controls. These results suggest that albumin oxidation, especially in CSF, and its role in AD deserves
further investigation.
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INTRODUCTION

Alzheimer’s disease (AD) is the most frequent
cause of neurodegenerative dementia worldwide. The
neuropathology hallmarks of AD include the charac-
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teristic formation of senile plaques (due to abnormal
extracellular deposition of amyloid-� (A�) protein),
neurofibrillary tangles (due to intraneuronal accumu-
lation of hyperphosphorylated tau protein), cerebral
neuroinflammation mediated by microglia activation,
and development of Lewy bodies (in 50–60% of AD
cases) [1].

Additionally, oxidative stress in the brain and
peripheral nervous system has been associated with
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AD pathogenesis, which is related to the excess
A� and hyperphosphorylated tau [2]. Oxidative
stress on nervous tissue involves the generation of
excess reactive oxygen species (ROS)—free rad-
icals deriving from molecular oxygen—that may
seriously damage the brain, especially when there
is an imbalance between this reactive species and
antioxidant defenses. ROS can react with a variety of
biomolecules and may damage their structures and
functions [3].

In AD, oxidative stress triggers oxidative mod-
ification of different proteins in the brain, with
the dysfunction of these proteins likely related to
the pathology [3–5]. Consistently, in cerebrospinal
fluid (CSF) obtained from AD patients, different
oxidative stress markers (protein carbonylation and
nitration, and lipid peroxidation) have increased [4].
By proteomic approaches, oxidized forms of specific
proteins have been identified in CSF from AD (i.e.,
apolipoprotein E and alpha-1-antitrypsin among oth-
ers) [4, 6, 7]. Similarly, in plasma from AD patients,
elevated levels of protein oxidation markers have
been also observed, including albumin [4, 8–10].

Albumin is the most abundant protein in the human
body, including both plasma and CSF, and beyond its
role as volume expander and transporter, albumin is
the main extracellular antioxidant [11]. Such antiox-
idant capacity mainly relies on its Cys34 residue that
can be transformed into more oxidized forms, pre-
venting the oxidation of other entities [12]. According
to the oxidation status of the thiol group (-SH) at the
Cys34 residue, 3 forms of albumin with decreasing
antioxidant capacity can be distinguished: reduced
(human mercaptoalbumin; HMA), reversibly oxi-
dized (human nonmercaptalbumin 1; HNA1) and
irreversibly oxidized (human nonmercaptalbumin 2;
HNA2) [13]. In addition to this scavenger activity,
metal-binding properties of albumin also contribute
to its antioxidant activity.

In some diseases, such as acute-on-chronic liver
failure, an impairment of albumin non-oncotic capac-
ities has been described (i.e., antioxidant and binding
capacity). This led to the concept of ‘effective albu-
min concentration’ which is dependent upon the
functional characteristics of albumin rather than
its quantity [14]. Likewise, during aging and in
some pathological conditions such as mild cognitive
impairment and AD where oxidative stress especially
in brain is thought to be central, plasma albumin has
been found to be more oxidized [9, 11]. Neverthe-
less, the redox state of albumin in CSF has never
been addressed so far.

In the current study, the status of CSF and plasma
albumin oxidation in AD has been explored for the
first time by conducting a compared characterization
in AD patients and age-matched healthy donors.

MATERIAL AND METHODS

Sampling

Samples were baseline specimens provided by
the following centers participating in the clinical
trial EudraCT #2007-000414-36 (which results have
been published elsewhere [15, 16]): ACE Founda-
tion – Catalan Institute of Applied Neurosciences
(Barcelona, Spain), University Hospital Gregorio
Marañón (Madrid, Spain), Alzheimer’s Research
Corporation – Mid Atlantic Geriatric Association
(Manchester, NJ, USA) and Howard University
(Washington, DC, USA).

Plasma (n = 37) and CSF (n = 34) samples were
obtained from 39 mild-moderate AD patients (aged
53–78; with NINCDS-ADRDA criteria for probable
AD, and Mini-Mental State Examination (MMSE)
scores between ≥18 and ≤26; and CSF A�42 lev-
els within the reference values for AD diagnosis [17,
18]). In 32 cases, plasma and CSF samples came from
the same subject (5 plasma samples had no paired
CSF; 2 CSF samples had no paired plasma).

Control samples of plasma (n = 31, aged 48–81)
and CSF (n = 16, aged 65–81) from healthy (not diag-
nosed with AD) age-matched subjects were kindly
supplied by ACE Foundation – Catalan Institute of
Applied Neurosciences (Barcelona, Spain) from their
sample repository or purchased from Sera Laborato-
ries International Ltd (West Sussex, UK). A subset
of these control samples consisting of plasma and
CSF paired specimens both obtained from the same
subjects (n = 6, aged 66–81) were therefore used to
compare plasma and CSF results in controls.

All donors gave their informed consent in compli-
ance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for studies
involving humans.

Plasma and CSF collection procedures

The drawing of blood and lumbar puncture were
carried out following the standard techniques of each
center, with minor variations among them. Briefly,
plasma samples of up to 10 mL were obtained after
collecting peripheral blood in EDTA tubes. After gen-
tly mixing, the tubes were centrifuged at >1000 g for
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15 min to separate the plasma that was aliquoted in
cryotubes at a maximum rate of 1 mL and immedi-
ately stored at ≤–70◦C until analysis. CSF samples
of up to 15 mL were collected on poly-propylene
tubes by using a routine lumbar puncture. The tubes
were centrifuged if necessary at 2000 g for 10 min
at 4◦C and aliquoted at a maximum rate of 1 mL
in cryotubes. Once collected, CSF samples were
immediately stored at ≤–70◦C until analysis.

Experimental design

The concentration of albumin in plasma and CSF
of all samples was measured by standard laboratory
tests and verified to be similar in controls and AD
patients. In addition, the albumin quotient (CSF albu-
min / plasma albumin) was calculated to confirm the
correct function and integrity of the blood-brain bar-
rier (BBB) to be below the threshold of 8, considered
adequate for patients older than 40 years [19–21].

The redox state of albumin in the study samples
was analyzed within the following comparisons: 1)
Plasma: AD patients versus controls (unpaired sam-
ples); 2) CSF: AD patients versus controls (unpaired
samples); 3) AD patients: Plasma versus CSF (paired
samples); and 4) Controls: Plasma versus CSF (paired
samples).

The different albumin redox state forms were deter-
mined in plasma and CSF by anionic exchange high
performance liquid chromatography (HPLC), while
the determination of albumin post-translational mod-
ifications (PTMs) in terms of their identification and
quantification were performed by means of mass
spectrometry technique (MS).

Anion exchange high performance liquid
chromatography (HPLC)

To assess the redox state of albumin in plasma and
CSF, anionic exchange HPLC (Waters, Milford, MA)
with the Shodex-Asahipak ES-502N column (Showa
Denko Europe GmbH, Munich, Germany) coupled
to a fluorescent detector (Waters) was used [22, 23].
Thawed samples were filtered through 0.22 �m and
were immediately placed in the carousel of the HPLC
apparatus. All the samples were processed in parallel
to the albumin oxidation controls to ensure sample
stability during analysis.

Three albumin fractions were identified according
to the oxidation status of the thiol group at the Cys34
albumin residue: HMA, HNA1 and HNA2 forms.
Each form was normalized to the total amount of

albumin in each sample; their percentage was quanti-
fied based on peak heights (dividing the peak height
of each form by the sum of peaks height of all the
albumin forms and multiplying them by 100) using
the Empower software (Waters).

Liquid chromatography-mass spectrometry
analysis

Albumin PTMs were assessed on the intact mass
protein (top-down) by using ultra high-performance
liquid chromatography coupled to electrospray ion-
ization mass spectrometer (LC-ESI-qTOF-MS) [24].

For plasma, albumin-enriched samples were
obtained by Cibacron Blue dye (Pierce Albu-
min Depletion Kit; Thermo Fisher Scientific Inc.,
Waltham, MA, USA) diluted with ultra-pure water
(0.1% formic acid) and separated by liquid chro-
matography (Agilent 1290 Infinity UHPLC, Agilent
Technologies, Santa Clara, CA, USA). In the case of
CSF, samples were dialyzed just before chromatog-
raphy. MS analysis was subsequently carried out on
a Quadrupole Time of Flight analyzer with electro-
spray ionization source (ESI) (Agilent qTOF 6550
Jet Stream, Agilent Technologies). Albumin oxida-
tion controls were processed in parallel to samples to
ensure sample stability during analysis. Mass chro-
matograms were recorded as total ion current (TIC)
within the mass range 1180–1500 m/z (mass/charge).
ESI mass spectra were deconvoluted by using Agi-
lent BioConfirm 7.0 software (Agilent Technologies),
normalized and finally aligned with GeneSpring 13.1
software (Agilent Technologies). Isoform relative
intensity (%) was calculated by dividing the isoform
absolute intensity by the sum of all isoform absolute
intensities, expressed as percentage [25]. For every
particular analysis, a filter of frequency was applied,
thus considering only those isoforms presented in all
samples in at least one group.

The identification of albumin PTMs was per-
formed as previously described [25, 26] by analyzing
60,000–75,000 Da mass range and comparing the the-
oretical mass with the experimental value, allowing
a mass drift of 10 Da (Agilent BioConfirm software).

Statistical analysis

Variables are expressed as the mean and stan-
dard deviation (SD) or median and interquartile
range (IQR) as appropriate. Paired or unpaired
Student’s t-tests (or Wilcoxon / Mann-Whitney
tests, respectively) were used for the comparisons.
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Fig. 1. Albumin oxidation in plasma and cerebrospinal fluid (CSF) from controls (healthy age-matched donors) and Alzheimer’s disease (AD)
patients. The subfigures show HPLC analysis of the reduced albumin form HMA, the reversible oxidized form HNA1 and the irreversible
oxidized form HNA2 in plasma (a) and CSF (b) samples. Data are shown as median ± interquartile range. Unpaired t test (∗∗∗p < 0.001;
∗∗∗∗p < 0.0001; AD versus control).

Benjamini-Hochberg’s correction for multiple com-
parisons was applied when comparing differences in
albumin PTMs relative abundance between groups.

Principal Component Analysis (PCA) and unsu-
pervised hierarchical cluster analysis (HCA) multi-
variant techniques were used to identify a pattern
between samples based on aligned, normalized and
log2 transformed MS data. HCA of all PTMs was per-
formed with Euclidian correlation distance, followed
by dendrogram formation using Ward’s linkage.
Analyses were conducted using Mass Profiler Pro-
fessional (v. 14.5) from Agilent Technologies.

In order to examine the magnitude of the dif-
ferences in albumin oxidation status between AD
patients and healthy controls, the effect sizes based
on standardized differences between mean scores
were calculated (Cohen’s delta, [27]). As previously
described [27], effect sizes of 0.20, 0.50, and 0.80
were considered small, medium, and large, respec-
tively.

Software used for charting and calculations was
Microsoft Excel 2010 (Microsoft Corporation, Red-
mond, WA, USA), Graph-Pad Prism v6 (San Diego,
CA, USA) and GeneSpring 13.1 (Agilent Technolo-
gies).

RESULTS

Albumin oxidation assessed by HPLC

The concentration of total albumin in con-
trols and AD patients was similar in plasma
(36.9 ± 5.6 mg/mL and 39.1 ± 5.7 mg/mL, respec-
tively), as well as in CSF (0.230 ± 0.173 mg/mL and
0.260 ± 0.190 mg/mL, respectively). Percentages of

the three forms of albumin redox state (HMA, HNA1
and HNA2) assessed by HPLC are summarized in
Fig. 1. Globally, it can be observed that albumin was
maximally oxidized in AD CSF (lowest HMA and
highest HNA2).

Plasma albumin from AD patients showed a
moderate but significant reduced form HMA than
healthy controls (54.1% versus 65.2%, p < 0.0001,
Cohen’s delta: 1.8, Fig. 1a), mainly at the expense
of the increased reversible oxidation form HNA1
(42.8% versus 32.5%, p < 0.0001, Cohen’s delta: 1.7,
Fig. 1a). Interestingly, CSF albumin from AD patients
showed a marked decrease in the reduced form
HMA in comparison to controls (Fig. 1b), with both
the reversible and the irreversible oxidation forms
increased (Fig. 1b). Of note, in AD CSF, HMA was
around 8-fold lower (9.6% versus 77.4%, p < 0.0001,
Cohen’s delta: 3.9) and HNA2 was around 7-fold
higher (52.8% versus 7.4%, p < 0.0001, Cohen’s
delta: 3.1) when compared to controls (Fig. 1b).

When comparing paired plasma and CSF albumin
oxidation (from the same subject) within groups, CSF
albumin from AD patients was found much more oxi-
dized than in plasma (Table 1). A marked decrease in
the reduced fraction (HMA) and a close to 20-fold
increase in the irreversible oxidized form HNA2 can
be observed (Table 1). Conversely, this effect was not
found in healthy controls, where the reduced albumin
form was increased in CSF with respect to plasma
(Table 1).

Global MS data analysis

Figure 2 shows representative mass spectra of
plasma and CSF samples from AD patients and
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Table 1
Albumin oxidation in paired plasma and CSF from controls (healthy age-matched donors) and Alzheimer’s

disease (AD) patients assessed by HPLC analysis. The percentages of the reduced (HMA), reversible
oxidized (HNA1), and irreversible oxidized (HNA2) forms of albumin, in plasma and cerebrospinal

fluid (CSF) samples from the same subject, are shown (controls n = 6 and AD n = 32; median ±
interquartile range)

Plasma CSF p value Cohen’s delta

Controls
HMA 65.5% [63.3%–66.2%] 86.4% [79.8%–92.6%] 0.0313 3.4
HNA1 32.2% [31.4%–34.3%] 10.0% [5.6%–14.1%] 0.0313 5.1
HNA2 2.6% [2.2%–2.8%] 3.8% [1.9%–6.2%] 0.4375 0.9

AD
HMA 54.0% [48.1%–58.5%] 9.6% [6.3%–17.0%] <0.0001 4.3
HNA1 43.1% [39.0%–48.7%] 33.2% [30.6%–40.4%] 0.0003 1.0
HNA2 2.9% [2.5%–3.3%] 52.8% [43.2%–62.8%] <0.0001 5.0

controls. The deconvoluted ESI mass spectra of
albumin were obtained from the multicharged mass
spectra to enable the identification of different protein
isoforms.

As shown in Fig. 2, the following PTMs were
identified: Native albumin (Alb-SH; a representa-
tive form of HMA fraction with the reduced thiol
group, 66,440 Da), Alb+Cys (a representative form
of HNA1 fraction, with cysteinilation of Cys34
through a reversible disulphide bond, +119 Da), and
Alb+SO2H (a representative form of HNA2 fraction
involving the oxidation of Cys34 to sulfinic acid,
+32 Da). In addition to the forms explained above,
the method allowed the tentative identification of dif-
ferent modifications such as other oxidized forms
(i.e., Alb+SO3H), glycated (Alb+Glyc) and truncated
(Alb-DA) isoforms.

Importantly, the MS analysis of albumin PTMs in
AD CSF revealed a distinctive mass spectra profile,
which was mainly related to those peaks corre-
sponding to albumin oxidation isoforms (Alb+Cys,
Alb+SO2H and Alb+SO3H) (Fig. 2).

Principal component analysis (PCA) scores based
on 17 albumin PTMs are shown in Fig. 3a. The
Component 1 versus Component 2 plot showed that
samples from the same group clustered together,
showing a good separation between CSF and plasma
albumin from AD patients as well as from CSF albu-
min from controls, while plasma albumins from both
AD and controls would present some similarities
(Fig. 3a). The Component 1 and the Component 2
accounted for 35.67% and the 25.79% of the origi-
nal observation variance, respectively. An additional
PCA analysis only based on 4 albumin oxidation
related PTMs (Alb-SH, Alb+Cys, Alb+SO2H and
Alb+SO3H) showed similar separation, its two prin-
cipal components accounting for a total variance of
93.42% (data not shown).

Consistently, hierarchical clustering (Fig. 3b) high-
lighted that plasma samples from AD and controls
are more similar than CSF samples, either from AD
or controls, whose PTM profile would differ much
more.

Albumin oxidation assessed by MS

When focusing on the representative albumin oxi-
dation forms obtained by MS (Alb-SH, Alb+Cys and
Alb+SO2H), the analysis of these modifications con-
firmed the albumin oxidative pattern observed by
HPLC analysis (see Fig. 4).

Plasma AD albumin showed a significantly higher
oxidation profile than plasma albumin from con-
trols (lower Alb-SH and higher Alb+Cys; 41.6%
versus 50.5%, p < 0.0001, Cohen’s delta: 2.0, and
25.8% versus 19.4%, p < 0.0001, Cohen’s delta: 1.4
(respectively); Fig. 4a, b). In CSF, AD albumin is
much more oxidized than in controls. Specifically,
Alb+Cys (11.8% versus 3.3%, p < 0.0001, Cohen’s
delta: 2.5) and especially Alb+SO2H (20.7% ver-
sus 5.7, p < 0.001, Cohen’s delta: 2.4) are markedly
increased at the expense of Alb-SH form (21.0% ver-
sus 55.6%, p < 0.0001, Cohen’s delta: 4.0) (Fig. 4).
Again, comparisons between CSF and plasma
albumin within the same group of AD patients
showed increased albumin oxidation modifications
(lower Alb-SH and increased Alb+SO2H) in CSF
(Fig. 4a, c).

DISCUSSION

Oxidative stress in AD patients induces the dys-
function of a variety of proteins in the brain and
blood, including albumin [4, 6, 8, 9, 11]. Albumin
is the main extracellular antioxidant in the human
body as well as the most abundant protein in CSF and
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Fig. 2. Representative deconvoluted mass spectra from controls (healthy age-matched donors) and Alzheimer’s disease (AD) patients (in
both plasma and cerebrospinal fluid [CSF]). In addition to the native albumin (Alb-SH), cysteinylation of the Cys34 residue (Alb+Cys)
and sulfinylation of the Cys34 residue (Alb+SO2H); the following structural alterations were detected: truncation of the last two aminoacid
residues at the N-terminal (Alb-DA); glycation (Alb+Glyc) and the sulfonylation of the Cys34 residue (Alb+SO3H).

plasma; therefore, characterization of albumin oxida-
tion status in these body compartments may provide
key insights to the understanding of AD pathogenesis
and involvement of oxidative stress. In our study, we
found that globally, albumin was more oxidized in
AD patients than in healthy controls, and this effect
was much stronger in CSF than in plasma.

Different studies regarding protein oxidation in AD
patients have been conducted over the past several
years. Most of these studies found that in CSF, there
is an increase in protein modifications by oxidation,
such as in coenzyme Q-10 [6, 7]. By contrast, in other
studies the protein studied, such as transthyretin,
is less oxidized in AD patients [28]. However, all
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Fig. 3. Scores from Principal Component Analysis (PCA) decomposition (a) and hierarchical clustering analysis (b) of mass spectra of
albumin post-translational modifications (PTMs) to compare within- and between-group variation datasets.

Fig. 4. MS results of representative albumin oxidation forms (Alb-SH, Alb+Cys, and Alb+SO2H) in plasma and cerebrospinal fluid (CSF)
from controls (healthy age-matched donors) and Alzheimer’s disease (AD) patients. The subfigures show relative intensities (%) of the native
albumin (Alb-SH) (a), the cysteinylation of the Cys34 residue (Alb+Cys) (b), and sulfinylation of the Cys34 residue (Alb+SO2H) (c). Data
are shown as median ± interquartile range. Unpaired t test: (∗∗∗∗p < 0.0001; AD versus Control); Paired t test: (####p < 0.0001; AD CSF
versus AD Plasma).

the proteins described in these papers are present
in lower levels than albumin. When examining AD
patients versus healthy controls in our study, we
observed that plasma albumin was more oxidized in
AD patients than in controls in around 10 percentage
points, mainly due to an increase in the reversible
oxidized albumin form HNA1. These results confirm
those described previously by Greilbelger et al. [9],
showing an increase in plasma albumin disulphide
(Alb-SSR, also called HNA1) in patients with AD and
mild-cognitive impairment, based on a similar HPLC
approach. Oxidative damage to plasma lipids and pro-
teins has been described as an important event in the
pathogenesis of neurodegenerative diseases such as
AD. Although plasma Alb-SSR can be a useful indi-

cator of oxidative stress, it is not considered a specific
marker for neurodegenerative disease such as AD [9].

In CSF, albumin was also more oxidized in AD
patients than in controls, but this time much more evi-
dent; the irreversibly oxidized albumin (HNA2) was
predominant in AD patients, whereas in controls the
predominant form is the reduced one (HMA). Previ-
ous studies in subjects of different ages, including an
older group with a similar age range than our subjects
(mean ± SD: 65.4 ± 8.3), reported results of albumin
oxidation similar to those observed in our controls,
using an HPLC technique [29]. This would support
the validity of our control measurements. In addition,
to our knowledge no previous data exists on CSF albu-
min oxidation status in AD patients, where oxidative
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stress seems to play a key role especially in the brain.
Nevertheless, an increase of CSF albumin oxidation
has been described in patients undergoing ischemic
stroke, a known trigger of oxidative stress [30].

This is the first study in which albumin intact mass
LC-MS analysis is applied to AD patients. The global
MS analysis (based on PCA and hierarchical clus-
tering) of albumin post-translational modifications
confirmed that CSF from AD patients and controls
formed clearly differentiated clusters. In addition, the
analysis of discrete post-translational modifications
related to albumin oxidation (Alb-SH, Alb+Cys and
Alb+SO2H) confirmed the albumin oxidation status
shown by HPLC analysis, both in plasma and CSF of
AD patients and controls.

When focusing on the albumin oxidation status of
CSF versus plasma within each group (AD patients
and healthy controls), the most striking point was
the significant decrease observed in albumin reduced
form HMA within AD patients, which was not shown
in healthy controls. This different degree of oxidation
in both fluids from AD patients suggests that the com-
munication of both compartments is restricted, with
a higher oxidative environment present in the brain
and peripheral nervous system than in plasma.

Regarding study limitations, the cohorts of sub-
jects studied were relatively small (particularly in
the paired plasma-CSF comparison of healthy con-
trols), between 6 and 37 individuals. This could be
especially relevant in PCA analysis where the com-
bination of multiple variables and a reduced sample
size might cause an overfitting; however, it is impor-
tant to note that we have been able to reproduce the
results considering only four variables. Nevertheless,
a larger sample should be tested to confirm our results,
as well as the analysis of samples from other neurode-
generative and non-neurodegenerative disorders.

Aside from these limitations, these results may be
of particular interest since one of the major concerns
in AD is the need for a test or procedure with diagnos-
tic or theragnostic power. In fact, albumin oxidized
forms (HNA1 and HNA2, alone or in combination)
have been described as markers of systemic oxidative
stress in different pathologies [22, 31, 32].

In patients with probable AD, a pathophysiologic
imbalance in favor of oxidants against antioxidants
has been shown in blood/plasma [8–10, 33–36] as
well as in CSF/brain [4, 6, 7]. Due to is closeness
to the central nervous system, CSF is the most logi-
cal source to look for biomarkers directly related to
AD pathology, although recognizing that its collec-
tion is invasive. Even accepting that the CSF volume

is relatively small and with a low protein concentra-
tion, albumin is the most abundant protein in CSF
(around 0.2 mg/ml) [37] and the main extracellular
antioxidant. Nevertheless, studies of albumin PTMs,
oxidation status or functional roles in CSF of AD
patients are lacking. In our study, the analysis of albu-
min oxidation status as well as the study of PTMs
showed a very marked oxidation of albumin in CSF.
If this albumin oxidation status is a marker of oxida-
tive stress in AD patients, that could in turn reflect
either disease stages, or has theragnostic potential,
it deserves further investigation. Albumin is the main
extracellular antioxidant in both plasma and CSF, and
our results indicate that in these two compartments
albumin from AD patients has a reduced antioxidant
activity, being much more altered in the CSF.

CSF albumin comes mainly from plasma, where
it is synthesized by the liver in its native form,
although it may also be directly originated in the
microglia [38, 39]. After secretion and under an
oxidative environment, albumin can be transformed
into more oxidized forms, having an impact on
albumin distribution and metabolism: albumin trans-
porters mainly recognize native albumin whereas an
increased catabolism has been described for modi-
fied albumins via specific scavenger receptors [39].
Therefore, it can be deduced that the oxidation pro-
cess observed in AD CSF albumin is undergone inside
the brain. To our knowledge, it is uncertain if this
CSF oxidized albumin in the brain has a pathogenic
function in AD, apart from those derived from the
oxidative stress unbalance. Likewise, an increase in
the reversible oxidized albumin form, both in CSF
and plasma, has been observed in our study, which
deserves further investigation taking into account that
some pro-inflammatory effects of the reversible oxi-
dized albumin have been recently described [40]. All
in all, understanding the role of albumin in the patho-
biology of AD, not only in context of oxidative stress
and oxidation imbalance but also taking into account
its role as a carrier protein, may be useful for the
design of new therapies.

Also, it is worth mentioning that different
approaches, including plasma-based therapies, are
under investigation in AD. Among them, a new thera-
peutic approach including plasma exchange (removal
of the patient’s plasma that may carry known and
unknown pathological factors such as the amyloid-�
bound to albumin) and replacement with therapeu-
tic albumin (Albutein®, Grifols) is being evaluated.
Previous Pilot/Phase II studies using this approach
showed encouraging results [15, 16] that lead to the
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initiation of a Phase IIB/III study (AMBAR trial,
NCT01561053).

In conclusion, results from the present study have
shown for the first time that CSF albumin of AD
patients was significantly more oxidized than in
healthy subjects. Such effect was less evident in
plasma albumin. These data confirm that oxidative
stress is crucially involved in AD, thus supporting
the need for further research to better understand the
role of albumin in this pathology.
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Schuller E, Sindic CJM, Thompson EJ, Trojano M, Wurster
U (1994) Cerebrospinal fluid in the diagnosis of multiple

https://www.j-alz.com/manuscript-disclosures/18-0243
https://www.j-alz.com/manuscript-disclosures/18-0243


1404 M. Costa et al. / Albumin Oxidation in Alzheimer’s Disease

sclerosis: A consensus report. J Neurol Neurosurg Psychi-
atry 57, 897-902.

[20] Blennow K, Fredman P, Wallin A, Gottfries CG, Karlsson I,
Langstrom G, Skoog I, Svennerholm L, Wikkelso C (1993)
Protein analysis in cerebrospinal fluid. II. Reference values
derived from healthy individuals 18-88 years of age. Eur
Neurol 33, 129-133.

[21] Tibbling G, Link H, Ohman S (1977) Principles of albumin
and IgG analyses in neurological disorders. I. Establishment
of reference values. Scand J Clin Lab Invest 37, 385-390.

[22] Oettl K, Marsche G (2010) Redox state of human serum
albumin in terms of cysteine-34 in health and disease. Meth-
ods Enzymol 474, 181-195.

[23] Soejima A, Matsuzawa N, Hayashi T, Kimura R, Ootsuka T,
Fukuoka K, Yamada A, Nagasawa T, Era S (2004) Alteration
of redox state of human serum albumin before and after
hemodialysis. Blood Purif 22, 525-529.

[24] Kawakami A, Kubota K, Yamada N, Tagami U, Takehana K,
Sonaka I, Suzuki E, Hirayama K (2006) Identification and
characterization of oxidized human serum albumin. A slight
structural change impairs its ligand-binding and antioxidant
functions. FEBS J 273, 3346-3357.

[25] Naldi M, Giannone FA, Baldassarre M, Domenicali M,
Caraceni P, Bernardi M, Bertucci C (2013) A fast and
validated mass spectrometry method for the evaluation of
human serum albumin structural modifications in the clini-
cal field. Eur J Mass Spectrom (Chichester) 19, 491-496.

[26] Domenicali M, Baldassarre M, Giannone FA, Naldi M, Mas-
troroberto M, Biselli M, Laggetta M, Patrono D, Bertucci C,
Bernardi M, Caraceni P (2014) Posttranscriptional changes
of serum albumin: Clinical and prognostic significance in
hospitalized patients with cirrhosis. Hepatology 60, 1851-
1860.

[27] Cohen J (1988) Statistical Power Analysis for the Behav-
ioral Sciences, Lawrence Erlbaum Associates, Hillsdale,
N.J.

[28] Biroccio A, Del Boccio P, Panella M, Bernardini S, Di Ilio C,
Gambi D, Stanzione P, Sacchetta P, Bernardi G, Martorana
A, Federici G, Stefani A, Urbani A (2006) Differential post-
translational modifications of transthyretin in Alzheimer’s
disease: A study of the cerebral spinal fluid. Proteomics 6,
2305-2313.

[29] Matsuyama Y, Hayashi T, Terawaki H, Negawa T, Terada
T, Okano Y, Era S (2009) Human astrocytes and aortic
endothelial cells actively convert the oxidized form of albu-
min to the reduced form: Reduced albumin might participate
in redox regulation of nerve and blood vessel systems.
J Physiol Sci 59, 207-215.

[30] Moon GJ, Shin DH, Im DS, Bang OY, Nam HS, Lee JH,
Joo IS, Huh K, Gwag BJ (2011) Identification of oxidized
serum albumin in the cerebrospinal fluid of ischaemic stroke
patients. Eur J Neurol 18, 1151-1158.

[31] Oettl K, Stauber RE (2007) Physiological and pathological
changes in the redox state of human serum albumin critically
influence its binding properties. Br J Pharmacol 151, 580-
590.

[32] Stauber RE, Spindelboeck W, Haas J, Putz-Bankuti
C, Stadlbauer V, Lackner C, Oettl K (2014) Human
nonmercaptalbumin-2: A novel prognostic marker in
chronic liver failure. Ther Apher Dial 18, 74-78.

[33] Casado A, Encarnacion Lopez-Fernandez M, Concepcion
Casado M, de La Torre R (2008) Lipid peroxidation and
antioxidant enzyme activities in vascular and Alzheimer
dementias. Neurochem Res 33, 450-458.

[34] Guidi I, Galimberti D, Lonati S, Novembrino C, Bamonti F,
Tiriticco M, Fenoglio C, Venturelli E, Baron P, Bresolin N,
Scarpini E (2006) Oxidative imbalance in patients with mild
cognitive impairment and Alzheimer’s disease. Neurobiol
Aging 27, 262-269.

[35] Ihara Y, Hayabara T, Sasaki K, Fujisawa Y, Kawada R,
Yamamoto T, Nakashima Y, Yoshimune S, Kawai M, Kibata
M, Kuroda S (1997) Free radicals and superoxide dismutase
in blood of patients with Alzheimer’s disease and vascular
dementia. J Neurol Sci 153, 76-81.

[36] Sinclair AJ, Bayer AJ, Johnston J, Warner C, Maxwell SR
(1998) Altered plasma antioxidant status in subjects with
Alzheimer’s disease and vascular dementia. Int J Geriatr
Psychiatry 13, 840-845.

[37] Thompson EJ (2005) The roster of CSF proteins. In Pro-
teins of the Cerebrospinal Fluid: Analysis and interpretation
in the Diagnosis and Treatment of Neurological Disease,
Academic Press, London, UK.

[38] Ahn SM, Byun K, Cho K, Kim JY, Yoo JS, Kim D, Paek
SH, Kim SU, Simpson RJ, Lee B (2008) Human microglial
cells synthesize albumin in brain. PLoS One 3, e2829.

[39] Merlot AM, Kalinowski DS, Richardson DR (2014) Unrav-
eling the mysteries of serum albumin-more than just a serum
protein. Front Physiol 5, 299.

[40] Magzal F, Sela S, Szuchman-Sapir A, Tamir S, Michelis
R, Kristal B (2017) In-vivo oxidized albumin- a pro-
inflammatory agent in hypoalbuminemia. PLoS One 12,
e0177799.


