
Interventions targeting hepatic and cardiovascular
complications of metabolic syndrome
Inia, J.A.

Citation
Inia, J. A. (2026, April 23). Interventions targeting hepatic and cardiovascular
complications of metabolic syndrome. Retrieved from
https://hdl.handle.net/1887/4302628
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/4302628
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4302628




General introduction

1





9

1

GENERAL INTRODUCTION

1.1 Metabolic syndrome
Metabolic syndrome refers to a cluster of interrelated conditions that often present 
simultaneously and that together significantly increase the risk of developing type 2 
diabetes mellitus (T2DM), metabolic dysfunction-associated steatotic liver disease 
(MASLD) and cardiovascular diseases (CVD). One of these conditions is obesity, 
which results from a chronic imbalance between caloric intake and energy expenditure. 
Due to evolutionary pressure to store energy combined with continuous accessibility 
to food and prevalent sedentary lifestyles, obesity has reached epidemic proportions. 
It is estimated that 1.5 billion people have metabolic syndrome, accounting for about 
20% of the global population1. Over the years, several definitions for metabolic syndrome 
have been proposed. In 2009, different organizations including the American Heart 
Association (AHA), International Diabetes Federation (IDF) and the National  
Institutes of Health (NIH) agreed on a harmonized definition of metabolic syndrome2. 
According to this consensus, the presence of any three out of five abnormalities 
qualifies a person for metabolic syndrome: decreased insulin sensitivity, hypertension, 
elevated triglycerides (TGs), reduced high density lipoprotein (HDL) cholesterol or 
abdominal obesity with visceral fat accumulation, often measured as increased waist 
circumference2,3. These risk factors increase the risk of developing complications, 
including T2DM, MASLD and CVD.
	 The first-line intervention for managing metabolic syndrome is lifestyle modification, 
particularly weight loss through dietary changes and increased physical activity. 
However, in clinical practice, implementing and sustaining these changes often 
proves challenging for many individuals. When lifestyle changes are insufficient, 
pharmacological interventions offer a valuable add-on or alternative for weight 
management and for mitigating or preventing metabolic complications.

1.2 Lipoprotein metabolism
Given the central role of lipid abnormalities in metabolic syndrome, understanding 
lipoprotein metabolism is essential to elucidate underlying mechanisms and potential 
therapeutic targets. Lipoprotein metabolism involves the transport and processing 
of lipids throughout the body4. Because of their hydrophobic nature, lipids require 
specialized transport mechanisms. They are carried within lipoprotein particles, 
which are lipid spheres made out of a phospholipid monolayer embedded with 
apolipoproteins that mediate structural integrity and receptor interactions. Lipo
proteins are classified based on size, lipid composition and apolipoprotein content.  
In lipid metabolism, the exogenous pathway refers to dietary lipids absorbed by 
enterocytes in the intestine, while the endogenous pathway refers to lipids that are 
synthesized, primarily in the liver. Additionally, excess cholesterol is removed from 
peripheral tissues via reverse cholesterol transport, a process largely mediated by 
HDL. Figure 1 shows an overview of the pathways involved in lipoprotein metabolism5.
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1.2.1 Exogenous pathway
When dietary cholesterol and fats are absorbed by enterocytes in the small intestine, 
they are incorporated into chylomicrons, which are large lipoprotein particles rich in  
TGs containing apolipoprotein(apo)B484. In the circulation, chylomicrons acquire  
apoC-II from HDL particles, which can activate lipoprotein lipase (LPL), that turn  
TGs from chylomicrons into free fatty acids (FFAAs). These FFAAs can then be taken 
up by peripheral tissues, such as skeletal muscle, the heart and adipose tissue,  
for energy consumption by fatty acid oxidation (burning) or storage by re-esterification 
into TGs. In addition to apoC-II, HDL particles donate apoE to chylomicrons, which 
allows chylomicron remnant particles to be cleared by the liver via remnant receptors. 
Concurrently, a portion of the cholesterol and phospholipids from chylomicrons is 
transferred to HDL particles (Figure 1).

1.2.2 Endogenous pathway
In a fasting state, the liver activates de novo cholesterol and TG synthesis, leading to 
the assembly and secretion of very low density lipoprotein (VLDL) particles4. VLDL 
particles contain apoB100 and, upon entering the circulation, acquire apoC-II and 
apoE from HDL particles. ApoC-II activates LPL, which hydrolyzes TGs within VLDL, 
releasing FFAAs and glycerol for uptake by peripheral tissues. This lipid exchange 
results in the formation of denser particles known as intermediate-density lipo
proteins (IDLs).
	 IDLs undergo further TG hydrolysis, ultimately becoming LDL particles. These 
LDL particles can bind to LDL receptors on peripheral cell membranes, facilitating 
the delivery of free cholesterol to tissues. Free cholesterol refers to unesterified 
cholesterol molecules that retain their hydroxyl group, allowing them to integrate 
into cell membranes where they contribute to membrane fluidity and serve as 
precursors for steroid hormones, bile acids and vitamin D. Alternatively, LDL can be 
internalized by LDL receptors expressed by hepatocytes, a process that downregulates 
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, the rate-limiting 
enzyme in hepatic cholesterol synthesis (Figure 1).

1.2.3 Reverse cholesterol transport
Nascent HDL particles are formed in both the liver and intestine4. HDL particles play 
a central role in reverse cholesterol transport by acquiring free (unesterified) 
cholesterol and phospholipids from peripheral tissues, a process mediated by the 
ATP-binding cassette transporter A1 (ABCA1). Once matured, HDL particles may be 
transported directly to the liver, where cholesterol is selectively taken up via the 
scavenger receptor class B type 1 (SR-B1). Alternatively, cholesteryl esters (CEs) within 
HDL particles, that are formed when free cholesterol is enzymatically esterified with 
a fatty acid, can be exchanged for TGs from apoB-containing lipoproteins (such as 



11

1

GENERAL INTRODUCTION

Figure 1. Lipoprotein metabolism. The exogenous pathway starts in the small intestine, where 
dietary lipids are absorbed and reassembled into nascent chylomicrons. These lipoproteins 
interact with HDL and acquire apoE and apoC-II. Mature chylomicrons transport TG and 
cholesterol to peripheral tissues, where LPL hydrolyses TG, releasing FFAA for energy or 
storage. Chylomicron remnants can interact with HDL and are taken up by the liver. The 
endogenous pathway is activated with the liver synthesizing VLDL to distribute TG and 
cholesterol. Nascent VLDL particles receive apoE and apoC-II from interactions with HDL. 
Mature VLDL is progressively metabolized into IDL and LDL, which return directly to the liver 
for degradation or deliver cholesterol to tissues by LDLR binding and endocytosis. HDL particles 
mediate reverse cholesterol transport, shuttling cholesterol from peripheral tissues to the liver 
for its excretion. ApoA-I is synthesized in the liver and acquires free cholesterol and PL as a 
result of LPL activity or via ABCA1 transporter from peripheral cells. LCAT esterifies free 
cholesterol on the HDL surface. As HDL matures, it engages with ABCG1 transporters from 
peripheral cells to acquire free cholesterol and interacts with CETP to transfer TG in exchange 
for CE with apoB-containing lipoproteins. Then, HDL can either deliver cholesterol directly to 
the liver via the SR-BI receptor or indirectly via CETP to apob-containing lipoproteins, which 
are then cleared by the liver. Apo: apolipoprotein; TG: triglycerides; FFAA: free fatty acid; 
VLDL: very-low-density lipoproteins; IDL: intermediate-density lipoproteins; LDL: low-density 
lipoproteins; HDL: high-density lipoproteins; LDLR: LDL receptor; PL: phospholipids; LPL:  
lipoprotein lipase; ABCA1: ATP-binding cassette protein A1; LCAT: lecithin–cholesterol 
acyltransferase; ABCG1: ATP-binding cassette protein G1; CETP: cholesteryl ester transfer 
protein; CE: cholesterol esters; SR-BI: scavenger receptor class B type I.1 

1.	 Figure by Alcover et al.
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VLDL and LDL), a process facilitated by cholesteryl ester transfer protein (CETP). 
In the liver, unesterified cholesterol from remnant particles and LDL can either be 
secreted into bile or converted into bile acids, contributing to cholesterol homeostasis 
(Figure 1).

1.2.4 Lipoprotein metabolism in metabolic syndrome
In metabolic syndrome, dyslipidemia is characterized by elevated plasma TGs, an 
increase in apoB-containing lipoproteins, alongside reductions in HDL-C levels. 
These abnormalities arise from both increased production and impaired clearance 
of TGs and apoB-containing lipoproteins. Moreover, HDL particles often exhibit 
functional impairments, diminishing their atheroprotective roles such as reverse 
cholesterol transport. The imbalance in lipid metabolism is further exacerbated by 
chronic low-grade inflammation, which primarily originates from the adipose tissue, 
where hypertrophied adipocytes release pro-inflammatory cytokines that attract 
other immune cells, thereby further amplifying the inflammatory response6,7. This 
persistent inflammatory state disrupts normal lipoprotein metabolism by interfering 
with key enzymatic processes, impairing HDL maturation and function, reducing TG 
clearance, and promoting LDL formation8. Collectively, these metabolic disturbances 
not only increase CV risk but also accelerate the progression of liver dysfunction.

1.3 Metabolic dysfunction-associated fatty liver disease
The liver plays a central role in lipid metabolism. Dysregulation of lipoprotein 
metabolism contributes to lipid accumulation in the liver, which in turn drives the 
development of MASLD. Clinically, MASLD encompasses a spectrum of liver damage, 
usually beginning with hepatic fat accumulation, i.e. steatosis (Figure 2)9. When 
steatosis is accompanied by inflammation, MASLD progresses to metabolic dysfunction-
associated steatohepatitis (MASH)9. Persistent MASH can result in the development 
of hepatic fibrosis and, in advanced stages in cirrhosis, hepatocellular carcinoma  
and end-stage liver disease (Figure 2)9. While MASLD is a liver-centered disease,  
its systemic implications are profound. The leading cause of mortality in patients 
with MASLD is CVD, highlighting the strong interconnection between hepatic lipid 
metabolism and CV risk10,11.
	 Driven by the global rise in obesity and metabolic syndrome, the prevalence of 
MASLD has increased substantially. However, diagnosis of MASLD is difficult, since 
the current golden standard method is an invasive method, namely performing a 
biopsy followed by histological assessment. Prevalence estimates therefore often rely 
on less invasive methods, such as blood-based biomarkers (e.g. elevated alanine 
transaminase (ALT) and aspartate transaminase (AST) levels), ultrasound imaging or 
magnetic resonance imaging. While these approaches are safer and more accessible, 
they lack precision in assessing disease severity, particularly in distinguishing 
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between simple steatosis and progressive forms like MASH12. Moreover, MASLD 
oft en remains asymptomatic in the early stages with clinical signs typically emerging 
only aft er advanced fi brosis has developed, when therapeutic options are more 
limited and prognosis is poorer. As a consequence of the increased worldwide obesity 
prevalence, the clinical burden of MASLD has increased as well. Current estimates 
are that MASLD aff ects 38% of the adult population worldwide13,14. Due to diffi  culties 
in diagnosing MASLD, the prevalence of the disease may be even higher than the 
present estimations.
 Despite the growing prevalence of MASLD, therapeutic progress has been 
modest. While several investigational compounds have shown effi  cacy in reducing 
hepatic steatosis and infl ammation, most have failed to demonstrate meaningful 
improvements in hepatic fi brosis, the strongest predictor for long-term outcomes. 
Notably, several high-profi le candidates, including the farnesoid X (FXR) agonist 
obeticholic acid and peroxisome proliferator-activated receptors (PPAR) agonists, 
showed promise in early-phase trials but ultimately failed to meet primary endpoints 
in phase 315,16. These setbacks underscore the complexity of MASLD pathophysiology 
and the challenge of developing eff ective monotherapies. However, during the course 
of writing this thesis, several breakthroughs have been made and two compounds 
have now been approved for the treatment of MASLD and MASLD-related fi brosis. 
The thyroid hormone receptor β (THR-β) agonist resmetirom was shown in phase 3 
(NCT03900429) to result in resolution of MASH and at least one stage improvement of 
fi brosis17, resulting in its approval and therefore making it the fi rst drug approved for 
the treatment of MASLD. Furthermore, the GLP-1 receptor agonist semaglutide, that 
will be discussed further in this thesis as well, was recently approved by the U.S. Food 
Drug Administration (FDA) for treatment of MASH in adults with moderate to advanced 
liver fi brosis, based on results of a phase 3 clinical trial (NCT04822181)18.

Figure 2. Stages of liver disease development. The healthy liver can accumulate fat due to met-
abolic overload, resulting in metabolic dysfunction-associated steatotic liver disease (MASLD). 
Continued lipid accumulation triggers liver infl ammation, resulting in metabolic syndrome- 
associated steatohepatitis (MASH). If unresolved, MASH can progress to liver fi brosis, and in 
advanced stages cirrhosis and hepatocellular carcinoma. Red arrows indicate disease progression, 
blue arrows indicate stages of the disease that are reversible. Figure created with BioRender.com.

Healthy liver MASLD MASH Cirrhosis Hepatocellular 
carcinoma
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1.4 Atherosclerotic cardiovascular disease
The development of atherosclerotic lesions in the blood vessel wall begins in early 
childhood and progresses throughout life (Figure 3). In response to triggers such as 
dyslipidemia, hypertension, hyperglycemia or pro-infl ammatory mediators, endothelial 
cells become activated and endothelial permeability increases19. This leads to the 
expression of leukocyte adhesion molecules on endothelial cells, facilitating the 
recruitment of circulating immune cells. LDL particles that have entered the intima 
layer of the vessel wall become oxidized (oxLDL), which further promotes attraction 
of monocytes from the circulation. Monocytes extravasate, aft er which they 
diff erentiate into macrophages that take up oxidized and aggregated LDL cholesterol, 
thereby transitioning into foam cells. The formation and increase in number of foam 
cells form the fi rst steps in atherosclerosis development, classifi ed by the AHA as 
type I ‘early fatty streak’ and type II ‘regular fatty streak’ lesions20. In the imbalanced 
dyslipidemic environment, smooth muscle cells (SMCs), that form the media layer of 
the arterial wall, migrate to the intima layer where they proliferate and produce 
extracellular matrix molecules. In doing so, a fi brous cap is formed that overlies the 
lipid-laden foam cells, known as type III ‘mild’ lesion. Ultimately, the accumulation of 
oxidized lipids, cholesterol and foam cells trigger macrophage cell death with release 
of proteolytic enzymes and cell debris, which in turn triggers more pro-infl ammatory 
processes. A necrotic core is formed within the atherosclerotic lesion, which is 
classifi ed as a type IV ‘moderate’ lesion. Further necrosis and formation of calcium 

Figure 3. Stages of atherosclerosis development. The process of atherosclerosis starts with 
endothelial dysfunction, which may be caused by metabolic overload. Lipids accumulate in the 
arterial wall, which triggers the recruitment of immune cells, giving rise to fatty streaks. Over 
time, these fatty streaks evolve into atheromatous plaques, composed of lipids, infl ammatory 
cells and fi brous tissue. Plaque progression may result in calcifi cation, vascular remodeling, 
and narrowing of the arterial lumen, impairing blood fl ow. In advanced stages, plaque rupture 
can occur, potentially leading to thrombosis, myocardial infarction, or stroke. Figure created 
with BioRender.com.
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deposits indicate that and the media layer is severely affected, classified as a type V 
‘severe’ lesion. The severe type IV and V lesions are prone to rupturing, thereby 
releasing their necrotic content and highly thrombotic material into the lumen, 
which triggers the acute formation of a thrombus (type VI lesion). Atherosclerosis  
is a major contributor to CVD, the leading cause of death worldwide21.
	 In 2022, CVDs accounted for approximately 32% of all global deaths, with heart 
attacks and strokes responsible for 85% of these fatalities22. As mentioned previously, 
risk factors include high blood pressure, hyperlipidemia, T2DM, obesity but also 
smoking, sedentary lifestyles and genetic predisposition. Despite the availability of 
effective medications such as statins, many patients fail to reach recommended lipid 
targets23. This highlights the importance for more effective and combination 
pharmacological strategies to better support patients in achieving lipid targets and 
improving long-term CV outcomes.

1.5 Intervention strategies for metabolic complications
Weight loss has been consistently shown to improve outcomes in both MASLD and 
CVD. As such, lifestyle changes with the goal of losing weight remain the first-line 
strategy for managing complications resulting from the metabolic syndrome. 
However, it is important to note that certain components of metabolic syndrome, like 
hyperlipidemia, can independently contribute to CVD risk, even in individuals 
without obesity. Therefore, while weight loss is beneficial, it may not fully address  
all risk factors. In cases where lifestyle changes prove insufficient, pharmacologic 
therapy becomes essential in accordance with European24 and American25 guidelines. 
Despite the multifactorial nature of metabolic syndrome, current standards of care 
tend to address its individual components, including hypertension, dyslipidemia, 
and hyperglycemia.
	 For management of blood pressure, beta-blockers, angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor blockers are preferred26 while in 
case of dyslipidemia, statins remain the first-line therapy for lowering lipid levels and 
reducing CV risk27. Fibrates or omega-3 fatty acids, on the other hand, may be included 
for patients with hypertriglyceridemia24 and proprotein convertase subtilisin/kexin 
type 9 (PCSK9) inhibitors are considered in high-risk individuals who do not achieve 
lipid targets with statins alone24. Bempedoic acid, an oral ATP-citrate lyase inhibitor, 
targets cholesterol synthesis upstream of HMG-CoA reductase28. It has emerged as 
an alternative for patients intolerant to statins or requiring additional LDL-C 
reduction, where it shows promise in reducing CV events28. In recent years, there is a 
growing emphasis on glucose-lowering therapies that offer CV and renal benefits. 
In patients with T2DM, metformin is usually prescribed while sodium glucose co-
transporter 2 (SGLT2) inhibitors (empagliflozin, dapagliflozin) are increasingly used 
for their ability to improve glycemic control while also reducing risk of heart failure 
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and chronic kidney disease29. More recently, glucagon-like peptide-1 (GLP-1) receptor 
agonists (exenatide, liraglutide, semaglutide, tirzepatide (dual glucose-dependent 
insulinotropic polypeptide (GIP)/GLP-1 receptor agonist)) have gained attention for 
their benefits in improving metabolic parameters and promoting weight loss, making 
them a valuable therapeutic option even beyond glycemic control. Several of these 
existing, as well as emerging pharmacological therapies have been further studied in 
this thesis and will be discussed in short below.

1.5.2 Lipid-lowering interventions
1.5.2.1 Statins
Statins are inhibitors of HMG-CoA reductase, the rate-limiting enzyme in the 
mevalonate pathway responsible for hepatic cholesterol synthesis. Inhibiting this 
pathway leads to a reduction in intracellular cholesterol levels, which in turn 
upregulates LDL receptor expression of hepatocytes. This enhances LDL-C clearance 
from the circulation, resulting in a 20-50% reduction in plasma LDL-C levels depending 
on statin type and dosage30. Statins are the first-line approach for both primary and 
secondary CVD prevention. However, due to large inter-patient variability in 
response to statins or more extremely elevated cholesterol levels, a substantial 
proportion of patients fail to achieve target lipid levels or report adverse effects.  
To further reduce residual CV risk and achieve better lipid control, alternative 
approaches or combination therapies are increasingly being considered.

1.5.2.2 Ezetimibe
The cholesterol absorption inhibitor ezetimibe works by blocking Niemann-Pick C1-
like 1, responsible for cholesterol uptake in the small intestine. Ezetimibe decreases 
absorption of biliary and dietary cholesterol without interfering with absorption of 
fat-soluble vitamins, TGs or bile acids. In accordance with European Society of 
Cardiology/European Atherosclerosis Society (ESC/EAS) guidelines24, ezetimibe is 
prescribed in combination with statins when statins alone do not result in a sufficient 
reduction in LDL-C. Adding ezetimibe to statin intervention further reduces 
circulating LDL-C levels by about 15-25%31, thereby contributing to improved CV 
outcomes.

1.5.2.3 PCSK9 inhibitors
A different class of lipid-lowering interventions are PCSK9 inhibitors. PCSK9 binds to 
LDL receptors on hepatocytes, which promotes their degradation. This process 
reduces the number of LDL receptors available to clear LDL-C from the circulation. By 
inhibiting PCSK9, the recycling and surface expression of LDL receptors is increased, 
which enhances LDL-C clearance. Monoclonal antibodies such as evolocumab and 
alirocumab reduce LDL-C by up to 60%, offering substantial CV risk reduction, 
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especially when given on top of statins32–36. Inclisiran, a small interfering RNA, also 
targets PCSK9 but works by silencing its hepatic synthesis, allowing for sustained 
LDL-C reduction37. However, the widespread use of PCSK9 inhibitors is limited by 
their high production costs, making them less accessible to a larger patient population.

1.5.2.4 ANGPTL3 inhibitors
Angiopoietin-like 3 (ANGPTL3) is a dual inhibitor of LPL and endothelial lipase (EL), 
enzymes responsible for hydrolysis of TGs in circulating lipoproteins. Inhibition of 
this process, e.g. by the ANGPTL3 inhibitor evinacumab, enhances LPL and EL 
activity, which in turn increases TG lipolysis and improves lipid clearance. 
Evinacumab reduces LDL-C levels by 47-50%38 and is prescribed in patients in whom 
lipid lowering is not sufficiently reached using conventional lipid lowering strategies 
such as with statins and ezetimibe.

1.5.2.5 CETP inhibitors
CETP inhibitors are a class of compounds that modulate lipid metabolism by targeting 
CETP, a protein that facilitates the transfer of CEs in exchange for TGs from HDL-C to 
apoB-containing lipoproteins. By inhibiting this process, there is a shift towards 
more HDL-C and less LDL-C, thereby enhancing reverse cholesterol transport and 
reducing CV risk. Several CETP inhibitors have been developed in the past, that all 
failed in clinical stages of drug development due to adverse effects or lack of efficacy. 
Nevertheless, research on CETP inhibitors continues and promising results are being 
presented with the novel CETP inhibitor obicetrapib, that shows reductions in LDL-C 
of 35-50%39,40.

1.5.3 Modulators of energy metabolism
1.5.3.1 GLP-1 receptor agonists
Recently, incretin-based therapies have emerged as approach to intervene in obesity. 
GLP-1 is an incretin hormone that induces the release of insulin and therefore GLP-1 
agonists such as semaglutide have been developed to improve glycemic control in 
patients with T2DM. Beyond their intended glucose-lowering effects, GLP-1 receptor 
agonists demonstrated benefits on satiety and gastric emptying, resulting in reduced 
food intake and lower body weight41,42. Consequently, GLP-1 receptor agonists are 
now the first pharmacological approach for the treatment of obesity43.

1.5.3.2 FGF21 analogues
Analogues of the fibroblast growth factor 21 (FGF21) form a promising new class of 
therapeutic agents due to the regulatory effects of FGF21 on glucose and lipid 
metabolism44. Because of the short half-life of endogenous FGF21, its beneficial effects 
on metabolism are limited45. Clinical data on FGF21 analogues that mimic endogenous 
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FGF21 signaling have been shown to improve insulin sensitivity and reduce hepatic 
steatosis and are therefore promising targets for treating MASLD46,47.

1.6 Experimental MASLD and atherosclerosis
To develop and evaluate efficacy of (novel) strategies aimed at reducing plasma lipids, 
alleviating CV burden and managing MASLD, several pharmacological approaches 
have been explored. Ideally, these approaches would be immediately tested in human 
patient populations, which is ethically unacceptable and practically impossible. 
While in vitro strategies have been and are being used to replicate certain aspects of 
metabolic syndrome, they are limited by their inability to capture the systemic nature 
of the disease. Consequently, in vivo experimental models remain essential for a 
comprehensive and holistic investigation of metabolic syndrome and its potential 
therapeutic interventions. In this thesis, both existing and emerging therapeutic 
strategies were evaluated in mouse models that closely recapitulate features of 
human metabolic syndrome or lipoprotein metabolism, and consequently develop 
metabolic complications such as MASLD and atherosclerosis.

1.6.1 Metabolic differences in mouse versus man
Wildtype mice predominantly transport cholesterol in HDL particles with minimal 
distribution in the atherogenic (V)LDL particles48. In these mice, clearance of apoB-
containing lipoproteins is fast and efficient, mediated through the apoE-LDL receptor 
pathway. Compared to mice, humans exhibit delayed clearance of apoB-containing 
lipoproteins, a process that is further influenced by CETP, which facilitates the transfer  
of cholesterol from HDL to apoB-containing lipoproteins, thereby contributing to a 
more atherogenic lipid profile48. Due to these species-specific differences in lipo
protein metabolism, wildtype mice do not develop the dyslipidemia characteristic of 
human metabolic syndrome and therefore fail to accurately replicate human 
lipoprotein metabolism and its associated pathophysiology, including MASLD and 
atherosclerosis.

1.6.2 Ldlr−/−.Leiden mice
The Ldlr−/−.Leiden mouse model has emerged as a more physiologically relevant 
model for studying aspects of the metabolic syndrome and MASLD. These mice are 
derived from a cross between Ldlr−/− mice on a C57BL/6 background and SV129 mice, 
resulting in a unique genetic background distinct from conventional Ldlr−/− mice. 
This results in the expression of a truncated and therefore non-functional LDL 
receptor protein that is unable to bind LDL lipoproteins49. The hepatic clearance of 
apoB-containing lipoproteins is therefore strongly reduced, shifting the lipoprotein 
profile in these mice towards a more hyperlipidemic pattern. When fed a diet high in 
fat and sugar content, these mice develop obesity, insulin resistance, adipose tissue 
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inflammation and MASH with bridging fibrosis (stage F3)11,50,51. Moreover, extensive 
transcriptomics analysis revealed that a very high percentage of differentially 
expressed pathways that characterize MASH patients is recapitulated in this mouse 
model52. The Ldlr−/−.Leiden mouse model is therefore a good model to study 
mechanisms and interventions related to metabolic dysfunction, as these mice 
develop dyslipidemia and consequently MASLD and atherosclerosis.

1.6.3 APOE*3-Leiden mice and APOE*3-Leiden.CETP mice
The APOE*3-Leiden mouse model was developed to express the human ApoE*3-
Leiden variant and ApoC1 genes53,54. The ApoE*3-Leiden variant is a naturally 
occurring variant of the ApoE*3 allele. It differs from the standard APOE3 variant  
by altered receptor-binding properties, specifically showing reduced affinity for  
the LDL receptor, which impairs hepatic clearance of TG-rich lipoprotein remnants 
such as chylomicron and VLDL remnants. While multiple ApoE*3 variants exist,  
the Leiden variant is particularly relevant because it impairs remnant clearance, 
thereby mimicking human-like dyslipidemia. In humans, ApoE*3-Leiden is associated 
with a rare dominantly inherited form of familial hyperlipoproteinemia55. In APOE*3- 
Leiden.CETP mice, APOC1 is dominantly expressed, which further contributes to 
dyslipidemia by inhibiting lipolysis and further delaying clearance of apoB-containing 
lipoproteins. As such, when fed a diet high in sugar and fat content, these mice become 
dyslipidemic and develop atherosclerosis.
	 By introducing the human CETP gene into the APOE*3-Leiden mouse model, 
the resulting transgenic mice replicate human metabolism even further56. This 
modification slows the clearance of apoB-containing lipoproteins, mimicking the 
delayed lipoprotein clearance observed in humans and thereby providing a more 
physiologically relevant model for studying dyslipidemia and CV risk.
	 Both APOE*3-Leiden and APOE*3-Leiden.CETP mice respond well to lipid-
lowering interventions, including clinically used compounds such as statins57–60, 
ezetimibe58, PCSK9 inhibitors59,61,62, ANGPTL3 inhibitors38,60,63, HDL-raising 
treatments64–66, and CETP inhibitors67–69. These models are therefore highly suitable 
for studying dyslipidemia and associated metabolic complications such as athero
sclerosis, as well as for evaluating therapeutic interventions aimed at modulating 
these complications.

1.7 Aims and outline of this thesis
1.7.1 Aims
With the rising prevalence of obesity and metabolic syndrome-related complications, 
there is an urgent need for complementary approaches to lifestyle interventions. 
Currently, there is a lack of therapeutic approaches that target the metabolic 
syndrome holistically, aiming to relieve not only the CV burden but MASLD and 
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other complications as well. Using the Ldlr−/−.Leiden and APOE*3-Leiden(.CETP) 
mouse models, we studied the therapeutic potential and metabolic impact of existing 
and novel pharmacological interventions in the context of metabolic syndrome. 

1.7.2 Outline
In Chapter 2, we evaluated how repeated weight cycling, a phenomenon often 
observed in patients that try to lose weight, affected metabolic complications in diet-
induced obese mice. In the past, many compounds that have been developed for 
MASH-related fibrosis and were proven successful in preclinical stages, have 
ultimately failed in the clinic. To address this translational gap,  we developed a rapid 
screening method based on a fibrogenic gene signature to predict the long-term 
efficacy of these drugs on MASH-related fibrosis. The results of this study are 
presented in Chapter 3.
	 In Chapters 4 through 7, the effects of several pharmacological compounds on 
metabolic complications were evaluated, with a focus on MASLD. The effects of a 
novel FGF21 analogue bFKB1 are described in Chapter 4. The effects of the GLP-1 
receptor agonist semaglutide are described in Chapter 5. Further elaborating upon 
the data found in the study described in Chapter 5, we describe how semaglutide 
affects metabolic syndrome when combined with exercise in Chapter 6. Chapter 7 
describes the effects of atorvastatin, a well-established lipid-lowering agent, on 
MASLD. The following two chapters shift the focus toward atherosclerosis. Chapter 8 
describes the effects of a novel PCSK9 inhibitor alone and in combination with the 
ANGPTL3 antibody evinacumab on atherosclerosis development. In  Chapter 9,  
we investigate the mechanisms of action of  obicetrapib, alone and in combination 
with ezetimibe, and evaluate their effects on both the progression and regression of 
atherosclerosis. The results obtained in these studies and future perspectives are 
discussed in Chapter 10.

1.8 Acknowledgements
Figures 2 and 3 were made using BioRender.com, accessed September 2025.
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