www.aging-us.com AGING 2021Vol. 13, No. 15

ResearchPaper
Endotheliumspecific deletion of amyloid precursor protein
exacerbates endothelial dysfunction induced by aging

Livius VR Q! & Dvaninir S. Katustc

'Departments of Anesthesiologind Perioperative Medicine, Mayo Clinic, Rochester, MN 55902, USA

Correspondencéo: Zvonimir S. Katusiemail: Katusic.Zvonimir@mayo.edu
Keywords amyloid precursor protein, endothelial nitric oxide synthase, aging, endothelium, prostaglandins
ReceivedMarch 29, 2021 Accepted:July 30, 2021 Published:August12, 2021

Copyright:© 2021 R Q! &l Katusic This is an open access article distributed under the terms ofleative Commol
Attribution LicensgCC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provi
original author and source are credited.

ABSTRACT

Thephysiologicalfunction of amyloid precursorprotein (APP)in the control of endothelial function during aging
is unclear. Aortas of young (4-6 months old) and aged (23-26 months old) wild-type (WT) and endothelium-
specific APRdeficient (eAPP*§ mice were used to study aginginduced changesin vascular phenotype
Unexpectedly agingsignificantlyincreasedprotein expressionof APPin aortasof WT mice but not in aortas of
eAPP* "mice thereby demonstrating selective upregulation APPexpressionin vascularendothelium of agec
aortas. Most notably, endothelial dysfunction (impairment of endothelium-dependentrelaxations)induced by
aging was significantly exacerbatedin aged eAPP* *mice aortas as compared to agematched WT mice.
Consistentwith this observations,endothelial nitric oxide synthase(eNOS)rotein expressionwas significantly
decreasedin aged eAPP* "mice as comparedto age matched WT mice. In addition, protein expressionof
cyclooxygenas® and releaseof prostaglandinswere significantlyincreasedin both agedWT and eAPP* "mice.
Notably, treatment with cyclooxygenaseinhibitor, indomethacin, normalized endothelium-dependen
relaxationsin agedWT mice, but not in agedeAPP* "mice. In aggregate our findings support the conceptthat
aginginduced upregulation of APPin vascularendothelium is an adaptive responsedesignedto protect and
preserveexpressionand function of eNOS

INTRODUCTION Aging of blood vessels are major contributors to the
development of cardiovascular disease [7]. Existing

Vascular endothelium releases several factors involved evidence obtained in human and animal studies suggest

in the local regulation of vascular tone and modulation that the earliest detectable vascular phenotype in aging

of proiinflammatory molecule production [1]. Among involves the development of endothelidysfunction,
them are endothelinderived relaxing factors in which is commonly characterized by the reduced
particular nitric oxide (NO) as well as enHelium endothelial production of NO and by the increased

derived contracting factors such as prostaglandins and production of COXderived vasoconstrictor factorsi[8
superoxide anion [2, 3]. Constitutive expression of 10]. Moreover, clinical studies have reported that
endothelial nitric oxide synthase (eNOS) is mainly  endotheliumdependent vasodilatation pregsively
responsible for NO production in endothelial cells of  declines with age and occurs earlier in men than in
conduit arteries [4, 5]. On the othdrand, cycle women [11, 12].

oxygenase (COX) is a rafiniting enzyme in the

biosynthesis of prostaglandins. COX1 is constitutively ~Amyloid-b pr ecur sor protein (AP
expressed and plays an important role in vascular conserved protein and implicated in the development
homeostasis, while COX2 is considered an inducible of Alzheimer's diseas¢l3i15]. However, the exact
enzyme in mouse conduit arteries [6]. function of APPoutside the central nervous system,
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particularly in peripheral tissues, remains poorly
understood[16i 18]. We and others have shown that
APP is expressed in cultureddothelial cells as well as

in vascular wall of wiletype mice [19i 24]. Under
physiologtal conditions APP is constitutively cleaved

at the cell surface by-secretaseia noramyloidogenic
processing pathway. Alpkarocessing of APP causes
release of solublaPP alphgd s APPU) ectodo
lumen of blood vessel wal[25i 30]. Recently, we
showed that endotheliuspecific inactivation of APP
(eAPP’J caused endothelial dysfunction in mice
cerebral arterie§29]. However, no previous studies
tested the effects of aging on vascular APP expression
in systemic large conduit arteries. In thegent study,

we advance the hypothesis that APP exerts vascular
protective effects on endothelial function during aging.

RESULTS
Characterization of mice

Body weight was increased in both aged whjide
(WT) and eAPP "mice (P<0.05 vs. respective young
mice Table 1). Blood pressure measurements revealed
that systolic blood pressure (SBP), mean blood pressure
(MBP), and diastolic blood pressure (DBP) were
unchanged in young and aged WT and €APRice
(P>0.05;Table 1) Blood icose was also not different
between eAPP 'mice and their WT irrespective of age
(Table 1). Lipid proflle was unchanged in plasma of
young WT and eAPP 'mice (P>0.05;Table 1). Aging
caused a slight but significant increase in circulating
levels of chéesterol in WT mice(P<0.05 vs. young
WT,; Table 1) In contrast, levels of triglycerides were
decreased in aged eAF"Pm|ce (P<0.05 vs. young
eAPP' " mice Table 1). Plasma levels of
noreplnephrlne were significantly increased in aged WT
and eAPP "mice (P<0.05 vs. respective young mice
Table 1). Agingsignificantly increased plasnievels of

s APPU Wil antl @PH 'mice however, levels of
sAPPU remained si gneAPA ¢ an
mice as compared to ageatched WT mice (P<0.05;
Table 1). However, plasma levels of amyleid -4D

( A ) were unaltered in young and aged WT and
eAPP’ 'mice(P>0.05; Table 1)

APP expression and processing in aorta

Western blot analyses revealed that APP expression was
S|gn|f|cantly lower (by 27%) inhe aorta of young
eAPP’ "mice P<0.05 vs. young WT; Supplementa
Figure 1). Aging caused increase in APP expression in
WT mice aortas (P<0.05 vs. young WT; Figure 1A)
while APP expression was unchanged in aga®p’

mice aortas(P>0.05 vs. youngeAPP" mice Figure
1A). Rel ease of sAPPU

increased in aged WT mice (P<0.05 vs. young WT
mi ce; Figure 1B). I n
5|gn|f|cantly affected by aging ca‘APP’ 'mice (P>0.05

vs. youngeAPP’ "mice Figure1B). Release oA B

from the aorta was not alteréd young and aged WT
and eAPP "mice (P>0.05; Supplementp Figure 2).

Moreover, protein expressions @& disintegrin and
rmetalloproieinaset hdematontaining protein 10
(ADAM10) and betasite APP cledging enzyme 1
(BACE1) were unaltered in WT and eAPP' mice

irrespective of age (P>0.05; Figures 1C 1D,

respectively).

Vascular contraction responses

Contractions to KCI were significantly increased in
aged WT and eAPP’ "mice aortas as compared to
young mice (P<0.05; Table 2) while there were no
differences between ageatched WT aneAPP’ 'mice
(P>0.05; Table 2).

Sensitivity to prostaglandin ,F (PGR )rinduced
contractionswas slightly lower in aortas of young and
aed eAPP ' mice (P<0.05 as compared to their
respective WT mice; Figures 2B, respectively;
Table 2). In contrasiPGR Upotencywas significantly
increased inaged WT anceAPP’ "mice (P<0.05 vs.
respective young mice; Table 2), agfficacy of PGE U
was significantly decreased mged WT andeAPP’
mice (P<0.05 vs. respective young mice; Table 2).

While no S|gn|f|cant differences between agatched
WT andeAPP’ "'mice were observedhe potency of
phenylephrine was reduced aged WT andeAPP’ '
mice (P<0.05 vs. respdge young mice; Table 2;
Figure 2C, 2D). Furthermore, theefficacy was
significantly reduced inaged WT mice (P<0.05 vs.
young WT mlce Table 2) while it tended to be reduced
in agedeAPP’ 'mice (P=0.088Table 2.

tVasgular endathgiad fanstiord i n

Acetylcholine (AChjinduced endotheliurdependent
relaxations were unaltered in young mice with
endothelialspecific APP deletion(P>0.05 vs. young
WT littermates; Figure 3AandTable 3) Aging caused a
significantimpairmentto AChin WT mice (P<0.05 vs.
young WT mice; Table 3)while the efficacy was
unaltered (Table 3). Furthermore, relaxations to ACh
were further decreased in aged eXPRnice (P<0.05
vs. aged WT mice; Figure 3@&dTable 3).

Incubationof aortas with indomethacin did not affect
relaxations to ACh in young mic@¥$0.05;Figure 3C).
In contrast, indomethacin significantly improved

f r o mendothgiurrdepandent relaxatons $0iAGhnn bbth agedn t |
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Table 1.Characteristicof young and aged eAPPmice.

Young Aged
Parameters - T - T
WT littermates eAPP WT littermates eAPP
Body weight (g) 3041 (10) 29+1 (10) 3241 (12) * 3341 (12) *
SBP (mmHg) 12142 (9) 11942 (9) 12042 (9) 12142 (11)
MBP (mmHg) 93+1 (9) 92+1 (9) 9442 (9) 95+2 (11)
DBP (mmHg) 79+1(9) 78+1 (9) 81+2 (9) 82+2 (11)
Glucose (mg/dL) 147+8 (10) 15611 (10) 13317 (12) 155+10 (12)
Cholesterol (mg/dL) 63+2 (11) 63+3 (11) 88+14 (11) * 72+3 (11)
HDL (mg/dL) 54+ 2 (11) 52+ 3 (11) 68+13 (11) 54+4 (11)
Triglycerides (mg/dL) 85+ 5 (11) 91+ 6 (11) 7448 (11) 6315 (11) *

Norepinephrine

(pg/mL)
sAPRJ(pg/mL) 549+39 (10) 24 4 N2
A f.40 (pg/mL) 90+8 (10) 88+10 (10)

15994222 (16) 1898+280 (16

7 734£72 (12) *
93+11 (8)

3601+1019 (9) * 3371£399 (7) *

428NK55
92+20 (8)

SBP indicates systolic blood pressuMBP, mean blood pressure; DBP,
diastolic blood pressure; HDhigh-density lipoprotein WT, wildtype. Data are
means + SEM and the numbers of mice are indicated in the parentheses. *

P<0.05 vs. young mice of samd'sik y T 4
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Figure 1.(A) Effects of aging on protein expression of APP in the aortas efypid(WT) littermates and eABPmice (n=10 per group}B)
a fof MikHype 2WT) litermates and eAPPmice aortas. The supernatants were collected and
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Table 2. Efficacy and potency of vasoconstrictors in young and aged EARRRe aortas.

Young Aged

Parameters - — - —

WT littermates eAPP WT littermates eAPP
KCl (9): 1.95+0.06 (18) 1.87+0.04 (18) 2.53+0.11 (16) * 2.38+0.08 (16) *
PGF, 4
Emax (%) 139+4 (9) 1373 (9) 123+3 (8) * 124+4 (8) *
PECGo( T 1 0g mol  5.49+0.03 (9) 5.34N0. 0 569+0.0308)* 5. 57N0.0
Phenylephrine:
Emax (%0) 6316 (9) 5015 (9) 41+8 (8) * 3349 (8)
PEGo( T 1 og mol 7.03+£0.02 (9) 6.98+0.02 (9) 6.74+0.07 (8) * 6.68+0.05 (8) *

Enaxindicates maximal efficacy; pQpotency; WT, wildype. Data are means £ SEM and the numbers of mice are
e 2dzy 3
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Figure 2.Concentratiordependent contractions to PGKA, B) and phenylephrineG D) in isolated aortic rings derived from young and
aged eAPP "mice and their respective wiltype (WT) littermates. Results are shown as mean + SEM (n=9 per group for young WT
littermates and eAPP ‘mice and n=8 per group for aged WT littermates and &ARfce) and contractions are expressed as percentage of
response to a second KCI (80 mmol/L). No significant differences were detected between WT littermates afidneié®Rt same age

(ANOVA with Bonferroni's correction).
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WT and eAPP " mice (P<0.05 vs. aortas without increased only in aged Wmice (P<0.05 vs. young

indomethacin; Table). However, the efficacy is still WT; Figure 4C).In contrast, production of -Beto
significantly reduced in age@APP’ ' mice in the PGR (a stable metabolite gfrostaglandinj) was not
presence of indomethaci®<0.05 vs. aged WT mice differentamong young and aged WT and eAPnice
with indomethacinjFigure 3Dand Table 3. Blockade (P>0.05; Figure 4D).

of NOS with N*-nitro L-arginine methyl esterL¢
NAME) in the presence of indomethacin completely = We also performed western blot analyses for protein
blocks relaxations to ACh in both young and aged WT  expression of COX isoforms in aortas. COX1

and eAPP 'aortas (Supplementary Figure 3). expressiorwas not differenbetween WT and eAPP'
mice irrespective of aggP>0.05; Figue 5A). In

Ex-vivo production of prostaglandins in aorta contrast, protein expression of COX2 was significantly
increased irboth aged WT ane@APP’ "mice (P<0.05

We next determined whether agdated changes in vs. young mice; Figure 5B). Moreover, the increase in

vascular prostaglandins contribute to the observed COX2 was significantly reduced mgedeAPP’ 'mice
decline in endothelial function of aortas, we measured (P<0.05 vs. aged Wihice Figure5B).

release of prostaglandins in conditioned medium.

Thromboxane B (TXB,) and prostaglandin HPGE) Protein expression of eNOS

productions were significantly increased in both aged

WT andeAPP’ 'mice (P<0.05 vs. young mice; Figure Expression of eNOSvas significantly decreased in the

4A, 4B) while production of PGRywas significantly aorta ofagedeAPP’ 'mice (P<0.05 vs. youngAPP' '
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Figure 3.Endotheliumdependent relaxations to ACh in isolated aorta from youlign€9 per group) and aged) n=8 per group) wildype

(WT) littermates and eAPPmice aortas. Effects of indomethacin (Indo:>1®ol/L) on responses to ACh in your@ =9 per group) and
aged D; n=7 per group) WT littermates and eAPBiice aortas. Redts are shown as mean + SEM and expressed as percent relaxation from
submaximal contractions induced by RGE P>0.05 versus witype littermates (ANOVA with Bonferroni's correction).
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Table 3. Efficacy and potency of endotheliudependent

relaxations in young and aged eAPPnice aortas.

Parameters . Young T . Aged i1

WT littermates eAPP’ ! WT littermates eAPP’ '
Emax (%0):
ACh 78+2 (9) 76+4 (9) 83+2 (8) 69RN5 (8
ACh + Indomethacin 816 (9) 734 (9) 84+2 (7) 70N3 (7
PECso( T 1 0g :mol /1
ACh 7.18+0.04 (9) 7.16£0.05 (9) 6.75:001(8)* 6. 61NO0. 0!

ACh + Indomethacin 7.33£0.08 (9)

7.25+0.04 (9)

7.17+0.03 (7)#  7.04+0.06 (7) * #

Enax indicates maximal efficacy; pgCpotency; WT, wildype. Data are means + SEM and the numbers of mice are
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mice Figure 6). Furthermore, eNOS protein tended to
be reduced inaged WT mice but it did not reach
statistical significanceR{gure 6).

Superoxide anion

To investigate whether endothelial dysfunction in aging
was caused by increased superoxide anion production in
aorta, weperformed HPLGbhasedassay of2-hydro
xyethidium.Levels of superoxide anion wesignificant

Sad fF trndnp Gad &2dzy3wayiOS

T2t 2 oHSBtesh) & P<40d¥# \S. dvithaut indomethacin treatment (unpaitegt).

ly enhaned in agedeAPP’ 'mice (P<0.05 vs. young
eAPP’ 'mice Figure 7) while superoxide anion levels
were unaltered iaged WT miceR>0.05 vs. youniVT
mice Figure 7).

Intracellular cGMP levels
Under basal conditions, cyclic guamsi 3'.%

monophosphate (cGMP) were unchanged in aortas of
WT and eAPP’ " mice irrespective of age (P>0.05;
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Figure 4. Effects of aging @x-vivo secretion of prostaglandinérom wild-type (WT) littermates and eAPP'mice aortasThe
supernatants were collected and analyzed TofB (A; n=11 per group for young mice and n=9 per group for aged mice),(BGE11 per
group for young mice and n=9 per group for aged mie&k »(C n=8 per group for young mice and n=8 per groupa@ed mice)and 6
keto PGE; +(D; n=11 per group for young mice and r&per group for aged micelll results were normalized against tissue protein levels
and are representing box plots with whiskers showing the medidht@35" percentiles, and mimax range. * P<0.05 versus young mice of

samestrain(twes @ ! bhzx! F2ff2gSR o0& ¢

dzl SeQa 1 {5 (Sadtoo

6ooOH-EAFA2Y

MEOMT N !

DLbD



A B

COX2

COX1 e ‘
70kDa —— e - - 69 kDa : Q bt B
-Actln B-Actin >
42 kDa ---- 12kpa > D D SN a—
young aged young aged young aged young aged
WT eAPP- WT eAPP-/-
* t
2.0 t— young 8 I o_q';_ ! C— young
— 1 aged o 3 aged
£ 2 15- olg £ £ 6 o *
<3 ool I3 532 T
2 2104 = ol |o @ g
£ =8 o I8 SE* L b8
0P oto 035 50—t
O £ 0.54 O 27 _g
- | P
0.0 0
WT eAPP™ WT eAPP™
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Figure 8). ACh stimulated cGMP levels were mice groupsunder basal and stimulated conditions
significantly increased irnyoung and aged WT and (P>0.05; Figure 8)

eAPP’ 'mice (P<0.05 vs. basal levels; Figure 8). How

ever, ACh stimulated cGMP levels were significantly Ex-vivo studies with cytokines

decreased in aged WT and eAPlpice (P<0.05 young

mice in the presence of ACh; Figure 8). In contrast, We next attempted in different experimental conditions

cGMP levels did not differ betweeWT and eAPP ' to provide insight into the effects of APP deletion on
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Figure 7. Quantitative RLC analysis of superoxide anionaortas from young and aged wiltype (WT) littermates and

eAPP'" mice aortas.All results were normalized against tissue protein levels and are representing box plots with whiskers showing the
median, 25'to 75" percentiles, and miamax range (n=8 per group for young WT littermates and EaRRee and n=10 per group for aged
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Figure 8.Quantitative analysis of cGMP @&ortas from young and aged witgpe (WT) littermates aortasj and eAPP "mice aortas B)

under basal and AQH0 pM) stimulated conditions. All results were normalized against tissue protein levels and are representing box plots
with whiskers showing the median, 250 75" percentiles, and miimax range (n=13 per group for young WT littermates and &ARice
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