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A B S T R A C T   

Background and aims: Hyperlipidemia is a suggested risk factor for abdominal aortic aneurysm (AAA). However, 
whether hyperlipidemia is causally involved in AAA progression remains elusive. Here, we tested the hypothesis 
that hyperlipidemia aggravates AAA formation in the widely used porcine pancreatic elastase (PPE) model of 
AAA in mice with varying levels of plasma lipids. 
Methods: Prior to PPE-surgery, 8-week-old male C57BL/6J mice (n = 32) received 1⋅1011 viral genomes of 
rAAV8-D377Y-mPcsk9 or control rAAV8 via the tail vein. Mice were fed either western type diet or regular chow. 
At baseline and during the 28 days following PPE-surgery, mice underwent weekly ultrasonic assessment of AAA 
progression. Experiments were repeated using Apolipoprotein E knockout (ApoE− /− ) mice (n = 7) and wildtype 
C57BL/6J mice (n = 5). 
Results: At sacrifice, maximal intergroup plasma cholesterol and non-HDL/HDL ratio differences were >5-fold 
and >20-fold, respectively. AAA diameters expanded to 150% of baseline, but no intergroup differences were 
detected. This was verified in an independent experiment comparing 8-week-old male ApoE− /− mice with 
wildtype mice. Histological evaluation of experimental AAA lesions revealed accumulated lipid in neointimal 
and medial layers, and analysis of human AAA lesions (n = 5) obtained from open repair showed medial lipid 
deposition. 
Conclusions: In summary, we find that lipid deposition in the aortic wall is a feature of PPE-induced AAA in mice 
as well as human AAA lesions. Despite, our data do not support the hypothesis that hyperlipidemia contributes to 
AAA progression.   

1. Introduction 

The role of hyperlipidemia in the pathogenesis of abdominal aortic 
aneurysm (AAA) is controversial. While numerous studies report a 
positive association of circulating low-density lipoprotein (LDL) with 
AAA disease, negative correlations have been shown for high-density 
lipoprotein (HDL), while other studies are inconclusive [1–11]. 

It is well established that hyperlipidemia is a risk factor for 

cardiovascular disease (CVD) in general, and lipid-lowering therapy is 
beneficial for long-term patient outcomes [12–14]. However, while 
parameters such as high total cholesterol, high triacylglycerols (TAG), 
and a high plasma non-HDL/HDL ratio are generally considered unfa-
vorable for CVD, it is unclear whether this paradigm also applies to AAA. 
The population-based Tromsø Study found that low HDL increased risk 
of AAA, but found no effect of total cholesterol [6]. Golledge et al. 
showed that only low HDL but not elevated LDL or TAG associated with 
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AAA [5]. Others have reported that both low HDL and elevated TAG and 
LDL are associated with AAA [15,16]. A sub-analysis of the Athero-
sclerosis Risk in Communities (ARIC) study only identified total 
cholesterol and LDL as associated with AAA risk, but not TAG or HDL 
[3], which is in line with some smaller studies [9,17]. Further, AAA 
genome-wide association study meta-analyses have identified suscepti-
bility variants in genes involved in lipid metabolism and/or trafficking 
(e.g. PCSK9, HMGCR, CETP, LDLR) [4,18,19]. The inconsistency in the 
field as exemplified by the aforementioned studies is remarkable and 
experimental approaches testing whether circulating lipids are causally 
involved in the AAA pathology are highly warranted. 

Rodent models are commonly used to study the cellular and molec-
ular underpinnings of aneurysm development and its risk factors. The 
two most frequently used mouse models are the Angiotensin II (AngII) 
model and the porcine pancreatic elastase (PPE) model. The AngII model 
typically relies on elevated lipid levels, traditionally achieved using 
Apolipoprotein E (ApoE)- or LDL-receptor (Ldlr)-knockout mice, and 
more recently by means of adeno-associated virus (AAV)-mediated he-
patic overexpression of proprotein convertase subtilisin/kexin type 9 
(Pcsk9) [20]. Transgenic overexpression of either wildtype Pcsk9 or a 
gain-of-function Pcsk9 mutant leads to removal of Ldlr from the plasma 
membrane and accumulation of ApoB100-containing lipoproteins in the 
circulation [21]. In contrast to the AngII model, the PPE model is not 
dependent on hyperlipidemia. As such, although technically demanding, 
the PPE technique is a convenient method to induce AAA in various 
mouse strains without the need of laborious backcrossing onto hyper-
lipidemic backgrounds [20,22]. 

Although both aneurysm models share characteristics of human AAA 
development, there are important differences. The AngII model typically 
leads to aortic dissection with formation of a chronic aneurysm in the 
suprarenal aortic segment. PPE-induced AAA lesions are located in the 
infrarenal segment where PPE is locally infused, and aneurysm growth is 
slower [23–25]. While the effects of hyperlipidemia have been studied 
to some extent in the AngII model [26], there are no studies addressing 
the effect of hyperlipidemia on experimental AAA in the PPE model 
system. This is a critical omission, as the PPE model allows investigation 
of a single risk factor, while the AngII model needs additional stimula-
tion of the renin-angiotensin-aldosterone system (RAAS) for aneurysm 
induction [27–29]. Further, the morphology of PPE-induced AAA le-
sions more closely resembles that of human AAA in key aspects 
including elastic fiber degradation with accompanying inflammation 
[30,31]. Superimposing hyperlipidemia may further improve modelling 
of the human condition. 

Here, we tested the hypothesis that hyperlipidemia aggravates AAA 
formation. This was done using the PPE model in groups of mice with 
varying plasma lipid levels. Additionally, we compared the resulting 
murine AAA lesions with human AAA specimens with histological 
analyses. 

2. Materials and methods 

2.1. Induction of hyperlipidemia 

C57BL/6J and Apoetm1Unc (ApoE− /− ) male mice were purchased from 
the Jackson Laboratory (Bar Harbor, USA). Hyperlipidemia was induced 
in 8-week-old male C57BL/6J mice by a single intravenous injection 
(tail vein) of 1⋅1011 viral genomes (VG) rAAV8-D377Y-mPcsk9 (referred 
to as rAAV8-mPcsk9 in the text and figures), produced at University of 
North Carolina Vector Core Facility (Chapel Hill, NC, USA) from pAAV/ 
ApoEHCR-hAAT-D377Y-mPcsk9-BGHpA (a kind gift from Professor 
Jacob Fog Bentzon, Aarhus University Hospital, Denmark) [21]. Mice 
were fed either normal rodent chow, or challenged with a western type 
diet (WTD, 21% fat, 0.21% cholesterol, D12079B, Research Diets Inc.) 
from the day of AAV injection until the end of the experiment. Control 
mice (referred to as rAAV8-Ctrl in the text and figures) were injected 
with a single dose of 1⋅1011 VG rAAV8-8/733-CMV-hrGFP (Stanford 

Vector Core Facility, Stanford University). Mouse grouping was random 
and concealed, and all experimental procedures and analyses were 
performed with blinded investigators. All mouse procedures described 
in the study were performed according to approved ACORP protocols at 
the VA Palo Alto, approved by the VA Institutional Animal Care and Use 
Committee and in compliance with the National Institutes of Health and 
U.S. Department of Agriculture Guidelines for Care and Use of Animals 
in Research. 

2.2. Porcine pancreatic elastase perfusion model 

To induce experimental AAA, mice were anesthetized with 2% iso-
flurane and the depth of anesthesia was monitored closely via toe- 
pinching and respiratory rate. After median laparotomy, the proximal 
and distal infrarenal aorta were temporarily ligated to create an aor-
totomy above the iliac bifurcation. A catheter was inserted into the distal 
end of the aortotomy and used to infuse the aorta with sterile isotonic 
saline containing type I Porcine Pancreatic Elastase (2.5 U ml, Sigma- 
Aldrich) for 5 min at 120 mm Hg. After removing the infusion cath-
eter, the aortotomy was repaired without constriction of the lumen and 
the abdomen was closed. For pain relief, all animals received local 
Bupivacaine 0.1 mg/kg immediately after surgery and 1% Buprenor-
phine subcutaneous every 6–12 h for up two days. 28 days post-surgery, 
mice were euthanized by terminal heart puncture under deep isoflurane 
anesthesia followed by cervical dislocation. Afterwards the circulatory 
system was flushed with isotonic saline and the heart, spleen and kid-
neys were weighed. 

2.3. Ultrasound imaging 

Before PPE surgery (day 0) and on days 3, 7, 14, 21 and 28 following 
surgery, maximal aortic diameters at the aneurysm site were measured 
using ultrasound. Inner diameter-measurements were obtained 
following a standardized imaging algorithm with longitudinal B-Mode 
images during the systolic phase. Mice were anaesthetized with 2% 
isoflurane, placed on a 37 ◦C heated plate and ultrasound imaging was 
performed using a Vevo 2100® High-Resolution In Vivo Micro-Imaging 
System (VisualSonics). 

2.4. Histology and immunohistology of mouse tissue 

At euthanasia, the proximal half of each AAA lesion was transferred 
to 4% paraformaldehyde (24 h), cryoprotected in 25% sucrose in 
phosphate-buffered saline (PBS) (24 h), 50% sucrose in PBS (24 h), and 
embedded in optimal cutting temperature (OCT) compound (Tissue- 
Tek). Cryosections of 7 μm thickness were systematically collected from 
the aneurysmal lesion starting from the lesion middle (maximal diam-
eter). Lipid was stained with Oil Red O by exposing sections to: 7% 
ethanol (1 min), Oil Red O (1 min) (2.5 min), 100% ethanol (1 min), tap 
water (1 min), Mayer’s Hematoxylin (2 min), tap water (1 min), 0.3% 
sodium carbonate (10 s), running tap water (1 min). Coverslips were 
then mounted using Aquatex (Sigma Aldrich). For co-staining of Alpha 
smooth muscle actin (Acta2), Galectin-3 (Lgals3), nuclei and lipid, 
sections were air-dried, washed in deionized water (1 min) and PBS (3 
min), blocked in 5% normal goat serum (NGS) (ab7481, Abcam) in PBS 
(30 min), incubated with rabbit anti-mouse Acta2 antibody (ab5694, 
Abcam) (1:300 in 5% NGS in PBS) and rat anti-mouse Lgals3 antibody 
(M3/38, Cedarlane) (1:600 in 5% NGS in PBS) (2 h), washed in PBS (3 ×
3 min), incubated with Alexa Fluor 647-conjugated goat anti-rabbit IgG 
(A21244, Invitrogen) (1:300 in 5% NGS in PBS), Alexa Fluor 555-conju-
gated goat anti-rat IgG (A21434, Invitrogen) (1:300 in 5% NGS in PBS), 
BODIPY (493/503) (D3922, Invitrogen) (10 mg/ml in DMSO) (1:600 in 
5% NGS in PBS) (1 h), and washed in PBS (3 × 3 min). Coverslips were 
then mounted with SlowFade Gold Antifade Mountant with DAPI 
(S36942, Thermo Fisher Scientific). Images were captured using a 
Hamamatsu model 2 OHT scanner and immunofluorescence images 
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were recorded with an Olympus FV1000MPE upright confocal laser 
scanning confocal microscope (excitation lasers 405 nm, 488 nm, 559 
nm and 635 nm) using the FV-ASW software (version 4.2C). 

2.5. Histology and immunohistology of human tissue 

Human internal thoracic arteries were obtained from coronary artery 
bypass grafting and AAA tissue was obtained from open surgical pro-
cedures performed at Odense University Hospital, Odense, Denmark. 
Tissue was embedded in OCT at the time of harvest and stored at − 80 ◦C 
in the Odense Artery Biobank. Five specimens were randomly chosen for 
this study. Oil Red O staining was performed as described above for 
mouse tissues. ACTA2 and CD45 immunohistochemistry was performed 
at the Department of Pathology, Odense University Hospital using pri-
mary antibodies BS66 (Nordic BioSite ApS) and 2B11 + PD7/26 (Novus 
Biologicals), respectively. All donors had given written consent, and the 
study was performed in accordance with protocols approved by the local 
ethics committee (S-20100044) in conformity to the principles outlined 
in the Declaration of Helsinki. 

2.6. Plasma lipids 

Blood was collected in EDTA-coated vials at Day − 4 by cheek 
bleeding and at Day 28 by left ventricle puncture during anesthesia (20 
μl or 800 μl respectively). Blood was centrifuged at 4000×g for 10 min at 
4 ◦C and plasma was collected. Cholesterol, non-HDL, HDL and TAG 
were measured at Stanford Animal Diagnostics Laboratory (Stanford 
University, USA) using CHOL, ALDL, AHDL and TGL Dimension Clinical 
Chemistry System Assays (Dade Behring) and at the Department of 
Clinical Biochemistry and Pharmacology at Odense University Hospital 
(Odense, Denmark) (CHOL2, Roche). 

2.7. Proteomics 

At euthanasia, the distal halves of the AAA lesions were snap frozen. 
Specimens were then homogenized using a TissueLyser system (Qiagen) 
with stainless steel beads (Qiagen) in a lysis buffer (100 mM DTT, 5% 
sodium deoxycholate, 1% β-octylglucoside, 20 mM Tris, pH 8.8, sup-
plemented with complete, Mini, EDTA-free Protease Inhibitor Cocktail 
Tablets and PhosSTOP (Roche)). Proteins were then denatured (99 ◦C 
for 20 min, 80 ◦C for 100 min), alkylated (150 mM iodoacetamide for 30 
min at room temperature), precipitated (− 20 ◦C acetone for 1 h), reso-
lubilized (8 M urea for 30 min at room temperature), and trypsinized 
(0.5 μg/μl trypsin (Promega) in 50 mM ammonium bicarbonate, 1 M 
urea at 37 ◦C overnight). After acidification, tryptic peptides were pu-
rified on custom-made Poros R2/R3 (Thermo Scientific) micro-columns, 
dried, reconstituted and finally resuspended in 2% acetonitrile, 0.1% 
formic acid. The concentration of tryptic peptides was determined 
(Pierce BCA Protein Assay Kit, Thermo Fisher Scientific) and normalized 
across samples. 

Samples (4 μg tryptic peptides per sample) were then dried and 
resolubilized in TEAB and labelled with 10 plex tandem mass tags 
(Thermo Scientific). Pools of samples labelled with mass tag 126 and 
individual samples were randomly labelled with mass tags 127 N, 127C, 
1 28 N, 128C, 129 N, 129C, 130 N, 130C, and 131 using standard pro-
tocols. The tagged peptide samples were combined into 2x3 samples, 
lyophilized, purified and fractionated into 6 fractions by high pH liquid 
chromatography. Briefly, samples were loaded onto an ACQUITY 
UPLC® M-Class CSH™ C18 column (130 Å, 1.7 μm bead size, 300 μm id 
x 100 mm length) using a linear gradient from 10% solvent B (20 mM 
ammonium formate in 80% acetonitrile (ACN), pH 9.3) to 55% solvent 
using a 25 min linear gradient at 6 μl/min flowrate on a Dionex Ultimate 
3000 RSLnano system inline coupled to a Dionex 3000 ultimate UV 
detector and a Dionex Ultimate 3000 autosampler configured as a 
fraction collector. 

NanoLC-MS/MS analysis of fractionated samples was conducted on 

an Orbitrap Exploris mass spectrometer (Thermo Fisher Scientific, Bre-
men, Germany) equipped with a nanoHPLC interface (Dionex UltiMate 
3000 nano HPLC). The samples (5 μl) were loaded onto a custom made 
fused capillary pre-column (2 cm length, 360 μm OD, 75 μm ID packed 
with ReproSil Pur C18 3 μm resin (Dr Maish, GmbH)) with a flow of 5 μl/ 
min for 7 min. Trapped peptides were separated on a custom made fused 
capillary column (25 cm length, 360 μm OD, 75 μm ID, packed with 
ReporSil Pur C13 1.9 μm resin) using linear gradient ranging from 91 to 
86% solution A (0.1% formic acid) to 25–34% B (80% acetonitrile in 
0.1% formic acid) over 77 min followed by 5 min at 90% B and 5 min at 
98% A at a flow rate of 250 nL per minute. Mass spectra were acquired in 
positive ion mode applying automatic data–dependent switch between 
an Orbitrap survey MS scan in the mass range of 400–1200 m/z followed 
by peptide fragmentation applying a normalized collisional energy of 
38% in a 3 s duty cycle. Target value in the Orbitrap for MS scan was 
1,000,000 ions at a resolution of 120,000 at m/z 200 and 200,000 ions 
at a resolution of 30,000 with turbo-TMT setting at m/z 200 for MS/MS 
scans. Ion selection threshold was set to 10,000 counts. Selected 
sequenced ions were dynamically excluded for 30 s. 

All raw data files were processed and quantified using Proteome 
Discoverer version 2.4 (Thermo Scientific). The Sequest search engine 
integrated with Proteome Discoverer was used to search the data with 
the following criteria—protein database: Uniprot mouse database 
(downloaded September 2019, 25,252 entries). Fixed search parameters 
included trypsin, one missed cleavage allowed, carbamidomethylation 
at cysteines and 10-plex TMT at lysine and N-terminal amines, while 
methionine oxidation and deamidation were set as dynamic. Precursor 
mass tolerance was set to 8 ppm and fragment mass tolerance was set to 
0.05 Da. Percolater node was used to filter out non-confident peptides 
and false discovery rate (fdr) was calculated using a decoy database 
search and only high confidence peptide identifications (False discovery 
rate < 1%) were included. 

2.8. Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). The 
number of mice (n) is specified in the figure legends whenever data are 
not plotted as individual data points. The required sample size to detect 
a 10% difference in aorta diameter change was eight mice per group 
(power: 80%, ⍺: 5%, standard deviation based on previous experience: 
7%). 

Two-group comparisons were performed by Student’s t-tests, while 
four-group comparisons were performed by one-way ANOVA followed 
by Tukey’s multiple comparison tests. Sequential measurements were 
analyzed by 2-way ANOVA with multiple comparison. A fixed value of p 
< 0.05 was the criterion for reliable differences between groups, and the 
significance level symbols shown in figures are: *: p ≤ 0.05, **: p ≤ 0.01, 
***: p ≤ 0.001, ****: p ≤ 0.0001, while non-significant comparisons are 
shown as “ns”. All statistical analyses were performed using Prism 8 
(GraphPad). 

3. Results 

3.1. Hyperlipidemia does not affect PPE-induced AAA 

To investigate the effect of hyperlipidemia on AAA, male C57BL/6J 
mice were randomly allocated to four treatment regimens. At 8 weeks of 
age (Day − 11), mice were given a single intravenous injection of 1⋅1011 

VG rAAV8-mPcsk9 or rAAV8-Ctrl, and put on either WTD or continued 
on normal rodent chow (4 groups, n = 8 per group) (Fig. 1A). One week 
post AAV injection (Day − 4), plasma cholesterol was ~90 mg/dl in the 
chow-fed groups and in the WTD-fed rAAV8-Ctrl-treated group, while 
WTD-fed rAAV8-mPcsk9-treated mice displayed a 6.5-fold elevation 
(~580 mg/dl) (Fig. 1B). Eleven days post AAV injection (Day 0), AAA 
was induced by PPE surgery, and abdominal aortic diameters were 
monitored by weekly ultrasonic scans until Day 28, where mice were 
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euthanized. Of the 32 mice included, 5 mice died in the course of the 
experiment with even distribution between groups (chow-fed rAAV-Ctrl: 
1, chow-fed rAAV-mPcsk9: 0, WTD-fed rAAV-Ctrl: 2, WTD-fed rAAV- 
mPcsk9: 2). Plasma was harvested upon sacrifice to assess levels of 
cholesterol, non-HDL, HDL and TAG (Fig. 1C–F). Plasma cholesterol, 
non-HDL and TAG were increased in the WTD-fed rAAV8-mPcsk9- 
treated group as expected, but plasma HDL was also elevated in this 
group. This was not observed in the original reporting of this hyperlip-
idemia model [21,32]. Despite this increase in HDL, non-HDL/HDL ra-
tios ranged from 0.04 to 0.84 (a 21-fold difference) between groups 
(Fig. 1G). Mouse weight was monitored throughout the course of the 

experiment. Mice lost weight the first week after surgery, but all groups 
recovered in the second week, as is typical for this model. WTD-fed mice 
gained more weight than chow-fed mice (Fig. 1H). All groups showed 
similar relative weight of selected organs (Fig. 1I–K). The abdominal 
aorta expanded to approximately 150% of baseline diameters, but we 
did not detect differences between treatment groups (Figure 1L). 

3.2. Plasma lipids are deposited in PPE-induced AAA lesions 

To assess whether the increase in plasma lipids also increased the 
amount of lipid deposited in AAA lesions, cryosections were 

Fig. 1. Hyperlipidemia does not affect PPE-induced AAA. 
(A) Experimental design. (B) Total cholesterol at Day − 4. (C–G) Day 28 plasma levels of total cholesterol (C), non-high-density lipoprotein (non-HDL) (D), high- 
density lipoprotein (HDL) (E), triacylglycerols (TAG) (F), and the non-HDL/HDL ratio (G). (H) Mouse weight through the course of the experiment (n = 6–8 per 
group). (I–K) Relative weight of heart (I), spleen (J) and kidney (K) at Day 28. (L) Aortic diameter through the course of the experiment (n = 6–8 per group). Data are 
presented as mean ± SEM. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001, ns = non-significant (B-G + I–K: One-way ANOVA followed by Tukey’s multiple 
comparisons test, H + L: Two-way ANOVA followed by multiple comparison tests). 
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systematically collected from the proximal half of AAA-lesions (Fig. 2A), 
and lipid was stained with Oil Red O and BODIPY (493/503), respec-
tively. Deposition of lipid was detected in all experimental groups but 
not in abdominal aortas of chow-fed wildtype (WT) mice that had not 
undergone PPE-surgery (n = 5) (Fig. 2B). In AAA-lesions, lipid was 
detected in medial and neointimal layers and appeared to be located 
both extracellularly and within Acta2-positive cells (vascular smooth 
muscle cells, VSMCs) and Lgals3-positive cells (macrophages). Although 
the level of plasma lipids did not affect AAA diameters, the level of 
histologically assessed lipid in AAA-lesions was different between 
groups (Fig. 2C), and displayed statistically significant, albeit weak 
correlation with plasma cholesterol at Day 28 (Fig. 2D). We found no 
correlation between lipid deposition in AAA lesions and aortic diameter 
(Fig. 2E), nor did we detect correlation between plasma cholesterol and 
aortic diameter (Fig. 2F). 

To further evaluate the effect of hyperlipidemia on the composition 
of lesions, we analyzed the distal half of AAA-lesions by mass spec-
trometry and initially compared the proteome between the chow-fed 
rAAV8-Ctrl-treated group and the WTD-fed rAAV8-mPcsk9-treated 
group. Of the 2509 proteins detected, the level of 107 proteins were 
nominally different between the two groups (p < 0.05, 63 decreased and 
44 increased). Although no proteins passed fdr-based correction for 
multiple testing, the list of proteins with an increased level included 
apolipoproteins ApoA4, ApoE, ApoC1, ApoB and Pcsk9 (Fig. 2G), which 
was expected based on the histological findings and the experimental 
setup. Gene ontology enrichment analysis was performed using the Gene 
Ontology Enrichment Analysis and Visualization Tool (GOrilla) [33,34]. 
While no pathways were nominally enriched based on the list of 63 
proteins with a decreased level, the GO term “lipoprotein metabolic 
process” was significantly enriched (q = 1.07⋅10− 2) based on the list of 
44 proteins with an increased level. Next, we focused on all detected 
apolipoproteins in the mass spectrometry dataset and compared levels 
across the four experimental groups (Fig. 2H). ApoB displayed the best 
correlation with histologically-determined lipid deposition (Fig. 2I) 
followed by ApoE (Fig. 2J), while ApoA1 – the principal component of 
HDL – did not correlate with lesion lipid (Fig. 2K) despite the observed 
differences in plasma HDL between groups. Moreover, ApoA4 was 
elevated in the two WTD-fed groups, but displayed no correlation to 
lipid deposition (Figure 2L). Finally, we compared Lgals3 levels in AAA 
lesions across the four experimental groups using the mass spectrometry 
dataset. No differences were detected, indicating no difference in 
macrophage recruitment between groups (Figure 2M). 

3.3. Apolipoprotein E knockout background does not affect AAA 
development in the PPE model 

To confirm our negative finding from the rAAV8-mPcsk9-based 
hyperlipidemic mice, we repeated the experiment comparing chow-fed 
mice on either wildtype (WT) (n = 5) or ApoE− /− background (n = 7) 
(Fig. 3A). All mice survived until euthanasia at Day 28. Plasma choles-
terol was increased 4-fold in ApoE− /− mice on Day − 4 (Fig. 3B) and 5- 
fold at the time of euthanasia (Day 28) (Fig. 3C). Again, despite the 
differences in plasma cholesterol, we detected no change in PPE-induced 
AAA formation (Fig. 3D). 

3.4. Lipid deposition is a feature of human AAA 

To determine whether lipid deposition also occurs in human AAA, 
we analyzed human AAA specimens obtained from open AAA surgery (n 
= 5) by Oil Red O-staining. Indeed, lipid was detected in all human 
specimens (Fig. 4A). We found lipid to be both cell-associated, located 
near nuclei in what appeared to be intracellularly-located droplets, but 
also more diffuse, possibly representing lipid retained by components of 
the extracellular matrix. By comparing Oil Red O-stained AAA-lesions 
with serial sections stained for ACTA2 and CD45 (pan-leukocyte 
marker) (Fig. 4B and C), we found the majority of lipid to be located in 

the medial layer of the aorta (identified by ACTA2-staining of residual 
VSMCs) rather than the thrombus (characteristic in its morphologic 
homogeneity and dispersed CD45 signal from captured leukocytes). 
Moreover, in non-aneurysmal internal thoracic arteries obtained during 
coronary artery bypass grafting, lipid was not detected in the medial 
layer, but adventitial layer of most samples, and in the neointimal layer 
of one of the specimens (Fig. 4D). 

4. Discussion 

In this study, we tested the hypothesis that hyperlipidemia augments 
AAA formation in the mouse PPE model. Although lipid deposition is 
evident in lesions developed in the PPE model, our data do not support 
this hypothesis. To our knowledge, this is the first study to investigate 
putative effects of hyperlipidemia on AAA development in the PPE 
model system, and the first to provide evidence suggesting that elevated 
plasma lipids do not necessarily promote AAA in the absence of other 
augmenting factors like RAAS activation. 

The AngII model and the PPE model are the two most widely used 
experimental models to investigate pathophysiological mechanisms of 
AAA development [35]. The AngII model is conceived of as more of an 
aortic dissection model rather than an aneurysm model [36], while the 
PPE model is considered to resemble human AAA disease more closely 
[24,31]. 

Our finding that hyperlipidemia does not affect PPE-induced AAA 
formation is in contrast to the AngII model, which is more efficient when 
using hyperlipidemic strains, and further accelerated when mice are 
challenged with WTD [37]. To this end, a recent study found that the 
magnitude of hypercholesterolemia did not correlate with the eventual 
size of AngII-induced AAA, but removal of hypercholesterolemia 
attenuated AAA progression, suggesting that hypercholesterolemia has a 
threshold effect upon AngII-induced AAA independent of absolute 
plasma cholesterol concentrations [38]. Another recent study suggested 
a close correlation between hyperlipidemia and AAA progression in the 
AngII model [39]. Our results therefore identify another apparent dif-
ference between these common AAA murine models. 

One explanation for this might be the dependence of the AngII model 
on RAAS stimulation, in contrast to the surgically induced PPE model. 
The administration of AngII leads to direct RAAS activation, which in 
turn has been shown to be regulated by cholesterol metabolism [40]. 
This has been confirmed by a multitude of in-vitro studies using VSMCs 
and endothelial cells [41–44]. Additionally, hypercholesterolemia in 
mice increases plasma concentrations of angiotensinogen and angio-
tensin peptides, particularly AngII itself [45]. The action of hypercho-
lesterolemia on AngII-induced vascular responses has also been noted in 
human studies. For example, AngII infusion is reported to elevate sys-
tolic blood pressure significantly more in hypercholesterolemic men 
[46]. 

It should also be noted that the PPE model more closely resembles an 
acute injury model, while the AngII model requires an initial dissection 
for aneurysm formation on a background of chronic vascular inflam-
mation [36]. In the PPE model, the elastase enzymatically degrades the 
inner aortic layers, which initiates an immediate inflammatory 
response. In a chronic inflammatory process, hyperlipidemia might 
prove more influential, for example by promoting lipid oxidation. In this 
regard, AngII has been reported to stimulate macrophage-mediated 
oxidation of lipoproteins and lipid peroxidation in endothelial cells 
[47,48]. 

We employed two independent model systems of hyperlipidemia 
(rAAV8-mediated hepatic overexpression of a gain-of-function Pcsk9 
mutant, and genetic deletion of ApoE) to test our hypothesis. The rAAV8- 
mediated hepatic mPcsk9 overexpression technique was first published 
in 2014 [21] and 2015 [32], and has been used once in combination 
with AngII infusion to demonstrate that this way of inducing hyperlip-
idemia can be used as an alternative to the use of ApoE− /− - or Ldlr− /−

background in order to increase the efficiency of aneurysm formation 
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[20]. As in the original reports of the rAAV8-mPcsk9 technique, we 
found plasma non-HDL and TAG to be increased reflecting an increase in 
VLDL and LDL, but unexpectedly, we also observed significant increases 
in plasma HDL. One explanation for this may be the method of 
measuring lipoproteins, as we used an assay based on a detergent spe-
cifically solubilizing HDL to separate it from other lipoproteins, while 
the two original studies quantified total cholesterol in fast protein liquid 
chromatography fractions of pooled plasma samples. While it could be 
argued that the preeminence of HDL might mitigate effects of high 
non-HDL and TAG on AAA development, the non-HDL/HDL ratio ranged 
from 0.04 to 0.84 (>20-fold) between groups. Moreover, the non-HDL 
dominating lipoprotein profile of Apoe− /− mice did not affect 
AAA-development in the PPE-model. Finally, the lipoprotein types 
accumulating in the aneurysmal tissue appeared to be ApoB-, ApoE- and 
ApoC1-associated (LDL, VLDL and chylomicrons) rather than 
ApoA1-associated (HDL). In a previous study, Liu et al. reported that 
AAA occurrence was not correlated with increases in plasma Apo 
B-containing lipoprotein concentrations in the AngII model, which 
based on our findings, seems also to apply for the PPE model [26]. 

We observed similarities in lipid deposition characteristics between 
PPE-induced AAA lesions and human lesions with both extracellularly- 
located lipid and what seemed to be intracellularly-located lipid. This 
is consistent with a prior report showing extensive lipid accumulation in 
human AAA [49]. 

Inflammation is a hallmark of AAA pathogenesis, and infiltrating 
innate- and adaptive immune cells play essential roles in the central 
pathological processes believed to drive the disease [50]. These cells 
secrete a spectrum of pro-inflammatory cytokines and chemokines, 
creating a chronic non-resolving inflammatory state in the aortic wall. 
Further, secretion of proteolytic enzymes (e.g. matrix metalloproteinases 

(MMPs)) from these cells leads to degradation of structural extracellular 
matrix (ECM) components, weakening the aortic wall [50]. These 
combined local signals cause modulation of VSMCs into phenotypes 
believed to contribute to disease progression. Macrophages are partic-
ularly key inflammatory cells in AAA disease [51], and are detectable in 
PPE-induced experimental lesions as shown in this study. However, 
although we observe clear differences in lipid deposition between 
experimental groups, we did not detect differences in Lgals3 protein 
levels. This is noteworthy, since in atherosclerosis, lipid accumulation is 
considered the driving force behind inflammatory cell recruitment [52]. 
However, in the setting presented here, the effect was not seen with 
PPE-induced experimental AAA. 

Various investigators have studied the effects of cholesterol-lowering 
drugs on AAA progression. In different animal models, statins were 
shown to both, attenuate AAA progression [53–55], or not to have an 
effect [56]. This mixed picture is also reflected in results from clinical 
trials, as small-scale trials and reviews identified no effect on diameter 
progression, while a recent large-scale meta-analysis by Salata et al. 
found a significant reduction in AAA progression and rupture [57–59]. 
The same study further revealed higher cholesterol levels in AAA pa-
tients when compared to healthy controls [59]. Blood lipid composition 
seems important in this regard, as it has beenreported that linoleic 
acid-containing triacylglycerols and diacylglycerols are associated with 
AAA presence [60]. Taking our results into consideration, we conclude 
that such effects might depend on pleiotropic signaling pathways known 
to be induced by statins independent of lipid-lowering effects. As noted, 
we observed homogenous lipid deposition throughout the aneurysmal 
wall, mimicking human pathology, without changes in diameter pro-
gression among the treatment groups. 

The expression and activity of MMPs are landmarks for AAA 

Fig. 2. Plasma lipids are deposited in PPE-induced AAA lesions. 
(A) Illustration showing segments of AAA-lesions used for histology and LC/MS. (B) Top row: Representative Oil Red O-stained sections of abdominal aortas from 
wildtype (WT) mice that have not undergone surgery (far left image) and AAA lesions from the four experimental groups. Scalebars = 100 μm. Bottom row: 
Magnifications of selected areas from the top row and immunofluorescence staining of serial sections showing lipids (green); Acta2 (marker of vascular smooth 
muscle cells) staining was performed with an Alexa Fluor 647-conjugated secondary antibody but shown in magenta for clarity, Lgals3 (marker of macrophages, red) 
and nuclei (blue). White and yellow arrowheads point to examples of lipid that appears to be located within a macrophage and a vascular smooth muscle cell, 
respectively. Scalebars = 40 μm. (C) Quantification of lipid deposition expressed as the Oil Red O-positive percentage of the medial + neointimal cross-sectional area. 
(D) Correlation between lipid deposition and plasma cholesterol at Day 28. (E) Correlation between lipid deposition and aortic diameter at Day 28. (F) Correlation 
between plasma cholesterol at Day 28 and aortic diameter at Day 28. (G) Volcano plot showing differential levels of all proteins (grey dots) identified by mass 
spectrometry of the distal part of AAA lesions (yellow portion of AAA illustration in A) of WTD-fed rAAV-mPcsk9-treated mice relative to chow-fed rAAV8-Ctrl- 
treated mice. All identified apolipoproteins (yellow) and Pcsk9 (blue) are magnified for clarity. (H) Levels of Pcsk9 and all apolipoproteins identified in AAA-lesions 
by mass spectrometry in the four experimental groups (n = 6–8 per group). Data are normalized to the mean of the chow-fed rAAV8-Ctrl-treated group for each 
protein. (I–L) Correlation analyses between lipid deposition and lesion ApoB (I), ApoE (J), ApoA1 (K), and ApoA4 (L) measured by mass spectrometry. (M) Lgals3 
level measured by mass spectrometry (proxy for macrophage content) in AAA lesions. The four symbols are the same as used for the four experimental groups 
consistently throughout the article. Data are presented as mean ± SEM. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001, ns = non-significant (C + H + M): 
One-way ANOVA followed by Tukey’s multiple comparisons test, D-F + I–L: Linear regression analysis). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. ApoE− /− background does not affect AAA development in the PPE model. 
(A) Experimental design. (B) Total cholesterol at Day − 4. (C) Total cholesterol at Day 28. (D) Aortic diameter through the course of the experiment (n = 5 for WT and 
n = 7 for ApoE− /− ). Data are presented as mean ± SEM. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001, ns = non-significant (B–C: Student’s t-test, D: Two- 
way ANOVA followed by multiple comparison tests). 
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Fig. 4. Lipid deposition is a feature of human AAA. 
(A) Top panel: Oil Red O-staining of lipids in human AAA tissue obtained from open surgery (n = 5). Scalebars = 1 mm. Bottom panel: Magnifications of selected 
areas from top panel. White and black arrowheads point to examples of lipid that appears to be located either intracellularly or extracellularly, respectively. Sca-
lebars = 50 μm. (B and C) ACTA2 (marker of vascular smooth muscle cells) (B), and CD45 (marker of leukocytes) (C) staining of sections next to the ones shown in A 
to assist morphological assessment of AAA lesions. L = lumen, T = thrombus. Scalebars = 1 mm. (D) Oil Red O-staining of lipids in human internal thoracic arteries 
(n = 5) obtained from coronary artery bypass grafting. The lipid-devoid medial layer is located between the dotted lines. White arrowheads point to adventitial lipid 
(including lipids in adipocytes). In one of the specimens (far right image), neointima was lipid-positive (black arrowhead). Scalebars = 500 μm. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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initiation and progression. Within the family, MMP-2 and -9 are of 
particular interest, since enhanced activity causes matrix degradation 
and elastin fragmentation, which in turn increases local stiffness [61, 
62]. Statins have been demonstrated to significantly decrease the 
secretion and collagenolytic/gelatinolytic activity of MMP-2 and -9 in 
aortic vascular smooth-muscle cells (VSMC) and/or macrophages [63]. 
Multiple mechanisms have been suggested for this, including Rho 
GTPase signaling in VSMC and/or phosphorylation of 
extracellular-regulated kinase (ERK) and Akt in macrophages [64,65] 
Notably, both pathways have already proven their potential to attenuate 
aneurysm growth when utilizing the same mouse AAA model as in the 
present study [66]. Our results suggest that altering these pathways with 
statins are likely to be relevant for AAA progression, since we did not 
observe altered MMP expression in the aneurysm walls of hyper-
lipidemic mice (data not shown). Future studies should evaluate statin 
class members, taking into consideration their capacity to target the 
aforementioned pathways to further improve the current treatment 
options. 

One key feature of the Ang-II induced AAA model is the formation of 
intraluminal thrombus, which is rare in the PPE-infusion model. A 
recent study by Allen-Redpath et al. found that enzymatically oxidized 
phospholipids, present in mouse and human AAA, contribute to aneu-
rysm formation through clotting factor activation and depletion [67]. 
Since clot formation is minimal in the PPE-infusion model, this might 
also help to explain the different impact of plasma lipids in the two 
models. 

Several groups have also demonstrated murine AAA formation using 
models in which topical elastase is painted onto the outside of the aorta, 
often combined with BAPN (a lysyl oxidase inhibitor) or TGF-β 
blockade. This variant is accompanied by pronounced retroperitoneal 
inflammation and the potential for rupture [68–70]. Intriguingly, it was 
demonstrated that when combined with topical elastase and TGFβ 
blockade, ApoE− /− does not increase AAA rates and rupture. In combi-
nation with our results, this suggests that PPE-mediated aneurysms do 
not rely on lipids for expansion [69]. 

4.1. Conclusion 

We here demonstrate for the first time that hyperlipidemia does not 
augment AAA formation in the PPE model. This is in spite of significant 
lipid accumulation in the aneurysmal wall, which we also observed in 
human AAA lesions. This contrasts with the AngII model, in which 
hyperlipidemia accelerates AAA formation, and therefore highlights a 
fundamental difference between these two widespread model systems. 
Based on these new insights, we propose that proposed benefits from 
lipid-lowering drugs such as statins in AAA patients (if any) result from 
pleiotropic effects, rather than their plasma lipid lowering effect. 
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