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A B S T R A C T

Blockade of AT1-receptors by telmisartan (TEL) has anti-atherosclerotic efficacy. We investigated to what extent 
the ACE2/Ang1–7/Mas axis-dependent mechanism contributes to the TEL-induced protection of endothelial 
function.
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Atherosclerosis was induced in C57BL/6 N, Mas-knock out (ko), and Ace2-ko mice by AAV-PCSK9DY (2 ×1011 

VG) injections plus Western diet (WD) feeding (12w). Mice were treated (12w) with TEL or vehicle. Controls 
received no PCSK9DY, chow-feeding, and vehicle-treatment. In the aortae of mice, the plaque burden was 
determined, RNAseq analyses were performed and functional properties were assessed by quantifying the me-
chanical properties of the endothelial surface by Atomic Force Microscopy.

Regardless of strain, plaque burden and total cholesterol were increased upon AAV-PCSK9DY
+WD but 

decreased by TEL. Cortical stiffness was also enhanced in all strains by AAV-PCSK9DY+WD but reduced under 
TEL only in the C57BL/6 N, while remaining still high in both knockout strains. Plasma NO negatively correlated 
with cortical stiffness in C57BL/6 N, but not in transgenic mice. TNFα plasma levels and aortic MMP12 
expression was increased in PCSK9DY/WD vehicle-treated controls and was normalized by TEL in C57BL/6 N but 
not in Mas-ko and Ace2-ko mice.

We conclude that TEL-induced reduction of endothelial stiffness occurred only in the C57BL/6 N but not in the 
Mas-ko and Ace2-ko mice. We suggest that the protective TEL effect is partly due to an Ang(1− 7)/ACE2/Mas axis 
mediated mechanism. Since Mmp12 has well-known proatherogenic properties but was not altered in the two 
transgenic mouse lines, follow-up studies are required to further elucidate the correlation between Mmp12 and 
the Ang(1− 7)/ACE2/Mas axis with respect to atherosclerosis.

AT1 receptor blockers (ARBs) are established in the therapy of hy-
pertension and heart failure. Beyond that, they reduce body weight, 
energy intake, fat mass, adipocyte size, and plasma concentrations of 
leptin in rats, mice, and humans, but increase energy expenditure [1,2]. 
These anti-obesity effects are also detectable in rats with diet-induced 
obesity (DIO) when the ARB was administered in a curative treatment 
setting [3], but they are only observed when ARBs are administered at 
high doses and are independent of their antihypertensive effects [3,4]. 
The underlying mechanisms have also not been conclusively elucidated 
to date, however, it seems that several mechanisms are involved, as we 
have previously demonstrated that leptin-dependent [4–6], cerebral 
[7–9], gastral [10,11], and ACE2/Angiotensin(1− 7)/Mas-dependent 
mechanisms [12–17] are involved, whereas the pleiotropic ARB effects, 
namely PPARγ stimulation [2,6] or stress-reducing potential [18], are of 
no or only minor importance for the anti-obesity effects of ARBs.

The fourth cardinal symptom of the metabolic syndrome besides 
insulin resistance, hypertension, and obesity, is hyperlipidemia, thus 
being a high-risk factor for atherosclerosis. While stimulation of the 
ACE/Angiotensin II/AT1 receptor axis leads to accelerated atheroscle-
rosis development [19,20], ARB therapy has been clinically shown to 
attenuate vascular dysfunction [21]. Also, stimulation of the ACE2/Ang 
(1− 7)/Mas axis tends to have a preventive effect against the develop-
ment of atherosclerosis and endothelial dysfunction [22–24]. Thus, Ang 
(1− 7) oppose the actions of ANG II directly or as a result of increasing 
nitric oxide (NO) or prostaglandins (PGs) [25] and reduces atheroscle-
rotic lesions in apolipoprotein E (ApoE)-ko mice [26]. In contrast, 
genetically induced ACE2 deficiency [with consecutive decreased Ang 
(1− 7) biosynthesis] accentuates pro-inflammatory and 
pro-atherosclerotic vascular effects [27], while overexpression of ACE2 
leads to a reduction in the intimal thickness of vessels and stabilization 
of atherosclerotic processes [28]. Compared with high-fat-fed ApoE-ko 
mice, Mas/ApoE-dko mice were shown to have increased expression of 
proinflammatory interleukins, accumulation of mononuclear cells, and 
also increased aortic lesion area [29].

To test the functional significance of the ACE2/Ang(1− 7)/Mas axis 
for ARB-induced anti-atherosclerotic efficacy, we here used both Mas-ko 
and Ace2-ko transgenic mice. Induction of atherosclerosis in mice re-
quires either the use of ApoE-ko, LDL receptor-ko, or ApoE/LDL-R dko 
transgenic mice or injection of AAV-PCSK9DY [pro-protein convertase 
subtilisin/kexin type 9 (PCSK9)-adeno associated virus (AAV)] [30]. In 
2014/15, it was reported for the first time that a single injection of 
AAV-PCSK9DY in combination with a cholesterol-rich diet resulted in a 
doubling of serum cholesterol concentration after only 30 days and that 
this concentration remained stably elevated over the period of one year 
[31,32]. As a result of hyperlipidemia after AVV-PCSK9DY-injection, the 
mice developed full-blown atherosclerosis (development of plaques, 
macrophages infiltration, formation of foam cells, fibrosis, formation of 
lesions) in a dose-dependent manner [31–35]. By using the Atomic Force 

Microscope (AFM) as a nanoindentation tool, we recently confirmed 
such findings and further observed that mechanical stiffness of the 
endothelial surface was increased in Atomic Force Microscopy (AFM) 
studies, suggesting endothelial dysfunction in response to AVV-PCSK9DY 

injection [36].
In previous studies, we could demonstrate that the mechanical 

properties of the endothelial cell surface, including the endothelial 
glycocalyx (EG) and the cortex, an actin-rich layer 150–200 nm beneath 
the plasma membrane, are crucial for the proper function of the vascular 
endothelium [37]. Since the stiffness is directly linked to the release of 
NO from the endothelial cells, which leads to the relaxation of the 
vascular smooth muscle cells and, thus, to a decreased vascular tone, it 
can be seen as a hallmark of endothelial (dys)function. In fact, stiffening 
of the cortex, deterioration of the glycocalyx and reduced bioavailability 
of NO were found in inflammatory conditions including atherosclerosis. 
Of note, endothelial stiffening could be correlated with arterial stiffness 
in patient cohorts [38,39].

As atherosclerosis and arterial stiffness are interrelated and further 
provoke other cardiovascular events [40], the aim of the current study 
was to investigate whether endothelial cell stiffness was increased in the 
AAV-PCSK9DY model but normalized by the ARB telmisartan. We further 
aimed to investigate whether this protective TEL-induced antiathero-
sclerotic effect is rather caused by its AT1 receptor antagonistic effect or 
whether it could also be explained by a stimulation of the ACE2/Ang 
(1− 7)/Mas axis. This hypothesis is based on the well-established 
knowledge that the AT1 receptor-based negative feedback is abolished 
by ARB blockade, thus consequently stimulating the renin activity and 
increasing not only AngII [2,3] but also Ang(1− 7) [41,42] (see also 
Fig. S1). To pursue this goal, we used Mas-ko and Ace2-ko mice and 
hypothesized that the antiatherosclerotic effect would not be detectable 
or at least only partially detectable in Mas- or Ace2-deficient mice, 
respectively, which would then suggest an ACE2/Ang(1− 7)/Mas 
axis-dependent mechanism. In addition to the functional characteriza-
tion of the mechanical cell properties by AFM, we determined aortic 
gene expression as a consequence of atherosclerotic changes and TEL 
treatment.

1. Methods

1.1. AAV vector production and purification

AAV serotype 8 vectors for expression of the murine D377Y-PCSK9 
cDNA (AAV-PCSK9DY) were produced as previously described [43] by 
using the two-plasmid method and cotransfecting AAV/D377Y-mPCSK9 
(gift from Jacob Bentzon; Addgene plasmid # 58376) [31] together with 
the helper plasmid pDP8 [44] in HEK293T cells using poly-
ethyleneimine (Sigma Aldrich). AAV vectors were purified using iodix-
anol step gradients and titrated as previously described [45]. In the 
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following, we denote this vector as AAV-PCSK9DY.

1.2. Animals

All animal care and experimental procedures were conducted in 
accordance with the NIH guidelines for the care and use of laboratory 
animals and were approved by the local animal ethics committee 
(Ministerium für Energiewende, Landwirtschaft, Umwelt, Natur und 
Digitalisierung des Landes Schleswig-Holstein, Germany) under the 
application number V241–60532/2017(75–7/19, 85–9/18). The results 
of all studies involving animals are reported in accordance with the 
ARRIVE guidelines [46]. The group sizes of n = 12 in each group were 
assessed by a power analysis (corrected α = 0.01, power 80 %) by 
considering TEL-induced weight gain regulation [6–8,47]. In total, 108 
mice were used for this study. Male Mas-ko (Mas1tm1Bdr) [48] and 
Ace2-ko (B6.129P2/OlaHsd-Ace2tm1Pgnr) mice [49,50] were used in 
the experiments with an initial age of 10–11 weeks. The effectiveness 
was convincingly demonstrated in the initial description of both trans-
genic mouse lines [48–50] and, for the Mas-ko mice, also by ourselves 
after initial introduction of the mice into our breeding unit [51]. The 
Mas- and Ace2-deficient mice were bred on a C57BL/6 N background in 
the lab of Michael Bader (Max Delbrück Center for Molecular Medicine, 
Berlin) and imported via homozygous embryo transfer to the Animal 
Facility in Lübeck, where own breeding of these transgenic mice was 
established. Ten/eleven-week-old male C57BL/6 N mice (Janvier Labs, 
Germany) were used as controls. All mice were kept in standard housing 
in groups of 2–4 individuals randomized by weight. Mice had ad libitum 
access to a standard chow diet for a 2-week habituation period before 
starting the study and receiving the AAV-mPCSK9DY injections. In order 
to prevent false high levels in the nitrite determination, the drinking 
water was changed to low nitrite/nitrate water one week before the end 
of the study. One Ace2-ko mouse in the PCSK9DY/WD+VEH group died 
for unknown reasons and one Ace2-ko mouse from PCSK9DY/WD+TEL 
was excluded from the evaluations because weight gain of this animal 
was abnormal.

1.3. Mouse experiments

Mice were injected with AAV-PCSK9DY (2 ×1011 VG in 100 µl) or 
with 100 µl saline via the tail vein at an age of 10 weeks. Afterwards, 
AAV-PCSK9DY-treated mice were fed a Western diet (WD, EF TD88137 
mod. +1.25 % Cholesterol, ssniff Spezialdiäten GmbH) for 3 months 
[36], while the saline-treated controls received standard chow. One of 
each PCSK9DY/WD-fed group of Mas-ko, Ace2-ko and C57BL/6 N mice, 
respectively, was treated with TEL (8 mg/kgbw, once per day by gavage) 
whereas the other groups served as controls, all receiving an identical 
volume of vehicle (5 ml per 1 kgbw/d) instead of TEL (Tab. S1). Seven 
days before virus injection and at the end of the study approx. 100 µl 
EDTA-blood was withdrawn retro-orbitally. Body weight was monitored 
daily, as the TEL dose was dependent on this. Body composition was 
measured at week 11 with the Minispec BCA analyzer (LF-110, Bruker) 
2 h after the mice were transferred to the room to acclimatize to the 
environment. For the measurements, mice were put into the restrainer, 
which was then placed in the analyzer [7,36,52]. After 12 weeks, the 
animals were anesthetized (intraperitoneal injection of 0.6–1 ml of a 
solution of 0.7 ml ketamine (100 mg/ml), 0.7 ml xylazine (2 %) and 
8.6 ml saline) for final blood sampling by intracardiac (to obtain 
hemolysis-free samples for plasma nitrite determination) and retroper-
itoneal puncture. Afterwards, mice were sacrificed by cervical disloca-
tion. This was followed by intracardiac blood sampling to obtain 
hemolysis-free samples for plasma nitrite determination. Aortas (from 
the aortic root to the iliac bifurcation) were removed, after which fat and 
connective tissue were trimmed. Thoracic aorta was divided into 3 
segments. One part was immediately used for AFM measurements, the 
second was fixed in 4 % paraformaldehyde solution and then used for 
histological analysis (plaque lesion analysis) and the third was snap 

frozen and stored at − 80◦C for RNAseq analyses (Tab. S2).

1.4. Quantification of the mechanical properties by AFM in aortic 
endothelial cells

Mouse aortas were isolated and trimmed from surrounding tissue. A 
small patch (≈1 mm2) of the whole aorta was removed and attached on 
Cell-Tak (BD Biosciences, Bedford, MA, USA) coated slide, with the 
endothelial surface facing upward and cultured at 37 ◦C and 5 % CO2 in 
minimal essential medium (MEM; Invitrogen, Life Technologies,Carls-
bad, CA, USA), containing 10 % fetal calf serum (FCS; PAA Laboratories, 
Pasching, Austria, 1 % MEM vitamins (Biochrom, Ltd., Cambridge, 
United Kingdom), penicillin G (10,000 U/ml), streptomycin 
(10,000 mg/ml), and 1 % MEM nonessential amino acids (MEM NEAA; 
Gibco, Life Technologies) [53]. 24 h and 48 h after aortas were prepared 
the mechanical properties were determined by using the AFM-based 
nanoindentation measurements as described elsewhere [36,54–57]. 
For AFM measurements, a cantilever (Novascan Technologies, Boone, 
North Carolina, United States) with a mounted spherical tip (diameter 
10 μm) and nominal spring constants of 10 pN/nm (glycocalyx) and 30 
pN/nm (cortex)were used. A maximal loading force of 4.5 nN was 
applied and force-distance curves were created in 8-fold replicates on 
37–50 cells in each mouse. These AFM data were collected with 
Research NanoScope Software (version 9.20 (Bruker 2016); 2). The 
slope of this force-deformation curve then directly reflects the force (in 
nano Newton), here defined as stiffness, that must be exerted to indent 
the cell for a certain distance. The height and stiffness values of eGC and 
cortical actin were calculated from force-deformation curves (Fig. 3A) 
using the Protein Unfolding and Nano-Indentation Analysis Software 
Punias 3D (Version 1.0; Release 2.3; Copyright 2009).

1.5. Histological analysis

For all atherosclerotic plaque analyses, investigators were blinded. 
As described previously [36,58,59], serial cross-Section (8- to 10-μm 
thick) were obtained, starting below the aortic root to the proximal 
aorta, below the aortic arch. The sections were stained using Oil Red-O 
(ORO) and the mean atherosclerotic lesion area was calculated from 8 to 
10 sections at 40 μm intervals, starting at the appearance of at least two 
aortic valves until the aortic valves disappeared. Images were acquired 
using a Keyence microscope (BZ-X800). Sections were manually cropped 
using GIMP software, version 2.6 (The GIMP Development Team) to 
yield aortic root areas [36]. Areas of lesions and ORO-positive regions 
were determined using an in-house Python script (available on request). 
In brief, the Python package OpenCV () was utilized to process images 
and to determine lesions based on color thresholds (e.g., reddish pixel 
for ORO). The ratio of ORO-positive lesions in each animal was deter-
mined as the percentage lesion area, normalized to the total area of the 
aorta.

1.6. Total Cholesterol (TC) and Triglyceride (TG) analyses

Plasma was prepared by centrifugation. Plasma concentrations of TC 
(EnzyChrom HDL/LDL/VLDL Assay Kit 100 T, from Biotrend Chem-
ikalien GmbH, Germany) and TG (Triglyceride ColorimetricAssayKit 
96well from Biomol GmbH, Germny) were analyzed in the mice as 
described previously [58] to study whether an increasing viral load af-
fects lipid profiles.

1.7. Plasma Nitrite

Accordant to previous reports [60], nitrite was measured in plasma 
of mice as a footprint of NO with an NO analyser (Sievers NOA-280) 
apparatus using acetic acid and sodium iodide (AppliChem #A1887) 
in a nitrogen atmosphere. Plasma was further cleared by centrifugal 
filter units (Microcon®-10, Merck #MRCPRT010) for 70 min at 14,000 g 
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at 4 ◦C, and 50 μl were loaded into the NO analyzer.

1.8. Blood cytokine analysis

Blood glucose was measured using a commercial glucose sensor 
(Accu-Chek® Performa, and Glucose Sensors Inform II, Roche, Ger-
many). Plasma concentrations of diverse adipocytokines were measured 
in 10 µL of sample by immunosorbent assays according to the manu-
facturer’s instructions using the Milliplex mouse metabolic magnetic 
bead panel kit MMHMAG-44K.mouse (Amylin Active, C-Peptide 2, 
Ghrelin, GIP, GLP-1 Active or GLP-1 Total, Glucagon, Il-6, Insulin, 
Leptin, Mcp-1, PP, PYY, Resistin, Secretin, and Tnfα), and Mhstcmag- 
70K (Gm-Csf, Infγ, Il-1α, Il-1β, Il-2, Il-4, Il-5, Il-6, Il-7, Il-10, Il-12 
(p70), Il-13, Il-17A, Kc/Cxcl1, Lix, Mcp-1, Mip-2, Tnf-α) from Milli-
pore (Germany).

1.9. RNA sequencing

RNA sequencing (RNAseq) analysis was performed from the 
descending aorta. Aortic tissue was isolated, trimmed from fat, and snap 
frozen in liquid nitrogen. For the RNAseq analyses, the aortic segments 
of 3mice were pooled and a total of 4 sampleswere analyzed. This means 
that the results represent 12 mice used each group. Total RNA was 
isolated with the RNA Mini Kit from Bio& SELL (Nuremberg, Germany) 
combined with on-column DNase digestion (DNase-Free DNase Set, 
Qiagen) to avoid genomic DNA contamination. RNA and library prep-
aration integrity were verified with LabChip Gx Touch 24 (Perkin 
Elmer). As input for VAHTS Stranded mRNA-seq Library preparation, 
500 µg of total RNA was used following the manufacturer’s protocol 
(Vazyme). Sequencing was performed on a NextSeq2000 instrument 
(Illumina) with 1x72-bp single-end setup. The resulting raw reads were 
assessed for quality, adapter content, and duplication rates with FastQC 
(RRID:SCR_014583) (Andrews Simon: Andrews Simon: FastQC: a qual-
ity control tool for high-throughput sequence data. Available online at 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc).

1.10. RNA sequencing analysis

Trimmomatic version 0.39 was employed to trim reads after a quality 
drop below a mean of Q15 in a window of 5 nucleotides and keeping 
only filtered reads longer than 15 nucleotides [61]. Reads were aligned 
versus Ensembl mouse genome version mm10 (Ensembl release 101) 
with STAR 2.7.10a [62]. Aligned reads were filtered to remove dupli-
cates with Picard 2.27.4 (Picard: A set of tools in Java for working with 
next-generation sequencing data in the BAM format), multi-mapping, 
ribosomal, or mitochondrial reads. Gene counts were established with 
featureCounts 2.0.4 by aggregating reads overlapping exons on the 
correct strand, excluding those overlapping multiple genes [63]. The 
raw count matrix was normalized with DESeq2 version 1.36.0 [64]. 
Contrasts were created with DESeq2 based on the raw count matrix. 
Genes were classified as significantly differentially expressed at average 
count > 5, multiple testing adjusted p-value < 0.05, and log2FC 
< -0.585 < or log2FC > 0.585. The Ensemble annotation was enriched 
with UniProt data (Activities at the Universal Protein Resource 
(UniProt)).

To identify a potential association of genes with atherosclerosis, we 
used the CTD Gene-Disease Associations dataset (date of last database 
check: 07/23/2024) [65], (https://maayanlab.cloud/Harmonizome/ 
gene_set/Atherosclerosis/CTD+Gene-Disease+Associations) [66]. In 
the following tables, we have quoted the standardized value determined 
there, which indicated the relative strength of the functional 
associations.

1.11. Statistical analysis

GraphPad Prism 8.0 (La Jolla, USA) was used for statistical analysis. 

All data were checked for outliers and were tested for Gaussian distri-
bution and variance homogeneity. For the statistical analysis, we chose a 
tiered procedure: First, we compared the C57BL/6 N, Mas-ko, and Ace2- 
ko mice under chow diet to detect possible strain differences. Subse-
quently, a 1-way ANOVA followed by Tukey’s multiple multiple com-
parisons test was used for comparing different groups, assuming a 
Gaussian distribution and variance homogeneity. In case of no variance 
homogeneity, a Brown-Forsythe ANOVA test was used, followed by a 
Dunnett’s T3 multiple comparisons test. Alternatively, if the Gaussian 
distribution was not given, we used the Kruskal Wallis Test followed by 
Dunn’s multiple comparisons tests. Correlation analyses were performed 
by applying the 1- or 2-tailed. Correlation analyses were performed by 
applying the 1- or 2-tailed Pearson test. A p-value < 0.05 was considered 
statistically significant. Inbox graphs (representing the 25th to 75th 
percentiles) with whiskers (representing the maximum and minimum 
values), both the individual data and the medians are presented. In the 
line graphs, means ± SDs are depicted.

2. Results

2.1. Growth and glucose homeostasis

For reasons of clarity, only the most important findings on the 
regulation of growth and glucose homeostasis are summarized here; for 
a detailed presentation and discussion, please refer to the Supplemental 
Data. WD feeding induced increase in body weight, fat mass and plasma 
leptin in C57BL/6 N and Mas-ko, thus clearly indicating development of 
obesity which was prevented in both strains by TEL. In contrast, Ace2-ko 
mice on WD feeding did not develop obesity and TEL treatment even 
reduced body weight to levels below chow controls (Fig. 1A-C; 
Figs. S2–4, Tabs S3–4). As a result of the PCSK9DYDY/WD intervention, 
insulin sensitivity was at least slightly impaired in the C57BL/6 N mice, 
In the Mas ko mice, however, this was more clearly affected, the HOMA 
index was increased under VEH treatment, but was normalized again by 
TEL administration. In contrast, we observed no influence in the Ace2-ko 
mice (Fig. 1D, Figs. S5/6, Tabs S5/6). Only in C57BL/6 N but not in the 
two transgenic mouse lines, TNFα and MIP2 were increased in response 
to the WD intervention. TEL treatment in C57BL/6 N prevented the 
increase in TNFα as well as MIP2. (Fig. 1E/F). Such a pattern (although 
not to this clarity or extent) was also seen with MCP1/CCL2, IL2p70, KC, 
LIX and IL6. (Fig. S7, Tabs S5).

2.2. Atherosclerotic lesions

Primarily, it is striking that in comparison to the C57BL/6 N mice, 
plasma cholesterol tended to be elevated in the Ace2-ko mice, whereas 
plasma triglyceride is decreased before any treatment at the age of 11 
weeks. TG was slightly lower in the Mas-ko mice than in the C57BL/6 N 
controls (Tab. S3). Lower TG levels were still observed in chow-fed 
Ace2-ko mice at the end of the study (Tab. S5), indicating that in 
terms of lipid metabolism, the Ace2-ko behave differently to Mas-ko 
mice.

In response to the PCSK9DY/WD intervention, plasma TC and plasma 
TG increased by a factor of 7–8 and 5–10, respectively, in all VEH- 
treated mice (Fig. 2D/E). In the C57BL/6 N mice, this TC increase was 
partially antagonized by TEL but not in the Mas-ko and Ace2-ko mice 
(Fig. 2D). Plasma TG remained nearly at the level of the VEH-treated 
C57BL/6 N controls even with Tel treatment and equally unaffected in 
the two transgenic mouse lines (Fig. 2E). Across all interventions, 
plasma cholesterol, plasma TG and plaque burden exhibited an almost 
perfect correction irrespectively of the mouse strains studied (Fig. 6).

Chow-fed controls developed no atherosclerotic plaques (Tab. S4). In 
response to PCSK9DY/WD, both, plaque and fat content markedly 
increased. This increase was partially diminished by TEL in C57BL/6 N 
as well as in Mas-ko and Ace2-ko mice (Fig. 2B/C). Additional param-
eters (percentage plaque content, fat ratio in plaque, strong and light fat 
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Fig. 1. Growth parameters of C57BL/6 N, Mas-ko and Ace2-ko mice in dependency of WD/PCSK9DY and vehicle (grey bars) or TEL (red bars) treatment. Controls 
received chow and no PCSK9DY (open bars). Weight gain (A), fat mass (B), plasma leptin (C), HOMA index, (D), plasma TNFα (E), and plasma MIP2 (F). A 1-way 
ANOVA followed by Tukey’s multiple comparisons test was used for comparing different groups, assuming a Gaussian distribution and variance homogeneity. In case 
of no variance homogeneity, a Brown-Forsythe ANOVA test was used followed by a Dunnett’s T3 multiple comparisons test. Alternatively, if the Gaussian distribution 
was not given, we used Kruskal Wallis Test followed by Dunn’s multiple comparisons test. The median is depicted in box blots; the box extends from the 25th to 75th 
percentiles and the whiskers go down to the smallest value and up to the largest. The group size is indicated individually for each group in brackets below the X-axis. 
*, **, *** p < 0.05, 0.01 or 0.0001 vs. saline/chow plus VEH; †, ††, ††† p < 0.05, 0.01 or 0.0001 vs PCSK9DY/WD plus VEH.

Fig. 2. Atherosclerotic changes in C57BL/6 N, Mas-ko and Ace2-ko mice in dependency of WD/PCSK9DY and VEH (grey boxes) or TEL (red boxes) treatment. Chow- 
fed controls also received vehicle (open boxes). A: depicts exemplary aortic root segments of each treatment group upon Oil Red O staining (the brownish colorations 
marked with an arrow are plaques; scale bar: 100 µm); B: quantitative evaluation of plaque content; C: quantitative evaluation of fat content; D: TC plasma levels; E: 
TG plasma levels; A 1-way ANOVA followed by Tukey’s multiple comparisons test was used for comparing different groups, assuming a Gaussian distribution and 
variance homogeneity. In case of no variance homogeneity, a Brown-Forsythe ANOVA test was used followed by a Dunnett’s T3 multiple comparisons test. Alter-
natively, if the Gaussian distribution was not given, we used Kruskal Wallis Test followed by Dunn’s multiple comparisons test. The median is depicted in box blots; 
the box extends from the 25th to 75th percentiles and the whiskers go down to the smallest value and up to the largest. The group size is indicated individually for 
each group in brackets below the X-axis. *, **, *** p < 0.05, 0.01 or 0.0001 vs. saline/chow plus VEH; †, ††, ††† p < 0.05, 0.01 or 0.0001 vs PCSK9DY/WD plus VEH.
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content), also characterizing the atherosclerotic lesions, clearly 
confirmed the effects of PCSK9DY/WD intervention. They at least 
partially supports the idea that TEL lowers plaque burden in C57BL/6 N 
and also in Mas-ko mice, but only to a limited extent in Ace2 ko mice 
(Fig. S8).

2.3. Vascular dysfunction

As a functional parameter of vascular dysfunction, the mechanical 
properties of aortic ex vivo ECs were quantified in a total of 520–587 ECs 
per group (37–50 ECs in one aorta of each mouse). Even when statistical 
analysis was based on individual mice of each group, Mas-ko mice 
showed significant higher cortical stiffness compared to C57BL/6 N 

controls (Mas-ko: 1.386 ± 0.034 pN/nm vs. 1.314 ± 0.039 C57BL/6 N, 
P = 0.0035, see Tab. S4), while the stiffness of Ace2-ko mice was not 
altered (due to the higher variability, 1.352 pN/nm, P = 0.1408, see 
Table 2). The cortical stiffness was higher in PCSK9DY/WD-treated 
C57BL/6 N mice than in chow-fed controls independent whether mice 
were treated with VEH, but it was reduced under TEL by approximately 
one third compared with PCSK9DY/WD+VEH-treated mice, suggesting 
at least a partial protective effect of TEL (Fig. 3B). In both transgenic 
strains, cortical stiffness was not impaired by PCSK9DY/WD-intervention 
or improved by TEL-treatment (Fig. 3B). In contrast to cortical stiffness, 
GC height was not different between the 3 mouse strains and was not 
altered by PCSK9DY/WD intervention or TEL therapy (Fig. 3C). A slight 
negative correlation between stiffness of aortic ECs and glycocalyx 

Fig. 3. Endothelial stiffness in C57BL/6 N, Mas-ko and Ace2-ko mice in dependency of WD/PCSK9DY and VEH (grey boxes) or TEL (red boxes) treatment. Chow-fed 
controls also received vehicle (open boxes). Fig. A shows a schematic scheme for the force-deformation curve of the AFM investigation on which the evaluations of 
the stiffness of the endothelial cells (Fig. B) and the height of the glycocalyx (Fig C) were based. Pearson correlations (one-side) between stiffness of ECs and the 
height of glycocalix in C57BL6/N (D), Mas-ko (E) and Ace2-ko mice (F). Stiffness was calculated in 8-fold measurement repetition in 37–50 cells of each mouse from 
force-deformation curves in a blinded manner by using the PUNIAS 3D version 1.0 release 1.8 (http://punias.voila.net/). The mean value of the 37–50 cells was then 
calculated individually for each mouse. A 1-way ANOVA followed by Tukey’s multiple comparisons test was used for comparing different groups, assuming a 
Gaussian distribution and variance homogeneity. In case of no variance homogeneity, a Brown-Forsythe ANOVA test was used followed by a Dunnett’s T3 multiple 
comparisons test. Alternatively, if the Gaussian distribution was not given, we used Kruskal Wallis Test followed by Dunn’s multiple comparisons test. The median is 
depicted in box blots; the box extends from the 25th to 75th percentiles and the whiskers go down to the smallest value and up to the largest. The group size is 
indicated individually for each group in brackets below the X-axis. *, **, *** p < 0.05, 0.01 or 0.0001 vs. saline/chow plus VEH; †, ††, ††† p < 0.05, 0.01 or 0.0001 vs 
PCSK9DS/WD plus VEH.
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height was observed in the C57BL/6 N mice, but not in the two trans-
genic mouse lines (Fig. 3D-F).

To confirm that vascular function was impaired in dependency on 
strain and/or atherosclerotic lesions, and if so, whether this dysfunction 
might be attenuated by TEL, we determined plasma nitrite as a surrogate 
parameter for NO. Plasma nitrite levels in chow-fed C57BL/6 N mice 
were 413±128 nM and these were halved in Mas-ko and tended 
(P = 0.052) to be lowered in Ace2-ko mice (Tab. S5). This finding sug-
gests impaired endothelium-dependent vasodilation, at least for the 
Mas-ko mice, which would be in agreement with the results on cortical 
stiffness. As a result of the PCSK9DY/WD intervention, plasma nitrite was 
tendentially (P = 0.073) reduced in the VEH-treated C57BL/6 N mice, 
and although not restored to normal or at least partially increased by 
TEL therapy (Fig. 4A). Such PCSK9DY/WD or TEL effects were not 
observed in the transgenic mouse lines (Fig. 4A). However, correlation 
analyses not only reinforce the link between atherosclerotic lesions and 
functional vascular damage, but also highlight a functional disorder in 
the transgenic mouse lines. In C57BL/6 N mice cortical stiffness and 
plasma NO correlate negatively meaning, e.g. the higher the stiffness the 
lower the nitrite although, admittedly, the significance is borderline 
weak with a p = 0.047. (Fig. 5A). The key massage is that this negative 
correlation is not anymore observed in the Mas-ko or Ace2-ko mice 
(Fig. 5 B/C). Moreover, we observed a strong positive correlation be-
tween cortical stiffness on one side and TC (Fig. 5D), plaque content 
(Fig. 5G) and fat content (Fig. 5J) on the other side in C57BL/6 N con-
trols (Fig. 6). And again, these positive correlations were also abolished 
in Ace2-ko or even reverted in the Mas-ko mice (Fig. 5/6). This suggests 
that the potency of TELin preventing atherosclerotic vascular dysfunc-
tion is partly due to an Ang(1− 7)/ACE2/Mas-dependent effect.

The histological images of the ORO-staining also allow an evaluation 

of various vascular parameters. With the exception of the aortic lumen, 
no strain effects were observed for diameter, lumen and media (Tab. S4). 
Media thickness was increased by appr. 30 % in PCSK9DY/WD and 
vehicle treated C57BL/6 N compared to the chow controls, while such 
an effect was not seen in the corresponding TEL-treated PCSK9DY/WD 
animals (Fig. 4B). Diameter and lumen were increased in the PCSK9DY/ 
WD-treated Mas-ko mice and TEL at least decreased media in these 
animals (Fig. 4B-D).(Fig. 6)

2.4. Gene regulation in abdominal aorta segments

PCA plots and volcano plots upon RNAseq analyses clearly showed 
strain differences between C57BL/6 N, Mas-ko and Ace2-ko mice 
(Figs. S9 and S10). PCA blots (Fig. 7) as well as volcano plots (Fig. S11) 
furthermore showed that genes were down- and up-regulated in all 
strains as a result of the PCSK9DY/WD intervention as well as vehicle or 
TEL-treatment.

In the aortas of C57BL/6 N, Ace2-ko and Mas-ko mice 579, 652, and 
250 genes respectively were differentially regulated between PCSK9DY/ 
WD/VEH and chow-fed/VEH interventions, being more genes up- than 
downregulated (C57BL/6 N: 510/69, Ace2-ko: 477/175, Mas-ko: 215/ 
35). Based on these datasets, we identified 101 genes that were regu-
lated in all 3 strains by the PCSK9DY/WD intervention, with the genes 
whose expression was most significantly altered shown in Fig. 8Aa and 
Tab. S7. Among these 101 genes, Nr1I2, Ppara, Cpn2, Cpt1b and Isyna1 
are associated with atherosclerosis according to the CTD Gene-Disease 
Associations dataset [65,66]. Strikingly, Nr1I2 expression was 
up-regulated by the PCSK9DY/WD intervention in the C57BL/6 N and 
Mas-ko, but down-regulated by the same amount in the Ace2-ko mice. 
(Fig. 9)

Fig. 4. Plasma nitrite levels (A), media (B); diameter (C) or lumen (D) of aortas of C57BL/6 N, Mas-ko and Ace2-ko mice in dependency of WD/PCSK9DY and VEH 
(grey boxes) or TEL (red boxes) treatment. Chow-fed controls also received vehicle (open boxes). A 1-way ANOVA followed by Tukey’s multiple comparisons test was 
used for comparing different groups, assuming a Gaussian distribution and variance homogeneity. In case of no variance homogeneity, a Brown-Forsythe ANOVA test 
was used followed by a Dunnett’s T3 multiple comparisons test. Alternatively, if the Gaussian distribution was not given, we used Kruskal Wallis Test followed by 
Dunn’s multiple comparisons test. The median is depicted in box blots; the box extends from the 25th to 75th percentiles and the whiskers go down to the smallest 
value and up to the largest. The group size is indicated individually for each group in brackets below the X-axis. *, **, *** p < 0.05, 0.01 or 0.0001 vs. saline/chow 
plus VEH; †, ††, ††† p < 0.05, 0.01 or 0.0001 vs PCSK9DS/WD plus VEH.
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Furthermore, we have identified 444 genes that were exclusively 
regulated in C57BL/6 N, but not in Mas-ko and Ace2-ko mice upon 
PCSK9DY/WD intervention. Among these genes, 130 are associated with 
atherosclerosis ([66]; Tab. S8). The expression levels of the top 15 and 
bottom 15 genes out of the 444 genes are shown in Fig. 8Ab, where of 
these 30 genes only Myh1, Pvalb, Slc15a1, Trim31, Cyp1a1 are associated 
with atherosclerosis. In addition, it is interesting that Ren1 was upre-
gulated in the C57BL/6 N but not the Ace2-ko and Mas-ko mice as a 

result of the PCSK9DY/WD intervention (Tab S8). Conversely, we found 
42 genes that were regulated upon PCSK9DY/WD in Mas-ko as well as in 
Ace2-ko but not in C57BL/6 N mice. Eighteen of these genes are asso-
ciated with atherosclerosis according to the CTD Gene-Disease Associ-
ations dataset [66], including Dio2, Hk2, S100b, Plin5, Slc24a3, Isyna1 
(Fig. 8Ac and Tab. S9).

Next, we addressed the question of how TEL treatment influences 
gene expression. In C57BL/6 N mice, 35 genes (3/32 up/down) were 

Fig. 5. Pearson correlation analyses between cortical stiffness and plasma levels of nitrites or TC or aortic plaque or fat content.

Fig. 6. Summarized presentation of the correlation analyses between various parameters in Mas-ko and Ace2-ko compared to the C57BL/6 N mice which were 
treated with saline/chow+VEH, PCSK9DY/WD+VEH or PCSK9DY/WD+TEL. Correlation analyses were performed by a one-side Person test.
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differently expressed between the TEL or vehicle-treated PCSK9DY/WD 
positive mice (Fig. S11). 16 of these 35 genes are associated with 
atherosclerosis (Tab S10). Moreover, 15 of these 35 genes were almost 
counter-regulated by TEL to the same extent as the gene upregulation in 
response to the PCSK9DY/WD intervention where again 9 of these genes 
are associated with atherosclerosis, including Myh1, Pvalb, Ckm, Tnntl3, 
Mmp12, Acta1, Npr3 and Fam20c (Fig. 8B).

Gene expression of the different RAAS components differed not be-
tween chow-fed C57BL6/N and transgenic mice, with the exception of a 
slightly lower AT2 expression in ACE2-Mas ko mice compared to wild- 
type controls (Fig. S13). In wt controls, an approx. 10-fold increase in 
Ace2 expression is noticeable upon PCSK9DY/WD-intervention, which is 
at least partially reduced by TEL. Such an influence on Ace2 expression is 
not observed in each transgenic line. Except of AngI expression, neither 
PCSK9DY/WD intervention nor TEL treatment had any influence in any 
mouse line on Mas. An increased expression of Ren1, ACE and Agtr1a 
after TEL therapy was noticeable in the ACE2-ko mice (Fig. S14). This 
suggests that structural and functional improvements resulting from TEL 
treatment cannot quite be associated with the regulation of AT1 and Mas 
receptors or the enzymes involved in angiotensin biosynthesis. 

Adressing gene regulation within the NO pathway, we found upregula-
tion in dependence of PCSK9DY/WD intervention and a corresponding 
downregulation by TEL of Nos1 in C57BL/6 mice, but not in the trans-
genic lines (Fig. S15).

In contrast to the C57BL/6 N strain, more genes (2424 in total: 1165 
up vs 1259 down) were differentially expressed in the Ace2-ko mice in 
response to TEL treatment compared to the VEH-treated mice. 
Comparing these 2424 genes with the 652 genes that were regulated in 
Ace2-ko mice by the PCSK9DY/WD intervention compared to the chow 
controls, an intersection of 274 genes was identified. Although signifi-
cant, most of these genes were only slightly altered. Most of these genes 
were also regulated in the same way. Twenty-three of these 274 genes 
were counter-regulated by TEL in the Ace2-ko mice. However, only 8 of 
these genes are associated with atherosclerosis (Igkv12–98, Hsd17b6, 
Mep1b, Npc1l1, Hdac11, Rbl1, Fam20c, Abcg1) and this association was 
also rather weak according to the database [66] (Tab S11).

In Mas-ko mice, treatment with TEL significantly altered gene 
expression of 12 genes compared to the VEH-treated PCSK9DY/WD an-
imals where eight of these 12 genes are regulated by TEL in opposition to 
PCSK9DY/WD intervention under VEH treatment and 6 of these 8 genes 

Fig. 7. Principal component analyses (PCA) using FactoMineR to identify the two groups of genes (=dimensions) incorporating the largest amount of divergence. 
Comparison between chow-controls and upon PCSK9DY/WD treatment and daily TEL or vehicle application in C57BL/6 N, Mas-ko and Ace2-ko mice.
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are associated with atherosclerosis [66] (Fig. 8B, Tab S12).
Upon KEGG pathway analyses, the insulin resistance and PPARγ 

signaling pathway were upregulated in all 3 mouse strains after 
PCSK9DY/WD- compared to chow/VEH-treatment (Fig. S12). The 
concordance between the upregulated KEGG pathways was higher 

between the C57BL/6 N and Mas-ko mice (6/9) than between the 
C57BL/6 N and Ace2-ko mice (3/9) (Fig. S12). The consistency in the 
downregulated pathways was low in the 3 different mouse strains. 
(Fig. S12). The lower expression of the RAAS pathway in the chow-fed 
Mas-ko mice compared to the PCSK9DY/WD intervention was striking.

Fig. 8. Differential gene expression (log2fc) in abdominal aorta segments of C57BL/6 N, Mas-ko or Ace2-ko mice. Fig. A shows prominent changes upon PCSK9DY/ 
WD intervention compared to saline/chow treatment of genes which were observed in all 3 mouse lines (a) or which were only observed in C57BL/6 N but not in the 
two ko lines (b) or which were selectively not expressed in the C57BL/6 N controls but in Mas-ko and Ace2-ko mice (c). Fig. B shows changes in gene expression in the 
different mouse strains, which were altered by the PCSK9DY/WD intervention, but were also counter-regulated by the TEL therapy. The genes associated with 
atherosclerosis are highlighted in bold (according to [66]).
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3. Discussion

For a discussion of the data on weight regulation and glucose ho-
meostasis, see Suppl Data. As the main finding of this study, we 
demonstrated that upon TEL, cortical stiffness of the aortic ECs is 
decreased which was accompanied by an increased bioavailability of 
NO.

3.1. Strain differences

PCSK9DY/WD-treated C57BL/6 N mice developed hallmarks of 
atherosclerosis which has already been shown by others [31,32,36,43, 
52].

Overall, we observed that, compared to C57BL6/N mice, similar TEL- 
induced changes were observed in the two transgenic mouse lines, 
particularly with regard to the primary parameters of our study, namely 
cortical stiffness and plasma NO. The most pronounced difference be-
tween the two transgenic mouse lines was observed with regard to a 
different weight regulation per se but also as a result of TEL treatment. 
This raises the question of the consequences and differences of ACE2 and 
Mas knock out with regard to the suppression of the ACE2/Ang(1− 7)/ 
Mas axis. One could assume that ACE2/Ang(1− 7)/Mas receptor 
signaling is completely suppressed in Mas-ko mice while the metabolism 
of Ang II may be partially inhibited in ACE2-ko mice, potentially leading 
to the enhancement of the ACE/AngII/AT1R axix. However, RNAseq 
analysis revealed no difference in the gene expression of the different 
RAAS components, with the exception of a slightly lower AT2 expression 
in ACE2-Mas ko mice compared to wild-type controls (Fig. S13). 
Furthermore, it should be noted that even with total Mas deficiency, Ang 
(1− 7) also acts via the Mrgd receptor [67] and thus a complete shut-
down of the Ang(1− 7) effect is only possible via the Mas/Mrgd double 
knockout [68]. Even with the ACE2 knockout, complete suppression of 
Ang(1− 7) biosynthesis cannot necessarily be assumed, since 

angiotensinogen is also degradated to Ang1–12, which could then be 
metabolized via NEP to Ang(1− 7) [67]. Clear differences exist between 
the two transgenic mouse lines with regard to weight regulation, which, 
however, can be attributed to a serotonin-dependent mechanism (see 
also the extended discussion in the Suppl Data).

3.1.1. Atherosclerotic lesions
Pro-inflammatory cytokines such as TNFα or MIP2 increased upon 

PCSK9DY/WD-intervention in C57/BL/6, but not in transgenic mice. In 
fact, we have expected even higher cytokine levels in transgenic mice, as 
Ang(1− 7) reveals vascular anti-inflammatory properties [69]. Stimula-
tion of the ACE2/Ang(1− 7)Mas axis is claimed to reduce the athero-
sclerosis risks as 1.), Ang(1− 7) diminished macrophage infiltration, 
MCP-1, IL6, TNFα, NFKβ, vascular cell adhesion protein 1 (VCAM-1), 
reactive oxygen species (ROS) levels, apoptosis and increased NO 
release in ApoE ko mice [70,71]; 2.), Ang(1− 7) improved ACh-induced 
relaxation in abdominal aortic sections of ApoE-ko mice [26] and 3.), 
Mas/ApoE-dko mice and Ace2/ApoE-dko mice showed aggravated signs 
of local vascular inflammation [27,29]. Thus, the question remains, why 
were atherogenesis and inflammation not aggrevated in both transgenic 
compared to C57BL/6 N mice upon the PCSK9DY/WD intervention. 
Strikingly, the extend of plaque burden in our study was > 3-fold higher 
than in chow-fed ApoE-ko mice [27], which let us to speculate that 
aggravation of atherosclerosis in response to ACE2 deficiency is only 
possible if the extent of atherosclerotic changes per se is not already 
maximal. This assumption is supported by the head-to-head comparison 
of both atherosclerotic mouse models, which showed smaller lesion 
areas in the chow-fed ApoE-ko by more than half as compared to the 
WD-fed PCSK9DY-treated mice [32]. In the Mas-ko mice also used, 
cortical stiffness was increased compared to C57BL/6 N, but as a result 
of PCSK9DY/WD intervention, neither plaque burden nor cortical stiff-
ness were more pronounced than in C57BL/6 N controls, confirming 
recent findings demonstrating that deletion of Mas in ApoE-ko mice had 
no effect on concomitant atherosclerosis.[72] However, this conflicts 
with others showing that chronic Ang(1− 7) treatment attenuated the 
development of atherosclerosis in ApoE-ko but not in ApoE/Mas-ko mice 
[73] and that a Mas agonist reduces the atherosclerotic burden in 
ApoE-ko mice, while a Mas antagonist increases it [74]. These discrep-
ancies may again be attributable to differences in atherosclerotic 
development, as in both cited studies, the extent of atherosclerotic le-
sions was significantly less severe than in ours. From a mechanistic 
perspective, Ang(1− 7)-induced attenuation of atherosclerosis was 
attributed to a NO-dependent mechanism [73]. The decrease in the 
expression of eNOS in ApoE-ko mice and normalization by Ang(1− 7) 
confirmed the NO-dependence postulated [26]. This dependency was 
also found in our study, as plasma NO and cortical stiffness correlated 
negatively in the C57BL/6 N mice but even positively in the Mas-ko and 
also Ace2-ko mice. In Mas-ko mice, NO was reduced to 50 %, which is in 
accordance to previous observations [75] and also consistent with the 
finding that Mas receptor activation contributes to NO bioavailability 
[76]. Thus, it is convincing that cortical stiffness is higher and that the 
NO bioavailabilty tends to correlate positively with cortical stiffness in 
chow-fed Mas deficient mice, but negatively in C57BL/6 N mice.

3.1.2. Vascular dysfunction
In confirmation of our previous study [36], the mechanical stiffness 

of the endothelial cortex was enhanced upon PCSK9DY/WD-treatment in 
C57BL/6 N mice, which was attributed., to an insertion and/or activity 
of specific membrane proteins, e.g. ENaC (epithelial Na+ channel), ion 
composition of the extracellular fluid and the polymerization state of the 
cortical actin [57,77–79]. Such a stiffening was not observed in Mas-ko 
and Ace2-ko mice, even though plaque burden and plasma lipids were 
increased. This suggests that histological vascular examinations may not 
necessarily be sufficient to characterize atherosclerosis, but should 
rather be strengthened by functional results. However, this conclusion 
may be quite daring as the endothelial stiffness and the atherosclerotic 

Fig. 9. Graphical abstract indicating that a TNFα-dependent mechanism 
upregulates expression of MMP12 and NO, thus contributing to increase in 
cortical stiffness. It is further concluded that increased cortical stiffness leads to 
impaired vasodilation and thus promotes the development of atherosclerosis. 
However, since we did not perform any experiments on vasodilation, this 
conclusion is in italics to emphasize that it is based more on findings in the 
literature (see discussion) and less on experimental data. TEL counterregulated 
these pathways via at least partial stimulation of the ACE2/Ang(1− 7)/Mas axis.
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plaque load or the plasma cholesterol levels correlated positively in 
different atherosclerotic models [80–82] including the PCSK9DY/W-
D-induced model [36]. Since stiffness per se was already increased in the 
Mas-ko and also in the Ace2-ko mice, one could speculate whether this 
higher stiffness in the transgenic mice is almost maximal and therefore 
not further increasable by PCSK9DY/WD. This could be due to the fact 
that there is also a limit related to the degree of polymerization of the 
actin and the linker proteins. AFM-technique also allowed to investigate 
properties of endothelial glycocalyx (EG). The EG is a negatively 
charged, brush-like multifunctional layer of membrane-bound, carbo-
hydrate-rich molecules, mostly consisting of glycoproteins and pro-
teoglycans. Hyaluronan (HA), a glycosaminoglycan, is an important 
constituent of the EG that regulates inflammation and repair. By 
providing a direct link to the interior of the cell, HA contributes to 
maintaining glycocalyx integrity; emerging evidence indicates a close 
association between EG deterioration, concomitant loss of HA and the 
onset of endothelial dysfunction, a phenomenon that is involved in 
atherosclerosis dyslipidemia [83–86]. In contrast to cortical stiffness, 
neither the mechanical properties of the EG nor the height was altered 
by the PCSK9DY/WD intervention, by TEL therapy, nor in the different 
mouse lines. The consequence of increased cortical stiffness is func-
tionally detrimental as the relationship between endothelial stiffness, 
arterial stiffness and the development of hypertension appears to be a 
chicken-and-egg dilemma [87–89]. Even though we did not measure 
blood pressure in our study due to methological limitations, the 
increased cortical stiffness and decreased plasma NO levels could be 
associated with the increased blood pressure in Mas-ko mice which has 
been described elsewhere [90–92]. In Ace2-ko mice, various reports 
suggested elevated blood pressure when using the sensitive telemetric 
approach [27,90,93]. These results indicate endothelial dysfunction 
which is further confirmed by the observation that dilatation to 
acetylcholine was lower in the basilar artery from Ace2-ko than in wild 
type mice [94]. Accordingly, cortical stiffness tended to be higher in 
Ace2-ko mice compared to C57BL/6 N controls. Also addressing the 
question whether genetic deletion of Ace2 induces vascular dysfunction, 
Rabelo et al. show in 20–22 week-old male Ace2-ko compared to 
C57BL/6 N mice (which is comparable to our setting) that the blood 
pressure is higher while aortic eNOS expression and eNOS acivity is 
lower and NO plasma concentration is reduced [95]. We observed a 
tendency (p = 0.142) that plasma nitrite levels were decreased in the 
Ace2-ko animals in this study.

3.1.3. Gene regulation
KEGG analyses of PCSK9DY/WD treated C57BL/6 N mice annotate 

the differentially expressed genes to an upregulation of insulin resis-
tance, metabolic, starch sucrose metabolism, and fat digestion and ab-
sorption pathways. In a study conducted in parallel with this one [52], 
we particularly found by KEGG analyses an upregulation of inflamma-
tory pathways in thoracic segments of aortas of PCSK9DY/WD 
C57BL/6 N mice. It is assumed that these differences may be attributed 
to different patterns of atherosclerotic remodeling in the thoracic and 
abdominal aorta [96]. To identify specific gene expression in different 
mouse strains upon PCSK9DY/WD intervention, we pursued 3 different 
approaches: to identify first, which genes were equally regulated in all 
mouse lines; second, which genes were exclusively expressed in 
C57BL/6 N mice and thirdly, which genes were exclusively expressed in 
Ace2-ko as well as in Mas-ko mice. The first search strategy revealed a 
total of 101 genes (including Cpt1b, Nr1i2, Ppara, Cpn2), the second 
aspect 130 genes (including Myh1, Palvb, Trim31, Slc15a1 and Cyp1a1) 
and the third 18 genes (including Dio2, Hk2, S100b, Plin5, Slc24a3 and 
Isyna1), which were either regulated in all strains or selectively in the 
CB57BL/6 N or the two trasgenic lines depending on the atherosclerotic 
changes. For a more detailed discussion of the (functional) significance 
of these genes, particularly in the light of atherosclerosis, and whether 
these genes interact with the RAAS please refer to the discussion in the 
supplementary data for reasons of clarity.

3.2. TEL treatment

In 2000, an editorial highlighted the anti-atherosclerotic potential of 
ARBs [97], and since then the anti-atherosclerotic efficacy even of TEL 
was well established in experimental studies using different athero-
sclerosis models [98–102] and also in clinical trials [103]. Numerous 
studies were carried out to identify the underlying mechanism. In this 
respect, the anti-atherosclerotic efficacy of TEL was attributed to mul-
tiple mechanisms such as, a) a suppression in superoxide production 
[104], b) an induction of autophagy [105]; c) an increase of the 
permeability of endothelial cells through zonula occludens-1 [106]; d) 
an inhibition of the pro-inflammatory β2-integrin MAC-1 expression in 
lymphocytes [107]; e) an AMPK activation thus inhibiting basal and 
PDGF-stimulated VSMC proliferation [108], f) an increase of NO 
bioavailability [109] and g) a modulation of the gastrointestinal 
microbiota [110,111]. In addition, there seems to be disagreement as to 
whether or not the TEL-induced anti-atherogenic effect is dependent on 
its PPARγ pleiotropic potency, as typical PPARγ agonists attenuates 
aortic stiffening in obesity [112]. At least some studies indicate such a 
dependence for ARBs [102,109,113] others do not [114] and still others 
show at least a partially dependent effect [115].

In accordance with the afore mentioned studies, we here confirmed 
in the PCSK9DY/WD-induced atherosclerosis model, that the expression 
of atherosclerotic lesions and plasma levels of lipids were clearly 
decreased with TEL treatment. Moreover, TEL normalized TNFα or MIP2 
plasma levels, indicating anti-inflammatory potency, which was how-
ever not observed in patients suffering from atherosclerosis [116]. The 
genes of most interest that were found to be counter-regulated upon TEL 
compared to the PCSK9DY/WD C57BL/6 N controls include Myh1, Pvalb, 
Ckm, Tnntl3, Mmp12, Acta1, Npr3 and Fam20c, as these genes are all 
associated with atherosclerosis. Of these listed genes, Mmp12 appears to 
be the most interesting, as MMP12 was identified in a large scale pro-
teomic human trial as a potential novel circulating biomarker for aortic 
stenosis risk [117,118]. Mmp12 is crucial to the initiation and progres-
sion of atherosclerosis via degradation of the elastic layers and/or 
basement membrane [119] thereby influencing arterial stiffening [120]. 
The TEL-dependent down-regulation of Mmp12 as shown here and 
elsewhere [121] appears conclusive because AngII itself has increased 
the Mmp12 gene expression in VSMCs [122] and mouse aorta 
[123–125]. As the TEL-dependent downregulation of MMP12 was no 
longer detectable in Mas-ko and Ace2-ko mice, a dependency on 
ACE2/Ang(1− 7)/Mas axis is supposed, which supports findings 
showing that Ang(1− 7) blocks Mmp12 expression [126–128]. From a 
mechanistic point of view, it furthermore seems interesting that Mmp12 
expression is TNFα-dependent [129] and that Tnfa expression itself is 
upregulated by AngII and downregulated by Ang(1− 7) [130]. The 
drug-relevant significance of a downregulation of Mmp12 is also 
emphasized because statins as typical anti-atherosclerotic drugs mark-
edly lower Mmp12 expression [131]. As MMP12 is crucial for influ-
encing arterial stiffening [120] and we here demonstrated prevention of 
stiffening in C57BL/6 N mice upon TEL-treatment we have obtained 
evidence that TEL-induced improvements/changes at structural and 
biochemical level also have a functional consequence in atherosclerosis. 
In this functional context, ARBs were previously shown to prevent 
arterial stiffness in elderly patients with hypertension [132]. In partic-
ular, the lack of correlation between plaque load and stiffness in the 
Mas-ko and Ace2-ko mice suggests that this functional property is 
dependent on the ACE2/Ang(1− 7)/Mas axis. A detailed description of 
the other mentioned genes in the context with components of the RAAS, 
NO or eNOS expression, TNFα or arterial stiffness is refrained here and 
reference is made to the supplementary data, especially as hardly any 
literature was identified on the basis of the a pubmed search. It could 
only be shown that Acta1 expression in cardiomyocytes is increased by 
AngII [133].

As claimed above, ARBs enhanced NO bioavailability thus contrib-
uting to its benefitial effects in treatment of atherosclerosis [109]. Such a 
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mechanism is supported by our study as we found the negative corre-
lation in C57BL/6 N mice but not anymore in both transgenic strains. To 
address the concern that determination of plasma NO is no sufficient 
evidence, we have compiled the RNAseq data for the NO pathway with 
mainly being NOS1 upregulated in dependence of PCSK9DY/WD inter-
vention and a corresponding downregulated by TEL of Nos1 in C57BL/6 
mice, but not in the transgenic lines. Such an upregulation of Nos1 
expression has also been shown in human atherosclerosis and was 
interpreted as a quasi counterregulation to a decrease in Nos3. However, 
we could not observe any regulation of Nos3 expression, which would be 
consistent with the idea that the Nos3 regulation in atherosclerosis is a 
posttranslational regulation [134]. However, due to limited sample 
material, we were unable to perform further blot analysis to show such a 
regulation at the protein level. Our findings of increased TEL-induced 
NO levels in C57BL6/N mice are also consistent with older reports 
that also reported increased nitric oxide bioavailability and atheroscle-
rotic change [109] and also that telmisartan activates endothelial nitric 
oxide synthase in vascular endothelial cells TEL activates endothelial 
nitric oxide synthase in vascular endothelial cells [135] and that 
TEL-pretreatment decreased LPS-induced expression of iNOS in a 
macrophage cell line [102]. Ikejima attributed the ARBs-dependend 
enhanced NO bioavailability to a PPARγ mediated mechanism [109]. 
However, an TNFα-mediated effect may also be involved as TNFα blocks 
eNOS expression in endothelial cells therby reduced NO bioavailability 
[136,137]. Accordingly, TNFα expression is enhanced in atherosclerotic 
mice C57BL/6 N mice as shown here and elsewhere [52] and was 
normalized by TEL.

We finally sought to answer the question of whether the anti- 
atherosclerotic effect of TEL is diminished in mice with ACE2 or Mas 
deficiency because Ang(1− 7) has opposing cardiovascular and meta-
bolic effects to AngII [138] and ARB-induced effects that may also be 
attributed to an ACE2/Ang(1− 7)/Mas axis-dependent mechanism [15]. 
Considering the findings that Ang(1− 7) reduced atherosclerosis plaque 
load but improved vasorelaxation via Mas receptor activation in the 
ApoE-ko model [24,74], we expected the TEL-induced improvement in 
the two transgenic mouse models to be at least partially abolished. The 
correlation analyses clearly suggest, at least at the functional level, that 
the increased cortical stiffness in the C57BL/6 N controls, which is 
negatively associated with plasma NO but positively associated with 
plaque burden and TC plasma concentration, is no longer evident in the 
Mas-ko or Ace2-ko mice, as in both transgenic mouse lines the correla-
tions observed in the C57BL/6 N mice were abolished or even reversed. 
This suggest that on functional levels the anti-atherosclerotic effect of 
TEL can be attributed to an ACE2/Ang(1− 7)/Mas axis-dependent 
mechanism. However, it is unclear why cortical stiffness was not 
reduced by TEL in the transgenic lines, but plaque burden was. Strik-
ingly, the plasma levels of TC and some cytokines (e.g. TNFα, MIP2, 
MCP1/CCL2, IL12p70, KC, IL10) were not reduced by TEL in the 
transgenic lines as in the C57BL/6 N controls, but even increased.

In summary (see graphical abstract), it is concluded that under VEH 
treatment and PCSK9DY/WD intervention, AT1 receptor mediated 
TNFapha expression is increased with consecutive upregulation of 
Mmp12, which in turn leads to increased endothelial stiffness. This 
contributes to a worsening of vasodilation in the atherosclerotic model, 
as does the reduced TNFα-dependent NO bioavailability. Treatment with 
TEL not only blocks the AT1R-mediated signaling pathway but also leads 
to an increase in Ang(1− 7). Using Mas-ko and Ace2-ko mice, we were 
able to show that activation of Mas, on the one hand, reduces TNFα 
expression, which leads to lower Mmp12 expression and endothelial 
stiffness as well as increased NO bioavailability. These indirect effects, 
like the direct effect, contribute to vasodilation. Thus, it could also be 
confirmed for atherosclerosis that the beneficial effects of ARBs are not 
only based on the blockade of the ACE/AngII/AT1R axis but also on 
stimulation of the ACE2/Ang(1− 7)/Mas axis. However, it should be 
noted that the conclusion regarding a change in dilation (not possible 
due to lack of sample material) or blood pressure regulation (not 

possible due to the impracticability of such a measurement) is specula-
tive and cannot be supported by data from this study. Findings from the 
literature do, however, address the correlation between blood pressure 
and cortical stiffness [139]. A second limitation is that, as in our pre-
vious studies in which we examined the effects of the RAAS on body 
weight and atherosclerosis in rodents, we only included male animals to 
minimize the variability of the results [1–3,5–11,15,51,52]. The chal-
lenge for the planned future study is to also examine a possible gender 
difference.
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