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Abstract  Little is known, how life-long hyperlipi-
daemia affects vascular ageing, before atherosclerosis. 
Here, we characterise effects of mild, life-long hyper-
lipidaemia on age-dependent endothelial dysfunc-
tion (ED) in humanised dyslipidaemia model of E3L.
CETP mice. Vascular function was characterised using 
magnetic resonance imaging  in vivo and wire myo-
graph ex  vivo. Plasma endothelial biomarkers and 
non-targeted proteomics in plasma and aorta were ana-
lysed. Early atherosclerosis lesions were occasionally 

present only in 40-week-old or older E3L.CETP 
mice. However, age-dependent ED developed earlier, 
in 14-week-old male and 22-week-old female E3L.
CETP mice as compared with 40-week-old female and 
male C57BL/6J mice. Acetylcholine-induced vaso-
dilation in 8-week-old E3L.CETP, especially female 
mice, was blocked by catalase and attributed to H2O2. 
In 8-week-old female E3L.CETP mice, changes in 
plasma proteome in response to hyperlipidaemia were 
modest, while in male mice a number of differentially 
expressed proteins were identified that were involved in 
oxidative stress response, inflammation and regulation 
of metabolic pathways. In contrast, in older E3L.CETP 
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and C57BL/6J mice, either plasma or aortic proteome 
displayed similar pattern of vascular ageing, dominat-
ing over hyperlipidaemia-induced changes. Interest-
ingly, in 48-week-old male but not female E3L.CETP 
mice, vascular mitochondrial functional response was 
impaired. Early resilience of hyperlipidaemia-induced 
detrimental effects in young female E3L.CETP mice 
on a functional level was associated with a switch in 
vasodilation mechanism, blunted systemic proteomic 
response in plasma and slower ED development as 
compared to male E3L.CETP mice. The results indi-
cate that profile of early vascular response to risk fac-
tors in young age may determine level of ED in older 
age before atherosclerosis development.

Keywords  Endothelial dysfunction · Ageing · 
APOE*3-Leiden.huCETP mice · Magnetic resonance 
imaging · Hyperlipidaemia

Introduction

Endothelial dysfunction induced by hyperlipidaemia 
or other risk factors represents a hallmark of many 

cardiovascular diseases [1–3] and has pathophysi-
ological, prognostic and therapeutic significance [4–7]. 
Ageing represents the major driver of deterioration of 
endothelial function, vascular stiffness and of cardio-
vascular diseases in humans [8, 9] and may contribute 
to cardiovascular risk before atherosclerosis [10, 11]. 
Therefore, studies on the mechanism of endothelial dys-
function induced by the risk factors of cardiovascular dis-
ease should not be experimentally separated from ageing. 
Yet, little is known, about how life-long hyperlipidaemia 
affects vascular ageing prior to atherosclerosis.

In a recently published clinical study [11], using 
coronary computed tomography angiography, it 
was demonstrated that in a random sample of over 
25,000 individuals of the middle-aged general popu-
lation with borderline lipid values on average, silent 
coronary atherosclerosis was very common (42.1%). 
These results underscored the importance of vascular 
ageing as a predisposing factor for subclinical athero-
sclerosis development, the latter was recently reported 
to be independently associated with all-cause mortal-
ity in asymptomatic individuals [12].

In a clinical scenario, age-dependent progression of 
vascular dysfunction often coexists with hyperlipidae-
mia or other risk factors and there is a lack of reliable 
murine models that recapitulate the long-term develop-
ment of age-dependent endothelial dysfunction in the 
setting of humanised dyslipidaemia without athero-
sclerosis. Moreover, the majority of preclinical studies 
exploring the mechanisms of cardiovascular ageing have 
been performed in healthy animals [13, 14] with a lim-
ited number of studies with comparative longitudinal 
analysis of the time course of cardiovascular ageing in 
both male and female mice [15]. On the other hand, in 
most of previous studies, the effect of hyperlipidaemia 
was studied in young animals mostly with the aim to 
dissect the mechanisms of atherosclerotic plaque devel-
opment in young animals [16]. Importantly, vascular 
ageing may alter the endothelial response to hypercho-
lesterolaemia [17] but again effects of hypercholesterol-
aemia are in general investigated in young mice.

Taken together, it is clear that longitudinal studies 
using models with combined influence of ageing and 
other cardiovascular risk factors on the vascular wall 
in vivo may provide unprecedented pathophysiologi-
cal insight in the mechanism of accelerated vascular 
ageing, in particular if the model is relevant to the 
middle-aged human population before significant ath-
erosclerosis development is apparent.

T. Mohaissen 
University of Copenhagen, Department of Biomedical 
Sciences, Faculty of Health and Medical Sciences, 
Blegdamsvej 3B, 2200 København Copenhagen, Denmark

A. Malinowska 
Polish Academy of Sciences, Mass Spectrometry 
Laboratory, Institute of Biochemistry and Biophysics, 
Pawińskiego St 5a, 02‑106 Warsaw, Poland
e-mail: esme@ibb.waw.pl

E. J. Pieterman · H. M. G. Princen 
The Netherlands Organisation of Applied Scientific 
Research (TNO), Metabolic Health Research, Gaubius 
Laboratory, 2333 CK Leiden, The Netherlands
e-mail: elsbeth.pieterman@tno.nl

H. M. G. Princen 
e-mail: hans.princen@tno.nl

J. R. Wiśniewski 
Max Planck Institute of Biochemistry, Department 
of Proteomics and Signal Transduction, Am Klopferspitz 
18, 82152 Planegg Martinsried, Germany
e-mail: jwisniew@biochem.mpg.de

S. Chlopicki 
Jagiellonian University Medical College, Faculty 
of Medicine, Grzegorzecka 16, 31‑531 Krakow, Poland



2675GeroScience (2025) 47:2673–2701	

Vol.: (0123456789)

Most murine models in which impairment of the 
endothelial function in response to hyperlipidaemia 
has been demonstrated have a different lipid profile 
compared to humans, suggesting that the transla-
tional value of the longitudinal studies using classical 
murine models of hyperlipidaemia might be limited.

Rodent lipoprotein metabolism, unlike humans, is 
characterised by the fast clearance of apoB-contain-
ing lipoproteins and the absence of the cholesteryl 
ester transfer protein (CETP) resulting in a higher 
proportion of high-density lipoprotein cholesterol 
(HDL-C) relative to low-density lipoprotein cho-
lesterol (LDL-C) [18]. The CETP is responsible for 
transferring cholesterol ester from HDL-C to the 
apolipoprotein B (apoB)-containing lipoproteins in 
exchange for triglycerides (TG) [18–21]. In contrast 
to rodents, human and non-human primates have a 
more atherogenic lipid profile, with a higher propor-
tion of LDL-C relative to HDL-C due to the presence 
of CETP [18, 21].

There are various murine models of hyperlipi-
daemia and atherosclerosis including apolipoprotein 
E-deficient (ApoE−/−) and low-density lipoprotein 
receptor-deficient (LDLR−/−) or double knockout 
(ApoE/LDLR−/−) mice with rodent-like lipid profile 
and only a few models with humanised profile of lipid 
profile. Among them, the E3L.CETP mouse model 
(the APOE*3-Leiden.huCETP double transgenic 
mice) is of particular interest [18, 22, 23] because 
E3L.CETP mice display a human-like lipoprotein 
metabolism, with a delayed clearance of apoB-con-
taining lipoproteins and the presence of CETP [24]. 
Therefore, in E3L.CETP mice, the major part of the 
plasma cholesterol is contained in very-low-den-
sity lipoprotein cholesterol (VLDL-C) and VLDL-
remnant particles, including LDL-C and to a lesser 
extent in HDL-C. Importantly, the E3L.CETP mice 
display a functional ApoE-LDLR-mediated clear-
ance pathway for non-HDL-C lipoproteins in con-
trast to ApoE−/− and LDLR−/− mice [24], similar to 
humans, this pathway is delayed as in patients with 
familial dysbetalipoproteinaemia carrying the mutant 
ApoE*3-Leiden gene [20–22, 25].

The E3L.CETP mouse model is also much more 
predictive for humans than other models in terms 
of pharmacotherapy, since these mice respond to 
all hypolipidemic treatments including statins, 
fibrates, ezetimibe, anti-proprotein convertase sub-
tilisin-kexin type 9 serine protease (PCSK9) and 

anti-angiopoietin-like 3 (ANGPTL3), monoclonal 
antibodies (mAbs) and niacin, in a similar way to 
humans [18, 22, 23, 26, 27].

Therefore, in the present work, taking advantage 
of the unique model of humanised dyslipidaemic  
E3L.CETP mice, we characterised longitudinally 
the progression of the age-dependent impairment 
of the endothelial function in E3L.CETP mice, fed 
a chow diet with the aim to define the functional and 
proteomic signatures of mild dyslipidaemia-induced 
accelerated vascular ageing in this model as com-
pared to their background strain of C57BL/6J mice. 
Both males and females were examined to charac-
terise sex-specific responses. The vascular pheno-
type was analysed by functional in  vivo magnetic 
resonance imaging (MRI)-based assessment of nitric 
oxide (NO)-dependent vasodilatation [28, 29], by 
the analysis of endothelial-specific protein plasma 
biomarkers and global alterations in the aortic and 
plasma proteome with targeted and non-targeted 
proteomics, respectively. To confirm that the vascu-
lar phenotype in the E3L.CETP mice occurred prior 
to atherosclerosis, we also scrupulously analysed 
the presence of atherosclerotic plaques in the aor-
tic roots and the brachiocephalic artery in the E3L.
CETP mice used here for vascular studies as well as 
in older E3L.CETP mice to fully confirm that our 
results refer to pre-atherosclerotic phase of vascu-
lar ageing in humanised dyslipidaemic E3L.CETP 
mice.

Methods

Animals

Studies were performed with male and female 8-, 
14-, 22-, 28-, 40- and 48-week-old APOE * 3-Lei-
den.huCETP mice (E3L.CETP, obtained from 
The Netherlands Organisation of Applied Scien-
tific Research (TNO), Metabolic Health Research, 
Leiden, Netherlands) and sex-matched C57BL/6J 
controls (from Janvier Labs- Rodent research mod-
els and associated services, Le Genest-Saint-Isle, 
France). Moreover, 16- and 18-month-old E3L.
CETP male and female mice were used for the his-
tological assessment for the presence of atheroscle-
rotic plaques. The mice were weighed at the begin-
ning and the end of the experiment. The size of the 
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experimental groups are reported in the legends of 
the corresponding graphs. The mice were housed 
in collective cages, in a room with constant envi-
ronmental conditions (22–25 °C, 65–75% humidity, 
and a 12-h light/dark cycle). Animals had ad  libi-
tum access to daily provided chow diet and water. 
All experiments were approved by the Local Eth-
ics Committee of Jagiellonian University (Kra-
kow, Poland, identification code 19/2018 date of 
approval: 11th January 2018) and were in accord-
ance with the Guide for the Care and Use of Lab-
oratory Animals of the National Academy of Sci-
ences (NIH publication No. 85–23, revised 1996), 
as well as the Guidelines for Animal Care and 
Treatment of the European Community.

Assessment of insulin resistance based on glucose 
tolerance test

Before the glucose tolerance test (GTT), the mice 
were fasted for 4  h with access to water. The blood 
glucose concentration was measured using a stand-
ard glucometer in a drop of blood from the tail, cut at 
the top, before and 15, 30, 45, 60 and 120 min after 
intraperitoneal glucose administration (2 g/kg, b.w.). 
The results are presented as the area under the curve 
(AUC).

Assessment of acetylcholine‑induced vasodilation in 
vivo by magnetic resonance imaging

The MRI experiments were performed using a 9.4 T 
scanner (BioSpec 94/20 USR, Bruker, Germany). 
During the MRI experiment, the mice were anaes-
thetized using isoflurane (Aerrane, Baxter Sp. z o. o., 
Poland, 1.5 vol%) in an oxygen and air (1:2) mixture 
and imaged in the supine position. The heart function 
(rhythm and ECG), respiration and body temperature 
(maintained at 37  °C using circulating warm water) 
were monitored using a monitoring and gating Sys-
tem (SA Inc., Stony Brook, NY, USA).

The endothelial function in vivo was assessed with 
two techniques described previously: an endothelium-
dependent response to acetylcholine (Ach, Sigma-
Aldrich, Poznan Poland: 50 μL, 16.6  mg/kg, b.w., 
i.p.) in the abdominal (AA) and thoracic aorta (TA) 
and flow-mediated dilatation (FMD) in response to 
reactive hyperaemia in the femoral artery (FA), after 
vessel occlusion, induced by a home-made vessel 

occluder [28–30]. In separate group of mice, meas-
urements of vascular response were also performed 
in the presence of N-nitro-L-arginine methyl ester 
(L-NAME, 100  mg/kg,  b.w., i.p.), to determine the 
involvement of NO in studied responses.

The vasomotor responses were examined by com-
paring two, time-resolved 3D images of the vessels 
prior to and 30 min after intraperitoneal Ach admin-
istration or after 5  min of vessel occlusion. Images 
were acquired using the cine IntraGate™ FLASH 3D 
sequence and reconstructed with the IntraGate 1.2.b.2 
macro (Bruker). An analysis was performed using 
ImageJ software 1.46r (NIH Bethesda, MD, USA) 
and scripts written in Matlab (MathWorks, Natick, 
MA, USA).

The imaging parameters included the follow-
ing: repetition time (TR) 6.4  ms, echo time (TE) 
1.4 ms, field of view (FOV) 30 × 30 × 5 mm3 for the 
FA and 30 × 30 × 14 mm3 for the aorta, matrix size 
256 × 256 × 30 for the FA and 256 × 256 × 35 for the 
aorta, flip angle 30° and number of accumulations 
15, reconstructed to one (FA) or seven (aorta) cardiac 
frames. The total scan time was from 10 to 13 min.

Blood sampling for biochemical analysis, tissue 
collection

The mice were euthanized (100  mg/kg b.w. keta-
mine + 10 mg/kg b.w. xylazine, i.p.) and blood was 
drawn from the heart and collected in tubes con-
taining 10% solution of ethylenediaminetetraacetic 
acid dipotassium salt (K2EDTA, Aqua-Med, Łodz, 
Poland, 1 μL of K2EDTA/100 μL of blood). Next, 
part of blood samples were mixed with MS-SAFE 
Protease and Phosphatase Inhibitor Cocktail (PIC, 
Sigma-Aldrich, Poznan, Poland) in a ratio of 100:1 
and centrifuged at 664 × g, at a temperature of 4 °C 
for 10 min to isolate the plasma.

The obtained plasma samples were deep-frozen 
at − 80  °C for a lipid profile analysis with a bio-
chemical analyser (ABX Pentra 400—Horiba Medi-
cal, Kyoto, Japan), micro liquid chromatography/
mass spectrometry–multiple reaction monitor-
ing (microLC/MS-MRM)-based measurements of 
the biomarkers of the endothelial dysfunction and 
total protein approach (TPA)-based mouse plasma 
proteomics.

After blood collection, the brachiocephalic artery 
(BCA) and the aortic root were isolated and fixed in 
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a 4% buffered formalin solution for the assessment 
of the atherosclerotic plaque. Next, from the same 
mice, the aorta was isolated and cleared from the sur-
rounding tissue. The thoracic parts of the aorta were 
dedicated for analysis of vascular energy metabolism 
using the Seahorse XFe96 Analyzer. In addition, 
aortas from three other batches of mice were col-
lected: (1) to assess endothelial function assessment 
in isolated rings from the TA ex  vivo, (2) to meas-
ure hydrogen peroxide (H2O2) production in whole 
aorta with Amplex Red and (3) for TPA-based aortic 
proteomics.

Assessment of acetylcholine‑induced vasodilation in 
isolated aorta ex vivo

The TA was quickly removed, and after cleaning, it 
was cut into four rings that were each approximately 
3 mm in length. To assess the involvement of H2O2 in 
vasodilator responses, before measurements, the rings 
were incubated for 60 min in 200 µL of catalase-pol-
yethylene glycol (PEG-catalase, 2400 U/mL; 2 rings) 
or in a Krebs buffer (in mM: NaCl 118.0, CaCl2 2.52, 
MgSO4 1.16, NaHCO3 24.88, KH2PO4 1.18, KCl 4.7, 
glucose 10.0, pyruvic acid 2.0; 2 rings). The vascular 
rings were transferred to organ-bath chambers filled 
with 5 mL of Krebs buffer. The rings were mounted 
between two pins of a wire myograph system (620 M, 
Danish Myo Technology, Denmark) that was con-
nected to a recorder (LabChart software) in order to 
continuously record the tension [31, 32]. Following 
that, the tension of the rings was increased stepwise 
to reach 10 mN and the rings were incubated in Krebs 
buffer for another 30 min. The viability of the vessels 
was documented by a contractile response to potas-
sium chloride (KCl, 30  mM, 60  mM) and phenyle-
phrine (Phe, 3  µM) to obtain the maximal possible 
constriction of the rings. The aortic rings were then 
precontracted with Phe to obtain 80–90% of the max-
imal contraction. The endothelium-dependent vasore-
laxation response was assessed using Ach (10  µM). 
Additionally, the endothelium-independent vasore-
laxation was evoked by sodium nitroprusside (SNP, 
1  µM). All the solutions were prepared before the 
experiment. The Ach, Phe, and SNP were purchased 
from Sigma-Aldrich (Poznan, Poland) and diluted in 
distilled water. The results are presented as an area 
above the curve (AAC) calculated from the curves of 
the aortic rings relaxation.

Measurement of hydrogen peroxide production 
in the aorta

The H2O2 levels were measured in the aorta with 
Amplex Red (Amplex™ Red Hydrogen Peroxide/Per-
oxidase Assay Kit, Invitrogen, Waltham, MA, USA). 
In brief, to remove the red blood cells, the aorta was 
perfused through the left ventricle with phosphate-
buffered saline (PBS) prior to tissue isolation and 
rinsed with ice-cold hypertonic saline (3% sodium 
chloride). Then, the aorta was cleaned from the sur-
rounding tissue, dry-weighed and homogenised in 
100 μL of lysis buffer (tissue protein extraction rea-
gent, T-PER, Thermo Scientific, Waltham, MA, 
USA) with the addition of phosphatase (phosphatase 
inhibitor cocktail, 1:1000, Sigma-Aldrich, Poznan, 
Poland) and protease inhibitors (cOmplete™, EDTA-
free Protease Inhibitor Cocktail, 1 tabl./25  mL, 
Sigma-Aldrich, Poznan, Poland). The homogenates 
were centrifuged (at 1000 × g for 5 min at 4 °C) and 
the supernatants were collected. Confirmation that 
H2O2 was the oxidant responsible for the fluorescence 
signal was accomplished with the inhibition of the 
fluorescence by exposure to catalase (preincubation 
for 10  min at room temperature in the assay buffer 
in the presence or absence of catalase from a bovine 
liver, Sigma-Aldrich, Poznan, Poland; 500 U/mL). 
The fluorescence measurements of H2O2 were per-
formed in black 96-well plates, using a Biotek Syn-
ergy 4 Hybrid Multi-Mode Microplate Reader (fluo-
rescence excitation 560 nm and fluorescence emission 
590  nm), for 30  min starting immediately after the 
addition of the working solution (assay buffer con-
taining Amplex Red;  0.1  mM and horseradish per-
oxidase;  0.032U/mL). The results were presented as 
AUC and normalised to the tissue weight.

Assessment of vascular bioenergy functional profile

The vascular bioenergetic parameters were assessed 
using the Seahorse XFe96 Analyzer and Seahorse 
Spheroid Microplates (Agilent, USA) in isolated aor-
tic rings as described previously [33]. Briefly, the 
TA was isolated, cleaned and incubated for 24 h with 
interleukin-1β (IL-β, 1 ng/mL) in minimum essential 
medium (MEM, Sigma) supplemented with 0.1% One 
Shot fetal bovine serum (FBS, Gibco), MEM non-
essential amino acid solution (Sigma), MEM vita-
min solution (Sigma) and 1% antibiotic–antimycotic 
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(Gibco). Prior to measurement, aortic fragments were 
cut into approximately 1-mm-long rings and each 
ring was placed in a well of Seahorse XFe96 Sphe-
roid Microplate in mitochondrial stress test (MST) 
assay medium. Oxygen consumption rate (OCR) 
and the extracellular acidification rate (ECAR) were 
measured using the MST protocol, after sequential 
additions of oligomycin (10  μg/mL; Sigma-Aldrich, 
USA), FCCP (carbonyl cyanide 4 [trifluoromethoxy] 
phenylhydrazone; 1  μM; Sigma-Aldrich, USA) and 
rotenone (5  μM; Sigma-Aldrich, USA) with anti-
mycin A (5  μM; Sigma-Aldrich, USA). Data were 
recorded and analysed using Wave software (Agilent, 
USA) and results were normalised for total protein 
content in each aortic ring. Calculations of bioener-
getic parameters were performed using the Agilent 
MST User Guide.

Assessment of biomarkers of endothelial dysfunction 
in plasma

The assessment of protein/peptide biomarkers of 
the endothelial dysfunction in plasma was per-
formed using a microLC/MS-MRM-based method, 
as described previously [5, 30, 34–36]. The panel 
included biomarkers of various aspects of the 
endothelial dysfunction such as the glycocalyx dis-
ruption: syndecan-1 (SDC-1) and endocan (ESM-1); 
endothelial inflammation: soluble form of vascular 
cell adhesion molecule 1 (sVCAM-1), soluble form of 
E-selectin (sE-sel), soluble form of P-selectin (sP-sel) 
and soluble form of intercellular adhesion molecule 1 
(sICAM-1); endothelial permeability: angiopoietin 1 
(Angpt-1), angiopoietin 2 (Angpt-2), soluble form of 
fms-like tyrosine kinase 1 (sFLT-1) and soluble form 
of the receptor for angiopoietin 1 (sTie-2); hemosta-
sis: von Willebrand factor (vWF), tissue plasminogen 
activator (t-PA) and plasminogen activator inhibitor 1 
(PAI-1), thrombospondin 1 (THBS-1) and thrombin 
activatable fibrinolysis inhibitor (TAFI); and other 
biomarkers: adrenomedullin (ADM), adiponectin 
(ADN) and annexin A5 (ANXA5).

An UPLC Nexera system (Shimadzu, Kyoto, 
Japan) connected to a highly sensitive mass spectrom-
eter QTrap 5500 (Sciex, Framingham, MA, USA) 
was used. During sample preparation, the murine 
plasma was subjected to proteolytic digestion using 
porcine trypsin to achieve unique and reproducible 
peptide sequences that were applied as the surrogates 

of the proteins suitable for LC–MS analyses. Detailed 
descriptions of the targeted analysis of a selected 
panel of proteins have been presented elsewhere 
[34–36].

Histological assessment of atherosclerotic plaques

For the determination of the atherosclerotic plaque 
area, the isolated BCA and aortic root were dissected, 
fixed in 4% buffered formalin and embedded in paraf-
fin. Five-micrometer-thick serial sections of BCA and 
all sections from the entire aortic root, showing the 
valve sinuses (from the annulus to the place, where 
the fully-formed aortic wall was visible around the 
whole circuit), were collected. Our originally devel-
oped staining with Unna’s orcein combined with 
Martius, Scarlet and Blue trichrome (OMSB), as 
described recently [37], was applied to all sections. 
Ten cross-sections of the BCA and six cross-sections 
of the aortic root were placed on each slide for the 
visualisation of the atherosclerotic plaque, foam cells 
and adhesion of leukocytes to the endothelial surface 
collagen, elastin, fibrin, red blood cells and vascu-
lar smooth muscle cells within the atherosclerotic 
plaque. The detection of atherosclerotic plaque and 
other histological changes was performed under a 
microscope (Olympus) with 400 × magnification.

Global  proteomic analysis in plasma

Plasma samples were diluted ten  fold with a buffer 
containing 0.1 M Tris–HCl, pH 7.8, 50 mM DL-dith-
iotreitol (DTT, BioShop, Burlington, Ontario, Can-
ada) and 1% sodium dodecyl sulphate (SDS, Sigma 
Aldrich, Saint Louis, MO, USA) and incubated in a 
boiling-water-bath for 5  min. The lysates were pro-
cessed using the multienzyme digestion (MED) fil-
ter-aided sample preparation (FASP) procedure in 
a buffer containing 1.0 mM DTT [38]. The proteins 
were consecutively digested using LysC, trypsin and 
chymotrypsin and collected in separate fractions. 
Before sample desalting, the isolated peptides were 
incubated with an additional portion of DTT at a 
concentration of 10.0  mM for 20  min. Total protein 
concentration in lysates and the peptide contents in 
the digests were assayed using the tryptophan fluores-
cence-based WF-assay using tryptophan as a stand-
ard [39]. Peptides were analysed by LC–MS/MS, as 
described previously [38]. The obtained spectra were 
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searched using the MaxQuant software. Proteins were 
quantified using the TPA approach [40]. A statistical 
analysis of the results was performed using the Per-
seus software program. The mass spectrometry data 
were deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset 
identifier PXD029562. The data were analysed in the 
STRING program [41, 42]. Statistical analysis was 
based on t-test with correction for multiple compari-
sons. All data analysis included only these proteins 
that were significantly different between compared 
groups.

Global proteomic analysis in the aorta

Label-free non-targeted differential proteomic analy-
sis was performed to assess protein profile changes. 
The proteins were subjected to reduction, alkylation 
and two-stage enzymatic digestion (LysC, trypsin) 
using the modified FASP method [43]. Samples were 
analysed using LC–MS system. LC–MS measure-
ments were performed in the Mass Spectrometry Lab-
oratory at the Institute of Biochemistry and Biophys-
ics, Polish Academy of Sciences, Warsaw, Poland.

In details, aorta homogenization was per-
formed in a buffer containing 2% SDS, 0.05  M 
DTT in 0.1  M Tris–HCl (pH 7.6, BioShop, Burl-
ington, Ontario, Canada) followed by sonication 
on ice, boiling for 5  min in 99  °C, centrifugation 
(16,000 × g, 15  min, 4  °C), and collection of the 
supernatants. Protein concentration was assessed 
using Pierce 660 protein assay reagent (Thermo 
Scientific, USA) following the manufacturer’s pro-
tocol. Samples were prepared according to modi-
fied FASP protocol [43]. Microcon Ultracel 30 kDa 
(Merck, Darmstadt) filters were prepared by dou-
ble spinning using 14,000 × g, 15  min 20  °C with 
8  M urea in 100  mM Tris–HCl (pH 8,UA, uronic 
acid). Aliquots of 50 µg of protein were mixed with 
UA and transferred into individual filters. After 
centrifugation, an additional 200 µL of UA was 
added to the filters and centrifuged again. Disul-
phide bonds were reduced with 50 µL of 50  mM 
DTT in UA (56 °C, 20 min) and alkylated with 50 
µL of 50 mM iodoacetamide (Sigma-Aldrich, Saint 
Louis, MO, USA) in UA (protected from light, 
20 °C, 20 min), each time centrifuged as mentioned 
above. Double washing step with 100 µL of UA 
and double washing step with 100 µL of 40  mM 

ammonium bicarbonate (ABC, Sigma-Aldrich, 
Saint Louis, MO, USA) were applied. Proteins were 
first digested with Lys-C (18 h, 37 °C, 1:100; New 
England BioLabs, Ipswich, MA). Digested peptides 
and eluate after rinsing with 40  mM ABC were 
combined and collected (10,000 × g, 10  min, RT). 
Digestion was quenched with 0.5% trifluoroacetic 
acid (Sigma Aldrich, Germany). The remaining 
proteins on the filter were subsequently digested 
with trypsin (3 h, 37 °C, 1:100; Promega, Madison, 
WI) as specified above for LysC. Eluates were fur-
ther processed after combining. Peptides were puri-
fied using Pierce Peptide Desalting Spin Columns 
according to manufacturer’s instruction (Thermo 
Scientific, USA). Peptide concentration was 
assessed using modified BCA assay kit (Thermo 
Scientific, Germany).

Samples were analysed using the LC–MS sys-
tem composed of Evosep One (Evosep Biosys-
tems, Odense, Denmark) directly coupled to a 
Orbitrap Exploris 480 mass spectrometer (Thermo 
Scientific, USA). Peptides were loaded onto dis-
posable Evotips C18 trap columns (Evosep Bio-
systems, Odense, Denmark) according to the 
manufacturer’s protocol with some modifications 
aimed to prevent sample drying and emitter con-
tamination. Briefly, Evotips were activated with 
25 µL of Evosep solvent B (0.1% formic acid in 
acetonitrile, Thermo Scientific, USA) by 1  min 
centrifugation at 600 × g followed by 2  min incu-
bation in 2-propanol (Thermo Scientific, USA). 
After equilibration with 25 µL of solvent A (0.1% 
formic acid in H2O, Thermo Fisher Scientific, 
Waltham, MA, USA), 2  µg of each peptide sam-
ple was loaded onto the solid phase. Precolumns 
were washed 3 times with 100 µL 2% acetonitrile 
(Thermo Scientific, USA) in solvent A and cov-
ered with 300 µL of solvent A. Chromatography 
was carried out at a flow rate 220 nL/min using 
the 88  min (15 samples per day) preformed gra-
dient on EV1106 analytical column (Dr Maisch 
C18 AQ, 1.9  µm beads, 150  µm ID, 15  cm long, 
Evosep Biosystems, Odense, Denmark). Data was 
acquired in positive mode with a data-dependent 
method using the following parameters. MS1 reso-
lution was set at 60,000 with a normalised AGC 
target of 300%, auto maximum inject time and a 
scan range of 300 to 1600  m/z. For MS2, resolu-
tion was set at 15,000 with a standard normalised 
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AGC target, auto maximum inject time and top 40 
precursors within an isolation window of 1.6  m/z 
considered for MS/MS analysis. Dynamic exclu-
sion was set at 20  s with allowed mass tolerance 
of ± 10  ppm and the precursor intensity threshold 
at 5e3. Precursors were fragmented in HCD mode 
with a normalised collision energy of 30%.

Raw data were processed with MaxQuant suite 
(version 2.1.1.0) (Max Planck Institute of Bio-
chemistry, Martinsried, Germany) [44, 45] using 
Mus musculus database from Swissprot (version 
03_2022), with ‘Match between runs’ option ena-
bled. Fixed modification was carbamidomethyl 
(C), variable—oxidation (M) and acetyl (Protein 
N-term). Further analysis was performed in Per-
seus (version 1.6.15) software (Max Planck Insti-
tute of Biochemistry, Martinsried, Germany) [46]. 
Proteins from reversed database, identified by site, 
and contaminations were removed. Data were log 
transformed, missing values were imputed from 
normal distribution and normalisation on median 
was performed. Statistical analysis was based on 
t-test with correction for multiple comparisons. 
All data analysis included only these proteins that 
were significantly different between compared 
groups.  Proteomic datasets  were deposited to the 
RODBUK Cracow Open Research Data Repository 
(https://​doi.​org/​10.​57903/​UJ/​PGQTUF).

Further biostatistical analysis and visualisation 
of the obtained results were performed, among oth-
ers, by using String DB, ShinyGO, Reactome, KEGG 
database, GraphPad Prism (GraphPad Software, Inc., 
USA) and InteractiVenn [41, 47–49].

Statistical analysis

The obtained data are presented as the mean and 
standard deviation, or in the case of the lack of nor-
mal distribution, as the median and interquartile 
range. Normal distribution of data was assessed by 
Shapiro–Wilk test. Unless otherwise stated, statis-
tical tests were performed using GraphPad Prism 
(GraphPad Software, Inc., USA). Non-parametric 
(Kruskal–Wallis test) or parametric (two-way anal-
ysis of variance (ANOVA) with honest significant 
difference (HSD) Tukey’s test for unequal sample 
sizes or Student’s t-test) tests were performed. A 
value of p < 0.05 was considered to be statistically 
significant.

Results

General characteristics of 8–40‑week‑old E3L.CETP 
mice

The E3L.CETP mice did not become obese 
(Fig.  S1A), as evidenced by the lack of differences 
in body weight between E3L.CETP mice vs sex- and 
age-matched control C57BL/6J mice. The difference 
in the body weight of the mice was only observed 
between male and female mice, and this difference 
pertained to both the E3L.CETP and C57BL/6J 
mice strain. The E3L.CETP mice did not display 
insulin resistance (Fig.  S1B), as evidenced by the 
lack of changes in the level of blood glucose con-
centration in the GTT. The hyperlipidaemia in the 
E3L.CETP mice was manifested by an increased 
plasma level of TG (2.20 vs 1.00 mmol/L, Fig. S1D) 
and non-HDL cholesterol (0.8 vs 0.17  mmol/L, 
Fig.  S1E), as well as a decreased level of HDL 
cholesterol (0.15 vs 0.80  mmol/L, Fig.  S1F) result-
ing in a slightly increased level of total cholesterol 
(2.50 vs 2.00  mmol/L, Fig.  S1C) in comparison to 
the C57BL/6J mice. The lipid profile for the E3L.
CETP mice mimicked the human lipid profile and 
differed with a lipid profile of control mice as shown 
in Fig. S1G.

Importantly, advanced atherosclerotic plaques 
were not observed in either the aortic root 
(Fig. S2A–E, G–H) or in the BCA (Fig. S2F). This 
was confirmed in the 40-week-old E3L.CETP as 
well as 16–18-month-old E3L.CETP male and 
female mice fed a chow diet. Of note, characteris-
tic early lesions of the atherosclerosis with fibrin 
deposition were occasionally detected in the ascend-
ing aorta within the aortic root but not in the BCA 
(Fig.  S2C–E). Moreover, in 16–18-month-old E3L.
CETP male mice, thus, older mice then used for 
characterisation of vascular responses, atheroscle-
rotic plaques were also not present; only slight dis-
organisation of the elastic lamina was observed 
(Fig. S2H) in the wall of the ascending aorta within 
aortic root, without the presence of typical athero-
sclerotic plaques. In turn,  even in 16–18-month-old 
E3L.CETP female mice, neointima formation and 
foam cells were detected, in the wall of the ascend-
ing aorta within aortic root, suggesting the presence 
of early atherosclerotic lesions in 16–18-month-old 
female E3L.CETP mice.

https://doi.org/10.57903/UJ/PGQTUF
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Accelerated, age‑dependent impairment 
of acetylcholine‑ and flow‑induced endothelial 
response in 8–40‑week‑old E3L.CETP mice, 
compared to C57BL/6J mice, studied in vivo with MRI

In the C57BL/6J male and female mice, endothelial 
dysfunction was present not earlier than in 40-week-
old mice. This was evidenced by the preservation of 
the Ach-induced response in the TA and the AA and 
the FMD in the FA, in C57BL/6J mice younger than 
40 weeks of age (Fig. 1).

In turn, in the E3L.CETP mice, impaired Ach-
induced vasodilation was already detected in the AA 
in 14-week-old male and 22-week-old female mice, 
indicating accelerated, age-dependent endothelial dys-
function development in E3L.CETP mice vs control 
C57BL/6J mice. Furthermore, in the 22–40-week age 
range E3L.CETP male mice and in the 28–40  week 
age range E3L.CETP female mice, Ach-induced vas-
odilation was switched to paradoxical vasoconstric-
tion in the AA (Fig. 1A–B). Importantly, the level of 
age-dependent endothelial dysfunction development, 
expressed as a delta of changes between 40-week-
old and 8-week-old mice, was higher in E3L.CETP 
male mice than E3L.CETP female mice (− 28.37 
vs − 17.57%, respectively; Fig. 1C), which eventually 
led to more severe endothelial dysfunction develop-
ment in 40-week-old male than 40-week-old female 
E3L.CETP mice (− 21.3% in E3L.CETP male mice 
vs − 9.5% in E3L.CETP female mice, Fig. 1A–B).

In the TA, the progressive impairment of the Ach-
induced vasodilation in the E3L.CETP mice had 
similar features to that in the AA, but was less pro-
nounced in comparison to the impairment observed in 
the AA (Fig. 1D–F).

In the FA, based on FMD, the progressive 
impairment of the endothelial function was also 
observed earlier in male E3L.CETP mice than in 
female E3L.CETP mice and in both sexes occurred 
earlier then in C57BL/6J mice. FMD was already 
impaired in the 22-week-old E3L.CETP male 
mice (18.1 vs 28.5% in the age-matched C57BL/6J 
mice) and  in 28-week-old E3L.CETP female mice 
(20.0 vs 29.7% in the age-matched C57BL/6J mice 
Fig.  1G–H). Finally, the FMD impairment was 
similar in the 40-week-old male and female E3L.
CETP mice (8.4% for male and 13.8% for female 
mice vs 16–18% in the age-matched C57BL/6J 
mice, Fig. 1I).

In the presence of the L-NAME, the FMD 
response in  vivo was almost completely inhibited 
in all age groups of the E3L.CETP male and female 
mice, similarly to the C57BL/6J male and female 
mice (Fig.  1G–H). In contrast, L-NAME displayed 
distinct effects on Ach-induced response in the young 
E3L.CETP mice vs the older E3L.CETP mice and 
C57BL/6J mice. In the C57BL/6J mice in either the 
AA or TA, the response to Ach in vivo, in the pres-
ence of L-NAME, was abrogated and turned to vaso-
constriction, independently of the age of the animals. 
However, in the 8–22-week-old female and male 
E3L.CETP mice, L-NAME either had no effect or 
had a lesser effect on Ach-induced vascular response 
(Fig. 1A–B, D–E). In the 28–40-week-old, female and 
male E3L.CETP mice, the L-NAME effect on Ach-
induced vasoconstrictor response was potentiated, 
similarly to that in the C57BL/6J mice. These results 
suggested that in the 8–22-week-old E3L.CETP mice, 
the Ach-induced vasodilation was independent of 
NO. Representative images depicting changes in the 
aorta cross-sections, before and after Ach adminis-
tration in the presence and absence of L-NAME, are 
shown in Figure S3.

A switch from NO‑dependent to H2O2‑dependent 
vasodilation in the aorta in 8‑week‑old E3L.CETP 
mice

To further explore the mechanisms of the Ach-
induced vasodilation in 8–22-week-old E3L.CETP 
mice, that was not inhibited by L-NAME in  vivo, 
the isolated aorta preparation ex  vivo was used 
(Fig.  2). Ach-induced vasodilation was studied in 
the isolated aorta in 8-week-old and 28-week-old 
male and female E3L.CETP and C57BL/6J mice. 
In the 28-week-old E3L.CETP mice, Ach-depend-
ent vasodilation in the isolated aorta ex  vivo was 
impaired in comparison to 28-week-old C57BL/6J 
mice, in both male and female mice (Fig. 2A–B). In 
turn, the endothelial function was fully preserved in 
the 8-week-old E3L.CETP male and female mice. 
Endothelium-independent response to SNP was not 
altered either in 8- or in 28-week-old E3L.CETP 
male and female mice (Fig. 2C–D).

Importantly, the addition of catalase inhibited 
the Ach-induced vasodilation in 8-week-old E3L.
CETP mice, and this effect was mainly observed in 
female mice (Fig. 2B), while in male mice, only a 
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Fig. 1   Progression of endothelial dysfunction in E3L.CETP 
mice. Changes in the end-diastolic volume of the abdominal 
aorta (AA-ACH, A, B, C) and the thoracic aorta (TA-ACH, D, 
E, F) 30 min after acetylcholine (Ach) administration as well 
as changes in the volume of the femoral artery after 5-min 
vessel occlusion (FA-FMD, G, H, I) in 8-, 14-, 22-, 28- and 
40-week-old E3L.CETP male (A, C, E) and female (B, D, F) 
mice, in comparison to age- and gender-matched control mice 
(C57BL/6J). Vascular responses were studied in the presence 
and absence of N-nitro-L-arginine methyl ester (L-NAME), 

and are expressed as a percent of changes (A, B, D, E, G, H) 
or  as delta of changes between readouts in 40-week-old and 
8-week-old mice (C, F, I). Size of groups: n = 4–6. Data are 
presented as the mean and standard deviation. Statistics: two-
way ANOVA followed by Tukey’s post hoc test. Statistical 
symbols for panels A–B, D–E, G–H: ***p < 0.001 for E3L.
CETP vs age-matched C57BL/6J mice; #p < 0.05, ###p < 0.001 
for E3L.CETP mice + L-NAME vs age-matched C57BL/6J 
mice + L-NAME; op < 0.05, ooop < 0.001 for 8-week-old 
C57BL/6J mice vs 40-week-old C57BL/6J mice
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tendency was observed (Fig.  2A). However, cata-
lase was not effective in 28-week-old E3L.CETP 
mice nor in C57BL/6J mice. These results pointed 
to H2O2-dependent vasodilation in response to Ach, 

in the 8-week-old, but not in the 28-week-old E3L.
CETP mice, nor in C57BL/6J mice.

Involvement of H2O2, as a possible media-
tor of endothelium-dependent vasodilation, in the 

Fig. 2   Role of H2O2 in endothelium-dependent vasodilata-
tion in the aortic rings from E3L.CETP mice. Relaxation of 
aortic rings from the thoracic aorta (percent of phenylephrine 
(Phe, 3 µM)-induced contraction) in response to acetylcholine 
administration (Ach, 10  µM, A, B) and response to sodium 
nitroprusside administration (SNP, 1 µM, C, D) in the presence 
and absence of catalase–polyethylene glycol (PEG-catalase, 
2400 U/mL), presented as the area above the curve (AAC) in 

8- and 28-week-old E3L.CETP male (A, C, E) and female (B, 
D, F) mice, in comparison to age- and gender-matched con-
trol mice (C57BL/6J). Production of H2O2 in the abdominal 
aorta in the presence and absence of catalase (500 U/mL) is 
presented in E and F. Size of groups: n = 4–7. Data are pre-
sented as the mean and standard deviation. Statistics: two-
way ANOVA followed by Tukey’s post hoc test: *p < 0.05, 
**p < 0.01,***p < 0.001
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Ach-induced vasodilation in 8-week-old E3L.CETP 
mice, in the isolated aorta ex  vivo, was confirmed 
by measurements of vascular H2O2 production using 
Amplex Red assay. Basal level of the H2O2 in the 
aorta was 1.2-fold and 1.3-fold higher in 8-week-old 
male and female E3L.CETP mice, respectively, in 
comparison to C57BL/6J mice (Fig.  2E–F). On the 
other hand, the H2O2 level in the aorta was at the 
same level in 28-week-old E3L.CETP vs C57BL/6J 
mice. During measurements, the fluorescence inten-
sity was fully reduced to zero by exposure to cata-
lase, which confirmed that the H2O2 production in 
the aorta was responsible for the fluorescence signal.

Biomarkers of endothelial dysfunction in plasma 
in 8–28‑week‑old E3L.CETP mice with targeted 
proteomic analysis

To better characterise the phenotype of accelerated, 
age-dependent endothelial dysfunction development 
in E3L.CETP mice, biomarkers of the endothelial 
permeability (Angpt-1, Angpt-2, sFLT-1, sTie-2; 
Fig.  3A–D), glycocalyx disruption (SDC-1, ESM-
1; Fig.  3N–O), endothelial inflammation (sE-sel, 
sP-sel, sVCAM-1, sICAM-1; Fig.  3J–M), endothe-
lial hemostasis (vWF, PAI-1, t-PA, THBS-1, TAFI; 
Fig.  3E–I) and other biomarkers (ADN, ADM, 
ANXA5; Fig. 3P–S) were analysed. With the excep-
tion of increased plasma level of sE-sel, s-Tie-2 
and SDC-1 in 28-week-old male E3L.CETP mice, 
ESM-1 in 28-week-old female E3L.CETP mice 
and THBS-1 in 8-week-old male E3L.CETP mice, 
there were no consistent differences in plasma 
concentration of the biomarkers of the endothelial 
permeability, endothelial inflammation or hemo-
stasis that would reflect accelerated age-dependent 
impairment of endothelial function detected in vivo 
by MRI in E3L.CETP mice, as compared with age-
matched C57BL/6J mice.

Alterations in aortic proteome in 8‑week‑old 
and 40‑week‑old E3L.CETP male and female mice as 
compared to age and sex‑matched C57BL/6J mice by 
global  proteomic analysis

To characterise the proteomic vascular phenotype in 
the aorta, associated with accelerated age-dependent 

endothelial dysfunction in E3L.CETP mice, multidi-
rectional proteomic analysis was performed to charac-
terise changes related to the ageing (8-week-old mice 
compared to 40-week-old mice within the same strain 
of mice) and to hyperlipidaemia at 8- and 40-week-
old mice (comparison of E3L.CETP mice to age-
matched control C57BL/6J mice). Analyses were per-
formed separately in male and female mice (Fig. S4).

Principal component analysis (PCA) of pro-
tein content variance in the  aorta (with 5189 sta-
tistically significant changes revealed in the con-
centrations of proteins at 5% FDR across groups 
of animals that were distinct in sex, lipidaemia 
status and age) demonstrated clear-cut separa-
tion of 8-week-old mice proteome from proteome 
of 40-week-old mice (Fig.  4A1). This separation 
was more pronounced than the hyperlipidaemia-
dependent differences in proteome of  E3L.CETP 
mice vs C57BL/6J mice, either in 8-week-old or 
in 40-week-old mice (Fig. 4A2). Moreover, greater 
impact of ageing in comparison to hyperlipidaemia 
on aortic proteome was reflected by number of dif-
ferentially expressed proteins (DEPs): at least 572 
for ageing-dependent DEPs and no higher than 352 
for hyperlipidaemia-dependent DEPs (Fig.  4B–C). 
Similarly, in REACTOME- (Fig. S5) and STRING-
based analysis (Fig. S6), effect of ageing was more 
pronounced than that of hyperlipidaemia, compat-
ible with the changes detected based on PCA and 
analysis on number of DEPs determining ageing 
and hyperlipidaemia.

Surprisingly, neither REACTOME-based analy-
sis of biological processes in the aorta induced by 
ageing nor STRING-based analysis of DEP func-
tional protein association networks involved in age-
ing did reveal any significant differences in age-
ing that would reflect the difference in endothelial 
function in E3L.CETP mice as compared to age 
and sex-matched C57BL/6J  mice. Of note, activa-
tion of extracellular matrix organisation, activa-
tion of smooth muscle contraction, inhibition of 
development biology, cellular response to stimuli 
and inhibition of metabolism of proteins appeared 
in vascular ageing, independently of sex and strain, 
but these changes displayed similar level in all four 
comparisons (Fig. 5).
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Fig. 3   Plasma concentra-
tion of protein/peptide 
biomarkers of endothelial 
dysfunction assessed by 
targeted proteomic analysis. 
Concentration of angi-
opoietin 1 (Angpt-1, A), 
angiopoietin 2 (Angpt-2, 
B), soluble form of fms-like 
tyrosine kinase 1 (sFLT-1, 
C), soluble form of the 
receptor for angiopoietin 1 
(sTie-2, D), von Willebrand 
factor (vWF, E), plasmi-
nogen activator inhibitor 1 
(PAI-1, F), tissue plasmi-
nogen activator (t-PA,G), 
thrombospondin 1 (THBS-
1, H), thrombin activat-
able fibrinolysis inhibitor 
(TAFI, I), soluble form 
of E-selectin (sE-sel, J), 
soluble form of P-selectin 
(sP-sel, K), soluble form 
of vascular cell adhesion 
molecule 1 (sVCAM-1, L), 
soluble form of intercel-
lular adhesion molecule 1 
(sICAM-1, M), syndecan-1 
(SDC-1, N), endocan 
(ESM-1, O), adiponectin 
(ADN, P), adrenomedullin 
(ADM, R) and annexin A5 
(ANXA5, S) in plasma, in 
8- and 28-week-old E3L.
CETP male and female 
mice, in comparison to age- 
and gender-matched control 
mice (C57BL/6J). Size of 
groups: n = 7–10. Data are 
presented as the mean and 
standard deviation (A–B, 
D–F, H–S) or as the median 
and interquartile range (C, 
G). Statistics: A–B, D–F, 
H–S: two-way ANOVA fol-
lowed by Tukey’s post hoc 
test; C,G: Kruskal–Wallis 
test; *p < 0.05, **p < 0.01, 
***p < 0.001
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Identification of ageing markers in E3L.CETP 
and C57BL/6J mice as well as hyperlipidaemia 
markers in 8‑week‑old and 40‑week‑old E3L.
CETP male and female mice, in aortic proteome 
by global proteomic analysis

To verify whether specific ageing markers in aortic 
proteome would indicate differences in 40-week-old 

E3L.CETP vs C57BL/6J mice, reflecting differences 
in endothelial function, more specific analysis was 
performed. Initially, within 40-week-old vs 8-week-
old E3L.CETP or C57BL/6J mice, DEPs were 
divided based on the ratio (R): above 1.0 (upregu-
lated, Fig.  S7 A, C) and below 1.0 (downregulated, 
Fig. S7 B, D). Then, separately for female and male, 
unique DEPs for C57BL/6J and E3L.CETP mice were 

Fig. 4   Overview of global proteomic changes in the  aorta of 
E3L.CETP and C57BL/6J mice. Principal component analysis 
(PCA, A1–A2) of protein content variance in the aorta. Table 
(B) and Venn diagrams (C) presenting differentially expressed 
proteins (DEPs) in the  aorta in 8- and 40-week-old female 
and male E3L.CETP (CETP) mice in comparison to age- and 
sex-matched control mice C57BL/6J (C57) as well as in age-

ing process in the female and male E3L.CETP and C57BL/6J 
mice. Size of groups: n = 6. Statistics: Student’s t-test. Legend: 
in Venn diagrams, red circles represent DEPs for female and 
blue circles for male mice. Presented PCA plots, table and 
Venn diagrams were prepared based only on proteins that were 
significantly different between compared groups
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Fig. 5   Changes in biological processes in the aorta induced 
by ageing independent of sex and strain of mice, based on pro-
teomic analysis. REACTOME diagrams presenting activated 
(A muscle contraction, B extracellular matrix organisation) 
and inhibited (C development biology, D cellular response 

to stimuli, E metabolism of proteins) processes in the  aorta in 
40-week-old vs 8-week-old female and male C57BL/6J mice and 
in 40-week-old vs 8-week-old female and male E3L.CETP mice. 
Legend: the greener, the more activated; the redder, the more 
inhibited
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compared and common DEPs independent of strain 
but specific for female (Fig. S7A: 49 upregulated and 
Fig. S7B: 78 downregulated) and male (Fig. S7A: 43 
upregulated and Fig.  S7B: 33 downregulated) mice 
were identified and presented as heatmaps (Fig. S8). 
However, performed analysis, based on the identi-
fication of ageing markers independent of strain but 
specific for sex of mice, indicated similar pattern of 
changes in the aortic proteome of C57BL/6J and E3L.
CETP mice. Therefore, common DEPs for female 
and male C57BL/6J mice as well as common DEPs 
for female and male E3L.CETP mice were compared 
in order to obtain common upregulated (Fig.  S7C: 
159) and downregulated (Fig. S7D: 130) DEPs inde-
pendent of strain and sex of mice, which expression 
was also presented on heatmaps (Fig.  6). Surpris-
ingly, almost all DEPs, independent of strain and sex 
of mice, had similar R of changes in E3L.CETP and 
C57BL/6J mice, including various DEPs ascribed to 
changes in extracellular cell matrix regulation (e.g. 
collagen type VI alpha 1 chain—Col6a1, von Wille-
brand factor—Vwf, Integrin alpha 8—Itga8, col-
lagen type IV alpha 1 chain—Col4a1, collagen type 
IV alpha 2 chain—Col4a2, dystroglycan—Dag1, 
agrin—Agrn). However, some among the identi-
fied DEPs were more pronounced in E3L.CETP, in 
comparison to C57BL/6J mice. In particular, based 
on KEGG analysis (Fig. S9), the highest fold enrich-
ment was found in upregulated DEPs associated with 
the extracellular cell matrix regulation (e.g. calponin 
2 -Cnn2, AXL receptor tyrosine kinase—Axl, aggre-
can—Acan, annexin A4—Anxa4, laminin, alpha 
4—Lama4, collagen type VI alpha 2 chain—Col6a2, 
integrin alpha V—Itgav, Laminin, beta 2—Lamb2), 
while downregulated DEPs were annotated to ribo-
somes (e.g. ribosomal proteins: L8—Rpl8 S5—Rps5, 
S14—Rps14, S3A1—Rps3a1, L12—Rpl12, S2—
Rps2, L9 -Rpl9), pointing out that decline in vascular 
function, in ageing process, in murine aorta of E3L.
CETP mice, was related to changes in extracellular 
matrix and inhibition in protein synthesis.

In order to find hyperlipidaemia markers in aortic 
proteome, a similar approach as for the identifica-
tion of ageing markers was adopted, however based 
on comparison of E3L.CETP to C57BL/6J mice. This 
approach enabled to identify hyperlipidaemia mark-
ers specific for sex but independent of age of mice 
(Fig.  S10A–B) as well as markers independent of 
sex and age of mice (Fig. S10C–D). Importantly, the 

number of detected hyperlipidaemia markers specific 
for sex but independent of age was definitely lower 
than ageing markers and had similar expression value 
in 8- and 40-week-old mice (Fig. S11). In contrast to 
ageing markers, hyperlipidaemia markers independ-
ent of sex and age were not found (except one DEP: 
Apolipoprotein A1 – Apoa1). These results pointed 
out firstly to the fact that the effect of hyperlipidae-
mia on vascular wall was less pronounced than that 
of ageing and secondly indicated that the effect of 
hyperlipidaemia was sex-dependent, but had  a simi-
lar influence on vascular proteome in young and old 
mice.

Alterations in plasma proteome in 8‑week‑old 
and 28‑week‑old E3L.CETP male and female mice 
as compared to age and sex‑matched C57BL/6J by 
global  proteomic analysis

To correlate vascular phenotype of accelerated 
endothelial dysfunction development in E3L.CETP 
mice with plasma proteome, global proteomic anal-
ysis in plasma was performed in 8-week-old and 
28-week-old male and female E3L.CETP mice as 
compared to age and sex-matched C57BL/6J mice. 
To compare the plasma proteome of E3L.CETP and 
C57BL/6J mice, the 28-week-old were used, being at 
the stage of clear difference in endothelial function 
in  vivo. The ageing and hyperlipidaemia markers in 
plasma were identified using a similar approach as 
for ageing and hyperlipidaemia markers in the aorta 
(Fig. S4).

Multidirectional proteomic analyses were per-
formed to analyse ageing-related changes in plasma 
(8-week-old mice compared to 28-week-old mice 
within the same strain of mice) and hyperlipidaemia 
effects in 8- and 28-week-old mice (comparison of 
E3L.CETP mice to age-matched control C57BL/6J 
mice). Analyses were performed separately in male 
and female mice. The PCA analysis revealed 1328 
statistically significant changes in the concentrations 
of proteins at 5% FDR across groups of animals that 
were distinct in sex, lipidaemia status and age. A 
similar phenomenon as in the aorta was observed, 
namely more pronounced separation of 8-week-
old mice proteome (Fig.  7A1), from proteome of 
28-week-old mice than the separation of proteome 
of E3L.CETP mice vs C57BL/6J mice (Fig. 7A2), in 
either 8-week-old or 28-week-old mice. Furthermore, 
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the number of identified DEPs in plasma proteome 
also reflected greater impact of ageing in comparison 
to hyperlipidaemia on plasma proteome (Fig. 7B–C), 
and this pattern was also presented in STRING-based 
analysis (Fig. S12). Interestingly, in contrast to aortic 
proteome analysis, the number of DEPs involved in 
ageing process in E3L.CETP mice was greater than in 
C57BL/6J mice, especially in male mice (208 and 210 

for female and male E3L.CETP mice, respectively, as 
well as 12 and 129 for female and male C57BL/6J 
mice, respectively). These results suggested that 
accelerated deterioration of vascular function in 
ageing, in E3L.CETP vs C57BL/6J mice, detected 
in vivo by MRI, might have been better reflected by 
DEPs in plasma than in the aorta. Moreover, acceler-
ated development of endothelial dysfunction in E3L.

Fig. 6   Ageing markers in murine aorta independent of strain 
and sex of mice. Heatmaps of ratio of ageing (40-week-old vs 
8-week-old) markers expression in murine aorta of 159 upreg-
ulated (ratio ≥ 1.0) as well as 130 downregulated (ratio < 1.0) 

differentially expressed proteins (DEPs) in E3L.CETP and 
C57BL/6J male and female mice. Statistics: Student’s t-test. 
Presented heatmaps were prepared based on proteins that were 
significantly different between compared groups
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CETP male mice in comparison to E3L.CETP female 
mice, detected in vivo, was reflected by a higher num-
ber of DEPs (also presented in STRING-based analy-
sis) in comparison between 8-week-old E3L.CETP 
and C57BL/6J male mice as compared with female 
mice (122 vs 21, respectively). However, the num-
ber of DEPs identified in 28-week-old E3L.CETP vs 
C57BL/6J mice in both sexes was comparable (30 vs 
21, respectively). These early detected changes in the 
plasma proteome of E3L.CETP male mice reflected 
pronounced vascular dysfunction in E3L.CETP male 

mice in comparison to C57BL/6J mice and E3L.
CETP female mice.

As regard ageing markers, some DEPs independent 
of strain but specific for female (Fig. S13A 2 upregulated 
and Fig. S13B 3 downregulated) and male (Fig. S13A 19 
upregulated and Fig. S13B 21 downregulated) mice were 
detected in plasma and presented as heatmaps (Fig. S14). 
Despite that most of ageing markers independent of 
strain but specific for sex of mice indicated similar pat-
tern of changes in the plasma proteome of C57BL/6J 
and E3L.CETP mice, there was couple of DEPs  in E3L.

Fig. 7   Summary of significant changes in plasma proteome 
revealed by global proteomic analysis in plasma. Principal 
component analysis of protein content variance in plasma (A1, 
2, PCA). Table (B) and Venn diagrams (C) presenting differen-
tially expressed proteins (DEPs) in plasma in 8- and 28-week-
old female and male E3L.CETP (CETP) mice in comparison 
to age- and sex-matched control mice C57BL/6J (C57) as 

well as in ageing process in the female and male E3L.CETP 
and C57BL/6J mice. Size of groups: n = 4. Statistics: Student’s 
t-test. Legend: red circles represent DEPs for female and blue 
circles for male mice. Presented PCA plots, table and Venn 
diagrams were prepared based only on proteins that were sig-
nificantly different between compared groups
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CETP vs C57BL/6J mice, detected only in male but 
not female:  upregulated (serum amyloid A1 -Saa1, R: 
400.83 vs 291.00; haptoglobin—Hp, R: 82.94 vs 41.11; 
orosomucoid 2—Orm2, R: 176.01 vs 143.29, in E3L.
CETP male mice vs C57BL/6J male mice, respectively) 
or  downregulated (biliverdin reductase B—Blvrb, R: 
0.19 vs 0.35; glutathione peroxidase 1—Gpx1, R: 0.12 
vs 0.24; haemoglobin subunit alpha—Hba, R: 0.30 vs 
0.38; catalase—Cat, R: 0.19 vs 0.26; in E3L.CETP male 
mice vs C57BL/6J male mice, respectively). Based on 
detected DEPs, it was suggested that accelerated age-
dependent endothelial dysfunction development in E3L.
CETP mice (also more accelerated in male vs female 
E3L.CETP mice) could be related to increased inflam-
mation and weakening of antioxidant defence in plasma. 
In turn, among DEPs independent for sex and strain, 
only one upregulated (immunoglobulin heavy con-
stant gamma 2C—Ighg2c) and only one downregulated 
(periostin—Postn) DEPs were detected, as presented in 
a heatmaps (Fig.  S13C–D). However, both of detected 
markers had a higher R of changes in E3L.CETP male 
and female mice (Ighg2c, R: 8.19 and 8.84 for C57BL/6J 
female and male mice, respectively; 13.12 and 18.11 for 
E3L.CETP female and male mice, respectively; Postn, 
R: 0.37 and 0.62 for C57BL/6J female and male mice, 
respectively; 0.31 and 0.41 for E3L.CETP female and 
male mice, respectively). Moreover, few hyperlipidae-
mia markers independent of age but specific for male and 
female mice were also detected (Fig. S15A–B), but with 
a similar pattern of changes in 8- and 28-week-old mice 
(Fig. S16). There were also only one upregulated (heat 
shock protein family A—Hspa5) and only one down-
regulated (apolipoprotein A1—Apoa1) hyperlipidaemia-
dependent DEPs independent of strain and sex of mice 
(Fig.  S15C–D) with a similar pattern of changes in 8- 
and 28-week-old mice. Taken together, analysis of age-
related DEPs independent of strain but specific for male 
and female mice revealed only few processes that could 
be associated with accelerated endothelial dysfunction 
development in E3L.CETP mice. Therefore, analysis of 
age-related DEPs dependent on strain, specific for male 
and female mice, was performed.

Interestingly, during ageing in plasma of E3L.CETP 
male mice (Fig.  S17) in comparison to C57BL/6J 
male mice (Fig. S18), a higher number of DEPs were 
significantly involved, again in response to oxida-
tive stress, observed as a weakening of antioxidative 
defence (e.g. decreased R of peroxiredoxin-6—Prdx6, 
peroxiredoxin-2—Prdx2, peroxiredoxin-1—Prdx1, 

catalase—Cat, glutamate-cysteine ligase—Gclm, solute 
carrier family 4 member 1—Slc4a1, aminolevulinate 
dehydratase—Alad) and as inflammatory and oxidative 
stress markers (e.g. increased R of lipocalin-2—Lcn2 
and haptaglobin—Hp) and regulation of metabolic 
pathways (downregulation of DEPs in E3L.CETP mice 
vs upregulation in C57BL/6J mice), suggesting that 
systemic inflammation, oxidative stress and alterations 
in vascular metabolism could be associated with accel-
erated vascular ageing, detected in vivo in E3L.CETP 
male mice.

Then, analysis of age-dependent, hyperlipidaemia-
related DEPs for male and female mice was performed 
to find out whether any of the above processes could be 
linked to the response to hyperlipidaemia. In 8-week-
old mice, some of DEPs were in fact involved in the 
response to oxidative stress, but contrary to the DEPs 
involved in ageing in E3L.CETP mice, the response to 
oxidative stress was observed as activation of antioxi-
dative defence (e.g. increased peroxiredoxin-6—Prdx6, 
peroxiredoxin-2—Prdx2, catalase—Cat, glutamate-
cysteine ligase—Gclm, solute carrier family 4 member 
1—Slc4a1, aminolevulinate dehydratase—Alad). The 
regulation of metabolic pathways (contrary to DEPs 
involved in ageing in E3L.CETP mice—upregulation 
of DEPs) as well as inflammation were also the domi-
nant processes, in which hyperlipidaemia-dependent 
(E3L.CETP vs C57BL/6J mice) DEPs were involved, 
in plasma of 8-week-old male mice. Simultaneously, 
these processes were not detected in 8-week-old female 
mice (Fig. S19), what could reflect accelerated vascu-
lar ageing in young E3L.CETP male vs female mice. In 
28-week-old mice, hyperlipidaemia-dependent changes 
were comparable in both sexes (Fig. S20).

These results might suggest that hyperlipidaemia 
effects in plasma, detected in 8-week-old mice, had an 
impact on the profile of accelerated vascular ageing 
development in E3L.CETP mice (Fig. 8). In particular, 
in E3L.CETP male mice, a more activated response to 
oxidative stress and more activated regulation of meta-
bolic pathways, with a moderate inflammation (presence 
of upregulated and downregulated DEPs) in 8-week-old 
E3L.CETP vs C57BL/6J mice (presented in column A 
in Fig. 8), changed into weakness of oxidative defence, 
downregulation of DEPs involved in regulation of meta-
bolic pathway and to increased inflammation during 
ageing, that was definitely more advanced in E3L.CETP 
(presented in column C in Fig.  8) vs C57BL/6J (pre-
sented in column B in Fig. 8) mice. All these changes 
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identified in young E3L.CETP male mice might have in 
consequence led to accelerated vascular ageing in E3L.
CETP mice in comparison to C57BL/6J mice but also in 
comparison to E3L.CETP female mice.

Alterations in vascular mitochondrial metabolism 
in 48‑week‑old E3L.CETP mice

To verify whether vascular metabolism could indeed 
differentiate functional vascular phenotype in old 
male vs female E3L.CETP mice, as results of plasma 

proteomic suggested, the MST was performed in 
aortic rings ex vivo, isolated from 48-week-old E3L.
CETP mice and age- and gender-matched C57BL/6J 
mice, using Seahorse XFe96 Analyzer, incubated 
for 24 h with IL-β. Basal OCR, which reflects mito-
chondrial respiration was significantly impaired in 
male E3L.CETP mice as compared to C57BL/6J 
mice, as well as ATP production and proton leak 
(Fig.  S21). In female E3L.CETP mice, no changes 
were observed in any of the bioenergetic parameters 
measured.

Fig. 8   Early hyperlipidaemia-dependent changes in male 
mice,  that might have contributed to accelerated age-depend-
ent development of changes in plasma proteome in E3L.CETP 
male mice. Characterisation of the ageing-induced changes in 
plasma of E3L.CETP male mice vs C57BL/6J male mice, of 
those biomarkers that appeared dominant in the early stage of 
the hyperlipidemia in plasma of 8-week-old mice, based on 
heatmaps of expression ratio of hyperlipidaemia (E3L.CETP 
vs C57BL/6J) markers dependent on age and specific for sex 
in murine plasma of 8-week-old male mice (A) markers of age-

ing (28-week-old vs 8-week-old) dependent on age and spe-
cific for sex in murine plasma in C57BL/6J (B) and E3L.CETP 
(C) mice, involved in response to oxidative stress, regulation 
of metabolic pathways and regulation of inflammation. Red 
colour indicates upregulated (ratio ≥ 1.0) while blue colour 
indicates downregulated (ratio < 1.0) differentially expressed 
proteins (DEPs). Crossed out white box indicates absence of 
DEPs in the considered comparison. Presented heatmaps were 
prepared based on proteins that were significantly different 
between compared groups
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Discussion

In the present work, we demonstrated that life-long, 
mild hyperlipidaemia in E3L.CETP mice fed chow 
diet, in a pre-atherosclerosis stage, accelerated 
age-dependent impairment of the endothelial func-
tion. This phenomenon was more advanced in male 
mice as compared with female mice and was better 
reflected by proteomic changes in plasma than in the 
aorta. Interestingly, we identified that early resilience 
in young female E3L.CETP mice to develop impaired 
vascular vasodilator function was associated with 
a switch from NO-dependent to H2O2-dependent 
vasodilation, blunted systemic proteomic response 
in plasma and then slower age-dependent deteriora-
tion of endothelial dysfunction in female versus male 
E3L.CETP mice. Altogether, our results indicate that 
early resilience to the detrimental effects of hyper-
lipidaemia on vascular function at the young age may 
determine the slower progression of age-dependent 
vascular dysfunction that was featured by vascular 
inflammation, oxidative stress and alterations in vas-
cular metabolism.

It was a surprising finding that in 40-week-old 
E3L.CETP mice and C57BL/6J mice, the aortic pro-
teome did not uncover substantial differences. In fact, 
we found that changes related to vascular ageing were 
in major part similar in 40-week-old E3L.CETP mice 
and in 40-week-old C57BL/6J mice. Furthermore, 
accelerated age-dependent endothelial dysfunction 
development in E3L.CETP mice was not reflected 
by consistent changes in endothelial-specific protein 
biomarkers. However, we found clear-cut hyperlipi-
daemia-induced changes in plasma proteome with a 
sex-specific profile of DEPs in E3L.CETP mice vs 
control mice. In particular, young male E3L.CETP 
mice exhibited more pronounced changes in plasma 
proteomic profile which reflected lesser resilience to 
detrimental effects of hyperlipidaemia on endothe-
lial function as compared to female E3L.CETP mice. 
These results suggest that the pattern of early vascular 
response might be a key factor contributing to vascu-
lar ageing and could be reflected in the plasma pro-
teome at the young age.

There is general consensus in the literature that 
early identification of subclinical atherosclerosis 
is instrumental to shift the paradigm from second-
ary to effective primary prevention of cardiovascu-
lar diseases. Our results support that notion, and add 

another aspect to this paradigm: the pattern of vas-
cular response to hyperlipidaemia at the young age 
seemed to determine the progression of age-depend-
ent vascular dysfunction at older age occurring still 
prior to significant atherosclerosis plaque develop-
ment. Thus, better understanding of the adaptive 
and maladaptive vascular response to risk factors in 
young age is instrumental for identification of the 
mechanisms of the accelerated vascular ageing phe-
notype to define plasma-based biomarker(s)-guided 
early diagnosis of the maladaptive vascular response.

Interestingly, accelerated vascular ageing in the 
present work was best reflected by functional vas-
cular responses assessing NO-dependent function 
in  vivo. In the present work, endothelial dysfunc-
tion in vivo was assessed by MRI-based methodol-
ogy, the method previously validated in a number of 
studies characterising endothelial function in  vivo 
in various murine models of cardiovascular disease 
[29, 30, 32, 50–52]. Of note, this approach proved 
more sensitive to detect changes in endothelial func-
tion as compared to ex vivo assessment of endothe-
lial function in the isolated aorta preparation in 
some of our previous studies [32, 51]. Here, using 
an MRI-based approach, we demonstrated that the 
age-dependent development of endothelial dys-
function was accelerated by humanised dyslipidae-
mia in E3L.CETP mice and detected based on Ach 
response earlier in life of E3L.CETP mice (14 and 
22  weeks of age in males and females, respec-
tively) as compared with C57BL/6J mice (40 weeks 
of age). FMD in the FA was also earlier impaired 
in E3L.CETP mice as compared with C57BL/6J 
mice but the sensitivity for the early detection of 
impaired FMD as compared with Ach-response was 
lower, positioning the former method as less sensi-
tive to assess age-dependent impairment of vascular 
phenotype in vivo.

Importantly, in the present work, we analysed the 
age-dependent development of endothelial dysfunc-
tion in E3L.CETP mice fed a chow diet resulting 
in mild hyperlipidaemia, in contrast to high fat and 
cholesterol-containing diets as used in a number of 
previous studies in this model [18–23, 26, 27]. We 
also confirmed the absence of advanced atheroscle-
rotic plaques. Even in the 40-week-old in E3L.CETP 
mice, there were only subtle early pre-atherosclerotic 
changes in the aortic roots without atherosclerotic 
plaques in the BCA. These results were in line with 
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the notion that mild plasma cholesterol elevation was 
not sufficient to induce robust atherosclerosis plaques 
in rodents [53–55] without additional insults [56] or 
a Western diet [57] but develops in response to very 
high cholesterol levels, e.g. in ApoE/LDLR−/− mice 
[30]. Importantly, the lack of significant atheroscle-
rosis in 40-week-old E3L.CETP mice confirmed 
that our results refer to a phase of vascular ageing 
in hyperlipidaemia, before the advanced atheroscle-
rotic plaque development, with the only presence of 
early lesions in aortic roots but not in BCA, where the 
robust atherosclerosis is developing in murine models 
of atherosclerosis [30]. Importantly, despite the fact 
that advanced form of atherosclerotic plaque was still 
not observed even in 16–18-month-old E3L.CETP 
mice, a sex-related diversity in the intensification 
of the early plaque development was observed with 
more intense changes in female as compared with 
male mice. In fact, in 16–18-month-old E3L.CETP 
male mice, only slight disorganisation of the elastic 
lamina was observed, while in 16–18-month-old E3L.
CETP female mice neointima formation and presence 
of foam cells were detected. Our results are in accord-
ance with studies in humans showing that younger 
women have a decreased tendency to develop car-
diovascular diseases to men, including atheroscle-
rosis, but then women catch up to men at the age 
of 60–79 years and even surpass men by the age of 
80  years [58–60]. Yet, it must be emphasised again 
that these lesions that were found in 16–18-month-old 
E3L.CETP female mice fed chow diet represent quite 
an early stage of atherosclerosis development, incom-
parable with the atherosclerotic plaques found for 
example in ApoE/LDLR−/− mice fed chow diet [30] 
or E3L.CETP mice fed Western diet [19, 21].

In this context, E3L.CETP mice fed chow diet 
represent a unique model of the age-dependent tra-
jectory for the accelerated progression of endothelial 
dysfunction, induced by mild hyperlipidaemia super-
imposed on ageing that occurs before atherosclerosis 
development. Accordingly, the humanised dyslipi-
daemic E3L.CETP mice represent an early vascular 
ageing phenotype (EVA) [61] and therefore should 
provide an unique insight into EVA induced by life-
long hyperlipidaemia a predisposing factor for early 
atherosclerosis development [10, 11]. In our previ-
ous studies in ApoE/LDLR−/− mice, it was not pos-
sible to dissect the effects of hypercholesterolaemia, 
atherosclerosis and ageing on the progression of 

endothelial dysfunction, since complex and multifac-
torial endothelial dysfunction was detected already 
at the age of 8  weeks, while atherosclerotic plaques 
were already present at the age range of 12–14 weeks 
in ApoE/LDLR−/− mice [30]. Similarly, in most pre-
vious studies by others, the effect of hyperlipidae-
mia was studied in young animals [16] even though 
vascular ageing may alter the endothelial response to 
hypercholesterolaemia [17].

The most striking feature of hyperlipidaemia-
induced changes found in this work was resilience 
to detrimental effects of hyperlipidaemia on vascular 
endothelium-dependent vasodilation in 8-week-old 
female E3L.CETP mice that was associated with a 
switch from NO-dependent to H2O2-dependent vaso-
dilation. Interestingly, this phenomenon was associ-
ated with blunted systemic proteomic response in 
plasma and slower age-dependent deterioration of 
endothelial dysfunction in female vs male E3L.CETP 
mice. These results seem to suggest that the pattern 
of vascular response to hyperlipidaemia at the young 
age may determine the progression of age-dependent 
vascular dysfunction.

Although it has been observed in humans that 
H2O2 is an endothelium-derived hyperpolarizing 
factor (EDHF) that contributes to flow-induced dila-
tion in human coronary arterioles from patients 
with heart disease [62], to the best of our knowl-
edge, here, we showed for the first time a switch 
from NO-dependent to H2O2-dependent vasodila-
tion induced by dyslipidaemia in the conduit type 
of vessel, in the aorta in response to Ach. Further-
more, this response preceded the impairment of the 
FMD in the FA. In turn, the FMD-induced response 
in this study was abrogated by L-NAME in  vivo in 
both the C57BL/6J and E3L.CETP mice, indicating 
that the FMD response was mediated by NO in both 
strains of mice. In contrast, in the young E3L.CETP 
mice, the Ach-induced response of the aorta was 
weakly affected by L-NAME in  vivo, until the age 
of 14 weeks and 22 weeks (the age when endothelial 
dysfunction appeared) in the male and female mice, 
respectively. In the aorta, ex  vivo catalase inhibited 
the Ach-induced vasodilation in young E3L.CETP 
mice, particularly in females but was without effects 
in older E3L.CETP mice. In addition, the involve-
ment of H2O2 in the endothelium-dependent response 
was confirmed by an increased level of H2O2 produc-
tion in the aorta. The fivefold higher H2O2 production 
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in the aorta in the young female E3L.CETP mice in 
comparison to the male E3L.CETP mice demon-
strated a clear-cut sexual dimorphism in this response. 
Overall, these results suggested that the Ach-induced 
response was H2O2-dependent particularly in young 
female E3L.CETP mice. The mechanisms involved 
in the switch from NO-dependent to H2O2-dependent 
vasodilation in the aorta in E3L.CETP mice needed 
to be delineated in more detail and could be similar to 
or different from the mechanism proposed earlier for 
resistance arteries [63–66].

Nevertheless, results of our study may provide val-
uable insights on the mechanisms that contribute to 
the differential manifestations of cardiovascular age-
ing in males and females, which is currently incom-
pletely understood [67, 68]. Since a switch from 
NO-dependent to H2O2-dependent vasodilation was 
associated with blunted plasma proteomic response 
and slower endothelial dysfunction development in 
female vs male E3L.CETP mice, this response might 
have an adaptive nature. However, as the source of the 
H2O2 was not identified in the present study, it could 
not be excluded that production of H2O2 might play a 
pathophysiological role. Interestingly, it was demon-
strated that diabetic mice exhibited miR-21-mediated 
switch in the mediators of coronary endothelium-
dependent dilation, from a NO to H2O2, which con-
tributed to microvascular dysfunction. Therefore,  the 
NO to H2O2 switch in endothelium-dependent dila-
tion could be a pathological indicator of coronary 
microvascular dysfunction in diabetes [66].  Further 
studies are needed to determine the functional role of 
the switch from NO to H2O2 in E3L.CETP mice. 

Along with the switch from NO-dependent to 
H2O2-dependent vasodilation in the  aorta in young 
female E3L.CETP mice, we identified a number of 
sex-specific hyperlipidaemia-dependent DEPs in 
8-week-old E3L.CETP mice, while in older mice 
(28-week-old), the number of hyperlipidaemia-
dependent DEPs was comparable between sexes. 
Of note, the analysis of DEPs dependent on age and 
sex allowed for detection of a number of changes in 
plasma proteome of 8-week-old male E3L.CETP 
mice with response to oxidative stress and regula-
tion of metabolic pathways detected as the main two 
processes. Interestingly, similar processes (and also 
similar DEPs) featured vascular ageing as discussed 
above. However, in contrast to ageing, upregulation 
instead of downregulation of antioxidative defence 

and metabolic pathway were detected in 8-week-old 
male E3L.CETP vs C57BL/6J mice. These results 
suggest that these processes could be activated as pro-
tection in an early response to mild hyperlipidaemia 
but their activity declines with age, leading to accel-
erated endothelial dysfunction development.

Overall, these findings suggest that the early resil-
ience to detrimental effects of hyperlipidaemia on 
vascular endothelium-dependent vasodilation in 
young 8-week-old female E3L.CETP mice repre-
sented the important difference in response to hyper-
lipidaemia as compared with 8-week-old E3L.CETP 
male mice. This phenomenon was associated with 
blunted systemic proteomic response in plasma and 
slower age-dependent deterioration of endothelial 
dysfunction in female versus male E3L.CETP mice. 
Accordingly, we suggest that the early pattern of vas-
cular response to hyperlipidaemia at the young age 
may determine the accelerated ageing in E3L.CETP 
male mice, detected in the plasma proteome and by 
MRI in  vivo as an accelerated progression of age-
dependent endothelial dysfunction. These results are 
in accordance with the Young Finns Study, which has 
demonstrated that presence of pathology risk factors 
in childhood had a significant impact on pathology 
development in adults [69].

The interesting sex-specific feature of accelerated 
vascular phenotype in 28-week-old E3L.CETP male 
mice was the downregulation of metabolic pathways, 
which was not observed in E3L.CETP female mice or 
in C57BL/6J mice of both sexes. In particular, there 
were some downregulated DEPs detected during age-
ing in male E3L.CETP mice (e.g. peroxiredoxin-6, 
calreticulin, gamma glutamyl cysteine ligase) defi-
ciency of which were reported to be associated with 
mitochondrial dysfunction [70–72]. Using a recently 
optimised protocol for functional analysis of vas-
cular energy metabolism in isolated single rings of 
the murine aorta, by the Seahorse XFe96 Analyzer 
[33], we demonstrated that mitochondrial respiration, 
reflected by basal OCR, was significantly impaired 
in 48-week-old male but not female E3L.CETP mice 
as compared to C57BL/6J mice. Measurements were 
performed in aortic rings after stimulation with IL-β 
(24  h pre-incubation), since measurements in basal 
conditions did not allow to reveal significant changes 
between C57BL/6J and E3L.CETP mice (data not 
shown). These results indicate that accelerated vascu-
lar ageing in male vs female E3L.CETP mice might 
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be indeed associated with an impaired reserve of 
mitochondrial energy metabolism in E3L.CETP male 
mice in response to a pro-inflammatory stimulus, as 
compared with E3L.CETP female mice. In general, 
these results are in line with some previous studies 
demonstrating the role of vascular mitochondrial dys-
function in vascular ageing and therapeutic effects of 
NAD precursors preventing vascular ageing [73–77]. 
Whether this type of interventions would prevent 
accelerated age-dependent endothelial dysfunction in 
E3L.CETP mice remains to be established.

In the present work, despite (1) clearly accelerated 
and progressive impairment of endothelial function 
in E3L.CETP mice as compared with C57BL/6J, (2) 
more pronounced impairment of endothelial function 
in male as compared to female E3L.CETP mice and 
(3) more pronounced impairment of vascular meta-
bolic status in E3L.CETP male mice as compared 
with C57BL/6J male mice, we failed to identify a 
clear-cut biomarker signatures of dyslipidaemia-
induced accelerated vascular dysfunction in aged 
E3L.CETP animals that would clearly reflect more 
pronounced age-dependent deterioration of vascular 
function in E3L.CETP mice, in a sex-dependent man-
ner as compared with C57BL/6J mice.

The comprehensive set of data including classi-
cal endothelial biomarkers did not uncover specific 
sex-dependent biomarker of the vascular pheno-
type in 28-week-old E3L.CETP mice, despite that 
in our previous studies, biomarkers of endothelial 
dysfunction were clearly changed during athero-
sclerosis development [30], at early and late stages 
of breast cancer progression [78] and to a lesser 
extent in mice fed a high-fat diet [51]. Although 
non-targeted proteomics as well as multidirectional 
analysis of the proteome of the aorta did also not 
uncover any specific biomarker, it was demon-
strated based on these analyses that ageing rather 
than hyperlipidemia had a dominant impact on the 
outcome of the proteome analysis in both aorta 
and plasma samples in old E3L.CETP mice and 
C57BL/6J mice.

Ageing markers in the aortic proteome identified 
based on different DEPs analyses revealed that most 
of them were independent of strain and sex of mice, 
and had similar ratios of changes in E3L.CETP and 
C57BL/6J mice with the exception of upregulated 
in E3L.CETP vs C57BL/6J mice; DEPs associated 
with the extracellular cell matrix regulation (e.g. 

calponin 2, AXL receptor tyrosine kinase, aggre-
can, annexin A4, laminin, alpha 4, collagen type VI 
alpha 2 chain, integrin alpha V, Laminin, beta 2), 
and downregulated DEPs annotated to ribosomes 
(e.g. ribosomal proteins: L8, S5, S14, S3A1, L12, 
S2, L9), suggested that accelerated age-dependent 
development of endothelial dysfunction in E3L.
CETP mice could be related to changes in extra-
cellular matrix and inhibition in protein synthesis. 
However, the latter changes were sex-independ-
ent, thus did not reflect more severe impairment 
of endothelial function in old E3L.CETP male vs 
female mice.

In contrast to the aortic proteome, the plasma 
proteome revealed only one upregulated (immuno-
globulin heavy constant gamma 2) and one down-
regulated (periostin) DEPs independent of strain 
and sex of mice, suggesting that some of age-related 
DEPs in plasma could reflect difference in the level 
of endothelial dysfunction development in male vs 
female E3L.CETP mice. The detected DEPs inde-
pendent of strain and sex of mice in plasma were 
more pronounced in E3L.CETP, in particular male 
mice, what could be especially important in the con-
text of periostin, being a 13th member of the vita-
min K-dependent protein (VKDP) family [79]. In 
our previous study, we demonstrated that vitamin 
K2-MK-7 improves NO-dependent endothelial func-
tion in ApoE/LDLR−/− mice [50]; however, it was 
not determined whether the beneficial effect of vita-
min K2-MK-7 was linked to an improved carboxy-
lation status in the endothelium, to matrix Gla pro-
tein or to other VKDPs. Therefore, E3L.CETP mice 
might provide a potentially useful model to study 
the mechanisms of the vitamin K-dependent effect 
on endothelial function and vascular ageing inde-
pendent of atherosclerosis and vascular calcification 
[80, 81].

On the other hand, even though we identified some 
ageing markers in the plasma proteome, specific for 
sex of mice, they were mostly independent of strain 
of the mice. However, some of them, i.e. upregulated 
DEPs related to inflammation (serum amyloid A1, 
haptoglobin, orosomucoid 2) and downregulation of 
DEPs (biliverdin reductase B, glutathione peroxidase 
1, haemoglobin subunit alpha) related to oxidative 
stress, were identified in E3L.CETP vs C57BL/6J 
male mice and these processes could have contrib-
uted to increased oxidative stress [82–84], and more 
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pronounced endothelial dysfunction in E3L.CETP vs 
C57BL/6J male mice.

Finally, analysis of processes involved in the regu-
lation of ageing, specific for sex of mice and specific 
for E3L.CETP and separately for C57BL/6J mice, 
revealed additional DEPs which deficiency leads to 
endothelial dysfunction development associated with 
increased oxidative stress, e.g. decreased antioxidant 
enzymes: peroxiredoxins—Prdx6, Prdx2, Prdx1, cata-
lase or glutamate-cysteine ligase modifier subunit and 
delta-aminolevulinic acid dehydratase [85–88]. In 
addition, there was a higher plasma level of lipocalin 
2 during ageing in male E3L.CETP mice, which is 
a pro-inflammatory adipokine upregulated in obese 
human subjects and animal models [89].

As a potential limitation of this study, we note 
that the plasma cholesterol and triglyceride levels 
remain fairly constant during ageing of the E3L.
CETP mice in contrast to humans where they in 
general rise with age. However, the rise in humans 
is mostly due to changes in food intake and com-
position of the diet next to lower physical activity, 
whereas the mice were maintained on the same chow 
diet during the entire study. While we acknowledge 
the limitations associated with our current study, 
E3L.CETP mice on a chow diet provide an unique 
tool to study mechanisms of sex-dependent patho-
genesis of dyslipidemia-accelerated vascular ageing.

In conclusion, the E3L.CETP mice displayed 
an accelerated age-dependent impairment of the 
endothelial function in response to mild hyper-
lipidaemia as compared with the age-dependent 
endothelial dysfunction in the C57BL/6J mice. 
Accordingly, the E3L.CETP mice, a unique, trans-
lational murine model of humanised dyslipidae-
mia [18, 22, 23] when fed a chow diet, displayed 
an accelerated age-dependent progression of the 
endothelial dysfunction, preceding atherosclerotic 
plaque development that might mimic the age-
dependent development of the vascular dysfunc-
tion trajectory over the life course in humans with 
mild dyslipidaemia. E3L.CETP mice on a chow diet 
represent an unique tool to study mechanisms of 
insidious progression of early adaptive to late mala-
daptive endothelial responses to humanised dyslipi-
daemia, with a distinct sex-dependent evolution of 
changes. In particular, our results suggest that the 
pattern of vascular response to hyperlipidaemia 
at the young age may determine the progression 

of age-dependent vascular dysfunction. Thus, our 
results support the notion that early identification 
of detrimental effects of risk factor on endothelial 
function should be focused in young age to prevent 
age-related progression of cardiovascular disease. 
To better understand the relationship between the 
early endothelial functional phenotype and late 
alterations in the vascular metabolism, inflamma-
tion and oxidant stress, further studies are needed. 
These types of studies seem instrumental to under-
stand the early mechanisms of adaptive and mala-
daptive vascular responses for the effective primary 
prevention of cardiovascular diseases before athero-
sclerosis development.

Acknowledgements  Anna Bar acknowledges the START 
scholarships, awarded by the Foundation for Polish Science 
(FNP, START2020 program). The authors are grateful to Mat-
thias Mann from Max Planck Institute of Biochemistry for 
continuous support. We thank Katharina Zettl (MPIB) for tech-
nical support. The authors express their gratitude to Bartosz 
Proniewski for his help with tissue and organs collection.

Author contribution  Anna Bar and Stefan Chlopicki con-
tributed to the study conception and design. Material prepa-
ration, data collection and analysis were performed by Anna 
Bar, Piotr Berkowicz, Anna Kurpinska, Tasnim Mohaissen, 
Agnieszka Karaś, Patrycja Kaczara, Joanna Suraj-Prażmowska, 
Magdalena Sternak, Brygida Marczyk, Agata Malinowska, 
Agnieszka Kij,  Agnieszka Jasztal, Izabela Czyzynska-Cichon 
and Jacek R. Wiśniewski. Mice were bred and characterised by 
Elsbet J. Pieterman and Hans M.G. Princen. The first draft and 
the final version of the manuscript was written by Anna Bar 
and Stefan Chlopicki. All authors reviewed and approved the 
final manuscript.

Funding  This work was supported by the Polish National 
Science Centre (NCN) grant 2021/42/A/NZ4/00273 to SC and 
partially by OPUS 2020/39/B/NZ5/02305 to AB. The authors 
thank the TNO research program ‘Roadmap Biomedical 
Health’ for partially supporting this study.

Data availability  The data, analytic methods and study 
materials will be made available on reasonable request to 
other researchers for the purpose of reproducing the results or 
replicating the procedure.  The mass spectrometry data from  
plasma were deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset identifier 
PXD029562.  Proteomic datasets  from the aorta were depos-
ited to the RODBUK Cracow Open Research Data Repository 
(https://doi.org/10.57903/UJ/PGQTUF).

Declarations 

Conflict of interest  The authors declare no competing inter-
ests.



2698	 GeroScience (2025) 47:2673–2701

Vol:. (1234567890)

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Anderson TJ, Gerhard MD, Meredith IT, Charbonneau 
F, Delagrange D, Creager M, et  al. Systemic nature of 
endothelial dysfunction in atherosclerosis. Am J Cardiol. 
1995;75:71B-74B. https://​doi.​org/​10.​1016/​0002-​9149(95)​
80017-M.

	 2.	 Dharmashankar K, Widlansky ME. Vascular endothelial 
function and hypertension: insights and directions. Curr 
Hypertens Rep. 2010;12:448–55. https://​doi.​org/​10.​1007/​
s11906-​010-​0150-2.

	 3.	 Marti CN, Gheorghiade M, Kalogeropoulos AP, Geor-
giopoulou VV, Quyyumi AA, Butler J. Endothelial dys-
function, arterial stiffness, and heart failure. J Am Coll 
Cardiol. 2012;60:1455–69. https://​doi.​org/​10.​1016/j.​jacc.​
2011.​11.​082.

	 4.	 Daiber A, Chlopicki S. Revisiting pharmacology of oxi-
dative stress and endothelial dysfunction in cardiovascular 
disease: evidence for redox-based therapies. Free Radic 
Biol Med. 2020;157:15–37. https://​doi.​org/​10.​1016/j.​freer​
adbio​med.​2020.​02.​026.

	 5.	 Walczak M, Suraj J, Kus K, Kij A, Zakrzewska A, Chlop-
icki S. Towards a comprehensive endothelial biomark-
ers profiling and endothelium-guided pharmacotherapy. 
Pharmacol Rep. 2015;67:771–7. https://​doi.​org/​10.​1016/j.​
pharep.​2015.​06.​008.

	 6.	 Chłopicki S, Gryglewski RJ. Angiotensin converting 
enzyme (ACE) and H-C (HMG-C reductase inhibitors in 
the forefront of pharmacology of endothelium. Angioten-
sin converting enzyme (ACE) and HydroxyMethylGlu-
taryl-CoA (HMG-CoA) reductase inhibitors in the fore-
front of pharmacology of endothelium. Pharmacol Rep. 
2005;57:86–96.

	 7.	 Frolow M, Drozdz A, Kowalewska A, Nizankowski R, 
Chlopicki S. Comprehensive assessment of vascular 
health in patients; towards endothelium-guided therapy. 
Pharmacol Rep. 2015;67:786–92. https://​doi.​org/​10.​
1016/j.​pharep.​2015.​05.​010.

	 8.	 Donato AJ, Machin DR, Lesniewski LA. Mechanisms 
of dysfunction in the aging vasculature and role in age-
related disease. Circ Res. 2018;123:825–48. https://​doi.​
org/​10.​1161/​CIRCR​ESAHA.​118.​312563.

	 9.	 Lakatta EG, Levy D. Arterial and cardiac aging: major 
shareholders in cardiovascular disease enterprises: part I: 
aging arteries: a “set up” for vascular disease. Circulation. 
2003;107:139–46. https://​doi.​org/​10.​1161/​01.​CIR.​00000​
48892.​83521.​58.

	10.	 Tyrrell DJ, Goldstein DR. Ageing and atherosclerosis: 
vascular intrinsic and extrinsic factors and potential role 
of IL-6. Nat Rev Cardiol. 2021;18:58–68. https://​doi.​org/​
10.​1038/​S41569-​020-​0431-7.

	11.	 Bergström G, Persson M, Adiels M, Björnson E, 
Bonander C, Ahlström H, et al. Prevalence of subclinical 
coronary artery atherosclerosis in the general population. 
Circulation. 2021;144:916–29. https://​doi.​org/​10.​1161/​
circu​latio​naha.​121.​055340.

	12.	 Fuster V, García-Álvarez A, Devesa A, Mass V, Owen R, 
Quesada A, et al. Influence of subclinical atherosclerosis 
burden and progression on mortality. J Am Coll Cardiol. 
2024;84:1391–403. https://​doi.​org/​10.​1016/J.​JACC.​2024.​
06.​045.

	13.	 Ballak DB, Brunt VE, Sapinsley ZJ, Ziemba BP, Richey 
JJ, Zigler MC, et  al. Short‐term interleukin‐37 treatment 
improves vascular endothelial function, endurance exer-
cise capacity, and whole‐body glucose metabolism in old 
mice. Aging Cell 2020;19. https://​doi.​org/​10.​1111/​ACEL.​
13074.

	14.	 Fleenor B, Marshall K, Durrant J, Lesniewski L, Seals 
D. Arterial stiffening with ageing is associated with 
transforming growth factor-β1-related changes in adven-
titial collagen: reversal by aerobic exercise. J Physiol. 
2010;588:3971–82. https://​doi.​org/​10.​1113/​JPHYS​IOL.​
2010.​194753.

	15.	 DuPont J, Kim S, Kenney R, Jaffe I. Sex differences 
in the time course and mechanisms of vascular and car-
diac aging in mice: role of the smooth muscle cell min-
eralocorticoid receptor. Am J Physiol Heart Circ Physiol. 
2021;320:H169–80. https://​doi.​org/​10.​1152/​AJPHE​ART.​
00262.​2020.

	16.	 Whitman SC. A practical approach to using mice in ath-
erosclerosis research. Clin Biochem Rev. 2004;25:81.

	17.	 Tyrrell DJ, Blin MG, Song J, Wood SC, Zhang M, Beard 
DA, et  al. Age-associated mitochondrial dysfunction 
accelerates atherogenesis. Circ Res. 2020;126:298–314. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​119.​315644.

	18.	 Princen HMG, Pouwer MG, Pieterman EJ. Comment on 
“Hypercholesterolemia with consumption of PFOA-laced 
Western diets is dependent on strain and sex of mice” by 
Rebholz S.L. et al. Toxicol. Rep. 2016;(3):46-54. Toxicol 
Rep. 2016;3:306–9. https://​doi.​org/​10.​1016/j.​toxrep.​2016.​
02.​002.

	19.	 Kühnast S, Van Der Tuin SJL, Van Der Hoorn JWA, Van 
Klinken JB, Simic B, Pieterman E, et  al. Anacetrapib 
reduces progression of atherosclerosis, mainly by reduc-
ing non-HDL-cholesterol, improves lesion stability and 
adds to the beneficial effects of atorvastatin. Eur Heart J. 
2015;36:39–48. https://​doi.​org/​10.​1093/​eurhe​artj/​ehu319.

	20.	 van den Maagdenberg AMJM, Hofker MH, Krimpenfort 
PJA, de Bruijn I, van Vlijmen B, van der Boom H, et al. 
Transgenic mice carrying the apolipoprotein-E3-Lei-
den gene exhibit hyperlipoproteinemia. J Biol Chem. 
1993;268:10540–5.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0002-9149(95)80017-M
https://doi.org/10.1016/0002-9149(95)80017-M
https://doi.org/10.1007/s11906-010-0150-2
https://doi.org/10.1007/s11906-010-0150-2
https://doi.org/10.1016/j.jacc.2011.11.082
https://doi.org/10.1016/j.jacc.2011.11.082
https://doi.org/10.1016/j.freeradbiomed.2020.02.026
https://doi.org/10.1016/j.freeradbiomed.2020.02.026
https://doi.org/10.1016/j.pharep.2015.06.008
https://doi.org/10.1016/j.pharep.2015.06.008
https://doi.org/10.1016/j.pharep.2015.05.010
https://doi.org/10.1016/j.pharep.2015.05.010
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1161/01.CIR.0000048892.83521.58
https://doi.org/10.1161/01.CIR.0000048892.83521.58
https://doi.org/10.1038/S41569-020-0431-7
https://doi.org/10.1038/S41569-020-0431-7
https://doi.org/10.1161/circulationaha.121.055340
https://doi.org/10.1161/circulationaha.121.055340
https://doi.org/10.1016/J.JACC.2024.06.045
https://doi.org/10.1016/J.JACC.2024.06.045
https://doi.org/10.1111/ACEL.13074
https://doi.org/10.1111/ACEL.13074
https://doi.org/10.1113/JPHYSIOL.2010.194753
https://doi.org/10.1113/JPHYSIOL.2010.194753
https://doi.org/10.1152/AJPHEART.00262.2020
https://doi.org/10.1152/AJPHEART.00262.2020
https://doi.org/10.1161/CIRCRESAHA.119.315644
https://doi.org/10.1016/j.toxrep.2016.02.002
https://doi.org/10.1016/j.toxrep.2016.02.002
https://doi.org/10.1093/eurheartj/ehu319


2699GeroScience (2025) 47:2673–2701	

Vol.: (0123456789)

	21.	 Westerterp M, Van Der Hoogt CC, De Haan W, Offer-
man EH, Dallinga-Thie GM, Jukema JW, et  al. Cho-
lesteryl ester transfer protein decreases high-density 
lipoprotein and severely aggravates atherosclerosis in 
APOE*3-Leiden mice. Arterioscler Thromb Vasc Biol. 
2006;26:2552–9. https://​doi.​org/​10.​1161/​01.​ATV.​00002​
43925.​65265.​3c.

	22.	 Zadelaar S, Kleemann R, Verschuren L, De Der Weij 
JV-V, Van Der Hoorn J, Princen HM, et al. Mouse models 
for atherosclerosis and pharmaceutical modifiers. Arte-
rioscler Thromb Vasc Biol. 2007;27:1706–21. https://​doi.​
org/​10.​1161/​ATVBA​HA.​107.​142570.

	23.	 Kühnast S, Fiocco M, Van Der Hoorn JWA, Princen HMG, 
Jukema JW. Innovative pharmaceutical interventions in 
cardiovascular disease: focusing on the contribution of 
non-HDL-C/LDL-C-lowering versus HDL-C-raising a 
systematic review and meta-analysis of relevant preclinical 
studies and clinical trials. Eur J Pharmacol. 2015;763:48–
63. https://​doi.​org/​10.​1016/j.​ejphar.​2015.​03.​089.

	24.	 Ason B, Van Der Hoorn JWA, Chan J, Lee E, Pieterman 
EJ, Nguyen KK, et  al. PCSK9 inhibition fails to alter 
hepatic LDLR, circulating cholesterol, and atherosclero-
sis in the absence of ApoE. J Lipid Res. 2014;55:2370–9. 
https://​doi.​org/​10.​1194/​JLR.​M0532​07.

	25.	 De Knijff P, Van den Maagdenberg AMJM, Stalenhoef 
AFH, Leuven JAG, Demacker PNM, Kuyt LP, et  al. 
Familial dysbetalipoproteinemia associated with apolipo-
protein E3-Leiden in an extended multigeneration pedi-
gree. J Clin Invest. 1991;88:643. https://​doi.​org/​10.​1172/​
JCI11​5349.

	26.	 Pouwer MG, Heinonen SE, Behrendt M, Andréasson AC, 
van Koppen A, Menke AL, et  al. The APoE*3-Leiden 
heterozygous glucokinase knockout mouse as novel trans-
lational disease model for type 2 diabetes, dyslipidemia, 
and diabetic atherosclerosis. J Diabetes Res 2019;2019. 
https://​doi.​org/​10.​1155/​2019/​97279​52.

	27.	 Dewey FE, Gusarova V, Dunbar RL, O’Dushlaine C, 
Schurmann C, Gottesman O, et  al. Genetic and pharma-
cologic inactivation of ANGPTL3 and cardiovascular dis-
ease. N Engl J Med. 2017;377:211–21. https://​doi.​org/​10.​
1056/​NEJMO​A1612​790/​SUPPL_​FILE/​NEJMO​A1612​
790_​DISCL​OSURES.​PDF.

	28.	 Bar A, Skorka T, Jasinski K, Sternak M, Bartel Ż, Tyrank-
iewicz U, et  al. Retrospectively-gated MRI for in  vivo 
assessment of endothelium-dependent vasodilatation and 
endothelial permeability in murine models of endothelial 
dysfunction. NMR Biomed. 2016;29(8):1088.

	29.	 Sternak M, Bar A, Adamski MG, Mohaissen T, Marczyk 
B, Kieronska A, et al. The deletion of endothelial sodium 
channel α (αENaC) impairs endothelium-dependent vaso-
dilation and endothelial barrier integrity in endotoxemia 
in  vivo. Front Pharmacol. 2018;9:178. https://​doi.​org/​10.​
3389/​fphar.​2018.​00178.

	30.	 Bar A, Targosz-Korecka M, Suraj J, Proniewski B, Jasztal 
A, Marczyk B, et al. Degradation of glycocalyx and mul-
tiple manifestations of endothelial dysfunction coincide 
in the early phase of endothelial dysfunction before ath-
erosclerotic plaque development in apolipoprotein E/low-
density lipoprotein receptor-deficient mice. J Am Heart 
Assoc. 2019;8:e011171. https://​doi.​org/​10.​1161/​JAHA.​
118.​011171.

	31.	 Fedorowicz A, Buczek E, Mateuszuk L, Czarnowska E, 
Sitek B, Jasztal A, et  al. Comparison of pulmonary and 
systemic NO- And PGI2-dependent endothelial func-
tion in diabetic mice. Oxid Med Cell Longev 2018;2018. 
https://​doi.​org/​10.​1155/​2018/​40367​09.

	32.	 Mohaissen T, Proniewski B, Targosz-Korecka M, Bar A, 
Kij A, Bulat K, et al. Temporal relationship between sys-
temic endothelial dysfunction and alterations in erythro-
cyte function in a murine model of chronic heart failure. 
Cardiovasc Res. 2022;118:2610–24. https://​doi.​org/​10.​
1093/​cvr/​cvab3​06.

	33.	 Karaś A, Bar A, Pandian K, Jasztal A, Kuryłowicz Z, 
Kutryb-Zając B, et al. Functional deterioration of vascular 
mitochondrial and glycolytic capacity in the aortic rings 
of aged mice. GeroScience. 2024;46:3831–44. https://​doi.​
org/​10.​1007/​S11357-​024-​01091-6/​FIGUR​ES/6.

	34.	 Suraj J, Kurpińska A, Olkowicz M, Niedzielska-Andres E, 
Smolik M, Zakrzewska A, et al. Development, validation and 
application of a micro–liquid chromatography–tandem mass 
spectrometry based method for simultaneous quantification 
of selected protein biomarkers of endothelial dysfunction in 
murine plasma. J Pharm Biomed Anal. 2018;149:465–74. 
https://​doi.​org/​10.​1016/j.​jpba.​2017.​11.​023.

	35.	 Suraj J, Kurpińska A, Sternak M, Smolik M, Niedzielska-
Andres E, Zakrzewska A, et al. Quantitative measurement 
of selected protein biomarkers of endothelial dysfunction 
in plasma by micro-liquid chromatography-tandem mass 
spectrometry based on stable isotope dilution method. 
Talanta. 2019;194:1005–16. https://​doi.​org/​10.​1016/J.​
TALAN​TA.​2018.​10.​067.

	36.	 Suraj J, Kurpińska A, Zakrzewska A, Sternak M, Stojak 
M, Jasztal A, et al. Early and late endothelial response in 
breast cancer metastasis in mice: simultaneous quantifica-
tion of endothelial biomarkers using mass spectrometry-
based method. Dis Model Mech 2019;dmm.036269. 
https://​doi.​org/​10.​1242/​dmm.​036269.

	37.	 Gajda M, Jasztal A, Banasik T, Jasek-Gajda E, Chlopicki 
S. Combined orcein and martius scarlet blue (OMSB) 
staining for qualitative and quantitative analyses of ath-
erosclerotic plaques in brachiocephalic arteries in apoE/
LDLR−/− mice. Histochem Cell Biol. 2017;147(6):671. 
https://​doi.​org/​10.​1007/​s00418-​017-​1538-8.

	38.	 Wiśniewski JR, Zettl K, Pilch M, Rysiewicz B, Sadok 
I. “Shotgun” proteomic analyses without alkylation of 
cysteine. Anal Chim Acta. 2020;1100:131–7. https://​doi.​
org/​10.​1016/J.​ACA.​2019.​12.​007.

	39.	 Wis̈niewski JR, Gaugaz FZ. Fast and sensitive total pro-
tein and peptide assays for proteomic analysis. Anal Chem. 
2015;87:4110–6. https://​doi.​org/​10.​1021/​AC504​689Z.

	40.	 Wiśniewski JR. Label-free and standard-free abso-
lute quantitative proteomics using the “total protein” 
and “proteomic ruler” approaches. Methods Enzymol. 
2017;585:49–60. https://​doi.​org/​10.​1016/​BS.​MIE.​2016.​
10.​002.

	41.	 Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, 
Huerta-Cepas J, et al. STRING v11: protein-protein asso-
ciation networks with increased coverage, supporting 
functional discovery in genome-wide experimental data-
sets. Nucleic Acids Res. 2019;47:D607–13. https://​doi.​
org/​10.​1093/​NAR/​GKY11​31.

https://doi.org/10.1161/01.ATV.0000243925.65265.3c
https://doi.org/10.1161/01.ATV.0000243925.65265.3c
https://doi.org/10.1161/ATVBAHA.107.142570
https://doi.org/10.1161/ATVBAHA.107.142570
https://doi.org/10.1016/j.ejphar.2015.03.089
https://doi.org/10.1194/JLR.M053207
https://doi.org/10.1172/JCI115349
https://doi.org/10.1172/JCI115349
https://doi.org/10.1155/2019/9727952
https://doi.org/10.1056/NEJMOA1612790/SUPPL_FILE/NEJMOA1612790_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA1612790/SUPPL_FILE/NEJMOA1612790_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA1612790/SUPPL_FILE/NEJMOA1612790_DISCLOSURES.PDF
https://doi.org/10.3389/fphar.2018.00178
https://doi.org/10.3389/fphar.2018.00178
https://doi.org/10.1161/JAHA.118.011171
https://doi.org/10.1161/JAHA.118.011171
https://doi.org/10.1155/2018/4036709
https://doi.org/10.1093/cvr/cvab306
https://doi.org/10.1093/cvr/cvab306
https://doi.org/10.1007/S11357-024-01091-6/FIGURES/6
https://doi.org/10.1007/S11357-024-01091-6/FIGURES/6
https://doi.org/10.1016/j.jpba.2017.11.023
https://doi.org/10.1016/J.TALANTA.2018.10.067
https://doi.org/10.1016/J.TALANTA.2018.10.067
https://doi.org/10.1242/dmm.036269
https://doi.org/10.1007/s00418-017-1538-8
https://doi.org/10.1016/J.ACA.2019.12.007
https://doi.org/10.1016/J.ACA.2019.12.007
https://doi.org/10.1021/AC504689Z
https://doi.org/10.1016/BS.MIE.2016.10.002
https://doi.org/10.1016/BS.MIE.2016.10.002
https://doi.org/10.1093/NAR/GKY1131
https://doi.org/10.1093/NAR/GKY1131


2700	 GeroScience (2025) 47:2673–2701

Vol:. (1234567890)

	42.	 Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch 
R, Pyysalo S, et  al. Correction to “The STRING data-
base in 2021: customizable protein-protein networks, 
and functional characterization of user-uploaded gene/
measurement sets.” Nucleic Acids Res. 2021;49:10800–
10800. https://​doi.​org/​10.​1093/​NAR/​GKAB8​35.

	43.	 Wiśniewski JR, Zougman A, Nagaraj N, Mann M. Universal 
sample preparation method for proteome analysis. Nat Meth-
ods. 2009;6:359–62. https://​doi.​org/​10.​1038/​nmeth.​1322.

	44	 Cox J, Mann M. MaxQuant enables high peptide identifi-
cation rates, individualized p.p.b.-range mass accuracies 
and proteome-wide protein quantification. Nat Biotech-
nol. 2008;26:1367–72. https://​doi.​org/​10.​1038/​nbt.​1511.

	45.	 Rgen Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, 
Mann M. Accurate proteome-wide label-free quantifica-
tion by delayed normalization and maximal peptide ratio 
extraction, termed MaxLFQ* □ S Technological Innova-
tion and Resources. Mol Cell Proteomics. 2014;13:2513–
26. https://​doi.​org/​10.​1074/​mcp.

	46.	 Tyanova S, Temu T, Carlson A, Sinitcyn P, Mann M, Cox 
J. Visualization of LC-MS/MS proteomics data in Max-
Quant. Proteomics. 2015;15:1453–6. https://​doi.​org/​10.​
1002/​PMIC.​20140​0449.

	47.	 Fabregat A, Sidiropoulos K, Viteri G, Marin-Garcia P, 
Ping P, Stein L, et  al. Reactome diagram viewer: data 
structures and strategies to boost performance. Bioinfor-
matics. 2018;34:1208–14. https://​doi.​org/​10.​1093/​BIOIN​
FORMA​TICS/​BTX752.

	48.	 Ge SX, Jung D, Jung D, Yao R. ShinyGO: a graphical 
gene-set enrichment tool for animals and plants. Bioin-
formatics. 2020;36:2628. https://​doi.​org/​10.​1093/​BIOIN​
FORMA​TICS/​BTZ931.

	49.	 Heberle H, Meirelles VG, da Silva FR, Telles GP, Minghim 
R. InteractiVenn: a web-based tool for the analysis of sets 
through Venn diagrams. BMC Bioinformatics. 2015;16:1–7. 
https://​doi.​org/​10.​1186/​S12859-​015-​0611-3/​FIGUR​ES/4.

	50.	 Bar A, Kus K, Manterys A, Proniewski B, Sternak M, 
Przyborowski K, et  al. Vitamin K<inf>2</inf>-MK-7 
improves nitric oxide-dependent endothelial function in 
ApoE/LDLR−/− mice. Vascul Pharmacol. 2019;122–123. 
https://​doi.​org/​10.​1016/j.​vph.​2019.​106581.

	51.	 Bar A, Kieronska‐Rudek A, Proniewski B, Suraj‐
Prażmowska J, Czamara K, Marczyk B, et  al. In  vivo 
magnetic resonance imaging‐based detection of hetero-
geneous endothelial response in thoracic and abdominal 
aorta to short‐term high‐fat diet ascribed to differences 
in perivascular adipose tissue in mice. J Am Heart Assoc. 
2020;9. https://​doi.​org/​10.​1161/​jaha.​120.​016929.

	52.	 Bar A, Olkowicz M, Tyrankiewicz U, Kus E, Jasinski K, 
Smolenski RT, et al. Functional and biochemical endothelial 
profiling in vivo in a murine model of endothelial dysfunc-
tion; comparison of effects of 1-methylnicotinamide and 
angiotensin-converting enzyme inhibitor. Front Pharmacol. 
2017;8:183. https://​doi.​org/​10.​3389/​fphar.​2017.​00183.

	53.	 Lorkowska B, Bartus M, Franczyk M, Kostogrys RB, 
Jawien J, Pisulewski PM, et al. Hypercholesterolemia does 
not alter endothelial function in spontaneously hyper-
tensive rats. J Pharmacol Exp Ther. 2006;317:1019–26. 
https://​doi.​org/​10.​1124/​jpet.​105.​098798.

	54.	 Csányi G, Gajda M, Franczyk-Zarow M, Kostogrys R, 
Gwoźdź P, Mateuszuk L, et  al. Functional alterations in 

endothelial NO, PGI2 and EDHF pathways in aorta in 
ApoE/LDLR−/− mice. Prostaglandins Lipid Mediat. 
2012;98:107–15. https://​doi.​org/​10.​1016/j.​prost​aglan​dins.​
2012.​02.​002.

	55.	 Volger OL, Mensink RP, Plat J, Hornstra G, Havekes LM, 
Princen HMG. Dietary vegetable oil and wood derived 
plant stanol esters reduce atherosclerotic lesion size and 
severity in apoE*3-Leiden transgenic mice. Atheroscle-
rosis. 2001;157:375–81. https://​doi.​org/​10.​1016/​S0021-​
9150(00)​00750-4.

	56.	 Daugherty A, Manning MW, Cassis LA. Angiotensin II 
promotes atherosclerotic lesions and aneurysms in apoli-
poprotein E-deficient mice. J Clin Invest. 2000;105:1605–
12. https://​doi.​org/​10.​1172/​JCI78​18.

	57.	 Jawien J, Csanyi G, Gajda M, Mateuszuk L, Lomnicka 
M, Korbut R, et al. Ticlopidine attenuates progression of 
atherosclerosis in apolipoprotein E and low density lipo-
protein receptor double knockout mice. Eur J Pharmacol. 
2007;556:129–35. https://​doi.​org/​10.​1016/J.​EJPHAR.​
2006.​11.​028.

	58.	 Man JJ, Beckman JA, Jaffe IZ. Sex as a biological variable 
in atherosclerosis. Circ Res. 2020;126:1297–319. https://​doi.​
org/​10.​1161/​CIRCR​ESAHA.​120.​315930/​FORMAT/​EPUB.

	59.	 Kerkhof PLM, Tona F. Sex differences in diagnostic 
modalities of atherosclerosis in the macrocirculation. Ath-
erosclerosis 2023;384. https://​doi.​org/​10.​1016/J.​ATHER​
OSCLE​ROSIS.​2023.​117275.

	60.	 Sturlaugsdottir R, Aspelund T, Bjornsdottir G, Sigurdsson 
S, Thorsson B, Eiriksdottir G, et al. Prevalence and deter-
minants of carotid plaque in the cross-sectional REFINE-
Reykjavik study. BMJ Open 2016;6. https://​doi.​org/​10.​
1136/​BMJOP​EN-​2016-​012457.

	61.	 del González LM, Romero-Orjuela SP, Rabeya FJ, del 
Castillo V, Echeverri D. Age and vascular aging: an unex-
plored frontier. Front Cardiovasc Med. 2023;10:1278795. 
https://​doi.​org/​10.​3389/​FCVM.​2023.​12787​95/​BIBTEX.

	62.	 Miura H, Bosnjak JJ, Ning G, Saito T, Miura M, Gut-
terman DD. Role for hydrogen peroxide in flow-induced 
dilation of human coronary arterioles. Circ Res 2003;92. 
https://​doi.​org/​10.​1161/​01.​res.​00000​54200.​44505.​ab.

	63.	 Yada T, Shimokawa H, Hiramatsu O, Kajita T, Shigeto 
F, Goto M, et  al. Hydrogen peroxide, an endogenous 
endothelium-derived hyperpolarizing factor, plays an 
important role in coronary autoregulation in vivo. Circu-
lation. 2003;107:1040–5. https://​doi.​org/​10.​1161/​01.​CIR.​
00000​50145.​25589.​65.

	64.	 Liu Y, Zhao H, Li H, Kalyanaraman B, Nicolosi AC, 
Gutterman DD. Mitochondrial sources of H2O2 genera-
tion play a key role in flow-mediated dilation in human 
coronary resistance arteries. Circ Res. 2003;93:573–80. 
https://​doi.​org/​10.​1161/​01.​RES.​00000​91261.​19387.​AE.

	65.	 Beyer AM, Freed JK, Durand MJ, Riedel M, Ait-Aissa K, 
Green P, et al. Critical role for telomerase in the mecha-
nism of flow-mediated dilation in the human microcircula-
tion. Circ Res. 2016;118:856–66. https://​doi.​org/​10.​1161/​
CIRCR​ESAHA.​115.​307918.

	66.	 Juguilon C, Wang Z, Wang Y, Enrick M, Jamaiyar A, 
Xu Y, et  al. Mechanism of the switch from NO to H 2 
O 2 in endothelium-dependent vasodilation in diabetes. 
Basic Res Cardiol 2022;117. https://​doi.​org/​10.​1007/​
S00395-​022-​00910-1.

https://doi.org/10.1093/NAR/GKAB835
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1074/mcp
https://doi.org/10.1002/PMIC.201400449
https://doi.org/10.1002/PMIC.201400449
https://doi.org/10.1093/BIOINFORMATICS/BTX752
https://doi.org/10.1093/BIOINFORMATICS/BTX752
https://doi.org/10.1093/BIOINFORMATICS/BTZ931
https://doi.org/10.1093/BIOINFORMATICS/BTZ931
https://doi.org/10.1186/S12859-015-0611-3/FIGURES/4
https://doi.org/10.1016/j.vph.2019.106581
https://doi.org/10.1161/jaha.120.016929
https://doi.org/10.3389/fphar.2017.00183
https://doi.org/10.1124/jpet.105.098798
https://doi.org/10.1016/j.prostaglandins.2012.02.002
https://doi.org/10.1016/j.prostaglandins.2012.02.002
https://doi.org/10.1016/S0021-9150(00)00750-4
https://doi.org/10.1016/S0021-9150(00)00750-4
https://doi.org/10.1172/JCI7818
https://doi.org/10.1016/J.EJPHAR.2006.11.028
https://doi.org/10.1016/J.EJPHAR.2006.11.028
https://doi.org/10.1161/CIRCRESAHA.120.315930/FORMAT/EPUB
https://doi.org/10.1161/CIRCRESAHA.120.315930/FORMAT/EPUB
https://doi.org/10.1016/J.ATHEROSCLEROSIS.2023.117275
https://doi.org/10.1016/J.ATHEROSCLEROSIS.2023.117275
https://doi.org/10.1136/BMJOPEN-2016-012457
https://doi.org/10.1136/BMJOPEN-2016-012457
https://doi.org/10.3389/FCVM.2023.1278795/BIBTEX
https://doi.org/10.1161/01.res.0000054200.44505.ab
https://doi.org/10.1161/01.CIR.0000050145.25589.65
https://doi.org/10.1161/01.CIR.0000050145.25589.65
https://doi.org/10.1161/01.RES.0000091261.19387.AE
https://doi.org/10.1161/CIRCRESAHA.115.307918
https://doi.org/10.1161/CIRCRESAHA.115.307918
https://doi.org/10.1007/S00395-022-00910-1
https://doi.org/10.1007/S00395-022-00910-1


2701GeroScience (2025) 47:2673–2701	

Vol.: (0123456789)

	67.	 Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, 
Vita JA, et al. Changes in arterial stiffness and wave reflec-
tion with advancing age in healthy men and women: the 
Framingham Heart Study. Hypertension. 2004;43:1239–45. 
https://​doi.​org/​10.​1161/​01.​HYP.​00001​28420.​01881.​aa.

	68.	 Merz AA, Cheng S. Sex differences in cardiovascular 
ageing. Heart. 2016;102:825–31. https://​doi.​org/​10.​1136/​
heart​jnl-​2015-​308769.

	69.	 Nielsen RV, Fuster V, Bundgaard H, Fuster JJ, Johri AM, 
Kofoed KF, et al. Personalized intervention based on early 
detection of atherosclerosis: JACC state-of-the-art review. 
J Am Coll Cardiol. 2024;83:2112–27. https://​doi.​org/​10.​
1016/J.​JACC.​2024.​02.​053.

	70.	 López-Grueso MJ, Lagal DJ, García-Jiménez ÁF, Tarra-
das RM, Carmona-Hidalgo B, Peinado J, et al. Knockout 
of PRDX6 induces mitochondrial dysfunction and cell 
cycle arrest at G2/M in HepG2 hepatocarcinoma cells. 
Redox Biol. 2020;37:101737. https://​doi.​org/​10.​1016/J.​
REDOX.​2020.​101737.

	71.	 Tayyeb A, Dihazi GH, Tampe B, Zeisberg M, Tampe D, 
Hakroush S, et al. Calreticulin shortage results in disturbance 
of calcium storage, mitochondrial disease, and kidney injury. 
Cells 2022;11. https://​doi.​org/​10.​3390/​CELLS​11081​329.

	72.	 Feng W, Rosca M, Fan Y, Hu Y, Feng P, Lee HG, 
et  al. Gclc deficiency in mouse CNS causes mitochon-
drial damage and neurodegeneration. Hum Mol Genet. 
2017;26:1376. https://​doi.​org/​10.​1093/​HMG/​DDX040.

	73.	 Csiszar A, Tarantini S, Yabluchanskiy A, Balasubrama-
nian P, Kiss T, Farkas E, et al. Role of endothelial NAD 
deficiency in age-related vascular dysfunction. Am J 
Physiol Hear Circ Physiol. 2019;316:1253–66. https://​doi.​
org/​10.​1152/​ajphe​art.​00039.​2019.

	74.	 Sakamuri SSVP, Sure VN, Kolli L, Liu N, Evans WR, Sperling 
JA, et al. Glycolytic and oxidative phosphorylation defects pre-
cede the development of senescence in primary human brain 
microvascular endothelial cells. GeroScience. 2022;44:1975–
94. https://​doi.​org/​10.​1007/​S11357-​022-​00550-2.

	75.	 Yi L, Maier AB, Tao R, Lin Z, Vaidya A, Pendse S, et al. The 
efficacy and safety of β-nicotinamide mononucleotide (NMN) 
supplementation in healthy middle-aged adults: a randomized, 
multicenter, double-blind, placebo-controlled, parallel-group, 
dose-dependent clinical trial. GeroScience. 2023;45:29–43. 
https://​doi.​org/​10.​1007/​S11357-​022-​00705-1.

	76.	 Kiss T, Nyúl-Tóth Á, Balasubramanian P, Tarantini S, Ahire 
C, Yabluchanskiy A, et  al. Nicotinamide mononucleotide 
(NMN) supplementation promotes neurovascular rejuvena-
tion in aged mice: transcriptional footprint of SIRT1 activa-
tion, mitochondrial protection, anti-inflammatory, and anti-
apoptotic effects. GeroScience. 2020;42:527–46. https://​doi.​
org/​10.​1007/​S11357-​020-​00165-5.

	77.	 Kiss T, Giles CB, Tarantini S, Yabluchanskiy A, Balasu-
bramanian P, Gautam T, et al. Nicotinamide mononucleo-
tide (NMN) supplementation promotes anti-aging miRNA 
expression profile in the aorta of aged mice, predicting 
epigenetic rejuvenation and anti-atherogenic effects. 
GeroScience. 2019;41:419–39. https://​doi.​org/​10.​1007/​
S11357-​019-​00095-X.

	78.	 Suraj J, Kurpińska A, Zakrzewska A, Sternak M, Stojak 
M, Jasztal A, et  al. Early and late endothelial response 
in breast cancer metastasis in mice: simultaneous 
quantification of endothelial biomarkers using a mass 

spectrometry-based method. DMM Dis Model Mech 
2019;12. https://​doi.​org/​10.​1242/​dmm.​036269.

	79.	 Coutu DL, Jian HW, Monette A, Rivard GÉ, Blostein 
MD, Galipeau J. Periostin, a member of a novel family of 
vitamin K-dependent proteins, is expressed by mesenchy-
mal stromal cells. J Biol Chem. 2008;283:17991–8001. 
https://​doi.​org/​10.​1074/​JBC.​M7080​29200.

	80.	 Siltari A, Vapaatalo H. Vascular calcification, vitamin K 
and warfarin therapy - possible or plausible connection? 
Basic Clin Pharmacol Toxicol. 2018;122:19–24. https://​
doi.​org/​10.​1111/​bcpt.​12834.

	81.	 Berkner KL, Runge KW. The physiology of vitamin K 
nutriture and vitamin K-dependent protein function in ath-
erosclerosis. J Thromb Haemost. 2004;2:2118–32. https://​
doi.​org/​10.​1111/j.​1538-​7836.​2004.​00968.x.

	82.	 Klóska D, Kopacz A, Piechota-Polańczyk A, Neumayer C, 
Huk I, Dulak J, et  al. Biliverdin reductase deficiency trig-
gers an endothelial-to-mesenchymal transition in human 
endothelial cells. Arch Biochem Biophys. 2019;678:108182. 
https://​doi.​org/​10.​1016/J.​ABB.​2019.​108182.

	83.	 Forgione MA, Weiss N, Heydrick S, Cap A, Klings ES, 
Bierl C, et al. Cellular glutathione peroxidase deficiency and 
endothelial dysfunction. Am J Physiol Heart Circ Physiol 
2002;282. https://​doi.​org/​10.​1152/​AJPHE​ART.​00598.​2001.

	84.	 Straub AC, Lohman AW, Billaud M, Johnstone SR, 
Dwyer ST, Lee MY, et  al. 2012 Endothelial cell expres-
sion of haemoglobin α regulates nitric oxide signalling. 
Nat. 2012;4917424(491):473–7. https://​doi.​org/​10.​1038/​
natur​e11626.

	85.	 Li DX, Chen W, Jiang YL, Ni JQ, Lu L. Antioxidant pro-
tein peroxiredoxin 6 suppresses the vascular inflamma-
tion, oxidative stress and endothelial dysfunction in angio-
tensin II-induced endotheliocyte. Gen Physiol Biophys. 
2020;39:545–55. https://​doi.​org/​10.​4149/​GPB_​20200​29.

	86.	 El Eter E, Al Masri A, Habib S, Al Zamil H, Al Hersi A, 
Al Hussein F, et  al. Novel links among peroxiredoxins, 
endothelial dysfunction, and severity of atherosclerosis 
in type 2 diabetic patients with peripheral atherosclerotic 
disease. Cell Stress Chaperones. 2014;19:173. https://​doi.​
org/​10.​1007/​S12192-​013-​0442-Y.

	87.	 Kisucka J, Chauhan AK, Patten IS, Yesilaltay A, Neu-
mann C, Van Etten RA, et  al. Peroxiredoxin1 prevents 
excessive endothelial activation and early atherosclerosis. 
Circ Res. 2008;103:598. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​108.​174870.

	88.	 Ahamed M, Verma S, Kumar A, Siddiqui MKJ. Delta-
aminolevulinic acid dehydratase inhibition and oxidative 
stress in relation to blood lead among urban adolescents. 
Hum Exp Toxicol. 2006;25:547–53. https://​doi.​org/​10.​
1191/​09603​27106​HET65​7OA.

	89.	 Liu JT, Song E, Xu A, Berger T, Mak TW, Tse H-F, et al. 
Lipocalin-2 deficiency prevents endothelial dysfunction 
associated with dietary obesity: role of cytochrome P450 
2C inhibition. Br J Pharmacol. 2012;165:520–31. https://​
doi.​org/​10.​1111/j.​1476-​5381.​2011.​01587.x.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1161/01.HYP.0000128420.01881.aa
https://doi.org/10.1136/heartjnl-2015-308769
https://doi.org/10.1136/heartjnl-2015-308769
https://doi.org/10.1016/J.JACC.2024.02.053
https://doi.org/10.1016/J.JACC.2024.02.053
https://doi.org/10.1016/J.REDOX.2020.101737
https://doi.org/10.1016/J.REDOX.2020.101737
https://doi.org/10.3390/CELLS11081329
https://doi.org/10.1093/HMG/DDX040
https://doi.org/10.1152/ajpheart.00039.2019
https://doi.org/10.1152/ajpheart.00039.2019
https://doi.org/10.1007/S11357-022-00550-2
https://doi.org/10.1007/S11357-022-00705-1
https://doi.org/10.1007/S11357-020-00165-5
https://doi.org/10.1007/S11357-020-00165-5
https://doi.org/10.1007/S11357-019-00095-X
https://doi.org/10.1007/S11357-019-00095-X
https://doi.org/10.1242/dmm.036269
https://doi.org/10.1074/JBC.M708029200
https://doi.org/10.1111/bcpt.12834
https://doi.org/10.1111/bcpt.12834
https://doi.org/10.1111/j.1538-7836.2004.00968.x
https://doi.org/10.1111/j.1538-7836.2004.00968.x
https://doi.org/10.1016/J.ABB.2019.108182
https://doi.org/10.1152/AJPHEART.00598.2001
https://doi.org/10.1038/nature11626
https://doi.org/10.1038/nature11626
https://doi.org/10.4149/GPB_2020029
https://doi.org/10.1007/S12192-013-0442-Y
https://doi.org/10.1007/S12192-013-0442-Y
https://doi.org/10.1161/CIRCRESAHA.108.174870
https://doi.org/10.1161/CIRCRESAHA.108.174870
https://doi.org/10.1191/0960327106HET657OA
https://doi.org/10.1191/0960327106HET657OA
https://doi.org/10.1111/j.1476-5381.2011.01587.x
https://doi.org/10.1111/j.1476-5381.2011.01587.x

	Effects of life-long hyperlipidaemia on age-dependent development of endothelial dysfunction in humanised dyslipidaemic mice
	Abstract 
	Introduction
	Methods
	Animals
	Assessment of insulin resistance based on glucose tolerance test
	Assessment of acetylcholine-induced vasodilation in vivo by magnetic resonance imaging
	Blood sampling for biochemical analysis, tissue collection
	Assessment of acetylcholine-induced vasodilation in isolated aorta ex vivo
	Measurement of hydrogen peroxide production in the aorta
	Assessment of vascular bioenergy functional profile
	Assessment of biomarkers of endothelial dysfunction in plasma
	Histological assessment of atherosclerotic plaques
	Global  proteomic analysis in plasma
	Global proteomic analysis in the aorta
	Statistical analysis

	Results
	General characteristics of 8–40-week-old E3L.CETP mice
	Accelerated, age-dependent impairment of acetylcholine- and flow-induced endothelial response in 8–40-week-old E3L.CETP mice, compared to C57BL6J mice, studied in vivo with MRI
	A switch from NO-dependent to H2O2-dependent vasodilation in the aorta in 8-week-old E3L.CETP mice
	Biomarkers of endothelial dysfunction in plasma in 8–28-week-old E3L.CETP mice with targeted proteomic analysis
	Alterations in aortic proteome in 8-week-old and 40-week-old E3L.CETP male and female mice as compared to age and sex-matched C57BL6J mice by global  proteomic analysis
	Identification of ageing markers in E3L.CETP and C57BL6J mice as well as hyperlipidaemia markers in 8-week-old and 40-week-old E3L.CETP male and female mice, in aortic proteome by global proteomic analysis
	Alterations in plasma proteome in 8-week-old and 28-week-old E3L.CETP male and female mice as compared to age and sex-matched C57BL6J by global  proteomic analysis
	Alterations in vascular mitochondrial metabolism in 48-week-old E3L.CETP mice

	Discussion
	Acknowledgements 
	References


