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Abstract: Increased levels of oxidized proteins with aging have been considered a cardiovascular 

risk factor. However, it is unclear whether oxidized albumin, which is the most abundant serum 

protein, induces endothelial damage. The results of this study indicated that with aging pro-

cesses, the levels of oxidized proteins as well as endothelial microparticles release increased, a 

novel marker of endothelial damage. Among these, oxidized albumin seems to play a principal 

role. Through in vitro studies, endothelial cells cultured with oxidized albumin exhibited an 

increment of endothelial damage markers such as adhesion molecules and apoptosis levels. 

In addition, albumin oxidation increased the amount of endothelial microparticles that were 

released. Moreover, endothelial cells with increased oxidative stress undergo senescence.  

In addition, endothelial cells cultured with oxidized albumin shown a reduction in endothelial cell 

migration measured by wound healing. As a result, we provide the first evidence that oxidized 

albumin induces endothelial injury which then contributes to the increase of cardiovascular 

disease in the elderly subjects.
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Introduction
Aging is associated with well-known changes in protein conformation that are involved 

in aging-related disease. Among this modification, probably the protein oxidation 

is the most relevant mechanism of pathogenesis in the elderly subjects. Oxidative 

modifications generally cause loss of catalytic or structural function in the affected 

proteins; it is likely that the level of oxidatively modified proteins observed during 

aging will have serious deleterious effects on cellular and organ function.1,2 Although 

the oxidative damage to nucleic acids is subject to repair by highly efficient exci-

sion/insertion mechanisms, the repair of damaged to proteins appears limited to the 

reduction of oxidized derivatives.3,4 Damaged proteins are targeted for degradation 

to amino acid constituents by the action of various endogenous proteases, especially 

the 20s proteasome.3,4 However, the age-related accumulation of oxidized proteins 

may reflect age-related increases in rates of reactive oxygen species (ROS) genera-

tion, decreases in antioxidant activities, or losses in the capacity to degrade oxidized 

proteins.2 Therefore, the importance of protein oxidation in aging is supported by the 

observation that levels of oxidized proteins increase with subject age.5

ROS can react directly with the protein or they can react with others molecules (such 

a sugars and lipids). This generates products which then react with the protein. Many 

of reactions are mediated by free radicals.6 Proteins are major targets for ROS because 

of their abundance in biological systems. In addition, proteins are primarily responsible 

for most functional processes within the cells. The major protein present in the plasma is 

albumin, which constitutes ~55% of the plasma proteins.7 As a result, it is most susceptible 
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to suffer an oxidative process.8 In this manner, the oxidation of 

albumin may cause endothelial damage. Nevertheless, there are 

no studies analyzing the effects of oxidized albumin in aging, 

and as a consequence endothelial damage.

It is now recognized that the oxidative modification of 

proteins by reactive species, especially ROS, is implicated in 

the etiology or progression of an important number of diseas-

es.9 Compared to control samples, proteins are more oxidized 

in tissues of animals and patients suffering from Alzheimer’s 

disease, rheumatoid arthritis, atherosclerosis, or amyotrophic 

lateral sclerosis.10 Oxidized proteins are also associated with 

aging-related diseases and diabetes,5,11 neurodegenerative 

diseases (Alzheimer’s),9,12 and cardiovascular diseases among 

others.13–15 In addition, cardiovascular diseases show a signifi-

cantly elevated mortality in elderly patients and have been asso-

ciated with endothelial cell injury. Furthermore, cardiovascular 

diseases have been proven to cause a decline in endothelial 

function.16 Specifically, age-related endothelial dysfunction 

has been characterized in animals and humans.17 In addition, 

oxidized proteins have been demonstrated to be a critical con-

tributor to the development of atherosclerosis, contributing to 

the formation, progression, and complications of atherosclerotic 

plaques.18 Noteworthy, in another study, oxidized proteins lead 

to endothelial dysfunction.19 As a result, there is great inter-

est in studying new target therapies to prevent or reverse the 

aging-induced oxidative stress in endothelial cells.

Furthermore, microparticles (MPs) have been used as 

biomarkers of cells damage and activation.20,21 MPs are a 

heterogeneous population of small membrane fragments 

shed from various cell types. The endothelium is one of the 

primary targets of circulating MPs, and MPs isolated from 

blood have been considered biomarkers of vascular injury and 

inflammation.20,22–24 Endothelial damage and the release of 

membrane MPs are key steps in the pathogenesis and develop-

ment of some diseases associated with damaged vasculature.25 

In this regard, adhesion molecules, including intercellular 

adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1), are secreted by activated endothelial 

cells in atherosclerotic lesions, stimulating immune cell and 

monocyte recruitment and migration into the intimal area of 

the vascular wall.26,27 Besides, endothelial cell apoptosis is 

also implicated in a number of cardiovascular conditions.27

Several studies support a role of cellular senescence in 

aging-associated diseases.28 Cellular senescence is a process 

in which cells cease dividing and undergo distinctive phe-

notypic alterations. Senescent endothelial cells are usually 

observed in a wide variety of diseases such as cardiovascular 

diseases. Senescence contributes to the overall decline 

in tissue regenerative potential that occurs with aging. 

Furthermore, an accelerated senescence in endothelial cells 

has been proposed to explain the premature apparition of 

cardiovascular diseases.

As a result, this study has determined whether the levels 

of oxidized proteins in sera may be involved with markers 

of endothelial damage associated with aging. In addition, the 

study also determines whether the aforementioned damage 

may be induced by the oxidation of the albumin.

Materials and methods
Patients and sample collection
study population
Participants in the study were recruited from the Alcala 

University. All participants were volunteers who had submit-

ted written informed consent to participate in the study and 

advance approval was obtained from the ethical committee 

of the Universidad de Alcalá. The study was performed in 

accordance with the World Medical Association Declaration 

of Helsinki. In all cases, the subjects have clinical history 

of age-related diseases such as type 2 diabetes mellitus, 

cardiovascular disease, renal disease, or cancer.

The study population included 16 subjects. The con-

trol group consisted of seven young healthy subjects aged 

between 28 and 31 years and who were comparable in sex 

and with nonsmoking habits. The elderly group consisted of 

eight healthy subjects aged between 75 and 82 years and who 

were also comparable in sex and with nonsmoking habits.

Plasma extraction
Peripheral blood samples were collected from patients in the 

morning using EDTA-coated tubes. Samples were centri-

fuged for 15 minutes at 1,200 rpm. Plasma was transferred 

into a new tube and stored at -20°C until use.

Culture cells
Primary human umbilical vein endothelial cells (HUVECs; 

ATTC Cat Number PCS-100-010) were cultured in endothe-

lial growth media (EGM) from Lonza (Basel, Switzerland), 

supplemented with 10% FBS (heat inactivated). Culturing con-

ditions were 37°C, 5% CO
2
, and 95% humidity. HUVECs were 

used for experiments between passages 2 and 7. Previously, 

HUVECs were serum-deprived overnight before treatments.

Determination of endothelial microparticles 
(eMPs) in plasma and endothelial cells
Plasma
Platelet-free plasma was obtained by centrifugation at 

1,500 rpm for 10 minutes at room temperature, followed by 

an additional centrifugation at 15,000 rpm for 30 minutes in 
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order to separate the MPs. MPs were resuspended in PBS to 

determinate the number of endothelial microparticles (EMPs) 

as described in the following section.

The MPs from plasma were incubated with monoclonal 

antibody against phycoerythrin (PE)-labeled anti-CD31 (as 

an endothelial marker; BD Bioscience, San Jose, CA, USA), 

followed by incubation with fluorescein isothiocyanate–

conjugated (FITC) Annexin-V kits according to the manu-

facturer’s instructions (BD Bioscience). The negative control 

was obtained using the anti-isotype antibodies. An equal 

volume of flow count calibrator beads (Beckman Coulter, 

Marseilles, France) were added. Fluorescence-activated cell 

sorter analysis was performed in an Accuri C6 flow cytometer 

(BD Bioscience).

endothelial cells (hUVeC)
Culture supernatants from endothelial cells treated with 

native and oxidized albumin for 24 hours were collected 

and cleared from detached cells and cell fragments by cen-

trifugation at 1,500 rpm for 10 minutes at room temperature. 

The supernatants were then subjected to centrifugation at 

15,000 rpm for 30 minutes. Pelleted EMPs were resuspended 

in PBS and then quantified. An equal volume of flow count 

calibrator beads (Beckman Coulter) was added. The EMPs 

in HUVEC were determined and quantified in an Accuri 

C6 flow cytometer (BD Bioscience) using forward scat-

ter intensity value (size) and side scatter intensity value 

(granularity).

Preparation of oxidized albumin
Albumin (Albutein 20%; GRIFOLS, Barcelona, Spain) 

was diluted to 0.1 mg protein/mL with EDTA-free PBS and 

incubated with CuSO
4
 (10 µmol/L) for 18 hours at 37°C. 

At the end of incubation, 0.1 mmol/L EDTA was added to 

prevent further oxidation.29 Oxidized albumin was diluted to 

20 mg/mL in PBS. Either native albumin or oxidized albumin 

was added at a final concentration of 2 mg/mL.30

Determination of plasma AOPPs
Plasma concentrations of advanced oxidation protein 

products (AOPPs) were measured in duplicate using a com-

mercially available ELISA kit (CUSABIO, Wuhan, Hubei, 

People’s Republic of China, Cat Number CSB-E09925h) 

following the manufacturer’s protocol.

Protein carbonyl assay (OxyBlot)
OxyBlot analysis was performed, according to manufac-

turer’s specifications (Millipore, Billerica, MA, USA), to 

identify carbonyl groups that are introduced into the amino 

acid side chain after oxidative modification of proteins. The 

level of protein oxidation was determined by an Oxidized 

Protein Detection Kit (OxyBlot, Chemicon, Billerica, MA, 

USA, Cat# S7150-Kit). The OxyBlot kit derivatizes carbonyl 

groups to a 2,4-dinitrophenylhydrazone (DNP) moiety. The 

DNP moiety can then be detected using anti-DNP antibodies 

and is a method to assay for one form of oxidative damage 

to a protein. The proteins were derivatized as per the proto-

col given in the kit. These proteins were separated on 10% 

SDS-PAGE gels and transferred membranes were washed in 

washing buffer (PBS with 0.2% Tween-20). Protein bands 

were visualized with Luminata Crescendo Western HRP 

Substrate (Millipore).

sample preparation and bidimensional 
electrophoresis (2D PAge)
The samples used (native and oxidized albumin) for the 

identification of carbonylated proteins were prepared for 

analysis by two-dimensional gel electrophoresis.

First, both native and oxidized albumin were precipitated 

with acetone overnight at -20°C. The following day, aliquots 

of solubilized samples containing 500 µg of proteins were 

mixed with sample buffer containing 30 mM DTT, 0.5% 

v/v ampholytes (Biolytes pH 3–10; Bio-Rad, Hercules, CA, 

USA), and 0.001% w/v bromophenol blue to a total volume 

of 300 µL and loaded on IPG strips (17 cm, pH range: 4–7; 

Bio-Rad) for protein electrofocusing in a Protean IEF cell 

system (Bio-Rad). Strips were passively rehydrated for 2 

hours at 20°C, and then the voltage was gradually increased 

(30–8,000 V) till it reached 60,000 Vh.

Prior to the separation of proteins according to their 

molecular weight, strips were equilibrated for 20 minutes 

in equilibration buffer (6 M urea, 1.5 M Tris–HCl pH 8.8, 

2% SDS, and 20% glycerol) containing 2% DTT, followed 

by 20 minutes in equilibration buffer containing 135 mM 

iodoacetamide. Second-dimension separation was performed 

in polyacrylamide Mini-Protean TGX precast gel (BioRad) 

using a Mini-Protean tetra cell (Bio-Rad). Gels were run at 

a constant current intensity of 60 mA during 3 hours. A total 

of two gels were performed for each condition from two 

different biological samples.

gel staining, image acquisition, and analysis
Two-dimensional gels were stained with Coomassie bril-

liant blue G-250 (Bio-Rad) for 24 hours (according to the 

study by Herbert et al),31 and then destained by washing 

with 0.1 M Tris–H
3
PO

4
 (pH 6.5) for 5 minutes, followed by 

1 minute with 25% v/v methanol and finally 5 minutes with 

20% w/v ammonium sulfate. Gels were digitized using a 
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GS-800 calibrated densitometer (Bio-Rad) and the images 

analyzed with the PDQUEST software 8.0.1 (Bio-Rad), 

using spot-by-spot manual matching between the studied 

conditions.

endothelial adhesion molecules expression
Expression of VCAM-1 and ICAM-1 were measured from 

endothelial cells treated with vehicle and different doses 

of native and oxidized albumin for 24 hours. After treat-

ment, HUVECs were obtained by mechanical disruption 

and washed once with PBS 1×. Next, 10 µL VCAM-1 

(CD106-PE conjugate, BD Pharmingen [BD Pharmingen, 

San Diego, CA, USA]) and 10 µL ICAM-1 (MHCD5401-

FITC conjugate, Invitrogen, Waltham, MA, USA) antibodies 

were used to assess the expression in the different experimen-

tal conditions. HUVECs were incubated with the antibodies 

for 20 minutes in darkness. Then, cells were washed with 

PBS 1× and fixed with BD CellFIX™ (Becton Dickinson, Cat 

Number 340181 [Becton Dickinson Bioscience, San José, 

CA, USA]). Finally, we proceeded to the data acquisition 

in the cytometer, with HUVECs without antibody labeling 

used as a reference (as a negative control). We performed 

the experiment in duplicates (n=3). For the analysis of data 

acquired in the cytometer, we used the mean fluorescence 

intensity (MFI) of different antibodies (VCAM-1-PE and 

ICAM-1-FITC).

Apoptosis quantification
The percentage of apoptosis was measured by annexin-V 

and propidium iodide (PI) staining of endothelial cells 

treated with vehicle and different doses of native and oxi-

dized albumin for 24 hours. HUVECs were obtained by 

mechanical disruption and washed once with annexin-V 

binding buffer (FITC Annexin-V Apoptosis Detection Kit I, 

Becton Dickinson). Cells were then suspended in 195 µL of 

annexin-V binding buffer and 5 µL of annexin-V (556419, 

Becton Dickinson) and PI (51-66211E, Becton Dickinson) 

were added following the manufacture’s protocol. The nega-

tive tube controls that did not contain either annexin-V or 

PI were placed with 195 µL of annexin-V binding buffer. 

Cells were incubated for 15 minutes in darkness. Next, the 

cells were washed once with buffer and finally suspended in 

490 µL of buffer. The samples were acquired within 1 hour 

in flow cytometer (FACSCalibur, Becton Dickinson). We 

performed this experiment in duplicates (n=3). For the analy-

sis of the data acquired, cell populations that were positive 

for both annexin-V and PI were utilized. These cells were 

considered to be in late apoptosis state. Finally, we analyzed 

the differences, in percentages, obtained in the experimental 

conditions.

Detection of rOs
Hydroethidine (Invitrogen), a substance that is oxidized by 

ROS to become ethidium, which emits red color, was used 

to measure superoxide anion. The HUVEC monolayer was 

incubated in EGM medium, with vehicle, native albumin, and 

oxidized albumin at different doses (mg/mL), and without 

FBS for 4 hours at 37°C with CO
2
. At the end of the treat-

ments, the cells were exposed for 15 minutes at 37°C to 2 µM 

hydroethidine (HE). Analyses were performed in a flow 

cytometer (FACSCalibur, Becton Dickinson). Intracellular 

ROS production was measured as a percentage of positive 

cells marked with HE.

senescence assay
HUVECs were cultured in their own medium with the dif-

ferent treatments. Cells were fixed at 70% confluence and 

then incubated at 37°C overnight with the staining solution 

containing the X-gal substrate (Catalog #JM-K320-250; 

Senescence Detection kit, MBL International Corp, Woburn, 

MA, USA). Cells were then observed under a microscope 

for development of blue color.

Wound healing assay
HUVECs were seeded in six-well plates (1×105 cells/well), 

incubated in medium with 10% FBS for 24 hours, and sub-

sequently washed twice with PBS and incubated in medium 

with 0% FBS. After the cells grew to confluence, a straight 

line was scratched across the culture with a 10–200 µL 

micropipettor tip. The cells were treated with the different 

treatments and were incubated at 37°C and 5% CO
2
. Images 

of the cells were obtained with an inverted phase contrast 

microscope at different times. The wound width was deter-

mined with ImageJ software (National Institutes of Health, 

New York, NY, USA).

statistical analysis
Data are presented as mean ± SD. Significance of differences 

from control values was determined with the Student’s t-test, 

with two-tailed distribution between groups as indicated in 

Table 1 (AOPPs ELISA). Mean separations were performed 

with one-way analysis of variance, with Bonferroni correction 

used for the in vitro experiments. A value of P,0.05 was 

considered to indicate statistical significance. All statistical 

tests were performed with GraphPad Prism software version 

5.0 (Graph Pad Software, Inc., La Jolla, CA, USA).

www.dovepress.com
www.dovepress.com
www.dovepress.com


Clinical Interventions in Aging 2016:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

229

Oxidized album in aging and endothelial dysfunction

Results
Increase of AOPPs plasma levels in aging 
subjects compared with young subjects 
(controls)
Plasma protein oxidation and its correlation to human aging 

were analyzed in this study. Oxidized plasma proteins were 

evaluated as AOPPs by ELISA. Plasma concentration levels 

of AOPPs from aging subjects were significantly increased 

compared with young subjects, who comprised the control 

group (Table 1). Therefore, we observed that the levels of 

oxidized proteins increase with subject age.

eMPs rise in elderly subjects
There are studies that show the MPs ratio as a marker of the 

endothelial damage.20,21 To study the role of MPs ratio in 

the aging process, we measured the number of EMPs in the 

plasma of different subjects by flow cytometry. As a result, 

we observed that there was an incremental increase in the 

amount of EMPs in the elderly subjects compared with young 

subjects (Table 1). This finding implicates that the increase 

of EMPs is associated with aging.

Determination of albumin oxidation in  
vitro
To analyze the biological effect of oxidized albumin on the 

endothelial cells, we utilized the albumin oxidation. The 

albumin oxidation with CuSO
4
 procedure was confirmed 

by different techniques. First, the albumin oxidation was 

confirmed by OxyBlot analysis. The amount of oxidation 

was proportional to the signal intensity and we found a 

higher OxyBlot band in the oxidized albumin versus native 

albumin (Figure 1A). We also probed the albumin oxidation 

using 2D PAGE technique. The gel with oxidized albumin 

presented a clear difference in the position of albumin spots 

(Figure 1B). In addition, the 2D PAGE analysis revealed (as 

shown in Figure 1B) a change in the pI of oxidized albumin 

(6.8) of -1.5 units with respect to native albumin pI (8.3).

Oxidized albumin increases adhesion 
markers in a dose–response effect in 
endothelial cells
To quantify the endothelial damage in vitro, we measured 

some typical markers of adhesion,32,33 such as VCAM-1 and 

ICAM-1, in endothelial cells (HUVECs). We performed a 

dose–response treatment with native and oxidized albumin for 

24 hours in serum-deprived HUVEC. We observed an increase 

in VCAM-1 expression (Figure 2A) when treating with dif-

ferent doses of oxidized albumin for 24 hours. Furthermore, 

we observed increased levels of ICAM-1 (Figure 2B) in a 

dose–response pattern after a 24-hour exposure period with 

oxidized albumin treatment versus treatment with native albu-

min and vehicle. These observations suggest that treatment 

with oxidized albumin activates the endothelial cells.

Oxidized albumin enhances the apoptosis 
levels in endothelial cells
It has been described that apoptosis plays an important role 

in the endothelial damage.34,35 To check the possibility that 

Table 1 AOPPs and levels of endothelial microparticles in the plasma of healthy young subjects compared with healthy elderly subjects

Subjects Age Sex AOPP (ng/mL) Median ± SD EMPs (µL) Mean ± SD

1 29 Male 11.84 8.33±4.70 4 14.86±9.32
2 30 Male 13.47 6
3 28 Female 13.17 16
4 29 Male 9.68 29
5 30 Female 9.27 8
6 31 Female 9.82 18
7 28 Male 5.23 23
8 75 Male 28.95 30.64±12.74* 99 109.1±42.96*
9 82 Female 21.53 62
10 81 Female 47.33 122
11 79 Female 51.95 72
12 77 Male 39.27 83
13 76 Female 22.16 104
14 80 Female 14.30 143
15 79 Male 23.61 203
16 81 Male 26.59 94

Notes: Concentration of AOPPs is expressed as ng/ml of chloramine-T equivalents and eMPs amount is expressed as number of microparticles per µl (eMPs/µl). *P,0.001 
versus young subjects. In the case of AOPPs, all the values are median ± sD and mean ± sD for amount of eMPs (n=7–9 per group, respectively).
Abbreviations: AOPPs, advanced oxidation protein products; eMPs, endothelial microparticles; sD, standard deviation.
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oxidized albumin produces endothelial damage via apoptosis, 

we measured the apoptosis levels with different concentra-

tions of native and oxidized albumin (Figure 3A) in resting 

HUVECs. After a 24-hour exposure period, we observed 

upregulated apoptosis levels in a dose–response effect with 

the oxidized albumin treatment compared with different 

native albumin concentrations and vehicle. This confirms 

that another marker of endothelial damage is modified with 

oxidized albumin treatment.

Oxidized albumin treatment elevates 
the eMPs production in supernatants of 
endothelial cells
As mentioned before, there exists a relationship between the 

number of EMPs in plasma and the aging process, which is 

exhibited by the elevated levels of oxidized protein. We also 

performed studies in vitro to measure the numbers of EMPs 

generated by oxidized albumin. The results showed an increase 

in the production of EMPs with different doses of oxidized 

albumin treatment, whereas there was no change in the EMPs 

production with different concentrations of native albumin com-

pared with vehicle supernatants cells (Figure 3B). Thereupon, 

as in the case of plasma samples, there is also a link between 

the number of EMPs and the oxidized protein amount.

Oxidized albumin generates oxidative stress
To test the possibility of oxidized albumin increasing ROS 

production, we have used a HE as a probe for measurement 

of intracellular ROS. Resting HUVECs were treated with and 

without different doses of native and oxidized albumin for 

4 hours and vehicle. Flow cytometry intracellular ROS pro-

duction (Figure 4B) and the total ROS production (Figure 4C) 

were significantly higher after oxidized albumin treatments 

compared with the native albumin and vehicle cells. Surpris-

ingly, we also observed that the native albumin treatments 

Figure 1 Confirmation of the albumin oxidation.
Notes: (A) OxyBlot technique for detection of carbonyl groups. The carbonyls 
generated by CusO4 were detected by reaction with DnPh and anti-DnP 
immunostaining (OxyBlot). The analyses show one major band corresponding to 
Ox Alb. (B) Two-dimensional gels of native and oxidized albumin produced from 
TCA precipitation. IeF separation of proteins was achieved using 7 cm IPg strips, 
ph 3–10, and the second dimension was run on a 10% polyacrylamide gel. (Upper) 
Proteome of the nat Alb of the TCA precipitation and (lower) proteome of 
oxidized albumin. Images are representative of experiments performed on native 
and oxidized albumin samples (n=2).
Abbreviations: DnPh, 2,4-dinitrophenylhydrazine; DnP, 2,4-dinitrophenyl; TCA, 
Trichloroacetic acid; Mr, relative molecular mass; IPg, immobilized ph gradient; Ox 
Alb, oxidized albumin; nat Alb, native albumin.

Figure 2 Flow cytometer analysis of endothelial adhesion molecules, (A) VCAM-1 and (B) ICAM-1, expression in hUVeC incubated with vehicle CusO4 (10 µmol/l) + 0.1 mmol/l  
eDTA (gray bar), nat Alb (white bars), or Ox Alb (black bars).
Notes: hUVeC were treated with different doses (mg/ml) of native and oxidized albumin for 24 hours. MFI are presented as mean ± sD, n=3, in duplicate. *P,0.05 versus 
vehicle; #P,0.05 versus at all nat Alb doses.
Abbreviations: Ox Alb, oxidized albumin; Nat Alb, native albumin; MFI, median fluorescence intensity; HUVECs, human umbilical vein endothelial cells; VCAM-1, vascular 
cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; eDTA, ethylenediaminetetraacetic acid; sD, standard deviation.
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Figure 3 Flow cytometer determination of (A) cellular apoptosis and (B) endothelial microparticles expression in the supernatants of albumin-treated cells.
Notes: (A) endothelial cells were treated with different doses of nat Alb (white bars), Ox Alb (black bars), and vehicle CusO4 (10 µmol/l) + 0.1 mmol/leDTA; (gray bar) 
for 24 hours. After incubation, apoptosis was determined in PI-stained cells and analyzed by flow cytometry. Data are expressed as mean ± sD, n=3 in duplicate. *P,0.05 
versus vehicle; #P,0.001 versus at all nat Alb doses. (B) endothelial cells were treated with native (nat Alb; white bars), oxidized albumin (Ox Alb; black bars), and vehicle 
CusO4 (10 µmol/l) + 0.1 mmol/LEDTA; (gray bar) for 24 hours at different concentrations. Total microparticles from HUVECs were characterized by flow cytometry. Size-
selected events were plotted as a function of their size and complexity, and also near of 1 µm flow count calibrator beads. Graphic shows the EMPs production per µl with 
the vehicle, native, and oxidized albumin treatment. Data are presented as mean ± sD, n=3 in duplicate. *P,0.05 versus vehicle, #P,0.05 versus nat Alb.
Abbreviations: Ox Alb, oxidized albumin; nat Alb, native albumin; hUVeC, human umbilical vein endothelial cells; eMPs, endothelial microparticles; PI, propidium iodide; 
sD, standard deviation.

Figure 4 (A) Flow cytometer analysis of intracellular rOs production in hUVeC incubated with vehicle (white), nat Alb (gray), or Ox Alb (black). hUVeC were treated 
with native and oxidized albumin (2 mg/ml) for 4 hours, (B) the histogram shows rOs as the percentage of he-positive cells, and (C) MFI with vehicle (gray bar) and different 
doses of nat Alb (white bars) and Ox Alb (black bars) for 4 hours.
Notes: Data are presented as mean ± sD, n=4 in duplicate. *P,0.05 versus vehicle; #P,0.05 versus at all nat Alb doses.
Abbreviations: Ox Alb, oxidized albumin; nat Alb, native albumin; hUVeC, human umbilical vein endothelial cells; rOs, reactive oxygen species; he, hidroethidine; MFI, 
median fluorescence intensity; SD, standard deviation.
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upregulated the percentage of ROS (Figure 4B) production 

versus vehicle-treated cells, whereas there were no differ-

ences in the total ROS production between native albumin-

treated cells and vehicle-treated cells (Figure 4C). Thereby, 

albumin oxidation is associated with oxidative stress due to 

endogenous production of ROS by mitochondria.

Increment of senescent endothelial cells 
by albumin oxidation treatment
To investigate the role of oxidized albumin in the senescence 

of endothelial cells, staining for senescence-associated 

β-galactosidase was carried out (Figure 5). Staining 

revealed that there was a 2.3-fold increase in the number of 

β-galactosidase-positive cells in oxidized albumin-treated 

HUVECs (Figure 5B), whereas the value with native albumin 

was significantly lower and similar to vehicle cells. By 

morphological inspection, we found that senescent cells 

increase in size and display a more flat morphology than 

native albumin-treated HUVECs (Figure 5A). Importantly, 

the senescence effect observed in the oxidized albumin-

treated endothelial cells was reproducible with the replica-

tive senescence (population doublings undergone by human 

endothelial cells) of HUVEC.36

Oxidized albumin inhibits endothelial cell 
wound healing migration
Finally, we studied migration associated with the albumin 

oxidation in endothelial cells. The wound healing migra-

tion assay illustrated a reduction in migration in oxidized 

albumin-treated HUVEC, whereas no significant changes 

were observed between native albumin-treated cells and 

vehicle-treated cells (Figure 6). Hence, the treatment with the 

oxidized albumin showed a reduction of migration activity 

in endothelial cells.

Figure 5 senescent-associated β-galactosidase activity staining of native and oxidized albumin treatments.
Notes: hUVeC were treated with nat Alb and Ox Alb (2 mg/ml) for 24 hours. (A) representative pictures of cells stained with β-galactosidase (10×). A zoom of each picture 
is showed. (B) graphic shows n-fold increase in β-galactosidase-positive cells. Data are presented as mean ± sD, n=3. *P,0.05 versus vehicle; #P,0.05 versus nat Alb.
Abbreviations: Ox Alb, oxidized albumin; nat Alb, native albumin; hUVeC, human umbilical vein endothelial cells; sD, standard deviation.
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Discussion
Endothelial dysfunction associated with cardiovascular dis-

eases is a property related to aging. The mechanism by which 

endothelial cells undergo senescence is still largely unclear 

and yet to be discovered. Although this mechanism probably 

involves a multifactorial response, oxidative stress has been 

proposed as a mediator to explain the process of cellular 

senescence. Oxidative stress is characterized by excess free 

radical activity and plays an important role in the oxidation 

of proteins. Several studies have implicated the oxidation 

Figure 6 hUVeC with nat Alb and Ox Alb (2 mg/ml) were scratched and wound margins were imaged from 0 up to 24 hours later.
Notes: experiments were performed as in (A), and the extent of wound closure was quantified by measuring the wound area and comparing with the initial wound area 
(n=3) (B). *P,0.05 versus vehicle and Ox Alb at the same time point.
Abbreviations: Ox Alb, oxidized albumin; nat Alb, native albumin; hUVeC, human umbilical vein endothelial cells.
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of low-density lipoprotein (LDL) in atherosclerosis.5,37,38 

However, there is no evidence that relates the oxidized 

albumin, which is the most abundant protein in serum, with 

endothelial injury. Therefore, in this study, we investigated 

whether aging induced an increase in oxidized protein and 

whether oxidized albumin may be involved in aging-related 

endothelial damage.

The results of this study demonstrated that elderly 

subjects exhibit an increase of AOPPs and EMPs, reflect-

ing endothelial damage and cellular senescence. To date, 

all the studies have analyzed the effect of oxidized LDL on 

endothelial damage. In plasma, the major protein presented 

is the albumin and LDL is present in lower concentrations, 

consequently, the albumin is more susceptible to suffer 

oxidation. In particular, there is no evidence showing that 

the oxidized albumin produced by oxidative stress generates 

cellular senescence. For this reason, our study is focused 

on oxidized albumin. Notwithstanding, plenty of data exist 

regarding the association between the presence of oxidized 

LDL presence and some senescence markers.39–41 It has also 

been described that AOPPs are carried by oxidized plasma 

proteins, especially albumin, and accumulate in subjects with 

renal disease and coronary artery disease.42 In this sense, these 

reported data indicate that oxidized proteins are increased in 

the plasma of elderly subjects.

In accordance, there are no findings demonstrating the pres-

ence of oxidized albumin in the plasma when there is endothe-

lial dysfunction. In contrast, accumulating evidence suggest 

that the oxidation of LDL results in severe vascular damage.40,43 

Here, we have shown an increase of the EMPs in the elderly 

subjects, suggesting that EMPs measurement is identified as a 

parameter in the endothelial damage. So, the in vitro model was 

used in this study to determine whether the oxidized albumin 

induces senescence and endothelial damage.

In this study, oxidized albumin-treated HUVECs cause 

the release of EMPs in the media and an increment of 

apoptosis levels. These findings support the idea that the 

endothelial cells are suffering from an endothelial activation, 

which is an apoptosis phenomenon not observed with native 

albumin treatment. Recent evidence also suggests that the 

endothelial cell is damaged as a consequence of cardiovas-

cular disease. Furthermore, released EMPs are considered a 

marker of endothelial damage in patients.20,44 Several studies 

have demonstrated that adhesion molecules are secreted by 

activated endothelial cells and contributed to endothelial 

cell injury.26,27 Supporting this, our results demonstrate an 

increase of VCAM-1 and ICAM-1.

In addition, other studies have indicated the increase 

of modification proteins may be associated with oxidative 

stress development in aging. In this regard, there is a wealth 

of data evidencing the fact that protein modifications cause 

ROS production.37,45 As the results showed, oxidized albumin 

results in ROS production increment in endothelial cells 

as well as in the amount of ROS per cell (MFI increment). 

The enhancement of oxidative stress is considered a key 

mechanism in the cellular senescence development (replica-

tive and premature induced by cardiovascular factors).40,46 

In this study, the upregulation of ROS induced by oxidized 

albumin is correlated with an increase in the number of 

senescent cells. These data support the idea that the oxidized 

albumin may be considered a cardiovascular risk factor to 

induce oxidative stress. As a consequence, the cell may 

suffer senescence processes to prevent a possible damage 

due to oxidative stress. Additionally, we observed a slight 

ROS increment when the endothelial cells were treated with 

native albumin, which is not comparable with the elevated 

ROS levels observed with the oxidized albumin treatment; 

moreover, it is not associated with changes in other mark-

ers of cellular damage, such as adhesion molecules and 

apoptosis. In this sense, it seems that the ROS modification 

by native albumin is linked to normal cell proliferation and 

physiological signaling processes. Additional experiments 

are needed to consider the oxidized albumin quantification 

as a biological marker associated with endothelial damage 

and aging. Consequently, research is needed to explore 

the possibility of utilizing oxidized albumin as a potential 

therapeutic target.

Finally, we have shown that the migratory capacity of 

endothelial cells was reduced with oxidized albumin treat-

ment. To date, experimental studies have found that oxidized 

LDL inhibits endothelial cell migration and may impair 

healing of arterial injuries.47 In addition, this study reported 

that stimulation of ROS production by oxidized LDL inhib-

ited endothelial cell migration. Likewise, oxidized albumin 

promotes intracellular ROS production and therefore is 

implicated in many cellular processes, including migration. 

As mentioned earlier, the endothelial senescence induced 

by oxidized albumin is a cellular mechanism to avoid ROS 

damage. Furthermore, this effect is associated with reduction 

in the endothelial migration activity.

Conclusion
Our data have shown that the plasma of elderly subjects 

contain oxidized proteins, especially oxidized albumin. The 

oxidation of this protein indicates an endothelial activation 

by adhesion molecule releases and the consequent endothelial 

damage through an oxidative stress and increase in apoptosis 

levels. Although further experiments are needed to better 
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understand the role of oxidized albumin in endothelial injury, 

the identification of oxidized albumin as a possible marker for 

use in the clinic may be helpful in the diagnosis of the endothe-

lial damage associated with aging. As a result, oxidized albu-

min may be utilized in prognosis and as a therapeutic target 

in preventing cardiovascular disease development.
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