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Abstract

Aim: This project aims 1) to investigate the role of angiotensin-converting enzyme inhib-
itors (ACEis) and angiotensin Il receptor blockers (ARBs) on cerebral arteriogenesis in
vivo. 2) To investigate the pro-arteriogenic effects of ACEis and ARBs by examining a
particular role of the bradykinin receptor (BDKRB) signaling in vitro. 3) To investigate the
roles of ACEis and ARBs on nitric oxide-dependent endothelial function and leukocytic

BDKRB mRNA expression in patients with cardiovascular disease (CVD).

Methods: 1) A rat model of cerebral arteriogenesis (3-VO) was established. The diameter
of the posterior cerebral artery (dpca) was assessed by using an angioarchitecture tech-
nique, and cerebrovascular reserve capacity (CVRC) was measured by using the laser
Doppler flowmetry. 2) Murine heart endothelial cells (MHEC5-T) were treated with an
ACEi or ARB alone, or in combination with a BDKRB antagonist. Cell proliferation and
migration were analyzed. 3) 177 patients with CVD were divided into three groups (ACEi
group, ARB group, non-ACEi/ARB group) according to their medication histories. Plasma
nitrite/nitrate (NOx) was measured by using the Griess reagent method, flow-mediated
vasodilatation (FMD) was assessed by using a data analysis algorithm, carotid intima-
media-thickness (IMT) was measured by using the B-mode ultrasound, and BDKRB
MRNA expression levels in peripheral blood mononuclear cells (PBMCs) were analyzed

by using the quantitative polymerase chain reaction.

Results: 1) ACEis significantly increased @prca and improved CVRC after 3-VO. 2) ACEis
significantly promoted MHECS5-T cell proliferation, which was abolished by antagonists of
BDKRBs. 3) Plasma NOx was significantly higher in the ACEi group than in the ARB group
and non-ACEI/ARB group. mRNA expression level of BDKRB1 was significantly higher,
but mRNA expression level of BDKRB2 was significantly lower in the ACEi group com-
pared to the non-ACEI/ARB group.

Conclusion: 1) ACEis stimulate cerebral arteriogenesis in vivo. 2) ACEis exert pro-arte-
riogenic effects via the BDKRB signaling pathway in vitro. 3). ACEis increase plasma NOx
production and regulate BDKRB mRNA expression in PBMCs from patients with CVD.
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Zusammenfassung

Zielsetzung: Das Ziel dieses Projekt ist: 1) die Rolle von Angiotensin-Konversions-
enzym-Hemmer (ACEi) und Angiotensin-lI-Rezeptorblocker (ARB) auf die zerebrale Ar-
teriogenese in vivo zu untersuchen. 2) Die Untersuchung einer pro-arteriogenen Wirkung
von ACEi und ARB in vitro, mit funktioneller Analyse der Rolle der Bradykinin-Rezeptor
(BDKRB)-Signalwirkung. 3) Die Untersuchung der Wirkung einer ACEi- und ARB-Gabe
auf die Stickoxid-abhangige Endothelfunktion und die leukozytische BDKRB-mRNA-EXx-
pression von Patienten mit Herz-Kreislauf-Erkrankungen (HKE).

Methoden: 1) Ein Rattenmodell der zerebralen Arteriogenese (3-VO) wurde etabliert. Der
Durchmesser der Arteria cerebri posterior (drca) wurde unter Verwendung einer Angio-
architekturtechnik bestimmt, und die zerebrovaskulare Reservekapazitat (CVRC) wurde
unter Verwendung einer Laser-Doppler-Durchflussmetrie gemessen. 2) Murine Herz-En-
dothelzellen (MHECS5-T) wurden jeweils mit einem ACEi oder ARB allein oder in Kombi-
nation mit einem BDKRB-Antagonisten behandelt. AnschlieBend wurden Zellproliferation
und Migration analysiert. 3) 177 Patienten mit HKE wurden entsprechend ihrer Medika-
mentenanamnese in drei Gruppen (ACEi-Gruppe, ARB-Gruppe, Nicht-ACEi/ARB-
Gruppe) aufgeteilt. Die Plasma Nitrit/Nitrat (NOx) Konzentration wurde mit der Griess-
Reagenz-Methode gemessen und die FluRBvermittelte Vasodilatation (FMD) mit einem
Datenanalysealgorithmus bewertet. Die Karotis-Intima-Media-Dicke (IMT) wurde unter
Verwendung eines B-Mode-Ultraschalls gemessen und die BDKRB-mRNA-Expressions-
niveaus in peripheren mononukleéren Blutzellen (PBMCs) unter Verwendung der quan-

titativen Polymerase-Kettenreaktion analysiert.

Ergebnisse: 1) ACEi erhdhte signifikant @rca und CVRC nach 3-VO. 2) ACEi forderte
signifikant die MHECS5-T-Zellproliferation, welche durch die Gabe mit einem BDKRB-AN-
tagonisten inhibiert werden konnte. 3) Die Plasma-NOx Konzentration war in der ACEi-
Gruppe signifikant hoher als in der ARB-Gruppe und der Nicht-ACEiI/ARB-Gruppe. Die
MRNA-Expression von BDKRB1 war in der ACEi-Gruppe signifikant héher, die mRNA-
Expression von BDKRB2 jedoch signifikant niedriger als in der Nicht-ACEi/ARB-Gruppe.

Schlussfolgerung: 1) ACEi stimuliert die zerebrale Arteriogenese in vivo. 2) ACEi Ubt in
vitro eine pro-arteriogene Wirkungen tber den BDKRB-Signalweg aus. 3) ACEi erhdht
die Plasma-NOx Konzentration und moduliert BDKRB-Expression in PBMCs bei Patien-
ten mit HKE.
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1 Introduction

1.1 Angiogenesis and arteriogenesis

Angiogenesis and arteriogenesis are two mechanisms of vascular growth [1]. Angiogen-
esis is defined as the formation of further capillaries sprouting from pre-existing vessels.
It has been well-accepted that hypoxia is the trigger of angiogenesis. In more detail, hy-
poxia-inducible factor, epidermal growth factor, and platelet-derived growth factor, coor-
dinate with vascular endothelial growth factor to regulate angiogenesis in multiple steps
[2] (Figure 1).

By contrast, arteriogenesis is defined as the remodeling of preexisting arterioles into func-
tional conduit arteries upon stenosis or occlusion of a major artery [1]. An arterial stenosis
or occlusion leads to a steep blood pressure gradient in a major artery, and an increased
blood flow in the corresponding collateral arteries concurrently. Here, the frictional force
of blood fluid shear stress has been regarded as the trigger of arteriogenesis [1]. It has
been demonstrated that altered shear stress can be detected by mechanosensors, such
as integrins and caveolae, on the abluminal side of endothelial cells (ECs) [3]. EC hyper-
trophy is one of the signs of the initial phase of arteriogenesis, in which activation of vol-
ume-regulated endothelial chloride channels plays a key role [4]. Simultaneously, a num-
ber of cell adhesion protein genes and shear-stress sensitive genes are modulated in
response to the altered fluid shear stress [5]. Subsequently, monocytes are attracted and
migrate into the perivascular space and differentiate into macrophages, which release
numerous growth factors and cytokines, and significantly promote vascular cell prolifera-

tion via paracrine signaling [6].

In summary, it signifies that cerebral angiogenesis and cerebral arteriogenesis are two
rescue mechanisms of vascular growth after ischemic stroke. However, it is pointed out
that a large artery cannot be replaced by an emerging capillary immediately, because the
volume of blood flowing through capillaries is negligible compared to a sudden decrease
of cerebral blood flow after ischemic stroke. In contrast, collateral arteries (arterioles) can
be dynamically recruited in a short period, because they are pre-existing rather than newly
formed. In other words, cerebral collateral circulation is recruited immediately in the case
of cerebral artery occlusion, thereby maintaining blood perfusion and protecting against
further ischemic damage. Therefore, cerebral arteriogenesis can be regarded as the pri-

mary compensatory mechanism after ischemic stroke.
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Angiogenesis Arteriogenesis

Figure 1. Mechanisms of angiogenesis and arteriogenesis.

Figure (A-C): Mechanisms of angiogenesis. Figure A: Degradation of basement membrane and
extracellular matrix [7]. Figure B: ECs migration and tube formation. ECs proliferate and migrate
towards the higher gradient concentration of vascular endothelial growth factor, forming a tube-
like structure [8]. Figure C: Maturation of nascent blood vessels.

Figure (D-F): Mechanisms of arteriogenesis. Figure D: Activation of ECs. Figure E: Migration

and differentiation of monocytes. Figure F: Maturation of the collateral arteries.

The graphic elements were downloaded from Servier Medical Art, licensed under a Creative Com-

mons Attribution 3.0 Unported License, and merged by the author Kangbo Li.
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1.2 Kallikrein-kinin system and renin-angiotensin system

The kallikrein-kinin system (KKS) is an endogenous metabolic cascade regulating blood
pressure, vascular permeability, and cellular morphogenesis. Bradykinin (BK) and kallidin
(KD) are cleaved from the precursor molecules of high-molecular-weight kininogen
(HMWK) and low-molecular-weight kininogen (LMWK) by plasma kallikrein and tissue
kallikrein, respectively. BK and KD are the ligands of bradykinin receptor 2 (BDKRB2).
After the removal of C-terminal arginine from BK and KD, desArg®-bradykinin (DABK) and
desArg!%-kallidin (DAKD) are formed. DABK and DAKD are the ligands of bradykinin re-
ceptor 1 (BDKRB1). In general, BDKRB2 is ubiquitous and constitutively expressed in
various cell types, whereas BDKRB1 is expressed at very low levels under physiological

conditions [9] (Figure 2).

Beyond that, KKS plays an important role in vascular growth [10]. Here, we first reported
that kininogen is a molecular marker for early-phase cerebral arteriogenesis [11]. We later
demonstrated that cerebral arteriogenesis is modulated by the BDKRB signaling pathway
[12]. In particular, the expression of BDKRB1 on circulating immune cells seems to be a
pivotal determinant in leucocyte transmigration and cytokine production, which are critical

for the paracrine signaling mechanism during arteriogenesis [6].

In addition, the renin-angiotensin system (RAS) is an enzymatic cascade regulating blood
pressure, fluid balance, and vascular resistance. Plasma renin converts angiotensinogen
to angiotensin | (Ang 1), which is subsequently converted by angiotensin-converting en-
zyme (ACE) to angiotensin Il (Ang Il). Both Ang | and Ang Il can be metabolized by angi-
otensin-converting enzyme 2 (ACE2) to angiotensin 1-7 (Ang 1-7). Ang Il is the ligand of
angiotensin Il receptor type 1 (AGTR1) and angiotensin Il receptor type 2 (AGTR2), and
Ang 1-7 is the ligand of MAS1 proto-oncogene (MAS1). AGTR1 action leads to vasocon-
striction, while both AGTR2 and MAS1 actions lead to vasodilation [13] (Figure 2).

Intriguingly, RAS is also playing a critical role in vascular growth beyond its hypertensive
effect. It has been shown that Ang Il restores blood flow by promoting collateral develop-
ment [14]. In addition, in vivo studies demonstrated that mesenteric arterial collaterals
formation was facilitated by the AGTR2-mediated immune cell activation [15], whereas
suppressed by the AGTR1-induced excess superoxide production [16]. Yet, the role of

RAS in arteriogenesis is controversially discussed.
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Figure 2. Signal transductions in KKS and RAS.
DABK and DAKD are the ligands of BDKRB1, while BK and KD are the ligands of BDKRB2.

Because ACE degrades kinins in multiple steps, inhibition of ACE increases the concentration
level of kinins. In addition, ACEis stimulate BDKRB1 at a Zn-binding sequence of the second
extracellular loop, and resensitize BDKRB2 by altering the conformation of ACE domains of ACE-
BDKRB2 receptor heterodimer. BDKRBL1 signal transduction cascades activate iNOS through the
Ras-Raf-MEK-ERK pathway, while BDKRB2 signal transduction cascades activate eNOS
through the PI3K-Akt and the PLC-B-IP3-Ca?* signaling pathways [17].

Ang | is converted by ACE to Ang Il, and both Ang | and Ang Il are converted by ACE2 to Ang 1-
7. Ang Il is the ligand of AGTRs. ARBs selectively block AGTR1, thereby shifting Ang Il binds to
AGTR2. AGTR1 signal transduction cascades mediate vasoconstriction through the PLC-3-IP3-
Ca?*/DAG-PKC signaling pathway [18], while AGTR2 signal transduction cascades mediate vas-
odilation by activating several phosphatases (e.g., PP2A, MKP-1, SHP-1) [19].

Blue lines indicate inhibitory or blocking effects; red lines indicate activating or stimulating effects.
Figure 2 was originally made by the author Kangbo Li.
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1.3 Angiotensin-converting enzyme inhibitor and angiotensin Il receptor blocker

ACE is a membrane-bound peptidyldipeptide hydrolase with two catalytic domains [20].
Physiologically, ACE not only catalyzes the conversion of Ang | into Ang Il, but also de-
grades BK in multiple steps, therefore, ACE represents a central bridge between KKS
and RAS [21]. Inhibition of ACE accumulates the vasodilator BK, but suppresses the vas-
oconstrictor Ang Il, which are the cardiovascular protective mechanisms of ACE inhibitors
(ACEis). More interestingly, recent research has shown that ACEis can be regarded as
allosteric enhancers of BDKRBs [22]. On the one hand, as direct agonists, ACEis bind to
BDKRB1 at a Zn-binding sequence of the second extracellular loop; on the other hand,
as allosteric enhancers, ACEis alter the conformation of ACE domains of ACE-BDKRB2
receptor heterodimer of the cell membrane, thereby resensitizing BDKRB2 [22]. There-
fore, we hypothesized that ACEis could therapeutically stimulate arteriogenesis by regu-

lating the BDKRB signaling pathway.

In addition to ACEis, angiotensin Il receptor blockers (ARBs) are commonly used as cor-
nerstones in cardiovascular disease (CVD) management. ARBs selectively block AGTR1,
while enhance the cardiovascular protective effects mediated by AGTR2 [23]. More sur-
prisingly, it was shown that BDKRB2 can associate with either AGTR1 or AGTR2 to be a
heterodimer [24, 25]. In this regard, it has been reported that the AGTR1-BDKRB2 recep-
tor heterodimer contributed to Ang Il hyperresponsiveness in spontaneously hypertensive
rats [26], whereas the AGTR2-BDKRB2 receptor heterodimer contributed to nitric oxide
(NO) production in rat pheochromocytoma cells [25]. Here, because both AGTR2 signal-
ing and BDKRB2 signaling promote collateral development, and heterodimers normally
enhance peptide ligand binding and receptor activation, we hypothesized that ARBs
might also stimulate arteriogenesis via the AGTR2 signaling or (and) BDKRB2 signaling.

In order to verify our hypotheses that both ACEis and ARBs might stimulate arteriogene-
sis, the following three studies were conducted in the current project. (1) In vivo study,
we investigated the roles of ACEis and ARBs in a rat model of cerebral arteriogenesis.
(2) In vitro study, we investigated the pro-arteriogenic effects of ACEis and ARBs on mu-
rine ECs and analyzed whether the putative pro-arteriogenic effects were mediated by a
BDKRB signaling pathway. (3) Observational study, we investigated the roles of ACEis
and ARBs on plasma NO production, flow-mediated vasodilatation, carotid intima-media
thickness, and leukocytic BDKRBs expression from patients with CVD. Comprehensive
analyses were conducted to uncover the roles of ACEis and ARBs in arteriogenesis.
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2 Methods

2.1 Invivo study

2.1.1 Procedure of 3-VO surgery

3-vessel occlusion (3-VO) surgical procedure was carried out on male Sprague-Dawley
rats (300-350 g) as previously described [6]. 3-VO was named because three vessels
supplying blood to the rat brain were ligated to induce cerebral arteriogenesis. In brief,
the bilateral vertebral arteries (VAs) were sealed by electrocoagulation technology
through the paravertebral access. Subsequently, the unilateral common carotid artery

(CCA) was ligated through the ventral midline incision (Figure 3).

Figure 3. Schematic representation of the 3-VO model.

Figure (A, C): The brain receives blood from two pairs of large blood vessels, i.e., the ICAs and
the VAs, under physiological conditions. Figure (B, D): In the case of 3-VO, blood in the brain is
only supplied by the unligated ICA, circulation direction of arterial blood is changed towards the
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pressure gradients, flowing through the paired PCAs, and then into the ligated ipsilateral hy-
poperfused cerebral hemisphere. Therefore, PCAs are recruited as collateral pathways and re-
garded as the target vessels to analyze the active vascular remodeling.

Figure 3A and Figure 3B were modified based on Figure 3 of the manuscript published by Crum-
rine et al. [27], licensed under the Creative Commons Attribution 4.0 International License. Figure
3C and Figure 3D were offered by Prof. Ivo Buschmann, copyright all rights reserved.

2.1.2 Pharmacological interventions and grouping

All experimental animals were randomly assigned to the following groups (n=10-
30/group): (1) Non-surgical (NS) group: without 3-VO procedure and any treatment. (2)
3-VO (7D) group: 3-VO followed by a 7-day administration of distilled water (0.5 mi/day,
1.9.). (3) 3-VO (21D) group: 3-VO followed by a 21-day administration of 0.5% Methyl
cellulose solution (Charité - Universitatsmedizin Berlin) (0.5 ml/day, i.g.). (4). 3-VO+ACEi
(7D) group: 3-VO followed by a 7-day administration of Ramipril (CT Arzneimittel GmbH)
(0.2 mg/kg/day, dissolved in 0.5 ml distilled water, i.g.). (5). 3-VO+ARB (21D) group: 3-
VO followed by a 21-day administration of Candesartancilexetil (AstraZeneca GmbH) (2

mg/kg/day, dissolved in 0.5 ml 0.5% Methyl Cellulose Solution, i.g.).

2.1.3 Visualization of cerebral angioarchitecture

Cerebral angioarchitecture was visualized by using a post-mortem latex perfusion method
[6]. In brief, a lethal dose of papaverine hydrochloride (50 mg/kg, i.a.) (Linden Arzneimit-
tel-Vertrieb-GmbH) was injected into the CCA to induce maximal vasodilation, followed
by a pressure-controlled perfusion with the Indian ink (Etablissements LALO) colorized
latex milk (Spartan Products, Inc.) (6 mL/kg, i.a.). External diameters of the posterior cer-
ebral artery (PCAs) (Drca) in both the ligated ipsilateral (IPS) and the ligated contralateral
(CON) sides were measured by using a stereo-zoom microscope (Leica Microsystems

GmbH), and presented as Drcagps) and Drca(con), respectively.

2.1.4 Measurement of cerebrovascular reserve capacity

Cerebrovascular reserve capacity (CVRC) is a hemodynamic parameter that indicates
the ability of vessels to regulate cerebral blood flow (CBF) and cerebral blood volume. It
has been demonstrated that the magnitude and response time of CVRC correlate variably
to stroke risk and symptomatology [28]. In brief, a transcranial laser probe was placed
directly on the skull surface covering the frontoparietal cortex. Blood was drawn from one
of the femoral arteries for blood gas analysis. As an exogenous vasodilator agent - acet-

azolamide (30 mg/kg, i.v.) (Goldshield Pharmaceuticals Ltd) was applied to induce
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changes in CBF. CBF was measured by the PeriFlux System 5000 Laser Doppler Perfu-
sion Monitor (Perimed AB). Relative CBF was calculated by normalizing against the base-
line value, and expressed as a percentage, CVRC was expressed as the percent devia-
tion of relative CBF from 100%.

2.1.5 Statistical analysis

Data were given as mean * standard deviation (SD). @rca and CVRC between two groups
were analyzed by unpaired t-test. @rca and CVRC between three groups were analyzed
by one-way analysis of variance (ANOVA). Relative CBF in different groups over different
measurement time points were analyzed by two-way repeated measures ANOVA. A P-

value less than 0.05 was considered statistically significant.

2.2 Invitro study
2.2.1 Cell culture
Murine heart endothelial cells (MHECS5-T) (Leibniz Institute DSMZ GmbH) were grown in

RPMI 1640 medium (Thermo Fisher Scientific) containing 10% fetal bovine serum
(Sigma-Aldrich Chemie GmbH) at 37°C in a humid atmosphere with 5% COx.

2.2.2 Cell proliferation assay

Around 4000 cells per well were seeded into a 96-well plate, followed by an 8-hour incu-
bation of experimental drugs. Then, cell proliferation was assessed by using the WST-1
Assay Kit (Abcam) according to the stand manufacturer’s instructions. Absorbance was

measured at 450 nm by using a multimode microplate reader (Tecan Group AG).

Here, two sub-experiments were conducted. First, MHEC5-T were treated with different
concentrations (0.01 pM, 0.1 uM, 1 uM, 10 pM, and 20 uM) of the following experimental
drugs: Ramipril (ACEi) (Sigma-Aldrich Chemie GmbH), Candesartancilexetil (ARB)
(Sigma-Aldrich Chemie GmbH), R715 [antagonist of BDKRB1 (BDKRB1i)] (Tocris Biosci-
ence) and HOE 140 [antagonist of BDKRB2 (BDKRBZ2i)] (Enzo Life Sciences GmbH).
RPMI 1640 medium was used as a negative control.

Second, MHECS5-T were treated with a fixed concentration (0.01 uM) of the following ex-
perimental drugs: Ramipril (ACEi), Ramipril (ACEi) + R715 (BDKRB1i), Ramipril (ACEI)
+ HOE 140 (BDKRB2i), Ramipril (ACEi) + R715 (BDKRBL1i) + HOE 140 (BDKRB2i); Can-
desartancilexetil (ARB), Candesartancilexetil (ARB) + R715 (BDKRBL1i), Candesar-
tancilexetil (ARB) + HOE 140 (BDKRB2i), Candesartancilexetil (ARB) + R715 (BDKRBL1i)
+ HOE 140 (BDKRBZ2i); and control (RPMI 1640 medium).
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2.2.3 Cell transwell migration assay

Cell migration was assessed by using the 6.5 mm Transwell® with 8.0 um Pore Polyester
Membrane Insert (Corning Incorporated) according to the stand manufacturer’s instruc-
tions. In brief, MHEC5-T were diluted (1 x 10° cells/mL) by using RPMI 1640 medium
alone, or combined with the experimental drugs (as per the second sub-experiment of
2.2.2.). 100 pL medium containing MHECS5-T was added into the upper compartment,
while 600 pL Endothelial Growth Medium (Angio-Proteomie) was added into the lower
compartment. Thereafter, MHECS5-T were allowed to migrate from the upper compart-
ment into the lower compartment through the pores of the membrane. The total number

of migrated MHECS5-T in the lower compartment was counted after 48-hour incubation.

2.2.4 Statistical analysis

Data were given as mean = SD. The optical density (O.D.) value of cell proliferation and
the total number of migrated cells between groups were analyzed by using one-way

ANOVA. A P-value less than 0.05 was considered statistically significant.

2.3 Observational study
2.3.1 Study population and grouping

The WalkByLab registry study aims at screening for early detection of CVD in the non-
metropolitan region of Brandenburg state in Germany. 177 patients with CVD were ran-
domly selected from the study database, and subsequently divided into three groups
(ACEi group, ARB group, or non-ACEi/ARB group) according to their medication histo-

ries.

2.3.2 Extraction of plasma and peripheral blood mononuclear cells

Venous blood was collected by the routine venipuncture procedure, then diluted with an
equal volume of phosphate buffered saline (Thermo Fisher Scientific), and layered on
Ficoll-Paque density gradient media (GE Healthcare) (ratio: 4:3), followed by 25 min cen-
trifugation (400 x g, no brake). The upper layer of plasma and the middle layer of periph-
eral blood mononuclear cells (PBMCs) were collected for further plasma nitrite/nitrate

(NOx) determination and RNA isolation, respectively.

2.3.3 Determination of plasma NOx

Nitrite and nitrate are the final metabolites of NO in a physiological system, therefore,
plasma NOx concentration was measured to assess the NO production. First, plasma

samples were ultrafiltered by using the Amicon Ultra-0.5 Centrifugal Filter Unit (Merck
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Millipore) to remove hemoglobin. Then, plasma NOx was measured using the Nitrate/Ni-
trite Colorimetric Assay Kit (Cayman Chemical) based on the Griess method [29], absorb-

ance was measured at 548 nm using a multimode microplate reader (Tecan Group AG).

2.3.4 Assessment of flow-mediated vasodilatation

Flow-mediated vasodilatation (FMD) is defined as the dilation or widening of an artery in
response to reactive hyperemia. It has been demonstrated that the magnitude of FMD
correlates to the production of NO released by ECs [30]. The classical gold standard to
assess brachial FMD is the ultrasound-based diagnostic imaging technique, while a novel
AngioDefender™ device (Everist Health) was used in our study, the equivalence of the

FMD values determined by the above two methods has been verified [31].

2.3.5 Assessment of carotid intima-media thickness

Intima-media thickness (IMT) is defined as the thickness of the innermost two layers (tu-
nica intima and tunica) of an arterial wall, which can be visualized as a double-line pattern
in a longitudinal view [32]. In the current study, carotid IMT was measured by using a
high-resolution B-mode ultrasound (Koninklijke Philips N.V.) with electronic calipers to
measure on a longitudinal scan of the bilateral CCAs, at a point of 10 mm proximal to the

beginning of the dilation of each carotid artery bulb.

2.3.6 Analysis of BDKRBs mRNA expression

Total RNA was extracted from PBMCs using the Trizol reagent (Thermo Fisher Scientific).
1 pg total RNA was used to yield the first strand cDNA by using the QuantiTect Reverse
Transcription Kit (QIAGEN). mRNA expression levels of BDKRBs were analyzed by using
the LightCycler® 96 Real-Time PCR System (Roche). The specific primers used were as
follows: BDKRB1 (Forward): ATTCTCCCACCTCAGCCTCT and (Reverse) CTCTGGTT-
GGAGGATTGGAG; BDKRB2 (Forward): CTTCATGGCCTACAGCAACA and (Reverse)
GCACACTCCCTGGTACACCT; RPLPO (Forward): ACGGGTACAAACGAGTCCTG,
(Reverse) AGCCACAAAGGCAGATGGAT. Experiments were run in duplicate.

2.3.7 Statistical analysis

MRNA expression levels were given as mean + standard error of the mean (SEM), and
other data were expressed as mean + SD. Normally distributed data were analyzed by
one-way ANOVA, and abnormally distributed data were analyzed by Kruskal-Wallis test.
Correlation between variables was analyzed by using Spearman correlation coefficient.

A P-value less than 0.05 was considered statistically significant.
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3 Results

3.1 Invivo study

3.1.1 Orca

@rca in the 3-VO (7D) group or 3-VO (21D) group was significantly larger than in the NS
group, DBrcagps): [3-VO (7D) vs. NS: P < 0.001)], [3-VO (21D) vs. NS: P < 0.0001)];
@rcacon): [3-VO (7D) vs. NS: P < 0.001)], [3-VO (21D) vs. NS: P < 0.0001)]. In addition,
@rca in the 3-VO (21D) group was significantly larger than in 3-VO (7D) group, @prcagps):
[3-VO (21D) vs. 3-VO (7D): P = 0.0001)], Drca(cony: [3-VO (21D) vs. 3-VO (7D): P < 0.05]
(Figure 4A). Beyond that, @rcagps) in the 3-VO+ACEi (7D) group was significantly larger
than in the 3-VO (7D) group (P < 0.001) (Figure 4B). @rca was unchanged between the
3-VO (21D) and 3-VO+ARB (21D) groups (Figure 4C) [33].
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Figure 4. Dpch.

Figure A:™ P <0.001, ™ P < 0.0001, compared to the NS group; TP < 0.05, 1P < 0.0001, com-
pared to the 3-VO (7D) group. Figure B: ™ P < 0.001, compared to the 3-VO (7D) group. Figures
were made based on the raw data from the manuscript published by Hillmeister and Nagorka et

al. [33].

3.1.2 CBF and CVRC

When comparing the NS, 3-VO (7D), and 3-VO (21D) groups, results indicated that either
the grouping factor (P < 0.05) or the measurement time point factor (P < 0.0001) had a
significant effect on relative CBF (Figure 5A). In addition, CVRC in the NS group was
significantly higher than in the 3-VO (7D) group (P < 0.05), whereas it remained un-
changed between the NS and 3-VO (21D) groups (Figure 5D).
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When comparing the 3-VO (7D) and 3-VO+ACEi (7D) groups, results showed that again
either the grouping factor (P < 0.05) or the measurement time point factor (P < 0.001) had
a significant effect on relative CBF (Figure 5B). In addition, CVRC in the 3-VO+ACEi (7D)
group was significantly higher than in the 3-VO(7D) group (P < 0.05) (Figure 5E).

When comparing the 3-VO (21D) and 3-VO+ARB (21D) groups, results demonstrated
that only the measurement time point factor had a significant effect on relative CBF (P <

0.0001) (Figure 5C). In addition, CVRC was unchanged between groups (Figure 5F) [33].
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Figure 5. Relative CBF and CVRC.

Figure (A-C): Shaded areas indicated error bands. Figure D:"P < 0.05, compared to the NS group.
Figure E:"P < 0.05, compared to the 3-VO (7D) group. Figures were made based on the raw data
of the manuscript published by Hillmeister and Nagorka et al. [33].

3.2 Invitro study
3.2.1 MHECS5-T proliferation

0.01 uM ACE:i significantly promoted MHECS5-T proliferation compared to control (P <
0.05) (Figure 6A). Whereas 1 uM, 10 yM, and 20 uM ARB significantly inhibited MHEC5-
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T proliferation compared to control (P < 0.001, P <0.001, P < 0.01, respectively) (Figure
6B). In addition, 10 yM and 20 yM BDKRB1i inhibited MHECS5-T proliferation, however
without significant differences (Figure 6C). 0.1 yM, 1 yM, 10 uM, and 20 uM BDKRB2i
significantly inhibited MHECS5-T proliferation in a concentration-dependent manner (P <
0.0001, P =£0.001, P =0.01, P =0.0001, respectively) (Figure 6D).
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Figure 6. MHECS-T proliferation.

Figure (A-D), "P<0.05, "P<0.01, ™ P<0.001, ™ P< 0.0001, compared to control. Figure (E),”
P < 0.01, ™ P < 0.0001, compared to control, 7T P < 0.001, T P < 0.0001, compared to ACEi.
Figure (F), ™ P < 0.0001, compared to control, TP < 0.05, TP < 0.001, compared to ARB.

Figure 6A and Figure 6E were adapted based on Figure 6A and Figure 6E from the manuscript

published by Li et al. [34]. Figure 6B, C, D, F were originally made by the author Kangbo Li.
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0.01 yM ACEi significantly promoted MHECS5-T proliferation compared to control (P <
0.01), 0.01 yM ACEi combined with 0.01 uM BDKRB1i or BDKRB2i significantly inhibited
MHECS5-T proliferation compared to 0.01 uM ACEi alone (P < 0.0001, P <0.001, respec-
tively). However, 0.01 uM ACEi combined with 0.01 uM BDKRB1i and BDKRB2i signifi-
cantly promoted MHECS5-T proliferation compared to control (P = 0.0001) (Figure 6E).

Furthermore, 0.01 uM ARB alone or combined with 0.01 yM BDKRB1i or (and) BDKRB2i
significantly inhibited MHECS5-T proliferation compared to control (P < 0.0001). 0.01 uM
ARB combined with 0.01 yM BDKRB1i, or combined with 0.01 yM BDKRB1i and
BDKRB2i significantly inhibited MHECS-T proliferation compared to 0.01 yM ARB alone
(P =0.05, P =<0.001, respectively) (Figure 6F).

3.2.2 MHECS5-T migration

0.01 uM ACEi showed no significant effects on MHEC5-T migration when compared to
control. 0.01 uM ACEi combined with 0.01 yM BDKRB1i or (and) BDKRB2i inhibited
MHECS5-T migration compared to control or 0.01 yM ACEi alone, however, no significant

difference was detected (Figure 7A).

In contrast, 0.01 yM ARB, 0.01 uM ARB combined with 0.01 yM BDKRB1i, and 0.01 yM
ARB combined with 0.01 yM BDKRB1i and BDKRB2i, significantly inhibited MHEC5-T
migration compared to control (P < 0.05, P < 0.05, P < 0.05, respectively). In addition,
0.01 uM ARB combined with 0.01 yM BDKRBH1i slightly inhibited MHEC5-T migration
compared to 0.01 uM ARB alone, but there was no statistical significance (Figure 7B).
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Figure 7. MHECS5-T migration.

"P < 0.05, compared to control. Figure 7 was originally made by the author Kangbo Li.
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3.3 Observational study

3.3.1 Plasma NOx, FMD, and carotid IMT

Plasma NOx concentration was significantly higher in the ACEi group than in the non-
ACEI/ARB group (P < 0.05) and ARB group (P < 0.01). In addition, plasma NOx concen-
tration was slightly higher in the ARB group than in the non-ACEI/ARB group, but no
significant difference was detected (Figure 8A). Besides, FMD in the ACEi group was
higher than in the ARB group and non-ACEI/ARB group, but there were no significant
differences [35] (Figure 8B). Carotid IMT was unchanged between groups (Figure 8C).
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Figure 8. Plasma NOy, FMD, and carotid IMT.

Figure 8A: Plasma NOy in three groups. Figure 8B: FMD in three groups. Figure 8C: carotid
IMT in three groups. “P < 0.05, compared to the non-ACEi/ARB group, TP < 0.01, compared to
the ARB group. Figure 8D: Correlation between plasma NO, and FMD. Figure 8E: Correlation

between plasma NOy and carotid IMT. Figure 8F: Correlation between FMD and carotid IMT.
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Figure 8A and Figure 8B were adapted based on Figure 1A and Figure 2A respectively from the
manuscript published by Li et al. [35]. Figure 8(C-F) were originally made by the author Kangbo
Li.

Correlation analyses showed that plasma NOx concentration positively correlated to FMD
value (r =0.031) (Figure 8D), but negatively correlated to carotid IMT (r = —0.029) (Figure
8E). In addition, FMD value positively correlated to carotid IMT (r = 0.050) (Figure 8F).

However, these results were statistically non-significant.
3.3.2 mRNA expression of BDKRBs

MRNA expression levels of BDKRBL1 in the ACEi group or ARB group were significantly
higher than in the non-ACEI/ARB group (P < 0.0001, P < 0.001, respectively). BDKRB1
MRNA expression levels were slightly higher in the ACEi group than in the ARB group,
but without reaching a significant difference (Figure 9A). mMRNA expression levels of
BDKRB2 in either the ACEi group or ARB group were significantly lower than in the non-
ACEI/ARB group (P = 0.05, P <0.05, respectively).

BDKRB2 mRNA expression levels were slightly lower in the ACEi group than in the ARB
group, but without reaching a significant difference [35] (Figure 9B). Consequently, the
relative mMRNA expression ratios of BDKRB1/BDKRB2 in either the ACEi group or ARB
group were significantly higher than in the non-ACE/ARB group (P < 0.0001) (Figure 9C).
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Figure 9. Relative mRNA expression levels of BDKRBs.

Figure 9A: Relative mRNA expression levels of BDKRBL1. Figure 9B: Relative mRNA expression
levels of BDKRB2. Figure 9C: Relative mMRNA expression ratios of BDKRB1/BDKRB2. P < 0.05,
"P<0.001, "™ P<0.0001, compared to the non-ACEi/ARB group.

Figure 9A, B were adapted based on Figure 4A and Figure 4B respectively from the manuscript

published by Li et al. [35]. Figure 9C was originally made by the author Kangbo Li.
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4 Discussion

4.1 3-VOinduces cerebral arteriogenesis

Firstly, in this project, we validated again that 3-VO is an ideal approach to stimulate
cerebral arteriogenesis. Our results showed that both PCA enlargement and CVRC res-
toration were time-dependent in the 3-VO groups [33], which indicated that structural [36]
and functional [37] adaptations of cerebral collateral circulation were effectively stimu-
lated experimentally.

In particular, it is well known that the cerebral collateral circulation includes extracranial
sources and intracranial routes, the latter again consist of the primary collateral pathways
(i.e., circle of Willis) and the secondary collateral pathways (i.e., the ophthalmic artery
and leptomeningeal vessels) [38]. Dynamic recruitments of anastomotic junctions oc-
curred in the primary collateral pathways (circle of Willis) as a result of 3-VO. In this situ-
ation, CBF is redistributed from the unligated ICA, through the paired PCAs, and finally
into the ligated ipsilateral hypoperfused cerebral hemisphere. Obviously, the paired PCAs
were recruited as collateral pathways. Therefore, arterial remodeling (lumen enlarge-
ment) was very remarkable in the PCAs, which were regarded as the target vessels to

investigate the structural adaptations of cerebral arteriogenesis.

On the other hand, CVRC is defined as the ability of cerebral vessels to regulate CBF
and cerebral blood volume depending on the vasoactive stimuli [28]. It has been demon-
strated that insufficient cerebral collateralization may lead to a significant reduction of
CBF, therefore, the magnitude and response time of CVRC indicate the efficiency of cer-
ebral collateralization to overcome ischemia [39]. In the case of 3-VO, CVRC was meas-
ured on the frontoparietal region, which receives the blood supply from the branches of
the ICA (i.e., the anterior cerebral arteries and middle cerebral arteries), whereas it indi-

rectly represents the efficiency of the primary collateral pathways (circle of Willis).

4.2 ACEis increase @rca and improve CVRC after 3-VO

In the first part of this project, we investigated the role of ACEis and ARBs on cerebral
arteriogenesis in vivo. To the best of our knowledge, it was the first work to demonstrate
that cerebral arteriogenesis can be therapeutically stimulated by the administration of
ACEis. Here, our results showed that ACEis, rather than ARBs, significantly increased
@prca and improved CVRC [33]. Consistent with our finding, regarding the structural ad-

aptation of target vessels, it has been reported that ACEis, rather than ARBSs, significantly
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promoted luminal expansion of mesenteric collaterals in spontaneously hypertensive rats
[16]. In addition, clinical research also indicated that ACEis treatment, rather than ARBs
treatment, positively correlated to coronary collateral grades [40]. Secondly, regarding
the functional adaptation of CVRC, studies have shown that long-term ACEi treatment
improved cerebellar and basal ganglia CVRC in patients with stroke [41]. Furthermore, it
has been reported that ARB treatment improved the lower limit of cerebral autoregulation
in vivo [42]. Yet, an increased CVRC induced by ARBs was not observed in our current
study. Indeed, our recent in vivo study also demonstrated that ARBs had no effect on

collateral perfusion in a rat model of coronary arteriogenesis [34].

4.3 ACEis promote MHECS-T proliferation

In the second part of this project, we investigated the roles of ACEis and ARBs on EC
proliferation. Here, the MHECS5-T was used because it is the one of most commonly used
cell lines in vascular research [43]. Our results showed that 0.01 yM ACEi rather than
ARB significantly promoted MHECS5-T proliferation. Consistent with our finding, it has
been reported that ACEis increased the number of endothelial progenitor cells (EPCs) in
both peripheral blood and bone marrow during cardiac pressure overload [44], and pro-
moted ECs survival by upregulating the gene expression of eNOS and fibroblast growth
factor-2 [45]. Similarly, it has been reported that ARBs also promoted the proliferation of
EPCs [46], and exerted a proangiogenic effect in ECs [47], which were not observed in
our current study. Paradoxically, many studies have shown that both ACEis and ARBs
also exert antiangiogenic effects on ECs in various disease models [48, 49]. Therefore, it
is plausible that the effects of ACEis and ARBs differ, depending on the disease model

and the cell type used in different experimental conditions.

4.4  ACEis modulate pro-arteriogenic effects via the BDKRB signaling pathway

In addition, we also investigated whether the ACEi-modulated pro-arteriogenic effects via
the BDKRB signaling pathway. Here, our results showed that ACEi-induced MHECS5-T
proliferation was abolished by either BDKRB1i or BDKRB2i. This indicated that ACEis
modulated pro-arteriogenic effects via the BDKRB signaling pathway. Indeed, it is known
that ACEis increase the concentration of the ligands of BDKRBSs by preventing their deg-
radation in multiple steps. Furthermore, ACEis directly active BDKRB1 on the second
extracellular loop without an intermediate peptide ligand, while indirectly resensitize
BDKRB2 by altering the conformation of ACE domains of the ACE-BDKRB2 receptor
heterodimer [22].
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Indeed, both BDKRB1 and BDKRB2 were implicated in cell proliferation during vascular
growth, however, BDKRB2 owns more credits than BDKRB1. In this regard, Yau et al.
demonstrated that BK stimulated DNA synthesis in smooth muscle cells from porcine or
human coronary arteries, which can be potentiated or abolished by an agonist or antag-
onist of BDKRBZ2, respectively [50]. Yang et al. demonstrated that BK-induced bovine
corneal EC proliferation was attenuated by an antagonist of BDKRB2 [51]. In addition,
Nurmi et al. showed that BDKRB2 played a critical role in cardiac EC proliferation [52].
Regarding BDKRB1, Morbidelli et al. reported that only BDKRB1 was responsible for the
BK-induced mitogenic activity of ECs from postcapillary veins [53]. Moreover, Hu et al.
observed that BK enhanced interleukin-1-induced angiogenesis in vivo, which was abol-
ished by an antagonist of BDKRB1 [54].

Additionally, an unexpected result was that the combination of ACEi with BDKRB1i and
BDKRB2i significantly increased MHECS5-T proliferation, which was against our expecta-
tions. However, this controversial result was consistent with the results from our former
in vivo and in vitro studies [12, 33]. The possible mechanism for this paradoxical phenom-
enon is still unclear, but it warrants further research, as a stimulatory effect after inhibition

of both BDKRBs was confirmed again in this work.

On the other hand, given that BDKRB2 heterodimerizes with either AGTR1 [24] or AGTR2
[25], we speculated that combination of ARB and BDKRB1i would block AGTR1 and in-
hibit BDKRB1, and thereby potentiate the biological function of the AGTR2-BDKRB2 re-
ceptor heterodimer [25]. In this context, it has been reported that AGTR2 action inhibited
EC proliferation [55], whereas BDKRB2 action promoted EC proliferation [56]. Yet, only
inhibition of MHECS5-T proliferation was observed when combining ARB with BDKRB1i in

our current study.

4.5 ACEis enhance plasma NOx concentration

Atherosclerosis is a widespread, chronic progressive disease that is not limited to a single
arterial territory [57]. Therefore, coexistence of CVD and cerebrovascular disease (CeVD)
is very common [58]. In addition, CVD also includes CeVD in broad terms [59]. Therefore,

patients with different types of CVD were randomly selected in the third part of this project.

First, the roles of ACEis and ARBs on plasma NOx concentration, FMD value, and carotid
IMT in patients with CVD were analyzed. NO is not only a potent vasodilator, but also a

pro-arteriogenic factor [60]. It has been shown that the endogenous endothelium-derived



Discussion 22

NO contributed to EC proliferation [61] and migration [62]. Here, our results indicated
ACEis were superior to ARBs in increasing plasma NOx concentration. Consistent with
our finding, an in vivo study showed that ACEis induced a greater increase in plasma NO
concentration than ARBs [63]. In addition, it has been reported that ACE knockout mice
were resistant to develop hypertension induced by a NO synthesis (NOS) inhibitor [64].
Besides, administration of ACEis decreased an NOS inhibitor serum level in patients with

hypertension [65]. Therefore, ACE plays a critical role in NO metabolism.

Beyond that, our results showed that FMD in the ACEi group was higher than that in the
ARB group and non-ACEi/ARB group, but without a significant difference. Indeed, previ-
ous research has shown that both ACEis and ARBs prevented endothelial dysfunction,
whereas the protective effect of ACEis was more profound in the healthy volunteers [66].
In addition, a positive correlation between reduction of pulse pressure and improvement
of endothelial function was only shown in the ACEi treatment group rather than the ARB

treatment group [67]. However, those were not confirmed in our current study.

NO is synthesized by NOS, which is a family of enzymes consisting of eNOS, iNOS, and
neuronal NOS [68]. Previous research suggested that both ACEis and ARBs were in-
volved in NOS stimulation [69, 70]. Here, given ACEis can be regarded as allosteric en-
hancers of BDKRBs [22], it can be assumed that ACEis could modulate BDKRB2, and
lead to Ca?*-calmodulin-dependent activation of eNOS through the PLC-B-IP3-Ca?* sig-
naling pathway, and phosphorylation of eNOS at Ser'’” through the BDKRB2-PI3K-Akt
signaling pathway. Secondly, ACEis could also modulate BDKRB1, and lead to phos-
phorylation of INOS at Ser’# through the Ras-Raf-MEK-ERK pathway [17] (Figure 2). On
the other hand, ARBs also have effects on NO production. ARBs selectively block AGTR1
and shift the Ang Il actions to the AGTR2, which induces the phosphorylation of eNOS at
Ser%3 and Ser''’” through the cyclic adenosine monophosphate-protein kinase A (CAMP-

PKA) signaling pathway [71].

Regarding carotid IMT, previous research has demonstrated that carotid IMT can be re-
garded as a predictor for ischemic stroke [72]. Beyond that, it has been reported that the
RAS inhibition therapy reduced IMT by enhancing NO production [73]. Yet, the superiority

of ACEis over ARBs in reducing carotid IMT was not determined in our current study.

In addition, correlation analyses showed that plasma NOx concentration positively corre-
lated to FMD value, but inversely correlated to carotid IMT. Although significance was not
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reached, these results are consistent with other studies [74, 75]. Regarding the correla-
tion analysis between FMD and IMT, no correlation was confirmed in our current study.
Still, studies investigating their relationship were heterogeneous in this context. Some
studies demonstrated that FMD and IMT were independent parameters [76, 77], but other

studies showed significant correlations in particular patients [78, 79].

4.6 ACEis modulate BDKRBs mRNA expression in PBMCs

Additionally, we also investigated the roles of ACEis and ARBs on mRNA expression of
BDKRBs in PBMCs from patients with CVD. Our results also showed that ACEis upreg-
ulated BDKRB1 mRNA expression but downregulated BDKRB2 mRNA expression, re-
sulting in increased BDKRB1/BDKRB2 gene expression ratios. In summary, here, we
demonstrated for the first time that the administration of ACEis indeed modulated the
expression of BDKRBs of circulating PBMCs systemically.

ACEis not only increase the concentration of BDKRB1 ligands by preventing their degra-
dation in multiple steps, but also directly bind to BDKRB1 on the second extracellular
loop, which together result in a superimposed effect. Yet, accumulating evidence sug-
gested that BDKRBL1 is amplified and upregulated in PBMCs in pathological processes,

and in turn, BDKRB1 accelerates inflammatory processes [80].

Upregulation or imbalance of BDKRB1/BDKRB2 ratios has been considered a hallmark
of cardiac decompensation or inflammatory response [80]. However, BDKRB1 also
causes many cardiovascular protective functions and maintains cardiovascular homeo-
stasis [81]. It is pointed out that inflammatory activation is a double-edged sword, and
arteriogenesis is modulated by immune activation and inflammatory activation [34]. In this
regard, our previous studies showed that cerebral arteriogenesis was therapeutically
stimulated or inhibited by an agonist or antagonist of BDKRB1. In addition, a stronger
reduction in peripheral collateral blood flow was shown in BDKRB1 knockout (BDKRB1"-
) mice than BDKRB2 knockout (BDKRB27) mice. Beyond that, bone marrow grafting from
wild type to BDKRB1” mice showed a stronger recovery of blood flow after femoral arte-
rial occlusion surgery [12]. Here, BDKRB1 signaling may interact with the paracrine sig-

naling between immune cells and vascular cells, thereby facilitating arteriogenesis [6].

Further studies are needed to reveal the underlying molecular mechanisms, and shed
light on the future therapeutic perspective of BDKRBs targeted therapy in ischemic vas-

cular disease.
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5 Conclusion

This project demonstrates that 1) ACEis stimulate cerebral arteriogenesis in vivo. 2)
ACEis modulate pro-arteriogenic effects through the BDKRB signaling pathway in vitro.
3) ACEis increase plasma NOx production and regulate BDKRBs mMRNA expression level
in PBMCs from the patients with CVD.

It is the first time to investigate the role of ACEis in cerebral arteriogenesis in vivo and in
vitro. The results of this project extend our knowledge of the relationship between KKS
and RAS in cerebrovascular growth, and provide original evidence for the pleiotropic pro-
arteriogenic effects of ACEis in ischemic vascular disease.
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