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ABSTRACT 

Atherosclerosis is a progressive inflammatory disease characterized by the 
accumulation of lipids and fibrotic elements in the arterial wall. Incidence of type 2 
diabetes mellitus (T2DM) has risen globally throughout the years and is known to 
accelerate the progression of atherosclerosis. Macrophages have a key role in 
regulating atherosclerotic disease activity and can either prevent or provoke disease 
progression. Positron emission tomography (PET) is an imaging technique used to 
image biological processes in vivo and it may provide tools for non-invasive 
evaluation of atherosclerotic disease activity. 

The aim of this thesis was to evaluate the applicability of three novel PET tracers 
68Ga-NODAGA-exendin-4, (2S, 4R)-4-[18F]fluoroglutamine (18F-FGln) and 18F-
AlF-NOTA-folate (18F-FOL) for the imaging of atherosclerotic disease activity and 
to study the effects of a T2DM treatment, dipeptidyl peptidase-4 (DPP-4) inhibitor 
linagliptin, using an established PET tracer. The studies were conducted using two 
mouse models and a rabbit model of atherosclerosis, with or without diabetes. Tracer 
uptake was assessed by in vivo PET imaging and the uptake was confirmed by 
analyses of ex vivo biodistribution and ex vivo and in vitro autoradiography of 
atherosclerotic vessels. Immunohistolochemical staining was used to confirm the 
precense of the tracer target in the tissues and blocking experiments were performed 
to ensure the specifity of the tracers. The effects of linagliptin intervention on 
atherosclerotic plaque formation and inflammation and hepatic steatosis and 
inflammation was evaluated from histology and by utilizing 2-deoxy-2-[18F]fluoro-
D-glucose (18F-FDG). 

The results demonstrated that 68Ga-NODAGA-exendin-4, 18F-FGln and 18F-FOL 
all detected atherosclerotic lesions in vivo. Linagliptin treatment showed no effect 
on atherosclerotic plaque formation or inflammation or hepatic steatosis. However 
it did sigificantly enhance glucose tolerance of the mice and decrease hepatic 
inflammation. In conclusion, all three studied PET tracers showed potential for the 
imaging of atherosclerotic disease activity. We did not find evidence of reduced 
inflammatory activity in atherosclerotic lesions by linagliptin treatment in this 
model.  

KEYWORDS: Atherosclerosis, type 2 diabetes mellitus (T2DM), inflammation, 
positron emiossion tomography (PET) imaging   
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TIIVISTELMÄ 

Ateroskleroosi on etenevä tulehduksellinen sairaus, jossa rasvaa ja sidekudosta 
kertyy verisuonten seinämiin. Tyypin 2 diabeteksen (T2DM) esiintyvyys on vuosien 
aikana noussut maailmanlaajuisesti ja sen tiedetään kiihdyttävän ateroskleroosin 
etenemistä. Makrofageilla eli syöjäsoluilla on tärkeä rooli ateroskleroosin tauti-
aktiivisuuden säätelyssä ja ne voivat joko estää tai edistää sairauden etenemistä. 
Positroniemissiotomografia (PET) on kuvantamismenetelmä, jolla voidaan kuvata 
biologisia toimintoja in vivo ja se voi mahdollistaa ateroskleroosin tautiaktiivisuuden 
ei-invasiivisen arvioinnin. 

Tämän väitöskirjatyön tarkoituksena oli tutkia kolmen uuden PET merkkiaineen 
68Ga-NODAGA-exendin-4, (2S, 4R)-4-[18F]fluoroglutamiini (18F-FGln) ja 18F-AlF-
NOTA-folaatti (18F-FOL) soveltuvuutta ateroskleroosin tautiaktiivisuuden kuvanta-
miseen ja diabeteslääkkeenä käytettävän dipeptidyylipeptidaasi-4 (DPP-4) inhibiit-
torin linagliptiinin vaikutuksia hyödyntämällä tunnettua merkkiainetta. Tutkimukset 
suoritettiin kahdella ateroskleroosin hiirimallilla sekä kanimallilla, osalla hiiristä oli 
lisäksi diabetes. Merkkiaineiden kertymistä tutkittiin in vivo PET kuvantamisella ja 
kertymä varmistettiin analysoimalla ex vivo kudosjakautuminen sekä ateroskleroot-
tisten verisuonten ex vivo ja in vitro autoradiografia. Kudosvärjäysten avulla 
varmistettiin, että merkkiaineen kohdetta on kudoksissa ja merkkiaineiden spesi-
finen sitoutuminen varmistettiin merkkiaineen sitoutumista estävillä kokeilla. 
Linagliptiinin vaikutuksia ateroskleroottisten plakkien muodostumiseen ja 
tulehdukseen sekä maksan rasvoittumiseen ja tulehdukseen tutkittiin histologisen 
arvioinnin ja 2-deoksi-2-[18F]fluoro-D-glukoosin (18F-FDG) avulla. 

Tulokset osoittivat, että 68Ga-NODAGA-exendin-4, 18F-FGln ja 18F-FOL 
kertymä ateroskleroottisiin plakkeihin voitiin havaita in vivo. Linagliptiini-hoidolla 
ei ollut vaikutusta ateroskleroosiin tai maksan rasvoittumiseen. Se kuitenkin 
merkittävästi paransi hiirten sokerinsietokykyä ja vähensi maksan tulehdusta. 
Yhteenvetona voidaan todeta, että kaikki tutkitut merkkiaineet voivat soveltua 
ateroskleroosin tautiaktiivisuuden kuvantamiseen. Linagliptiinihoidolla ei ollut 
havaittavaa vaikutusta ateroskleroottisten plakkien tulehduksen aktiivisuuteen 
tutkitulla kokeellisella mallilla. 

AVAINSANAT: Ateroskleroosi, tyypin 2 diabetes mellitus (T2DM), tulehdus, 
positroniemissiotomografia (PET)- kuvantaminen  
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Abbreviations 

18F-FDG 2-deoxy-2-[18F]fluoro-D-glucose 
18F-Gln (2S, 4R)-4-[18F]fluoroglutamine 
⍺-SMA Alpha smooth muscle actin 
ABCA1 ATP-binding cassette subfamily A 1 protein 
ABCG1 ATP-binding cassette subfamily G 1 protein 
AGE Advanced glycation end product 
ANOVA One-way analysis of variance 
APC Antigen presenting cell 
ApoB100 Apolipoprotein B 100 
ApoB48 Apolipoprotein B 48 
APOBEC-1 ApoB mRNA editing catalytic polypeptide-1 
APOC1 Apolipoprotein C1 
ApoE Apolipoprotein E 
ARG Autoradiography 
AUC Area under the curve 
CCL19 CC-chemokine ligand 19 
CE Cholesteryl ester 
CETP Cholesteryl ester transfer protein 
CT Computed tomography 
CV Cardiovascular 
CVD Cardiovascular disease 
DAP 3.3′-diaminobenzidine tetrahydrochloride hydrate 
DC Dendritic cell 
DPP-4 Dipeptidyl peptidase-4 
EC Endothelial cell 
eNOS Endothelial NO synthase 
ET-1 Endothelin-1 
Fbn1 Fibrillin-1 
FFA Free fatty acid 
FH Familial hypercholesterolemia 
FKN Fractalkine (also known as CX3CL1) 
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FR Folate receptor 
GIP Gastric inhibitory polypeptide 
GLP-1 Glucagon-like peptide-1 
GPL-1R GLP-1 receptor 
GLP-1RA GLP-1R agonist 
GLUT Glucose transporter 
Hb Hemoglobin 
HE Hematoxylin and eosin 
HFD High-fat diet 
HDL High-density lipoprotein 
HIF-1⍺ Hypoxia-inducible factor 1 ⍺ 
HO-1 Heme oxygenase 1 
HPLC High-performance liquid chromatography 
hsCRP High sensitivity C-reactive protein 
HSL Hormone sensitive lipase 
ICAM-1 Intercellular adhesion molecule-1 
Ig Immunoglobulin 
IGF Insulin-like growth factor 
IGF-II Insulin-like growth factor II 
IL Interleukin 
IMT Intima-media thickness 
INF-γ Interferon gamma  
iNOS Inducible nitric oxide synthase 
i.p. Intraperitoneal 
ipGTT Intraperitoneal glucose tolerance test 
i.v. Intravenous 
LDL Low-density lipoprotein 
LDLR LDL receptor 
LOX-1 ox-LDL receptor-1 
LPL Lipoprotein lipase 
LPS Lipopolysaccharide 
Ly6C Lymphocyte antigen 6 complex 
MACS Magnetic-activated cell sorting 
MCP-1 Monocyte chemoattractant protein-1 (also known as CCL2) 
M-CSF Macrophage colony-stimulating factor 
M(Hb) Hemoglobin stimulated macrophage 
MI Myocardial infarction 
MMP Matrix metalloproteinase 
MRC-1 Mannose receptor C-type 1 
MRI Magnetic resonance imaging 
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mRNA Messenger RNA 
NADPH Nicotinamide adenine dinucleotide phosphate 
NAFLD Non-alcoholic fatty liver disease 
NAS NAFLD scoring 
NASH Non-alcoholic steatohepatitis 
NF-κB Nuclear factor kappa B 
NO Nitric oxide 
Nrf2 Nuclear factor erythroid 2–related factor 2  
oGTT Oral glucose tolerance test 
oxLDL Oxidized LDL 
PBS Phosphate-buffered saline 
PCSK9 Subtilisin/kexin type 9 
PET Positron emission tomography 
PSL/mm2 Photostimulated luminescence per square millimeter 
rAAV Recombinant adeno-associated virus 
RAGE AGE receptor 
RANTES Regulated on activated normal T-cell expressed and secreted (also 

known as CCL-5) 
ROS Reactive oxygen species 
SD standard deviation 
SGLT2 Sodium-glucose co-transporter-2 
SUV Standardized uptake value 
TBR Target-to-background ratio 
T2DM Type 2 diabetes mellitus 
TG Triglyceride 
TGF-β Transforming growth factor beta 
TH T helper cell 
Th-1 Type 1 T helper cell 
Th-2 Type 2 T helper cell 
TNF-⍺ Tumor necrosis factor alpha 
Treg Regulatory T-cells 
TSPO Translocator protein 
VCAM-1 Vascular cell adhesion molecule-1 
VEGF Vascular endothelial growth factor 
VLDL Very low-density lipoprotein 
VSMC Vascular smooth muscle cell 



 11 

List of Original Publications 

The thesis is based on the following original publications, which are referred to in 
the text by their Roman numerals: I–IV. 

I. Jenni Virta, Sanna Hellberg, Heidi Liljenbäck, Mia Ståhle, Johanna MU 
Silvola, Jenni Huusko, Mirva Söderström, Juhani Knuuti, Pirjo Nuutila, 
Seppo Ylä-Herttuala, Maria F. Gomez, Anne Roivainen, Antti Saraste. 
Effects of dipeptidyl peptidase 4 inhibition on inflammation in 
atherosclerosis: A 18F-fluorodeoxyglucose study of a mouse model of 
atherosclerosis and type 2 diabetes. Atherosclerosis. 2020; 305: 64–72. 

II. Mia Ståhle, Sanna Hellberg, Jenni Virta, Heidi Liljenbäck, Olli Metsälä, 
Xiang-Guo Li, Matti Jauhiainen, Pekka Saukko, Seppo Ylä-Herttuala, Pirjo 
Nuutila, Juhani Knuuti, Antti Saraste, Anne Roivainen. Evaluation of 
glucagon-like peptide-1 receptor expression in nondiabetic and diabetic 
atherosclerotic mice using PET tracer 68Ga-NODAGA-exendin-4. American 
Journal of Physiology- Endocrinology and Metabolism 2021; 320(5): E989–
E998. 

III. Senthil Palani, Maxwell W.G. Miner, Jenni Virta, Heidi Liljenbäck, Olli 
Eskola, Tiit Örd, Aarthi Ravindran, Minna U. Kaikkonen, Juhani Knuuti, 
Xiang-Guo Li, Antti Saraste, Anne Roivainen. Exploiting Glutamine 
Consumption in Atherosclerotic Lesions by Positron Emission Tomography 
Tracer (2S,4R)-4-18F-Fluoroglutamine. Frontiers of Immunology 2022; 13: 
821423. 

IV. Johanna M.U. Silvola, Xiang-Guo Li, Jenni Virta, Päivi Marjamäki, Heidi 
Liljenbäck, Jarkko P. Hytönen, Miikka Tarkia, Virva Saunavaara, Saija 
Hurme, Senthil Palani, Harri Hakovirta, Seppo Ylä-Herttuala, Pekka 
Saukko, Qingshou Chen, Philip S. Low, Juhani Knuuti, Antti Saraste, Anne 
Roivainen. Aluminum fluoride-18 labeled folate enables in vivo detection 
of atherosclerotic plaque inflammation by positron emission tomography. 
Scientific Reports 2018; 8(1): 9720. 

The original publications have been reprinted with the permission of copyright 
holders. 



 12 

1 Introduction 

Atherosclerosis is characterized by the accumulation of lipids and fibrous elements 
in the arterial wall resulting in lesion formation. It is the major cause of death 
globally and it is estimated that 31% of all deaths are caused by cardiovascular 
disease. Atherosclerosis is pronounced in low- to moderate-income countries where 
known risk factors such as obesity, unhealthy diet and physical inactivity are 
common. The main clinical manifestations of atherosclerosis are heart disease 
(commonly due to coronary atherosclerosis), and stroke, which are still the leading 
causes of death worldwide, even though there has been an overall decline in both 
cases. (Libby et al. 2019) 

Development of atherosclerosis is triggered when the level of circulating low-
density lipoproteins is increased and they start to accumulate in the vessel wall. In 
type 2 diabetes mellitus (T2DM), dyslipidemia, most often hypertriglyceridemia, is 
related to insulin resistance and can precede the development of overt diabetes. The 
lipoproteins are modified causing an inflammatory response and recruitment of 
monocytes from the circulation to the lesion site. The monocytes traverse into the 
vessel intima where they differentiate into macrophages, which ingest the modified 
lipoproteins, resulting in the formation of foam cells. Macrophages can either 
promote or prevent the progression of atherosclerosis by secreting several different 
cytokines. Proinflammatory macrophages can decrease collagen synthesis and 
secrete proteolytic enzymes that in later stages of the disease can lead to plaque 
erosion or rupture. (Wu et al. 2017.) T2DM affects more than 370 million people 
worldwide as a result of increased obesity. Diabetes is known to accelerate the 
development of atherosclerosis due to dyslipidemia, oxidative stress, hyperglycemia, 
and increased inflammation. (Poznyak et al. 2020.) As diabetes and atherosclerosis 
are tightly connected, a lot of research has been focusing on the cardiovascular 
effects of glucagon-like peptide-1 (GLP-1) targeting therapies that are used to treat 
T2DM (Ma et al. 2022; Gallego-Colon et al. 2018). 

Positron emission tomography (PET) imaging can be utilized to assess 
atherosclerotic disease activity. 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG), is the 
most well-known tracer which shows binding in macrophage-rich atherosclerotic 
lesions (Rudd 2002; Johnsrud et al. 2019; Toner et al. 2022). 18F-FDG-PET imaging 
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has been used to monitor therapy responses as well as identifying active plaques 
(Tawakol et al. 2013; Kim et al. 2020; Jarr et al. 2020). However, there are some 
limitations to 18F-FDG-PET imaging, raising the need for more specific tracers to 
evaluate atherosclerotic disease activity. This thesis evaluates three novel PET 
tracers for imaging atherosclerotic disease activity in mouse and rabbit models of 
atherosclerosis. In addition, the effects of dipeptidyl peptidase-4 (DPP-4) inhibitor 
linagliptin on atherosclerotic plaque formation and inflammation and hepatic 
inflammation and steatosis are studied in a mouse model of atherosclerosis and 
T2DM.
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2 Review of the literature 

2.1 Atherosclerosis 

2.1.1 Pathophysiology of atherosclerosis 
Atherosclerosis is a progressive arterial disease involving both the innate and 
adaptive immune system and is characterized by chronic low-grade inflammation of 
the arterial wall, lipoprotein retention, and accumulation of fibrous elements leading 
to plaque formation (Benzon et al. 2014). Shear stress is vital for the homeostasis of 
vascular endothelial cells (EC). Atherosclerotic plaques commonly build up in areas 
with low shear stress in regions such as vessel curvatures and bifurcations, causing 
endothelial dysfunction, making these areas more prone to atherosclerosis. (Heo et 
al. 2014.) In addition to endothelial dysfunction, intimal thickening is one of the 
main characteristics of predilection sites where atherosclerotic plaques start to form. 
When the production of nitric oxide (NO) by ECs is impaired, permeability of the 
vessel wall is increased. It is accompanied by the accumulation of circulating low-
density lipoprotein (LDL) particles into the vessel intima where they undergo 
modification including oxidation, having proinflammatory effects. Modified LDLs 
induce endothelial and vascular smooth muscle cells (VSMC) to express adhesion 
molecules, chemoattractants and growth factors, which help attract and differentiate 
circulating monocytes. Monocytes are internalized into the intima, where they 
differentiate into macrophages. Macrophages ingest the modified lipoproteins and 
form foam cells, which is a hallmark of the early fatty streak lesions. (Falk 2006; 
Bentzon et al. 2014; Gimbrone et al. 2016.)  

Proliferation of VSMCs and synthesis of extracellular matrix components leads 
to the development of fibroatheromas where a fibrous cap is covering a necrotic core 
consisting of lipids, oxidized lipoproteins, cholesterol crystals, and cellular debris. 
The necrotic core forms when foam cells and VSMCs go through apoptosis or 
secondary necrosis and the removal of apoptotic remnants, efferocytosis, is impaired. 
(Bentzon et al. 2014.) The fibrous cap may lose thickness over time and 
fibroatheromas where the cap thickness is < 65 µm are considered as thin-cap 
fibroatheromas. Cap thickness and infiltration of macrophages correlate with plaque 
vulnerability. (Virmani et al. 2003.) Calcification is frequently observed in plaques, 
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and they can vary in size from early microcalcifications (≥ 0.5 to < 15 µm) that can 
further coalesce into larger calcified sheets and even whole plaque calcifications. 
Calcification is more advanced in men and the presence of diabetes accelerates the 
calcification process. (Otsuka et al. 2014.) Several studies have reported that 
coronary artery calcification correlates with adverse cardiac events, however it is 
unclear whether these events originate from highly calcified or mildly calcified 
plaques or from other lesions with no calcification. All in all, the presence of small 
calcifications like micro- or fragmented calcifications are thought to serve as 
predictors of unstable plaques, whereas large calcifications like sheet calcifications 
and fibrocalcific plaques (plaques characterized by a thick fibrous cap and extensive 
calcification) are predictors of more stable plaques. (Jinnouchi et al. 2020a.) 

Growing fibroatheromas often have areas that are hypoxic, promoting 
neovascularization.  Neovessels are often fragile having an incomplete mural cell 
coverage and compromised structural integrity and provide new entry pathways for 
monocytes (Sluimer et al. 2009; Moore & Tabas 2011). Erythrocytes leaking from 
neovessels into the plaques, increase the size of necrotic cores and further stimulate 
inflammation, potentially increasing the risk of plaque destabilization (Kolodgie et 
al. 2003). Plaques with these features are weaker and more vulnerable to rupture and 
erosion. The weakest part is usually located in the junction between the plaque and 
adjacent less-diseased vessel wall, the so-called shoulder region. Plaque ruptures can 
be caused by degradation of the fibrous cap and physical stressors such as increased 
heart rate and blood pressure. In plaque erosion, the endothelium is typically absent 
exposing the underlying plaque to circulating blood, triggering thrombosis. Plaque 
rupture can be asymptomatic, where the plaque heals and grows larger. However 
clinical manifestations can occur. (Falk et al. 1995; Virmani et al. 2000; Bentzon et 
al. 2014.) Figure 1. summarizes the main mechanisms underlying the pathogenesis 
of atherosclerosis. 

The main clinical manifestations of atherosclerosis are ischemic heart disease 
(IHD), stroke, and peripheral artery disease. In IHD, one or several coronary arteries 
become obstructed by atherosclerotic plaque, inhibiting normal blood flow to the 
myocardium, and inducing myocardial ischemia. Ischemia can also be caused by 
plaque erosion or rupture that causes an acute thrombus formation and can lead to a 
total blockage of an artery and subsequent myocardial infarction (MI). (Virmani et 
al. 2000; Severino et al. 2020.) Similarly, as in MI, during stroke blood flow to the 
brain is obstructed, causing ischemia and cell death. Peripheral artery disease affects 
the peripheral arteries, mainly the arteries in the lower limbs and kidneys, but also 
in the mesentery and the vicinity of the abdominal aorta. Blockage of a peripheral 
artery affects the patient’s mobility and can lead to amputation of the affected limb. 
(Herrington et al. 2016.) 
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Figure 1. Pathogenesis of atherosclerosis. Summary of the main mechanisms underlying the 

development of atherosclerotic lesions. Endothelial dysfunction increases the vessel wall 
permeability and it is accompanied by the accumulation of LDL in the intima where it is 
oxidized into oxLDL. Ly6Chi monocytes attach to VCAM-1s and transmigrate to the intima 
where they differentiate into macrophages, which ingest oxLDL, transforming into foam 
cells. VSMC proliferation and migration, and synthesis of extracellular matrix components 
leads to the formation of a fibrous cap that covers a lipid core (fibroatheroma). Dendritic 
cells as well as T-lymphocytes can be both pro- or antiatherogenic depending on their 
subpopulation, whereas B-lymphocytes are concidered more atheroprotective. Hypoxia 
inside the growing fibroatheroma causes the formation of a necrotic core consisting of 
apoptotic foam cells and VSMCs, promoting neovascularizarion. Fragile neovessels leak 
causing intraplaque hemorrhage which further increases plaque size and inflammation. 
Mast cells can destablizise the fibrotic cap, rendering the plaque prone to rupture. LDL= 
low-densitity lipoprotein, oxLDL= oxidized LDL, VCAM-1= vascular cell adhesion molecule 
1, VSMC= vascular smooth muscle cell. 

2.1.2 Inflammation in atherosclerosis 
Originally, atherosclerosis was mostly considered to be a lipid storage disease but 
over the years it became evident that inflammation is an integral part of atherogenesis 
when signs of inflammation were detected in several different animal models of 
atherosclerosis. Inflammation mediates disease progression in atherosclerosis and 
elevated levels of inflammatory biomarkers such as high sensitivity C-reactive 
protein (hsCRP) and different cytokines correlate with adverse prognosis. They can 
however also serve as implications for prevention. (Libby et al. 2002.)  

The inflammatory process in atherosclerosis is triggered by the formation and 
accumulation of minimally oxidized LDL (oxLDL). Circulating LDL is bound to 
apolipoprotein B 100 (ApoB100) and crosses the endothelium by both passive 
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filtration and active transcytosis involving different cell surface receptors. (Borén et 
al. 2020.) Once in the intima, ApoB-100 binds to proteoglycans resulting in the 
retention of LDL (Borén & Williams 2016). LDL undergoes modifications including 
glycation and oxidation after which it induces monocyte trafficking to the arterial 
wall and mediates proinflammatory responses (van der Valk et al. 2016; Borén et al. 
2020; Poznyak et al. 2023).  

Cytokines have an essential role in atherogenesis, but also in the regression of 
atherosclerosis. Cytokines are small signaling molecules that affect leukocyte 
extravasation and their differentiation and polarization. Chemokines are small 
chemotactic cytokines that signal through G-protein coupled transmembrane 
receptors and attract cells to enter tissues (chemotaxis) (Haribabu et al. 1999). 
Cytokines can be proinflammatory (interleukins IL-1β, IL-6, IL-12, IL-15, IL-18, 
tumor necrosis factor alpha, TNF-⍺ and interferon gamma INF-γ) or anti-
inflammatory (IL-4, IL-10, IL-13 and transforming growth factor beta, TGF-β) 
(Hansson & Libby 2006; Tedqui & Mallat 2006).  

Active proinflammatory cytokine, IL-1β, is produced mainly in monocytes, 
macrophages, and dendritic cells (DC). It increases the expression of cell adhesion 
molecules, attracts mononuclear phagocytes, and induces chemokine, monocyte 
chemoattractant protein-1 (MCP-1/CCL2). (Dinarello 2009; Libby 2017.) IL-6 
secretion from macrophages, monocytes, and other cell types typically follows IL-1 
stimulation and further increases expression of cell adhesion molecules as well as 
potentiates vascular permeability (Ridker & Rane 2021). Together with IL-12, these 
two cytokines also control the production of hsCRP, which is associated with an 
increased risk of cardiovascular complications and non-alcoholic fatty liver disease 
(NAFLD) (Mani et al. 2019; Henein et al. 2022; Zhao et al. 2023). 

Anti-inflammatory cytokine IL-10 has a key role in preventing atherosclerotic 
plaque development and modulates cellular and collagen plaque composition 
(Potteaux et al. 2004). TGF-β has an important role in plaque development and 
composition and lack of TGF-β signaling has been shown to result in an unstable 
plaque phenotype (Mallat et al. 2001). 

There are three main chemokines in atherogenesis. MCP-1/CCL2 attracts 
monocytes to transmigrate into the intima, regulated on activated normal T-cell 
expressed and secreted (RANTES/CCL5) attracts T cells, neutrophils, and 
monocytes and fractalkine (FKN/CX3CL1) mediates the arrest and migration of 
monocytes into the intima. (von Hundelshausen et al. 2001; Ancuta et al. 2003; 
Veillard et al. 2004; Blin et al. 2019; Georgakis et al. 2022.) Proinflammatory 
cytokines induce vascular ECs to express adhesion molecules for white blood cells 
on sites with low shear stress. The cells recognize adhesion molecules with their 
surface antigens, attach and transmigrate into the intima. The most important 
adhesion molecules are vascular cell adhesion molecule-1 (VCAM-1), intercellular 
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adhesion molecule-1 (ICAM-1) and P-selectin. (Nagel et al. 1994; Sakai et al. 1997; 
Nakashima et al. 1998; Cybulsky et al. 2001; Ye et al. 2019.) 

2.1.2.1 The role of macrophages in the pathogenesis of atherosclerosis 

Macrophages have a central role in innate immunity, and they are involved in all 
stages of atherogenesis from initiation to complications. Atherogenesis is initiated 
when the circulating levels of LDL are increased and start to accumulate in the intima 
through the dysfunctional endothelium. ECs secrete chemokines that attract 
monocytes into the intima where they differentiate into macrophages. In mice, the 
monocytes that are involved in atherogenesis are mostly from the proinflammatory 
subset Ly6Chi (CD14highCD16- in humans) which infiltrate into the plaque and 
differentiate into M1 macrophages. Anti-inflammatory subset of monocytes, Ly6Clo 

(CD14lowCD16+ in humans), are mostly involved in the resolution of inflammation 
and are considered to be the precursors of M2 macrophages (Moore & Tabas 2011; 
Yang et al. 2014; Kang et al. 2021.)  

Macrophage polarization 

The differentiation of monocytes into macrophages is driven by cytokines like 
macrophage colony-stimulating factor (M-CSF) (Moore & Tabas 2011). 
Macrophages are stimulated by several different signals to polarize into a variety of 
subclasses that all have specific functions in atherosclerosis. The polarization 
process is constantly ongoing since macrophages keep adapting to the changing 
microenvironment. Macrophages can also modulate the phenotype of other 
macrophages and thus affect plaque development. The subclasses express a unique 
set of surface molecules and secrete different cytokines and other soluble mediators 
that affect the course of atherosclerosis. There are currently six subclasses of 
macrophages identified in atherosclerotic plaques: M1, M2, Mox, hemoglobin 
stimulated macrophages (M (Hb)), Mhem, and M4. (Wu et al. 2023.)  

The proinflammatory M1 macrophages are activated by several different factors, 
including INF-γ and the toll-like receptor 4 ligand lipopolysaccharide (LPS). M1 
macrophages produce and secrete proinflammatory cytokines including TNF-⍺, IL-
6 and IL-1β. M1 (analogous to type 1 T helper cells (Th-1)) macrophages also 
produce chemokines like MCP-1/CCL2 and also inducible nitric oxide synthase 
(iNOS) and reactive oxygen species (ROS) by activating the nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase complex. The production of ROS can 
increase oxidative stress in the plaques and promote oxidation of LDL particles. 
Expression of chemokine receptor ligands on M1 macrophages promotes further 
recruitment of inflammatory cells Th-1 T cells and natural killer cells. The 
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accumulation and death of M1 macrophages causes the formation and expansion of 
the necrotic core in atherosclerotic plaques. (Tabas & Bornfeldt 2016; Jinnouchi et 
al. 2020b; Wu et al. 2023.) 

In contrast to M1 macrophages, M2 (analogous to type 2 T helper cells (Th-2)) 
macrophages are considered to be anti-inflammatory by nature and they are involved in 
clearing up cell debris and apoptotic cells and also contribute to tissue remodeling and 
repair. M2 macrophages are activated by IL-4 and IL-13 produced by Th-2 T cells, and 
secrete IL-10 and TGF-β, thereby promoting tissue repair. M2 macrophages can be 
further divided into four subtypes: M2a, M2b, M2c, and M2d. Subtype M2a is induced 
by cytokines IL-4 and IL-13 and express high levels of glucocorticoid receptor mannose 
receptor. They secrete pro-fibrotic factors like fibronectin, insulin-like growth factor 
(IGF), and TGF-β, thereby contributing to tissue repair which is the reason these 
macrophages are often referred to as wound healing macrophages. M2b macrophages 
are induced by immune complexes, TLR agonists, and IL-1R ligands and produce both 
anti-inflammatory cytokine IL-10 and proinflammatory cytokines IL-1, IL-6 and TNF-
α. M2c macrophages on the other hand, are induced by glucocorticoids and IL-10 and 
release large amounts of IL-10 and TGF-β causing a strong anti-inflammatory reaction 
against apoptotic cells. M2b and M2c macrophages are commonly referred to as 
regulatory macrophages. M2d has a proinflammatory effect, because it decreases 
phagocytosis, but its main action is anti-inflammatory. It inhibits secretion of pro-
inflammatory cytokines IL-12 and TNF-α and induces secretion of anti-inflammatory 
cytokine IL-10 and vascular endothelial growth factor (VEGF). M2d macrophages lack 
the expression of CD206, which distinguishes them from the other three M2 subtypes. 
(Jinnouchi et al. 2020b; Xie et al. 2022; Wu et al. 2023.) 

Oxidized LDL induces M1 and M2 macrophages to switch their polarization into 
Mox macrophages, mediated by transcription factor nuclear factor erythroid 2–related 
factor 2 (Nrf2) which upregulates a cluster of redox regulated genes including heme 
oxygenase 1 (HO-1). This change in gene expression is thought to protect the cells from 
cell death caused by oxidative stress. However, Mox macrophages also show 
upregulation of proinflammatory genes IL-1β and cyclooxygenase 2, making their role 
in atherosclerosis rather controversial. Mox macrophages are characterized by a reduced 
chemotactic and phagocytic capacity, which can contribute to tissue damage and the 
formation of a necrotic core. In LDL receptor knock out mice, Mox macrophages can 
comprise up to 30 % of all macrophages in advanced lesions. (Kadl et al. 2010.) 

Intraplaque hemorrhage releases hemoglobin (Hb), which binds to haptoglobin 
(Hp) forming Hb:Hp complexes. Hb:Hp complexes induce macrophages to polarize 
into M(Hb) macrophages that express MR and a scavenger receptor CD163 that bind 
Hb:Hp complexes and mediate their endocytosis. (Chinetti-Gbaguidi et al. 2015.) 
Hb:Hp complexes induce secretion of  anti-inflammatory cytokine IL-10, which 
upregulates the expression of CD163 thus amplifying the scavenging of Hb:Hp 
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complexes. IL-10 also increases intracellular production of HO-1 via an autocrine 
mechanism. (Philippidis et al. 2004.) Expression of scavenger receptors responsible 
for the uptake of oxLDL is downregulated in M(Hb) macrophages, but on the other 
hand, liver X receptor α activity is increased and expression of ATP-binding cassette 
subfamily A 1 and G1 proteins (ABCA1 and ABCG1) which are responsible for the 
efflux of cholesterol is upregulated, making M(Hb) cells resistant to foam cell 
formation (Habib & Finn 2014). Expression of the iron transporter ferroportin is 
upregulated in M(Hb) macrophages, leading to increased cellular export of iron, and 
thus decreased production of ROS, lowering oxidative stress. (Finn et al. 2012.) The 
endocytosed Hb:Hp complexes and erythrocytes release heme, which can induce 
macrophages to polarize into Mhem macrophages. Heme induces upregulation of 
HO-1 and transcription factor liver X receptor beta by activating transcription factor 
1. This leads to the upregulation of liver X receptor α and ABCA1 expression thereby 
enhancing cholesterol efflux and preventing foam cell formation and oxidative 
stress. (Boyle et al. 2012.) There are several similarities between M(Hb) and Mhem 
macrophages since they are both found in bleeding sites and unstable plaques and 
both have a role in iron handling and cholesterol efflux, providing protective effects 
against atherosclerosis (Wu et al. 2023). 

M4 macrophages are considered proinflammatory and proatherogenic and are 
induced by platelet factor 4 chemokine. They express several proinflammatory 
cytokines including IL-6 and TNF-α and expression of CD163 is down-regulated, 
making them prone to foam cell formation. They also overexpress 7 (MMP-7) which 
is an enzyme capable of degrading extracellular matrix and calcium-binding protein 
S100A8, which is a biomarker for cardiovascular events. (Erbel et al. 2015; 
Domschke & Gleissner 2019.) 

2.1.2.2 Other inflammatory cells in atherosclerosis 

Lymphocytes 

Lymphocytes can be divided into T-cells, which are located in atherosclerotic lesion 
sites and B-cells, which are located in the adventitia. Lymphocytes are less abundant 
in atherosclerotic lesions than macrophages, but they still have an important role in 
atherogenesis. (Weber et al. 2008.) B-cells develop from hematopoietic precursors 
in the bone marrow and upon activation maturate into antibody-secreting plasma 
cells in the spleen. They can be divided into subgroups according to their effects: 
B1, follicular, marginal zone, regulatory B-cells, and innate response activator B-
cells. B-cells express membrane-bound immunoglobulins called B-cell receptors 
that bind both autoantigens and foreign antigens and secrete antibodies including 
immunoglobulin M (IgM), E (IgE) and G (IgG). B-cells are generally considered to 
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have an atheroprotective role and IgM antibodies show a substantial protective effect 
by binding to and neutralizing oxidation-specific epitopes such as phosphorylcholine 
containing oxLDL and its degradation product malondialdehyde both of which are 
increased in atherosclerosis. (Sage et al. 2019.) 

Naïve T-cells originate from the thymus and migrate to atherosclerotic lesion 
sites via the circulation. Macrophages secrete TNF-⍺ which attracts more T-cells and 
B-cells to the developing lesions. In the lesions, T-cells are activated by antigen 
presenting cells (APC), usually macrophages or DCs which present epitopes of 
oxLDL and heatshock protein 60/65 (hsp60/65). All T-cell subsets (CD4+, CD8+, 
TCRγδ+ and NK cells can be found in atherosclerotic lesions, but there is a 
preponderance of CD4+ T-cells. (Tse et al. 2013.) CD4+ T-cells can differentiate into 
T helper cells (TH) or regulatory T-cells (Treg) though TH1 is the most common type 
found in developing lesions. TH1 cells secrete INF-γ and other pro-inflammatory 
cytokines that can activate macrophages which is why they are commonly 
considered proatherogenic but the role of other TH subsets in the development of 
atherosclerosis is still unclear. Treg cells secrete IL-10 and TGF-β both of which have 
atheroprotective effects. They also have the ability to suppress effector T-cell 
proliferation providing further protective effects. Mature CD8+ T-cells (cytotoxic T-
cells) are most common in advanced plaques, more specifically in the fibrous cap 
area, outnumbering even CD4+ T-cells. CD8+ T-cells can have both pro- and 
antiatherogenic effects depending on where their cytotoxic effects are directed to. 
(Saigusa et al. 2020.) 

Dendritic cells 

DCs differentiate from monocytes and are commonly found in the intima of healthy 
individuals, but their amount increases in atherosclerosis. They act in both innate and 
adaptive immunity and are able to activate both naïve and memory T cells. The role of 
DCs in atherosclerosis depends on the subpopulation. Mature DCs lose their 
efferocytosis ability and accumulate in sites of lesion progression. They attract T-cells 
by secreting chemokines such as CC-chemokine ligand 19 (CCL19) and activate 
autologous TH1 cells, which produce proinflammatory cytokines and IFN-γ, thus 
perpetuating lesion progression. Immature DCs can delete responsive T-cells and 
induce production of atheroprotective Treg cells. However, immature DCs are able to 
ingest lipids via efferocytosis and have a foam cell-like appearance, which suggests 
that they might also mediate early lipid accumulation in atherosclerotic lesions. 
Plasmacytoid DCs comprise only a small portion of all DCs. They possess 
proatherogenic properties by secreting IFN-α and IFN-β, but deletion of plasmacytoid 
DCs in experimental models has led to aggravation of atherosclerosis so their role in 
atherosclerosis is not yet clear. (Weber et al. 2008; Subramanian & Tabas 2014.) 
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Mast cells 

Mast cells are highly potent immune cells that originate from hematopoietic stem 
cells in the bone marrow and derived from circulating myeloid progenitor cells. Mast 
cells can be found both in adventitia and intimal areas and their numbers are 
significantly increased in ruptured plaques. Indeed, the number of mast cells 
increases in adventitia upon plaque progression and advanced plaque fibrous cap 
region, where secretion of tryptase can affect the fibrous-cap stability. Mast cells are 
also associated with intraplaque hemorrhage and colocalize with small fragile 
neovessels prone to leakage, providing further evidence that they are actively 
involved in destabilization of atherosclerotic plaques. (Hermans et al. 2019.)  

2.1.3 Animal models of atherosclerosis 
Animal models are essential in atherosclerosis research, providing insight into the 
molecular mechanisms behind atherosclerotic plaque formation and progression of 
the disease. Furthermore, animal models enable the initial assessment of novel 
treatments and diagnostic methods. Animal models of atherosclerosis are typically 
genetically modified to induce plaque formation due to changes in cholesterol 
metabolism leading to hypercholesterolemia. Plaque formation can be accelerated 
by feeding the animals a high-fat diet (HFD) rich in cholesterol, typically known as 
Western diet. The atherosclerotic phenotype may be accompanied by additional risk 
factors such as type 2 diabetes mellitus (T2DM). 

2.1.3.1 Mouse models of atherosclerosis 

Mice are the most frequently used species in atherosclerosis research for many 
reasons. Mice have rapid reproduction, a relatively short lifespan and are easy to 
genetically manipulate. It is also relatively inexpensive to breed and maintain mice. 
However, normal, healthy mice are generally resistant to atherosclerosis due to their 
different lipid profile compared to humans, making genetic modification mandatory 
in order to accelerate atherosclerosis. Most of the cholesterol in mice is packed in 
high-density lipoprotein (HDL) particles, whereas they have only small amounts of 
LDL and very high-density lipoprotein (VLDL). They also lack cholesteryl ester 
transfer protein (CETP) that facilitates the transport of cholesteryl esters (CE) and 
triglycerides (TG) between different lipoproteins contributing to atherogenic lipid 
profile. (Emini et al. 2017; Lee et al. 2017.) Most of the current atherosclerotic mouse 
models have been developed from C57BL/6J mice, which were found to be more 
susceptible to atherosclerotic lesion formation than other mouse strains (Paigen et al. 
1985). Mouse models of spontaneous atherosclerosis are summarized in Table 1. 
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Apolipoprotein E deficient (ApoE-/-) mouse model was developed in the early 
90’s by inactivating the endogenous apolipoprotein E (apoE) gene by homologous 
recombination in mouse embryonic stem cells (Piedrahita et al. 1992; Plump et al. 
1992). ApoE is a structural component of lipoprotein particles, especially in 
chylomicrons that are synthesized in the intestine and takes part in hepatic 
lipoprotein clearance by binding to LDL receptors. ApoE-/- mice exhibit 
hypercholesterolemia even on a low-fat diet due to the severely impaired plasma 
lipoprotein clearance. The elevated cholesterol levels are mostly comprised of 
increased amount of VLDL particles, although also intermediate density lipoproteins 
and LDL levels are elevated. (Plump & Breslow 1995.)  Already at 10 weeks of age 
the mice start developing atherosclerotic lesions throughout the arterial tree with 
predilection for aortic root, lesser curvature of the aortic arch, the principal branches 
of the aorta and in the pulmonary and carotid arteries. Feeding a HFD is often used 
to accelerate the disease progression. (Plump et al. 1992; Nakashima et al. 1994.) 

ApoE3-Leiden mutation was initially found in a large family study and is 
associated with a dominantly inherited form of familial dysbetalipoproteinemia. The 
mutation was recreated in mice by introducing a 27 kb DNA fragment containing the 
ApoE3-Leiden gene, apolipoprotein C1 (APOC1) gene and a liver-positive element. 
ApoE3-Leiden mice display hyperlipoproteinemia which is exacerbated by feeding 
the mice a HFD. The mice develop atherosclerotic plaques in the aorta and large 
vessels only on HFD and exhibit all lesion types except type VI lesions with plaque 
rupture, thrombus formation, and hemorrhage. (van den Maagdenberg et al. 1993; 
Lutgens et al. 1999.) To make the ApoE3-Leiden mice more comparable to humans, 
they were crossbred with a mouse strain that expresses human CETP. CETP 
mediates the exchange of CEs and TGs between ApoB containing lipid particles and 
HDL in plasma. CETP-ApoE3-Leiden mice have lowered HDL and increased LDL 
and VLDL levels and develop much more advanced atherosclerotic lesions than 
ApoE3-Leiden mice alone. (Westerterp et al. 2006.) 

LDL-receptor deficient (LDLR-/-) mice were created in 1993 using homologous 
recombination technique on mouse embryonic stem cells. The mice lack functional LDL 
receptors. On a chow diet LDLR-/- mice exhibit mild elevation of plasma cholesterol 
levels and usually no or slow atherosclerotic lesion formation. HFD induces severe 
hypercholesterolemia and development of atherosclerotic lesions that resembles familial 
hypercholesterolemia (FH) in humans both in the lipid profile and lesion formation. The 
mice develop lesions in the aorta, coronary ostia, and the aortic root. Prolonged feeding 
of a HFD can also cause the mice to develop xanthomas where cholesterol-loaded 
macrophages accumulate in the skin and subcutaneous tissue. (Ishibashi et al. 1993; 
1994.) Soon after the introduction of the ApoE-/- and LDLR-/- mice, the ApoE/LDLR 
double knockout mouse strain was generated, exhibiting a more severe hyperlipidemia 
and atherosclerosis than its predecessors. On a chow diet, these mice develop marked 
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intima-media thickening of the ascending aorta. Their plasma cholesterol, TG and 
vitamin E levels also increase with age. (Bonthu et al. 1997; Witting et al. 1999.)  

The LDLR-/- strain has been used in combination with other genetic 
modifications, creating models that more closely resemble human atherosclerosis. In 
humans, lipoproteins mostly contain apolipoprotein B100 (ApoB100) but in mice 
the lipoproteins contain a truncated version, apolipoprotein B48 (ApoB48), which is 
produced in the liver due to ApoB messenger RNA (mRNA) editing, mediated by 
ApoB mRNA editing catalytic polypeptide-1 (APOBEC-1). A model that combines 
LDLR-/- mice with a mouse strain expressing only ApoB100 (LDLR-/- ApoB100/100) 
can be generated by targeted genetic mutation of the ApoB gene (Powell-Braxton et 
al. 1998) or by disrupting the APOBEC-1 gene resulting in abolished ApoB editing 
(Hirano et al. 1996). The reason why these mice develop hypercholesterolemia, lies 
in the lipoprotein clearance mechanism. LDL related protein has an important role 
in the clearing of ApoB48 and LDLR’s are responsible for the clearance of ApoB100 
containing lipoproteins (Véniant et al. 1998). Since LDLR-/- ApoB100/100 mice only 
express ApoB100 and lack LDLR’s, their cellular uptake of cholesterol is severely 
impaired, explaining why these mice develop hypercholesterolemia even on chow 
diet.  The hypercholesterolemia leads to the development of spontaneous and severe 
atherosclerosis throughout the aorta of these mice and male mice develop more 
extensive lesions than females. In addition, a great advantage of this model is that it 
closely resembles familial hypercholesterolemia in humans because of the unique 
lipid profile. (Powell-Braxton et al. 1998; Véniant et al. 1998.) 

The need to study combined effects of risk factors for atherosclerotic 
cardiovascular disease led to the development of a mouse strain where 
hypercholesterolemic and atherosclerotic LDLR-/- ApoB100/100 mice were cross-bred 
with a mouse strain that overexpresses insulin-like growth factor II in pancreatic beta 
cells (IGF-II/LDLR-/- ApoB100/100), giving the mice also characteristics of T2DM. 
These mice develop insulin resistance, hyperglycemia, and mild hyperinsulinemia, 
but have a similar lipid profile as LDLR-/- ApoB100/100 mice. The mice develop 
atherosclerotic lesions throughout the aorta regardless of the diet but on HFD the 
lesions are more advanced and show increased calcification. (Heinonen et al. 2007.) 

The above-mentioned mouse models were developed through germline genetic 
engineering but generating a model of atherosclerosis can also be achieved with 
different methods. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is highly 
expressed in the liver where it binds LDLRs and directs them into lysosomes for 
degradation, thus reducing uptake of LDL from the circulation. By injecting 
recombinant adeno-associated virus (rAAV) encoding gain-of-function mutant form 
of PCSK9 intravenously into mice, they start to overexpress PCSK9 resulting in 
significant hypercholesterolemia when the mice are fed a HFD and the development 
of atherosclerotic lesions. The PCSK9-AAV model can also be induced in other 
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species making it a very convenient tool for atherosclerosis research. (Bjørklund et 
al. 2014; Roche-Molina et al. 2015.) 

While these mouse models of atherosclerosis are of great use in atherosclerosis 
research, they are still lacking some characteristics that are common in human 
atherosclerosis, mainly vulnerable or ruptured plaques. Atherosclerotic lesions also 
predominantly form in the aorta, whereas in humans the carotid arteries are a common 
site for lesion development. (Bentzon & Falk 2010.) For this reason, ApoE-/- mice were 
crossbred with mice that have a heterozygous mutation (C1039G+/2) in the fibrillin-1 
(Fbn1) gene (ApoE-/-Fbn1C1039G+/-). When fed a HFD, ApoE-/-Fbn1C1039G+/- mice 
develop extensive atherosclerotic lesions with increased size of the necrotic core, 
augmented T-cell infiltration and significant decrease in collagen and elastin content 
resulting in a thinner fibrous cap. There is also increased expression of inflammatory 
markers and matrix degrading enzymes in the lesions and neovascularization and 
intraplaque hemorrhage in the common carotid arteries and brachiocephalic artery. 
These mice exhibit plaque ruptures followed by signs of stroke, MI, and sudden death, 
making them a very useful model for human end-stage atherosclerosis. (Van Herck et 
al. 2009; Van der Donckt et al. 2015.) One of the more recent mouse models combines 
Nrf2 deficient mice with LDLR-/-ApoB100/100 mice (Nrf2-/-LDLR-/-ApoB100/100). In this 
model, the phenotype differs between males and females as the female mice exhibit 
reduced lesion formation during ageing, whereas the males do not. Even though the 
lesion size is reduced, the size of the necrotic core is significantly increased at the age 
of 6 months and at 12 months, the lesions have extensive calcification. Fibrous cap 
thickness is also reduced, which further increases plaque instability. In male Nrf2-/-

LDLR-/-ApoB100/100 mice, plasma total cholesterol is lower than in LDLR-/-ApoB100/100 
mice, whereas the females do not differ in this regard. However, Nrf2 deficient females 
have reduced plasma TG levels. Unlike other mouse models of atherosclerosis, this 
model develops atherosclerotic lesions in the coronary arteries, which can lead to MI 
and sudden death. (Ruotsalainen et al. 2019.)  

There are a few novel mouse models that combine the atherosclerotic phenotype 
with either hypertension or the metabolic syndrome. A model that has atherosclerosis 
and hypertension was generated by combining the atherosclerotic ApoE-/- mouse 
model with the hypertensive NOS3 knockout mouse model (ApoE-/-NOS3-/-). The 
mice have higher total cholesterol and LDL levels than ApoE-/- mice on both chow and 
HFD and develop severe atherosclerotic lesions regardless of the diet. The mice also 
develop hypertension and hypertensive complications such as nephropathy and 
retinopathy. (Liu et al. 2022.) The model combines atherosclerosis, and the metabolic 
syndrome was generated by crossbreeding ApoE-/- mice with hypertensive BPH/2J 
Schlager mice (designated as BPHx). The mice develop hypertension regardless of the 
diet. When fed a HFD, the mice developed dyslipidemia characterized by elevated 
total cholesterol and TG levels and gained significantly more weight than ApoE-/- mice. 
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The mice become hyperglycemic with impaired glucose tolerance and insulin 
resistance and have increased plasma insulin levels. In addition, the mice exhibit an 
altered metabolic profile, which in part accounts for the increased weight gain. 
Atherosclerotic plaques develop in aortic sinuses with an increased amount of lipids 
and macrophages and a reduced amount of collagen, suggesting the plaques in this 
mouse model have a more unstable phenotype. (Dragoljevic et al. 2021.) 

Table 1. Mouse models of spontaneous atherosclerosis. 

Strain Model Characteristics References 
ApoE-/- Disruption of the apoE 

gene 
Hypercholesterolemia, atherosclerotic 
lesion formation on chow diet 

Piedrahita et al. 
1992 
Plump et al. 1992 
Nakashima et al. 
1994 

ApoE3-
Leiden 

ApoE3-Leiden mutation 
via DNA fragment 
(ApoE3-Leiden, APOC1, 
liver-positive element) 

Resembles familial 
dysbetalipoproteinemia, 
hyperlipoproteinemia, atherosclerotic 
lesion formation on HFD 

van den 
Maagdenberg et 
al. 1993 
Lutgens et al. 1999 

CETP-
ApoE3-
Leiden 

ApoE3-Leiden mutation, 
human CETP expression 

Hypercholesterolemia with 
humanized lipoprotein profile, 
atherosclerotic lesion formation on 
HFD 

Westerterp et al. 
2006 

LDLR-/- Disruption of the ldlr gene Resembles FH, atherosclerotic lesion 
formation on HFD 

Ishibashi et al. 
1993; 1994 

ApoE-/-

LDLR-/- 
Disruption of the apoE 
and ldlr genes 

More severe hypercholesterolemia 
and atherosclerotic lesion formation 
than its predecessors, intima-media 
thickening on chow diet 

Bonthu et al. 1997 
Witting et al. 1999 

LDLR-/-

ApoB100/100 
Disruption of the ldlr 
gene, expression of 
ApoB100 only 

Resembles FH, atherosclerotic lesion 
formation on chow diet 

Powell-Braxton et 
al. 1998 
Hirano et al. 1996 
Véniant et al. 1998 

IGF-
II/LDLR-/- 
ApoB100/100  

Expression of ApoB100 
only, disruption of the ldlr 
gene, IGF-II 
overexpression 

Resembles FH, atherosclerotic lesion 
formation on chow diet, insulin 
resistance, hyperglycemia, mild 
hyperinsulinemia 

Heinonen et al. 
2007 

PCSK9-
AAV 

Recombinant adeno-
associated virus- 
mediated gain-of-function 
mutation of PCSK9 gene  

Hypercholesterolemia, atherosclerotic 
lesion formation on HFD 

Bjørklund et al. 
2014  
Roche-Molina et 
al. 2015 

ApoE-/-

Fbn1C1039G 
Disruption of the apoE 
gene, C1039G mutation 
in the fibrillin-1 gene 

Hypercholesterolemia, atherosclerotic 
lesion formation on HFD, spontaneous 
plaque rupture, intraplaque 
neovascularization and hemorrhage 

Van Herck et al. 
2009  
Van der Donckt et 
al. 2015 

Nrf2-/-

LDLR-/- 
ApoB100/100 

Disruption of the ldlr and 
Nrf2 genes 

Resembles FH, female mice exhibit 
unstable lesions, coronary artery 
lesion formation, spontaneous MIs  

Ruotsalainen et al. 
2019 

ApoE-/-

NOS3-/- 
Disruption of the apoE 
and NOS3 genes  

Hypercholesterolemia, hypertension, 
atherosclerotic lesion formation on 
chow diet 

Liu et al. 2022 

BPHx Disruption of the apoE 
gene, BPH/2 (hypertensive 
strain developed by 
selective breeding) 

Metabolic disorder, hypertension, 
dyslipidemia, and unstable 
atherosclerotic lesion formation on 
HFD 

Dragoljevic et al. 
2021 
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2.1.3.2 Mechanically induced mouse models of vascular injury 

In addition to spontaneous mouse models of atherosclerosis there are also 
mechanically induced models that are utilized to study vascular injury resulting from 
post-angioplasty complications. A mouse model that resembles balloon-angioplasty 
is generated by inserting a straight spring wire into the femoral vein for 1 min causing 
denudation and dilatation of the artery. This results in medial cell apoptosis and 
neointimal hyperplasia composed of VSMCs. (Sata et al. 2000.) Another similar 
mouse model was produced by passing a 0.25 mm angioplasty guidewire 1-3 times 
in the femoral artery causing endoluminal injury which led to substantial intimal 
hyperplasia consisting mostly of VSMCs. The injury also resulted in the expression 
of adhesion molecules P-selectin, ICAM-1 and VCAM-1 on the luminal surface and 
rapid accumulation of neutrophils which were later replaced by macrophages. 
(Roque et al. 2000.) A more recent model of intensive vascular injury was produced 
by inserting a guide wire into the femoral artery, where it was left for 1 min and then 
retracted by twisting it to expand and damage the endothelium. The insertion and 
retraction were repeated ten more times causing breakdown of elastic lamina and 
neointimal hyperplasia consisting of ⍺-SMA-positive cells, ECs, and adventitia 
lineage cells. (Nomura-Kitabayashi & Kovacic 2018.) 

Photochemically and laser induced vascular injuries can also be used to cause 
hemostasis and thrombosis.  Photochemically induced injuries involve the use of a 
specific photosensitizer such as hematoporphyrin or Evan’s blue in conjunction with 
a low-powered laser. The laser stimulation of the dyes induces production of free 
radicals, which cause oxidative damage to the vascular endothelium. Laser induced 
injury is performed by using a high-powered laser which is focused on a small 
specific area of the vessel. The laser rapidly heats the tissue resulting in rupture of 
cells and tissue structures which can lead to a platelet and coagulation response. The 
extent of the injuries can vary from endothelial denudation to perforating injury to 
the vessel wall followed by bleeding, depending on the laser as well as biological 
parameters. (Stalker 2020.) 

2.1.3.3 Other animal models of atherosclerosis 

Even though mice are convenient in atherosclerosis research, larger animals like 
rabbits, pigs and non-human primates are better for in vivo imaging. Producing and 
maintaining these larger animal models is costly and time consuming and the disease 
course is much slower than in mice. The models can be both genetically engineered 
or mechanically induced by causing physical damage to the vessel or blocking it for 
example by balloon denudation or cuffing or using bottleneck stents (Abarbanell et 
al. 2010). 
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The Watanabe-heritable hyperlipidemic rabbits have a defect in the LDLR, 
which causes them to spontaneously develop hypercholesterolemia, atherosclerosis 
and tendon xanthoma, all resembling human familial hypercholesterolemia. 
Watanabe rabbits exhibit a wide range of atherosclerotic lesions from fatty streaks 
to advanced lesions and can also develop coronary atherosclerosis and MI. (Fan et 
al. 2015.) Other rabbit models of atherosclerosis include the cholesterol fed New 
Zealand White rabbit and ApoE knockout rabbits (Emini et al. 2017). 

2.2 Type 2 diabetes 
T2DM affects millions of people, and its prevalence has increased rapidly 
throughout the years. T2DM accounts for ∼90% of diabetes worldwide and is 
characterized by insulin resistance and hyperinsulinemia, which lead to impaired 
metabolism of glucose, lipids and proteins and is often accompanied by obesity and 
metabolic syndrome. Worryingly, the occurrence in children and adolescents is 
rising, and depending on the population, T2DM can account for 8–45% of all new 
cases of diabetes. T2DM can be found incidentally, but it is often undiagnosed until 
development of complications. (Baynest 2015; Bhori et al. 2022.) T2DM patients 
have a 2–4-fold increased risk of coronary artery disease and the most common cause 
of death among T2DM patients is cardiovascular complications (Beckman et al. 
2002). A recent study reported an association between early onset of T2DM and 
shorter life expectancy, highlighting the importance of prevention or delaying the 
onset of the disease (Emerging Risk Factors Collaboration 2023). While T2DM is 
strongly associated with obesity and lack of physical activity, there are also several 
genes that have been found to predispose to T2DM and one of the most studied is 
polymorphism in the gene coding for leptin receptors, which has shown strong 
association with T2DM (Su et al. 2016; Yang. et al. 2016; Bhori et al. 2022; Zeng et 
al. 2022).  

2.2.1 Atherosclerosis and type 2 diabetes 

Endothelial dysfunction and development of atherosclerosis 

The altered metabolic state in T2DM including hyperglycemia, dyslipidemia and 
insulin resistance cause arterial dysfunction and render arteries susceptible to the 
development of atherosclerosis. A single layer of endothelial cells that line the inner 
surface of blood vessels plays an important role in regulation of blood vessel 
structure, and function. Prolonged periods of hyperglycemia can trigger endothelial 
dysfunction by inhibiting the production of NO thus impairing vasodilation and 
increasing the production of ROS causing oxidative stress. Hyperglycemia causes 



Review of the literature 

 29 

vascular damage also by enhancing intracellular production of advanced glycation 
end products (AGEs) and their receptors, AGE receptors (RAGE), which are 
expressed by several different cells including monocytes and macrophages. AGEs 
accumulate in diabetic tissues with the help of cross-links and generate ROS. AGEs 
increase production of superoxide, promoting vascular inflammation, they induce 
decreased expression of endothelial NO synthase (eNOS), decreased NO synthesis 
and increased expression of endothelin-1 (ET-1), the most potent endothelial-derived 
vasoconstrictor that also causes hypertension and smooth muscle proliferation. 
(Schmidt et al. 1993; Hopfner & Gopalakrishnan 1999; Kaur et al. 2018.) Activation 
of RAGE can also cause inflammatory cells to release high mobility group-box 1 
and S100/calgranulins, further increasing the inflammatory response (Yan et al. 
2009). Endothelial dysfunction is further propagated by insulin resistance via the two 
major pathways involved in insulin signaling. Phosphatidylinositol-3-kinase 
pathway is impaired causing decreased production of NO and mitogen activated 
protein kinase dependent pathway is activated leading to increased production of ET-
1. (Kaur et al. 2018.) Insulin resistance also stimulates proliferation of VSMCs, an 
excessive release of free fatty acids (FFA), which increase production of ROS 
through protein kinase C dependent activation of NADPH oxidase and contribute to 
the pro-atherogenic lipid profile and dyslipidemia. (Inoguchi et al. 2000; Beckman 
et al. 2002; Kaur et al. 2018.) The combined effects of decreased production of NO, 
increased production of ROS and activation of RAGEs increase the activation of 
redox-sensitive transcription factors such as nuclear factor kappa B (NF-κB) and 
activator protein 1 (AP-1). NF-κB and AP-1 induce transcription of several genes 
involved in atherogenesis including VCAM-1, pro-coagulant tissue factor and ET-1. 
(Rösen et al. 2001.) They’ve also been found to increase expression of genes 
involved in monocyte chemotaxis like MCP-1 and M-CSF (Schmidt & Stern 2000). 
Finally, the development of rupture prone atherosclerotic lesions may be promoted 
in diabetic conditions, caused by increased production of MMPs, especially MMP-
9, which take part in collagen degradation (Uemura et al. 2001). 

Dyslipidemia 

Dyslipidemia in T2DM is related to insulin resistance and can occur even before 
overt diabetes develops. The most common changes in the lipid profile in diabetic 
dyslipidemia are hypertriglyceridemia, which can result from either overproduction 
of TGs or lack of clearance, increased amount of VLDL which is related to the levels 
of TG, overproduction of small dense LDL particles due to increased supply of 
glucose and FFAs and lowered HDL levels due to increased clearance. (De Man et 
al. 1996; Guérin et al. 2001; Borén et al. 2022.) Elevated fasting and postprandial 
plasma FFA levels have been found in individuals who are obese, insulin resistant 
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or have T2DM (Laws et al. 1997). Insulin is known to suppress the hormone 
sensitive lipase (HSL), which is responsible for lipolysis in the adipose tissue. Since 
FFA levels are elevated in T2DM it has been speculated that also HSL becomes 
resistant to the effects of insulin and thus the rate of lipolysis is increased. However, 
several studies have reported that activity of HSL remains unchanged in obese and 
T2DM individuals. One possible factor increasing the FFA levels is leptin, which 
increases lipolysis and is known to counteract the antilipolytic effects of insulin. As 
the expression of leptin is often increased in obese individuals, it might in part 
explain the increase in circulating FFA levels. (Duncan et al. 2007.) FFAs are used 
in the liver to synthesize VLDL particles, which are the predominant TG containing 
lipoproteins. In normal weight individuals, insulin inhibits the production of VLDLs, 
but in the case of obesity and insulin resistance, the inhibitory effects of insulin are 
lost and the production of VLDLs remains high. (Lewis et al. 1993.) Another factor 
affecting the levels of VLDL is lipoprotein lipase (LPL), an enzyme that catalyzes 
hydrolysis of TGs in the blood. Insulin is known to induce LPL and in the case of 
insulin resistance, the activity of LPL is reduced, resulting in decreased clearance of 
VLDL. (Miyashita et al 2002.) CETP transfers CEs from HDL to LDL and VLDL1, 
which is the precursor of small dense LDLs, and the transfer rate is increased with 
increased plasma levels of TGs. In return, LDL and VLDL1 give a TG molecule to 
HDL, making it less protective and increasing its clearance. (Guérin et al. 2001.) 
Small dense LDL is very atherogenic due to its small size which makes it easy to 
penetrate the endothelium and enter the intima where it binds to glycosaminoglycans 
and gets phagocytosed by macrophages, promoting lesion formation (Qiao et al. 
2022). Elevated levels of small dense LDL have been shown to associate with the 
progression of intima media thickening and MI and to increase the risk and severity 
of cardiovascular disease (CVD). It can also be used to predict future cardiovascular 
events. (Ikezaki et al. 2000; Duran et al. 2020; Huang et al. 2021.) TGs and TG-rich 
lipoproteins and their remnants direct role in atherogenesis is debatable, but they are 
thought to excert proinflammatory effects as well as contribute to plaque formation 
and progression (Ginsberg et al. 2021). 

Thrombus formation 

Platelets modulate vascular function and take part in thrombus formation. When the 
endothelium in disrupted or an atherosclerotic plaque is ruptured, platelets activate 
and adhere to the damaged area. (Badimon & Vilahur 2014.) In diabetics, platelet 
activation is increased due to changes in their calcium regulation, and increased 
surface expression of glycoprotein Ib (GpIb) and GpIIb/IIIa, both of which mediate 
platelet aggregation (Vinik et al. 2001). Thrombus formation is further exacerbated 
by abnormal coagulation resulting from impaired fibrinolytic capacity, increased 
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expression of tissue factor and other coagulation factors such as Factor 1 (fibrinogen) 
and von Willebrand factor and inversely decreased expression of anticoagulant 
factors such as antithrombin III (ATIII) and protein C, although there are also several 
reports of increased ATIII levels in diabetics (Carr 2001). 

Plaque calcification 

As mentioned in Chapter 2.1.1, plaque calcification is a common finding in diabetic 
patients with atherosclerosis and they can develop both intimal and medial 
calcifications. Vascular calcification can be broadly divided into three types: 
inflammatory, metabolic, and genetic, and the types can occur separately or overlap, 
even at the same site. Inflammatory and metabolic calcification are common in 
atherosclerosis and diabetes, respectively. Inflammatory calcification forms in 
intimal areas through osteogenesis and chondrogenesis and the formation is 
mediated by oxLDL, cytokines and MMPs, all of which are found in atherosclerotic 
lesions. (Demer & Tintut 2014.) A recent study reported that systemic arterial 
inflammation is related to future systemic arterial microcalcification after a five year 
follow up in early T2DM patients (Reijrink et al. 2022). Later it was revealed that 
microcalcification is significantly increased in T2DM patients with preserved kidney 
function and severe albuminuria. However, in patients with severely decreased 
glomerular filtration rate, macrocalcification is increased. (Reijrink et al. 2023.)  

Calcification causes arterial stiffness and can make the plaques more vulnerable 
to rupture, although it has been suggested that the reduced thickness of the fibrous 
cap rather than calcification is more likely to contribute to increased plaque 
vulnerability in T2DM patients (Milzi et al. 2017). Contrary to inflammatory 
calcification, metabolic calcification forms in medial areas through nucleation and 
osteogenesis. The calcification is mediated by several factors including elastin, AGE 
and RAGE, and proteases and causes arterial stiffness. Several circulating factors 
like lipids, phosphate and glucose can also mediate the calcification process. (Demer 
& Tintut 2014.) There is extensive research on how diabetes can accelerate the 
calcification process and what mechanisms it involves. In vivo, in vitro, and clinical 
studies have indicated that regulatory glycoproteins osteoprotegrin, receptor 
activator of nuclear factor kappa-B ligand and TNF-related apoptosis-inducing 
ligand, which are normally associated with bone remodeling, have a fundamental 
relevance in vascular calcification (Harper et al. 2016). In hyperglycemic conditions, 
decreased expression of sirtuin 1 can lead to increased DNA-damage due to 
insufficient activation of DNA repair, accelerating calcification (Bartoli-Leonard et 
al. 2021). The vascular calcifications can also translocate according to a recent study 
where the researchers found that macrophage galectin-3, which is a soluble β-
galactoside-binding lectin that is involved in the regulation of cell proliferation, 
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differentiation, and homing, can regulate the migration of VSMC-derived 
extracellular vesicles and mediate translocation of calcifications to the intima (Sun 
et al. 2020).  

2.2.2 Glucagon-like peptide-1 
Gastric inhibitory polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) are gut 
derived incretins that are responsible for up to 70% of the postprandial insulin 
secretion in healthy subjects. In T2DM patients, the incretin effect is either greatly 
reduced or absent, due to the loss of GIP action and decreased secretion of GLP-1. 
This affects the patient’s ability to adjust secretion of insulin and glucagon according 
to need and thus contributes to the development of hyperglycemia.  

GLP-1 is secreted from L-cells in the distal small intestine and large intestine, 
and it directly stimulates insulin secretion from pancreatic β-cells and indirectly 
inhibits glucagon secretion from ⍺-cells, by binding to its G-protein coupled 
receptors (GLP-1R). In addition to the pancreas, GLP-1R is expressed in the lung, 
brain, kidney, stomach, heart, adipose tissue, and enteric and peripheral nervous 
system. The glucose lowering effect of GLP-1 is a combination of islet cell 
regulation and inhibition of gastric emptying. Its effect on the brain also increases 
satiety, which can lead to decreased food intake and weight loss. (Müller et al. 2019; 
Tan et al. 2020.) A recent study also revealed that GLP-1R is expressed in 
macrophages and that it can potentially regulate macrophage polarization towards 
M2 (Yang et al. 2021). Expression of GLP-1R protein in the heart of humans and 
monkeys is localized in myocytes in the sinoatrial node, although its mRNA 
transcripts have been detected in all four chambers of the heart (Pyke et al. 2014; 
Baggio et al. 2018). Activation of GLP-1Rs has also been shown to improve 
cardiomyocyte survival and cardiac function after MI (Noyan-Ashraf et al. 2009).   

There are studies reporting expression of GLP-1R in the vasculature, but the 
results have been varying. Baggio et al. found no GLP-1R expression in cardiac 
fibroblasts, human coronary artery ECs or VSMCs (Baggio et al. 2018), whereas 
Koska et al. found direct effects of GLP-1R agonist (GLP-1RA) on cultured human 
aortic ECs (Koska et al. 2015). In preclinical studies, GLP-1R protein has been found 
in mouse aorta and in the arteries and arterioles of the heart, kidney, pancreas, and 
intestines, and also in aortas of rats, and the expression co-localizes with VSMCs 
(Green et al. 2008; Richards et al. 2014; Zhang et al. 2020). However, little is still 
known about the expression pattern of GLP-1R in the vasculature.  

Native GLP-1 has a very short plasma half-life, which varies from two to three 
minutes depending on the species and is caused by rapid degradation by the enzyme 
dipeptidyl peptidase-4 (DPP-4). Due to GLP-1’s short half-life, it only has limited 
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pharmacological availability, and it is estimated that only 10–15% of active GLP-1 
ever reaches the systemic circulation. (Tan et al. 2020.) 

2.2.3 GLP-1 therapy 
The effect of GLP-1 on blood glucose levels is pronounced, as research has shown 
that exogenous administration of GLP-1 can help restore blood glucose levels close 
to normal in T2DM patients (Holst et al. 2009). Indeed, GLP-1 based therapies have 
been of great interest during the last decade and the effects on both glycemic control 
and atherosclerosis have been thoroughly studied.  

GLP-1R agonists 

Exenatide was the first approved GLP-1R agonist (GLP-1RA) for the treatment of 
T2DM and was administered twice a day due to its short half-life. Since then, 
improvements have been made to increase the half-life of GLP-1RAs, which have to 
be administered once daily or even once a week. Liraglutide was approved in 2009 
and semaglutide in 2017 and their amino acid sequence is almost identical to 
mammalian GLP-1. (Nauck et al. 2021.)  

GLP1-RAs have demonstrated many cardiovascular benefits in both preclinical 
and clinical settings. Liraglutide improved endothelial dysfunction by enhancing 
acetylcholine-induced vasodilation, reduced expression of ox-LDL receptor-1 
(LOX-1) in the aorta and decreased circulatory levels of inflammatory and oxidative 
stress markers including superoxide dismutase, IL-1β and IL-6 in LDLR-/- mice 
(Ying et al. 2023). Liraglutide and semaglutide both reduced major adverse 
cardiovascular (CV) events in diabetic individuals (Verma et al. 2022) and 
attenuated lesion development in ApoE-/- and LDLR-/- mice (Rakipovski et al. 2018). 
Albiglutide and dulaglutide are similar to liraglutide and semaglutide and were 
approved in 2014 (Nauck et al. 2021). In T2DM patients, albiglutide (Hernandez et 
al. 2018) and dulaglutide (Gerstein et al. 2019) both reduced the risk for major 
adverse CV events and dulaglutide also prevented heart failure and metabolic 
remodeling in diabetic cardiomyopathy in T2DM mice (Xie et al. 2022). However, 
GLP1-RAs have shown no beneficial effects on heart failure related events in clinical 
studies (Pfeffer et al. 2015; Holman et al. 2017; Ferreira et al. 2020).  

DPP-4 inhibitors 

In addition to degrading GLP-1 and GIP, DPP-4 has a variety of other substrates 
including cytokines, chemokines, neuropeptides, and growth factors, and its 
expression and activity are altered in many pathophysiological conditions like 
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diabetes. Since GLP-1 has a very short half-life due to degradation by DPP-4, several 
different DPP-4 inhibitors have been developed, many of which have also shown 
positive effects on cardiovascular health. The inhibitors similarly lower blood 
glucose, but there are some differences in the effectiveness, half-life, and 
metabolism. Sitagliptin was the first approved DPP-4 inhibitor in 2006. (Bae 2016.) 
In T2DM patients, sitagliptin attenuated the progression of coronary (Li et al. 2020) 
and carotid (Mita et al. 2017) atherosclerosis. In mice it has been shown to attenuate 
VSMC apoptosis and reduce atherosclerotic lesion formation (Li et al. 2021). 
Vildagliptin and alogliptin treatment have both shown significant improvements in 
several cardiovascular aspects, including attenuation of endothelial dysfunction and 
atherogenesis in ApoE-/- mice (Aini et al. 2019), inhibition of VMSC proliferation 
and reduction of stenosis of injured carotid artery of db/db mice (Ji et al. 2019), 
attenuation of carotid intima-media thickness progression in T2DM individuals 
(Mita et al. 2016) and reduction of atherosclerotic lesion size in diabetic ApoE-/- mice 
(Ta et al. 2011). Linagliptin has also shown some positive effects on cardiovascular 
health. Linagliptin treatment increased acetylcholine-induced vascular relaxation of 
isolated arteries of Zucker diabetic rats (Takai et al. 2014) and decreased aortic pulse 
wave velocity (a surrogate marker for arterial stiffness and early atherosclerosis) in 
a randomized, double-blind, controlled trial (de Boer et al. 2017). However, studies 
on the effects of linagliptin treatment on endothelial dysfunction have reported 
varying results. In ApoE-/- mice, linagliptin ameliorated endothelial dysfunction and 
decreased the development of atherosclerotic lesions (Salim et al. 2016), whereas in 
a randomized, placebo-controlled, double-blind trial, linagliptin had no effect on 
endothelial dysfunction determined by measuring flow-mediated dilatation of the 
brachial artery (Tripolt et al. 2018). In Watanabe rabbits, linagliptin treatment both 
inhibited atherosclerotic plaque growth and stabilized the plaques (Kurosawa et al. 
2021). In ApoE-/- mice it decreased lesion size and increased M2 macrophage 
polarization (Nishida et al. 2020). The cardiovascular and renal microvascular 
outcome study with linagliptin (CARMELINA) found no effect on the risk of 
hospitalization for heart failure or other heart failure-related outcomes (McGuire et 
al. 2019). DPP-4 inhibitors as well as GLP1-RAs have also been shown to improve 
lipid profiles by decreasing plasma TG, LDL, and total cholesterol and ApoB48 
levels (Piccirillo et al. 2023; Ussher & Drucker 2023). 

2.3 Imaging of atherosclerosis 
In vivo imaging of atherosclerosis provides a way to diagnose and monitor disease 
progression and serves as a valuable tool in atherosclerosis research. In vivo imaging 
can be divided into two categories: anatomical imaging and molecular imaging. 
Anatomical imaging provides visualization of the lesions whereas molecular 
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imaging provides information of the biological processes in the lesions. Molecular 
imaging is usually conducted together with anatomical imaging to gain information 
on both size, location, and molecular activity of the lesions. 

2.3.1 Anatomical imaging 
Invasive angiography is the most used anatomical imaging technique and is thought 
of as the “golden standard” of anatomic atherosclerosis imaging. Angiography is 
based on radio-opaque iodinated contrast agent that is injected intra-arterially and 
visualized under x-ray fluoroscopy. It provides excellent spatial (0.1–0.2 mm) and 
temporal (10 ms) resolution and information of possible obstructions in the 
vasculature and possibility for percutaneous coronary intervention, making it a 
convenient and cost-effective method for assessment of atherosclerotic 
cardiovascular disease. However, due to its invasiveness, low diagnostic yield and 
radiation burden, non-invasive methods should be considered first. (Tarkin et al. 
2016; Hajhosseiny et al. 2020.) 

X-ray computed tomographic (CT) angiography is a non-invasive imaging 
method that can be used to visualize both vessel lumen and vessel wall and detect 
atherosclerotic plaques. It can also differentiate between calcified and non-calcified 
lesions and be used in assessing the amount of non-calcified and calcified 
atherosclerotic plaque (calcium scoring). In addition to large arteries, it has become 
possible to do CT angiography of coronary arteries (coronary CT angiography). CT 
angiography is based on a rotating x-ray source and multiple parallel detector rings 
from which the data can be reconstructed into multidimensional images. Intravenous 
iodinated contrast agent is used to visualize the vasculature in CT angiography. Its 
spatial resolution is about 0.5-0.6 mm, and the negative predictive value is high. CT 
angiography can also be combined with functional imaging techniques, such as 
myocardial perfusion imaging to assess myocardial blood flow. Its disadvantages are 
radiation burden, the need for high contrast agent volumes increasing the risk for 
contrast agent induced nephropathy. Furthermore, it provides limited insight on the 
functional significance of stenosis. (Tarkin et al. 2016; Kolossváry et al. 2017; 
Antoniades & West 2021.) 

Unlike invasive angiography and CT angiography that utilize x-rays, magnetic 
resonance imaging (MRI) is based on using a strong magnetic field that aligns 
hydrogen atoms found in water with the magnetic field. High-frequency pulses are 
applied that excite the atoms, which spin and change their polarization. After the 
pulses, the atoms return to their original state, aligned with the magnetic field and 
this relaxation can be detected to form an image. MRI can be used to assess plaque 
size and allows detailed assessment of plaque composition including fibrosis, 
calcification and, intraplaque hemorrhage in the aorta, carotid, coronary and 
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peripheral arteries with the help of gadolinium-based contrast agents. The limitations 
of MR imaging include limited temporal resolution, which can hamper imaging of 
coronary arteries due to the rapid movement, a lack of generally accepted imaging 
protocols and high costs. (Corti & Fuster 2011.) 

Ultrasound can also be used to image vasculature, though due to its low tissue 
penetration, its use is limited to superficial vessels like the carotid arteries.  It’s based 
on high frequency sound waves that are reflected when they come into contact with 
tissues containing different acoustic properties. Ultrasound can be used to measure 
intima-media thickness (IMT) of the carotid arteries, but it also gives information 
about plaque size and composition. Transesophageal ultrasound can be used to image 
atherosclerosis in the thoracic aorta. (Gallino et al. 2012.)  

2.3.2 Positron emission tomography imaging 
Positron emission tomography (PET) imaging utilizes intravenously injected or 
inhaled radiotracers that are comprised of small molecules as probes, which are 
labelled with short lived positron emitting radionuclides. The radioactive nuclide 
decays and emits a positron, which annihilates with a nearby electron and creates 
two 511-keV gamma photons that are emitted in opposite directions. The photons 
from these coincidences are simultaneously detected by the PET scanners detector 
rings, and an image of the radiotracer distribution can then be reconstructed. 
(Turkington 2001.) PET imaging has been investigated as a tool to image 
atherosclerosis due to the wide variety of tracers already available and good 
possibilities for developing new ones. The spatial resolution of PET scanners 
(clinical scanners ∼ 3–6 mm, pre-clinical scanners ∼ 1–2 mm) and their sensitivity 
are high (as compared to other nuclear imaging techniques), and the use of 
radiotracers allows imaging of specific biological processes in atherogenesis. Since 
PET imaging doesn’t provide detailed structural or anatomical information, it is 
commonly used in combination with either CT or MRI with contrast enhancement, 
to provide anatomical reference. (Meester et al. 2019; Fan et al. 2020; Prenosil et al. 
2021.) 

2.3.2.1 18F-FDG 

2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) is a glucose analog that is the most 
common PET tracer for inflammation imaging. 18F-FDG is readily taken up by 
metabolically active cells including macrophages. Cells take up 18F-FDG via glucose 
transporters (GLUT) 1 and 3 and inside the cells it is phosphorylated by the 
hexokinase enzyme to produce 18F-FDG-6-phosphate which cannot be further 
metabolized and is thus trapped inside the cells. Uptake of 18F-FDG directly reflects 
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the rate of glucose utilization of the cells. (Sriranjan et al. 2021.) In 2002, 18F-FDG 
was first established at PET-imaging of atherosclerosis when it was shown to 
accumulate in symptomatic carotid artery lesions and ex vivo autoradiography of 
excised lesions with tritiated deoxyglucose (an in vitro analogue of 18F-FDG) 
showed that the accumulation co-localized with macrophages (Rudd et al. 2002). 
18F-FDG uptake in macrophage-rich atherosclerotic lesions has since been shown in 
other patient studies (Rudd et al. 2009; Johnsrud et al. 2019) and in several animal 
models of atherosclerosis (Hyafil et al. 2009; Wenning et al. 2014; Toner et al. 2022). 
It has also been shown that uptake of 18F-FDG is lower in calcified lesions (Rudd et 
al. 2009; Masteling et al. 2011), however some nonspecific binding to calcifications 
has also been observed (Laitinen et al. 2006). The uptake of 18F-FDG can also be 
influenced by several other factors than inflammatory stimuli. Hypoxia causes 
changes in the rate of glycolysis and expression of hypoxia-inducible factor 1 ⍺ 
(HIF-1⍺), which in turn leads to increased uptake of 18F-FDG (Folco et al. 2011; 
Pedersen et al. 2013). The clear mechanism how glucose uptake is increased under 
hypoxic conditions is still unclear, however an increase in the expression of glucose 
transporter gene Slc2a1 in response to chronic hypoxia has been reported (Midha et 
al. 2023). Another study has shown that oxLDL can lead to increased uptake of 18F-
FDG via NADPH oxidase 2 induced production of ROS which promotes 
upregulation of HIF-1⍺. The increased rate of glycolysis and uptake of 18F-FDG are 
caused by upregulation of GLUT1 and hexokinase. (Lee et al. 2014.) Studies 
performed in oncologic patients have demonstrated that arterial 18F-FDG-PET/CT 
can be possibly used as an indicator for future cardiovascular events (Figueroa et al. 
2013; Paulmier et al. 2008). Patient and animal studies involving therapeutic 
interventions have shown that 18F-FDG-PET/CT is useful in identifying active 
plaques and treatment monitoring (Kim et al. 2020; Jarr et al. 2020; Tawakol et al. 
2013). There are several advantages in 18F-FDG-PET/CT imaging of atherosclerosis 
including reproducibility and sensitivity, however it also has its limitations.  18F-
FDG is not specific to macrophages, but also other metabolically active cells take up 
18F-FDG, for example cardiac myocytes. This together with motion artifacts has 
limited imaging of coronary arteries. Fasting or dietary preparation, which lower 
glucose metabolism in the myocardium (but not macrophages) may help, but 
ultimately 18F-FDG imaging of the coronary arteries is challenging. (Blomberg & 
Høilund-Carlsen 2015.) 

2.3.2.2 GLP-1R targeting tracers 

GLP-1R are expressed in several different organs but the level of expression and 
density of the receptors is quite scarce in many of the tissues. Nevertheless, GLP-
1Rs have been of great interest as an imaging target. GLP-1R targeting tracers are 
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mostly based on exendin-4 which is a GLP-1 analog that readily binds to GLP-1R 
and is resistant to DPP-4 degradation. It has a plasma half-life of 2.4 h, and the 
plasma concentration remains high for up to 4–8 h after a subcutaneous injection. 
(Meier 2012.) Exendin-4 can easily be modified for tracer production and labeled 
with different radionuclides such as 68Ga, 18F and 64Cu. GLP-1R targeting tracers 
have been of great interest because they enable in vivo imaging and quantification of 
pancreatic β-cell mass (Mikkola et al. 2013; Selvaraju et al. 2013; Bandara et al. 
2016) as well as imaging malignant changes in the pancreas, such as insulinomas 
(Wild et al. 2011; Kiesewetter et al. 2012; Kalff et al. 2021). A major drawback of 
exendin-4 based tracers is high kidney uptake, but modification of the tracer, for 
example by adding an albumin- binding moiety has been shown to effectively 
decrease renal retention of the tracer (Kaeppeli et al. 2019). It is also important to 
note that exendin-4 can exacerbate hypoglycemia and a glucose infusion during 
imaging may be needed to maintain the blood glucose levels (Christ et al. 2009). 
Exendin-4 based imaging has not been commonly used in cardiovascular imaging 
but interestingly, 18F-AlF-NOTA-MAL-Cys40-Exendin-4 has been successfully 
utilized in imaging MI and reperfusion, (Pan et al. 2019) and 68Ga-NODAGA-
Exendin-4 imaging the healing phase of MI (Ståhle et al. 2020) where GLP-1R 
expression is upregulated in the infarcted area. There is no knowledge yet on whether 
GLP-1R targeting tracers could be useful in imaging atherosclerotic inflammation 
until the studies included in this thesis.   

2.3.2.3 Glutamine metabolism targeting tracers 

Glutamine is an abundant and versatile amino acid, and it has a fundamental role in 
metabolism, interorgan nitrogen exchange and pH homeostasis and it can be utilized 
in many biosynthetic pathways including nucleotide synthesis. Immune cells readily 
use glutamine to fuel their function in catabolic conditions like during high intensity 
exercise and glutamine supplementation is routinely used to restore immune 
function. (Cruzat et al. 2018.) Glutamine-based tracers such as 4-18F-
fluoroglutamine (4-[18F]F-GLN), 18F(2 S,4 R)4-fluoroglutamine and l-[5-11C]-
glutamine have all proven useful in PET-imaging of different cancers since cancer 
cells readily use glutamine as a nutrient for cellular growth and proliferation and 
many aggressive cancers adapt to using glutaminolysis (a process where glutamine 
is converted into ⍺-ketoglutarate) as their metabolic pathway (Schulte et al. 2017; 
Zhou et al. 2017; Cohen et al. 2022). Glutamine-based tracers may be especially 
useful in imaging brain tumors like gliomas and neuroblastomas, since uptake of 
glutamine is low in healthy brain and uptake in cancer cells is high, providing a good 
target-to-background ratio (TBR) (Venneti et al. 2015; Li et al. 2019). Glutamine-
based tracers have also successfully been used to image bacterial infections caused 
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by Escherichia coli (E. coli) and methicillin-resistant Staphylococcus aureus (Renick 
et al. 2021) and invasive fungal infections (Co et al. 2022). Even though glutamine 
is readily used by immune cells, there is lack of information on how glutamine 
metabolism targeting tracers work in imaging inflammatory conditions such as 
atherosclerosis. 

2.3.2.4 Folate receptor targeting tracers 

Folic acid is essential for the biosynthesis of many compounds including nucleic 
acids and amino acids, and it binds to reduced folate carrier, and folate receptors 
(FR). After binding to FR, the complex gets internalized into the cytoplasm. There 
are three different types of FRs: FR-α, which is expressed in epithelial and cancer 
cells, FR-β, which is expressed in several different tissues, and FR-γ/γ′, which is only 
expressed in hematopoietic cells. A fourth type, FR-δ, has also been identified but 
the expression or function of the receptor has not been established. (Spiegelstein et 
al. 2000; Elnakat & Ratnam 2019.) FR-β is highly expressed on activated 
macrophages, presenting an interesting target for folate-based imaging of 
inflammation (Nakashima-Matsushita et al. 1999; Steintz et al. 2022). FR-β targeting 
tracer 18F-fluoro-PEG-folate has proven useful in PET/CT imaging of rheumatoid 
arthritis in both preclinical (Gent et al. 2013) and clinical settings (Verweij et al. 
2020), whereas folate-PEG12-NOTA-Al18F, 68Ga and 64Cu labeled NODAGA-folate 
have shown promising results in PET/CT imaging of tumors (Farkas et al. 2016; 
Chen et al. 2017). Different FR-β targeting tracers have also been developed and 
evaluated for imaging atherosclerosis. In vitro study using endarterectomized human 
carotid arteries showed that 3´-aza-2´-18F-fluorofolic acid binds FR-β expressing 
macrophage-rich plaques (Müller et al. 2014). Single-photon emission computed 
tomography studies with different FR-β targeting tracers, have also shown specific 
uptake in plaques where it co-localizes with macrophages (Ayala-López et al. 2010; 
Jager et al. 2014; Winkel et al. 2014). However, it is not known how FR targeting 
tracers work in in vivo PET/CT-imaging and whether it would give sufficient TBR 
for the detection of atherosclerotic inflammation. 

2.3.2.5 Other tracers targeting macrophages 

Somatostatin receptor targeting tracers 

Somatostatin receptors are G-protein coupled transmembrane receptors that are 
highly expressed in neuroendocrine tumors and activated macrophages (Sriranjan et 
al. 2019). Activated human macrophages express SST1R and SST2R so they present 
an interesting target for tracer development (Armani et al. 2007). 68Ga-DOTATATE 
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uptake in atherosclerotic plaques co-localizes with macrophages expressing SST2R 
in ApoE-/- mice (Li et al. 2013). Clinical studies have shown that 68Ga-DOTATATE-
PET enables detection of coronary atherosclerosis (Tarkin et al. 2017) and uptake of 
the tracer is associated with coronary artery calcification and other known risk 
factors of CVD (Li et al. 2012). Another study using 64Cu-DOTATATE showed 
tracer accumulation in atherosclerotic lesions in asymptomatic carotid arteries and 
the uptake correlated with macrophage biomarkers CD68 (macrophage load) and 
CD163 (macrophage activation) (Pedersen et al. 2015). A comparative study with 
68Ga-DOTANOC, 18F-FDR-NOC, and 68Ga-DOTATATE demonstrated that both 
68Ga-DOTANOC and 68Ga-DOTATATE but not 18F-FDR-NOC, show tracer uptake 
in macrophage-rich plaque, but 68Ga-DOTANOC performed better in vivo, showing 
better aortic uptake and aorta-to-blood-ratio in mice (Rinne et al. 2016). 

Translocator protein targeting tracers 

18-kDa translocator protein (TSPO) is a membrane-bound protein, which is 
primarily situated in mitochondrial membranes and has many cellular functions such 
as regulation of cholesterol translocation. TSPO is expressed in peripheral tissues 
and the expression is known to be increased in neuroinflammatory conditions, 
different cancers and also in Schwann cells and activated macrophages. (Scarf & 
Kassiou 2011.) TSPO-targeting tracers such as 11C-PK11195 are commonly used in 
PET/CT imaging of neuroinflammatory diseases (Cagnin et al. 2002), but it has also 
proven useful in imaging vascular inflammation (Pugliese et al. 2010) and 
mitochondrial disease (van den Ameele et al. 2021). 11C-PK11195 use in PET/CT 
imaging of atherosclerosis has also been studied in both preclinical (Laitinen et al. 
2009) and clinical (Gaemperli et al. 2012) settings where it showed more uptake in 
inflamed plaques compared to non-inflamed plaques, however uptake of the tracer 
was also prominent in other parts of the vessel wall and the TBR was low. Indeed, 
cultured human macrophages express TSPO 20 times more than other cell types in 
plaques and in vitro incubation of endarterectomized human carotid artery sections 
with TSPO targeting tracers has shown clear uptake in atherosclerotic plaques, which 
co-localized with TSPO expressing macrophages (Bird et al. 2010). More recently, 
18F-labelled TSPO tracers such as 18F-GE387 have been developed with the 
advantage of longer physical half-lives and potentially better TBR, though the 
genetic polymorphism in human TSPO (rs6971) can cause changes in the affinity of 
the tracer (Qiao et al. 2019). 18F-GE-180 and 18F-FEMPA have shown specific 
uptake in inflamed atherosclerotic plaques however the uptake of either of the tracers 
did not differ from the uptake in healthy vessel wall (Hellberg et al. 2016; Hellberg 
et al. 2017a). A preclinical study with ApoE-/- mice showed a 3-fold higher in vivo 
uptake of TSPO tracer 18F-PBR111 in atherosclerotic aortas than healthy controls 
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and the uptake co-localized with monocyte-derived macrophage marker (CD11b) 
and TSPO positive macrophages (Kopecky et al. 2019).  

Mannose receptor targeting tracers 

Mannose receptor belongs to the C-type lectin family. It is mostly expressed in 
macrophages, immature DCs and ECs and the expression can vary depending on 
external stimuli such as cytokines. (van der Zande et al. 2019.)  MR targeting tracers 
have been studied in cancer imaging and more specifically, targeting tumor-
associated macrophages that are known to promote cancer growth (Blykers et al. 
2015; Jiang et al. 2017; Gao et al. 2019).  Research has also been carried out on MR 
targeting tracers for imaging atherosclerosis. 2-deoxy-2-18F-fluoro-D-mannose 
(Tahara et al. 2014), 111In-tilmanocept (Varasteh et al. 2017) and 68Ga-NOTA-MSA 
(Kim et al. 2016) have all shown potential in preclinical studies with significant 
uptake of the tracer in atherosclerotic plaques rich with MR positive macrophages. 
A multiparametric study combined a nanobody tracer 68Ga-MMR for PET imaging 
macrophage burden in plaques and MRI to determine plaque burden. 18F-FDG and 
18F-sodium fluoride (18F-NaF) were also used to image inflammation and 
microcalcifications respectively. The study provided extensive knowledge about the 
different processes occurring during atherosclerosis progression and shows the value 
of combining different imaging modalities and tracers. (Senders et al. 2019.) 
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3 Aims 

The purpose of the study was to evaluate novel PET tracers for imaging 
atherosclerotic disease activity in hypercholesterolemic mice with or without type 2 
diabetes. Another aim was to study effects of a drug intervention on plaque formation 
and inflammation by utilizing the tracer 18F-FDG. 
 
The specific aims of this study were: 

1. To study the effects of DPP-4 inhibitor linagliptin on atherosclerotic plaque 
formation and inflammation as well as hepatic steatosis and inflammation in 
hypercholesterolemic and diabetic IGF-II/ApoB100/100LDLR-/- mice using 18F-
FDG. 

2. To assess GLP-1R expression in atherosclerotic lesions in 
hypercholesterolemic diabetic IGF-II/ApoB100/100LDLR-/- mice and 
hypercholesterolemic non-diabetic ApoB100/100LDLR-/- mice using PET tracer 
68Ga-NODAGA-exendin-4. 

3. To investigate the uptake of 18F-FGln into inflamed atherosclerotic plaques in 
hypercholesterolemic ApoB100/100LDLR-/- mice, in comparison to 18F-FDG. 

4. To evaluate the feasibility of 18F-FOL in detecting inflamed atherosclerotic 
lesions in vivo in rabbit and mouse models of atherosclerosis, in comparison 
to 18F-FDG. 
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4 Materials and Methods 

4.1 Experimental animals 
The mice were bred and housed in standardized conditions in the Central Animal 
Laboratory of the University of Turku with a 12h/12h light/dark cycle and they 
had access to food and water ad libitum throughout the studies. The experiments 
were approved by the National Project Authorization Board in Finland (license 
numbers: ESAVI/2163/04.10.07/2015, ESAVI/4835/04.10.03/2011 and 
ESAVI/1583/04.10.03/2012) and were carried out in compliance with the EU 
Directive 2010/EU/63 on the protection of animals used for scientific purposes. 

4.1.1 Mouse models (I–IV) 
Two hypercholesterolemic mouse strains were utilized: low-density lipoprotein receptor 
deficient mice expressing only ApoB100 (n=40 ApoB100/100LDLR-/-, strain #003000, The 
Jackson Laboratory, Bar Harbor, ME, USA) (Powell-Braxton et al. 1998) and the diabetic 
version of the strain overexpressing insulin-like growth-factor II in pancreatic β-cells 
(n=44 IGF-II/ApoB100/100LDLR-/-, A. I. Virtanen Institute for Molecular Sciences, 
University of Eastern Finland, Kuopio, Finland) (Heinonen et al. 2007). All mice were 
initially fed a normal chow diet (9.1% of calories from fat, CRM [E], 801730; Special 
Diet Services, Essex, United Kingdom) for 2 months and then most were switched to a 
HFD (study I. 42% of calories from fat, 0.2% total cholesterol, TD 88137 mod; Ssniff 
Spezialdiäten GmbH, Soest, Germany; studies II-IV. 42% of calories from fat, 0.2% total 
cholesterol, TD 88137, Harlan Teklad, Harlan Laboratories, Madison, WI, USA) for 
additional 3–5 months to accelerate the development of atherosclerotic lesions. In 
addition, C57BL/6N mice (n=19, Central Animal Laboratory of the University of Turku) 
and C57BL/6Rj mice (n=12, Central Animal Laboratory of the University of Turku) were 
utilized in the studies as controls and were fed normal chow diet. 

4.1.2 Rabbit model (IV) 
Watanabe heritable hyperlipidemic rabbits with a mutated LDLR gene were utilized 
in study IV (males n=3, females n=1, A. I. Virtanen Institute for Molecular Sciences, 
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University of Eastern Finland, Kuopio, Finland) (Fan et al. 2015). At the age of 6 
months the rabbits underwent balloon endothelial denudation of the abdominal aorta 
that was performed by a trained professional. The rabbits were anesthetized with a 
mixture of ketamine (15 mg/kg, Ketalar, Pfizer, New York, NY, USA) and 
medetomidine (0.3 mg/kg, Domitor, Orion Pharma, Espoo, Finland) after which a 
3F Fogarty embolectomy balloon catheter (120403F, Edwards Lifesciences, Irvine, 
CA, USA) was inserted via the right femoral artery and advanced proximally for 
20 cm up to the lower thoracic aorta. The catheter was inflated with 0.6 mL of air 
and pulled down to the level of the aortic bifurcation for endothelial denudation and 
the procedure was repeated three times. After removing the catheter, the femoral 
artery was ligated, and the wound was closed in layers with resorbable sutures. The 
rabbits were returned to their cages after recovery from anesthesia. The rabbits were 
maintained on a normal diet throughout the whole study and the imaging studies 
were performed when the rabbits were 45 months old. 

4.2 Study design 
Details of the number of animals and imaging methods used in each study are 
presented in Table 2. 

Table 2.  Number of animals and the imaging methods used in each study. 

Study Tracer Number of 
animals (f/m) 

PET-CT 
(n) 

ARG 
(n) 

Biodistribution 
(n) 

LDLR-/-ApoB100/100 
II 68Ga-NODAGA-exendin-4 10 (5/5) 2 + 2b 7 - 
III 18F-FDG 12 (0/12) 4 5 - 
 18F-FGln 12 (0/12) 4 5 5 

IV 18F-FDG 12 (0/12) 8 - - 
 18F- FOL 12 (0/12) 9 + 2b 8 + 2b 9 + 3b 

IGF-II/LDLR-/-ApoB100/100 
I 18F-FDG 34 (0/34) - 34 34 
II 68Ga-NODAGA-exendin-4 10 (5/5) 2 + 2b 8 - 

C57BL/6N 
II 68Ga-NODAGA-exendin-4 12 (6/6) 4 10 - 
IV 18F-FDG 9 (0/9) 4 - - 
 18F- FOLa 9 (0/9) 6 6 9 

C57BL/6JRj 
III 18F-FDG 12 (0/12) 4 4 - 
 18F-FGln 12 (0/12) 4 5 5 

Watanabe rabbit 
IV 18F-FDG 4 (1/3) 4 - - 
 18F- FOLa 4 (1/3) 4 4 4 

aSame animals were imaged with 18F-FDG on the previous day. 
bNumber of animals used for blocking study. 
PET= positron emission tomography, CT= computed tomography, ARG= autoradiography, f/m= 
female/male 
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4.2.1 Intervention study (I) 
In study I, the effects of linagliptin intervention on plaques, glucose tolerance as well 
as hepatic steatosis and inflammation were studied using 18F-FDG. The 
hypercholesterolemic and type 2 diabetic IGF-II/LDLR-/-ApoB100/100 mice were 
initially fed a chow diet (9.1% of calories from fat, CRM [E], 801730; Special Diet 
Services, Essex, United Kingdom) for 2 months and then switched to a HFD (42% 
of calories from fat, 0.2% total cholesterol, TD 88137 mod; Ssniff Spezialdiäten 
GmbH, Soest, Germany) for another 2 months after which baseline blood samples 
and oral glucose tolerance test (oGTT) (see Chapter 4.2.2) was performed. The mice 
were then randomly allocated to either continue on the HFD (n = 14) or to receive 
HFD mixed with linagliptin (n = 15) (85 mg/kg of feed; Boehringer Ingelheim 
International GmbH, Ingelheim am Rhein, Germany) for the duration of 3 months. 
Five mice were fed a chow diet throughout the study period. The food consumption 
of the mice was measured weekly. At the end of the intervention period, blood 
sampling and oGTT were repeated and ex vivo 18F-FDG biodistribution and 
autoradiography (ARG) was performed. The aortic root and a piece of liver were 
fixed in formalin for histological analyses. 

4.2.2 Oral glucose tolerance test (I, II) 
In study I, an oGTT was performed before and after the intervention. The mice were 
fasted for 5 h before performing the oGTT. All of the mice received a fixed dose of 
glucose (180 µl of 20% glucose) per os, and blood glucose was measured using a 
glucometer (Contour Next, Bayer AG, Leverkusen, Germany) from tail vein blood 
before (0 min) and 15, 30, 60, 90, and 120 min after glucose administration. Blood 
insulin concentration was measured from 11 mice from both linagliptin and HFD 
groups before and 15 and 120 min after glucose administration, using an enzyme-
linked immunosorbent assay (Ultra-sensitive Mouse Insulin ELISA Kit; Crystal 
Chem, Chicago, IL, USA). 

In study II, an intraperitoneal glucose tolerance test (ipGTT) was performed one 
week prior to imaging. The mice were fasted for 4 h and glucose was administered 
(1 mg/kg) by intraperitoneal injection (i.p.). Blood glucose levels were measured 
from the tail vein before (0 min) and 20, 40, 60 and 90 min after glucose 
administration using a glucometer (Contour Next, Bayer AG, Leverkusen, 
Germany). 

4.2.3 Imaging studies (II, III, IV) 
Generally, the imaging studies used a similar protocol where the tracer uptake was 
evaluated by in vivo PET/CT imaging, followed by ex vivo ARG after injecting the 
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tracer intravenously (i.v.) through a tail vein catheter. In vivo stability and specificity 
of the tracers was also studied. Histological analysis of the aorta and aortic root using 
different histological and immunohistochemical staining’s were performed to detect 
features of atherosclerosis. In study II, various biomarkers were also studied from 
mouse plasma samples. 

4.3 Tracer radiosynthesis 
The PET tracers used in the studies were synthetized in the Radiopharmaceutical 
Chemistry Laboratory of Turku PET Centre. 18F-FDG was obtained either from 
batches allocated for clinical use, or purchased from MAP Medical Technologies Oy 
(Helsinki, Finland). The radiochemical purity of all the tracers used was always 
> 95%. 

4.3.1 68Ga-NODAGA-exendin-4 
68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler, Berlin, Germany). 
68Ga-NODAGA-exendin-4 was prepared by mixing 68Ga-GaCl3 eluate (0.5 ml, 
184 ± 19 MBq) with sodium acetate (18 mg, Merck, Kenilworth, NJ, USA) and the 
pH adjusted to approximately 3.5 with HCl. After this, NODAGA-exendin-4 (5 nmol 
in 5 μl deionized water) was added and the reaction mixture was incubated at 95 °C 
for 15 min. The radiochemical purity was determined by radio-high-performance 
liquid chromatography (radio-HPLC) (Jupiter C18, 300 Å, 150 × 4.6 mm, 5 µm 
column, Phenomenex, Torrance, CA, USA).  

4.3.2 (2S, 4R)-4-[18F]fluoroglutamine 
Approximately 12 GBq of 18F-F- was put on a pre-conditioned (10 ml 3% K2HCO3 in 
H2O followed by 20 ml of water) Waters Sep-Pak Accell Plus QMA Plus Light 
cartridge (WAT023525) and eluted into R2 with 2000 µl of mixture comprised of 
16.5 mg of 18-Crown-6 (C12H24O6), 3.0 mg of potassium bicarbonate (KHCO3), 77 µl 
of H2O, and 1923 µl of acetonitrile (CH3CN). The vessel was then heated to 115 °C 
under 70 ml/min flow of nitrogen gas for 25–27 min and 2 min past any visible 
moisture in the vessel or the outflowing line. After cooling the eluate to 55 °C, 10 mg 
of the glutamine precursor (2S, 4S)-tert-butyl-2-(tert-butoxycarbonylamino-5-oxo-4-
(tosyloxy)-5-(2, 4, 6- trimethoxybenzylamino) pentanoate was dissolved in 500 µl of 
dry acetonitrile and added to the eluate which was heated to 70 °C for 15 min. The 
vessel was then cooled to room temperature and mixture of 500 µl of H2O and 300 µl 
of acetonitrile was added and the solution was injected into a semi-preparative HPLC-
system with a Waters X Terra Prep MSC18 10 µm 7.8 × 300 mm column. 0.1% formic 
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acid in water and 0.1 % formic acid in acetonitrile were utilized in the eluent gradient. 
Initially the gradient was an equal mixture of both eluents and gradually after 20 min 
changed to 70% of the acetonitrile-based eluent and at 15 min the desired 18F-labelled 
intermediate eluted into R3 which was filled with 25 ml of water.  

The intermediate product was loaded onto a preconditioned (3 ml dry ethanol 
followed by 5 ml of water) Waters Oasis® HLB Plus Light Cartridge and eluted with 
1 ml of dry ethanol into R1. The vessel was heated to 90 °C under 100ml/min 
nitrogen flow until it was completely dry and cooled to 40 °C. The final step of the 
synthesis was removing protecting groups by adding 595 µl of trifluoroacetic acid 
and 5 µl of anisole and heating the mixture to 50 °C for 3 minutes after which the 
liquid was evaporated for further 2 minutes at 50 °C under 60 ml/min nitrogen gas 
flow. The product was then cooled to 40 °C and 2 ml of phosphate-buffered saline 
(PBS pH 6.5) was added to achieve the final product. 

4.3.3 18F-AlF-NOTA-folate 
Approximately 3.3 GBq of 18F-F- in physiological saline (50 μl) was added to a 
reaction vessel containing sodium acetate buffer (pH 4.0, 1 M, 25 μL) and AlCl3 
(2 mM). The mixture was kept at room temperature for 3 minutes after which 
NOTA-folate (250 μg) in water (50 μl) and acetonitrile (125 μl) was added, and the 
mixture was heated at 100 °C for 15 min, followed by dilution of the mixture with 
water containing 0.2% formic acid (1 ml). Next an HPLC purification with a semi-
preparative C18 column (Jupiter 250 × 10 mm, Phenomenex Inc., Torrance, CA, 
USA) with both UV (254 nm) and radioactivity detection was performed producing 
solvent A which was water that contained 0.1% formic acid and solvent B which was 
acetonitrile that contained 0.1% formic acid. The elution was programmed as a 
gradient from 8% to 21% of solvent B over the time of 20 min, with a flow rate of 4 
ml/min. The pH of the collected HPLC fraction was adjusted to 5.5 by adding 
potassium bicarbonate (KHCO3) in water (1 M) after which the solvents were 
evaporated off. The residue was formulated in PBS (1–3 ml) containing 8% ethanol 
and 4–7% polypropylene glycol and at the end of the synthesis the product was 
sterile filtrated (0.22 μm, Millipore) into the end product vial.  

4.4 PET/CT imaging 
In studies II, III and IV, in vivo PET/CT imaging was performed before ex vivo 
measurements, whereas in study I, only ex vivo measurements were performed. 
Imaging of the mice was performed with a dedicated small animal PET/CT scanner 
(Inveon Multimodality, Siemens Medical Solutions, Knoxville, TN, USA). The mice 
were fasted for 2–4 h and then anesthetized with isoflurane (induction 4–5%, 
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maintenance 1.5–2.5%, oxygen as carrier). They were kept on a heating mat to 
maintain their body temperature and an intravenous catheter was inserted into the 
tail vein for the injection of the tracer. The tracer doses were as follows: 20 ± 
2.0 MBq of 68Ga-NODAGA-exendin-4 in study II, 13.9 ± 0.9 MBq of 18F-FDG or 
14.5± 0.8 MBq of (2S, 4R)-4-[18F]fluoroglutamine (18F-FGln) in study III and 10 ± 
0.3 MBq of 18F-FDG and 11 ± 0.7 MBq of 18F-AlF-NOTA-folate (18F-FOL) in study 
IV. Attenuation correction CT was performed before dynamic PET acquisition for 
60 min (study II and III), or 90 min (study IV). PET imaging was followed by 
contrast-enhanced CT using an i.v. administered iodinated contrast agent (100–
150 μL of eXIATM160XL, Binitio Biomedical Inc., Ottawa, ON, Canada) to get a 
better visualization of the aorta. In study III the mice were first imaged with 18F-FDG 
and on the following day with 18F-FGln and in study IV, the mice were first imaged 
with 18F-FDG and on the following day with 18F-FOL In addition to in vivo imaging, 
ex vivo imaging of excised mouse aortas (n= 1 LDLR-/-ApoB100/100 mouse, n = 1 
LDLR-/-ApoB100/100  mouse with a 100-fold excess of folate glucosamine (blocking) 
and n = 1 C57BL/6N control mouse) was performed with 18F-FOL. After the aortas 
were dissected, they were placed on an ultrasound gel covered Petri dish and PET 
data was acquired for 30 min. The PET data was reconstructed with either an 
ordered-subsets expectation maximization 2-dimentional algorithm (with two 
iterations) (study IV) or 3-dimensional algorithm (studies II and III). A Feldkamp 
based algorithm was used to reconstruct the contrast-enhanced CT images.  

PET and CT images were automatically co-registered, and visually confirmed 
on the basis of anatomical landmarks. Carimas 2.9 software (Turku PET Center, 
Turku, Finland, www.turkupetcentre.fi/carimas/) was used to analyze PET/CT 
images. Regions of interest (ROIs) were determined for the aortic arch, vena cava 
(representing blood), and myocardium, using the contrast-enhanced CT as an 
anatomical reference. Additional ROIs were drawn in lungs, liver, kidneys, muscle, 
and urinary bladder as well as aortic root in study II. Results were expressed as 
standardized uptake values (SUVs), normalized for the injected radioactivity dose 
and animal body weight, and for the aorta as maximum TBR calculated as SUVmax, 
aortic arch/SUVmean, blood. 

In study IV, a clinical PET/CT scanner (Discovery VCT, General Electric 
Medical Systems, GEMS, Milwaukee, WI, USA) was utilized for imaging the 
rabbits. For the imaging studies, the rabbits were fasted for 4 h, sedated and 
anesthetized with a subcutaneous injection of medetomidine hydrochloride 
(Domitor, Orion Pharma; dose, 0.1 mg/kg) and ketamine (Ketalar, Pfizer; dose, 30 
mg/kg), and to minimize accumulation of radioactivity in the bladder, a urinary 
catheter was inserted in the urethra. The rabbits were kept on a heating mat during 
anesthesia to maintain their body temperature and an i.v. catheter was inserted into 
the marginal ear vein for the injection of the tracer (dose 140 ± 29 MBq of 18F-FDG 
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and 130 ± 37 MBq of 18F-FOL) and another for collecting blood samples during 
imaging. Before PET imaging, a low-dose attenuation correction CT (voltage 80 or 
120 kV, current 10−80 mA) was performed. The rabbits were first imaged with 18F-
FDG as a static 20 min PET acquisition (two bed positions, each for 10 min) 160 min 
post injection, and on the following day with 18F-FOL with a dynamic 90 min PET 
acquisition where the bed positions were imaged in an interleaved manner. After 
PET imaging a CT with higher voltage and current (voltage 100 kV, current 450 mA) 
was performed to get a better visualization of the aorta and the field-of-view covered 
the area from the aortic arch to the bifurcation. The PET data was reconstructed with 
a 3-dimensional iterative algorithm (VUE point) with 28 subsets, 2 iterations, a 
standard z axis filter, and 2.00 mm full width at half maximum post-filtering. The 
aorta was divided into 2 cm segments and the maximum SUV was determined in 
each of them. The mean SUV in the blood was measured from the inferior vena cava 
to calculate maximum TBRs (SUVmax, aorta/SUVmean, blood). Anatomical landmarks 
(e.g., renal arteries) were identified from CT images to match up the defined 2 cm 
aorta segments with the excised samples used for ex vivo measurements.  

4.5 Ex vivo biodistribution 
In study I, the mice were anesthetized with isoflurane (induction 4-5 %, maintenance 
1.5-2.5 %, air as carrier). An i.v. catheter was placed into the tail vein for the tracer 
injection (dose 10 ± 0.23 MBq of 18F-FDG).  Blood glucose levels of the mice were 
measured before tracer injection and at the time of sacrifice using a glucometer 
(Contour Next, Bayer AG, Leverkusen, Germany). Sixty min after the tracer 
injection the mice were euthanized in deep anesthesia by cardiac puncture followed 
by cervical dislocation. Mice in studies II and III were euthanized in similar manner 
after PET-CT imaging and mice in study IV 120 mins after 18F-AlF-NOTA-folate 
injection. Tissue samples were dissected, weighed and radioactivity measured using 
a gamma counter (Triathler 425-010, Hidex, Turku, Finland). The measurements 
were corrected for injected radioactivity dose and decay-corrected according to the 
physical half-life of the radionuclide. The results were expressed as percentage of 
injected radioactivity per gram of tissue (%ID/g, study IV) or as standardized uptake 
values (SUV, studies I, II and III) which were calculated as (radioactivity in 
tissue/tissue weight) / (injected radioactivity/mouse weight). TBR was calculated for 
the aorta by dividing the aortic SUV by blood SUV. 

The rabbits in study IV were euthanized under deep medetomidine 
hydrochloride/ketamine anesthesia by cardiac puncture followed by an overdose of 
pentobarbital (Mebunat vet 60 mg/mL, Orion Pharma, Espoo, Finland) 120 mins 
after 18F-FOL injection. Tissue samples were dissected, weighed and the 
radioactivity measured using a gamma counter (1480 Wizard 3′′; Perkin 
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Elmer/Wallac, Turku, Finland). The aorta from the aortic arch to the iliac artery 
bifurcation was dissected and cut into 2 cm segments which were weighed, and the 
radioactivity of each aorta segment was measured. The radioactivity values were 
corrected for the injected radioactivity dose and decay of the tracer. The results were 
expressed as %ID/g. 

4.6 Autoradiography studies 

Ex vivo autoradiography (I–IV) 

The tracer uptake in the aorta was determined in more detail using digital ARG 
(Figure 2.). The mouse aortas were carefully cleaned and rinsed and after the ex vivo 
measurements described in the previous chapter, the aortas were then frozen in dry-
ice cooled isopentane and cut into 20 and 8 μm serial longitudinal sections (n = 6–8 
sections/slide) and the rabbit aortas were divided into 3–6 transverse 2 cm segments, 
frozen, and cut into 20 μm sequential transverse sections with a cryomicrotome. In 
study I, a piece of the liver and in study II, the pancreas was similarly frozen and cut 
into 20- and 8 μm serial sections). The sections were airdried and opposed to a 
radiation-sensitive imaging plate (Fuji Imaging Plate BAS-TR2025, Fuji Photo Film 
Co., Ltd., Tokyo, Japan). The ARG was exposed for a specific time depending on 
the radionuclide used but for a minimum of two physical half-lives of the tracer and 
then scanned with a phosphoimager with an internal resolution of 25 μm (Fuji 
Analyzer BAS-5000, Fuji, Tokyo, Japan). The 20 μm sections were stained with 
hematoxylin and eosin (H&E) and the 8 μm sections were stored in -70 °C to be used 
later for immunohistochemical staining’s. 

The H&E slides were scanned using a slide scanner (Pannoramic 250 Flash, 
3DHistech Ltd., Budapest, Hungary) and the outlines of the sections were then co-
registered with the ARG images. From the aorta, 6–10 sections per animal and from 
the liver and pancreas, 6 sections per animal were analyzed with Tina 2.1 software 
(Raytest Isotopemessgeräte, GmbH, Straubenhardt, Germany) and the tracer 
accumulation was measured as count densities (photo-stimulated luminescence per 
square millimeter, PSL/mm2). The background count densities were subtracted from 
the results and the PSL/mm2 values decay-corrected for injection and exposure time 
and normalized for injected radioactivity dose for each animal. 

For the mice the ROIs were determined in atherosclerotic plaques (excluding 
calcification and media), vessel wall with no lesion formation, and the brown adipose 
tissue around the aorta (adventitia). In study I, the whole liver section was 
encompassed by the ROI. In study II, the ROIs were placed on the islets of 
Langerhans and exocrine pancreas and the islet-to-exocrine ratio was determined. In 
the rabbit study the atherosclerotic plaques were divided into two categories based 
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of their histopathological characteristics seen in H&E: atherosclerotic plaques with 
large fibroatheroma lesions (mainly observed in denudated abdominal aorta) and 
mild atherosclerotic plaques with small lesions or intimal thickening (observed in 
non-denudated thoracic aorta). It was not possible to place a ROI in totally healthy 
vessel wall, as some plaque formation was also seen in non-denudated thoracic aorta 
due to the genetic background and advanced age of the rabbits. 

 
Figure 2.  A representative image of an autoradiograph (middle) with corresponding H&E (left) and 

adjacent Mac-3 staining (right) of a mouse aorta. The white arrows depict atherosclerotic 
plaques. Plaques commonly build up in the aortic arch region and the aortic branches; 
brachiocephalic artery (B), left common carotid artery (LC) and left subclavian artery (LS). 
The lumen (L) is narrowed due to plaque buildup. Tracer uptake is highest in the 
macrophage rich plaques (red areas) and relatively low in the normal vessel wall and 
adventitia (green). (Adopted and modified from the original publication I with a permission 
(Fig. 2A, page 68). DOI: https://doi.org/10.1016/j.atherosclerosis.2020.05.009) 

In vitro autoradiography (IV) 

In vitro autoradiography was performed in study IV by using human (24 × 7 μm 
carotid cryosections from five patients), mouse (30 × 8 μm aorta cryosections from 
four atherosclerotic mice), and rabbit (46 × 20 μm aorta plaque cryosections from 
four Watanabe rabbits). The human samples were acquired from patients who 
underwent carotid endarterectomy, and the study was conducted according to the 
declaration of Helsinki, and the study protocol was approved by the ethics committee 
of the Hospital District of Southwest Finland. All of the patients gave their written 



Jenni Virta 

 52 

informed consent. The slides were pre-incubated in PBS (pH 7.4) at room 
temperature for 15 min and then in 0.2 nM 18F-FOL in PBS with or without a 100-
fold molar excess of folate glucosamine to also determine specificity of tracer 
binding. After incubation, the slides were washed twice with ice-cold PBS for 1 min, 
dipped in ice-cold distilled water, briefly dried with a hair dryer, and ARG was 
performed similarly as in the ex vivo studies.  

4.7 Specificity of tracer binding (II, IV) 
Specificity of tracer binding was assessed ex vivo in study II. 14 mg/kg of unlabeled 
exendin-4 peptide (ChinaPeptides Co. Ltd., Shanghai, China) was injected into 4 
mice (results pooled n = 2 nondiabetic and n = 2 diabetic mice), 10 minutes prior to 
68Ga-NODAGA-exendin-4 injection, to block the specific binding sites of the tracer. 
The blocking peptide dose was ∼100-fold amount (445 μg/mouse) compared with 
injected 68Ga-NODAGA-exendin-4. The blocking was followed by autoradiography 
study as described in Chapter 4.6. In study IV, the specificity of the tracer was 
assessed in vitro (described in Chapter 4.6) and ex vivo by injecting a 100-fold molar 
excess of folate glucosamine (C25H30N8O10, molecular weight 602.56) (25–30 μl) i.v. 
into 3 LDLR−/−ApoB100/100 mice one minute before 18F-FOL injection. The blocking 
was followed by ARG as described in the previous chapter.  

4.7.1 In vitro binding (IV) 
The binding of 18F-FOL to macrophages was studied using peripheral blood 
mononuclear cells from buffy coats that were collected using Ficoll centrifugation 
method. Monocytes were enriched using magnetic-activated cell sorting (MACS) 
positive selection kit (Monocyte isolation kit with CD14 MicroBeads; Miltenyi 
Biotec, Bergisch Gladbach, Germany). MACS-purified monocytes were cultured in 
12 well plates (1 × 106 cells/well) in the Iscove’s Modified Dulbecco’s medium 
(containing 2% AB serum and 2 mmol l-glutamine; Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA) with M-CSF (20 ng/ml; Peprotech, London, UK) for 6 days 
(at 37 °C in a CO2 incubator) to obtain macrophages (at day 3 half of the medium 
was replaced with fresh medium with M-CSF (20 ng/ml). At day 6, IFN-γ 
(50 ng/mL; Peprotech) and LPS (100 ng/ml; Sigma-Aldrich, St. Louis, MO, USA) 
were added to fresh medium to differentiate macrophages to M1, and M-CSF 
(20 ng/ml), IL-4 (10 ng/ml; Peprotech) and IL-10 (10 ng/ml; Peprotech) were added 
to the fresh medium to differentiate macrophages to M2. The cultures were incubated 
for another 2 days (at 37 °C in a CO2 incubator). At day 8 the medium was removed 
from the wells, and 18F-FOL (1 MBq/ml in fresh medium) was added to each well 
and incubated for 1 hour (at 37 °C in a CO2 incubator). After the incubation the cells 
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were rinsed twice with PBS (1 mL) to remove any unbound radioactive materials 
and 1% sodium dodecyl sulfate in PBS (1 ml) was added to each well. Solubilized 
cells were collected into individual test tubes and the amount of bound tracer was 
measured with a gamma counter (1480 Wizard 3″; Perkin Elmer/Wallac, Turku, 
Finland). After this the cells were harvested to confirm the polarization to M1 and 
M2 macrophages, and after pre-blocking with human immunoglobulin (Ig 
100 μg/ml; KIOVIG, Baxter, Vienna, Austria) they were incubated with Alexa Fluor 
488-conjugated anti-human-CD206 antibody (mouse IgG1; BioLegend, San Diego, 
CA, USA) for cell surface staining or with isotype control (mouse IgG1; BD 
Biosciences, New Jersey, NJ, USA). For CD68 staining, the cells were 
permeabilized (15 s in ice-cold acetone), blocked and incubated with Alexa Fluor 
488-conjugated anti-human-CD68 antibody (mouse IgG2a; BioLegend) or with 
isotype control (mouse IgG2a; BD Biosciences). As the last step, the cells were fixed 
using paraformaldehyde and analyzed using fluorescence-activated cell sorting 
(FACS) with Fortessa flow cytometer (BD Biosiences, CA, USA) and Flowing 
software (Turku Center of Biotechnology, Turku, Finland). 

4.8 In vivo tracer stability (III, IV) 
The in vivo stability and plasma protein binding of the tracer was assessed in studies 
III and IV. In study III, blood samples were taken from the mice at the end of PET/CT 
imaging (n = 4 atherosclerotic mice, n = 7 healthy controls). Whole blood was 
weighed, and radioactivity measured (Triathler 3″; Hidex, Turku, Finland) after 
which it was centrifuged (700 ×g at 4 °C for 5 minutes) to separate the plasma. The 
plasma sample was then weighed, and radioactivity measured before an aliquot was 
precipitated with 2.4 volumes of methanol, followed by vortexing and centrifugation 
(11,000 × g at room temperature for 10 min). The radioactivity of the supernatant 
and precipitated protein pellet was measured (1480 Wizard 3″; Perkin Elmer/Wallac, 
Turku, Finland). The precipitated plasma supernatants were further analyzed with 
HPLC to measure the fraction of intact 18F-FGln. In study IV, blood samples were 
taken from all the rabbits and from a separate set of 6 atherosclerotic mice at 
timepoints of 5-60 minutes post injection of 18F-FOL. Plasma was separated by 
centrifugation (2,100 × g for 4 min at 4 °C) after which it was weighed, and 
radioactivity measured. An aliquot of the plasma was precipitated by adding an equal 
volume of acetonitrile followed by vortexing and centrifugation (2,100 × g for 4 min 
at 4 °C). The radioactivity of the supernatant and precipitated protein pellet was 
measured. (1480 Wizard 3″; Perkin Elmer/Wallac, Turku, Finland). The supernatant 
was then filtered through a 0.45 μm Minispike filter (Waters Corporation, USA) to 
be further analyzed with HPLC. The column utilized in the HPLC was a semi-
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preparative C18 column (Jupiter 250 × 10 mm, Phenomenex Inc., Torrance, CA, 
USA) and both UV (254 nm) and radioactivity detection were used. 

4.9 Histology and immunohistochemistry 
As the 20 μm cryosections of the aorta were used for H&E staining, adjacent 8 μm 
sections were used for different immunohistochemical staining’s. In addition to the 
aorta cryosections, the aortic root of the mice was preserved in 10 % formalin and 
after fixation, dehydrated in 70 % ethanol, embedded in paraffin, and cut transversely 
into serial 6 μm sections at the level of the coronary ostia.  

For immunohistochemical stainings in general, the sections were first thawed 
and fixed with 4 % formaldehyde and then boiled in citrate or tris-EDTA buffer. The 
sections were then incubated with the primary antibody followed by secondary and 
tertiary antibodies, depending on the staining. Detection of the stained regions was 
performed using 3.3′-diaminobenzidine tetrahydrochloride hydrate (DAB) and 
substrate (DakoCytomation K3468 or Bright-DAB, BS04-110, ImmunoLogic, 
Duiven, the Netherlands) and counterstained with Mayer’s hematoxylin. Eight μm 
aorta cryosections were stained for macrophages with anti-mouse Mac-3 (clone 
M3/84, 1:1000 or 1:500, BD Biosciences, Franklin Lakes, NJ, USA) in all of the 
studies to investigate their co-localization with tracer uptake. 

In study I, aortic root sections were stained with Mac-3, iNOS to detect M1 
polarized macrophages, anti-mannose receptor C-type 1 antibody (MRC-1) to detect 
M2 polarized macrophages (anti-MRC-1 ab64693, 1:500 and anti-iNOS ab15323, 
1:200; Abcam, Cambridge, UK) or modified Movat’s pentachrome staining, which 
was used for histological evaluation of the plaques. Formalin-fixed, paraffin 
embedded piece of liver from each mouse was cut into 4 μm sections and stained 
with H&E or van Gieson’s stain to study features of NAFLD (steatosis, 
inflammation, ballooning, and fibrosis). The evaluation was performed by two 
independent observers using the NAFLD activity scoring (NAS) scale, where the 
sum of three equal weighted features of steatosis (0–3), lobular inflammation (0–3) 
and hepatocellular ballooning (0–2) were used to calculate the score (Hjelkrem et al. 
2011). 

In study II, aortic root sections were co-stained with immunofluorescent GLP-
1R antibody (7F38, 1:100; DSHB, IA, USA) and either Mac-3, iNOS or MRC-1. 
Immunofluorescent co-staining’s were then performed with GLP-1R antibody in 
combination with EC antibody CD31 (NB100-2284, 1:100; Novus Biologicals, 
Abingdon, UK) SMC antibody or ⍺-smooth muscle actin (⍺-SMA) (A5228, 1:2000 
or 1:20 000; Merck, Darmstadt, GE). Pancreatic paraffin sections were additionally 
co-stained with GLP-1R and insulin antibodies (ab63820, 1:5000 or 1:1000; Abcam, 
Cambridge, UK).   
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In study III, co-localization of tracer uptake with glutamine transporters was 
studied in aorta cryosections by staining them with anti-SLC7A7 antibody (1:1,000; 
catalog number: PA5-113527; Thermo Fisher Scientific, Waltham, MA, USA). 
Aortic root sections were stained with Mac-3 and modified Movat’s pentachrome 
and also with anti-SLC1A5 (1:500; NBP1-59732; Novus Biologicals, Centennial, 
CO, USA), anti-SCL3A2 (1:500; sc-390154; Santa Cruz Biotechnology, Dallas, TX, 
USA), and anti-SLC7A7 (1:500; PA5-113527; Thermo Fisher Scientific, Waltham, 
MA, USA)) antibodies to investigate the expression patterns of different glutamine 
transporters in atherosclerotic lesions. 

In study IV, the mouse aortic root sections were stained with iNOS, MRC-1 and 
modified Movat’s pentachrome staining. Mouse aorta cryosections were additionally 
stained with FR-β using a rabbit polyclonal anti-FR-β antibody (1:100, Biorbyt Ltd, 
Cambridge, UK), and anti-rabbit secondary antibody (Bright vision Poly-HRP-anti 
Rb, VWRKDPVR110HRP) to study the co-localization of the tracer with FR-β. The 
ex vivo imaged aortas were stained with Oil-Red-O. The rabbit aorta segments that 
were not used for ARG were fixed in 10% formalin, embedded in paraffin, and cut 
into 6 μm serial sections. For each aorta segment, adjacent sections were stained with 
either modified Movat’s pentachrome or H&E for histological evaluation or mouse 
anti-rabbit RAM-11 antibody (M 0633, 1:1000, Envision, Dako, Carpinteria, CA, 
USA), followed by secondary anti-mouse antibody (K4001, Envision, Dako, 
Carpinteria, CA, USA) to detect macrophages. 8 μm human carotid artery 
cryosections were stained with mouse monoclonal anti-human CD68 antibody 
(mo876; 1:200, PG-M1, Dako, Glostrup, Denmark), to detect macrophages or 
biotinylated anti-human FR-β antibody (m909, 1:100), followed by secondary 
antibody (P0397, 1:200, Dako) to detect FR- β positive areas. 

After staining the slides were scanned using a slide scanner (Pannoramic 250 
Flash, for histology or MIDI for immunofluorescence, 3DHistech Ltd., Budapest, 
Hungary). For each aortic root and liver staining, 3 sections per mouse were analyzed 
using the ImageJ software (Fiji, National Institutes of Health, Bethesda, MD, USA). 
The aortic roots were outlined based on the histology, using the image processing 
software GIMP2 so that the intima and media were separated, and the absolute area 
of intima (mm2) and intima-to-media ratio could be calculated. The percentage of 
intimal area positive for different macrophages was measured with a color 
deconvolution method that detects the DAB-stained areas. 

4.10 Measurement of plasma biomarkers (I, II) 
Plasma concentration of different biomarkers were measured in studies I and II. In 
study I, fasting plasma concentration of glucose and insulin were measured during 
the oGTT’s as previously mentioned and TG’s (Triglyceride Determination Kit, 
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Sigma-Aldrich, St. Louis, MO, USA) and total cholesterol (Cholesterol ChOD-PAP 
kit, MTI-diagnostics GmbH, Idstein, Germany) concentrations were measured 
before and at the end of treatment. As previously described by Darsalia et al. (2016), 
plasma DPP-4 and GLP-1 activity was measured from a separate set of linagliptin 
treated and high-fat diet mice at the end of the 3-month intervention.  

In study II, plasma concentrations of total cholesterol (CHOD-PAP kit, Roche 
Diagnostics, Basel, Switzerland), LDL, HDL (as described by Yan et al. 2007) and 
TG’s (GPO-PAP kit, Roche Diagnostics, Basel, Switzerland) were measured. 
Additionally, plasma levels of C-peptide, glucagon, insulin, and leptin were 
measured from blood samples taken before tracer injection, using a Luminex assay 
(MILLIPLEX MAP Mouse Metabolic Hormone Magnetic Bead Panel, Merck 
Millipore, Billerica, MA, USA). 

4.11 Statistical analyses 
The results were expressed as mean ± standard deviation (SD) and statistical 
significance was accepted when p < 0.05 in all of the studies. Analyses were 
performed using Microsoft Excel or IBM SPSS Statistics 25 (IBM Corp., Armonk, 
NY, USA). In study I, normally distributed datasets were analyzed using Student’s 
t-test for unpaired data to compare the differences between linagliptin and HFD 
group or HFD and chow group. Evaluation of NAFLD scores was performed using 
Fisher’s exact test, and correlations were evaluated using Spearman’s rho. In study 
II, a Shapiro–Wilk test was used to examine normality, and equality of variances was 
tested with Levene’s test. Multiple comparisons were made by one-way analysis of 
variance (ANOVA) followed by Dunnett’s post hoc test for the control group or the 
competition group. Student’s t test for unpaired or paired data was used to compare 
differences between nondiabetic and diabetic groups. In study III, normality was 
examined by a Shapiro–Wilk test, and equality of variances was tested with an F test. 
A two-tailed unpaired Student’s t test was used for normally distributed datasets, to 
compare differences between the groups. In study IV, independent samples t tests 
was used to compare differences between groups and one-way ANOVA with 
Tukey’s correction to compare multiple groups. Paired t tests were applied for 
comparisons of tracer uptake between different tissues in the same animals. In the 
rabbit studies, general linear mixed models were used to test associations between 
continuous variables, where the animal was used as a random effect to account for 
within-subject correlation, and classified aorta segments were used as a repeated 
effect to account for the difference between segments when appropriate. Pearson’s 
correlation coefficient (r) was used to assess correlations between continuous 
variables. 
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5 Results 

5.1 Study animal characteristics 

5.1.1 Histology and immunohistochemistry 
All atherosclerotic mice (both ApoB100/100LDLR-/- and IGF-II/ApoB100/100LDLR-/-,) 
developed extensive macrophage-rich atherosclerotic lesions on HFD, whereas the 
IGF-II/ApoB100/100LDLR-/- mice that were kept on chow diet only developed small 
lesions, which were similarly infiltrated with macrophages. No lesion development 
was observed in the C57BL/6N or C57BL/6Rj control mice.  

In study I, the intima-to-media ratio in the aortic root was similar in the 
linagliptin and HFD group (4.0 ± 1.2 vs. 4.8 ± 2.4, p = 0.24) but in the chow group 
it was significantly lower than in high-fat diet group (0.9 ± 0.64, p = 0.002). All mice 
showed similar distributions of M1 and M2 polarized macrophages in the lesions. 
Mice in linagliptin and HFD group showed prominent hepatic micro- and 
macrovesicular steatosis, but linagliptin-treated mice had significantly less 
inflammation compared to HFD mice (steatosis 2.0 ± 1.1 vs. 2.3 ± 1.0, p = 0.85; 
inflammation 0.93 ± 0.59 vs. 1.4 ± 1.3, p = 0.04, respectively). In addition, the 
number of ballooned cells was similar and there was minimal to no fibrosis in all of 
the groups. There were no differences between linagliptin and HFD groups with 
respect to NAS or fibrosis.  Compared to HFD group, mice on chow diet showed 
significantly less steatosis (0.80 ± 0.45, p = 0.02), but there were no differences in 
inflammation, NAS, or fibrosis.  

In study II, the intima-to-media ratio was similar in nondiabetic and diabetic 
mice (1.7 ± 0.47 vs. 1.7 ± 0.37, p = 0.98). No GLP-1R expression was seen in the 
control mice but in the atherosclerotic mice, GLP-1R-positive protein 
immunostaining was found in the lesions mainly in the macrophage-rich areas 
stained with Mac-3, iNOS, and MRC-1. GLP-1R expression co-localized most 
prominently with M2 polarized macrophages. Scattered GLP-1R-positive staining 
was also observed in the CD31-positive endothelium and additional GLP-1R 
positive staining was observed in deeper areas of the lesions, which did not however 
colocalize with ⍺-SMA-positive VSMCs. In the pancreatic sections, GLP-1R 
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immunostaining colocalized with insulin staining in pancreatic β-cells of islets of 
Langerhans. 

In study III, glutamine transporters SLC1A5, SLC3A2, and SLC7A7 were 
expressed in atherosclerotic lesions in the aortic root, but with unique expression 
profiles. SLC1A5 was expressed predominantly in aortic valve leaflets, whereas 
SLC3A2 was expressed in the intima. Expression of SLC7A7 was prominent in both 
the aortic valve and intima and it colocalized with Mac-3-positive macrophages 
which was also observed in aortic arch cryosections.  

In study IV, the intima-to-media ratio was 3.7 ± 2.1 and lesions showed 
infiltration of both M1 and M2 polarized macrophages that were also FR-β-positive. 
The endarterectomized carotid artery samples showed co-localization of CD68 and 
FR-β positive macrophages in the lesions. In rabbits, staining with HE and anti-
RAM-11 antibody showed that the aortic segments within the denudated part of the 
aorta contained large fibroatheroma-type lesions infiltrated with macrophages. The 
non-denudated aorta showed only small fibroatheroma-type lesions or mild intimal 
thickening. 

5.1.2 Plasma biomarkers 
In study I, fasting blood glucose and insulin levels were similar in linagliptin and 
HFD group (fasting glucose 9.8 ± 1.5 vs. 9.6 ± 3.0 mmol/l, p = 0.77, fasting insulin 
0.56 ± 0.18 vs. 0.60 ± 0.27 ng/ml, p = 0.69, respectively) as well as total cholesterol 
and TG levels (total cholesterol 35 ± 8.3 vs. 35 ± 14 mmol/l, p = 0.99, TG 2.5 ± 0.83 
vs. 2.3 ± 0.54 mmol/l, p = 0.30, respectively). However, total cholesterol was 
significantly lower in the chow group compared to HFD group (8.0 ± 3.2 mmol/l, 
p < 0.001). The mean intake of linagliptin during the intervention was 7.7 ± 
0.98 mg/kg/day, measured from the food intake of the mice. Linagliptin treatment 
lowered plasma DPP-4 activity by 83 % and increased GLP-1 activity by 81% 
compared with HFD mice (DPP-4 activity 749 ± 127 vs. 4,488 ± 783 relative 
fluorescence units, p < 0.001, GLP-1 activity 16 ± 5.2 vs. 2.9 ± 2.3 pg/ml, 
respectively; p < 0.001).  

In study II, total cholesterol was similar in the nondiabetic and diabetic 
hypercholesterolemic mice (46 ± 7.8 vs. 50 ± 6.6 mmol/l, p = 0.24), but significantly 
lower in the healthy controls (2.0 ± 0.41 mmol/l, p < 0.01). HDL and TG levels were 
similar between the groups. Plasma leptin levels were significantly higher in both 
non-diabetic (6,300 ± 1,800 pg/ml) and diabetic mice (6,500 ± 2,800 pg/ml) 
compared to healthy controls (2,700 ± 2,600 pg/ml, p < 0.05). Additionally, the 
diabetic mice showed a tendency towards higher fasting plasma levels of insulin and 
C-peptide (insulin 2,700 ± 1,600 vs. 1,300 ± 1,200 pg/ml, p = 0.11; C-peptide 1,700 
± 1,100 vs. 1,000 ± 670 pg/ml, p = 0.17) compared to non-diabetic mice. 
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5.1.3 Glucose tolerance tests 
In study I, baseline oGTT showed similar glucose tolerance between the groups, but 
at the end of the intervention, linagliptin treated mice exhibited significantly 
improved glucose tolerance compared to baseline (Area under the curve 0ؘ–120 min, 
(AUC0–120 min) 1,365 ± 313 mmol∙min/l vs. 2,033 ± 435; p < 0.001) and HFD mice 
(AUC0–120 min 1,365 ± 313 vs. 1,720 ± 397 mmol∙min/l; p = 0.01). At the end of the 
intervention, linagliptin treated mice also showed a significant increase in insulin 
secretion compared to baseline (AUC0–120 min 75 ± 14 vs. 143 ± 59 ng∙min/ml; 
p = 0.001)(Figure 3.). 

 
Figure 3.  Oral glucose tolerance test in study I. Baseline oGTT was performed before the start of 

the intervention (A) and the insulin levels were measured during the test (B). At the end of 
the intervention the oGTT (C) and insulin measurements (D) were repeated. Linagliptin 
treatment significantly improved glucose tolerance of the mice compared to baseline 
(p < 0.001) and increased insulin secretion during oGTT (p = 0.001). # HFD vs. chow 
p < 0.01; ** Linagliptin vs. HFD p < 0.001. (Adopted from the original publication I with a 
permission (Fig. 1, page 67). DOI: https://doi.org/10.1016/j.atherosclerosis.2020.05.009) 
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In study II, the diabetic mice exhibited significantly impaired glucose tolerance 
(peak ipGTT value at 20 min 29 ± 4.6 mmol/l) compared to non-diabetic mice (14 ± 
2.6 mmol/l, p < 0.001) and healthy controls (13 ± 1.6 mmol/l, p < 0.001). 

5.2 Specificity of tracer binding (II, IV) 
In study II, i.v. injection of unlabeled exendin-4 prior to 68Ga-NODAGA-exendin-4, 
showed reduced lesion-to-wall ratio (block 1.4 ± 0.10, p = 0.0018 vs. nondiabetic 
and p = 0.0025 vs. diabetic mice) and completely blocked tracer uptake in islets of 
Langerhans, indicating that the tracer uptake is specifically mediated by GLP-1R. In 
study IV, mice were i.v. injected with 100-fold excess of folate glucosamine 1 min 
prior to 18F-FOL which reduced uptake of the tracer by ∼ 92% in the atherosclerotic 
plaques ex vivo.  

5.2.1 In vitro binding (IV) 
In vitro incubation of mouse aorta and human carotid artery cryosections in folate 
glucosamine prior to 18F-FOL reduced the total binding of the tracer by 89 ± 3.5% 
and 88  ± 8.9%, respectively )(Original article IV, Fig. 2, page 3). In vitro incubation 
of macrophages showed that the tracer binds to both M1 and M2 polarized 
macrophages, but there’s significantly more binding to M2 polarized macrophages 
(p = 0.011) (Original article IV, supplement, Fig. S1, page 2, DOI: 
https://doi.org/10.1038/s41598-018-27618-4). 

5.3 In vivo tracer stability (III, IV) 
In vivo tracer stability was examined in studies III and IV. In study III, on average 
the red blood cell uptake of the radioactivity was 46.8 ± 1.5% and plasma protein 
binding was 24.6 ± 4.4% ∼ 70 min post injection of 18F-FGln in both atherosclerotic 
mice and healthy controls. HPLC analysis showed that 78.2 ± 4.0% of the tracer was 
intact at this timepoint. In study IV, the plasma protein binding of i.v. injected 18F-
FOL was 16 ± 6.4% in mice and 15 ± 9.5% in rabbits. In mice, 85 ± 6.0% of the 
tracer was still intact up to 60 min post-injection. The results indicated good in vivo 
stability of the tracer in both of the studies. 

5.4 PET/CT imaging 
PET/CT imaging was performed in studies II, III and IV. In study II, at 50–60 min 
post injection of 68Ga-NODAGA-exendin-4, uptake of the tracer was significantly 
higher in the atherosclerotic aorta than in the control aorta as determined by 
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increased SUVmax (0.26 ± 0.039 vs. 0.17 ± 0.048, p = 0.029) and TBR (SUVmax, 
aorta/SUVmean, blood 1.3 ± 0.15 vs. 1.1 ± 0.13, p = 0.040). Myocardial uptake was 
relatively low, although the hypercholesterolemic mice had significantly higher 
uptake compared to controls (SUVmean 0.16 ± 0.011 vs. 0.11 ± 0.026, p < 0.01). In 
vivo uptake of the tracer in other tissues studied was similar between atherosclerotic 
and control mice. 

In study III, uptake of 18F-FGln in the atherosclerotic aortic arch could be 
visualized from the PET/CT images whereas uptake of 18F-FDG was not detectable. 
There was a tendency towards higher TBR of 18F-FGln in the atherosclerotic aortic 
arch compared to healthy controls (SUVmax, aorta/SUVmean, blood 1.95 ± 0.42 vs. 
1.44 ± 0.10, p = 0.09), but there was no difference in TBR of 18F-FDG (SUVmax, 
aorta/SUVmean, blood 2.77 ± 0.71 vs. 2.74 ± 0.77, p = 0.96, respectively). Myocardial 
uptake of 18F-FGln was significantly lower than that of 18F-FDG (SUVmean 0.43 ± 
0.06 vs. 10.84 ± 1.10, p < 0.0001). 

In study IV, 60-90 min post injection of 18F-FOL, the atherosclerotic mice 
showed significantly higher TBR in the aortic arch compared to healthy controls 
(SUVmax, aortic arch/SUVmean, blood, 1.5 ± 0.34 vs. 0.71 ± 0.18, p = 0.00019). 
Myocardial uptake of 18F-FOL was significantly lower than that of 18F-FDG (SUVmax 
0.36 ± 0.069 vs. 12 ± 4.3, p < 0.0001, respectively). Blood radioactivity was also 
significantly lower for 18F-FOL compared to 18F-FDG (SUVmean 0.39 ± 0.15 vs. 0.68 
± 0.22, p = 0.0057), indicating a faster clearance from the circulation. Ex vivo PET 
imaging of excised mouse aortas 120 minutes after 18F-FOL injection showed 
highest tracer uptake in atherosclerotic lesions in the aortic arch. In the rabbits, TBR 
in the atherosclerotic aorta was similar with both 18F-FOL and 18F-FDG and there 
was an association in the same segments of the aorta between the TBR obtained from 
the two tracers (linear mixed model p = 0.0088). The average uptake of 18F-FOL in 
the whole aorta was similar to that of 18F-FDG (SUVmax, aorta/SUVmean, blood, 2.6 
± 0.63 vs. 1.9 ± 0.45, p = 0.074). TBR of 18F-FOL had a high association with the 
areal percentage of RAM-11-positive macrophages (linear mixed model p = 0.0031) 
in the corresponding segment of the aorta. Representative images of rabbit PET/CT 
are presented in Figure 4. 
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Figure 4. Representative images of rabbit PET/CT with 18F-FOL and 18F-FDG from coronal (left), 

sagittal (middle) and transaxial (right) view. The white arrows indicates a segment with 
advanced atherosclerosis with high tracer uptake in the abdominal aorta and the blue 
arrows indicate segments of aorta with mild atherosclerosis and lower tracer uptake. 
The color scale is the same in all of the PET images portrayed. (Adopted from the 
original publication IV with a permission (Fig. 5A, page 8). DOI: 
https://doi.org/10.1038/s41598-018-27618-4). 

5.5 Ex vivo biodistribution 
Ex vivo biodistribution studies were performed in all of the studies. In study I, there 
was no difference in 18F-FDG uptake in the aorta between linagliptin treated and 
HFD mice (SUV 1.0 ± 0.23 vs. 1.1 ± 0.27, p = 0.74; aorta-to-blood ratio 3.2 ± 0.78 
vs. 3.0 ± 0.58, p = 0.60) or between HFD and chow groups (SUV 1.1 ± 0.27 vs. 1.2 
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± 0.60; p = 0.54; aorta-to-blood ratio 3.0 ± 0.58 vs. 2.5 ± 0.70; p = 0.12). Uptake of 
18F-FDG was similar between the groups in other tissues as well, however linagliptin 
treated mice had significantly lower uptake in white adipose tissue compared to HFD 
group (SUV 0.07 ± 0.02 vs. 0.10 ± 0.04, p = 0.04). 

In study II, at 60 min post injection of 68Ga-NODAGA-exendin-4, both non-
diabetic and diabetic hypercholesterolemic mice had significantly higher uptake in 
the aorta compared to healthy controls (SUV 0.23 ± 0.06 vs. 0.22 ± 0.05 vs. 0.15 ± 
0.05, p = 0.009; p = 0.016, respectively). Highest radioactivity was observed in the 
kidneys and urine of all the mice. 

In study III, atherosclerotic mice had significantly higher uptake of 18F-FGln in 
the aorta compared to healthy controls (SUV 0.35 ± 0.06 vs. 0.20 ± 0.08, p = 0.03). 
Highest uptake of 18F-FGln was observed in the pancreas. Interestingly, the uptake 
in the pancreas and liver was significantly lower in atherosclerotic mice compared 
to controls (SUV pancreas 2.64 ± 0.62 vs. 4.77 ± 0.90, p = 0.004, SUV liver 1.20 ± 
0.24 vs. 1.90 ± 0.14, p = 0.0001). 

In study IV, aortic uptake of 18F-FOL 120 min post-injection was significantly 
higher in atherosclerotic mice compared to controls (%ID/g 2.4 ± 0.56 vs. 1.3 ± 0.46, 
p < 0.001) and atherosclerotic mice from the blocking study (%ID/g 0.28 ± 0.15, 
p = 0.0040). Additionally, when the aortic uptake was compared to blood 
radioactivity, there was a 5-fold difference in the radioactivity concentration (%ID/g 
aorta 2.4 ± 0.56 vs. %ID/g blood 0.48 ± 0.20, p < 0.0001). The highest radioactivity 
was found in the kidneys which are known to express FR and the radioactivity was 
excreted in the urine. The aorta with advanced atherosclerosis in the rabbits had 
higher uptake of 18F-FOL than aorta with mild atherosclerosis (%ID/g 0.075 ± 0.026 
vs. 0.048 ± 0.018, p = 0.04). As with the mice, aortic uptake was significantly higher 
compared to blood radioactivity as intra-animal comparison showed that aorta-to-
blood ratio was 16 ± 10, p = 0.013. Highest uptake of the tracer was observed in the 
kidneys, spleen, and liver of the rabbits. 

5.6 Autoradiography 

In study I, no differences were observed in the uptake of 18F-FDG in atherosclerotic 
lesions and non-atherosclerotic vessel wall between linagliptin and HFD group 
(plaque-to-wall ratio, 1.7 ± 0.25 vs. 1.6 ± 0.21, p = 0.24). Uptake in the surrounding 
adventitia was also similar between linagliptin and HFD mice (95 ± 27 vs. 88 ± 
18 PSL/mm2, p = 0.45) as was the uptake in the liver (116 ± 29 vs. 134 ± 
36 PSL/mm2, p =0.17). However, hepatic 18F-FDG uptake was significantly lower 
in the chow group compared to HFD group (93 ± 16 vs. 134 ± 36 PSL/mm2, 
p = 0.03). 
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In study II, uptake of 68Ga-NODAGA-exendin-4 was significantly higher in 
atherosclerotic lesions than in normal vessel walls in both nondiabetic (plaque-to-
wall ratio 1.6 ± 0.10, P < 0.0001) and diabetic mice (plaque-to-wall ratio 1.6 ± 0.078, 
P < 0.0001). Uptake in adventitia was significantly higher in both 
hypercholesterolemic non-diabetic and diabetic mice compared to healthy controls 
(21 ± 2.5 vs. 20 ± 3.8 vs. 10 ± 1.3 PSL/mm2, p < 0.0001). All groups showed focally 
increased uptake of the tracer in the islets of Langerhans. The ratio between islets 
and exocrine pancreas was similar in nondiabetic and diabetic mice (9.0 ± 3.3 vs. 7.8 
± 2.5, p = 0.56) and control mice (11 ± 1.7, p = 0.42 vs. non-diabetic and p = 0.14 
vs. diabetic mice). Tracer uptake in the islets of Langerhans weas completely 
blocked by the unlabeled exendin-4 peptide. 

In study III, uptake of 18F-FGln in atherosclerotic plaques was significantly 
higher than in normal vessel wall (89.05 ± 18.09 vs. 34.60 ± 5.23 PSL/mm2, 
p = 0.002) or adventitia (35.48 ± 10.34 PSL/mm2, p = 0.001). The average plaque-
to-wall ratio was significantly higher with 18F-FGln than with 18F-FDG (2.90 ± 0.42 
vs. 1.93 ± 0.22, p = 0.004). The uptake of both tracers in atherosclerotic lesions co-
localized with Mac-3- and SLC7A7- positive macrophages. No uptake was observed 
in the healthy control aortas.  

In study IV, uptake of 18F-FOL in mouse atherosclerotic plaques was 
significantly higher than in healthy vessel wall (plaque-to- wall ratio 2.6 ± 0.58, 
p < 0.0001) or adventitia (plaque-to-adventitia ratio 2.4 ± 0.55, p < 0.0001). The 
tracer uptake co-localized with Mac-3- and FR-β- positive macrophages in the 
atherosclerotic lesions. In rabbits the sections of aorta with advanced atherosclerosis 
had significantly higher uptake of 18F-FOL than the sections with only mild 
atherosclerosis or intimal thickening (41 ± 7.0 vs. 17 ± 2.7 PSL/mm2, p = 0.0028). 
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6 Discussion 

6.1 Imaging in different animal models of 
atherosclerosis 

The hypercholesterolemic mouse model ApoB100/100LDLR-/- and its diabetic 
counterpart IGF-II/ApoB100/100LDLR-/- are useful models to study atherosclerosis, 
but they have some disadvantages in their use.  While the mice resemble FH in 
humans both in the lipid profile and lesion formation, they still lack CETP 
expression, which in humans transfers esterified cholesterol from HDL to LDL and 
VLDL (Zhao et al. 2020). The plaque profile is also different from human 
atherosclerosis where the whole range of atherosclerotic plaques from early fatty 
streaks to large fibroatheromas and plaque ruptures occur throughout the arteries, 
whereas the mice mainly develop fibroatheromas in the aorta. The diabetic mice also 
do not have a fully comparable phenotype as T2DM human patients. The 
mechanisms why these mice develop insulin resistance is not fully understood, 
which is why the model requires further characterization. A common side effect of 
feeding the mice a HFD is, that they develop xanthomas which also happened with 
some of the mice used in these studies. One mouse had to be euthanized in study I 
during the intervention period due to the severity of the xanthomas. Overall, mice 
are the most commonly used experimental animals in atherosclerosis research. 

In vivo imaging of mouse aortas is challenging due to the small size of the 
animals and their vessels. Utilizing PET tracers that have a lot of spillover, such as 
18F-FDG due to its high uptake in the myocardium, can hamper the analysis process 
and thus requires meticulous analysis of the images. Co-registration with contrast-
enhanced CT is required for the analysis and the placement of the ROIs needs to be 
considered carefully. The ROIs in this study were drawn in the aortic arch and aortic 
root regions whereas it was not possible to completely analyze other parts of the 
aorta due to the spillover from the myocardium and liver or high activity in the 
kidneys. However, our studies as well as several other studies suggest that studies in 
mice can provide an initial proof-of-concept for suitability of a tracer for 
atherosclerosis imaging using combined in vivo and ex vivo approaches (Silvola et 
al. 2011; Hellberg et al. 2016; 2017a; Moisio et al. 2020). 
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As there are limitations in using mice in in vivo imaging due to their small size, 
the Watanabe rabbit serves as an alternative for imaging atherosclerosis.  The rabbits 
highly resemble human FH in that they develop hypercholesterolemia with high 
levels of LDL and extremely low levels of HDL and a wide range of atherosclerotic 
lesions in the aorta and coronary arteries and even exhibit plaque ruptures. The 
advanced plaques also resemble the plaques seen in humans, having calcification and 
a lipid or necrotic core that is covered by a fibrotic cap. (Fan et al. 2015.)  

The larger size of the rabbits is more compatible with the spatial resolution of in 
vivo PET imaging, although a high-resolution CT is still required to get a proper 
anatomical view. The downside of using Watanabe rabbits is that they need to be 
maintained for a much longer period of time than mice for them to develop large 
atherosclerotic lesions; in study IV for a total of 45 months. Additional procedures 
such as balloon denudation may be needed to promote lesion development that 
requires appropriate equipment and a trained professional to conduct the procedures. 
Also, the development of the lesions does not necessarily happen similarly to human 
disease. In addition to the costs and time it takes for rabbits to develop the disease, 
rabbits do not fit the traditional small animal scanner. Rabbits are also timid animals 
that are easily stressed, which may lead to anorexia and digestive issues, requiring 
intense care from the researchers and animal technicians. In this study all of the 
rabbits had to be force fed for a short period of time after they arrived at the Central 
Animal Laboratory of the University of Turku to ensure their wellbeing. So even 
though Watanabe rabbits are useful in atherosclerosis research, due to the above-
mentioned technical reasons, the other research included in the thesis was mainly 
done utilizing mice. 

6.1.1 Plaque characterization 
Plaque burden and immunohistochemical staining and detection of different 
macrophages were analyzed from aortic root sections of the different mouse strains. 
Mac-3 is a glycoprotein, which is expressed by macrophages, but not by 
lymphocytes or granulocytes, and it was used as a general macrophage marker in the 
studies since it had been used in several previous studies and had a working protocol 
(Ho & Springer 1983). Mac-3 is also expressed by vascular ECs, DCs and 
fibroblasts, but it can still be used to successfully distinguish macrophages (Flotte et 
al. 1983; Inoue et al. 2005). In future studies, F4/80 could be considered as a more 
specific macrophage marker for mice (Austyn & Gordon 1981). CD68 is expressed 
on the surface of activated macrophages in humans and is commonly used as a 
macrophage marker (Ramprasad et al 1996). However, like Mac-3, it is not specific 
to only macrophages since CD68 also stains fibroblasts and VSMCs (Kunisch et al. 
2004; Andreeva et al. 1996). For the rabbits in study IV, RAM-11 was chosen as a 
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macrophage marker, as it has been widely used in vascular research and staining was 
technically feasible (Tsukada et al. 1986; Bi et al. 2012; Kim et al. 2017). 

The markers for M1 (iNOS) and M2 (MRC-1) polarized macrophages were 
chosen based on literature and previous studies. iNOS is an intracellular enzyme that 
mediates production of NO, and it is exclusively expressed in M1 macrophages. 
Transcription of iNOS is induced by proinflammatory cytokine IFN-γ and upon 
microbial infection also TNF and INF-⍺/β are involved. (MacMicking et al. 1997.) 
MRC-1 is an endocytic surface receptor that mediates binding and ingestion of 
mannosylated proteins and macromolecules. It is expressed in M2 macrophages and 
is induced by the anti-inflammatory cytokine IL-4. (Stein et al. 1992.) However, 
MRC-1 is not exclusively expressed in M2 macrophages as studies have shown that 
also M1 macrophages express MRC-1 and it cannot also be ruled out that other types 
of macrophages express MRC-1 (Martinez et al. 2006; Ambarus et al. 2012). MRC-
1 is still commonly used as an M2 macrophage marker as its expression has been 
widely reported in M2 macrophages (Madsen et al. 2013; Lv et al. 2017; Wei et al. 
2021). 

In our study, aortic root sections were chosen for the evaluation of plaque burden 
as the sections were cut from the level of coronary ostia, and therefor provide more 
comparable sections between animals, unlike other vascular parts for example the 
aortic arch. There were slight differences on the level of the sections, which could 
be seen from the presence or absence of aortic valve leaflets, but the results obtained 
from the analysis still provided a reliable result of plaque burden in each animal. The 
sections were stained with modified Movat’s pentachrome, rather than HE, as Movat 
stains different tissues with different colors (lipids are green, muscle is red, collagen 
yellow, and cell nuclei black), enabling reliable separation of intima and media.  

6.2 GLP-1 therapy 
GLP-1 targeting therapies are used to treat hyperglycemia and help maintain 
glycemic control in T2DM patients. Different types of pharmaceuticals have been 
developed to inhibit the enzymatic functions of DPP-4, which increases the amount 
of active circulating GLP-1. On the other hand, GLP-1RAs have been developed, 
which can avoid the proteolytic effects of DPP-4 and have a longer half-life than the 
native GLP-1. In addition to glycemic control, many of the GLP-1RAs and DPP-4 
inhibitors have shown cardioprotective effects, as well as other beneficial 
cardiovascular effects. (Nauck et al. 2020.) The expression pattern of GLP-1R in the 
vasculature is poorly known, but studies have reported GLP-1R expression in mouse 
and rat aortas (Green et al. 2008; Richards et al. 2014; Zhang et al. 2020). Several 
GLP-1RAs have shown atheroprotective effects by stabilizing and decreasing the 
size of the lesions, suppressing the formation of foam cells and inhibiting monocyte 
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and macrophage infiltration as well as inducing a shift towards M2 polarized 
macrophages (Rakipovski et al. 2018; Bruen et al. 2019; Nagashima et al. 2011; 
Arakawa et al. 2010; Helmstädter et al. 2020). 

6.2.1 Effects of linagliptin therapy 
DPP-4 inhibitors in general have shown atheroprotective effects in different animal 
models of atherosclerosis and treatment with linagliptin has been reported to 
decrease atherosclerotic lesion formation and size (Salim et al. 2016; Nishida et al. 
2020) and reduce oxLDL induced foam cell formation (Wang et al. 2020). In our 
study, area of the intima and IMR were similar in the linagliptin, and HFD group. 
Chow fed mice had significantly smaller area of the intima and IMR than HFD mice, 
which was expected as HFD is known to promote lesion growth (Silvola et al. 2011; 
Hellberg et al. 2017a). Plaque inflammation was similar in all groups, although 
linagliptin treated mice had a tendency towards an increase in M1 polarized 
macrophages in the plaques. This finding was not consistent with a previous study, 
where treatment with linagliptin increased M2 macrophage polarization in 
atherosclerotic mouse aortas (Nishida et al. 2020). Contrasting results on the effects 
of another DPP-4 inhibitor sitagliptin have also been reported as it was found to 
increase M2 macrophage polarization in ApoE-/- mice (Brenner et al. 2015), however 
in a more recent study no effect on macrophage polarization was observed in cultured 
cells (De Nigris et al. 2021).  In our study, the amount of M2 polarized macrophages 
still surpassed the amount of M1 polarized macrophages, which is consistent with a 
previous study utilizing the same mouse model (Hellberg et al. 2016). Clinical 
studies have shown little to no beneficial effects of linagliptin treatment on 
cardiovascular health outcomes, including major atherosclerotic complications (de 
Boer et al. 2017; Tripolt et al. 2018; McGuire et al. 2019), suggesting there is only 
limited benefit of linagliptin treatment on atherosclerosis.   

DPP-4 levels rise in different liver conditions such as hepatitis C and NAFLD/ 
non-alcoholic steatohepatitis (NASH) and it is likely the cause of decreased glucose 
tolerance and insulin resistance (Sharma et al. 2022). In NAFLD, DPP-4 expression 
can be increased by 15-fold compared to healthy livers and is negatively correlated 
with homeostasis model assessment-insulin resistance and body mass index 
(Miyazaki et al. 2012). In clinical trials, treatment with DPP-4 inhibitor sitagliptin 
reduced hepatic steatosis in NASH (Alam et al. 2018) but not in NAFLD (Cui et al. 
2016). Linagliptin treatment has previously reported to alleviate hepatic steatosis and 
inflammation in preclinical mouse models of NASH (Klein et al. 2014) and NAFLD 
(Santos et al. 2020) however, in our study linagliptin treatment only improved 
glucose tolerance and reduced hepatic inflammation but had no effect on steatosis. 
The different outcome concerning hepatic steatosis in NAFLD could be explained 
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by the higher dose of linagliptin, 30 mg/kg/day, whereas in our study the dose was 
only 10 mg/kg/day. However, the same dose has been shown to alleviate hepatic 
steatosis in db/db mice (Michurina et al. 2016). In these mouse models NAFLD is 
more pronounced than in IGF-II/LDLR-/-ApoB100/100 mice, which in part may explain 
the different outcomes of the interventions.  

DPP-4 inhibition in general has shown anti-inflammatory effects which was also 
observed in our study in WAT where uptake of 18F-FDG was significantly decreased 
suggesting decreased inflammation. The results are in line with other studies 
reporting reduced macrophage infiltration and shift to M2 macrophage polarization 
in WAT (Dobrian et al. 2011; Zhuge et al. 2016).  

6.2.2 SGLT2 therapy 
Sodium-glucose co-transporter-2 (SGLT2) inhibitors are antidiabetic drugs that 
lower blood glucose levels by promoting urinary excretion of glucose. Initial 
randomized control trials showed unprecedented cardiovascular benefits of SGLT2 
inhibitors including lower rates of deaths from cardiovascular causes and 
hospitalization due to heart failure (Zinman et al. 2015; Wiviott et al. 2019) as well 
as lower risk of cardiovascular events (Neal et al. 2017). This has piqued the interest 
for further research and there are several different theories of how SGLT2 inhibitors 
exert their cardioprotective effects. The so called “thrifty substrate” hypothesis 
explained the cardioprotective effects of SGLT2 inhibitor empagliflozin by a shift in 
myocardial metabolism to utilize energy-efficient ketone bodies instead of glucose 
or FFAs, improving myocardial efficiency and function (Ferrannini et al. 2016; 
Mudaliar et al. 2016). An untargeted metabolomic study revealed that 162 
metabolites were altered by empagliflozin, suggesting increased utilization of ketone 
bodies and branched chain amino acids catabolism (Kappel et al. 2017). A recent 
randomized control study utilizing PET/CT imaging, reported that SGLT2 inhibition 
by empagliflozin reduced myocardial glucose uptake but had no effect on FFA 
uptake or myocardial oxygen consumption, suggesting that myocardial substrate 
utilization does indeed shift towards other sources (Lauritsen et al. 2021). However, 
empagliflozin has also been reported to reduce myocardial oxygen consumption at 
rest which could contribute to its cardioprotective effects (Søndergaard et al. 2022). 
Reduction in heart failure hospitalization is suggested to be due to the diuretic effects 
of empagliflozin, which results in fluid clearance from the interstitial fluid space, 
thus easing congestion (Hallow et al. 2018). In a preclinical study, dapagliflozin 
regulated M2 macrophage polarization via reactive oxygen and nitrogen species 
signal transducer and activator of transcription 3 pathway, resulting in reduced 
myofibroblast infiltration and cardiac fibrosis (Lee et al. 2017). There are still many 
unanswered questions about the effects of SGLT2 inhibitors in patients with T2DM 



Jenni Virta 

 70 

and CVD and further research is needed to elucidate the full spectrum of 
cardiovascular effects of these treatments.  

6.3 Evaluation of the PET tracers for imaging 
atherosclerotic disease activity 

PET imaging of atherosclerosis gives valuable information about plaque biology 
such as inflammation and neovascularization. 18F-FDG is the most widely used PET 
tracer for atherosclerosis imaging, but due to its unspecific nature as well as high 
myocardial uptake and competing with blood glucose for GLUT receptors, its use 
has its limitations. Tracers targeting macrophages provide more specific information 
about the inflammatory activity in atherosclerosis since they are the most abundant 
cell type in advanced lesions and express several different surface molecules that can 
be targeted by PET tracers. (Hyafil & Vigne, 2019.) 

6.3.1 68Ga-NODAGA-exendin-4 
GLP-1 is known for controlling blood glucose homeostasis, but its protective effects 
on the cardiovascular system have been widely reported (Hernandez et al. 2018; 
Rakipovski et al. 2018; Gerstein et al. 2019; Verma et al. 2022; Ying et al. 2023). 
Therefore, we designed a study to investigate a GLP-1R targeting tracer in imaging 
atherosclerosis. Uptake of 68Ga-NODAGA-exendin-4 in atherosclerotic aorta could 
be visualized from the in vivo PET/CT images, which was further verified in ex vivo 
ARG analysis of the aortas, where the tracer uptake was evident in the macrophage 
rich atherosclerotic plaques in both non-diabetic (LDLR-/-ApoB100/100) and diabetic 
(IGF-II/LDLR-/-ApoB100/100) mice. Uptake in the healthy vessel wall was 
significantly lower than in the plaques, and the aortas of healthy control mice 
(C57BL/6N) showed very little uptake of the tracer. Blocking with pre-injected 
unlabeled exendin-4 significantly reduced uptake of the tracer in atherosclerotic 
lesions, however some uptake still remained. This could be explained by unspecific 
radioactivity in the necrotic cores of the lesions, which has been previously reported 
(Ståhle et al. 2020). Even though uptake of 68Ga-NODAGA-exendin-4 could be 
visualized from the in vivo PET/CT images, the TBR was only 1.3 which is relatively 
low if we compare it to 18F-FDG where a TBR of 2.1 has been reported (Hellberg et 
al. 2017b). However, the myocardial and lung uptake of 68Ga-NODAGA-exendin-4 
was low, providing only low amount of background activity and thus enabling in 
vivo imaging of GLP-1R expression in atherosclerotic lesions in the nearby vessels.  

The immunohistochemical stainings showed that GLP-1R expression co-
localized with macrophage-rich areas with both M1 (iNOS) and M2 (MRC-1) 
polarized macrophages, though the co-localization was most prominent with M2 
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macrophages. The results are in line with previous studies reporting that GLP-1R 
activation induces a shift from M1 polarization to M2 (Vinué et al. 2017; Bruen et 
al. 2019). Expression of GLP-1R has also been shown to increase during MI (Pan et 
al. 2017; Ståhle et al. 2020) and in M2 polarized macrophages in coronary heart 
disease patients (Yang et al. 2021), providing more protective effects during MI 
healing and progression of atherosclerosis. 

Even though the ARG and immunofluorescence staining both confirmed that 
GLP-1R is expressed in atherosclerotic lesions, the expression pattern was very 
diffuse. M2 polarized macrophages are usually related to the resolution of 
inflammation, so a study using different time-points concerning the development of 
atherosclerosis could shed new light into the expression pattern of GLP-1Rs during 
atherogenesis. In our study, no expression of GLP-1R was seen in the aortic ECs or 
VSMCs of the mice. These results are in line with a previous study where GLP-1R 
expression was not seen in human coronary artery ECs or VSMCs (Baggio et al. 
2018). However, contrasting results have also been reported from several preclinical 
studies. Mice with endovascular injury showed GLP-1R expression that co-localized 
with ⍺-SMA positive VSMCs in the media and neointima of the lesions (Hirata et 
al. 2013). GLP-1RA liraglutide attenuated cultured VSMC migration, proliferation, 
and apoptosis via direct activation of GLP-1R (Shi et al. 2015).  

Even though 68Ga-NODAGA-exendin-4 detected GLP-1R expression in 
inflamed atherosclerotic lesions in vivo, additional research is needed to elucidate 
the expression pattern of GLP-1R in healthy and atherosclerotic vessels in mice and 
humans. This would provide further information about the translational relevance of 
the tracer. 

6.3.2 18F-FGln 
Glutamine is an amino acid that has many roles from metabolism to nucleotide 
synthesis. It is an essential nutrient for lymphocytes, macrophages, and neutrophils 
and during infection, the consumption rate of glutamine is greater than glucose in all 
immune cells. (Cruzat et al. 2018.) Macrophages utilize glucose, FAs, and glutamine 
in their metabolic pathways, but the role of glutamine is especially important in 
phagocytic and secretory activity of the cells (Newsholme et al. 1996). The product 
of glutaminolysis, ⍺-ketoglutarate, promotes M2 macrophage polarization and 
activation and suppresses production of proinflammatory cytokines by restricting 
M1 macrophage activation (Liu et al. 2017).  

Although glutamine-based PET-imaging has successfully been used to image 
different cancers and infections, its efficacy in atherosclerosis imaging has not yet 
been established. Our study was the first to report that 18F-FGln uptake can be 
visualized in mouse atherosclerotic aortic arch in PET/CT images, although the TBR 
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did not statistically differ from that of healthy controls. However, in vivo uptake of 
18F-FDG was high in the myocardium and uptake in the atherosclerotic aortic arch 
could therefore not be detected. Myocardial uptake of 18F-FGln on the other hand 
was significantly lower than that of 18F-FDG allowing detection of atherosclerotic 
lesions in the aortic arch. So eventhough the use of 18F-FGln has its limitations, it is 
still a noteworthy tracer for in vivo atherosclerosis imaging. 

In LDLR-/- mice, atherosclerotic lesions rich with M2 macrophages expressing 
SLC1A5 could be distinguished by the increased uptake of 11C-glutamine ex vivo 
(Tavakoli et al. 2017).  In our study, analysis of the ARG and immunohistochemistry 
showed, that 18F-FGln was also taken up in atherosclerotic plaques rich with 
macrophages, and co-localized with expression of SLC7A7. The uptake was 
significantly higher in the plaques than healthy vessel wall or adventitia and no 
uptake was observed in the healthy control aortas. 18F-FGln also had significantly 
higher plaque-to-healthy vessel wall ratio than 18F-FDG. As we only studied 
macrophages and the expression of SLC7A7 in the aortic arch, it cannot be excluded 
that also other cell types and glutamine transporters may be involved in the uptake 
of 18F-FGln. As mentioned previously, lymphocytes and neutrophils also utilize 
glutamine in their metabolism and both cell types are present in atherosclerotic 
lesions. In our study, immunohistochemical staining of aortic root sections also 
revealed the presence of other glutamine transporters, which did not co-localize with 
macrophages but are in line with previous reports of glutamine transporters and their 
expression patterns (Tavakoli et al. 2017). An in vitro blocking study could provide 
more insight whether other glutamine transporters are also involved in the cellular 
uptake of 18F-FGln. 

Interestingly, the uptake of 18F-FGln was significantly lower in the pancreas and 
liver of atherosclerotic mice compared to healthy controls. The reason for this can 
only be speculated, as we have no histological data from these organs, nor do we 
have any information about plasma biomarkers from these mice. In the pancreas, 
glutamine and its metabolite glutamate are important factors in the regulation of β-
cell function and insulin secretion, but the exact interplay with other factors such as 
glucose, involved in these processes remains unclear. In the liver, glutamine and 
glutamate are utilized in gluconeogenesis. (Newsholme et al. 2003.) As both organs 
have an integral role in glucose homeostasis, one could speculate, that the 
atherosclerotic mice might have had reduced glucose tolerance. Feeding mice a HFD 
has been reported to induce glucose intolerance and hepatic steatosis, which could 
explain the difference between the atherosclerotic mice and controls in our study 
(Saxena et al. 2022). It would also be of high interest to evaluate the tracer using the 
hypercholesterolemic and diabetic IGF-II/ApoB100/100LDLR-/- mice to see, if the 
diabetic state affects tracer uptake. 
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6.3.3 18F-AlF-NOTA-folate 
FR-β is a promising target for atherosclerotic inflammation imaging as it is highly 
expressed in macrophages (Nakashima-Matsushita et al. 1999; Steintz et al. 2022). 
In previous studies, FR-β based tracers have been successfully used to detect 
atherosclerotic lesions both in vitro and in vivo in SPECT-imaging (Ayala-López et 
al. 2010; Jager et al. 2014; Müller et al. 2014; Winkel et al. 2014). Therefore, we 
designed a study to evaluate FR-β targeting PET-tracer in imaging atherosclerotic 
inflammation. 18F-FOL was rapidly removed from the circulation and the myocardial 
uptake was low, enabling in vivo visualization of atherosclerotic lesions in mouse 
and rabbit aortas with a comparable TBR to 18F-FDG. Uptake of the tracer showed 
specificity to FR-β as blocking with folate glucosamine significantly reduced tracer 
binding. It was recently discovered that in addition to FR-β, 18F-FOL also binds FR-
⍺ in a rat glioma model and the uptake was similarly blocked with folate glucosamine 
(Miner et al. 2023). As FR-⍺ is only expressed in epithelial and cancer cells (Elnakat 
& Ratnam 2004), it should not account for any of the binding observed in our study. 
Tracer uptake was significantly higher in advanced lesions than mild lesions, 
suggesting that it could be useful in discerning high and low risk plaques as well as 
monitoring disease progression.  

After the study included in this thesis, imaging of atherosclerotic inflammation 
with NOTA-folate has now also been evaluated using a 68Ga label. 68Ga-NOTA-
folate uptake in atherosclerotic lesions could be detected in vivo in atherosclerotic 
mice and ex vivo studies confirmed uptake in atherosclerotic plaques rich with 
macrophages. The tracer had low myocardial uptake and the plaque-to-healthy vessel 
wall ratio was higher than with 18F-FDG. (Moisio et al. 2020.)   

Cell binding studies showed that 18F-FOL binds more to M2 polarized rather than 
M1 polarized macrophages, which is in line with a previous study where (99m) Tc-
folate accumulated in M2 macrophage rich lesions and FR-β mRNA expression was 
significantly increased in M2 macrophages compared to M1 macrophages (Jager et 
al. 2014). Another study further verified, that 18F-FOL preferentially binds M2 
polarized macrophages in a rat model of experimental autoimmune 
encephalomyelitis (Elo et al. 2019). However, it was also reported that 18F-FOL 
readily binds M1 rather than M2 polarized macrophages in a rat model of 
autoimmune myocarditis (Jahandideh et al. 2020). Indeed, both macrophage types 
express FR-β, but studies indicate that the expression tends to be higher in M2 
polarized macrophages (Puig-Kröger et al. 2009; Jager et al. 2014; Warmink et al. 
2022). In addition, FR-β expression has been observed in human proinflammatory 
monocytes (Shen et al. 2012).  

While FR-β based tracers in general have high specificity to target activated 
macrophages, there are reports of unspecific uptake. 18F-fluorophenylfolate has 
shown high unspecific uptake in the intestine and bile due to hepatobiliary excretion 
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(Bettio et al. 2006; Ross et al. 2008). In our study, uptake in the small intestine was 
higher than most other tissues, but the highest uptake was observed in the kidneys in 
both mice and rabbits. This is most likely due to the tracer being secreted through 
urine rather than the hepatobiliary system and specific uptake in the kidneys which 
are known to express FRs (Selhub & Franklin, 1984; Sandoval et al. 2014). 

As 18F-FOL showed promising results in detecting inflamed atherosclerotic 
lesions in vivo, ex vivo and in vitro, clinical studies seem warranted to determine 
whether the tracer could be utilized to image atherosclerotic inflammation in 
patients. 

6.4 Future aspects of PET imaging of 
atherosclerosis 

PET/CT and also PET/MR imaging of atherosclerosis provides valuable information 
about disease mechanisms and enables monitoring of disease progression. As such 
it will continue to serve as a valuable tool for researchers. Novel tracers targeting 
different aspects of the disease are being developed and methods like single cell 
RNA-sequencing and transcriptomics expand our knowledge about atherosclerosis 
and can reveal new target molecules for both imaging and therapeutic purposes 
(Pasterkamp et al. 2022; Örd et al. 2023; Maier et al. 2024).  

Total body PET enables simultaneous imaging of the whole body as the detector 
rings cover the entire body and allow highly accurate detection of the emitted 
radiation from the body, providing up to 40-fold increase in sensitivity (Cherry et al. 
2018). As atherosclerosis can affect arteries in different regions of the body, total 
body PET allows simultaneous quantitative imaging of different organs and can 
provide valuable information about regional differences for example in blood flow 
and enable early detection of atherosclerotic plaque development (Knuuti et al. 2023; 
Maier et al. 2024). Indeed, imaging technology is constantly improving giving the 
new devises better resolution, higher sensitivity, and shorter imaging time as well as 
improvements on image quality, reconstruction and even implementation of AI 
(Meester et al. 2019; Prenosil et al. 2022; Aide et al. 2022).  
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7 Summary and Conclusions 

The thesis investigated the effects of linagliptin on atherosclerotic plaque formation 
and inflammation as well as hepatic inflammation and steatosis. In addition, three 
novel PET tracers for imaging atherosclerotic disease activity were evaluated in 
mouse and rabbit models of atherosclerosis. 

1. Three month treatment with linagliptin significantly improved glucose 
tolerance and increased insulin secretion of hypercholesterolemic and diabetic 
mice. Linagliptin treatment showed no effect on plaque formation or 
inflammation, determined by histology and aortic 18F-FDG uptake. There was 
no effect on hepatic steatosis, but linagliptin treatment significantly decreased 
hepatic inflammation. 

2. 68Ga-NODAGA-exendin-4 detected GLP-1R expression in atherosclerotic 
lesions in both diabetic and non-diabetic hypercholesterolemic mice.   Uptake 
of the tracer co-localized with M1 and M2 polarized macrophages, though it 
was most prominent with M2 macrophages. 

3. 18F-FGln uptake could be visualized in atherosclerotic aortic arch of 
hypercholesterolemic mice in vivo, but the TBR did not differ from the control 
mice. The uptake of 18F-FGln co-localized with Mac-3 and SLC7A7 positive 
macrophages. 

4. 18F-FOL showed rapid clearance from the circulation and the uptake in 
atherosclerotic lesions could be visualized in vivo in hypercholesterolemic 
mice and atherosclerotic rabbits. TBR was comparable to 18F-FDG but uptake 
in the myocardium was lower with 18F-FOL. Lesional uptake of the tracer co-
localized with macrophages and the uptake was higher in advanced lesions. 

 
All of the three tracers studied showed potential in imaging atherosclerotic disease 
activity in vivo, although there were some limitations to their use. 
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