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A B S T R A C T

Dysfunctions of the vascular system directly contribute to the onset and progression of Alzheimer's disease (AD).
The blood-brain barrier (BBB) shows signs of malfunction at early stages of the disease. When Abeta peptide (Aβ)
is deposited on brain vessels, it induces vascular degeneration by producing reactive oxygen species and pro-
moting inflammation. These molecular processes are also related to an excessive SSAO/VAP-1 (semicarbazide-
sensitive amine oxidase) enzymatic activity, observed in plasma and in cerebrovascular tissue of AD patients. We
studied the contribution of vascular SSAO/VAP-1 to the BBB dysfunction in AD using in vitro BBB models. Our
results show that SSAO/VAP-1 expression is associated to endothelial activation by altering the release of pro-
inflammatory and pro-angiogenic angioneurins, most highly IL-6, IL-8 and VEGF. It is also related to a BBB
structure alteration, with a decrease in tight-junction proteins such as zona occludens or claudin-5. Moreover,
the BBB function reveals increased permeability and leukocyte adhesion in cells expressing SSAO/VAP-1, as well
as an enhancement of the vascular Aβ deposition induced by mechanisms both dependent and independent of
the enzymatic activity of SSAO/VAP-1. These results reveal an interesting role of vascular SSAO/VAP-1 in BBB
dysfunction related to AD progression, opening a new window in the search of alternative therapeutic targets for
fighting AD.

1. Introduction

Besides the two main pathological hallmarks of Alzheimer's disease
(AD), which include extraneuronal β-amyloid (Aβ) plaques and neu-
rofibrillary tangles, other traits are also present in AD, such as cerebral
amyloid angiopathy (CAA), inflammation and cerebral hypoperfusion.
Literature supports nowadays that the cerebrovasculature importantly
contributes to the onset and progression of AD [1–6], postulating the
existence of a strong link between vascular damage and this pathology.
This link is evidenced for instance, by the fact that a high percentage of
patients having suffered stroke subsequently develop AD [7], or by the
increased blood-brain barrier (BBB) permeability found in mild

cognitive impairment (MCI) patients [8].
Hypoperfusion/hypoxia is thought to play an important role in AD

pathogenesis [9], as being responsible of vascular activation [2] and
angiogenesis induction [10]. Factors responsible of angiogenesis are
found upregulated in brain microvessels of AD patients [11] and in
transgenic mouse models of AD [12]. However, despite the pro-angio-
genic factors release observed in the AD brain, they are not correlated
with increased vascularity. Therefore, no shut off feedback signals are
generated, and endothelial cells become irreversibly activated [2]. AD
microvessels release a wide variety of bioactive, neurotoxic and in-
flammatory factors promoting vascular activation and angiogenesis,
including interleukins, tumor necrosis factor alpha (TNF-α), vascular
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endothelial growth factor (VEGF) and matrix metalloproteinases
(MMPs) [2,13]. These mediators are known as angioneurins, a terminus
including angiogenic factors released at the nervous system as well as
neurotrophic factors with angiogenic properties [14]. Their release has
deleterious consequences for the neuronal health and brain home-
ostasis, affecting the neurovascular unit (NVU) function [15]. The NVU,
integrated by neurons, astrocytes, brain endothelium, pericytes, vas-
cular smooth muscle cells and microglia, constitutes a functional unit
able to maintain the homeostasis of the brain's microenvironment,
controlling the exchange of molecules across the BBB, regulating blood
flow, supplying trophic support and maintaining the immune surveil-
lance of brain cells [16]. Therefore, the study of neurovascular crosstalk
and its alterations is important to understand the molecular basis of AD.

BBB dysfunction associated to the AD pathogenesis has been shown
in transgenic mouse models, in which BBB integrity is already com-
promised before developing amyloid plaques and cognitive impairment
[17,18]. Oxidative stress is also increased in brain blood vessels in the
APP23 mouse model before the emergence of amyloid plaques or CAA
[19], which may contribute to this loss of the BBB integrity, but also to
the vascular activation itself. Among different reactive oxygen species,
hydrogen peroxide (H2O2) is one of the most important endothelium-
derived modulators of vascular function involved in the AD patho-
physiology, as it is able to interact with multiple signaling systems [20].
In the same line, the BBB in AD seems to be more vulnerable to in-
flammation, becoming leaky in AD brains of transgenic mouse models
and therefore allowing peripheral inflammation spreading into the
brain [21]. Thus, a cerebrovascular system dysfunction displaying an-
gioneurins release, oxidative stress, inflammation and BBB leakage
seems to be strongly related with the AD pathogenesis, and prompts to a
pharmacological intervention aimed to reduce vascular activation in
order to improve cognitive function underlying this pathology [15,22].
However, the molecular mechanisms responsible of these vascular al-
terations, and therefore, the potential therapeutic targets, are still not
well established.

In this regard, the increased overexpression of the vascular-adhesion
protein (VAP-1), a homodimeric glycoprotein with semicarbazide-sen-
sitive amine oxidase (SSAO, E.C 1.4.3.21) enzymatic activity, found in
cerebrovascular tissue of AD patients, may turn it into a good candi-
date.

SSAO/VAP-1 appears overexpressed in cerebrovasculature from AD
patients [23], and released into blood plasma in AD [24], cerebral
ischemia [25–27] and other pathologies displaying inflammation
[28–30]. As an enzyme, it generates H2O2, aldehydes and ammonia as
metabolic products, which are able to induce cellular damage when
overproduced [31,32], but it is also able to modulate the expression of
other adhesion molecules [33,34] and to enhance Aβ aggregation
[35,36]. SSAO/VAP-1 behaves also as an adhesion protein, binding
leukocytes through its enzymatic activity [37,38], and allowing their
infiltration through the BBB into the brain parenchyma, enhancing cell
damage and brain inflammation. Therefore, it is believed that the in-
creased SSAO/VAP-1 levels may contribute to the physiopathology of
these diseases, and specifically of AD.

In the context of AD pathology, the main objectives of this study
were to assess whether the overexpression and/or activity of SSAO/
VAP-1 in human microvascular brain endothelial cells are involved in
endothelial activation, through the modification of angioneurins re-
lease, altering the BBB function, hence elucidating the role of SSAO/
VAP-1 in the BBB dysfunction. Furthermore, we decided to confirm
whether SSAO/VAP-1 is able to modify vascular Aβ deposition, altering
BBB permeability and leukocyte adhesion using a NVU experimental
model.

2. Materials and methods

If not otherwise indicated, reagents were purchased from Sigma
Aldrich, Madrid, Spain.

2.1. Cell lines

The hCMEC/D3 cell line (human cerebral microvascular endothelial
cells) was obtained from Dr. Couraud's laboratory in Paris, France
[39,40]. The hCMEC/D3 cell line expressing human SSAO/VAP-1
(hCMEC/D3 hSSAO/VAP-1) was generated as described previously
[41]. Considering that the proportion of vessels in brain is around 1%
[42], this cell line shows SSAO/VAP-1 activity levels comparable to
those observed in human brain tissue [26,41]. By contrast, non-trans-
fected wild type (WT) hCMEC/D3 cells do not express SSAO/VAP-1, as
previously demonstrated [41]. The hCMEC/D3 cells were cultured as
recommended, on 150 μg/mL collagen type 1 (Rat Tail, Corning, NY,
USA)-coated plates in EBM-2 (Lonza, Barcelona, Spain) medium sup-
plemented with 5% FBS (Fetal Bovine Serum, Life Technologies, Ma-
drid, Spain), 1.4 μM Hydrocortisone, 5 μg/mL Ascorbic Acid, 1% Che-
mically Defined Lipid Concentrate (Life Technologies, Madrid, Spain),
1 mM HEPES (Life Technologies, Madrid, Spain) and 1 ng/mL human
bFGF (Fibroblast Growth Factor-basic), 100 U/mL penicillin and
100 μg/mL streptomycin. Cells expressing hSSAO/VAP-1 were main-
tained in media containing 100 μg/mL geneticin (G418, Life Technol-
ogies, Madrid, Spain) to ensure DNA maintenance. THP-1 monocytic
cells were obtained from the American Type Culture Collection (ATCC,
Barcelona, Spain) and grown in RPMI 1640 medium (Life Technologies)
supplemented with 10% FBS. All cells were maintained at 37 °C, in a
humidified atmosphere containing 5% CO2.

2.2. BBB - neurovascular unit model

To mimic a NVU environment, hCMEC/D3 cells were co-cultured
with mouse mixed neuron-glia primary cultures. hCMEC/D3 cells were
seeded at 2× 105 cells/mL in collagen and fibronectin-coated 12-well
Transwell inserts (Transwell polyester membrane inserts, pore size
0.4 μM, Corning, NY, USA) and allowed to grow for 3 days in vitro
(DIV). At 3th DIV, hCMEC/D3 were starved in FBS, ascorbic acid and
bFGF-free EBM-2 media. At 4th DIV, endothelial cells were put in co-
culture by joining hCMEC/D3-containing inserts with 12-well plates
containing 12th DIV neuron-glia cultures. Mouse mixed neuron-glia
primary cultures were performed as described in [43], with some
modifications: E14.5–15.5 C57BL/6 mice were used; cells were seeded
on poly-D-lysine-coated plates in BME media (Invitrogen) supplemented
with 5% horse serum (HS), 5% FBS, 10mM glucose and 2mM Glu-
tamax; at 7 DIV, media was changed by BME supplemented with 10%
HS and 10 μM cytosine arabinoside; at 12 DIV, half of the media was
changed by BME with 5% HS. After 1 DIV in co-culture, endothelial
cells were treated according to each type of experiment.

2.3. Cell treatments

For conditioned media treatments, media from WT and SSAO/VAP-
1-expressing cells were collected after 4 days in culture under starvation
conditions. This media was used to treat endothelial cells: at day 1,
media from each cell type was completely changed by conditioned
media from the other cell type (i.e. media from WT cells was added to
hSSAO/VAP-1-expressing cells); then, half of this media was replaced
by new conditioned media each 24 h until day 4.

For treatment with compounds or blocking antibodies, cells were
starved for 24 h and then treatments were added. SSAO inhibitors
semicarbazide (Sc), BTT 2079 and BTT 2089 were added 30min before
SSAO substrate (methylamine, MA) addition, and AβD (Aβ1–40 peptide
containing the Dutch mutation, Bachem AG, Hauptstrasse, Switzerland)
was introduced 15min after MA. Specific SSAO inhibitors BTT 2079
and BTT 2089 were provided by Dr. Smith (Biotie Therapies, Turku,
Finland). Aβ was pretreated with 1,1,1,3,3,3-hexa-fluoro-2-propanol
(HFIP), aliquoted, evaporated and stored at −80 °C until its use, being
then dissolved in sterile phosphate-buffered saline (PBS) containing
0.1% ammonium hydroxide. Anti interleukin 6 blocking antibody (IL-6;
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MAB206-100, R&D Systems, Minneapolis, USA) or a control antibody
(MAB002, R&D Systems) were added at 5 μg/μL for 48 h.

2.4. Luminex assays

Media to analyze the different angioneurins of interest were ob-
tained from inserts containing non-treated hCMEC/D3 endothelial cells
expressing or not the hSSAO/VAP-1 (hSSAO/VAP-1 hCMEC/D3 vs wild
type – WT cells), after 3 days of co-culture with mixed cultures. Media
were kept aliquoted at −80 °C until used. Magnetic milliplex kits
(Merck-Millipore, Madrid, Spain) containing detection antibodies for
the following molecules were used: vascular endothelial growth factor 1
(VEGF-1); interleukins 1β, 6 and 8 (IL-1β, IL-6, IL-8); tumor necrosis
factor alpha (TNF-α); fibroblast growth factor 2 (FGF-2); soluble vas-
cular cell adhesion molecule 1 (sVCAM-1); soluble inducible cell ad-
hesion molecule 1 (sICAM-1); nerve growth factor (NGF); E and P-se-
lectins (E-sel, P-sel), transforming growth factor beta 1 (TGF-β1) and
insulin growth factor 1 (IGF-1). Angioneurins were detected by
Milliplex MAP Human Magnetic Bead Panels following the manu-
facturer instructions. Quantification was performed with a Magpix
analytical test instrument xPONENT (Luminex, Austin, TX, USA) and
xPONENT 4.2 software (Luminex), with support of the technical staff in
the INc (Neurosciences Institute, UAB, Barcelona).

2.5. Western blot analysis

Equal amounts of protein (20 μg per lane), determined by the
Bradford method (Bio-Rad, Barcelona, Spain) were separated by SDS-
PAGE and transferred onto nitrocellulose membranes. For Aβ detection,
12% bistris/bicine polyacrylamide gels were used as previously de-
scribed [44] and proteins were transferred onto polyvinylidene fluoride
membranes (PVDF; GE Healthcare, Barcelona, Spain). After blocking
with tris-buffered saline with 0.1% Triton X-100 (TBST) plus 5% non-
fat dry milk (10% non-fat dry milk and 0.1% bovine serum albumin for
Aβ gels) for 1 h, they were incubated overnight at 4 °C with the corre-
sponding primary antibody: VCAM-1 (1:000) (3540-S; Epitomics, Bur-
lingame, CA, USA); ICAM-1 (1:1000) (GTX100-450; GeneTex, Barce-
lona, Spain); Zona Occludens 1 (ZO-1, 1:1000) (40-2200; Life
Technologies); Glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
1:20,000) (ADI-CSA-335; Enzo Life Sciences, New York, NT, USA);
Claudin-5 (1:500) (sc-374221; Santa Cruz Biotechnology, Dallas, TX
USA); VE-Cadherin (1:500) (sc-9989; Santa Cruz Biotechnology); Signal
transducer and activator of transcription 3 (STAT3, 1:1000) (sc-8019;
Santa Cruz Biotechnology); phospho-STAT3 (p-STAT3, 1:1000) (sc-
8059; Santa Cruz Biotechnology); Matrix Metalloproteinase 2 (MMP-2,
1:1000) (ab37150; Abcam, Bristol, UK); Matrix Metalloproteinase 9
(MMP-9, 1:1000) (ab7299; Abcam); Tissue Inhibitor of Metalloprotei-
nases (TIMP-1, 1:2000) (ab38978; Abcam); Low density lipoprotein
receptor-related protein 1 (LRP-1, 1:10,000) (2703-S; Epitomics); VEGF
Receptor 2 (VEGFR2, 1:1000) (1672479S; Cell Signaling Technology,
Danvers, MA, USA); phospho-VEGFR2 (pVEGFR2, 1:1000) (1674991T;
Cell Signaling Technology); Cleaved Caspase-3 (1:1000) (9661; Cell
Signaling Technology); Bax (1:1000) (2772; Cell Signaling Tech-
nology); Bcl-2 (1:1000) (610538; BD Biosciences, San Jose, CA, USA);
Amyloid precursor protein (APP, 1:1000) (antibody generated by the
20.1 hybrydoma cell line, a kind gift from Dr. W.E. Van Nostrand, NY
USA); SSAO (1:1000) [45]; beta actin (β-actin, 1:10,000) (A1978;
Sigma). Secondary HRP (horseradish peroxidase)-conjugated antibodies
used were anti-mouse IgG (1:2000) (P0161; Dako, Madrid, Spain) and
anti-rabbit IgG (1:2000) (554021; BD Biosciences). Blots were devel-
oped using ECL® Chemiluminiscent detection reagents and High Per-
formance Chemiluminiscence Films (GE Healthcare). The ImageJ soft-
ware (National Institutes of Health, USA) was used to quantify the
Western blot signals.

2.6. Immunocytofluorescence

Cells were grown on collagen-I-coated glass coverslips and fixed in
methanol-acetic acid (3:1) at −20 °C for 20min at the indicated times
after reaching confluence. After permeabilization with PBS containing
0.2% Triton X-100 (PBST) for 30min, cells were blocked with PBST
containing 0.2% gelatin, 20mM glycine and 5% FBS for 20min. Then,
cells were incubated with primary antibodies (ZO-1, 1:100, 1874–30,
Life Technologies; APP, 1:500) in blocking solution with 3% FBS
overnight at 4 °C with the addition of 30min at room temperature. After
washing with PBS, secondary antibody (Alexa Fluor 568 goat anti-
rabbit IgG, 1:1000, Life Technologies) was added in the same buffer as
the primary antibody for 1 h at room temperature, and cell nuclei were
contrasted with Hoechst 33258 (1:1000). Coverslips were mounted on
slides with Mowiol mounting media. Images were taken using the Zeiss
LSM700 confocal microscope at the microscopy facility of the INc in
UAB.

2.7. Cell viability

For the determination of cell viability by 3-(4,5-dimethylthiazol-2-
yl)2,5-diphenyl-tetrazolium bromide (MTT) reduction assay, MTT so-
lution (0.5mg/mL, final concentration) was added to the cells 1 h be-
fore the end of treatments. The medium was then replaced by dimethyl
sulfoxide to dissolve the formazan blue precipitate formed, which was
quantified at 560 and 620 nm in a microplate reader (Synergy HT and
data analysis software KC4, Bio-Tek Instruments Inc., Winooski, VT,
USA).

For the Lactate-deshidrogenase (LDH) activity assay, TOX-7 (Sigma-
Aldrich) kit was used following manufacturer's instructions. Seventy-
five μL of media from each well was used for the assay, performed in
96-well plates, and incubated for 1 h in the dark with LDH assay mix-
ture. Then, absorbance was read at 490 nm, and it was subtracted the
value of reading the plate at 690 nm.

2.8. Dextran assay for cell permeability determination

After 3 days of co-culture with mixed cultures or the corresponding
treatments, 500 μL of DMEM medium (Invitrogen, Madrid, Spain)
containing 2mg/mL 70 kDa Fluorescein isothiocyanate-dextran were
added replacing the insert culture media. The permeable filter inserts
were then changed to 12-well plates containing pre-warmed DMEM and
sequentially transported to new wells at 5min intervals for 30min.
Cells were maintained at 37 °C during the process. At the end, the
fluorescence of each well (lower chamber of the inserts) was measured
(485 nm and 520 nm ex/em) and apparent permeability coefficients
(Pe; cm/s) were calculated from curves slopes (fitted using linear re-
gression) obtained by plotting cumulative volume cleared against time,
for all experimental conditions. Non-treated cells (NT), or WT cells for
comparing basal conditions were used as controls, and differences in
permeability coefficients were expressed as % of control.

2.9. Transendothelial electrical resistance

Transendothelial electrical resistance (TEER) of endothelial cells
seeded on inserts was measured at 0, 6, 24, 48 and 72 h after the co-
culture establishment with mixed cultures. TEER measurements were
recorded using a STX2 probe with EVOM2 (World Precision
Instruments, Sarasota, USA). In each experiment, the average of three
different readings was used for each insert.

2.10. Adhesion assays

For adhesion assays, hCMEC/D3 cells were seeded on 24-well
plates. THP-1 monocytes were labelled with 1 μM Calcein-AM for
30min, and then added to endothelial cells (2.5× 105 THP-1 cells per
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well). After 30min incubation at 37 °C, unbound monocytes were re-
moved by turning over the plates onto absorbent paper, carefully
adding FBS-free RPMI 1640 medium to the plates with an auto-pipette,
and repeating the washing for three times. The fluorescence intensity
was measured using a microplate reader (λex/λem: 495/530 nm)
(Synergy HT and data analysis software KC4; Bio-Tek Instruments Inc.).
Micrographs were taken using a Nikon Eclipse TE 2000-E inverted
fluorescence microscope and a Hamamatsu C-4742-80-12AG camera
and Metamorph® Imaging System software.

2.11. MMPs activity

For the measurement of MMP-2 and MMP-9 activity, it was used the
fluorimetric assay SensoLyte ® 520 MMP-2 Assay Kit (Anaspec, AS-
71151), according to the manufacturer's instructions. Briefly, cells were
lysed in the recommended buffer and kept at −80 °C until their use.
First, dose and time curves were performed to determine the best
conditions for the incubation with the substrate. Then, equal amounts
of protein were incubated at 37 °C for 90min and the cleavage of a
FRET peptide that releases the fluorescent 5-FAM from its quencher
QXL520 was measured at ex/em 490/520 nm with the fluorescence
microplate reader. The concentration of this substrate for each sample
was obtained by interpolation into a reference standard concentration
curve. Data were normalized for each experiment to the values obtained
in the WT cells and presented as percentage of change in MMPs activity
versus WT cells.

2.12. Statistical analysis

Results are given as mean ± SEM of independent experiments.
Statistical analyses were performed by one-way ANOVA tests followed
by a Newman-Keuls or Bonferroni multiple comparison tests when
comparing>2 conditions; statistical differences between 2 conditions
were evaluated by unpaired Student's t-test. A two-way ANOVA test was
performed when the influence of 2 independent variables on one in-
dependent variable were analyzed. A p < 0.05 was considered to be
statistically significant, according to the following significance levels:
***p < 0.001, **p < 0.01 and *p < 0.05. Statistical analyses and
graphic representations were obtained with Graph-Pad Prism 6.0 soft-
ware (San Diego, CA, USA).

3. Results

3.1. The expression of SSAO/VAP-1 induces brain endothelial activation
towards a pro-inflammatory phenotype

Previous work in our laboratory showed that an increase in SSAO/
VAP-1 was related to endothelial dysfunction and AD [36,46]. In one
hand human umbilical vein endothelial cells (HUVECs) expressing
SSAO/VAP-1 showed enhanced cell toxicity in the presence of Aβ in
vitro [36], while on the other hand, we observed increased SSAO/VAP-
1 in brain vessels from AD patients [46]. Thus, in the present work we
decided to study whether the expression of SSAO/VAP-1 in human
brain endothelial cells was able to alter the release of a group of an-
gioneurins that have been associated to AD or to endothelial dysfunc-
tion throughout bibliography (Table 1). Their basal release was quan-
tified in culture media obtained from human cerebral microvascular
endothelial cells expressing or not the hSSAO/VAP-1 [41], after being
co-cultured with neuron-glia mixed cultures to generate a NVU en-
vironment (Fig. 1).

Results showed that the release of trophic factors VEGF, TGFβ-1 and
NGF is significantly higher in endothelial cells expressing hSSAO/VAP-
1, while they display a non-significant reduced trend to release FGF-2
compared to WT cells, that do not express the protein (Fig. 1A). No
changes were detected in IGF-1, whose levels were similar to those
measured in cell culture media (Fig. 1A and Suppl Fig. 1). On the other

hand, regarding the release of molecules related with inflammatory
processes, it was observed that cells expressing hSSAO/VAP-1 release
significantly higher amounts of IL-6 and IL-8 (Fig. 1B). IL-1β and TNF-α
were also analyzed but they were not detected. Moreover, hSSAO/VAP-
1-expressing cells release significantly higher levels of the soluble form
of the adhesion protein VCAM1 (sVCAM-1) (Fig. 1C). A trend in the
same line was observed in case of soluble ICAM-1 (sICAM-1), and E and
P-selectins were not detected. The membrane-bound forms of both
VCAM-1 and ICAM-1 are significantly increased in cells expressing
hSSAO/VAP-1 as well (Fig. 1D). Similar results were obtained in an-
gioneurins released from endothelial cells without being co-cultured
with neuron-glia mixed cultures (data not shown) suggesting that
changes in angioneurins release induced by SSAO/VAP-1 expression is
cell autonomous, and not influenced by the neurovascular context.
Treatments with MA and/or AβD did not induce significant changes
compared to the basal levels in each cell type (Suppl Fig. 1).

3.2. Human brain endothelial cells expressing hSSAO/VAP-1 show
increased basal blood-brain barrier permeability

An endothelial pro-inflammatory phenotype may be associated to
the alteration of the BBB permeability in order to allow the pass of
peripheral inflammatory cells through the barrier [74]. As our cells
showed an increased release of pro-inflammatory angioneurins, when
BBB function of endothelial cells expressing hSSAO/VAP-1 was studied,
it was observed that they show an increased basal permeability to 70
kDa Dextran (Fig. 2A), as well as decreased TEER (Ω/cm2) throughout
time (Fig. 2B). A two-way ANOVA of time and genotype (WT or hSSAO/
VAP-1) on TEER revealed significant main effect of time [F (4,
20)= 2.936, p < 0.05*] and genotype [F (1, 20)= 10.96,
p < 0.01**], with non-significant time x genotype interaction [F (4,
20)= 1.268, p=0.32]. In addition, hSSAO/VAP-1-expressing en-
dothelial cells display an increased ability to bind leukocytes compared
to WT cells, as indicated by a significantly higher THP-1 adhesion in
basal conditions (Fig. 2C). These functional alterations may be related
to the decreased expression of the tight junction-related proteins ZO-1
and claudin-5 (Fig. 2D), and the adherens junction-related protein VE-
cadherin (Fig. 2E) in endothelial cells expressing hSSAO/VAP-1. In the
same line, immunofluorescence images obtained by confocal micro-
scopy of ZO-1 (red) revealed a ZO-1 location compatible with that of
tight junctions only in WT cells, while it was completely delocalized in
hSSAO/VAP-1-expressing cells, analyzed at different time points
(Fig. 2F). Matrix MMP-2 and MMP-9, proteins involved in extracellular
matrix stability and degradation in inflammatory conditions, were also
evaluated. MMP-2 protein was increased in hSSAO/VAP-1 cells, while
MMP-9 was not changed between both cell types (Suppl Fig. 2A).
However, the overall gelatinase activity levels were higher in WT cells
(Suppl Fig. 2B), which could be explained by an increase of the en-
dogenous MMP inhibitor TIMP-1 in hSSAO/VAP-1-expressing cells
(Suppl Fig. 2C).

3.3. The angioneurins secreted by hSSAO/VAP-1-expressing human brain
endothelial cells are able to activate their own signaling pathways and
contribute to disturbing BBB functions

Next, we aimed to determine whether the higher levels of the an-
gioneurins released by hSSAO/VAP-1-expressing cells are able to in-
duce changes in endothelial cell signaling, and therefore could be re-
sponsible of the functional alterations found in these cells. To this end,
we analyzed the basal activation status of the molecular pathways ac-
tivated by VEGF, IL-8 and IL-6 related to BBB permeability, as they
showed the greatest increases in hSSAO/VAP-1-expressing cells (see
Fig. 1). Because it has been reported that IL-8-induced endothelial
permeability requires the transactivation of VEGFR-2 through the IL-8
receptor CXCL8 activation [54], both VEGF and IL-8 action on BBB
were studied by determining the VEGFR2 phosphorylation levels at
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tyrosine 951, a major autophosphorylation site located in the kinase
insert domain, indicator of receptor activation [75] and related with
vascular permeability [76]. Results revealed almost no VEGFR2 phos-
phorylation in WT endothelial cells (Fig. 3A). Surprisingly, VEGFR2
expression was drastically reduced in hSSAO/VAP-1-expressing cells.
On the other hand, IL-6 action was evidenced by the activation of the
STAT3 pathway, since increased levels of pSTAT3 were observed in
hSSAO/VAP-1-expressing cells compared to WT cells (Fig. 3B).

To confirm the involvement of these over-released angioneurins in
the activation of these molecular pathways, it was collected condi-
tioned media from WT and hSSAO/VAP-1-expressing endothelial cells
after 4 days in culture. Then, WT cells were treated for 4 days in the
presence of hSSAO/VAP-1 conditioned media, and hSSAO/VAP-1-ex-
pressing cells were cultured in WT-conditioned media. During the
treatments, half of the media was replaced by new conditioned media
every 24 h to maintain the levels of angioneurins similar to those of the
conditioned medias. Results showed that media from hSSAO/VAP-1
cells induces a decrease in VEGFR2 expression (Fig. 3C) and an increase
in pSTAT3 levels in WT cells (Fig. 3D). However, media fromWT cells is
not able to restore VEGFR2 expression or to decrease STAT3 activation
levels.

Then, to explore whether the differential release of angioneurins
observed in both cells is the responsible of the BBB disturbances de-
tected in hSSAO/VAP-1-expressing cells, tight junction proteins were
determined by Western blot after treatments with conditioned media
(Fig. 3E). In line with that previously observed, WT cells treated with
hSSAO/VAP-1-conditioned media showed a decreased amount of
claudin-5, while WT-conditioned media in hSSAO/VAP-1-expressing
cells did not modify its expression. Surprisingly, neither ZO-1, nor VE-
cadherin amounts were modified in WT or in hSSAO/VAP-1-expressing
cells by conditioned media treatments (Suppl Fig. 3). Permeability to
70-kDa dextran was also determined in cells after treatment with

conditioned media as a BBB functional parameter (Fig. 3F). Results
showed a small increase in Pe in WT cells treated with hSSAO/VAP-1-
conditioned media, but not reaching the high Pe values observed in
hSSAO/VAP-1-expressing cells in basal conditions. In addition, IL-6
blocking antibody prevented this Pe increase induced by hSSAO/VAP-1
conditioned media on WT cells. Again, no changes were observed in
hSSAO/VAP-1-expressing cells in the presence of WT-conditioned
media. To confirm the STAT3 pathway modulation by conditioned
media from hSSAO/VAP-1 cells, STAT3 phosphorylation was evaluated
by Western blot after conditioned media and IL-6 blocking antibody
treatments (Fig. 3G). Results confirmed the increase of pSTAT3 in WT
cells treated with hSSAO/VAP-1-conditioned media, and its prevention
by the blocking of IL-6 as well as the decrease of pSTAT3 in hSSAO/
VAP-1 cells treated with the IL-6 blocking antibody. The control anti-
body did not induce any change in Pe or STAT3 phosphorylation.

3.4. Endothelial cells expressing hSSAO/VAP-1 show a positive feedback
loop with AβD, enhancing its vascular deposition and inducing BBB function
alterations and cytotoxicity

Alterations observed in BBB between WT and hSSAO/VAP-1-ex-
pressing cells were only partially explained by the differential release of
proteins from both endothelial cells. Thus, we then explored other
possible alterations in BBB affected by the presence of SSAO/VAP-1,
focused on the AD context. Mainly Aβ40 is deposited on cerebral blood
vessels inducing Cerebral Amyloid Angiopathy (CAA), although Aβ42
can be also deposited in small capillaries [77,78]. Endothelial cells were
therefore first treated with Aβ40 containing the Dutch mutation (AβD),
a vasculotropic form of Aβ, and its deposition on endothelial cells was
measured. It was observed by Western blot that higher amounts of AβD
were deposited on endothelial cells expressing hSSAO/VAP-1 (Fig. 4A).
To explore whether this AβD deposition was dependent on SSAO/VAP-
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1 enzymatic activity, the same experiment was performed adding MA as
SSAO substrate, and BTT 2079 as SSAO specific inhibitor. Results
showed that, besides the higher deposition on cells expressing hSSAO/
VAP-1, AβD deposition was also enhanced in the presence of MA only in
hSSAO/VAP-1-expressing cells (Fig. 4B). The addition of the SSAO in-
hibitor BTT 2079 restored AβD deposition levels to the basal ones in
these cells, while neither MA, nor inhibitor addition modified AβD
deposition on WT cells. This effect was confirmed by immuno-
fluorescence analysis (Fig. 4C). Same experiments were performed
using Aβ42, but no significant differences in Aβ42 deposition were found
between WT and hSSAO/VAP-1-expressing cells and only a trend was
observed among different treatments (Suppl Fig. 4A). To explore pos-
sible differences in other proteins involved in Aβ processing or trans-
port, the basal levels of APP, receptor for advanced glycation end-
products (RAGE) and LRP-1 were determined (Suppl Fig. 4B). While
APP and RAGE were not different between WT and hSSAO/VAP-1 cells,
LRP-1 was highly expressed by the latter, although treatments with MA
and/or AbD did not induce significant changes of LRP-1 in any of the
cell types (Suppl Fig. 4C).

On the other hand, it was also studied a possible effect of AβD
presence on SSAO/VAP-1 enzymatic activity and protein levels. AβD

treatment of hSSAO/VAP-1-expressing cells induced an increase in the
SSAO enzymatic activity (Fig. 4D), which was not significant at the
protein levels (Fig. 4E). Similar results were observed with Aβ42, but at
lower concentrations compared to AβD (Suppl Fig. 4D–E).

Then, BBB function was first explored by Pe determination in WT
and hSSAO/VAP-1-expressing endothelial cells treated with MA, AβD
and BTT. Besides the basal higher Pe already observed in hSSAO/VAP-
1-expressing cells compared to WT cells, AβD but not MA induced a
significant Pe increase in hSSAO/VAP-1-expressing cells (Fig. 5A). The
addition of the specific SSAO inhibitor BTT 2079 tended to decrease Pe,
but this effect was not statistically significant. Interestingly, Pe was not
modified in WT cells by any of these treatments. The leukocyte adhe-
sion was also measured under same conditions (Fig. 5B,C). Both MA
and AβD treatments induced an increase in leukocyte adhesion to
hSSAO/VAP-1-expressing cells, an effect that was enhanced by the co-
treatment with both compounds. The presence of each of two different
SSAO specific inhibitors, BTT 2019 and BTT 2089, was able to partially
reduce leukocyte adhesion. In WT cells, all treatments containing AβD
increased leukocyte adhesion with no differences by the addition of MA
or SSAO inhibitors.

In addition to these functional disturbances of the BBB, the
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treatment of hSSAO/VAP-1-expressing cells with MA and AβD induced
cytotoxicity, determined by MTT reduction (Fig. 6A), by LDH activity in
media of these cells (Fig. 6B) and by the increase of the active fragment
of caspase-3 (Fig. 6C) without alterations in the total caspase-3, as an
indicator of apoptotic cell death induction. This cell death was not
mediated by the mitochondrial cell death pathway, as indicated the
absence of changes in the Bax/Bcl-2 ratio (Fig. 6D). Under these con-
ditions, the presence of an SSAO inhibitor partly prevented the cell
death induced by MA and AβD. Cytotoxicity was also evaluated treating
with Aβ42, and results showed a higher Aβ42 cytotoxicity compared to

AβD, with no additive effect due to MA treatment, and no recovery
using the SSAO inhibitors in the MTT assay. However, caspase-3 acti-
vation was significantly higher in Aβ42-MA co-treatment, and differ-
ently from AβD, the Bax/Bcl-2 ratio was significantly higher when
treating with Aβ42 and co-treating with MA. SSAO inhibitors did not
induce significant recoveries when treating with Aβ42 (Suppl. Fig. 5).
The optimal treatment conditions with MA, AβD and Aβ42 were tested
previously (Suppl. Fig. 6). Thus, AβD and Aβ42 effects were different,
being the former more related to the SSAO/VAP-1 actions.
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4. Discussion

A cerebral endothelial vascular activation occurs in AD, altering the
brain homeostasis and inducing the expression of interleukins (IL-1β,
IL-6, IL-8), TNF-α, VEGF and MMPs, among others [2,11,13]. SSAO/
VAP-1 is also increased in plasma [24] and cerebrovascular tissue [23]
of AD patients. In this regard, we have found that in our cells expressing
hSSAO/VAP-1, several of these angioneurins related to inflammation
(IL-6, IL-8, ICAM, VCAM) or the trophic factors VEGF, TGF-β1 and NGF
were over released. VEGF regulates vessel growth in healthy and dis-
eased tissues [79]; it is a hypoxia-inducible protein, with angiogenic
behavior and vascular permeability-enhancing properties, and in AD it
appears overexpressed and co-localized with Aβ plaques [80]. These
data together with its increase in our vascular cells expressing hSSAO/
VAP-1 corroborates the idea that cerebrovascular dysfunction plays an
important role in the neurodegenerative cascade, with a possible in-
duction through SSAO/VAP-1 actions. TGF-β1 is also increased in AD,
and it is responsible of other inflammatory factors and interleukins
release, contributing as well to the inflammatory process linked to this
neurodegenerative disorder [81]. The TGF-β1 increase was observed in
our hSSAO/VAP-1-expressing human brain endothelial cells and it was
also correlated with the levels of IL-6, IL-8, VCAM and ICAM-1. NGF is a
neurotrophin required to promote neuron survival pathways, and it is
found normally decreased in AD [82]. Its increase in our hSSAO/VAP-1-
expressing cells could be related with a compensatory signal, although
other trophic factors (FGF-2, IGF-1) were not significantly modified.

NGF increase could be also related with a pro-NGF increase observed in
AD brains, which has been shown to induce apoptosis in neuronal cell
cultures [83]. Unfortunately, our analysis method does not discriminate
between NGF and pro-NGF, so we cannot confirm this possibility. In the
same line, NGF is able to modify the lipid composition of neuronal
membranes, therefore potentiating Aβ accumulation and cytotoxicity
on these cells [84]. Whether this effect also occurs in our vascular cells,
or if it could be involved in the crosstalk between Aβ aggregation and
SSAO/VAP-1 effects needs to be addressed in the future, as well as the
significance of this change for the neurovascular unit function.

The alterations of the angioneurins release or the reduced levels of
BBB-related proteins observed in brain endothelial hSSAO/VAP-1-ex-
pressing cells, suggests that this multifunctional enzyme could be in-
volved in protein expression regulation. Although we have not identi-
fied the molecular inductor of the structural and functional changes
observed in these cells, it has been described that the products resulting
from SSAO/VAP-1 enzymatic activity are able to induce E and P-se-
lectins expression and release in HUVEC cells [33], an effect that we
have not observed in our brain endothelial cells. However, it cannot be
ruled out that, since SSAO/VAP-1 is also a pro-inflammatory protein, its
expression could be related to structural changes in endothelial cells
that in turn, would promote a differential protein expression pattern
leading to endothelial activation. Alternatively, the enzymatic meta-
bolism of other unknown substrates could modify the protein expres-
sion, and explain the differences observed in hSSAO/VAP-1-expressing
cells, such as a higher expression of VCAM-1, ICAM-1, and LRP-1 or a
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reduced expression of the junctional proteins VE-cadherin, claudin-5
and ZO-1. The molecular inductor of these differences, or if it is directly
SSAO/VAP-1, needs further studies. On the other hand, although in-
creased MMPs have been found in AD associated to the BBB leakage
[85], the MMP-2 protein increase observed in hSSAO/VAP-1 cells seems
not to be relevant for the changes observed in these cells, because the
overall MMP activity was found to be lower in them. Other MMPs not
analyzed in this work could be altered in hSSAO/VAP-1-expressing cells
explaining this result, as the substrate used here for measuring MMPs
activity can be metabolized by other MMPs besides MMP-2. In addition,
the lower MMPs activity found could be related with the MMPs/TIMPs
ratio, as TIMP-1 was found significantly increased in hSSAO/VAP-1-
expressing cells. Interestingly, this MMPs inhibitor increase has been
recently identified as a possible blood biomarker for AD [86]. Whether
these changes are relevant for the endothelial activation and BBB
opening phenotype observed in hSSAO/VAP-1-expressing cells, or if
they are related with hSSAO/VAP-1 protein expression remains to be
elucidated. In particular, MMP-2 observed changes could be related
with the increase in SSAO/VAP-1 expression, as MMP-2 has been re-
lated with the SSAO/VAP-1 shedding [87].

Analyzing the functionality of brain endothelial cells expressing
hSSAO/VAP-1, the observed pro-inflammatory phenotype of these cells
correlated with a slight increase in basal leukocyte adhesion and with a
higher permeability of the BBB formed by these cells. A dysfunctional
BBB is found in AD, and it has been associated to a deficient clearance
of Aβ [88] and to the contribution to an early cognitive impairment
[74]. BBB tightness is controlled by transmembrane tight junction
proteins that seal the paracellular gap (Claudins and Cadherins) and fix
the transmembrane proteins to the actin cytoskeleton (ZO-1) [89,90].
The lack of TEER increase and ZO-1 positioning at tight junctions along
different time points suggests that hSSAO/VAP-1 expressing endothelial
cells are not able to close the BBB and therefore form a functional BBB.
These functional BBB disturbances may be probably explained by the
decrease in the expression of claudin-5, VE-cadherin and ZO-1 in
hSSAO/VAP-1-expressing cells. All these effects make sense because as
an adhesion protein, SSAO/VAP-1 will promote leukocyte binding and

transmigration through the endothelium, by which the BBB will need to
be opened, mediated by these changes.

When evaluating the role of the over released angioneurins in these
functional BBB alterations, we found that these alterations could not be
explained only by the differential release of proteins between both cell
types, because the secreted media did not mimic all the changes pre-
viously found in cells expressing hSSAO/VAP-1. With the conditioned
media treatments, we observed the decrease in claudin-5 but not
changes in VE-cadherin or ZO-1, indicating differences in the stimulus
regulating these proteins. Consequently, only a slight increase in per-
meability was observed after treatment with conditioned media, much
less evident than that of endothelial cells expressing hSSAO/VAP-1. We
first attributed these changes to the most altered angioneurins, VEGF,
IL-8 and IL-6, and thus we checked that their signaling pathways were
consequently altered in hSSAO/VAP-1-expressing cells. VEGF and IL-8
signaling would converge in activating VEGFR2 molecular pathway in
order to promote an endothelial permeability increase, as described by
others [54]. However, in our cells we found a drastic reduction in the
expression of VEGFR2. These results correlate with the findings that
VEGF levels were found increased in plasma from AD patients, while
plasma and mRNA levels of its receptors VEGFR1 and VEGFR2 were
decreased in these patients [91]. Several harmful stimuli have been
shown to reduce VEGFR2 expression, as oxidized low-density lipopro-
teins or methylglyoxal [92–94]. Interestingly, methylglyoxal is one of
the metabolic products of the enzymatic activity of SSAO/VAP-1, when
metabolizing aminoacetone. Although we have not observed significant
differences in the release of angioneurins when treating with methy-
lamine as SSAO substrate, we cannot rule out that other endogenous
substrates could contribute to these alterations. IL-6 was the other
signaling pathway analyzed as possible responsible of these BBB al-
terations, and in this regard, the STAT3 pathway was consequently
more activated in endothelial cells expressing SSAO/VAP-1. The de-
pendence of these changes on IL-6-activated STAT3 pathway was con-
firmed through the addition of an IL-6 blocking antibody, which abol-
ished the permeability changes induced by hSSAO/VAP-1 conditioned
media on WT cells. IL-6 is a major inflammatory interleukin, and its
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increase has been found in AD, together with other cytokines [95], but
although it is associated to dementia, it is not specific for AD, albeit it
clearly affects BBB function [96].

Although we cannot rule out the participation of other soluble
molecules not analyzed in this work, the results obtained with condi-
tioned media experiments indicate that the dysfunctional alterations
found in these cells cannot be completely explained by differential se-
cretion patterns. In addition, the results also indicate that the differ-
ential secreted proteins can affect the surrounding microenvironment,
and suggest that SSAO/VAP-1 expression could alter the neurovascular
unit function through these released factors. For instance, it has been
described that VEGF can directly affect the glutamatergic synaptic
function, and the silencing of VEGFR in neural cells impairs synaptic
plasticity [97]. Whether these endothelial-secreted molecules are able
to reach the parenchyma and if they can mediate these or other effects
under AD conditions in neural cells is currently being studied in our
model.

Despite it has been described that SSAO/VAP-1 is overexpressed in
CAA-AD patients, colocalizing with Aβ deposits [23,98], the exact
contribution of this enzyme to this pathology and the mechanisms in-
volved are not completely understood. The association of a BBB dys-
function, which according to our results could be promoted by SSAO/

VAP-1 expression, with the impairment of Aβ clearance, prompted us to
study the relationship between SSAO/VAP-1 and Aβ in these brain
microvascular endothelial cells. By treating cells with the vasculotropic
AβD, we observed that AβD was highly deposited on hSSAO/VAP-1-
expressing. This effect observed was both dependent and independent
of the SSAO enzymatic activity using MA as substrate. Similar results
were previously observed in HUVEC cells [36], and on the other hand,
it has been described the potential of the SSAO metabolic products to
induce Aβ aggregation [35,99]. Besides the clear contribution of SSAO/
VAP-1 to the AβD deposition, the increased expression of LRP-1 in
hSSAO/VAP-1-expressing cells, which binds Aβ, could also contribute
to the enhanced Aβ deposition on these cells. In this regard, the results
presented in this work seem to be in controversy with the general ob-
servation of the LRP-1 decrease found in AD tissue, including ours [98].
The main hypothesis on the LRP-1 role in AD is based on the fact that
the LRP-1 decrease promotes Aβ accumulation, initiating therefore the
pathology. However, other authors have found LRP-1 increased (re-
viewed in [100]), and interestingly, Sagare and collegues [101] ob-
served an increase of oxidized sLRP-1 in the plasma of MCI individuals,
which showed low affinity for Aβ, suggesting an impairment of Aβ
clearance from the brain at this early stage of AD. In this context, we
have observed the SSAO/VAP-1 increase and LRP-1 decrease in AD
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tissue when Aβ is already deposited on blood vessels, but it is not
known what occurs before this point with these two proteins. Con-
sidering our in vitro model, we do not have an established AD situation,
because our initiating point is only an increased SSAO/VAP-1 expres-
sion, so it is not surprising that we do not observe an LRP-1 decrease; by
contrast, the LRP-1 increase may be due to other stimulus in our model,
and could also be related to the BBB breakdown observed, an LRP-1 role
suggested by others [102,103]. Similarly, we previously observed a
RAGE increase in human AD tissue, while we do not observe changes in
our in vitro model; in this sense, others and us hypothesize that this
increase could be attributed to the increased AGEs levels detected in
these patients, which is not present in our cell culture model. Ob-
viously, the use of this or other models has limitations, because they are
not able to consider all the players involved in the pathological process.
In addition, AD is a multifactorial disease with probably several de-
regulations acting at the same time, and the molecular changes re-
sponsible of the initiation of the pathology, before the initial Aβ ag-
gregation, are not fully understood yet. Thus, we are testing the SSAO/
VAP-1 increase, which can be present in any inflammatory condition, as
one of the alterations leading to the AD initiation and progression. In
this regard, our model can be useful for this objective, although it may
not consider other molecular players, as other models do not consider
SSAO/VAP-1.

A slight increase in SSAO activity was observed after treating cells
with AβD, indicating a crosstalk between these two molecules. This
relationship was also evidenced at the BBB functional level, since re-
sults obtained after treatments with AβD and SSAO substrates and/or
inhibitors revealed that SSAO/VAP-1 presence amplifies the effect of
AβD on the BBB dysfunction, clearly affecting its permeability. The
additive toxicity of AβD and MA treatments was also evidenced by the
cell viability tests. However, the enzymatic SSAO activity is more re-
lated to the leukocyte adhesion process, with a small additive effect of
the AβD treatment but a clear reduction in leukocyte adhesion in the
presence of SSAO specific inhibitors.

In some of the parameters previously analyzed we did not obtain the
same responses using AβD or Aβ42. For instance, Aβ42 deposition was
less modulated by SSAO/VAP-1 than AβD, changes in SSAO activity and
cell viability were induced at lower Aβ42 concentrations than AβD, and
the cell death induced by Aβ42 and MA was dependent on the mi-
tochondrial apoptotic pathway while it was not by AβD and MA. We
think that these differential effects could be related to the higher de-
position rate of Aβ42 (3 times higher than AβD according to our
Western blot experiments), which does not allow a modulation of its
deposition procedure while the slower AβD aggregation rate does.

5. Conclusions

Our results indicate that the presence of SSAO/VAP-1 in human
brain microvessels induces an endothelial activation status towards a
pro-inflammatory phenotype, accompanied by BBB leakage and leu-
kocyte adhesion. The molecular mechanisms regulating these pheno-
typic changes are not known, but they could be related to the activation
of signaling pathways by the products generated during SSAO enzy-
matic activity or by structural modifications provoked by the SSAO/
VAP-1 presence. Leukocyte adhesion and AβD deposition on en-
dothelial cells are enhanced by SSAO enzymatic activity, indicating that
SSAO/VAP-1 inhibition could report beneficial effects in the treatment
of the AD progression. However, SSAO/VAP-1 also affects leukocyte
adhesion, AβD deposition, as well as BBB permeability, by enzymatic
activity-independent mechanisms. The pro inflammatory molecules
over released by cells expressing hSSAO/VAP-1 could have con-
sequences in the surrounding microenvironment, therefore affecting
other neighboring cells in the brain and thus, the neurovascular unit
function. These aspects should be evaluated in further experiments in
order to determine the scope of these alterations in neurons and glia
under AD conditions, where SSAO/VAP-1 is overexpressed.
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