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General Introduction 

1. Cardiometabolic diseases 

Obesity is a growing worldwide epidemic, globally affecting more than 0.89 billion adults by 
2022 1,2, which is projected to increase to more than 1.53 billion adults by 2035 2,3. Obesity 
is defined by body mass index (BMI; body weight (kg) divided by height squared (m2)) of 30 
kg/m2 or more 2. Numerous serious health risks have been strongly associated with obesity, 
including a series of cardiometabolic diseases, e.g., steatotic liver disease, type 2 diabetes, 
cardiovascular diseases and other metabolic disorder-related diseases. Obesity can trigger 
insulin resistance in adipose tissues and impair adipocyte function, increasing lipolysis in 
adipocytes. This causes lipid overflow to organs such as the liver and leads to the 
development of metabolic dysfunction-associated steatotic liver disease (MASLD). In turn, 
MASLD contributes to atherosclerosis development due to excessive production by the 
steatotic and insulin-resistant liver of lipoproteins including very low-density lipoprotein 
(VLDL) remnants and low-density lipoproteins (LDL) as their lipolytic end products, which 
are causal in the development of atherosclerotic cardiovascular disease (ASCVD). 
Meanwhile, the pro-inflammatory responses induced by insulin resistance further aggravate 
the development of MASLD and ASCVD. These diseases have become the leading causes of 
increased morbidity and mortality in the world 4,5. A schematic overview of the contribution 
of obesity to the development of MASLD and ASCVD is shown in Figure 1. 

 
Figure 1. An overview of the effects of obesity on MASLD and ASCVD. See the text in Section 1 for 
the explanation. ASCVD, atherosclerotic cardiovascular disease; MASLD, metabolic dysfunction-
associated steatotic liver disease; (V)LDL, (very) low-density lipoprotein. 

 

1.1. Metabolic dysfunction-associated steatotic liver disease 

MASLD is one of the most widespread chronic liver diseases, affecting over one-third of the 
global population 6. ‘MASLD’ has since 2023 been adopted as the new term for ‘non-
alcoholic fatty liver disease’ (NAFLD). The new nomenclature has been introduced to 
emphasize the important influence of metabolic risk factors on the pathogenesis of steatotic 
liver disease, in addition to avoiding the stigmatizing term ‘fatty liver’, and is assumed to 



General Introduction and Outline 

9 
 

1 

reshape clinical and preclinical practice and lead to improved patient treatment 7. MASLD is 
characterized by excess accumulation of fat, mainly triglycerides (TG), in the liver (steatosis 
in ≥ 5% of hepatocytes) 8. MASLD was initially hypothesized to be progressing according to 
the ‘two-hit’ theory 9. Within this theory, the ‘first hit’ is lipid accumulation in the liver, 
inducing steatosis, which results from an imbalance between hepatic lipid uptake, synthesis, 
storage, utilization and secretion, mostly related to excess calorie intake in the course of 
developing obesity. Induction of steatosis would make the liver more susceptible to 
secondary insults, e.g., oxidative stress, mitochondrial dysfunction and inflammatory 
cytokine production, together promoting inflammatory cascades through activating the 
resident macrophages of the liver (i.e., Kupffer cells) as the ‘second hit’, thereby accelerating 
MASLD development. 

However, more recent insights suggested the ‘two-hit’ hypothesis may be too simplistic to 
explain the mechanism underlying MASLD progression. Thus, the ‘multiple-hit’ theory has 
been proposed that offers a more accurate explanation by taking into account complex and 
multiple parallel factors simultaneously contributing to MASLD development 10. Obesity, 
genetic factors and/or dietary factors trigger insulin resistance in adipose tissues, causing 
adipocyte dysfunction and subsequently increased lipolysis that leads to overflow of free 
fatty acids (FFA) towards the liver. This causes hepatic insulin resistance, resulting in 
increased lipogenesis. As a result, hepatic TG production increases, which along with 
excessive intake of dietary TG, leads to hepatic steatosis. Meanwhile, the overload of FFA 
and intake of dietary cholesterol induces hepatic lipotoxicity, initiating cellular stress and 
Kupffer cell activation. Additionally, gut microbiome dysbiosis driven by obesity and/or 
genetic factors can increase the production of toxic metabolites and increase gut 
permeability. All of these factors can collectively contribute to apoptosis and inflammation 
in the liver, attracting monocytes from the circulation to become additional hepatic 
macrophages. Ultimately, Kupffer cell activation stimulates stellate cells to produce collagen, 
contributing to fibrosis. These consequently drive the development of metabolic 
dysfunction-associated steatohepatitis (MASH). MASLD and MASH are reversible, while 
MASH can further develop through advanced fibrosis to severe irreversible liver damage if 
left untreated, causing cirrhosis and liver cancer (i.e., hepatocellular cancer, HCC). The 
‘multiple-hit’ theory of MASLD pathogenesis is graphically illustrated in Figure 2.  
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Figure 2. The ‘multiple-hit’ theory of MASLD pathogenesis. See text in Section 1.1 for explanation. 
FFA, free fatty acids; HCC, hepatocellular cancer; MASH, metabolic dysfunction-associated 
steatohepatitis; TG, triglycerides. 

 

1.2. Atherosclerotic cardiovascular disease  

Cardiovascular diseases (CVDs) are the leading cause of global death accounting for 19.8 
million global deaths in 2022 11 and are projected to cause 35.6 million deaths in 2050 12. 
The dominant CVD is ASCVD, which is caused by atherosclerosis that is characterized by the 
buildup of lipid plaques within arterial walls and thus leading to narrowing and hardening 
of arteries. Accumulation of circulating triglyceride-rich lipoprotein (TRL) remnants and LDL 
in the arterial subendothelial layer is the initial phase of atherosclerosis development 13,14. 
Here, TRL remnants and LDL undergo modifications, e.g., aggregation and oxidation, that 
stimulate endothelial cells to secrete pro-inflammatory cytokines and chemokines, 
recruiting monocytes into the intima to differentiate into macrophages 13-15. Macrophages 
within the intima engulf these modified LDL and TRL remnants, which convert them into 
‘foam cells’ that are laden with mainly cholesterol, resulting in an early stage of an 
atherosclerotic plaque (i.e., ‘lesion’). Foam cells can induce an advanced inflammatory 
response that promotes the proliferation of smooth muscle cells from media into the intima, 
where they can be converted into additional foam cells. Smooth muscle cells also produce 
collagen to form fibrous caps and stabilize the plaques. Through the accumulation of lipids 
and increased inflammation, foam cells can undergo apoptosis and release lipids and cell 
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debris, resulting in the formation of a necrotic lesion core and aggravating plaque 
development 15. Meanwhile, foam cells secrete proteases to destabilize the fibrous cap, 
which may lead to plaque rupture, triggering platelet aggregation and thrombosis 16. 
Eventually, thrombus formation can lead to a variety of serious cardiovascular events, such 
as myocardial infarction (‘heart attack’) and stroke. The development of an atherosclerotic 
plaque is graphically presented in Figure 3.  

 
Figure 3. Atherosclerotic plaque development. See text in Section 1.2 for explanation. LDL, low-
density lipoprotein; TRL, triglyceride-rich lipoprotein. 

 

Given that MASLD and ASCVD share common risk factors and involve similar pathogenetic 
features, including lipid accumulation and chronic inflammation [3], some of the therapeutic 
options that are beneficial for one disease might also be potentially applicable to the other.  

 

2. Therapeutic approaches for cardiometabolic diseases 

2.1. Currently available therapies 

2.1.1. Lifestyle interventions 

Cardiometabolic disease development is strongly associated with lifestyle factors. Since 
lifestyle interventions are diverse, effective and less expensive compared to other therapy 
options, they are highly recommended in cardiometabolic disease management 17,18.  

2.1.1.1. Dietary interventions  

Dietary interventions, including calorie restriction, specific dietary-nutrient patterns and 
meal timing strategies, have all shown beneficial effects in cardiometabolic diseases. 
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Calorie restriction is one of the most effective dietary interventions to reduce the risk of 
cardiometabolic diseases 19-23. Restricting calorie intake (1) markedly reduces body mass and 
improves the lipid profile in the liver and blood 24,25, (2) suppresses systemic inflammation 
by inhibiting pro-inflammatory cytokine secretion 26,27, (3) and activates various molecular 
signaling pathways. These include AMP-activated protein kinase-related pathways 28,29, 
which are linked with the protection against MASLD 30 and ASCVD 31. 

Improving dietary patterns also have been proven useful for preventing/treating 
cardiometabolic diseases. For example, the ‘Mediterranean diet’ entails a high intake of 
plant-based foods and healthy fats (from olives and nuts), moderate intake of fish and dairy 
products, and limited intake of red meat and sweets 32. As such, it has a high ratio of 
monounsaturated fatty acids to saturated fatty acids and is rich in fiber. This diet reduces 
BMI and LDL-C 33 and improves human insulin resistance 34. Another popular dietary pattern 
is the ketogenic diet, characterized by a rigorous reduction in carbohydrates and high 
consumption of fats and proteins 35. This diet induces metabolic adaptations by shifting the 
body to use fat as the main energy source, and increases insulin sensitivity, reduces body 
weight and improves lipid profiles 36,37. However, contradicting studies showed that the 
ketogenic diet can elevate LDL-C and therefore increase ASCVD risk in humans 38,39. 

Time-restricted eating (TRE) is another intervention that aims to restrict the meal timing 
without altering diet choices. Secretion of key metabolic hormones and metabolic responses 
is regulated by internal circadian clocks and TRE can serve as a strong Zeitgeber to optimize 
circadian biology 40 thereby improving cardiometabolic health. In both mouse studies 41-43 
and clinical trials 44-48, TRE showed beneficial effects with respect to attenuating 
cardiometabolic derangements by reducing body weight, improving insulin sensitivity and 
lipid profiles, at least partly through modulating the composition of the gut microbiome. 

2.1.1.2. Physical exercise interventions  

Physical exercise is widely recognized as a crucial element of cardiometabolic disease 
preventive/therapeutic initiatives and is emphasized in numerous health promotion 
guidelines. Regular physical exercise training has been shown to reduce insulin resistance 49, 
improve lipid profiles 50,51 and suppress inflammation 52,53, thereby preventing the 
progression of MASLD 54-56 and ASCVD 57,58. Of note, the effectiveness of physical exercise in 
MASLD and ASCVD depends on the modality, intensity and timing of the exercise and differs 
in different populations. For instance, aerobic exercise elicits a better anti-inflammatory 
effect than resistance exercise 59 and it is more effective than resistance exercise in 
decreasing circulating lipids, at least shown in an elderly population 60. Nevertheless, with 
comparable duration, frequency and period, resistance exercise training consumes less 
energy, which is more feasible for the individuals who with low cardiorespiratory endurance 
or cannot tolerate aerobic exercise 61. Apart from the modality, exercise intensity also 
strongly affects the effectiveness of physical exercise. Moderate-intensity exercise training 
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markedly improves BMI, circulating lipids and inflammation markers compared to low-
intensity exercise training 62. High-intensity interval exercise is superior to moderate-
intensity continuous exercise in ameliorating MASLD progression 63. Recently, the effect of 
timing of exercise interventions for cardiometabolic health has been evaluated, with 
seemingly conflicting outcomes. While a recent randomized controlled trial reported that 
exercise in the morning is more efficient at reducing cardiometabolic risk factors in 
comparison to exercise in the afternoon 64, the majority of studies showed that late exercise 
rather than early exercise improves metabolic profiles 65-68.  

Although lifestyle interventions show pronounced benefits and are considered valuable for 
cardiometabolic disease treatment, they suffer from limitations: (1) long-term adherence is 
required to achieve certain improvements and the dropout rate is often high in intervention 
programs 69,70; (2) effectiveness highly depends on the intensity/variety of the intervention 
and individual factors 71,72; (3) environmental and social factors pose unique implementation 
challenges 73-75. Thus, lifestyle interventions should ideally be combined with 
pharmacological treatments for maximum benefit. 

 

2.1.2. Pharmacological therapies  

2.1.2.1. Therapy for metabolic dysfunction-associated steatotic liver disease  

Until recently, for MASLD no specific effective drugs were available on the market. Improving 
lifestyle, e.g., dietary and physical exercise interventions 76, and managing insulin/lipid levels 
with other medications, like metformin 77 and statins 78, indirectly control MASLD 
development to some extent, and have been the primary options for the patients with 
MASLD. However, these interventions/treatments have limited efficacy and therapeutic 
benefits as they do not directly target the underlying pathological mechanisms of MASLD. 
Therefore, extensive research efforts have been dedicated for searching effective 
pharmacological therapies.  

Only in March 2024, rezdiffra (also known as Resmetirom) has been conditionally approved 
by the US Food and Drug Administration (FDA) as the first dug for the treatment of adults 
with noncirrhotic MASH 79. Rezdiffra is a liver-targeted agonist for thyroid hormone receptor-
beta (THR-β), a high-affinity nuclear receptor for thyroid hormone with a crucial role in the 
regulation of lipid metabolism and energy homeostasis. The THR-β pathway is generally 
impaired in patients with MASLD 80,81, suggesting that activating this pathway may be 
beneficial. Indeed, rezdiffra has shown profound efficacy in a phase 2 clinical trial by 
markedly reducing hepatic fat, markers of inflammation and fibrosis after 12 weeks and 36 
weeks of treatment in patients with MASH 82. Recently, a phase 3 clinical trial in patients 
with NAFLD and presumed NASH confirmed the efficacy of rezdiffra and in addition 
established its safety and tolerability 83.  
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Although rezdiffra may be an important advance for MASLD management, confirmation of 
its clinical benefit by completing a still ongoing 54-month study was requested by the FDA, 
which will be required for its continued approval 79. In addition, its clinical application still 
faces some challenges, for instance in patient selection, therapy monitoring and further 
investigation of its potential risks and side effects 84, warranting the search for additional 
pharmacological therapies. 

2.1.2.2. Therapies for atherosclerotic cardiovascular disease  

The development of ASCVD is attributed to many risk factors, including obesity, genetic 
factors and lifestyle-related risk factors including, but not limited to, physical inactivity, 
unhealthy diet and smoking. Among these, high circulating cholesterol is the primary causal 
factor in the initiation and progression of atherosclerosis. Thus, lowering circulating 
cholesterol, especially within TRL remnants and LDL, is currently the primary goal and the 
most effective pharmacological management for ASCVD.  

HMGCR inhibition 

Statins are a class of medications used by millions of people worldwide to lower cholesterol 
and treat ASCVD. The first observation of cholesterol being abundant in atherosclerotic 
plaques inspired the development of statins 85. In 1976, the Japanese biochemist Akira Endo 
was the first to isolate mevastatin from Penicillium citrinum 86, marking the birth of statins. 
Lovastatin, was approved by the FDA as the first statin in 1987 87 and as of now, 7 additional 
statins have been discovered and introduced to the market 88. Statins reduce cholesterol by 
inhibiting hydroxymethylglutaryl-CoA reductase (HMGCR), the enzyme catalyzing the 
conversion of hydroxymethylglutaryl-CoA into mevalonate within the cholesterol synthesis 
pathway, mainly in the liver 89. Statins compete with binding of hydroxymethylglutaryl-CoA 
to the active site of HMGCR and thereby interfere with cholesterol synthesis. On the one 
hand, this decreases the hepatic production of VLDL, which is the primary source of 
circulating TRL remnants and LDL. On the other hand, the reduction of intracellular 
cholesterol activates sterol regulatory element-binding proteins (SREBPs) to increase the 
expression of the low-density lipoprotein receptor (LDLR), accelerating the uptake TRL 
remnants and LDL from the circulation 90. Statins have been tested in numerous clinical trials 
and the results are consistent: statins reduce plasma cholesterol levels (within TRL remnants 
and LDL) by 25-35%, thereby slowing atherosclerosis progression and improving survival in 
patients with coronary heart disease 89,91-96.  

Although statins are generally well-tolerated, they have side effects, of which muscle pain 
has been most frequently reported. Statin treatment impairs the mitochondrial respiratory 
capacity of skeletal muscle, increasing the risk of muscle injury and causing pain 97-100. 
However, it should be noted that a recent meta-analysis revealed that most (>90%) of all 
reports of muscle complaints by participants on statin treatment were actually not caused 
by statins 101. Another reported side effect is liver toxicity, evident from a dose-dependent 



General Introduction and Outline 

15 
 

1 

increase in circulating transaminases 102,103, which is considered as an indication of liver 
damage 104. Also, atorvastatin treatment also is associated with cholestatic liver injury and 
simvastatin treatment with hepatocellular damage 105, albeit these side effects are very rare 
106.  

Admittedly, nearly four decades of clinical investigation have proven the efficacy and safety 
of statins, and have shown in the general population that their benefits far outweigh their 
risks. Even so, patient adherence to long-term use of statins is poor, frequently caused by 
safety concerns 107.  

NPC1L1 inhibition 

In addition to inhibiting hepatic cholesterol synthesis, reducing intestinal cholesterol 
absorption is another strategy to lower LDL-C and the risk of ASCVD. For this purpose, 
ezetimibe (ezetrol) has been approved by the FDA and European Medicines Agency (EMA) 
in 2002. Ezetimibe is an antagonist of Niemann Pick C1 like 1 (NPC1L1), which plays a crucial 
role in cholesterol absorption in the intestine. By inhibiting NPC1L1, ezetimibe reduces the 
uptake of cholesterol within chylomicrons 108,109. Many preclinical animal studies have 
reported that the effects of ezetimibe on reducing LDL-C levels are beneficial for reducing 
ASCVD risk 109-111. Likewise, the effectiveness of ezetimibe in lowering circulating cholesterol 
levels has been shown in clinical trials 112,113. It should be noted that lowering cholesterol 
absorption with ezetimibe monotherapy has been demonstrated to upregulate HMGCR 
activity in humans 114. Considering such compensatory effects, ezetimibe is often 
studied/recommended as an add-on to statins rather than as a monotherapy. Ezetimibe plus 
statin therapy led to a more pronounced reduction in LDL cholesterol levels in clinical trials 
compared to monotherapy 115-117 and the combination therapy of ezetimibe plus low-dose 
statin allows those patients who are intolerant to single high-dose statin therapy to achieve 
the therapeutic LDL-C target 118. 

PCSK9 inhibition 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is an endopeptidase that is secreted 
from the liver into the circulation where it can bind the LDLR and promote lysosomal LDLR 
degradation upon cellular internalization, leading to an overall decrease of hepatic LDLR 
abundance. As a result, LDLR-mediated uptake of TRL remnants and LDL is reduced, resulting 
in their accumulation in the circulation. Accordingly, inhibiting PCSK9 has been considered 
an ideal therapeutic target for hypercholesterolemia or hypercholesterolemia-driven ASCVD 
119. In 2015, FDA and EMA approved the PCSK9-inhibiting antibodies alirocumab (prudent) 
and evolocumab (repatha) for treating hypercholesterolemia, particularly in the individuals 
who have homozygous familial hypercholesterolemia (HoFH) caused by genetic mutations 
and characterized by impaired LDLR-mediated lipoprotein clearance pathway. In 2021, the 
FDA also approved a liver-targeted small interfering RNA that inhibits PCSK9 expression in 
hepatocytes (inclisiran), which needs to be administered only a few times a year 120. 
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These PCSK9 inhibitors remarkably reduce plasma levels of cholesterol in TRL remnants and 
LDL 121 and lower risk of cardiovascular events in clinical trials 122-125. In addition to its 
significant cholesterol-lowering effect, studies also demonstrate anti-inflammatory effects 
of PCSK9 inhibition 126,127, likely due to stimulating macrophage autophagy and inhibiting 
oxidative stress 128. Overall, PCSK9 inhibitors offer additional options to treat 
hypercholesterolemia in patients who are at risk of cardiovascular events, especially for 
those patients failing to achieve the target cholesterol levels with traditional therapies, like 
statins and ezetimibe. However, the implementation of PCSK9 inhibitor therapy is hindered 
by several challenges, especially for relatively high expense and inconvenient administration 
approach (requiring injections), which thus limit the accessibility of this therapy to the 
patients 129. 

Despite quite some pharmacological treatments for MASLD and ASCVD have benefited 
millions of people, limitations remain. Side effects, drug accessibility, and especially residual 
cardiometabolic risk 130 warrant the investigation into additional safe, effective and low-cost 
treatments.  

 

2.2. Promising novel therapeutic strategies 

2.2.1. Targeting LXR 

Since the liver X receptor (LXR) was identified as a nuclear receptor playing a crucial role in 
the transcriptional control of lipid metabolism in the 1990s 131,132, interest has emerged to 
investigate its role in lipid-related diseases. Accumulation of cholesterol in macrophages 
activates LXR to induce the expression of ATP-binding cassette transporter A1 (ABCA1) and 
ATP-binding cassette transporter G1 (ABCG1), which facilitate the transfer of excess 
cholesterol to high-density lipoproteins (HDL), which is thought to transport the cholesterol 
back to the liver for direct biliary secretion or indirect biliary secretion after conversion into 
bile acids 133. Cholesterol export from macrophages suppresses pro-inflammatory responses 
driven by excessive cellular cholesterol. In addition, LXR activation can prevent inflammation 
by inhibiting NF-κB signaling which is crucial for inducing immune responses 134.  

Given its favorable effects in the regulation of cholesterol homeostasis and inflammation, 
activating LXR has been an emerging therapeutic target for diseases related to disorders in 
cholesterol metabolism. In the past two decades, many mouse studies have shown an 
atheroprotective effect of LXR activation 135-138. However, beyond targeting genes involved 
in cholesterol efflux (ABCA1 and ABCG1) and inducing an anti-inflammatory program in 
macrophages, LXR activation also stimulates the expression of SREBP-1c in hepatocytes, the 
key transcription factor inducing lipogenesis, as observed with synthetic LXR agonists such 
as T0901317 and GW3965 in animal experiments 139-141. Also in MASLD patients, LXR 
expression positively correlated with hepatic steatosis 142, and SREBP-1c and its targeted 
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lipogenic genes were upregulated 143. Therefore, although several synthetic LXR agonists 
have reached phase 1 of clinical trials, none were continued because of lipogenic side effects 
144 (Figure 4A) including dyslipidemia 145.  

An overload of cholesterol in macrophages results in product inhibition of Δ24-
dehydrocholesterol reductase (DHCR24), the terminal enzyme in cholesterol synthesis, 
resulting in the accumulation of desmosterol, the last intermediate in the Bloch pathway of 
de novo cholesterol synthesis 146. Desmosterol has been identified as a selective and the 
most potent endogenous ligand of LXR, reprograming lipid metabolism and suppressing 
inflammation via activating LXR target genes and, remarkably, inhibiting SREBP-1c activity 
146 (Figure 4B). A study found that depleting desmosterol in macrophages by conditional 
overexpression of DHCR24 in myeloid cells downregulates the expression of ABCA1 and 
ABCG1 in macrophages, thereby promoting lipid accumulation and inflammation, thereby 
accelerating atherosclerosis development in mice 147. 

 
Figure 4. LXR activation by synthetic LXR agonists or desmosterol. A, LXR activation by LXR agonists 
not only promotes cholesterol efflux by enhancing the expression of ABCA1 and ABCG1, but also 
activates the SREBP-1c pathway inducing lipogenesis. B, Desmosterol, the precursor of cholesterol, 
acts as an endogenous LXR ligand and it can promote cholesterol efflux by activating ABCA1 and ABCG1 
without causing lipogenesis by inhibiting the SREBP-1c pathway. ABCA1, ATP-binding cassette 
transporter A1; ABCG1, ATP-binding cassette transporter G1; LXR, liver X receptor; SREBP-1c, sterol 
regulatory element-binding protein-1c. 

 

Interestingly, Müller et al have previously generated SH42 as the first selective DHCR24 
inhibitor 148, and it has been subsequently showed that SH42 treatment by i.p. injection 
successfully increases systematic desmosterol levels in mice, thereby activating ABCA1 in 
macrophages and promoting inflammation resolution in peritonitis 149. Importantly, in 
contrast to synthetic LXR agonists, SH42 did not increase the lipogenic program in 
hepatocytes 149. Given that attenuation of macrophage activation is expected to be 
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beneficial in the treatment of both MASLD and ASCVD, research into the potential beneficial 
effects SH42 in these diseases is warranted. 

2.2.2. Targeting lipases 

While lowering circulating cholesterol is undoubtedly a primary strategy in cardiometabolic 
diseases, regulating other lipoprotein components, including TG and phospholipids, have 
gained increasing attention. The glycerol-sn-1-fatty acid hydrolases including lipoprotein 
lipase (LPL), endothelial lipase (EL) and hepatic lipase (HL) are the key enzymes in 
hydrolyzing TG and/or PL to regulate lipoprotein metabolism 150,151. These three lipoprotein 
lipases can be distinguished by their tissue-specific expression and different enzymatic 
activities (Figure 5).  

LPL is an enzyme mainly produced in adipocytes within brown and white adipose tissues, 
cardiomyocytes within the heart and myocytes within skeletal muscle, after which LPL is 
translocated  to the vascular lumen, bound to glycosylphosphatidylinositol-anchored high-
density lipoprotein–binding protein 1 (GPIHBP1). As LPL has high TG hydrolase and low 
phospholipase activity (Figure 5A), it is primarily responsible for hydrolyzing TG in 
calculating TRLs 152. Humans with loss-of-function mutations in the LPL gene have increased 
risk of ASCVD 153. Unlike LPL, EL is mainly synthesized by endothelial cells in the vasculature 
and has low TG hydrolase but high phospholipase activity (Figure 5B). EL can promote the 
catabolism of β-VLDLs, containing more cholesterol compared to regular VLDLs, suggesting 
its anti-atherogenic effect 154. By remodeling lipoproteins through hydrolyzing TG and PL, 
LPL and EL have been found to promote the clearance of TRLs and LDL 155,156. LPL and EL 
activities are regulated by angiopoietin-like protein 3 (ANGPTL3), which is mainly expressed 
by the liver. Increasing LPL and EL activity by inhibiting ANGPTL3 has been shown to 
attenuate hyperlipidemia and atherosclerosis development in mice 157-159 with the lipid-
lowering effect of ANGPTL inhibition being LDLR-independent 160. As such, the ANGPTL3 
inhibitor evinacumab was approved by FDA and EMA in 2021 for the treatment of patients 
with HoFH and it can largely reduce TRL and LDL-cholesterol levels 161,162. A recent study 
showed that evinacumab also reduces LDL-C in pediatric patients with HoFH, but long-term 
follow-up studies are required to provide definitive evidence of efficiency and safety 163. 

In contrast to the extensive research on LPL and EL, studies on the role of HL in lipoprotein 
metabolism are limited and current findings are inconsistent. HL is specifically expressed in 
hepatocytes within the liver, with a balanced hydrolytic activity of TG hydrolase and 
phospholipase (Figure 5C). HL deficiency attenuates atherosclerosis development in mice 
164, and HL has been suggested to contribute to atherogenic lipid profile by forming small-
dense LDL in humans 165. However, low HL activity is associated with increased 
cardiovascular risk in humans 166. In addition, HL has been shown to have an important role 
in promoting the clearance of atherogenic lipoproteins through its noncatalytic ligand 
activity 167,168. Although these findings are conflicting, HL may be a target for ASCVD 
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treatment. Interestingly, a novel rare variant in the hepatic lipase gene (LIPC), encoding the 
gain-of-function variant HL-E97G, was recently identified in a French family with individuals 
carrying this variant having very low plasma TG and cholesterol levels. This HL gene variant 
specifically enhances the phospholipase activity of HL without affecting the TG hydrolase 
activity 169 (Figure 5D). Mice expressing HL-E97G in hepatocytes present a similar 
hypolipidemic phenotype as found in humans 169, suggesting it may be a promising target to 
treat hyperlipidemia. Of note, HL-E97G lowers cholesterol levels not only in LDL, but also in 
HDL that may have elicit effects in atherosclerosis. Therefore, to elucidate whether 
improving HL function may be worthwhile to pursue as a novel strategy in the prevention 
and treatment of ASCVD, it is imperative to study the effects of HL-E97G on 
hypercholesterolemia-driven atherosclerosis development. 

  
Figure 5. Lipases responsible for lipoprotein hydrolysis and their tissue-specific expression and 
enzymatic activities. See text in Section 2.2.2 for explanation. EL, endothelial lipase; HL, hepatic lipase; 
HL-E97G, gain-of function mutant of hepatic lipase; LPL, lipoprotein lipase.  
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2.2.3. Targeting ABC transporters 

Lipid transport between cells and organs is vital to maintain cellular/organ function and 
strongly influences the development of cardiometabolic diseases, with ABC transporters 
playing key roles. ABC transporters are a superfamily of transmembrane proteins that are 
responsible for the ATP-powered transportation of various substrates across cellular 
membranes. The human genome contains 48 ABC genes encoding 44 membrane 
transporters that belong to 5 subfamilies, A, B, C, D and G 170-172. These ABC transporters 
play important roles in various diseases, such as cancer, Alzheimer's disease, MASLD and 
ASCVD. A few ABC transporters have been linked to lipid transport in cardiometabolic 
diseases by acting as a floppase to facilitate lipid efflux by transporting lipids from the 
cytosolic side (inner leaflet) to the exoplasmic side (outer leaflet) of plasma membranes 
(Figure 6A), for example, ABCA1, ABCG1 and ABCG5/ABCG8 173. As discussed above in 
section 2.2.1, ABCA1 and ABCG1 promote cholesterol efflux from macrophages to HDL, 
which can transfer cholesterol to the liver for secretion into VLDL and secretion into bile 
without and with previous conversion into bile acids. Deficiency of ABCA1 and ABCG1 in 
mice has been shown to lead cholesterol accumulation in macrophages and accelerate 
atherosclerosis development 174,175. Similarly, the heterodimer ABCG5/ABCG8 176 enhances 
the efflux of cholesterol from the liver into bile, facilitating cholesterol excretion (Figure 6B) . 
ABCG5/ABCG8 knockout mice showed increased hepatic lipid accumulation and 
proinflammatory cytokines, both of which are key indicators of the development of MASLD 
177. On the other side, enhancing ABCG5/ABCG8 expression in mice increases cholesterol 
excretion, and reduces plasma cholesterol levels, thereby preventing atherosclerosis 
progression 178. These transporters have thus been well-studied and shown crucial roles in 
the treatment of cardiometabolic diseases. 

It would be interesting to identify other ABC transporters as targets to beneficially modulate 
cardiometabolic diseases. An understudied ABC transporter is ABCA6, first cloned in 2001 
and given its name based on structural similarities with ABCA1 179. ABCA6 is mainly 
expressed in the liver [173]. Cell separation studies showed that within the liver ABCA6 is 
exclusively expressed by hepatocytes 180. ABCA6 was later found to be localized in the 
plasma membrane of hepatocytes at the basolateral surface 181, suggesting a potential role 
for ABCA6 in transferring substrates between hepatocytes and the blood. A genome-wide 
association study specifically in a Dutch population revealed that a human ABCA6 missense 
variant (i.e., rs77542162; p.Cys1359Arg) is associated with increased total cholesterol and 
LDL-C levels 182. Expression of this variant in wild-type mice did not affect plasma TC levels 
181, likely related to the very low TC levels in wild-type that are hard to modulate, which 
warrants studying the effect of modulating hepatocytic ABCA6 expression on lipid levels and 
atherosclerosis in a relevant mouse model for human cardiometabolic diseases.  
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Figure 6. ABCA/G-subfamily transporters are involved in lipid/cholesterol transport. A, ABCA1, 
ABCG1, and the ABCG5/G8 heterodimer act as floppases that can facilitate lipid efflux by transporting 
cholesterol from the cytosolic side (inner leaflet) to the exoplasmic side (outer leaflet) of plasma 
membranes. B, ABCA1 and ABCG1 are involved in transfer of cholesterol from macrophages to HDL 
which can bring the cholesterol to the liver for utilization/metabolism. The heterodimer ABCG5/ABCG8 
promotes the efflux of cholesterol from the liver to bile, facilitating cholesterol excretion. ABCA1, ATP-
binding cassette transporter A1; ABCG1, ATP-binding cassette transporter G1; ABCG5, ATP-binding 
cassette transporter G5; ABCG8, ATP-binding cassette transporter G8; HDL, high-density lipoprotein. 

 

3. Outline of this thesis 

Cardiometabolic diseases including MASLD and ASCVD have become major global health 
problems. They are among the most prevalent chronic diseases globally, substantially 
contributing to morbidity and mortality. As the liver is central in regulation of lipid 
metabolism and systemic inflammation, strongly influencing the progression of MASLD and 
ASCVD, this thesis aims to investigate novel therapeutic targets in the liver to treat these 
diseases through experimental studies in relevant mouse models. 

Chapter 1 provides a general introduction about the pathogenesis of MASLD and ASCVD, 
summarizes currently available treatments, including lifestyle and pharmacological 
interventions, and highlights their current limitations. Meanwhile, promising novel 
therapeutic targets are described, forming the background and motivation for the 
experimental studies performed in this thesis. 

Based on the findings that DHCR24 inhibition increases desmosterol, which activates LXR to 
lower inflammation and enhance cholesterol efflux from macrophages, in Chapter 2 we 
aimed to investigate the effects of selective DHCR24 inhibition on lipid metabolism and 
inflammation in the context of diet-induced MASLD development. Therefore, we fed 
APOE*3-Leiden.CETP mice, a well-established humanized mouse model for the study of 
(cardio)metabolic diseases, with a MASLD-inducing diet while treating them without and 
with the specific and selective DHCR24 inhibitor SH42 and evaluated the effects on lipid 
metabolism, hepatic inflammation and hepatic steatosis. Next, we aimed to evaluate the 
effects of SH42 on atherosclerosis development. To this end, in Chapter 3, we fed APOE*3-
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Leiden.CETP mice and Ldlr-deficient (Ldlr-/-) mice, a more inflammatory mouse model, an 
atherogenic diet and treated them without and with SH42, to determine the lipoprotein 
profile, blood immune cell composition and atherosclerotic lesion size, severity and 
composition in the aortic root.  

Based on our previous observation that HL-E97G, a novel rare variant encoded by LIPC gene, 
enhances lipoprotein remodeling and lipid clearance in APOE*3-Leiden.CETP mice, in 
Chapter 4 we further explored the role of this HL variant in lipoprotein metabolism and 
ASCVD development. To this end, we assessed the effect of adenovirus-associated virus 
(AAV) vector-mediated expression of HL-E97G in hepatocytes of APOE*3-Leiden.CETP mice 
on lipoprotein profile and atherosclerosis development. To evaluate whether the effects 
induced by HL-E97G are dependent on the LDLR, the same experiment was next carried out 
in Ldlr-/- mice.  

Since ABCA6 is likely involved in cholesterol metabolism, and mainly expressed by liver 
hepatocytes, in Chapter 5 we aimed to elucidate the function of hepatocytic ABCA6 on 
lipoprotein metabolism and ASCVD development. To do so, Abca6 was disrupted down in 
hepatocytes of  APOE*3-Leiden.CETP mice by AAV-CRISPR technology, and effects on plasma 
lipids, lipoprotein kinetics, and atherosclerosis development were evaluated. To further 
explain the underlying mechanism, similar measurements were performed disruption of 
Abca6 in hepatocytes of Ldlr-/- mice.  

Finally, in Chapter 6 we discuss the results of these experimental studies and the therapeutic 
potential of the results for prevention and treatment of  cardiometabolic diseases. 



General Introduction and Outline 

23 
 

1 

References 

1. World Health Organization. Obesity and overweight. https://www.who.int/en/news-room/fact-
sheets/detail/obesity-and-overweight. 

2. Lingvay I., Cohen R. V., le Roux C. W., et al. Obesity in adults. The Lancet 404, 972–987 (2024). 
3. World Obesity Atlas 2024: No area of the world is unaffected by the consequences of obesity. 

https://www.worldobesity.org/news/world-obesity-atlas-2024. 
4. Younossi Z. M., Golabi P., Paik J. M., et al. The global epidemiology of nonalcoholic fatty liver 

disease (NAFLD) and nonalcoholic steatohepatitis (NASH): a systematic review. Hepatology 77, 
1335–1347 (2023). 

5. Barquera S., Pedroza-Tobías A., Medina C., et al. Global Overview of the Epidemiology of 
Atherosclerotic Cardiovascular Disease. Arch. Med. Res. 46, 328–338 (2015). 

6. Riazi K., Azhari H., Charette J. H., et al. The prevalence and incidence of NAFLD worldwide: a 
systematic review and meta-analysis. The lancet gastroenterology & hepatology 7, 851–861 
(2022). 

7. Hsu C. L., Loomba R. From NAFLD to MASLD: implications of the new nomenclature for 
preclinical and clinical research. Nat Metab 6, 600–602 (2024). 

8. European Association for the Study of the Liver  E. A. f. t. S. o. D., European Association for the 
Study of Obesity. EASL-EASD-EASO Clinical Practice Guidelines for the management of non-
alcoholic fatty liver disease. Obesity facts 9, 65–90 (2016). 

9. Day C. P., James O. F. Steatohepatitis: a tale of two "hits"? Gastroenterology 114, 842–845 (1998). 
10. Buzzetti E., Pinzani M., Tsochatzis E. A. The multiple-hit pathogenesis of non-alcoholic fatty liver 

disease (NAFLD). Metabolism 65, 1038–1048 (2016). 
11. Mensah G. A., Fuster V., Murray C. J. L., et al. Global Burden of Cardiovascular Diseases and Risks, 

1990-2022. J. Am. Coll. Cardiol. 82, 2350–2473 (2023). 
12. Chong B., Jayabaskaran J., Jauhari S. M., et al. Global burden of cardiovascular diseases: 

projections from 2025 to 2050. Eur J Prev Cardiol,  (2024). 
13. Ginsberg H. N., Packard C. J., Chapman M. J., et al. Triglyceride-rich lipoproteins and their 

remnants: metabolic insights, role in atherosclerotic cardiovascular disease, and emerging 
therapeutic strategies-a consensus statement from the European Atherosclerosis Society. Eur. 
Heart J. 42, 4791–4806 (2021). 

14. Ruuth M., Nguyen S. D., Vihervaara T., et al. Susceptibility of low-density lipoprotein particles to 
aggregate depends on particle lipidome, is modifiable, and associates with future cardiovascular 
deaths. Eur. Heart J. 39, 2562–2573 (2018). 

15. Björkegren J. L. M., Lusis A. J. Atherosclerosis: Recent developments. Cell 185, 1630–1645 (2022). 
16. Bentzon J. F., Otsuka F., Virmani R., et al. Mechanisms of plaque formation and rupture. Circ. Res. 

114, 1852–1866 (2014). 
17. Hallsworth K., Adams L. A. Lifestyle modification in NAFLD/NASH: Facts and figures. JHEP Rep 1, 

468–479 (2019). 
18. Doughty K. N., Del Pilar N. X., Audette A., et al. Lifestyle Medicine and the Management of 

Cardiovascular Disease. Curr. Cardiol. Rep. 19, 116 (2017). 
19. Johari M. I., Yusoff K., Haron J., et al. A Randomised Controlled Trial on the Effectiveness and 

Adherence of Modified Alternate-day Calorie Restriction in Improving Activity of Non-Alcoholic 
Fatty Liver Disease. Sci. Rep. 9, 11232 (2019). 

20. Holmer M., Lindqvist C., Petersson S., et al. Treatment of NAFLD with intermittent calorie 
restriction or low-carb high-fat diet - a randomised controlled trial. JHEP Rep 3, 100256 (2021). 



Chapter 1 

24 
 

1 

21. Fontana L., Meyer T. E., Klein S., et al. Long-term calorie restriction is highly effective in reducing 
the risk for atherosclerosis in humans. Proc. Natl. Acad. Sci. U. S. A. 101, 6659–6663 (2004). 

22. Huffman K. M., Parker D. C., Bhapkar M., et al. Calorie restriction improves lipid-related 
emerging cardiometabolic risk factors in healthy adults without obesity: Distinct influences of 
BMI and sex from CALERIE™ a multicentre, phase 2, randomised controlled trial. 
EClinicalMedicine 43, 101261 (2022). 

23. Kraus W. E., Bhapkar M., Huffman K. M., et al. 2 years of calorie restriction and cardiometabolic 
risk (CALERIE): exploratory outcomes of a multicentre, phase 2, randomised controlled trial. 
Lancet Diabetes Endocrinol 7, 673–683 (2019). 

24. Ristic-Medic D., Kovacic M., Takic M., et al. Calorie-Restricted Mediterranean and Low-Fat Diets 
Affect Fatty Acid Status in Individuals with Nonalcoholic Fatty Liver Disease. Nutrients 13,  (2020). 

25. Yang J., Zeng P., Liu L., et al. Food with calorie restriction reduces the development of 
atherosclerosis in apoE-deficient mice. Biochem. Biophys. Res. Commun. 524, 439–445 (2020). 

26. Dorling J. L., Ravussin E., Redman L. M., et al. Effect of 2 years of calorie restriction on liver 
biomarkers: results from the CALERIE phase 2 randomized controlled trial. Eur. J. Nutr. 60, 1633–
1643 (2021). 

27. Montefusco L., D'Addio F., Loretelli C., et al. Anti-inflammatory effects of diet and caloric 
restriction in metabolic syndrome. J. Endocrinol. Invest. 44, 2407–2415 (2021). 

28. Zhang S., Sun S., Wei X., et al. Short-term moderate caloric restriction in a high-fat diet alleviates 
obesity via AMPK/SIRT1 signaling in white adipocytes and liver. Food Nutr. Res. 66,  (2022). 

29. Zheng A., Kwak S. E., Birk J. B., et al. Greater Phosphorylation of AMPK and Multiple AMPK 
Substrates in the Skeletal Muscle of 24-Month-Old Calorie Restricted Compared to Ad-Libitum 
Fed Male Rats. J. Gerontol. A Biol. Sci. Med. Sci. 78, 177–185 (2023). 

30. Smith B. K., Marcinko K., Desjardins E. M., et al. Treatment of nonalcoholic fatty liver disease: 
role of AMPK. Am. J. Physiol. Endocrinol. Metab. 311, E730–e740 (2016). 

31. Rodríguez C., Muñoz M., Contreras C., et al. AMPK, metabolism, and vascular function. Febs j 
288, 3746–3771 (2021). 

32. Davis C., Bryan J., Hodgson J., et al. Definition of the Mediterranean Diet; a Literature Review. 
Nutrients 7, 9139–9153 (2015). 

33. Goulet J., Lamarche B., Nadeau G., et al. Effect of a nutritional intervention promoting the 
Mediterranean food pattern on plasma lipids, lipoproteins and body weight in healthy French-
Canadian women. Atherosclerosis 170, 115–124 (2003). 

34. Kawaguchi T., Charlton M., Kawaguchi A., et al. Effects of Mediterranean Diet in Patients with 
Nonalcoholic Fatty Liver Disease: A Systematic Review, Meta-Analysis, and Meta-Regression 
Analysis of Randomized Controlled Trials. Semin. Liver Dis. 41, 225–234 (2021). 

35. O'Neill B., Raggi P. The ketogenic diet: Pros and cons. Atherosclerosis 292, 119–126 (2020). 
36. Luukkonen P. K., Dufour S., Lyu K., et al. Effect of a ketogenic diet on hepatic steatosis and hepatic 

mitochondrial metabolism in nonalcoholic fatty liver disease. Proc. Natl. Acad. Sci. U. S. A. 117, 
7347–7354 (2020). 

37. Yancy W. S., Jr., Olsen M. K., Guyton J. R., et al. A low-carbohydrate, ketogenic diet versus a low-
fat diet to treat obesity and hyperlipidemia: a randomized, controlled trial. Ann. Intern. Med. 
140, 769–777 (2004). 

38. Burén J., Ericsson M., Damasceno N. R. T., et al. A Ketogenic Low-Carbohydrate High-Fat Diet 
Increases LDL Cholesterol in Healthy, Young, Normal-Weight Women: A Randomized Controlled 
Feeding Trial. Nutrients 13,  (2021). 

39. Goldberg I. J., Ibrahim N., Bredefeld C., et al. Ketogenic diets, not for everyone. J. Clin. Lipidol. 
15, 61–67 (2021). 



General Introduction and Outline 

25 
 

1 

40. Che T., Yan C., Tian D., et al. Time-restricted feeding improves blood glucose and insulin 
sensitivity in overweight patients with type 2 diabetes: a randomised controlled trial. Nutr. 
Metab. (Lond.) 18, 88 (2021). 

41. Xia J., Guo W., Hu M., et al. Resynchronized rhythmic oscillations of gut microbiota drive time-
restricted feeding induced nonalcoholic steatohepatitis alleviation. Gut Microbes 15, 2221450 
(2023). 

42. Feng R., Yang W., Feng W., et al. Time-restricted feeding ameliorates non-alcoholic fatty liver 
disease through modulating hepatic nicotinamide metabolism via gut microbiota remodeling. 
Gut Microbes 16, 2390164 (2024). 

43. In Het Panhuis W., Schönke M., Modder M., et al. Time-restricted feeding attenuates 
hypercholesterolaemia and atherosclerosis development during circadian disturbance in 
APOE∗3-Leiden.CETP mice. EBioMedicine 93, 104680 (2023). 

44. Wei X., Lin B., Huang Y., et al. Effects of Time-Restricted Eating on Nonalcoholic Fatty Liver 
Disease: The TREATY-FLD Randomized Clinical Trial. JAMA Netw Open 6, e233513 (2023). 

45. Xie Z., Sun Y., Ye Y., et al. Randomized controlled trial for time-restricted eating in healthy 
volunteers without obesity. Nat Commun 13, 1003 (2022). 

46. Wilkinson M. J., Manoogian E. N. C., Zadourian A., et al. Ten-Hour Time-Restricted Eating 
Reduces Weight, Blood Pressure, and Atherogenic Lipids in Patients with Metabolic Syndrome. 
Cell Metab. 31, 92–104.e105 (2020). 

47. Zeb F., Wu X., Chen L., et al. Effect of time-restricted feeding on metabolic risk and circadian 
rhythm associated with gut microbiome in healthy males. Br. J. Nutr. 123, 1216–1226 (2020). 

48. Chaix A., Zarrinpar A., Miu P., et al. Time-restricted feeding is a preventative and therapeutic 
intervention against diverse nutritional challenges. Cell Metab. 20, 991–1005 (2014). 

49. Battista F., Ermolao A., van Baak M. A., et al. Effect of exercise on cardiometabolic health of 
adults with overweight or obesity: Focus on blood pressure, insulin resistance, and intrahepatic 
fat-A systematic review and meta-analysis. Obes. Rev. 22 Suppl 4, e13269 (2021). 

50. Baker C. J., Martinez-Huenchullan S. F., D'Souza M., et al. Effect of exercise on hepatic steatosis: 
Are benefits seen without dietary intervention? A systematic review and meta-analysis. J. 
Diabetes 13, 63–77 (2021). 

51. Stanton K. M., Kienzle V., Dinnes D. L. M., et al. Moderate- and High-Intensity Exercise Improves 
Lipoprotein Profile and Cholesterol Efflux Capacity in Healthy Young Men. J Am Heart Assoc 11, 
e023386 (2022). 

52. Zhu W., Sahar N. E., Javaid H. M. A., et al. Exercise-Induced Irisin Decreases Inflammation and 
Improves NAFLD by Competitive Binding with MD2. Cells 10,  (2021). 

53. Sun Y., Wu Y., Jiang Y., et al. Aerobic exercise inhibits inflammatory response in atherosclerosis 
via Sestrin1 protein. Exp. Gerontol. 155, 111581 (2021). 

54. Houttu V., Bouts J., Vali Y., et al. Does aerobic exercise reduce NASH and liver fibrosis in patients 
with non-alcoholic fatty liver disease? A systematic literature review and meta-analysis. Front. 
Endocrinol. (Lausanne) 13, 1032164 (2022). 

55. Oh S., Tsujimoto T., Kim B., et al. Weight-loss-independent benefits of exercise on liver steatosis 
and stiffness in Japanese men with NAFLD. JHEP Rep 3, 100253 (2021). 

56. Semmler G., Datz C., Reiberger T., et al. Diet and exercise in NAFLD/NASH: Beyond the obvious. 
Liver Int 41, 2249–2268 (2021). 

57. Alhazmi N. The Effectiveness of Physical Exercise in Reducing Common Risk Factors of 
Atherosclerosis: A Systematic Review. Cell. Physiol. Biochem. 58, 571–583 (2024). 



Chapter 1 

26 
 

1 

58. Paahoo A., Tadibi V., Behpoor N. Effectiveness of Continuous Aerobic Versus High-Intensity 
Interval Training on Atherosclerotic and Inflammatory Markers in Boys With Overweight/Obesity. 
Pediatr. Exerc. Sci. 33, 132–138 (2021). 

59. Boeno F. P., Ramis T. R., Munhoz S. V., et al. Effect of aerobic and resistance exercise training on 
inflammation, endothelial function and ambulatory blood pressure in middle-aged hypertensive 
patients. J. Hypertens. 38, 2501–2509 (2020). 

60. Yun H., Su W., Zhao H., et al. Effects of different exercise modalities on lipid profile in the elderly 
population: A meta-analysis. Medicine (Baltimore) 102, e33854 (2023). 

61. Hashida R., Kawaguchi T., Bekki M., et al. Aerobic vs. resistance exercise in non-alcoholic fatty 
liver disease: A systematic review. J. Hepatol. 66, 142–152 (2017). 

62. Nath P., Panigrahi M. K., Sahu M. K., et al. Effect of Exercise on NAFLD and Its Risk Factors: 
Comparison of Moderate versus Low Intensity Exercise. J Clin Transl Hepatol 8, 120–126 (2020). 

63. Fredrickson G., Barrow F., Dietsche K., et al. Exercise of high intensity ameliorates hepatic 
inflammation and the progression of NASH. Mol Metab 53, 101270 (2021). 

64. Morales-Palomo F., Moreno-Cabañas A., Alvarez-Jimenez L., et al. Efficacy of morning versus 
afternoon aerobic exercise training on reducing metabolic syndrome components: A 
randomized controlled trial. J. Physiol.,  (2023). 

65. Moholdt T., Parr E. B., Devlin B. L., et al. The effect of morning vs evening exercise training on 
glycaemic control and serum metabolites in overweight/obese men: a randomised trial. 
Diabetologia 64, 2061–2076 (2021). 

66. Kim H. K., Furuhashi S., Takahashi M., et al. Late-afternoon endurance exercise is more effective 
than morning endurance exercise at improving 24-h glucose and blood lipid levels. Front. 
Endocrinol. (Lausanne) 13, 957239 (2022). 

67. Kovynev A., Ying Z., Zhang S., et al. Timing Matters: Late, but Not Early, Exercise Training 
Ameliorates MASLD in Part by Modulating the Gut-Liver Axis in Mice. J. Pineal Res. 76, e70003 
(2024). 

68. Schönke M., Ying Z., Kovynev A., et al. Time to run: Late rather than early exercise training in 
mice remodels the gut microbiome and reduces atherosclerosis development. FASEB J. 37, 
e22719 (2023). 

69. Burgess E., Hassmén P., Pumpa K. L. Determinants of adherence to lifestyle intervention in adults 
with obesity: a systematic review. Clin Obes 7, 123–135 (2017). 

70. Golabi P., Locklear C. T., Austin P., et al. Effectiveness of exercise in hepatic fat mobilization in 
non-alcoholic fatty liver disease: Systematic review. World J. Gastroenterol. 22, 6318–6327 
(2016). 

71. Doewes R. I., Gharibian G., Zadeh F. A., et al. An Updated Systematic Review on the Effects of 
Aerobic Exercise on Human Blood Lipid Profile. Curr. Probl. Cardiol. 48, 101108 (2023). 

72. Ashton R. E., Tew G. A., Aning J. J., et al. Effects of short-term, medium-term and long-term 
resistance exercise training on cardiometabolic health outcomes in adults: systematic review 
with meta-analysis. Br. J. Sports Med. 54, 341–348 (2020). 

73. van den Hoek A. M., de Jong J., Worms N., et al. Diet and exercise reduce pre-existing NASH and 
fibrosis and have additional beneficial effects on the vasculature, adipose tissue and skeletal 
muscle via organ-crosstalk. Metabolism 124, 154873 (2021). 

74. Fischer Aggarwal B. A., Liao M., Mosca L. Physical activity as a potential mechanism through 
which social support may reduce cardiovascular disease risk. J. Cardiovasc. Nurs. 23, 90–96 
(2008). 



General Introduction and Outline 

27 
 

1 

75. Rao P., Belanger M. J., Robbins J. M. Exercise, Physical Activity, and Cardiometabolic Health: 
Insights into the Prevention and Treatment of Cardiometabolic Diseases. Cardiol. Rev. 30, 167–
178 (2022). 

76. Younossi Z. M., Zelber-Sagi S., Henry L., et al. Lifestyle interventions in nonalcoholic fatty liver 
disease. Nature Reviews Gastroenterology & Hepatology 20, 708–722 (2023). 

77. Mazza A., Fruci B., Garinis G. A., et al. The role of metformin in the management of NAFLD. 
Journal of Diabetes Research 2012, 716404 (2012). 

78. Pastori D., Pani A., Di Rocco A., et al. Statin liver safety in non-alcoholic fatty liver disease: A 
systematic review and metanalysis. Br. J. Clin. Pharmacol. 88, 441–451 (2022). 

79. Sookoian S., Pirola C. J. Resmetirom for treatment of MASH. Cell 187, 2897–2897.e2891 (2024). 
80. Sinha R. A., Bruinstroop E., Singh B. K., et al. Nonalcoholic Fatty Liver Disease and 

Hypercholesterolemia: Roles of Thyroid Hormones, Metabolites, and Agonists. Thyroid 29, 
1173–1191 (2019). 

81. Krause C., Grohs M., El Gammal A. T., et al. Reduced expression of thyroid hormone receptor β 
in human nonalcoholic steatohepatitis. Endocr Connect 7, 1448–1456 (2018). 

82. Harrison S. A., Bashir M. R., Guy C. D., et al. Resmetirom (MGL-3196) for the treatment of non-
alcoholic steatohepatitis: a multicentre, randomised, double-blind, placebo-controlled, phase 2 
trial. The Lancet 394, 2012–2024 (2019). 

83. Harrison S. A., Taub R., Neff G. W., et al. Resmetirom for nonalcoholic fatty liver disease: a 
randomized, double-blind, placebo-controlled phase 3 trial. Nat. Med. 29, 2919–2928 (2023). 

84. Petta S., Targher G., Romeo S., et al. The first MASH drug therapy on the horizon: Current 
perspectives of resmetirom. Liver Int 44, 1526–1536 (2024). 

85. Goldstein J. L., Brown M. S. A century of cholesterol and coronaries: from plaques to genes to 
statins. Cell 161, 161–172 (2015). 

86. Endo A., Kuroda M., Tsujita Y. ML-236A, ML-236B, and ML-236C, new inhibitors of 
cholesterogenesis produced by Penicillium citrinum. The Journal of antibiotics 29, 1346–1348 
(1976). 

87. Endo A. The origin of the statins. 2004. Atheroscler Suppl 5, 125–130 (2004). 
88. Sizar O., Khare S., Patel P., et al. Statin medications. In: StatPearls [Internet]). StatPearls 

Publishing (2024). 
89. Endo A. A historical perspective on the discovery of statins. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 

86, 484–493 (2010). 
90. Stancu C., Sima A. Statins: mechanism of action and effects. J. Cell. Mol. Med. 5, 378–387 (2001). 
91. Stein D. T., Devaraj S., Balis D., et al. Effect of statin therapy on remnant lipoprotein cholesterol 

levels in patients with combined hyperlipidemia. Arterioscler. Thromb. Vasc. Biol. 21, 2026–2031 
(2001). 

92. Shepherd J., Cobbe S. M., Ford I., et al. Prevention of coronary heart disease with pravastatin in 
men with hypercholesterolemia. West of Scotland Coronary Prevention Study Group. N. Engl. J. 
Med. 333, 1301–1307 (1995). 

93. Miettinen T. A., Pyörälä K., Olsson A. G., et al. Cholesterol-lowering therapy in women and 
elderly patients with myocardial infarction or angina pectoris: findings from the Scandinavian 
Simvastatin Survival Study (4S). Circulation 96, 4211–4218 (1997). 

94. Downs J. R., Clearfield M., Weis S., et al. Primary prevention of acute coronary events with 
lovastatin in men and women with average cholesterol levels: results of AFCAPS/TexCAPS. Air 
Force/Texas Coronary Atherosclerosis Prevention Study. JAMA 279, 1615–1622 (1998). 



Chapter 1 

28 
 

1 

95. Koren M. J., Hunninghake D. B. Clinical outcomes in managed-care patients with coronary heart 
disease treated aggressively in lipid-lowering disease management clinics: the alliance study. J. 
Am. Coll. Cardiol. 44, 1772–1779 (2004). 

96. Amarenco P., Bogousslavsky J., Callahan A., 3rd, et al. High-dose atorvastatin after stroke or 
transient ischemic attack. N. Engl. J. Med. 355, 549–559 (2006). 

97. Ryan T. E., Torres M. J., Lin C. T., et al. High-dose atorvastatin therapy progressively decreases 
skeletal muscle mitochondrial respiratory capacity in humans. JCI Insight 9,  (2024). 

98. Kaufmann P., Török M., Zahno A., et al. Toxicity of statins on rat skeletal muscle mitochondria. 
Cellular and Molecular Life Sciences CMLS 63, 2415–2425 (2006). 

99. Parker B. A., Capizzi J. A., Grimaldi A. S., et al. Effect of statins on skeletal muscle function. 
Circulation 127, 96–103 (2013). 

100. Buettner C., Davis R. B., Leveille S. G., et al. Prevalence of musculoskeletal pain and statin use. J. 
Gen. Intern. Med. 23, 1182–1186 (2008). 

101. Effect of statin therapy on muscle symptoms: an individual participant data meta-analysis of 
large-scale, randomised, double-blind trials. Lancet 400, 832–845 (2022). 

102. Dale K. M., White C. M., Henyan N. N., et al. Impact of statin dosing intensity on transaminase 
and creatine kinase. Am. J. Med. 120, 706–712 (2007). 

103. Jacobson T. A. Statin safety: lessons from new drug applications for marketed statins. Am. J. 
Cardiol. 97, 44c–51c (2006). 

104. Amacher D. E. Serum transaminase elevations as indicators of hepatic injury following the 
administration of drugs. Regul. Toxicol. Pharmacol. 27, 119–130 (1998). 

105. Björnsson E., Jacobsen E. I., Kalaitzakis E. Hepatotoxicity associated with statins: reports of 
idiosyncratic liver injury post-marketing. J. Hepatol. 56, 374–380 (2012). 

106. Newman C. B., Preiss D., Tobert J. A., et al. Statin Safety and Associated Adverse Events: A 
Scientific Statement From the American Heart Association. Arterioscler. Thromb. Vasc. Biol. 39, 
e38–e81 (2019). 

107. Ruscica M., Ferri N., Banach M., et al. Side effects of statins: from pathophysiology and 
epidemiology to diagnostic and therapeutic implications. Cardiovasc. Res. 118, 3288–3304 
(2023). 

108. Altmann S. W., Davis H. R., Jr., Zhu L. J., et al. Niemann-Pick C1 Like 1 protein is critical for 
intestinal cholesterol absorption. Science 303, 1201–1204 (2004). 

109. Repa J. J., Turley S. D., Quan G., et al. Delineation of molecular changes in intrahepatic 
cholesterol metabolism resulting from diminished cholesterol absorption. J. Lipid Res. 46, 779–
789 (2005). 

110. van Heek M., Compton D. S., Davis H. R. The cholesterol absorption inhibitor, ezetimibe, 
decreases diet-induced hypercholesterolemia in monkeys. Eur. J. Pharmacol. 415, 79–84 (2001). 

111. Dietrich T., Hucko T., Bourayou R., et al. High resolution magnetic resonance imaging in 
atherosclerotic mice treated with ezetimibe. Int. J. Cardiovasc. Imaging 25, 827–836 (2009). 

112. Gazi I. F., Daskalopoulou S. S., Nair D. R., et al. Effect of ezetimibe in patients who cannot tolerate 
statins or cannot get to the low density lipoprotein cholesterol target despite taking a statin. 
Curr. Med. Res. Opin. 23, 2183–2192 (2007). 

113. Pandor A., Ara R. M., Tumur I., et al. Ezetimibe monotherapy for cholesterol lowering in 2,722 
people: systematic review and meta-analysis of randomized controlled trials. J. Intern. Med. 265, 
568–580 (2009). 

114. Sudhop T., Lütjohann D., Kodal A., et al. Inhibition of intestinal cholesterol absorption by 
ezetimibe in humans. Circulation 106, 1943–1948 (2002). 



General Introduction and Outline 

29 
 

1 

115. Gagné C., Bays H. E., Weiss S. R., et al. Efficacy and safety of ezetimibe added to ongoing statin 
therapy for treatment of patients with primary hypercholesterolemia. Am. J. Cardiol. 90, 1084–
1091 (2002). 

116. Kerzner B., Corbelli J., Sharp S., et al. Efficacy and safety of ezetimibe coadministered with 
lovastatin in primary hypercholesterolemia. Am. J. Cardiol. 91, 418–424 (2003). 

117. Lee S. H., Lee Y. J., Heo J. H., et al. Combination Moderate-Intensity Statin and Ezetimibe Therapy 
for Elderly Patients With Atherosclerosis. J. Am. Coll. Cardiol. 81, 1339–1349 (2023). 

118. Marazzi G., Campolongo G., Pelliccia F., et al. Usefulness of Low-Dose Statin Plus Ezetimibe 
and/or Nutraceuticals in Patients With Coronary Artery Disease Intolerant to High-Dose Statin 
Treatment. Am. J. Cardiol. 123, 233–238 (2019). 

119. Dadu R. T., Ballantyne C. M. Lipid lowering with PCSK9 inhibitors. Nat. Rev. Cardiol. 11, 563–575 
(2014). 

120. FDA approves Novartis Leqvio® (inclisiran), first-in-class siRNA to lower cholesterol and keep it 
low with two doses a year. https://www.novartis.com/news/media-releases/fda-approves-
novartis-leqvio-inclisiran-first-class-sirna-lower-cholesterol-and-keep-it-low-two-doses-
year#:~:text=Basel%2C%20December%2022%2C%202021%20%E2%80%94,after%20an%20init
ial%20dose%20and. 

121. Colhoun H. M., Leiter L. A., Müller-Wieland D., et al. Effect of alirocumab on individuals with 
type 2 diabetes, high triglycerides, and low high-density lipoprotein cholesterol. Cardiovasc. 
Diabetol. 19, 14 (2020). 

122. Robinson J. G., Farnier M., Krempf M., et al. Efficacy and safety of alirocumab in reducing lipids 
and cardiovascular events. N. Engl. J. Med. 372, 1489–1499 (2015). 

123. Sabatine M. S., Giugliano R. P., Wiviott S. D., et al. Efficacy and safety of evolocumab in reducing 
lipids and cardiovascular events. N. Engl. J. Med. 372, 1500–1509 (2015). 

124. Sabatine M. S., Giugliano R. P., Keech A. C., et al. Evolocumab and Clinical Outcomes in Patients 
with Cardiovascular Disease. N. Engl. J. Med. 376, 1713–1722 (2017). 

125. Guedeney P., Giustino G., Sorrentino S., et al. Efficacy and safety of alirocumab and evolocumab: 
a systematic review and meta-analysis of randomized controlled trials. Eur. Heart J. 43, e17–e25 
(2022). 

126. Ziogos E., Harb T., Valenta I., et al. Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
inhibition with evolocumab decreases myocardial inflammation in individuals with acute 
coronary syndrome (ACS). Eur. Heart J. 44,  (2023). 

127. Rehues P., Girona J., Guardiola M., et al. PCSK9 Inhibitors Have Apolipoprotein C-III-Related Anti-
Inflammatory Activity, Assessed by 1H-NMR Glycoprotein Profile in Subjects at High or very High 
Cardiovascular Risk. Int. J. Mol. Sci. 24,  (2023). 

128. Yang J., Ma X., Niu D., et al. PCSK9 inhibitors suppress oxidative stress and inflammation in 
atherosclerotic development by promoting macrophage autophagy. Am J Transl Res 15, 5129–
5144 (2023). 

129. Coppinger C., Movahed M. R., Azemawah V., et al. A Comprehensive Review of PCSK9 Inhibitors. 
J. Cardiovasc. Pharmacol. Ther. 27, 10742484221100107 (2022). 

130. Pradhan A. D., Aday A. W., Rose L. M., et al. Residual Inflammatory Risk on Treatment With PCSK9 
Inhibition and Statin Therapy. Circulation 138, 141–149 (2018). 

131. Willy P. J., Umesono K., Ong E. S., et al. LXR, a nuclear receptor that defines a distinct retinoid 
response pathway. Genes Dev. 9, 1033–1045 (1995). 

132. Janowski B. A., Willy P. J., Devi T. R., et al. An oxysterol signalling pathway mediated by the 
nuclear receptor LXRα. Nature 383, 728–731 (1996). 



Chapter 1 

30 
 

1 

133. Naik S. U., Wang X., Da Silva J. S., et al. Pharmacological activation of liver X receptors promotes 
reverse cholesterol transport in vivo. Circulation 113, 90–97 (2006). 

134. Im S. S., Osborne T. F. Liver x receptors in atherosclerosis and inflammation. Circ. Res. 108, 996–
1001 (2011). 

135. Joseph S. B., McKilligin E., Pei L., et al. Synthetic LXR ligand inhibits the development of 
atherosclerosis in mice. Proc. Natl. Acad. Sci. U. S. A. 99, 7604–7609 (2002). 

136. Feig J. E., Pineda-Torra I., Sanson M., et al. LXR promotes the maximal egress of monocyte-
derived cells from mouse aortic plaques during atherosclerosis regression. J. Clin. Invest. 120, 
4415–4424 (2010). 

137. Lo Sasso G., Murzilli S., Salvatore L., et al. Intestinal specific LXR activation stimulates reverse 
cholesterol transport and protects from atherosclerosis. Cell Metab. 12, 187–193 (2010). 

138. Dragoljevic D., Lee M. K. S., Pernes G., et al. Administration of an LXR agonist promotes 
atherosclerotic lesion remodelling in murine inflammatory arthritis. Clin Transl Immunology 12, 
e1446 (2023). 

139. Yuan W., Yu B., Yu M., et al. Synthetic high-density lipoproteins delivering liver X receptor agonist 
prevent atherogenesis by enhancing reverse cholesterol transport. J. Control. Release 329, 361–
371 (2021). 

140. Archer A., Stolarczyk E., Doria M. L., et al. LXR activation by GW3965 alters fat tissue distribution 
and adipose tissue inflammation in ob/ob female mice. J. Lipid Res. 54, 1300–1311 (2013). 

141. Grefhorst A., Elzinga B. M., Voshol P. J., et al. Stimulation of lipogenesis by pharmacological 
activation of the liver X receptor leads to production of large, triglyceride-rich very low density 
lipoprotein particles. J. Biol. Chem. 277, 34182–34190 (2002). 

142. Ahn S. B., Jang K., Jun D. W., et al. Expression of liver X receptor correlates with intrahepatic 
inflammation and fibrosis in patients with nonalcoholic fatty liver disease. Dig. Dis. Sci. 59, 2975–
2982 (2014). 

143. Higuchi N., Kato M., Shundo Y., et al. Liver X receptor in cooperation with SREBP-1c is a major 
lipid synthesis regulator in nonalcoholic fatty liver disease. Hepatol. Res. 38, 1122–1129 (2008). 

144. Fessler M. B. The challenges and promise of targeting the Liver X Receptors for treatment of 
inflammatory disease. Pharmacol. Ther. 181, 1–12 (2018). 

145. Kirchgessner T. G., Sleph P., Ostrowski J., et al. Beneficial and Adverse Effects of an LXR Agonist 
on Human Lipid and Lipoprotein Metabolism and Circulating Neutrophils. Cell Metab. 24, 223–
233 (2016). 

146. Spann N. J., Garmire L. X., McDonald J. G., et al. Regulated accumulation of desmosterol 
integrates macrophage lipid metabolism and inflammatory responses. Cell 151, 138–152 (2012). 

147. Zhang X., McDonald J. G., Aryal B., et al. Desmosterol suppresses macrophage inflammasome 
activation and protects against vascular inflammation and atherosclerosis. Proc. Natl. Acad. Sci. 
U. S. A. 118, e2107682118 (2021). 

148. Müller C., Hemmers S., Bartl N., et al. New chemotype of selective and potent inhibitors of 
human delta 24-dehydrocholesterol reductase. Eur. J. Med. Chem. 140, 305–320 (2017). 

149. Körner A., Zhou E., Müller C., et al. Inhibition of Δ24-dehydrocholesterol reductase activates pro-
resolving lipid mediator biosynthesis and inflammation resolution. Proc. Natl. Acad. Sci. U. S. A. 
116, 20623–20634 (2019). 

150. Kurtovic I., Marshall S. N., Zhao X., et al. Lipases from mammals and fishes. Reviews in Fisheries 
Science 17, 18–40 (2009). 

151. McCoy M. G., Sun G. S., Marchadier D., et al. Characterization of the lipolytic activity of 
endothelial lipase. J. Lipid Res. 43, 921–929 (2002). 



General Introduction and Outline 

31 
 

1 

152. Mead J. R., Irvine S. A., Ramji D. P. Lipoprotein lipase: structure, function, regulation, and role in 
disease. J. Mol. Med. (Berl.) 80, 753–769 (2002). 

153. Khera A. V., Won H. H., Peloso G. M., et al. Association of Rare and Common Variation in the 
Lipoprotein Lipase Gene With Coronary Artery Disease. JAMA 317, 937–946 (2017). 

154. Yan H., Niimi M., Wang C., et al. Endothelial Lipase Exerts its Anti-Atherogenic Effect through 
Increased Catabolism of β-VLDLs. J Atheroscler Thromb 28, 157–168 (2021). 

155. Zheng C., Murdoch S. J., Brunzell J. D., et al. Lipoprotein lipase bound to apolipoprotein B 
lipoproteins accelerates clearance of postprandial lipoproteins in humans. Arterioscler. Thromb. 
Vasc. Biol. 26, 891–896 (2006). 

156. Khetarpal S. A., Vitali C., Levin M. G., et al. Endothelial lipase mediates efficient lipolysis of 
triglyceride-rich lipoproteins. PLoS Genet. 17, e1009802 (2021). 

157. Dewey F. E., Gusarova V., Dunbar R. L., et al. Genetic and Pharmacologic Inactivation of ANGPTL3 
and Cardiovascular Disease. N. Engl. J. Med. 377, 211–221 (2017). 

158. Graham M. J., Lee R. G., Brandt T. A., et al. Cardiovascular and Metabolic Effects of ANGPTL3 
Antisense Oligonucleotides. N. Engl. J. Med. 377, 222–232 (2017). 

159. Gusarova V., Alexa C. A., Wang Y., et al. ANGPTL3 blockade with a human monoclonal antibody 
reduces plasma lipids in dyslipidemic mice and monkeys. J. Lipid Res. 56, 1308–1317 (2015). 

160. Wu L., Soundarapandian M. M., Castoreno A. B., et al. LDL-Cholesterol Reduction by ANGPTL3 
Inhibition in Mice Is Dependent on Endothelial Lipase. Circ. Res. 127, 1112–1114 (2020). 

161. Raal F. J., Rosenson R. S., Reeskamp L. F., et al. The Long-Term Efficacy and Safety of Evinacumab 
in Patients With Homozygous Familial Hypercholesterolemia. JACC Adv 2, 100648 (2023). 

162. Rosenson R. S., Rader D. J., Ali S., et al. Evinacumab Reduces Triglyceride-Rich Lipoproteins in 
Patients with Hyperlipidemia: A Post-Hoc Analysis of Three Randomized Clinical Trials. 
Cardiovasc. Drugs Ther.,  (2024). 

163. Wiegman A., Greber-Platzer S., Ali S., et al. Evinacumab for Pediatric Patients With Homozygous 
Familial Hypercholesterolemia. Circulation 149, 343–353 (2024). 

164. Mezdour H., Jones R., Dengremont C., et al. Hepatic lipase deficiency increases plasma 
cholesterol but reduces susceptibility to atherosclerosis in apolipoprotein E-deficient mice. J. 
Biol. Chem. 272, 13570–13575 (1997). 

165. Carr M. C., Ayyobi A. F., Murdoch S. J., et al. Contribution of hepatic lipase, lipoprotein lipase, 
and cholesteryl ester transfer protein to LDL and HDL heterogeneity in healthy women. 
Arterioscler. Thromb. Vasc. Biol. 22, 667–673 (2002). 

166. Silbernagel G., Scharnagl H., Kleber M. E., et al. LDL triglycerides, hepatic lipase activity, and 
coronary artery disease: An epidemiologic and Mendelian randomization study. Atherosclerosis 
282, 37–44 (2019). 

167. Dichek H. L., Brecht W., Fan J., et al. Overexpression of hepatic lipase in transgenic mice 
decreases apolipoprotein B-containing and high density lipoproteins. Evidence that hepatic 
lipase acts as a ligand for lipoprotein uptake. J. Biol. Chem. 273, 1896–1903 (1998). 

168. Dichek H. L., Johnson S. M., Akeefe H., et al. Hepatic lipase overexpression lowers remnant and 
LDL levels by a noncatalytic mechanism in LDL receptor-deficient mice. J. Lipid Res. 42, 201–210 
(2001). 

169. Dijk W., Di Filippo M., Kooijman S., et al. Identification of a Gain-of-Function LIPC Variant as a 
Novel Cause of Familial Combined Hypocholesterolemia. Circulation 146, 724–739 (2022). 

170. Alam A., Locher K. P. Structure and Mechanism of Human ABC Transporters. Annu Rev Biophys 
52, 275–300 (2023). 

171. Borst P., Elferink R. O. Mammalian ABC transporters in health and disease. Annu. Rev. Biochem. 
71, 537–592 (2002). 



Chapter 1 

32 
 

1 

172. Tarling E. J., de Aguiar Vallim T. Q., Edwards P. A. Role of ABC transporters in lipid transport and 
human disease. Trends Endocrinol. Metab. 24, 342–350 (2013). 

173. Oram J. F., Vaughan A. M. ATP-Binding cassette cholesterol transporters and cardiovascular 
disease. Circ. Res. 99, 1031–1043 (2006). 

174. Yvan-Charvet L., Ranalletta M., Wang N., et al. Combined deficiency of ABCA1 and ABCG1 
promotes foam cell accumulation and accelerates atherosclerosis in mice. J. Clin. Invest. 117, 
3900–3908 (2007). 

175. Out R., Hoekstra M., Habets K., et al. Combined deletion of macrophage ABCA1 and ABCG1 leads 
to massive lipid accumulation in tissue macrophages and distinct atherosclerosis at relatively 
low plasma cholesterol levels. Arterioscler. Thromb. Vasc. Biol. 28, 258–264 (2008). 

176. Graf G. A., Yu L., Li W. P., et al. ABCG5 and ABCG8 are obligate heterodimers for protein trafficking 
and biliary cholesterol excretion. J. Biol. Chem. 278, 48275–48282 (2003). 

177. Su K., Sabeva N. S., Liu J., et al. The ABCG5 ABCG8 sterol transporter opposes the development 
of fatty liver disease and loss of glycemic control independently of phytosterol accumulation. J. 
Biol. Chem. 287, 28564–28575 (2012). 

178. Wilund K. R., Yu L., Xu F., et al. High-level expression of ABCG5 and ABCG8 attenuates diet-
induced hypercholesterolemia and atherosclerosis in Ldlr-/- mice. J. Lipid Res. 45, 1429–1436 
(2004). 

179. Kaminski W. E., Wenzel J. J., Piehler A., et al. ABCA6, a novel a subclass ABC transporter. Biochem. 
Biophys. Res. Commun. 285, 1295–1301 (2001). 

180. Ye D., Hoekstra M., Out R., et al. Hepatic cell-specific ATP-binding cassette (ABC) transporter 
profiling identifies putative novel candidates for lipid homeostasis in mice. Atherosclerosis 196, 
650–658 (2008). 

181. He B., Kang S., Chen Z., et al. Hypercholesterolemia risk associated Abca6 does not regulate 
lipoprotein metabolism in mice or hamster. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1866, 
159006 (2021). 

182. van Leeuwen E. M., Karssen L. C., Deelen J., et al. Genome of The Netherlands population-
specific imputations identify an ABCA6 variant associated with cholesterol levels. Nat Commun 
6, 6065 (2015). 

 


