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Inactivation of BACE1 increases
expression of endothelial nitric oxide
synthase in cerebrovascular endothelium

Tongrong He1,2, Livius V d’Uscio1,2 , Ruohan Sun1,2,3,
Anantha Vijay R Santhanam1,2 and Zvonimir S Katusic1,2

Abstract

Cerebrovascular effects of b-site amyloid precursor protein-cleaving enzyme 1 (BACE1) inactivation have not been

systematically studied. In the present study we employed cultured human brain microvascular endothelial cells (BMECs),

BACE1-knockout (BACE1�/�) mice and conditional (tamoxifen-induced) endothelium-specific BACE1-knockout

(eBACE1�/�) mice to determine effect of BACE1 inhibition on expression and function of endothelial nitric oxide

synthase (eNOS). Deletion of BACE1 caused upregulation of eNOS and glypican-1 (GPC1) in human BMECs treated

with BACE1-siRNA, and cerebral microvessels of male BACE1�/� mice and male eBACE1�/� mice. In addition,

BACE1siRNA treatment increased NO production in human BMECs. These effects appeared to be independent of

amyloid b-peptide production. Furthermore, adenoviral-mediated overexpression of BACE1 in human BMECs down-

regulated GPC1 and eNOS. Treatment of human BMECs with GPC1siRNA suppressed mRNA and protein levels of

eNOS. In basilar arteries of male eBACE1�/� mice, endothelium-dependent relaxations to acetylcholine and

endothelium-independent relaxations to NO donor, DEA-NONOate, were not affected, consistent with unchanged

expression of eNOS and phosphorylation of eNOS at Ser1177 in large cerebral arteries. In aggregate, our findings

suggest that under physiological conditions, inactivation of endothelial BACE1 increases expression of eNOS in cerebral

microvessels but not in large brain arteries. This effect appears to be mediated by increased GPC1 expression.
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In the cerebral circulation, endothelial nitric oxide syn-
thase (eNOS) is an essential enzyme responsible for
production of vascular protective molecule nitric
oxide (NO).1,2 Prior studies have established that
loss of endothelial NO promotes development of
Alzheimer’s disease (AD) pathology.3 Indeed, impaired
production of NO causes dysregulation of amyloid pre-
cursor protein (APP) metabolism manifested by
increased expression of endothelial b-site APP cleaving
enzyme 1 (BACE1) and production of amyloid b (Ab)
peptides in the cerebral blood vessels and neuronal
tissue.4–6 In addition, endothelial NO deficiency in
the cerebral circulation activates microglia, promotes
neuronal Tau phosphorylation, and causes impairment
of spatial memory.3,7,8 These observations support the
concept that chronic loss of cerebrovascular endotheli-
al NO is an important contributor to the development
of AD pathology.

Previous studies demonstrated that BACE1 is
expressed in the brain endothelium6,9–11 however, the
exact function of BACE1 in endothelial cells is incom-
pletely understood. This gap in knowledge is critically
important because BACE1 inhibitors are still consid-
ered potentially important therapeutic approach to pre-
vention and treatment of AD.12 In this study we
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examined the effects of BACE1 suppression on vascu-
lar endothelial function with particular focus on the
effects of genetic inactivation of endothelial BACE1
on expression and function of eNOS.

Glypicans (GPCs), are membrane heparan sulfate
proteoglycans anchored to the extracellular surface,
and they play important roles in regulating cell behav-
ior.13 GPC1 is known to have beneficial effects on
endothelial cell survival and preservation of endothelial
integrity.13,14 Indeed, GPC1 has been shown to protect
endothelium from dysfunction induced by aging.15

Most importantly, several prior studies suggest that
GPC1 may participate in control of eNOS function
including shear stress-induced activation of
eNOS.14,16–23 Our interest in GPC1 was stimulated by
the observation demonstrating that genetic deletion of
BACE1 causes accumulation of GPC1-like protein
(Zgc:63947) in the brain of BACE1-knockout zebra-
fish.24 However, the role of GPC1 in BACE1-
regulated eNOS expression has not been studied. Our
results support the concept that GPC1 mediates
increase in eNOS expression induced by inhibition of
endothelial BACE1.

Material and methods

Mice

All experimental protocols were reviewed and
approved by the Institutional Animal Care and Use
Committee of the Mayo Clinic. Experimental protocols
complied with the National Institute of Health and the
ARRIVE 2.0 guidelines.25

Homozygous BACE1-deficient (BACE1�/�) mice
(B6.129-Bace11mPcw/J) on C57BL/6 background
(Model #004714) and C57BL/6 mice (Model
#000664) were obtained from the Jackson Laboratory
(Bar Harbor, ME) and were bred to generate heterozy-
gous BACE1þ/� mice, which then were used to gener-
ate wild type (WT) littermates and BACE1�/� off
springs. All mice were maintained on 12 h/12 h light/
dark cycle, with free access to drinking water and on
standard chow. PCR was performed to identify the
genotype by using wild-type and BACE1 primers
designed by the Jackson Laboratory and purchased
from Integrated DNA Technologies, Inc. (Coralville,
Iowa). Male mice (3–5 months old) were used in the
experiments. We also performed several experiments
on female BACE1�/� mice (3–6 months old; please
see supplemental material).

Breeding of tamoxifen-inducible endothelium-
specific BACE1�/� (eBACE1�/�) mice: the heterozy-
gous BACE1flox/þ mice on C57BL/6 background
(Model #8263) were purchased from Taconic
Biosciences Inc. (Rensselaer, NY) and were bred to

generate floxed BACE1 (BACE1flox/flox) mice in our

laboratory. These mice were genotyped using primers

provided by Taconic. Female BACE1flox/flox mice were

crossed with male Cdh5(PAC)-CreERT2 (Cdh5-Cre)

mice (Model #13073, Taconic) to generate BACE1flox/þ;
Cdh5-Cre� and BACE1flox/þ; Cdh5-Creþ mice. The

latter were used to breed with female BACE1flox/flox

mice to generate BACE1flox/flox; Cdh5-Cre� (WT

littermates) mice and BACE1flox/flox; Cdh5-Creþ

(eBACE1�/�) mice. The genotyping was performed

by using Cdh5-Cre primers provided by Taconic.

Male eBACE1�/� (5�12 weeks old) were fed with

tamoxifen contained chow diet (400mg tamoxifen cit-

rate per kg diet [TD.130859], Envigo, Indianapolis, IN)

for 8�10 weeks. Age-matched male WT littermates

were used as controls. Mice were 3�5.5 months old

when blood samples and vasculature samples were col-

lected. In order to confirm endothelium-specific dele-

tion of BACE1, we isolated total RNA from

endothelial cells of mouse aorta, and reverse-

transcribed RNA to cDNA, as described in previous

study.26 Reverse transcription PCR was performed

using primers spanning the deletion site (exon 2).

Primer sequences for BACE1 (NCBI accession

number NM_001145947.2) were: forward 50-TTTGT

GGAGATGGTGGACAA-30, and reverse 50-GGACA

GCTGCCTCTGGTAGT-30. Glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH, NCBI access number

NM_001289726.1) primers (forward: 50-AGA

ACATCATCCCTGCATCC-30 and reverse: 50-GG

TCCTCAGTGTAGCCCAAG-30) were used as reference

controls. The following PCR conditions were used: 94�C
for 30 s, 55�C for 30 s, and 72�C for 1min (30 cycles).

Mice were trained for blood pressure measurement

as described.27 Systolic blood pressure and mean blood

pressure were recorded in non-anesthetized quiescent

mice by a tail-cuff method (Harvard Apparatus,

Kent, England).

Glucose and lipid profile

Mice were anaesthetized with overdoses of pentobarbi-

tal (200–250mg/kg BW, intraperitoneal). Blood sam-

ples were collected by right ventricle puncture and

transferred to a tube containing EDTA. Blood glucose

levels were measured immediately with ACCU-CHEK

(Roche Diagnostics, Indianapolis, IN). After blood

samples were centrifuged at 2000 rpm at 4�C for

10min, the supernatants were collected and stored at

�80�C. Plasma levels of cholesterol, HDL, and triglyc-

eride were measured on the Hitachi 912 chemistry ana-

lyzer (Roche Diagnostics).
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Ab1–40 and Ab1–42 measurement

Plasma levels of Ab1-40 or Ab1-42 were measured
using a mouse Ab1-40 ELISA kit or a mouse Ab1-42
ELISA kit, respectively (Invitrogen, Camarillo, CA),
according to the manufacturer’s protocols.

Isolation and collection of cerebral

blood vessels

Cerebral microvessels were isolated as described in pre-
vious studies.28 Briefly, after mouse brain was collected
and placed in the cold (4�C) modified Krebs–Ringer
bicarbonate solution (in mmol/L: NaCl 118.6; KCl
4.7; CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2; NaHCO3

25.1; glucose 10.1; EDTA 0.026), anterior cerebral,
posterior cerebral, middle cerebral and basilar arteries
were removed. Cerebral microvessels were then isolated
from whole brain by 15% Dextran (Sigma-Aldrich,
St. Louis, MO) centrifugation, as previously
described.28 In some experiments, microvessels of
eBACE1�/� mice were isolated from the same mice
from which large cerebral arteries or basilar arteries
were obtained.

For studies of vascular reactivity, basilar arteries
were isolated and dissected free from surrounding tis-
sues in cold modified Krebs–Ringer bicarbonate solu-
tion under a microscope.

For Western Blot analysis of large cerebral arteries,
middle cerebral, anterior cerebral, posterior cerebral
arteries, and basilar arteries were removed from the
brain and dissected free from surrounding tissue in
cold modified Krebs–Ringer bicarbonate solution
under a microscope. Isolated arteries obtained from
one mouse were pooled into one sample.

Vasomotor reactivity studies of

basilar arteries

Basilar artery was dissected free from surrounding tis-
sues and was transferred to a small vessel chamber
filled with 37�C modified Krebs–Ringer bicarbonate
solution. Transmural pressure was set at 30mmHg,
and basilar arteries were equilibrated for 45 minutes,
as described in previous study.29 Vascular reactivity
was studied ex-vivo using a video dimension analyzer
system (Living Systems Instrumentation, Burlington,
VT) as described in the previous study.29

Endothelium-dependent relaxations to acetylcholine
(10�9–10�5mol/L; Sigma, St. Louis, MO) and
endothelium-independent relaxations to the NO
donor diethylammonium (Z)-1-(N,N-diethylamino)
diazen-1-ium-1,2-diolate (DEA-NONOate; 10�9–
10�5mol/L; Cayman Chemical, Ann Arbor, MI)
were obtained during submaximal contractions to

9,11-dideoxy-9a,11a-methanoepoxy prostaglandin F2a

[U46619, a synthetic analog of prostaglandin
H2 (PGH2) analogue and a stable thromboxane A2
receptor agonist, 3� 10�8–3� 10�7mol/L; Cayman
Chemical]. Between each protocol, the system was
washed out with Krebs solution and then equilibrated
for 30 minutes. Concentration-dependent contractions
to U46619 (10�9–10�6mol/L; Cayman Chemical)
and endothelin-1 (ET-1, 10�11–10�7mol/L; EMD
Millipore, Billerica, MA) were also obtained.

Cell culture

Primary human brain microvascular endothelial cells
(BMECs, from a single donor (24 years old, sex
unknown) purchased from Applied Cell Biology
Research Institute (Kirkland, WA), were grown in
endothelial growth medium 2 (EGM2; Lonza,
Allendale, NJ) containing endothelial basal medium 2
(EBM2; Lonza, Allendale, NJ) supplemented with 2%
fetal bovine serum, fibroblast growth factor, vascular
endothelial growth factor, insulin-like growth factor,
epidermal growth factor, ascorbic acid, hydrocorti-
sone, bac-off and heparin. Passages 4–6 were used. In
some experiments, human BMECs were treated with
b-secretase inhibitor IV (BACE inhibitor IV, CAS
797035-11-1, Calbiochem, EMD Millipore Corp.,
Billerica, MA) at concentration of 0.1 or 0.2 mM,
for 24 hours. Then, the cell samples were collected
for Western blot. BACE inhibitor IV has selectivity
for BACE1 versus BACE2 (IC50¼ 0.015 mM for
BACE1; IC50¼ 0.23 mM for BACE2).30

Knockdown of BACE1 and GPC1 by small

interfering RNA (siRNA)

Experiments were performed by use of Lipofectamine
2000 (Invitrogen) as described in the previous study.28

BACE1siRNA targeting human BACE1 mRNA (ON-
TARGETplus #9), GPC1siRNA targeting human
GPC1 mRNA (ON-TARGETplus #19), and Control-
siRNA (ON-TARGETplus Non-targeting siRNA #1)
were obtained from Dharmacon, Horizon (Lafayette,
CO). Human BMECs were treated with siRNA 30 nM
for 40 or 48 hours. RNA samples were isolated for
PCR experiments, or protein samples were then collect-
ed for Western blot.

Overexpression of BACE1

Human BMECs were incubated with replication-
deficient adenoviral constructs containing human
BACE1 (Ad-BACE1, Vector Biolabs, Malvem, PA)
at 2.5 multiplicities of infection (MOI) in 1.5mL of
EBM-2 for 8 hours. Cells were then recovered in
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EGM-2 for 2 days. For controls, cells were transduced
with 2.5 MOI Adeno CMV Null adenovirus (Ad-Null,
Vector Biolabs, Malvem, PA).

Western blot analysis

Western blot analysis was conducted as described in
previous studies.28,29,31 Human BMECs, isolated cere-
bral microvessels, or large cerebral arteries were
homogenized in lysis buffer (containing 50mmol/L
NaCl, 50mmol/L NaF, 50mmol/L sodium pyrophos-
phate, 5mmol/L EDTA, 5mmol/L EGTA, 0.1mmol/L
Na3VO4, 1% Triton X-100, 10mmol/L HEPES,
pH7.4) and protease inhibitor cocktail (cat# P8340,
Sigma-Aldrich, St. Louis, MO). The protein samples
were then subjected to Western blot. Rabbit antibody
against BACE1 was obtained from Cell Signaling
Technology (Danvers, MA, cat# 5606, dilution 1:250
or 500). Mouse anti-glypican-1 (GPC1) was obtained
from EMD Millipore Corporation (Temecula, CA,
cat# MAB2600, dilution 1:250). PC-12 cell lysate
(cat# 611454, a positive control for GPC1 antibody,
recommended by EMD Millipore), mouse anti-eNOS
(cat# 610297, dilution 1:250), mouse anti-
phosphorylated eNOS at Ser1177 [p-eNOS(S1177),
cat# 612393, dilution 1:250], mouse anti-
phosphorylated eNOS at Thr495 [p-eNOS(T495),
cat# 612706, dilution 1:250], and were purchased
from BD Transduction Laboratories (San Jose, CA).
Blots probed with mouse anti-b-actin (Sigma-Aldrich,
cat# A5316, dilution 1:500 or 1:20000 for some
mouse samples) were used as loading controls.
Protein expression was normalized to b-actin.
The ratio of p-eNOS(S1177)/eNOS of each sample
was calculated after p-eNOS(S1177) or eNOS
was normalized to b-actin. The ratio of p-eNOS
(T495)/eNOS of each sample was also calculated after
p-eNOS(T495) or eNOS was normalized to b-actin.
The blots were imaged with LI-COR digital imaging
analysis system (Odyssey Fc, Model 2800) and
analyzed using Image Studio Software Version 5.0)
(LI-COR, Inc., Lincoln, NE).

Real time-quantitative RCR (RT-qPCR)

RT-qPCR was performed as described in previous
study.28 After total RNA was isolated using RNeasy
Plus Mini kit (Qiagen, Redwood City, CA),
SuperScript III First-Strand Synthesis System kit
(Invitrogen) was used to reverse transcribe RNA to
cDNA. For quantification of human eNOS and
GPC1 mRNA using Bio-Rad CFX Connect Real-
Time System, PrimPCR SYBR Green Assay human
eNOS, GPC1 and GAPDH (Bio-Rad, Coralville, IA)
were used, according to manufacturer’s instruction.

Measurement of nitric oxide production

Human BMECs were treated with BACE1siRNA for

2days, then conditioned media were collected after

24 hours incubation. Nitric oxide production by human

BMECs were measured in conditioned media as total

nitrite and nitrate (NO2þNO3), using a commercially

available fluorometric nitrite/nitrate assay kit according

to manufacturer’s instructions (Cayman Chemical Co.).

Statistical analysis

Data are presented as mean� standard deviation, “n”

denotes number of independent experiments in cell cul-

ture, and the number of mice from which tissue samples

were collected (n value indicates number of single

values per animal). Differences between mean values

of two groups were compared using unpaired Student

t-test. Data sets were tested for normality using

Shapiro-Wilk normality test and QQ plot analysis.

Data sets (Western blot data, GPC1siRNA treatment,

and Table 1 Ab1-40) that were not normally distributed

were analyzed by the Mann-Whitney U-test for non-

parametric data (GraphPad Prism 9 software). For

non-parametric data analysis of multiple groups,

Kruskal-Wallis test followed by Mann-Whitney U-

test were performed. For analysis of vasomotor reac-

tivity of basilar arteries, efficacy (maximal responses)

as well as the potency of the drugs (expressed as nega-

tive logarithm of the concentration that caused half-

maximal response [pEC50 value]) was determined by

non-linear regression analysis (GraphPad Prism 9 soft-

ware).32 P< 0.05 was considered statistically

Table 1. Characteristics of male wild-type littermates and
eBACE1�/� mice.

Parameters

Cdh5-Cre�;
BACE1flox/flox (WT)

Cdh5-Creþ;
BACE1flox/flox

(eBACE1�/�)

Tamoxifen

(mg/kg BW/day)

44� 8 (23) 42� 7 (25)

BW (g) 22� 2 (16) 23� 2 (16)

SBP (mmHg) 121� 4 (7) 117� 8 (7)

MBP (mmHg) 94� 3 (7) 90� 6 (7)

DBP (mmHg) 80� 4 (7) 76� 5 (7)

Glucose (mg/dL) 170� 24 (8) 179� 17 (8)

Ab1–40 (pg/mL) 226� 45 (10) 194� 29 (10)*

Ab1–42 (pg/mL) 57� 7 (12) 50� 6 (12)**

BW: body weight; SBP: systolic blood pressure; MBP: mean blood

pressure; DBP: diastolic blood pressure; Ab: amyloid-b; WT: wild-type.

Data are means� SD and the numbers of mice are indicated in the

parentheses.

*P< 0.05 VS. WT littermates (Mann-Whitney U-test for non-parametric

data).

**P< 0.05 vs. WT littermates (unpaired t-test).

He et al. 1923



significant. Formal prior power calculations were not
performed. Sample size determination was based on
previous publications.28,29 The investigators were not
blinded to genetic characteristics of mice.
Investigators knew the group allocation during the
experiment and assessing outcome.

Results

Stimulatory effect of BACE1-inhibtion on eNOS
expression and NO production in human BMECs

We first examined the effects of genetic inhibition of
BACE1 in cultured human BMECs. During cell cultur-
ing, endothelial cells maintained their normal
cobblestone appearance under microscope. We did not
observe any apparent morphological changes in
BACE1siRNA-treated cells, compared to CtsiRNA-
treated cells. As expected, BACE1 protein expression
was significantly reduced in BMECs treated with
BACE1siRNA, (Figure 1(a)). In contrast, mRNA
and protein levels of eNOS were significantly increased
(Figure 1(b) to (d)). However, levels of p-eNOS[(S1177)
[up-regulating eNOS activity, calculated as p-eNOS
(S1177)/eNOS] and p-eNOS(T495) [down-regulating
eNOS activity, calculated as p-eNOS(T495)/eNOS] were
not affected (Figure 1(c), (e) and (f)). Next, we overex-
pressed BACE1 in human BMECs. Transduction of cells
with Ad-BACE1 significantly suppressed eNOS protein
levels (Figure 1(g) and (h)). Furthermore, we used BACE
inhibitor IV to treat human BMECs with concentra-
tions selective for BACE1 inhibition (and shown to
reduce amyloid peptide production under cell culture
conditions).30,33 Our results demonstrated that 0.2 mM
BACE inhibitor IV significantly increased eNOS pro-
tein expression (Figure 1(i)).

As shown in Figure 1(j), concentrations of
NO2þNO3 in conditioned media (reflecting NO pro-
duction by BMECs) were significantly augmented after
treatment with BACE1siRNA, as compared to the cells
treated with CtsiRNA. However, BACE1siRNA trans-
fection did not significantly affect intracellular levels of
superoxide anions (suppl. Fig. 1A), nitrotyrosine
levels (suppl. Fig. 1B), and antioxidant enzyme levels
(MnSOD, CuZnSOD, and catalase) (suppl. Fig. 1C–F
and suppl. Fig. 2), suggesting that inhibition of BACE1
does not cause uncoupling of eNOS.

Previous study has demonstrated that in conditioned
medium derived from human BMECs Ab1-40 levels are
low, and Ab1-42 is almost undetectable.28 To rule out
the effect of Ab peptides on eNOS expression in human
BMECs, we incubated the cells with Ab1-40 or Ab1-42
(10�12–10�5 M; for 24 hours). As shown in suppl.
Fig. 3, protein levels of eNOS were not affected after
either treatment. These observations suggest that the

stimulatory effect of BACE1 inhibition on expression

of eNOS may be independent of inhibition of APP

b-processing and production of Ab peptides.

GPC1 mediates BACE1-induced upregulation of

eNOS expression

It has been reported that GPC1, a major component of

glycocalyx on the plasma membrane, accumulates in

the brain of BACE1�/� zebrafish24 thereby leading to

speculation that GPC1 is cleaved by BACE1. Since

GPC1 functions as a coreceptor mediating signaling

of several growth factors that regulate eNOS gene

expression,14,16,17 we examined whether GPC1 plays a

role in the up-regulation of eNOS expression induced

by BACE1 inhibition. Interestingly, BACE1siRNA sig-

nificantly increased levels of protein and mRNA of

GPC1 in human BMECs (Figure 2(a) and (b)). In con-

trast, overexpression of BACE1 with Ad-BACE1

reduced GPC1 protein expression (Figure 2(c)).

Furthermore, genetic inactivation of GPC1 significant-

ly suppressed mRNA and protein expression of eNOS

(Figure 2(d) to (f)). These results suggest that GPC1 is

involved in upregulation of eNOS induced by inhibi-

tion of BACE1.

Stimulatory effect of BACE1 deficiency on eNOS

expression in mouse brain microvessels

Unless specifically stated, all in vivo experiments were

performed on male mice. To confirm and further vali-

date our in vitro observations, we examined eNOS

expression in isolated brain microvessels derived

from BACE1�/� mice. Compared to WT littermates,

BACE1�/� mice had lower body weight, but similar

levels of blood pressure, blood glucose and lipid pro-

files (suppl. Table 1), thus ruling out the possibility that

alterations in blood pressure or circulating levels of

glucose or lipids may influence vascular function of

BACE1�/� mice. As expected, Ab1-40 in plasma was

significantly reduced in BACE1�/�mice (suppl. Table 1).

The remaining low levels of Ab1-40 present in plasma

of BACE1�/� mice may be the result of the compensa-

tory b-processing of APP by BACE2. Western blot

analysis demonstrated that while BACE1 protein in

brain microvessel was deleted (Figure 3(a)), protein

levels of eNOS and GPC1 were significantly

up-regulated (Figure 3(b) and (d)), consistent with

our in vitro findings. However, in cerebral microvessels

derived from female BACE1�/� mice, BACE1 expres-

sion was abolished but eNOS protein levels were not

altered (Suppl. Fig. 4A and B). Of note, female

BACE1�/� mice had lower body weight as compared

to WT mice. In addition, blood glucose levels and lipid

1924 Journal of Cerebral Blood Flow & Metabolism 42(10)



Figure 1. BACE1 regulated eNOS expression and NO production in human BMECs. A-F: Cells were treated with BACE1siRNA or
CtsiRNA (30 nM) for 48 hours (a and c–f) or 40 hours (b), Western blot or real-time PCR were performed, respectively. a, BACE1
protein was knocked down using BACE1siRNA, n¼ 8 *P< 0.05. b, levels of eNOS mRNA were increased in cells treated with
BACE1siRNA, n¼ 4, *P< 0.05. c–f, protein expressions of eNOS, p-eNOS(S1177)/eNOS, and p-eNOS(T495)/eNOS) in human
BMECs treated BACE1siRNA or CtsiRNA, n¼ 15-24, *P< 0.05. g and h: Human BMECs were transduced with Ad-BACE1 or Ad-Null
(2.5 MOI, 2 days). g, n¼ 9, H, n¼ 13; *P< 0.05. i: Human BMECs were treated with BACE inhibitor IV for 24 hours (n¼ 5, *P< 0.05).
J: After endothelial cells were treated with 30 nM BACE1siRNA for 2 days, cells were incubated with EGM2 without serum for
24 hours. The supernatants were collected for NO2þNO3 assay (n¼ 8, *P< 0.05).
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profile were not affected by genetic inactivation of

BACE1 (Suppl. Table 2).
To further verify our observations in cultured

BMECs and BACE�/� mice, we created the first

endothelium-specific BACE1 knockout mice

(eBACE1�/� mice) (Figure 4(a)). Deletion of BACE1

mRNA in endothelial cells isolated from aorta of

eBACE1�/� mouse was confirmed by demonstrating

successful tamoxifen-induced deletion of endothelial

BACE1 gene (Figure 4(b)). Body weight, blood glu-

cose, and blood pressure were not significantly changed

in eBACE1�/� mice as compared to WT mice (Table 1).

Plasma levels of Ab1-40 and Ab1-42 were slightly but

significantly decreased in eBACE1�/� mice (Table 1).
In isolated brain microvessels, BACE1 protein levels

were significantly reduced (Figure 4(c) and (d)). The

incomplete deletion of BACE1 most likely reflected

the presence of BACE1 protein in smooth muscle

cells of the cerebral microvessels. In agreement with

our observations obtained in cultured BMECs and

BACE1�/� mice, protein expressions of eNOS and

GPC1 in eBACE1�/� microvessels were significantly

increased (Figure 4(c), (e) and (f)). These findings sup-

port the concept that GPC1 mediates up-regulation of

eNOS induced by inhibition of BACE1.

Vasomotor function of basilar arteries of male

eBACE1�/� mice

The structure (internal diameter, external diameter,

and media thickness) of basilar arteries of eBACE�/�

mice was not altered as compared to structure of bas-

ilar artery of WT littermates (Suppl. Fig. 5). The con-

tractile responses to U46619 and ET-1 (pEC50) were

equipotent among studies groups of mice (Figure 5(a)

and (b)), though efficacy of U46619 and ET-1

contractile responses were decreased in basilar arteries

of eBACE�/� mice as compared to their

WT littermates (Figure 5(a) and (b)). Endothelium-

dependent relaxations to acetylcholine and

endothelium-independent relaxations to the NO

donor DEA-NONOate were not significantly different

between WT and eBACE1 mice (Figure 5(c) and (d)).
To gain additional insights into the mechanisms

underlying changes in vasomotor function of basilar

artery, we examined expression of eNOS in large cere-

bral arteries. In contrast to findings obtained on

human BMECs as well as brain microvessels of

BACE1�/� and eBACE1�/� mice, eNOS protein

expression was not significantly increased in isolated

large cerebral arteries of eBACE1�/� mice as compared

to arteries of WT mice (Figure 5(e) and (f)). In addi-

tion, the levels of p-eNOS(S1177) were also not affect-

ed (Figure 5(e) and (g)).

Discussion

The present study provides several new insights into

the function of BACE1 in the cerebrovascular endothe-

lium. Our findings demonstrate that genetic and phar-

macological inactivation of endothelial BACE1

enhances expression of eNOS thereby suggesting that

BACE1 exerts inhibitory effect on expression and func-

tion of eNOS. This effect appears to be independent of

BACE1-induced cleavage of APP and formation of

Ab-peptides. Furthermore, we provide evidence that

increased expression of GPC-1 mediates increased

expression of eNOS induced by genetic deletion of

BACE1. Importantly, we validated our findings in cul-

tured human endothelium with studies in brain micro-

vessels derived from male BACE1-deficient mice.

Indeed, both global and endothelium-specific genetic

Figure 1. Continued.
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inactivation of BACE1 resulted in significant upregu-
lation of eNOS and GPC-1, thus demonstrating previ-
ously unrecognized ability of BACE1 inhibition to
upregulate eNOS in cerebral endothelium. However,
in female BACE1�/� mice, microvascular expression
of eNOS was not changed. Furthermore, in large arter-
ies of male eBACE1�/� mice, endothelial BACE1 defi-
ciency did not significantly affect eNOS expression.
Consistent with this observation, endothelium-
dependent relaxations were not affected in basilar

arteries derived from male eBACE1�/� mice. These
are the first findings to demonstrate that under physi-
ological conditions, selective inactivation of endothelial
BACE1 does not affect vasodilator function of large
brain arteries.

Upregulation of eNOS expression and signaling are
generally considered vascular protective effects.34

Indeed, studies in humans suggest that subjects with
genetic variants of eNOS causing enhanced endothelial
production of NO have significantly reduced risk of

Figure 2. GPC1 mediated effect of BACE1 on eNOS expression in human BMECs. a and b: Cells were treated with 30 nM
BACE1siRNA or CtsiRNA for 48 hours (a) or 40 hours (b), the protein or mRNA levels of GPC1 were measured, respectively.
(a) n¼ 12; (b) n¼ 4; *P< 0.05. PC-12 cell lysate was used as a GPC1 positive control. (c) Cells were transduced with Ad-BACE1 or
Ad-Null (2.5 MOI, 2 days). n¼ 8, *P< 0.05. (d–f) Cells were treated with 30 nM GPC1siRNA or CtsiRNA for 2 days. mRNA
expressions of GPC1 (d) and eNOS (e), as well as eNOS protein levels (f) were measured. D, n¼ 6; E, n¼ 7, F, n¼ 4; *P< 0.05.
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Figure 3. Expressions of eNOS and GPC1 in brain microvessels of BACE1�/� mice were increased. a–d: Cerebral microvessels were
isolated from BACE1�/� mice and wild type littermates and subjected to Western blot analysis. n¼ 8, *P< 0.05.

Figure 4. Expressions of eNOS and GPC1 in brain microvessels of eBACE1�/� mice were augmented. (a) Representative genotyping
analysis of eBACE1�/� mouse (BACE1flox/flox;Cdh5-Creþ) and WT littermate (BACE1flox/flox;Cdh5-Cre�). (b) PCR analysis of BACE1
in mouse aorta and endothelium isolated from mouse aorta. Notice that BACE1 was deleted from aortic endothelium in eBACE1�/�

mice. (c–f): Protein levels of BACE1, eNOS, and GPC1 in brain microvessels of eBACE1�/� mice and WT mice. n¼ 7–10, *P< 0.05.
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cerebrovascular disease.34 However, in blood vessels

exposed to vascular risk factors including hypertension,

hyperlipidemia, diabetes, smoking, and aging, upregu-

lation of eNOS protein expression may result in eNOS

uncoupling manifested by elevated production of

superoxide anion and peroxynitrite thereby imposing

oxidative stress and vascular injury.18,35 In current

study, our measurements demonstrated that inhibition

of BACE1 did not affect intracellular levels of super-

oxide anion in cultured brain endothelium. In addition,

nitrotyrosine levels were not changed by genetic inac-

tivation of BACE1. These results indicated that the

BACE1 inhibition did not cause uncoupling of eNOS.
Our results agree with previous study demonstrating

that BACE1 negatively regulates expression of

GPC1-like protein (Zgc:63947) in the brain of zebra-

fish.24 In addition, prior studies established that GPC1

enhances binding efficiency of vascular endothelial

growth factor-A and fibroblast growth factor-2 to

their receptors14 thus exerting beneficial effects on

endothelial cell survival and preservation of endothelial

integrity.14,15 Moreover, these growth factors up-

regulate eNOS gene expression.16,17 Therefore, it is

possible that GPC1 may augment eNOS expression

by enhancing signaling of these growth factors. In the

present study, examination of GPC1 in BACE1-

deficient human and murine endothelium revealed

that inactivation of BACE1 significantly up-regulated

expression of GPC1. In contrast, overexpression of

BACE1 significantly reduced protein expression

Figure 5. Concentration-dependent contractions in basilar arteries to U46619 (a, n¼ 6, *P< 0.05) and ET-1 (b, n¼ 5–6, *P< 0.05).
Endothelium-dependent relaxations in basilar arteries to acetylcholine (c, n¼ 6, P> 0.05) and DEA-NONOate (d, n¼ 6, P> 0.05).
e–g: Protein expressions of eNOS and p-eNOS(s1177) in large cerebral arteries were not significantly changed. Quantification of
expressions of eNOS (f, n¼ 11, P> 0.05) and ratio of p-eNOS(1177)/eNOS (g, n¼ 7, P> 0.05).
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of GPC1. Further analysis indicated that GPC1 is an
important regulator of eNOS expression in the brain
endothelium. Importantly, genetic deletion of GPC1 in
human BMECs resulted in down-regulation of eNOS
mRNA and protein expression. Thus, it appears that
inactivation of BACE1 increases mRNA and protein
expression of GPC1 which in turn lead to elevation of
eNOS. Of note, our findings cannot rule out the pos-
sibility that GPC1 is a substrate for proteolytic cleav-
age by BACE1. This question remains to be addressed
in the future studies.

Several studies have reported that in systemic vascu-
lature, GPC1 mediates phosphorylation of eNOS at
S1177 induced by shear stress.19–23 In the present
study, increased expression of GPC1 did not increase
phosphorylation of eNOS at S1177. Lack of sheer
stress in endothelial cell culture conditions may explain
this observation. However, in large cerebral arteries of
eBACE1�/� mice, levels of eNOS phosphorylated at
S1177 were also not increased. The exact reasons for
apparent discrepancy between the results obtained in
the systemic blood vessels (previous studies19–23) and
the results obtained in the cerebral blood vessels lack-
ing BACE1 (present study) are unknown and remain to
be determined.

Exogenous Ab peptides may affect various signaling
pathways in endothelial cells.36 In this regard, two
observations are important to consider. First, in previ-
ous studies the Ab1-42 was almost undetectable in the
cell culture medium derived from human BMECs.6,28

Second, in current study, acute treatment (24 hours) of
human BMECs with wide range of concentrations of
Ab1-40 or Ab1-42 peptides did not affect eNOS expres-
sion thus suggesting that inhibition of Ab production
may not be the mechanism responsible for increased
expression of eNOS. However, we cannot completely
rule out contribution of Ab peptides because we only
performed limited analysis in cultured endothelium
exposed to Ab peptides for a short period of time
(24 hours). Regarding in vivo studies, it is important
to note that in eBACE1�/� mice circulating Ab1-40
and Ab1-42 levels were mildly decreased (14% and
12%, respectively). These observations suggest that
overall contribution of endothelial cells to circulating
levels of Ab is relatively small. Previous study in wild
type mice showed that 4 weeks of infusion of Ab1-42
peptide did not change eNOS protein levels in aortas,37

thus further supporting the notion that Ab1-42 peptide
does not affect eNOS protein expression. However, at
the present time, we can only speculate that long-term
mild reduction of circulating concentrations of Ab pep-
tides may be insufficient to increased expression of
eNOS in cerebral microvessels. In addition, while
it has been reported that infusion of Ab1-42 for
4 weeks decreases phosphorylation of eNOS at S1177

in mouse aortas,37 we did not detect any changes in
levels of p-eNOS(S1177) in large cerebral arteries of
eBACE1�/� mice. Mild reduction of circulating Ab
levels as well as possible differences in mechanisms
underlying phosphorylation of eNOS in cerebral arter-
ies lacking endothelial BACE1 as opposed to aorta
under Ab1-42 treatment conditions, could be responsi-
ble for unchanged eNOS phosphorylation in large cere-
bral arteries of eBACE1�/� mice.

BACE1�/� mice have normal arterial blood pres-
sure, circulating levels of glucose and lipid profile.
We confirmed previously reported observations
demonstrating significantly lower body weight of
BACE1�/� mice.38 This reduction of body weight was
ascribed to impaired growth caused by low plasma
insulin concentrations in global BACE1 knockout
mice.39 In contrast, endothelium-specific inactivation
of BACE1 did not affect body weight thus indicating
that upregulation of eNOS and GPC-1 in eBACE1�/�

mice is phenomenon independent of systemic metabolic
changes caused by global deletion of BACE1. In addi-
tion, normal circulating levels of glucose and arterial
blood pressure in eBACE1�/� reinforced our conclu-
sion that inactivation of BACE1 in endothelium is
responsible for upregulation of eNOS and GPC-1.

In basilar arteries of eBACE1�/� mice, endothelium-
dependent relaxations to acetylcholine or reactivity of
smooth muscle to NO were not changed. Consistent
with these findings, experiments on large cerebral arter-
ies demonstrated that protein levels of eNOS and
p-eNOS(S1177) were not significantly changed thereby
suggesting that inactivation of BACE1 in endothelium
does not affect vasodilator function. We also observed
modest attenuation of maximal contractions to U46619
and endothelin-1 even though pEC50 were equipotent
between WT and eBACE1�/� mice. Previous study
has reported that Ab1-40 enhances contractions to
endothelin-1 via cyclooxygenase-2 and p38 activation
in human middle cerebral artery.40 One possibility is
that in the present study, detected reduction of circu-
lating Ab peptides might affect prostaglandins metab-
olism, thus resulting in modest reduction of maximal
contraction.

We also wish to point out that in female BACE1�/�

mice, cerebral microvascular eNOS protein levels were
not changed. Although current study was not designed
to study differences between male and female mice, we
speculate that estrogen may play a role in lack of eNOS
upregulation in response to BACE1 deletion. Previous
studies have demonstrated that male endothelial cells
constitutively express lower eNOS mRNA and protein
levels as compared to female endothelium.41 Activation
of G protein-coupled estrogen receptor stimulates
eNOS expression and phosphorylation at Ser1177 in
cultured endothelial cells,42–45 leading to an increased
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NO production. Indeed, eNOS protein expression
in hindlimb vasculatures of female mice is higher
than in male mice.46 It is possible that higher levels of
NO production in female mice may reduce sensitivity
to interventions designed to increase expression
of eNOS.

We conclude that under physiological conditions,
inhibition of endothelial BACE1 increases expression
of eNOS in the cerebral microvessels. This phenome-
non appears to be dependent on upregulation of
GPC-1. Whether up-regulation of these vascular pro-
tective molecules may contribute to overall therapeutic
effects of BACE1 inhibition in prevention of AD
remains to be determined in the future studies.
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