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1
OSTEOARTHRITIS
Osteoarthritis (OA) is the most common disabling joint disease worldwide. OA mostly affects the elderly 

population and the disease is progressive in nature and comprises several tissue structures including 

cartilage, synovium, subchondral bone and ligaments1 (Figure 1). There are many risk factors associated 

with OA development, including age, obesity, genetic predisposition and metabolic syndrome (Mets)2, 3. 

In the last decades, the prevalence of OA has increased, which is most likely caused by the ageing of the 

population and altered physical activity and weight gain. Although the knees, hips and hands are most 

frequently affected, OA can affect any joint. Previously, OA was seen mainly as a wear-and-tear disease. 

Over the last decades the paradigm of OA has been shifting towards that of a disease where, next to 

involvement and degradation of articular cartilage, local and systemic inflammatory processes have an 

important role in the development and progression of the disease4, 5. Due to the ageing population 

and increasing obesity, the incidence of OA and thus the impact on worldwide public health and the 

financial burden of OA is expected to rapidly increase in the next decades. Currently, there are no curative 

or disease-modifying treatments available and OA is generally managed by lifestyle interventions, 

analgesics and joint replacement.

Figure 1. Schematic overview of pathological changes in an OA joint. 

On the left, a healthy joint is depicted with the main structures present in a joint. On the right, an osteoarthritic joint 

is depicted which shows cartilage degeneration, synovial inflammation and ectopic bone formation.
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Although it has become clear that OA is a highly multifactorial and heterogenous disease, the underlying 

mechanisms that drive OA pathology remain poorly understood. Articular cartilage is the connective 

tissue that covers articulating bone surfaces, facilitates movement and acts as a shock absorber. 

Articular cartilage is a very specialized tissue and does not contain blood vessels, resulting in a poor 

repair capacity6. Articular cartilage primarily consists, next to water, of proteoglycans like aggrecan and 

collagen type II fibers, the extracellular matrix (ECM), where chondrocytes are embedded7, 8. In healthy 

cartilage, there is a balance in the delicate interplay between anabolic and catabolic processes. In OA, this 

balance is deregulated. During OA, chondrocytes produce an increased amount of cartilage degrading 

enzymes, such as several matrix metalloproteinases (MMPs) and A Disintegrin and Metalloproteinase 

with Thrombospondin motifs (ADAMTSs)9, 10. MMPs and ADAMTSs are able to cleave components of 

the ECM, leading to degradation of the cartilage matrix. Although cartilage degeneration is the most 

notable hallmark of OA, other tissues such as synovium and subchondral bone play an important role 

in the pathology of OA. 

The synovium is a specialized connective tissue that lines the entire joint cavity. The main function 

of the synovium is the production of synovial fluid, which acts as a lubricant for the joint and 

provides a source of nutrition for the articular cartilage11. The inner lining of the synovium contains 

type A and B synoviocytes, which are macrophages and fibroblasts, respectively12. During OA, the 

synovium shows characteristics like increased vascularity, fibrosis and cell infiltration13. Macrophages 

are the most common cell type found in OA, but other leukocytes like T cells are also present in OA 

synovium14. Macrophages have a highly plastic phenotype and can adapt quickly to changes in their 

microenvironment. Usually, macrophages are classified in two main groups, representing the two 

extremes of macrophage polarization states, the more pro-inflammatory M1-like macrophages and the 

more anti-inflammatory M2 like macrophages. During OA, the synovium produces an increased amount 

of pro-inflammatory factors, like interleukin-1β (IL-1β), IL-6 and IL-8, chemokines and cartilage degrading 

enzymes15. Moreover, activated macrophages produce high levels of the alarmin S100A8/A9, which we 

believe is an important mediator of the inflammatory process in OA16. Next to inflammatory mediators, 

the synovium produces high amounts of MMPs and ADAMTSs that contribute to the degradation of 

articular cartilage. In addition, uptake of degraded cartilage by synovial macrophages results in increased 

production of pro-inflammatory factors, creating a positive feedback loop. Next to joint inflammation, 

increased systemic inflammation has also been associated with OA development5. Low-grade systemic 

inflammation associated with metabolic syndrome, which is also referred to as metabolic inflammation, 

is thought to contribute to OA development and has been suggested as a connection between MetS 

and OA17. Metabolic inflammation is mainly caused by metabolic factors and nutrients, such as fatty 

acids or glucose, that induce inflammation in metabolic tissues like adipose tissue or hepatocytes18, 19. 

Increased levels of circulating inflammatory markers and adipokines are observed in OA patients and 

have been associated with increased joint inflammation20, 21. 
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1
METABOLIC SYNDROME AS A RISK FACTOR FOR OSTEOARTHRITIS

As mentioned above, MetS is an important identified risk factor for OA development. MetS comprises 

a cluster of multiple metabolic conditions including visceral obesity, high glucose levels and insulin 

resistance, hypertension and dyslipidemia. The prevalence of MetS has increased rapidly over the last 

decades, leading to increasing rates of associated diseases like obesity and type 2 diabetes worldwide. 

An increased prevalence of MetS in the OA population was observed compared to the non-OA 

population22 and MetS has been associated with the progression and development of OA2, 3. Moreover, 

OA patients with MetS in general develop OA at earlier ages than patients without MetS22, 23. Previously, 

it was thought that MetS mainly increased OA development via loading on the joint due to obesity. 

However, the observation that metabolic syndrome also increased the risk of developing general OA 

or OA in non-weight bearing joints, such as the hands, indicated that systemic mechanisms were most 

likely involved24-27. 

DYSLIPIDEMIA

Dyslipidemia, one of the main characteristics of MetS, results in an increase in circulating lipid levels, 

such as cholesterol and triglycerides. Usually, systemic low-density lipoprotein cholesterol (LDL-C) is 

increased while high-density lipoprotein cholesterol (HDL-C) is decreased in people with dyslipidemia. 

Cholesterol regulates membrane fluidity, permeability and cell signaling. Additionally, cholesterol is the 

precursor of bile acid, oxysterols, steroid hormones and is needed for the production of vitamin D. There 

are two main sources of cholesterol, (1) intracellular production in the liver by the cholesterol synthesis 

pathway, also known as the mevalonate pathway and (2) dietary cholesterol intake with receptor 

mediated endocytosis via the bloodstream. Cholesterol is transported in LDL and HDL particles. LDL 

is known as the ‘bad’ cholesterol and mainly transports cholesterol from the liver to peripheral organs, 

while HDL is known as ‘good’ cholesterol as it mainly transports cholesterol particles from the periphery 

to the liver. Cholesterol can be converted into bile acids in the liver, after which it enters the intestine 

and is ultimately excreted from the body. An increased intake of dietary fats and cholesterol leads to 

an overload of the system, resulting in increased hepatic cholesterol production and an increase of 

circulating cholesterol. 

INTRACELLULAR ACCUMULATION OF CHOLESTEROL

High circulating levels of LDL-C can result in an increased exposure and uptake of LDL-C in peripheral 

tissues, which is linked to systemic diseases such as obesity and cardiovascular disease (CVD). 

Lipoproteins such as LDL-C are susceptible to various modifications, like oxidation and enzymatic 

cleavage. The scavenger receptors SR-A, CD36, LOX-1 and SR-B1 are a type of pattern recognition 
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receptor (PRR) expressed on macrophages that recognize and internalize modified LDL28. Macrophages 

are thought to play an important role in the development and the progression of OA via the release 

of cartilage degrading enzymes like MMPs and pro-inflammatory mediators including IL-1β, IL-6 and 

S100A8/A9 proteins29-32. Next to being ligand for scavenger receptors, modified LDL particles can act 

as a ligand Toll-like receptors (TLRs), directly inducing pro-inflammatory pathways leading to NLRP3 

inflammasome activation and production of IL-1β, which is believed to play an important role in 

cartilage degradation33, 34. In atherosclerosis, oxLDL uptake by macrophages induces lipid accumulation 

and foam cell formation35. The uptake of modified lipids induces macrophages with a more pro-

inflammatory phenotype, represented by increased production of cytokines like TNFα and IL-6. Other 

factors produced by oxLDL-trained macrophages include cartilage degrading enzymes MMP-2 and 

MMP-9. We have previously shown that increased oxLDL uptake by the synovium was associated with 

an increased production of S100A8/A936. 

The reduction of LDL-C levels is one of the most important treatment options to reduce the risk of 

CVD, especially for atherosclerosis. Of note, OA and atherosclerosis share multiple risk factors, such as 

obesity, age and hypercholesterolemia, which could point to similar pathobiological mechanisms. In the 

Rotterdam study, it was shown that plasma levels of atherosclerotic markers were increased in women 

with knee OA which indicates a positive association of OA with CVD37. Additionally, it was shown that 

postmenopausal women with CVD have a higher chance of developing OA38 and it was shown that 

there was an association between atherosclerosis and the severity of hand OA in women39. Importantly, 

several studies have shown that high systemic cholesterol by itself is a separate risk factor for OA 

development40-42. 

EVIDENCE FOR A ROLE OF CHOLESTEROL IN THE PATHOGENESIS OF 
OSTEOARTHRITIS
One of the main causes of cholesterol accumulation in tissues is a disbalance in cholesterol influx and 

efflux of the cells. Cholesterol accumulation in cells can induce cytotoxicity43. Cholesterol can accumulate 

in OA cartilage and is mainly distributed in the superficial layer of the cartilage compared to healthy 

samples44. Several studies have shown that the pathways involved in lipid metabolism are deregulated 

in OA chondrocytes45, 46. Additionally, mRNA expression of LXRs, which initiates genes that regulate 

cholesterol efflux, like ABCA1 and ABCA2, were decreased in OA cartilage compared to normal cartilage, 

which hampers cholesterol efflux and increases accumulation of cholesterol in OA chondrocytes45. 

The effect of high cholesterol levels on OA development has also been studied in pre-clinical models. 

Gierman et al. demonstrated that high dietary cholesterol increased cartilage damage compared 

to controls fed a regular chow diet47. Farnaghi et al. reported that Apoe-/- mice and diet-induced 

hypercholesterolemia rats exhibited OA-like changes when fed a high cholesterol diet48. Previous studies 

in our lab have shown that high systemic LDL-cholesterol increases ectopic bone formation and synovial 
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activation during inflammatory collagenase-induced OA36, 49. Others have reported that OA pathology 

was most severe when injury-induced OA models were used in dyslipidemic mice50, 51. Whereas some 

studies reported that hypercholesterolemia resulted in cartilage damage, multiple studies did not 

observe a detrimental effect of high cholesterol on cartilage pathology while joint inflammation was 

increased36, 49, 52, 53. Several clinical studies have shown that increased circulating lipid levels are associated 

with an increased incidence and progression of OA40-42. In the Chingford study, serum cholesterol was 

associated with increased knee OA54. Hypercholesterolemia has been associated with generalized OA55 

and increased cholesterol levels are associated with bone marrow lesions56. Although not all studies 

observed a link between high cholesterol levels and OA development57, several recent meta-analyses 

have concluded that high cholesterol is evidently linked to OA development58, 59. 

CHOLESTEROL ACCUMULATION ACTIVATES PRO-INFLAMMATORY PATHWAYS 

Inflammatory effects of cholesterol on macrophages

Human synovial fluid from OA and rheumatoid arthritis patients has been shown to contain cholesterol, 

although these levels are lower compared to plasma or serum levels. The levels of cholesterol and 

cholesterol crystals are increased with inflammation60, 61, and is thought to be influenced by the 

permeability of the synovium. As has been shown in atherosclerotic plaques, oxLDL uptake and 

accumulation leads to an increase of lipid-laden macrophages. This increased oxLDL uptake is associated 

with a higher presence of pro-inflammatory M1-like macrophages and subsequent cytokine production. 

In contrast, presence of M2-like macrophages is more pronounced in atherosclerotic models of plaque 

regression62, 63. Similar to atherosclerotic plaques, uptake of oxLDL by macrophages in the synovial lining 

could increase the local inflammatory response and therefore aggravate OA development. 

Systemic inflammation

Low-grade systemic inflammation, associated with metabolic disease, is thought to contribute to 

OA development and has been suggested as a connection between MetS and OA17. This metabolic 

inflammation is mainly caused by metabolic factors that induce oxidative stress and inflammation, 

such as lipids and glucose18, 19. Although inflammation is believed to be involved in the pathogenesis 

of OA, clinical trials targeting inflammatory factors proved disappointing in ameliorating disease 

progression. IL-1β, for example, is an important driver of inflammation and is believed to be involved 

in OA pathology. Despite the fact that IL-1β was thought to play a critical role in the pathogenesis of 

OA, several pre-clinical and clinical studies were not able to demonstrate any disease-modifying effects 

after inhibition of IL-1β64-67. However, these anti-inflammatory treatments might be more suitable for 

specific OA endotypes, as in most OA clinical trials no specific patient stratification was used. Therefore, 

IL-1β could play a more central role in OA development in patients with metabolic syndrome. Metabolic 

inflammation can increase activation of the NLRP3 inflammasome33, 68, making IL-1β a target of interest in 

diseases associated with MetS, such as cardiovascular disease and OA. Recently, a secondary analysis of 

the Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial showed that systemic 



CHAPTER 1

16

inhibition of IL-1β resulted in a decreased incidence of total knee and hip replacements in patients with 

CVD69. As the CANTOS trial was designed to study the effects on cardiovascular events, data on structural 

outcomes or radiographic evidence were not collected, and it would be of interest to investigate if 

inhibition if IL-1β in OA patients with high inflammatory risk reduces structural progression of pathology 

such as cartilage damage or joint space narrowing. 

CHOLESTEROL-LOWERING TREATMENT AS A THERAPEUTIC STRATEGY FOR 
METS-ASSOCIATED OA DEVELOPMENT

Since both pre-clinical and clinical studies point towards an association between high systemic 

cholesterol levels and the development of OA as described above, research into the possible protective 

effects of cholesterol-lowering treatment is of interest for OA patients. 

Statins 

Systemic cholesterol levels can be reduced via a reduced intake of cholesterol or by using cholesterol-

lowering therapy. Statins are the most commonly used and most investigated cholesterol-lowering 

drugs and there are multiple statins approved by the European Medicines Agency, including atorvastatin, 

simvastatin, lovastatin and pravastatin. Statins reduce systemic cholesterol levels by acting as 

competitive inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, a key enzyme 

of the cholesterol synthesis pathway (Figure 2). Statins decrease hepatic cholesterol production and in 

addition, this reduction in intracellular cholesterol levels increases the uptake of cholesterol via increased 

expression or the low-density-lipoprotein receptor (LDLR). Moreover, statins have multiple pleiotropic 

effects independent of their cholesterol-lowering function and were shown to improve endothelial 

dysfunction, have antioxidant properties and reduce smooth muscle cell proliferation. In rheumatoid 

arthritis, statins were shown to reduce systemic cholesterol levels and inflammatory markers70. One 

of the additional benefits of statin treatment that can be beneficial for OA patients is the inhibition 

of several MMPs. It has been shown that statins can inhibit MMP production by chondrocytes71-73 and 

promote apoptosis of synovial fibroblasts74. 
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Figure 2. Schematic overview of cholesterol metabolism and the mechanism of cholesterol-lowering 
therapies. 

Statins reduce the intracellular production of cholesterol. PCSK9 inhibitors prevent lysosomal degradation of the 

LDLR. ANGPTL inhibitors reduce the hydrolysis of lipids. HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A, LDLR: low-

density lipoprotein receptor, PCSK9: Proprotein convertase subtilisin/kexin type 9, ANGPTL3: angiopoietin-like protein 3, 

CETP: Cholesteryl ester transfer protein, VLDL: very low-density lipoprotein, LDL: low-density lipoprotein, HDL: high-density 

lipoprotein.

The use of statins show variable results with regard to progression of OA

In the last years, multiple studies have been conducted that evaluated if statin use could reduce the 

incidence and/or progression of OA. The use of statins have shown variable results concerning the 

development or progression of OA. In a longitudinal study cohort, statin use was associated with a 

decrease in clinical OA versus non-statin users and a higher cumulative dose was associated with an 

increased reduction75. In another cohort it was shown that statin use could reduce the incidence and 

the progression of radiographic OA over 50%76. In the Rotterdam study, statin use was associated with 

a decreased risk of the progression of knee OA with more than 50%76. A recent study showed a lower 

incidence of degenerative joint disease in statin users compared to non-users77. The requirement for 

total hip and total knee arthroplasty were decreased in statin users in two studies78, 79. In contrast, 

several studies showed that statin use was not associated reduced OA development, demonstrating 

no reduction in the incidence or symptomatic OA in a longitudinal study with a 4-year follow-up80, 

81.  However, increased statin use and atorvastatin treatments were associated with a reduced risk of 

developing pain80. Statin use did not reduce the risk of progression of knee OA compared to non-users82, 
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also for the incidence of hand OA there was no association between the initiation of statin treatment 

compared to non-initiators83. Some studies even showed an increased OA incidence in statin user versus 

non-statin users84, 85. 

The effect of cholesterol-lowering treatment on OA development has also been studied in more detail 

in pre-clinical studies. Gierman et al. showed that preventative cholesterol-lowering treatment was able 

to significantly decrease OA development in transgenic E3L.CETP mice fed a cholesterol-supplemented 

Western-type diet (WTD)47. In contrast to cholesterol metabolism in humans, mice with a WT background 

have high HDL levels and low (V)LDL levels because they lack cholesteryl ester transfer protein (CETP) 

which transports cholesterol esters from HDL to VLDL and LDL. Transgenic E3L.CETP mice have a more 

humanized cholesterol metabolism as most of the cholesterol is transported in LDL particles and not HDL 

particles due to the introduction of the human ApoE3*Leiden (E3L) and CETP gene. The introduction of 

the human E3L mutation results in a reduced clearance of ApoB-containing lipoproteins, such as LDL 

and VLDL, leading to increased levels in the circulation. As mentioned before, introduction of the CETP 

gene results in increased (V)LDL levels due to the transports of cholesterol esters from HDL to VLDL 

and LDL. Gierman et al. observed that atorvastatin, but not ezetimibe, a cholesterol-lowering drug that 

reduces cholesterol uptake in the intestine, was able to reduce OA development. The authors indicated 

that this could possibly be explained by the anti-inflammatory effects of statins47.

Anti-inflammatory effects of statins

Some studies have reported that the beneficial effects of statin use on OA development could be 

explained by the anti-inflammatory pleiotropic effects associated with statin use47, 86. One of the possible 

mechanisms by which statins can reduce inflammation, is by inhibiting the effects of monocyte migration 

and differentiation. Statin treatment reduced the expression of IL-6, IL-8 and MCP-1 in peripheral blood 

mononuclear cells in hypercholesterolemic patients87 and reduced the production of inflammation-

induced secretion of pro-inflammatory cytokines and monocyte chemotaxis88. Moreover, simvastatin 

was shown to inhibit expression of chemokine receptor CCR2 and in human circulating monocytes89 

and reduced expression or chemokine receptors in healthy volunteers as well as patients with acute 

coronary syndrome. It was shown that atorvastatin reduced activation of M1-like macrophages while 

promoting M2-like macrophage activation, thereby reducing the expression of pro-inflammatory 

cytokines. Also in human macrophages and monocytes, statin therapy skewed macrophages into an 

M2-like phenotype90 and reduced expression of cytokines such as MCP-1 and MIP-1a88. These pleiotropic 

anti-inflammatory effects of statin therapy could lead to a reduction of joint inflammation and could be 

of additional benefit for OA patients.

Together, the above shows that statin therapy has variable results regarding the progression of OA and 

there are several potential mechanisms that can account for these conflicting results. Statin intolerance 

is estimated to occur in 20-30% of patients and often leads to discontinuation of statins91. Also, the use 

of statins does not always result in the desired reduction of systemic cholesterol levels. Moreover, the 
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presence of statin-associated muscle pain could interfere with the beneficial effects on OA symptoms 

such as pain and confound the results.

NOVEL CHOLESTEROL-LOWERING THERAPIES

In recent years, several novel cholesterol-lowering treatments have become available that are promising 

in the treatment for cardiovascular disease. The shared pathological risk factors between  atherosclerosis 

and OA could provide new targets for the modulation of cholesterol in OA patients. 

PCSK9 inhibitors

Recently, proprotein convertase subtilisin/kexin 9 (PCSK9) was discovered and identified as a new 

cholesterol-lowering target. PCSK9 is one of the key proteins involved in cholesterol homeostasis and 

targets the LDL-receptor (LDLR) for lysosomal degradation, thereby decreasing its membrane expression 

and the ability to clear LDL-cholesterol from the circulation92, 93 (Figure 2). Also, PCSK9 was shown to 

promote degradation of several other receptors involved in lipid uptake, such as the very low-density 

lipoprotein receptor (VLDLR), LDLR-related protein-1 (LRP-1), apolipoprotein E receptor (ApoER), and 

CD3694-96. PCSK9 is expressed in several tissues such as the liver, small intestine, pancreas, kidney and 

in the brain92. In addition, PCSK9 was shown to be expressed in endothelial cells and macrophages 

present in atherosclerotic plaques97-99. The antibodies alirocumab and evolocumab are newly developed 

cholesterol-lowering drugs which target PCSK9. These antibodies have been shown to be very effective 

cholesterol-lowering drugs in both humans and mice and reduce LDL-C levels up to 50-60%100-102. 

The PCSK9 antibody alirocumab was shown to further reduce cardiovascular events in patients with 

cardiovascular disease and hypercholesterolemia on top of statin treatment103-105. Moreover, statin 

therapy combined with PCSK9 inhibition resulted in stabilization and regression of atherosclerotic 

plaques in both humans and mice102, 106. These data obtained from cardiovascular diseases suggest 

that the use of combined cholesterol-lowering therapies as a treatment for OA could be more efficient 

compared to statin therapy only. 

Involvement of PCSK9 in inflammation

Besides playing a pivotal role in cholesterol homeostasis, PCSK9 is suggested to have a direct role in 

inflammation107. Various inflammatory stimuli are able to increase the expression of PCSK9, such as 

oxLDL or LPS. In mice, several inflammatory factors such as LPS, zymosan or bacteria upregulated 

PCSK9 expression levels in liver or blood. In mice that underwent cecal ligation and puncture, Pcsk9-

/- mice showed a reduced inflammatory response, while overexpression of PCSK9 increased release of 

inflammatory cytokines108. Several studies have demonstrated that PCSK9 has a pro-inflammatory effect 

on macrophages, possibly via increased activation of the TLR4/NF-κB signaling pathway107, 109, 110. In line 

with these findings, in vitro studies showed that knockdown of PCSK9 reduced the LPS- and oxLDL-

induced inflammatory response in macrophages, indicated by reduced levels of the pro-inflammatory 
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factors IL-1β, MCP-1 and TNFα, which are implicated in the development of OA107. Additionally, PCSK9 

induced an inflammatory response in macrophages via an increased production of IL-6, MCP-1, TNFα and 

IL-1β, strengthening the idea that PCSK9 can directly influence inflammation107, 110, 111. The use of PCSK9 

antibodies reduced systemic inflammation and endothelial dysfunction in familial hypercholesterolemia 

patients, via leukocyte-endothelium interactions112. Inhibition of these anti-inflammatory effects of 

PCSK9 could provide an additional benefit, next to cholesterol lowering, for patients with metabolic 

inflammation. 

ANGPTL3 inhibitors

Angiopoietin-like 3 (ANGPLT3) regulates systemic triglycerides and HDL-C levels via inhibition of 

lipoprotein lipase and endothelial lipase. ANGTPL3 inhibitors interfere with the hydrolysis of triglycerides 

and phospholipids and the use of ANGPLT3 inhibitors results in decreased levels of triglycerides, LDL-C 

and HDL-C113, 114 (Figure 2). The ANGPLT3 blocking antibody evinacumab seems a promising cholesterol 

lowering drug and has recently been approved by the FDA. Small molecule inhibitors for ANGPTL3 are 

also in development, Vupanorsen is an antisense oligonucleotide which inhibits ANGPLT3 production 

in the liver. Vupanorsen is now in phase II clinical trials and effectively reduces systemic atherogenic 

lipoproteins115. 

AIMS AND OUTLINES OF THIS THESIS

In recent years it has become evident that OA is a highly heterogeneous disease. Stratification of OA 

patients in subgroups could point towards more patient-driven therapy. Several studies have shown 

that high systemic cholesterol is a separate risk factor for OA development and more investigation into 

the effects of cholesterol-lowering treatments in OA is needed, which are discussed in Chapter 140-42.

The aim of this thesis was to investigate if high-intensive cholesterol-lowering therapies could reduce 

disease development in dyslipidemic mice. In the light of the varying results of statin-induced cholesterol 

lowering on OA and based on the promising results from combining various cholesterol-lowering 

therapies in CVD patients, we explored whether combinational treatment options that aimed at more 

intensive lowering of cholesterol and inflammation also could improve the treatment of OA. 

 

In Chapter 2 we investigated the role of PCSK9 in OA development in more detail using Pcsk9-/- and 

WT mice fed a chow or a cholesterol-supplemented WTD in the pre-clinical collagenase-induced OA 

(CiOA) model. The CiOA model is an injury-induced OA model with a strong local inflammatory response 

within the joint. We studied the effects of PCSK9 deficiency on cholesterol-associated OA pathology and 

investigated whether this affected joint inflammation, which is important for the development of this 

experimental OA model. We additionally determined whether PCSK9 protein affected cartilage damage 

and ectopic bone formation.
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In Chapter 3 we determined the effects of several cholesterol-lowering treatments on spontaneous OA 

development in transgenic E3L.CETP mice. We used atorvastatin alone or combined with PCSK9 inhibitor 

alirocumab and ANGPLT3 inhibitor evinacumab in E3L.CETP mice fed a cholesterol-supplemented WTD. 

We determined osteoarthritis development using histological analysis of the knee joints, where we 

analyzed synovial inflammation, cartilage damage, ectopic bone formation and enzymatic activity in 

articular cartilage. 

Next to the effects of cholesterol-lowering treatment in a spontaneous model, we additionally 

investigated if lowering of cholesterol levels could reduce OA development in a model with a strong 

inflammatory component. Therefore, in Chapter 4 we investigated if the PCSK9-inhibitor alirocumab 

combined with atorvastatin therapy could ameliorate OA development after induction of CiOA in 

E3L.CETP mice fed a cholesterol-supplemented WTD. We determined local and systemic amounts of 

inflammatory factors. Cartilage degeneration, synovial inflammation and ectopic bone formation were 

analyzed using histological sections of the knee joints.

Recently, a secondary analysis the CANTOS trial showed that systemic inhibition of IL-1β resulted in 

a 40-47% decrease in incidence of total knee and hip replacements in patients with CVD where over 

93% of patients received cholesterol-lowering therapies69. This study could point towards a subgroup 

of OA patients where a combination treatment of cholesterol-lowering with inflammatory therapies 

could be of benefit. As the CANTOS trial was not designed to study OA pathology, the main read-out 

was endpoint joint replacement and data on structural outcomes was not collected. Therefore, we next 

investigated whether anti-inflammatory treatment showed additional effects on lowering OA pathology 

when combined with cholesterol-lowering treatment. In Chapter 5 we first investigated if the inhibition 

of IL-1β could reduce OA development during a CiOA model in mice that were fed either a chow or 

cholesterol-supplemented WTD. We determined the effects on local and systemic inflammation using 

analysis of cytokines and flow cytometry to evaluate the effects on innate immune cells. Cartilage 

degeneration, synovial inflammation and ectopic bone formation were analyzed using histological 

sections of the knee joints.

It was shown in the CANTOS trial that patients with high levels of systemic inflammation showed a 

reduced incidence of cardiovascular events when treated with anti-IL-1β therapies. Therefore, we next 

investigated if these treatments were effective in ameliorating OA development using models with 

different degrees of systemic inflammation. In Chapter 6 we investigated if inhibition of IL-1β combined 

with cholesterol-lowering therapy, consisting of statin therapy and the PCSK9-inhibitor alirocumab, 

could decrease spontaneous OA pathology in dyslipidemic mice E3L mice, which have a humanized 

lipoprotein metabolism. We quantified systemic levels of MCP-1, E-selectin and SAA to determine the 

effect of the treatments on systemic inflammation. We determined osteoarthritis development using 

histological analysis of the knee joints, where we analyzed synovial inflammation, cartilage damage and 

ectopic bone formation.
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We summarized and discussed all described data in Chapter 7 and provide future directions for 

cholesterol-lowering therapies in osteoarthritis. 



INTRODUCTION AND THESIS OUTLINE

23

1
REFERENCES

1.  Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a disease of the joint as an organ. Arthritis and 

rheumatism 2012; 64: 1697.

2.  Lee BJ, Yang S, Kwon S, Choi KH, Kim W. Association between metabolic syndrome and knee osteoarthritis: A 

cross-sectional nationwide survey study. Journal of rehabilitation medicine 2019; 51: 464-470.

3.  Askari A, Ehrampoush E, Homayounfar R, Arasteh P, Naghizadeh MM, Yarahmadi M, et al. Relationship between 

metabolic syndrome and osteoarthritis: The Fasa Osteoarthritis Study. Diabetes & Metabolic Syndrome: Clinical 

Research & Reviews 2017; 11: S827-S832.

4.  Scanzello CR. Role of low-grade inflammation in osteoarthritis. Current opinion in rheumatology 2017; 29: 79.

5.  Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, Lindstrom TM, et al. Low-grade inflammation as a key 

mediator of the pathogenesis of osteoarthritis. Nature Reviews Rheumatology 2016; 12: 580-592.

6.  Carballo CB, Nakagawa Y, Sekiya I, Rodeo SA. Basic science of articular cartilage. Clinics in sports medicine 2017; 

36: 413-425.

7.  Responte DJ, Natoli RM, Athanasiou KA. Collagens of articular cartilage: structure, function, and importance in 

tissue engineering. Critical Reviews™ in Biomedical Engineering 2007; 35.

8.  Bruckner P, van der Rest M. Structure and function of cartilage collagens. Microscopy research and technique 

1994; 28: 378-384.

9.  Burrage PS, Mix KS, Brinckerhoff CE. Matrix metalloproteinases: role in arthritis. Frontiers in Bioscience-Landmark 

2006; 11: 529-543.

10.  Verma P, Dalal K. ADAMTS‐4 and ADAMTS‐5: key enzymes in osteoarthritis. Journal of cellular biochemistry 

2011; 112: 3507-3514.

11.  Fam H, Bryant J, Kontopoulou M. Rheological properties of synovial fluids. Biorheology 2007; 44: 59-74.

12.  Orr C, Vieira-Sousa E, Boyle DL, Buch MH, Buckley CD, Cañete JD, et al. Synovial tissue research: a state-of-the-art 

review. Nature Reviews Rheumatology 2017; 13: 463-475.

13.  Scanzello CR, Goldring SR. The role of synovitis in osteoarthritis pathogenesis. Bone 2012; 51: 249-257.

14.  Klein-Wieringa IR, de Lange-Brokaar BJ, Yusuf E, Andersen SN, Kwekkeboom JC, Kroon HM, et al. Inflammatory 

cells in patients with endstage knee osteoarthritis: a comparison between the synovium and the infrapatellar 

fat pad. The Journal of rheumatology 2016; 43: 771-778.

15.  Loeser R. Molecular mechanisms of cartilage destruction in osteoarthritis. J Musculoskelet Neuronal Interact 

2008; 8: 303-306.

16.  Van den Bosch M. Inflammation in osteoarthritis: is it time to dampen the alarm (in) in this debilitating disease? 

Clinical & Experimental Immunology 2019; 195: 153-166.

17.  Rezuș E, Cardoneanu A, Burlui A, Luca A, Codreanu C, Tamba BI, et al. The link between inflammaging and 

degenerative joint diseases. International journal of molecular sciences 2019; 20: 614.

18.  Monteiro R, Azevedo I. Chronic inflammation in obesity and the metabolic syndrome. Mediators of inflammation 

2010; 2010.

19.  Johnson AR, Justin Milner J, Makowski L. The inflammation highway: metabolism accelerates inflammatory 

traffic in obesity. Immunological reviews 2012; 249: 218-238.



CHAPTER 1

24

20.  De Boer T, Van Spil W, Huisman A, Polak A, Bijlsma J, Lafeber F, et al. Serum adipokines in osteoarthritis; 

comparison with controls and relationship with local parameters of synovial inflammation and cartilage 

damage. Osteoarthritis and cartilage 2012; 20: 846-853.

21.  Pearle A, Scanzello C, George S, Mandl L, DiCarlo E, Peterson M, et al. Elevated high-sensitivity C-reactive protein 

levels are associated with local inflammatory findings in patients with osteoarthritis. Osteoarthritis and cartilage 

2007; 15: 516-523.

22.  Puenpatom RA, Victor TW. Increased prevalence of metabolic syndrome in individuals with osteoarthritis: an 

analysis of NHANES III data. Postgraduate medicine 2009; 121: 9-20.

23.  Engström G, de Verdier MG, Rollof J, Nilsson P, Lohmander L. C-reactive protein, metabolic syndrome and 

incidence of severe hip and knee osteoarthritis. A population-based cohort study. Osteoarthritis and Cartilage 

2009; 17: 168-173.

24.  Carman WJ, Sowers M, Hawthorne VM, Weissfeld LA. Obesity as a risk factor for osteoarthritis of the hand and 

wrist: a prospective study. American journal of epidemiology 1994; 139: 119-129.

25.  Dahaghin S, Bierma-Zeinstra S, Koes B, Hazes J, Pols H. Do metabolic factors add to the effect of overweight on 

hand osteoarthritis? The Rotterdam Study. Annals of the rheumatic diseases 2007; 66: 916-920.

26.  Visser A, De Mutsert R, Le Cessie S, Den Heijer M, Rosendaal F, Kloppenburg M. The relative contribution of 

mechanical stress and systemic processes in different types of osteoarthritis: the NEO study. Annals of the 

rheumatic diseases 2015; 74: 1842-1847.

27.  Tomi A-L, Sellam J, Lacombe K, Fellahi S, Sebire M, Rey-Jouvin C, et al. Increased prevalence and severity of 

radiographic hand osteoarthritis in patients with HIV-1 infection associated with metabolic syndrome: data 

from the cross-sectional METAFIB-OA study. Annals of the rheumatic diseases 2016; 75: 2101-2107.

28.  Moore KJ, Freeman MW. Scavenger receptors in atherosclerosis: beyond lipid uptake. Arteriosclerosis, 

thrombosis, and vascular biology 2006; 26: 1702-1711.

29.  Blom AB, van Lent PL, Libregts S, Holthuysen AE, van der Kraan PM, van Rooijen N, et al. Crucial role of 

macrophages in matrix metalloproteinase–mediated cartilage destruction during experimental osteoarthritis: 

involvement of matrix metalloproteinase 3. Arthritis & Rheumatism 2007; 56: 147-157.

30.  Bondeson J, Blom AB, Wainwright S, Hughes C, Caterson B, Van Den Berg WB. The role of synovial macrophages 

and macrophage-produced mediators in driving inflammatory and destructive responses in osteoarthritis. 

Arthritis And Rheumatism-Arthritis Care And Research 2010; 62: 647.

31.  Bondeson J, Wainwright SD, Lauder S, Amos N, Hughes CE. The role of synovial macrophages and macrophage-

produced cytokines in driving aggrecanases, matrix metalloproteinases, and other destructive and inflammatory 

responses in osteoarthritis. Arthritis research & therapy 2006; 8: 1-12.

32.  Van Lent P, Blom A, Van Der Kraan P, Holthuysen A, Vitters E, Van Rooijen N, et al. Crucial role of synovial lining 

macrophages in the promotion of transforming growth factor β–mediated osteophyte formation. Arthritis & 

Rheumatism: Official Journal of the American College of Rheumatology 2004; 50: 103-111.

33.  Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al. NLRP3 inflammasomes are required 

for atherogenesis and activated by cholesterol crystals. Nature 2010; 464: 1357-1361.



INTRODUCTION AND THESIS OUTLINE

25

1
34.  Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter SB, et al. CD36 coordinates NLRP3 

inflammasome activation by facilitating intracellular nucleation of soluble ligands into particulate ligands in 

sterile inflammation. Nature immunology 2013; 14: 812-820.

35.  Hansson GK, Robertson A-KL, Söderberg-Nauclér C. Inflammation and atherosclerosis. Annu. Rev. Pathol. Mech. 

Dis. 2006; 1: 297-329.

36.  de Munter W, Blom AB, Helsen MM, Walgreen B, van der Kraan PM, Joosten LA, et al. Cholesterol accumulation 

caused by low density lipoprotein receptor deficiency or a cholesterol-rich diet results in ectopic bone 

formation during experimental osteoarthritis. Arthritis research & therapy 2013; 15: 1-14.

37.  Hoeven TA, Kavousi M, Ikram MA, van Meurs JB, Bindels PJ, Hofman A, et al. Markers of atherosclerosis in relation 

to presence and progression of knee osteoarthritis: a population-based cohort study. Rheumatology 2015; 54: 

1692-1698.

38.  Bierma-Zeinstra S, Waarsing J. The role of atherosclerosis in osteoarthritis. Best practice & research Clinical 

rheumatology 2017; 31: 613-633.

39.  Jonsson H, Helgadottir GP, Aspelund T, Eiriksdottir G, Sigurdsson S, Ingvarsson T, et al. Hand osteoarthritis in 

older women is associated with carotid and coronary atherosclerosis: the AGES Reykjavik study. Annals of the 

rheumatic diseases 2009; 68: 1696-1700.

40.  Buechele G, Guenther K-P, Brenner H, Puhl W, Stürmer T, Rothenbacher D, et al. Osteoarthritis-patterns, cardio-

metabolic risk factors and risk of all-cause mortality: 20 years follow-up in patients after hip or knee replacement. 

Scientific reports 2018; 8: 1-8.

41.  Tootsi K, Märtson A, Kals J, Paapstel K, Zilmer M. Metabolic factors and oxidative stress in osteoarthritis: A case-

control study. Scandinavian journal of clinical and laboratory investigation 2017; 77: 520-526.

42.  Li H, George DM, Jaarsma RL, Mao X. Metabolic syndrome and components exacerbate osteoarthritis symptoms 

of pain, depression and reduced knee function. Annals of translational medicine 2016; 4.

43.  Tabas I. Consequences of cellular cholesterol accumulation: basic concepts and physiological implications. The 

Journal of clinical investigation 2002; 110: 905-911.

44.  Cillero-Pastor B, Eijkel G, Kiss A, Blanco FJ, Heeren RM. Time-of-flight secondary ion mass spectrometry-based 

molecular distribution distinguishing healthy and osteoarthritic human cartilage. Analytical chemistry 2012; 84: 

8909-8916.

45.  Tsezou A, Iliopoulos D, Malizos KN, Simopoulou T. Impaired expression of genes regulating cholesterol efflux in 

human osteoarthritic chondrocytes. Journal of Orthopaedic Research 2010; 28: 1033-1039.

46. I liopoulos D, Malizos KN, Oikonomou P, Tsezou A. Integrative microRNA and proteomic approaches identify 

novel osteoarthritis genes and their collaborative metabolic and inflammatory networks. PloS one 2008; 3: 

e3740.

47.  Gierman L, Kühnast S, Koudijs A, Pieterman E, Kloppenburg M, van Osch G, et al. Osteoarthritis development is 

induced by increased dietary cholesterol and can be inhibited by atorvastatin in APOE* 3Leiden. CETP mice—a 

translational model for atherosclerosis. Annals of the rheumatic diseases 2014; 73: 921-927.

48.  Farnaghi S, Prasadam I, Cai G, Friis T, Du Z, Crawford R, et al. Protective effects of mitochondria‐targeted 

antioxidants and statins on cholesterolinduced osteoarthritis. The FASEB Journal 2017; 31: 356-367.



CHAPTER 1

26

49.  de Munter W, Van Den Bosch M, Slöetjes A, Croce K, Vogl T, Roth J, et al. High LDL levels lead to increased synovial 

inflammation and accelerated ectopic bone formation during experimental osteoarthritis. Osteoarthritis and 

cartilage 2016; 24: 844-855.

50.  de Visser HM, Mastbergen SC, Kozijn AE, Coeleveld K, Pouran B, van Rijen MH, et al. Metabolic dysregulation 

accelerates injury‐induced joint degeneration, driven by local inflammation; an in vivo rat study. Journal of 

Orthopaedic Research® 2018; 36: 881-890.

51.  Warmink K, Kozijn A, Bobeldijk I, Stoop R, Weinans H, Korthagen N. High-fat feeding primes the mouse knee 

joint to develop osteoarthritis and pathologic infrapatellar fat pad changes after surgically induced injury. 

Osteoarthritis and cartilage 2020; 28: 593-602.

52.  Larrañaga-Vera A, Lamuedra A, Pérez-Baos S, Prieto-Potin I, Peña L, Herrero-Beaumont G, et al. Increased synovial 

lipodystrophy induced by high fat diet aggravates synovitis in experimental osteoarthritis. Arthritis research & 

therapy 2017; 19: 1-13.

53.  Villalvilla A, Larrañaga-Vera A, Lamuedra A, Pérez-Baos S, López-Reyes AG, Herrero-Beaumont G, et al. Modulation 

of the inflammatory process by hypercholesterolemia in osteoarthritis. Frontiers in Medicine 2020; 7: 566250.

54.  Hart DJ, Doyle DV, Spector TD. Association between metabolic factors and knee osteoarthritis in women: the 

Chingford Study. The Journal of rheumatology 1995; 22: 1118-1123.

55.  Stürmer T, Sun Y, Sauerland S, Zeissig I, Günther KP, Puhl W, et al. Serum cholesterol and osteoarthritis. The 

baseline examination of the Ulm Osteoarthritis Study. The Journal of rheumatology 1998; 25: 1827-1832.

56.  Davies-Tuck ML, Hanna F, Davis SR, Bell RJ, Davison SL, Wluka AE, et al. Total cholesterol and triglycerides are 

associated with the development of new bone marrow lesions in asymptomatic middle-aged women-a 

prospective cohort study. Arthritis research & therapy 2009; 11: 1-7.

57.  García-Gil M, Reyes C, Ramos R, Sanchez-Santos M, Prieto-Alhambra D, Spector TD, et al. Serum lipid levels and 

risk of hand osteoarthritis: the chingford prospective cohort study. Scientific Reports 2017; 7: 1-7.

58.  Liu S-Y, Zhu W-T, Chen B-W, Chen Y-H, Ni G-X. Bidirectional association between metabolic syndrome and 

osteoarthritis: a meta-analysis of observational studies. Diabetology & Metabolic Syndrome 2020; 12: 1-10.

59.  Xiong J, Long J, Chen X, Li Y, Song H. Dyslipidemia might be associated with an increased risk of osteoarthritis. 

BioMed Research International 2020; 2020.

60.  Oliviero F, Nigro AL, Bernardi D, Giunco S, Baldo G, Scanu A, et al. A comparative study of serum and synovial 

fluid lipoprotein levels in patients with various arthritides. Clinica chimica acta 2012; 413: 303-307.

61.  Oliviero F, Sfriso P, Baldo G, Dayer J, Giunco S, Scanu A, et al. Apolipoprotein AI and cholesterol in synovial fluid of 

patients with rheumatoid arthritis, psoriatic arthritis and osteoarthritis. Clinical & Experimental Rheumatology 

2009; 27: 79.

62.  Feig JE, Parathath S, Rong JX, Mick SL, Vengrenyuk Y, Grauer L, et al. Reversal of hyperlipidemia with a genetic 

switch favorably affects the content and inflammatory state of macrophages in atherosclerotic plaques. 

Circulation 2011; 123: 989-998.

63.  Feig JE, Rong JX, Shamir R, Sanson M, Vengrenyuk Y, Liu J, et al. HDL promotes rapid atherosclerosis regression 

in mice and alters inflammatory properties of plaque monocyte-derived cells. Proceedings of the National 

Academy of Sciences 2011; 108: 7166-7171.



INTRODUCTION AND THESIS OUTLINE

27

1
64.  Clements KM, Price JS, Chambers MG, Visco DM, Poole AR, Mason RM. Gene deletion of either interleukin‐1β, 

interleukin‐1β–converting enzyme, inducible nitric oxide synthase, or stromelysin 1 accelerates the 

development of knee osteoarthritis in mice after surgical transection of the medial collateral ligament and 

partial medial meniscectomy. Arthritis & Rheumatism: Official Journal of the American College of Rheumatology 

2003; 48: 3452-3463.

65.  Fleischmann RM, Bliddal H, Blanco FJ, Schnitzer TJ, Peterfy C, Chen S, et al. A Phase II Trial of Lutikizumab, an 

Anti–Interleukin‐1α/β Dual Variable Domain Immunoglobulin, in Knee Osteoarthritis Patients With Synovitis. 

Arthritis & rheumatology 2019; 71: 1056-1069.

66.  Cohen SB, Proudman S, Kivitz AJ, Burch FX, Donohue JP, Burstein D, et al. A randomized, double-blind study of 

AMG 108 (a fully human monoclonal antibody to IL-1R1) in patients with osteoarthritis of the knee. Arthritis 

research & therapy 2011; 13: 1-12.

67.  Chevalier X, Goupille P, Beaulieu A, Burch F, Bensen W, Conrozier T, et al. Intraarticular injection of anakinra in 

osteoarthritis of the knee: a multicenter, randomized, double‐blind, placebo‐controlled study. Arthritis Care & 

Research 2009; 61: 344-352.

68.  Haneklaus M, O’Neill LA. NLRP3 at the interface of metabolism and inflammation. Immunological reviews 2015; 

265: 53-62.

69.  Schieker M, Conaghan PG, Mindeholm L, Praestgaard J, Solomon DH, Scotti C, et al. Effects of interleukin-1β 

inhibition on incident hip and knee replacement: exploratory analyses from a randomized, double-blind, 

placebo-controlled trial. Annals of Internal Medicine 2020; 173: 509-515.

70.  Li G-m, Zhao J, Li B, Zhang X-f, Ma J-x, Ma X-l, et al. The anti-inflammatory effects of statins on patients with 

rheumatoid arthritis: a systemic review and meta-analysis of 15 randomized controlled trials. Autoimmunity 

reviews 2018; 17: 215-225.

71.  Wu YS, Hu YY, Yang RF, Wang Z, Wei YY. The matrix metalloproteinases as pharmacological target in osteoarthritis: 

statins may be of therapeutic benefit. Medical hypotheses 2007; 69: 557-559.

72.  Lazzerini P, Capecchi P, Nerucci F, Fioravanti A, Chellini F, Piccini M, et al. Simvastatin reduces MMP-3 level in 

interleukin 1β stimulated human chondrocyte culture. Annals of the rheumatic diseases 2004; 63: 867-869.

73.  Simopoulou T, Malizos KN, Poultsides L, Tsezou A. Protective effect of atorvastatin in cultured osteoarthritic 

chondrocytes. Journal of Orthopaedic Research 2010; 28: 110-115.

74.  Litinsky I, Golan I, Yaron M, Yaron I, Caspi D, Elkayam O. Simvastatin induces apoptosis of fibroblast-like 

synoviocytes. The Open Rheumatology Journal 2009; 3: 35.

75.  Kadam U, Blagojevic M, Belcher J. Statin use and clinical osteoarthritis in the general population: a longitudinal 

study. Journal of general internal medicine 2013; 28: 943-949.

76.  Clockaerts S, Van Osch G, Bastiaansen-Jenniskens Y, Verhaar J, Van Glabbeek F, Van Meurs J, et al. Statin use is 

associated with reduced incidence and progression of knee osteoarthritis in the Rotterdam study. Annals of the 

rheumatic diseases 2012; 71: 642-647.

77.  Cheng Y-Y, Kao C-L, Lin S-Y, Chang S-T, Wei T-S, Chang S-N, et al. Effect of an increased dosage of statins on spinal 

degenerative joint disease: a retrospective cohort study. BMJ open 2018; 8: e017442.



CHAPTER 1

28

78.  Sarmanova A, Doherty M, Kuo C, Wei J, Abhishek A, Mallen C, et al. Statin use and risk of joint replacement due to 

osteoarthritis and rheumatoid arthritis: a propensity-score matched longitudinal cohort study. Rheumatology 

2020; 59: 2898-2907.

79.  Cook MJ, Sorial AK, Lunt M, Board TN, O’Neill TW. Effect of timing and duration of statin exposure on risk of hip 

or knee revision arthroplasty: a population-based cohort study. The Journal of rheumatology 2020; 47: 441-448.

80.  Veronese N, Koyanagi A, Stubbs B, Cooper C, Guglielmi G, Rizzoli R, et al. Statin use and knee osteoarthritis 

outcomes: a longitudinal cohort study. Arthritis care & research 2019; 71: 1052-1058.

81.  Riddle DL, Moxley G, Dumenci L. Associations between statin use and changes in pain, function and structural 

progression: a longitudinal study of persons with knee osteoarthritis. Annals of the rheumatic diseases 2013; 72: 

196-203.

82.  Michaëlsson K, Lohmander L, Turkiewicz A, Wolk A, Nilsson P, Englund M. Association between statin use 

and consultation or surgery for osteoarthritis of the hip or knee: a pooled analysis of four cohort studies. 

Osteoarthritis and cartilage 2017; 25: 1804-1813.

83.  Burkard T, Hügle T, Layton JB, Glynn RJ, Bloechliger M, Frey N, et al. Risk of incident osteoarthritis of the hand in 

statin initiators: a sequential cohort study. Arthritis Care & Research 2018; 70: 1795-1805.

84.  Mansi IA, Mortensen EM, Pugh MJ, Wegner M, Frei CR. Incidence of musculoskeletal and neoplastic diseases 

in patients on statin therapy: results of a retrospective cohort analysis. The American journal of the medical 

sciences 2013; 345: 343-348.

85.  Eymard F, Parsons C, Edwards MH, Petit-Dop F, Reginster J-Y, Bruyère O, et al. Statin use and knee osteoarthritis 

progression: results from a post-hoc analysis of the SEKOIA trial. Joint Bone Spine 2018; 85: 609-614.

86.  Akasaki Y, Matsuda S, Nakayama K, Fukagawa S, Miura H, Iwamoto Y. Mevastatin reduces cartilage degradation 

in rabbit experimental osteoarthritis through inhibition of synovial inflammation. Osteoarthritis and Cartilage 

2009; 17: 235-243.

87.  Rezaie-Majd A, Maca T, Bucek RA, Valent P, Müller MR, Husslein P, et al. Simvastatin reduces expression of 

cytokines interleukin-6, interleukin-8, and monocyte chemoattractant protein-1 in circulating monocytes from 

hypercholesterolemic patients. Arteriosclerosis, thrombosis, and vascular biology 2002; 22: 1194-1199.

88.  Yadav A, Betts MR, Collman RG. Statin modulation of monocyte phenotype and function: implications for HIV-

1-associated neurocognitive disorders. Journal of neurovirology 2016; 22: 584-596.

89.  Han KH, Ryu J, Hong KH, Ko J, Pak YK, Kim J-B, et al. HMG-CoA reductase inhibition reduces monocyte CC 

chemokine receptor 2 expression and monocyte chemoattractant protein-1–mediated monocyte recruitment 

in vivo. Circulation 2005; 111: 1439-1447.

90.  Shioi A, Ikari Y. Plaque calcification during atherosclerosis progression and regression. Journal of atherosclerosis 

and thrombosis 2017: RV17020.

91.  Stroes ES, Thompson PD, Corsini A, Vladutiu GD, Raal FJ, Ray KK, et al. Statin-associated muscle symptoms: 

impact on statin therapy—European Atherosclerosis Society consensus panel statement on assessment, 

aetiology and management. European heart journal 2015; 36: 1012-1022.

92.  Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, et al. The secretory proprotein 

convertase neural apoptosis-regulated convertase 1 (NARC-1): liver regeneration and neuronal differentiation. 

Proceedings of the National Academy of Sciences 2003; 100: 928-933.



INTRODUCTION AND THESIS OUTLINE

29

1
93.  Soutar AK. Unexpected roles for PCSK9 in lipid metabolism. Current opinion in lipidology 2011; 22: 192-196.

94.  Canuel M, Sun X, Asselin M-C, Paramithiotis E, Prat A, Seidah NG. Proprotein convertase subtilisin/kexin type 9 

(PCSK9) can mediate degradation of the low density lipoprotein receptor-related protein 1 (LRP-1). PloS one 

2013; 8: e64145.

95.  Poirier S, Mayer G, Benjannet S, Bergeron E, Marcinkiewicz J, Nassoury N, et al. The proprotein convertase PCSK9 

induces the degradation of low density lipoprotein receptor (LDLR) and its closest family members VLDLR and 

ApoER2. Journal of Biological Chemistry 2008; 283: 2363-2372.

96.  Demers A, Samami S, Lauzier B, Des Rosiers C, Sock ETN, Ong H, et al. PCSK9 induces CD36 degradation 

and affects long-chain fatty acid uptake and triglyceride metabolism in adipocytes and in mouse liver. 

Arteriosclerosis, thrombosis, and vascular biology 2015; 35: 2517-2525.

97.  Ferri N, Tibolla G, Pirillo A, Cipollone F, Mezzetti A, Pacia S, et al. Proprotein convertase subtilisin kexin type 9 

(PCSK9) secreted by cultured smooth muscle cells reduces macrophages LDLR levels. Atherosclerosis 2012; 

220: 381-386.

98.  Li J, Liang X, Wang Y, Xu Z, Li G. Investigation of highly expressed PCSK9 in atherosclerotic plaques and ox-LDL-

induced endothelial cell apoptosis. Molecular medicine reports 2017; 16: 1817-1825.

99.  Giunzioni I, Tavori H, Covarrubias R, Major AS, Ding L, Zhang Y, et al. Local effects of human PCSK9 on the 

atherosclerotic lesion. The Journal of pathology 2016; 238: 52-62.

100.  Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, Averna M, et al. Efficacy and safety of alirocumab in 

reducing lipids and cardiovascular events. New England Journal of Medicine 2015; 372: 1489-1499.

101.  Kühnast S, van der Hoorn JW, Pieterman EJ, van den Hoek AM, Sasiela WJ, Gusarova V, et al. Alirocumab inhibits 

atherosclerosis, improves the plaque morphology, and enhances the effects of a statin [S]. Journal of lipid 

research 2014; 55: 2103-2112.

102.  Pouwer MG, Pieterman EJ, Worms N, Keijzer N, Jukema JW, Gromada J, et al. Alirocumab, evinacumab, and 

atorvastatin triple therapy regresses plaque lesions and improves lesion composition in mice [S]. Journal of lipid 

research 2020; 61: 365-375.

103.  Szarek M, White HD, Schwartz GG, Alings M, Bhatt DL, Bittner VA, et al. Alirocumab reduces total nonfatal 

cardiovascular and fatal events: the ODYSSEY OUTCOMES trial. Journal of the American College of Cardiology 

2019; 73: 387-396.

104.  Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, et al. Alirocumab and cardiovascular outcomes 

after acute coronary syndrome. New England Journal of Medicine 2018; 379: 2097-2107.

105.  Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, et al. Evolocumab and clinical 

outcomes in patients with cardiovascular disease. New England Journal of Medicine 2017; 376: 1713-1722.

106.  Nicholls SJ, Kataoka Y, Nissen SE, Prati F, Windecker S, Puri R, et al. Effect of Evolocumab on Coronary Plaque 

Phenotype and Burden in Statin-Treated Patients Following Myocardial Infarction. JACC: Cardiovascular 

Imaging 2022.

107. T ang Z-H, Peng J, Ren Z, Yang J, Li T-T, Li T-H, et al. New role of PCSK9 in atherosclerotic inflammation promotion 

involving the TLR4/NF-κB pathway. Atherosclerosis 2017; 262: 113-122.



CHAPTER 1

30

108.  Dwivedi DJ, Grin PM, Khan M, Prat A, Zhou J, Fox-Robichaud AE, et al. Differential expression of PCSK9 modulates 

infection, inflammation, and coagulation in a murine model of sepsis. Shock: Injury, Inflammation, and Sepsis: 

Laboratory and Clinical Approaches 2016; 46: 672-680.

109.  Tang Z, Jiang L, Peng J, Ren Z, Wei D, Wu C, et al. PCSK9 siRNA suppresses the inflammatory response induced by 

oxLDL through inhibition of NF-κB activation in THP-1-derived macrophages. International journal of molecular 

medicine 2012; 30: 931-938.

110.  Ricci C, Ruscica M, Camera M, Rossetti L, Macchi C, Colciago A, et al. PCSK9 induces a pro-inflammatory response 

in macrophages. Scientific reports 2018; 8: 1-10.

111 . Abuelezz SA, Hendawy N. HMGB1/RAGE/TLR4 axis and glutamate as novel targets for PCSK9 inhibitor in high 

fat cholesterol diet induced cognitive impairment and amyloidosis. Life Sciences 2021; 273: 119310.

112.  Marques P, Domingo E, Rubio A, Martinez-Hervás S, Ascaso JF, Piqueras L, et al. Beneficial effects of PCSK9 

inhibition with alirocumab in familial hypercholesterolemia involve modulation of new immune players. 

Biomedicine & Pharmacotherapy 2022; 145: 112460.

113.  Kosmas CE, Pantou D, Sourlas A, Papakonstantinou EJ, Uceta RE, Guzman E. New and emerging lipid-modifying 

drugs to lower LDL cholesterol. Drugs in Context 2021; 10.

114.  Geladari E, Tsamadia P, Vallianou NG. ANGPTL3 Inhibitors―Their Role in Cardiovascular Disease Through 

Regulation of Lipid Metabolism―. Circulation Journal 2019; 83: 267-273.

115.  Gaudet D, Karwatowska-Prokopczuk E, Baum SJ, Hurh E, Kingsbury J, Bartlett VJ, et al. Vupanorsen, an 

N-acetyl galactosamine-conjugated antisense drug to ANGPTL3 mRNA, lowers triglycerides and atherogenic 

lipoproteins in patients with diabetes, hepatic steatosis, and hypertriglyceridaemia. European heart journal 

2020; 41: 3936-3945.



INTRODUCTION AND THESIS OUTLINE

31

1





CHAPTER 2
PCSK9 deficiency reduces synovial  

inflammation in Western-type diet-fed  
mice but does not affect end-stage 

pathology during experimental  
osteoarthritis 

Yvonne van Gemert1, Nik N.L. Kruisbergen1, Arjen B. Blom1,  

Birgitte Walgreen1, Annet Sloetjes1, Monique Helsen1, Peter M. van der Kraan1,  

Peter L.E.M. van Lent1, Martijn H.J. van den Bosch1.

1 Experimental Rheumatology, Radboud university  

medical center, Nijmegen, the Netherlands



CHAPTER 2

34

ABSTRACT

Introduction

The association between metabolic syndrome (MetS) and osteoarthritis (OA) development has become 

increasingly recognized. The presentation with high cholesterol levels is a hallmark of MetS. However, 

studies have shown contradictory results and the exact role of cholesterol and cholesterol-lowering 

therapies in OA development are currently under debate. Recently, monoclonal antibodies against 

proprotein convertase subtilisin/kexin 9 (PCSK9) have been developed. PCSK9 is one of the key proteins 

involved in cholesterol homeostasis and Pcsk9-/- mice have reduced systemic cholesterol levels. Here 

we used Pcsk9-/- mice to study the effects of PCSK9 deficiency in post-traumatic OA development in 

dyslipidemic mice. 

Materials and Methods

In this study, female PCSK9-/- and WT mice were fed either regular chow or a cholesterol-supplemented 

Western-type diet (WTD). Collagenase-induced OA (CiOA) was induced 4 weeks after the start of the 

diet. We determined the effects of dietary cholesterol and PCSK9 deficiency on monocyte subsets using 

flow cytometry and synovial inflammation using histology during early-stage disease. We quantified 

cartilage degradation and osteophyte formation in histological sections at end point. 

Results

5 weeks of WTD feeding significantly increased systemic cholesterol levels in both WT and Pcsk9-/- mice 

(TC: 53.1%, 66.3%, respectively). PCSK9 deficiency resulted in reduced cholesterol levels in both chow and 

WTD-fed mice (47.8%, -26.4%, respectively). Pcsk9-/- mice showed a reduction in synovial inflammation 

when only fed a cholesterol-supplemented WTD. We did not observe any differences caused by the diet 

or the genotype on cartilage degeneration nor ectopic bone formation at end-stage disease.

Conclusion

This study shows that PCSK9 deficiency reduces synovial inflammation in WTD-fed mice during 

collagenase-induced OA, but this is not sufficient to affect end stage pathology. 
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INTRODUCTION

Osteoarthritis (OA) is the most common joint disease worldwide and is characterized by joint pain and 

stiffness. Currently, no disease-modifying treatments are available and treatment is mostly focused on 

relieving symptoms and prevention of the disease.. OA is a highly heterogeneous disease and several risk 

factors are associated with disease development which include ageing, obesity, injury and metabolic 

syndrome (MetS)1-3. MetS is characterised by multiple metabolic phenotypes, including obesity, high 

glucose levels, hypertension and dyslipidaemia. Dyslipidaemia has been described as a separate risk 

factor for OA development3-5. Studies have shown that mice fed a cholesterol-supplemented diet 

showed increased spontaneous OA development compared to chow-fed controls6. Others showed that 

high cholesterol levels increased joint destruction in several induced OA animal models as well7, 8. In 

previous studies in our lab we have observed that increased systemic cholesterol levels exacerbates 

synovial activation and ectopic bone formation during experimental collagenase-induced OA9-11. Hence, 

cholesterol-lowering could be beneficial for a subgroup of OA patients with metabolic disease. 

Statins are a class of cholesterol-lowering drugs that are frequently prescribed to lower systemic 

cholesterol levels. Use of statins was associated with a reduced incidence and progression of OA12, 13. 

Not all studies, however, demonstrated a protective effect of statin use on OA development and further 

investigation into the role of cholesterol-lowering drugs in OA is warranted14, 15. Recently, monoclonal 

antibodies against proprotein convertase subtilisin/kexin 9 (PCSK9), one of the key proteins involved in 

cholesterol homeostasis, were developed. PCSK9 targets the low-density lipoprotein receptor (LDLR) for 

lysosomal degradation and thereby decreases recycling of the LDLR back to the membrane. Reduced 

LDLR expression leads to a reduced uptake of cholesterol from the circulation by hepatocytes which 

subsequently results in increased levels of systemic cholesterol levels. Pharmacological inhibition 

of PCSK9 can reduce systemic cholesterol levels up to 60% in both humans and mice16, 17. The PCSK9 

antibody alirocumab was shown to further reduce cardiovascular events in patients with cardiovascular 

disease and hypercholesterolemia on top of statin treatment18-20. Moreover, statin therapy combined 

with PCSK9 inhibition resulted in stabilization and regression of atherosclerotic plaques in both humans 

and mice21, 22. The use of combined cholesterol-lowering therapies as a treatment for OA could be more 

efficient compared to statin therapy only, as was shown in cardiovascular disease.

Pcsk9-/- mice have reduced systemic cholesterol levels and can be used to study the effects of diet and 

cholesterol on disease development23. In this study, Pcsk9-/- mice were fed either regular chow or a 

cholesterol-supplemented Western-type diet (WTD) to study the effects of PCSK9 deficiency in post-

traumatic OA development. We determined the effects of dietary cholesterol and PCSK9 deficiency on 

cartilage degradation, osteophyte formation and synovial inflammation.
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MATERIALS AND METHODS

Animals and experimental OA model

Pcsk9-/- (JAX 005993) mice23 and B6129SF2/J control mice (JAX #101045) were obtained from the Jackson 

Laboratory. Mice were backcrossed with B6129SF2/J mice and wild type (WT) littermates were used as a 

control. Mice were housed with 6 animals in regular cages and received food and water ad libitum. Male 

and female mice (n=15 mice per group) were switched to a WTD (15% cacao butter, 40.5% sucrose, +1% 

cholesterol) or remained on regular maintenance chow at eight and nine weeks old. Mice were weighed 

regularly to monitor response to the diet. Four weeks after the start of the diet, experimental OA was 

induced via intra-articular injections of bacterial collagenase (1 unit) into the right knee joint on day 0 

and day 2 of the experiment. On day 7 and day 42, mice were sacrificed (Figure 1A). Due to the high 

number of dislocations in the male mice we focused on the results in female mice in this chapter. Knee 

joints were collected for histological analysis and synovial explants were collected to produce washouts. 

Serum samples were collected for analysis of cholesterol and triglyceride levels and S100A8/A9 protein 

measurements. Bone marrow (BM) and blood were used for flow cytometry analysis. All animal studies 

were approved by the local ethics committees of the Radboud university medical center (Nijmegen, the 

Netherlands) and were performed according to the related codes of practice. 

Histological processing and analysis

Murine knee joints were fixed in 4% paraformaldehyde and decalcified using formic acid. Subsequently, 

joints were embedded in paraffin and cut in 7µm coronal sections. Sections were stained using 

Safranin-O/Fast Green (SafO) or Haematoxylin/Eosin (H&E) for histological analysis. Cartilage damage 

was quantified in SafO stained sections using a more detailed version of the OARSI scoring system 

adapted for mice, as described previously (0 = no damage, 30 = maximal damage)24, 25. Five sections taken 

from different depths within the joint were scored and averaged per joint in a blinded fashion. Ectopic 

bone formation and maturation were scored at multiple locations in both the medial and the lateral 

side of the joint26, the locations scored are represented in Supplementary Figure 6A. Osteophyte 

size was determined in three locations with a high prevalence of ectopic bone formation in all groups. 

Ectopic bone formation was quantified using the Leica Application Suite image analysis software (Leica 

Microsystems); three sections per joint were averaged26. Synovial inflammation was scored arbitrarily 

using H&E stained sections and averaged for three sections per joint with a scoring range from 0-3 (0 

= no inflammation, 1 = mild inflammation, 2 = moderate inflammation; 3 = severe inflammation). All 

histological analyses were performed in a blinded fashion.

Flow cytometry analysis

Blood was collected in PBS containing 5 mM EDTA and kept at 4 ˚C. Erythrocytes were lysed using red 

blood cell lysis buffer (155 mM NH4Cl / 12 mM KHCO3 / 0.1 mM EDTA pH 7.3) at 4˚C before antibody 

staining. For flow cytometry analysis of bone marrow cells, the left femurs of the mice were crushed and 

cells were passed through a cell strainer and centrifuged. After red blood cell lysis, cells were washed 
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and resuspended in FACS buffer (PBS containing 0.5% BSA and 2 mM EDTA). For flow cytometry analysis, 

the following antibodies were used. CD3-fluorescein isothiocyanate (FITC) (1:200, clone: RA3-6B2, 

Biolegend), B220-FITC (1:200, clone: 145-2C11, Biolegend), CD49b-FITC (1:100, clone: DX5, Biolegend), 

Ter119-FITC (1:400, clone: TER-119, Biolegend), CD45-phycoerythrin (PE) (1:200, clone: 30-F11, Biolegend) 

CD11b-Allophycocyanin (APC) (1:800, clone: M1/70, Biolegend), Ly6G-AlexaFluor700 (1:400, clone 1A8, 

Biolegend), Ly6C-Brilliant Violet 421 (1:200, clone: HK1.4, Biolegend) and Fixable Viability Dye eFluor780 

(1:10.000, eBioscience). Cells were incubated with Fc-blocking antibody at 4˚C (BD Pharmingen anti-

mouse CD16/CD3, clone: 2.4G2, BD Biosciences), washed and stained with antibody mixtures for 30 

minutes at 4˚C. Cells were washed with PBS before staining with viability dye. Cells were fixed in 1% 

paraformaldehyde before flow cytometry measurements. Data was acquired using the Gallios flow 

cytometer (Beckman Coulter Life Sciences) and analysed using Kaluza Analysis Software (Beckman 

Coulter Life Sciences). Classical monocytes were defined as CD11bhigh (B220/CD3/CD49b/Ter119)
negLy6GlowLy6Cpos and further subdivided into pro-inflammatory Ly6Chigh and anti-inflammatory Ly6Clow 

monocytes. Fluorescence minus one and single stains were used as staining controls. 

Synovial wash-outs and S100A8/A9 measurements

Synovium was collected from knee joints seven days after the first injection of intra-articular collagenase. 

Synovium was placed in RPMI medium supplemented with penicillin-streptomycin and 0.1% bovine 

serum albumin (BSA) for approximately 1 hour at room temperature and weighed afterwards to correct 

the protein concentrations for weight of the synovial explant. S100A8/A9 complexes were measured 

in the wash-outs or serum of mice using sandwich enzyme-linked immunosorbent assay (ELISA) as 

described previously27. 

Quantitative real-time polymerase chain reaction

Blood and bone marrow cells were collected for RNA analysis. Gene expression levels were determined 

using qPCR with specific primers and the SYBR Green Master Mix using the StepOnePlus RT-PCR 

System (Thermo Fisher Scientific). Expression levels are presented as −ΔCt, which is calculated by 

correcting for the household gene GAPDH. The following primer sequences were used: mGapdh: 

gcaaattcaacggcaca (forward), gttagtggggtctcgctcctg (reverse); mS100a8: tgtcctcagtttgtgcagaatataaat 

(forward), tttatcaccatcgcaaggaactc (reverse); mS100a9: ggcaaaggctgtgggaagt (forward),  

ccattgagtaagccattcccttta (reverse); mTnfα: cagaccctcacactcagatcatct (forward), cctccacttggtggtttgcta 

(reverse); mIl-1β: ggacagaatatcaaccaacaagtgata (forward), gtgtgccgtctttcattacacag (reverse); mIl-10: 

atttgaattccctgggtgagaa (forward), acaccttggtcttggagcttattaa (reverse); mMcp-1: ttggctcagccagatgca 

(forward), cctactcattgggatcatcttgct (reverse).

Statistical analysis

Statistical differences between groups were analysed using two-way analysis of variance (ANOVA) 

including a test for an interaction between the diet and the genotype of the mice. All statistical analyses 
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were performed using GraphPad Prism 9 (GraphPad software). P-values below 0.05 were considered 

significant. Data are depicted as mean ± 95% confidence interval (CI).

RESULTS

PCSK9 deficiency reduces systemic cholesterol levels in chow and WTD-fed mice 

First, we determined the effect of PCSK9 deficiency on systemic cholesterol levels in both chow and 

WTD-fed mice.  5 weeks of WTD feeding significantly increased systemic cholesterol levels in both WT 

and Pcsk9-/- mice (TC: 53.1%, 66.3% increase, respectively), while triglyceride (TG) levels were decreased 

(-38.4%; -78.2%, respectively) (Figure 1C,D). 5 weeks after the start of the diet (D7 of CiOA), we observed 

a reduction in total cholesterol (TC) in Pcsk9-/- mice compared to WT mice on both a chow and a 

cholesterol-supplemented WTD. We observed that LDL-C levels were reduced in WTD-fed mice (chow 

TC; -47.8%, LDL-C: undetectable; WTD: TC: -26.4%, LDL-C:-31.7%, respectively) (Figure 1C). 10 weeks after 

the start of the diet (D42 of CiOA), total cholesterol levels were reduced in Pcsk9-/- mice compared to 

WT mice, although the difference between both genotypes was less pronounced compared to day 7 

(Chow: TC: -49.0%; WTD: TC: -17.0%) (Figure 1E, F). Whereas LDL-C could not be detected in the chow-

fed mice, levels did not differ significantly between both genotypes in the WTD-fed mice (WTD: LDL-C: 

-12.2%).  Weight gain was monitored regularly throughout the study. All mice gained weight during the 

study, it was observed that WTD-fed Pcsk9-/- mice gained less weight compared to the other groups in 

the study (Figure 1B).

PCSK9 deficient mice show increased Ly6Chigh monocytes in bone marrow and decreased 

ly6Clow monocytes in the circulation

As it was shown that high cholesterol levels can lead to monocytosis, we investigated the effect of WTD 

feeding and PCSK9 deficiency on different subsets of monocytes in the bone marrow and blood. Flow 

cytometry analysis showed that WTD feeding did not significantly alter various monocyte subsets in 

bone marrow as compared to a chow diet. In the blood, we did observe a significant increase in Ly6Chigh 

monocytes of mice fed a cholesterol-supplemented WTD compared to chow fed controls (WT: 25.6%; 

Pcsk9-/--: 49.6%) (Figure 2A-F). Pcsk9-/- mice showed a significant increase in total monocytes and pro-

inflammatory Ly6Chigh monocytes in bone marrow compared to WT mice (Chow: 19.2%; WTD: 16.9%, P 

= 0.01), while no differences were observed for Ly6Clow monocytes. The total amount of monocytes in 

the blood was increased in Pcsk9-/- mice compared to WT controls (Chow: 11.8%; WTD: 66.7%, P = 0.02). 

In contrast to the observations in the bone marrow, we found a significant increase in the more anti-

inflammatory Ly6Clow monocytes in blood of Pcsk9-/- mice compared to WT mice (Chow: 15.5%; WTD: 

44.6%, P = 0.006) (Figure 2A-F). We additionally determined gene expression of several inflammatory 

mediators in bone marrow cells isolated from femurs. Here, we detected a significant interaction 

between the genotype and the diet for S100A8 (P = 0.0008) and IL-1β ( P= 0.0001) gene expression 

levels. WTD feeding resulted in an increase of S100A8 and IL-1β gene expression in WT mice. In contrast, 
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gene expression of S100A8 and IL-1β were decreased in Pcsk9-/- mice. WTD feeding decreased gene 

expression of IL-10 while PCSK9 deficient mice showed an increase of expression levels of TNFα and 

MCP-1 and decreased expression of IL-10 (Figure 3A-F).

Figure 1. PCSK9 deficiency reduces serum lipid levels in mice fed either a chow or cholesterol-supplemented 
WTD.

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the 

start of the diet, CiOA was induced via intra-articular injections in the right knee joint. Mice were sacrificed 7 or 42 

days after the induction of CiOA. (A) Schematic overview of the study and the experimental groups. (B) Weight of 

the mice was monitored throughout the study. No significant differences were observed between all groups. (C, D) 
Serum lipid levels were determined 7 days after the induction of CiOA. WTD feeding significantly increased systemic 

cholesterol levels in both genotypes, while triglyceride levels were decreased. PCSK9 deficiency resulted in reduced 

lipid levels in both chow and WTD-fed mice compared to WT mice. (E, F) Serum lipid levels were determined 42 

days after the induction of CiOA. WTD feeding significantly increased systemic lipid levels in both genotypes. PCSK9 

deficiency resulted in a significant reduction of total cholesterol and HDL-C levels, LDL-C levels were not significantly 

reduced compared to WT mice. 
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Figure 2. PCSK9 deficiency and WTD feeding alter systemic monocyte subsets in blood and bone 
marrow.

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the 

start of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 7 days after 

the induction of CiOA and bone marrow and blood were collected for flow cytometry analysis. (A) PCSK9 deficiency 

increases total monocytes in bone marrow. (B) PCSK9 deficiency significantly increases Ly6Chigh cells in bone marrow, 

while (C) Ly6Clow cells were not affected by PCSK9 deficiency or WTD feeding. (D) PCSK9 deficiency increases 

monocytes in blood compared to WT mice. (E) WTD-feeding deficiency significantly increases circulating Ly6Chigh 

cells in blood, while (F) Ly6Clow cells are significanty decreased in PCSK9 deficient mice. (G) Two-way anova results of 

monocyte subsets in bone marrow. (F) Two-way anova results of monocyte subsets in blood. Results are expressed as 

individual data points with mean ± 95% confidence intervals.
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Figure 3. PCSK9 deficiency and WTD feeding alter gene expression of inflammatory cytokines in bone 
marrow of mice.

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the 

start of the diet, CiOA was induced via intra-articular injections in the knee joint. Bone marrow was isolated from 

femur 7 days after the induction of CiOA. (A) A significant interaction between diet and genotype was observed for 

expression of S100A8 in bone marrow cells. (B) PCSK9 deficient mice showed a significantly reduced expression of 

S100A9 in bone marrow cells. (C) PCSK9 deficient mice showed a significant increase in expression levels of TNFα in 

bone marrow cells. (D) A significant interaction between diet and genotype was observed for expression of IL-1β in 

bone marrow cells. (E) Both WTD feeding and PCSK9 deficiency significantly decreased gene expression of IL-10. (F) 

PCSK9 deficient mice showed a significant increase in expression levels of MCP-1 in bone marrow cells. Results are 

expressed as individual data points with mean ± 95% confidence intervals.
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PCSK9-/- mice show reduced synovial inflammation when fed a cholesterol-supplemented 

WTD

We next determined if the inflammatory state of the synovium was altered by WTD feeding or PCSK9 

deficiency 7 days after the induction of CiOA. Here, we observed a significant interaction between the 

genotype and the diet (P = 0.03) (Figure 4A, D). Synovial inflammation was reduced in PCSK9 deficient 

mice compared to WT mice when fed a WTD. Unexpectedly, we did not observe similar effects in mice 

fed a regular chow diet (Chow: +1.8% WTD: -53.7%, P = 0.04). To investigate the inflammatory state 

of the synovium in more detail we determined protein levels of the alarmin S100A8/A9, a marker for 

activated macrophages, in washouts of synovial explants. Here, we did not observe an effect of both the 

diet or PCSK9 deficiency on the amount of S100A8/A9 protein produced by synovial tissue (Figure 4B). 

Additionally, we measured S100A8/A9 levels in serum of mice, where we found a significant reduction 

of S100A8/A9 protein levels as a result of both the WTD (P = 0.05) and PCSK9 deficiency (P = 0.04). No 

statistically significant interaction was observed between the diet and genotype (P = 0.06) (Figure 4C). 

Figure 4. PCSK9-/- mice fed a cholesterol-supplemented WTD show decreased synovial inflammation. 

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the 

start of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 7 days after the 

induction of CiOA. (A) A significant interaction between diet and genotype was observed in synovial inflammation, 

showing a reduction in synovial inflammation in PCSK9-/- mice fed a cholesterol-supplemented WTD. (B) Protein 

levels of the alarmin S100A8/A9 were determined in washouts of synovial explants. No significant differences were 

observed between all groups. (C) Protein levels of S100A8/A9 were determined in serum of mice. We observed a 

significant reduction in serum levels by both WTD-feeding and PCSK9 deficiency, while no significant interaction 

was observed. (D) Representative pictures of synovial inflammation in H&E stained sections. Results are expressed as 

individual data points with mean ± 95% confidence intervals. 
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Figure 5. WTD-feeding and PCSK9 deficiency do not affect cartilage damage 42 days after the induction 
of collagenase-induced OA.

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the start 

of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 42 days after the 

induction of CiOA. (A) OA pathology was determined in SafO stained sections. WTD feeding or PCSK9 deficiency did 

not result in statistical differences in OA pathology. (B-D) OA scores are shown for each cartilage surface scored. (F) 
Representative pictures of cartilage damage 42 days after the induction of CiOA on the medial side of the joint. LT= 

lateral tibia, LF= lateral femur, MT= medial tibia, MF= medial femur. Results are expressed as individual data points with 

mean ± 95% confidence intervals.

PCSK9 deficiency does not reduce end stage OA pathology in chow and WTD-fed mice

We next determined if WTD feeding or PCSK9 deficiency affected OA pathology at end stage CiOA. 

We determined cartilage degeneration at end point in SafO stained sections. No effects of the WTD 

was observed in both WT and Pcsk9-/-  mice compared to chow controls. Also PCSK9 deficiency did 

not affect cartilage degeneration in neither chow- nor WTD-fed mice (Figure 5A-E). Additionally, we 

determined the effect of WTD feeding and PCSK9 deficiency on ectopic bone. Ectopic bone formation 

was determined throughout the joint, no differences were observed in the prevalence of ectopic 
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bone formation caused by either the diet or genotype of the mice (Figure 6). We next determined 

the maturation stage and the size of ectopic bone formation in locations where we observed a high 

prevalence of ectopic bone formation. The size of ectopic bone formation was scored at three different 

locations in the joint. Here, we did not observe changes in size of ectopic bone caused by both WTD 

feeding or PCSK9 deficiency (Figure 7A-C). Osteophyte maturation remained similar between groups 

at (Figure 8). 

Figure 6. Incidence of ectopic bone formation at several locations in the joint.

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the start 

of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 42 days after the 

induction of CiOA. (A) Ectopic bone formation was determined at several locations in the joint on both the lateral 

and the medial side as described previously120.  (B,C) We observed a high prevelance of ectopic bone formation in all 

groups on both the medial and lateral side of the joint.
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Figure 7. WTD-feeding and PCSK9 deficiency do not affect affect ectopic bone formation at end-stage 
collagenase-induced OA

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the start 

of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 42 days after the 

induction of CiOA. Ectopic bone formation was determined by tracing the ectopic bone margins. PCSK9 deficiency or 

WTD feeding did not affect the size of ectopic bone formation at the (A) MCL, (B) enthesophytes or the joint margin 

of the (C) medial tibia. Results are expressed as individual data points with mean ± 95% confidence intervals.
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Figure 8. No difference in the maturation stage of ectopic bone formation at several locations in the 
joint.

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the start 

of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 42 days after the 

induction of CiOA. Osteophyte maturation was determined at several joint locations on the medial and lateral side of 

the joint. No differences were observed between groups at several locations in the joint.
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DISCUSSION

Although a clear link between metabolic syndrome and OA development has been established, the 

exact role of cholesterol and cholesterol-lowering treatments on OA development remains to be 

elucidated. Statins are often prescribed to reduce systemic cholesterol levels, but the effects of statins 

on OA development have remained inconclusive. Recently, novel cholesterol-lowering drugs that target 

PCSK9, one of the key proteins in cholesterol homeostasis, have been developed. Pcsk9-/-  mice have 

reduced plasma LDL-C levels via an increased hepatic LDLR expression, resulting in increased clearance 

of LDL-C23. In this study, we show that synovial inflammation was reduced in WTD-fed Pcsk9-/-  mice. 

However PCSK9 deficiency in combination with WTD feeding did not result in differences in pathology 

at end-stage collagenase-induced OA. 

High cholesterol levels have been associated with increased incidence and progression of OA 

development3-5. Hence, it was thought that cholesterol-lowering therapies could be a possible treatment 

for diet-induced OA development. Statins are often prescribed to reduce systemic cholesterol levels and 

several clinical studies have shown that statins reduced the progression of knee OA and reduced pain in 

OA patients12, 13. Also in animal models, multiple studies showed that statin treatment could ameliorate 

diet-induced OA pathology6, 7. However, others have reported results that contradict these findings and 

observed no beneficial effects of statins in both clinical and pre-clinical studies14, 15, 28. The antibodies 

alirocumab and evolocumab are newly developed cholesterol-lowering drugs which target PCSK9, one 

of the key proteins involved in cholesterol-homeostasis. PCSK9 targets the LDL-receptor for lysosomal 

degradation, thereby decreasing its membrane expression and the ability to clear cholesterol from the 

circulation. Additionally, PCSK9 was shown to promote degradation of several other receptors involved 

in lipid uptake, such as the very low-density lipoprotein receptor (VLDLR), LDLR-related protein-1 (LRP-

1), ApoER, and CD3629-31. PCSK9 antibodies have been shown to be very effective cholesterol-lowering 

drugs in both humans and mice and reduce LDL-C levels up to 50-60%16, 17, 22. The PCSK9 antibody 

alirocumab was shown to further reduce cardiovascular events in patients with cardiovascular disease 

on top of statin treatment18-20. Moreover, statin therapy combined with PCSK9 inhibition resulted in 

stabilization and regression of atherosclerotic plaques in mice21, 22. The use of combined cholesterol-

lowering therapies as a treatment for OA could be more efficient compared to statin therapy only, as 

was shown in cardiovascular disease.

Pcsk9-/- mice have reduced plasma LDL-C levels via an increased hepatic LDLR expression and have mainly 

been used to study the effects of PCSK9 deficiency on atherosclerosis development, as high cholesterol 

is one of the main risk factors for the development of cardiovascular disease. Pcsk9-/- mice fed a WTD 

were shown to be protected from atherosclerosis development via a reduction of systemic LDL-C32. 

Absence or overexpression of PCSK9 in mice with an LDLR-deficient background showed no effects on 

systemic cholesterol levels and atherosclerosis development, confirming that the cholesterol-lowering 

effect is indeed mainly LDLR-dependent32. In our study, PCSK9 deficiency resulted in reduced systemic 
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cholesterol levels in mice fed a chow or cholesterol-supplemented WTD. The cholesterol-lowering effect 

of PCSK9 deficiency was most effective in mice fed a chow diet compared to WTD-fed mice. In addition, 

we observed that the cholesterol lowering effect of Pcsk9-/- mice was reduced after prolonged WTD 

feeding, specifically for LDL. Similar to females, male mice fed a chow diet showed a more efficient 

cholesterol-lowering effect of PCSK9 deficiency compared to WTD-fed mice (Figure 9). Some studies 

have observed a similar decrease in cholesterol-lowering efficacy in WTD-fed mice Pcsk9-/- mice33-35, while 

others did not confirm our findings32, 36, 37. Possibly, other pathways involved in cholesterol metabolism 

could become more important in Pcsk9-/- mice that are metabolically challenged, resulting in a lower 

cholesterol-lowering capacity compared to mice fed a chow diet. For instance, other pathways that 

regulate LDLR expression, such as the inducible degrader of LDLR (IDOL)38, or pathways involved in 

cholesterol efflux could become more active and act as a compensatory mechanism in mice lacking 

the PCSK9 gene. In addition, studies have shown that the composition of the diet could drastically alter 

the effects on circulating lipids. Desmarcheller et al. observed that mice which were fed a cholesterol-

supplemented WTD exhibit major adaptive changes in cholesterol and phospholipid metabolism in 

response to the increased cholesterol levels39. Use of PCSK9 inhibitors such as the antibody alirocumab 

or the small molecule inhibitor Inclisiran were shown to be very effective cholesterol-lowering drugs 

and should overcome these problems in future studies17, 19, 22, 40-42.

The lipoprotein metabolism of mice differs compared to human lipoprotein metabolism. Mice have 

high HDL levels and lower (V)LDL levels because they lack cholesteryl ester transfer protein  (CETP) 

which transports cholesterol esters from HDL to VLDL and LDL particles in exchange for triglycerides. 

This can explain why we mainly observed differences in total cholesterol levels instead of LDL-C in our 

study, as most of the cholesterol in mice is transported in HDL particles due to the absence of the 

CETP gene. Therefore, high dietary cholesterol is needed to increase LDL and VLDL particles in mice 

with a WT background. This could possibly explain why we observed little effect of the WTD on OA 

development in the current study. Using mice with a more translatable lipoprotein metabolism, such 

as ApoE3*Leiden.CETP mice, would increase the translatability of cholesterol-associated research on 

OA development43. ApoE*3Leiden and ApoE*3Leiden.CETP transgenic mice have a more humanized 

lipoprotein metabolism and they respond to lipid-lowering drugs such as statins or PCSK9-inhibitors 

in a human-like manner. Moreover, studies using PCSK9 inhibitors such as the monoclonal antibody 

alirocumab or the small molecule inhibitor Inclisiran are shown to be effective cholesterol-lowering 

strategies in mice and are more suitable for future studies aimed to investigate the effect of PCSK9 

inhibition on OA development17, 40, 42.

In contrast to previous experiments performed in dyslipidemic Apoe-/- and Ldlr-/- mice, a cholesterol-

supplemented WTD did not increase OA pathology during experimental collagenase-induced OA in 

WT or Pcsk9-/-- mice9, 11. Difference in the duration or the composition of the diet possibly explain these 

discrepancies. In previous experiments, mice were fed a cholesterol-supplemented WTD for 12 weeks 

before the induction of CiOA9, while in the current study mice were fed a WTD for 4 weeks before the 



THE ROLE OF PCSK9 DEFICIENCY DURING COLLAGENASE-INDUCED OA IN WTD-FED MICE

49

2

induction of CiOA. However, in another study, using a cholesterol-rich diet increased OA pathology 

in both WT and Apoe-/- after only 2 weeks of WTD feeding11. Apoe-/- and Ldlr-/- mice have much higher 

systemic cholesterol levels compared to WT mice when fed a (cholesterol-supplemented) WTD. Although 

in these previous studies mouse models were used that develop supraphysiological cholesterol levels, 

increased OA pathology such as ectopic bone formation and synovial activation was also observed in 

WT mice fed a cholesterol-supplemented WTD. 

Figure 9. Lipid profile of male PCSK9-/- and WT mice

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. (A) Serum lipid levels 

were determined 7 days after the induction of CiOA. WTD feeding significantly increased systemic cholesterol levels in 

both genotypes, while triglyceride levels were decreased. PCSK9 deficiency resulted in a reduction of total cholesterol 

(TC) levels in both chow and WTD-fed mice compared to WT mice. LDL-C levels were not reduced in PCSK9-/- mice. 

(B) Serum lipid levels were determined 42 days after the induction of CiOA. WTD feeding significantly increased 

systemic lipid levels in both genotypes. PCSK9 deficiency resulted in a significant reduction of total cholesterol (TC), 

LDL-C levels were not significantly reduced compared to WT mice. 
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In this study, we observed an interaction between diet and genotype on synovial inflammation. While 

synovial inflammation was reduced in WTD-fed Pcsk9-/- mice, Pcsk9-/- mice fed a regular chow diet had 

higher levels of synovial inflammation compared to WT mice, indicating that WTD feeding has a different 

effect on synovial inflammation in Pcsk9-/- mice compared to WT mice. Although synovial inflammation 

was reduced in Pcsk9-/- mice fed a cholesterol-supplemented WTD, this difference did not result in 

differences in end stage pathology such as cartilage damage or ectopic bone formation. In contrast to 

earlier experiments where CiOA was induced in dyslipidemic mice, WTD feeding by itself did not result 

in an increase in OA pathology. In several animal studies, a high-fat diet resulted in increased cartilage 

damage6, 7, 44. However, some studies have shown that a WTD increased macrophage infiltration45 and 

inflammation in the synovium, while no effects on cartilage damage were observed45, 46. The different 

outcomes of high cholesterol on OA development indicate that other mechanisms are likely involved in 

MetS-associated OA development as high cholesterol alone seems insufficient to induce joint pathology. 

Approximately half of OA patients show synovial inflammation47 and the role of joint inflammation in 

OA development has become increasingly recognised47, 48. In an inflammatory environment LDL is 

transformed into oxidised LDL (oxLDL) via reactive oxygen species (ROS) which are produced under 

the influence of inflammatory mediators. We have previously shown that mainly oxLDL, and not LDL, is 

responsible for the OA pathology associated with high systemic cholesterol in mice10. 

Besides playing a pivotal role in cholesterol homeostasis, PCSK9 is suggested to have a direct role in 

inflammation49. Several studies have shown that PCSK9 has a pro-inflammatory effect on macrophages, 

possibly via increased activation of the TLR4/NF-κB signalling pathway42, 49, 50. Therefore, deletion 

or inhibition of PCSK9 could have additional beneficial effects via modulation of the inflammatory 

response. We additionally determined monocyte subsets in bone marrow and blood and determined 

gene expression levels of inflammatory mediators in bone marrow cells, as it has been described that 

high cholesterol levels van lead to an increase of circulating monocytes. Consistent with previous 

experiments, a cholesterol-supplemented WTD increased circulating Ly6Chigh monocytes in the blood51. 

This confirms that increased levels of cholesterol can induce monocytosis and alter the inflammatory 

status of mice. Whereas Pcsk9-/- mice had increased pro-inflammatory Ly6Chigh monocytes in bone 

marrow, in the circulation we observed an increase in the more anti-inflammatory Ly6Clow monocytes 

compared to WT mice. These findings could explain why we observed decreased gene expression of the 

pro-inflammatory mediators S100A8, S100A9 and IL-1β in Pcsk9-/- mice fed a cholesterol-supplemented 

WTD. However, these changes in monocyte subsets and inflammatory mediators did not result in 

changes in end-stage pathology during CiOA.

This study has some limitations, such as the use of only female mice for our analyses. We originally 

performed the experiment in both female and male mice. However, male mice showed a high incidence 

of dislocations. Mice with dislocations are excluded from the analyses, since these mice  develop very 

severe OA pathology. This resulted in very small groups for the male mice, which does not allow for 

a decent statistical analysis. We did not observe differences between the groups for both early stage 
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synovial inflammation and late stage OA pathology such as cartilage damage or ectopic bone formation 

in male mice (Figure 10). Another limitation is the limited cholesterol-lowering efficacy of PCSK9 

deficiency in mice fed a cholesterol-supplemented WTD. Although the setup of this study allows us to 

study the role of the PCSK9 protein during OA development, the main function of PCSK9 is its role in 

cholesterol metabolism. Pharmacological inhibition of PCSK9 was shown to be very effective in mice fed 

a cholesterol-supplemented WTD and should overcome this problem in future studies17, 40.

Taken together, our study shows that whereas absence of PCSK9 resulted in a reduction of synovial 

inflammation when fed a WTD, this did not lead to a reduction in end-stage pathology. 

Figure 10. WTD-feeding and PCSK9 deficiency do not affect OA pathology in male mice after the 
induction of collagenase-induced OA

PCSK9-/- and WT mice were fed either a regular chow diet or a cholesterol-supplemented WTD. 4 weeks after the start 

of the diet, CiOA was induced via intra-articular injections in the knee joint. Mice were sacrificed 7 or 42 days after 

the induction of CiOA. (A) Synovial inflammation during early stage collagenase-OA did not show any significant 

differences between groups. (B) OA pathology was determined in SafO stained sections. WTD feeding or PCSK9 

deficiency did not result in statistical differences in OA pathology. OA scores represent an average of all cartilage 

surfucases that were scored. (C) The locations where ectopic bone formation was determined. (D) The prevalence of 

ectopic bone formation on the different joint locations showed similar results for all groups. 
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ABSTRACT

Objective

High systemic cholesterol levels have been associated with osteoarthritis (OA) development. Therefore, 

cholesterol lowering by statins has been suggested as a potential treatment for OA. We investigated 

whether therapeutic high-intensive cholesterol-lowering attenuated OA development in dyslipidemic 

APOE*3Leiden.CETP mice.

Methods

Female mice (n=13-16 per group) were fed a Western-type diet (WTD) for 38 weeks. After 13 weeks, mice 

were divided into a baseline group and 5 groups receiving WTD alone or with treatment: atorvastatin 

alone, combined with PCSK9 inhibitor alirocumab and/or ANGPTL3 inhibitor evinacumab. Knee joints 

were analysed for cartilage degradation, synovial inflammation and ectopic bone formation using 

histology. Aggrecanase activity in articular cartilage and synovial S100A8 expression were determined 

as markers of cartilage degradation/regeneration and inflammation. 

Results

Cartilage degradation and active repair were significantly increased in WTD-fed mice, but cholesterol-

lowering strategies did not ameliorate cartilage destruction. This was supported by comparable 

aggrecanase activity and S100A8 expression in all treatment groups. Ectopic bone formation was 

comparable between groups and independent of cholesterol levels. 

Conclusions

Intensive therapeutic cholesterol lowering per se did not attenuate progression of cartilage degradation 

in dyslipidemic APOE*3Leiden.CETP mice, with minor joint inflammation. We propose that inflammation 

is a key feature in the disease and therapeutic cholesterol-lowering strategies may still be promising for 

OA patients presenting both dyslipidemia and inflammation. 

key words: osteoarthritis (OA), cholesterol, mouse model, dyslipidemia, Western-type Diet
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INTRODUCTION 

Hypercholesterolemia, or increased systemic levels of low-density lipoprotein cholesterol (LDL-C), 

is a cardiometabolic risk factor associated with cardiovascular disease (CVD) and osteoarthritis (OA)1, 

2. Although pathophysiological grounds for a causal relationship between OA and CVD have not yet 

been established in humans, common cardiometabolic risk factors may indicate shared biochemical 

pathways. Still, epidemiological studies are divided over the relationship between both conditions. A 

recent meta-analysis found a significantly increased prevalence and risk of overall CVD in OA patients 

compared to non-OA controls3, while others did not observe this association4. Although some 

studies show that OA patients have significantly higher levels of low-density lipoprotein cholesterol 

(LDL-C)5, 6, the role of an impaired lipid metabolism in OA pathology remains unclear. Increased total 

cholesterol levels were recently associated with increased risk of generalized OA1, 7, while others found 

no association with LDL-C or total cholesterol8 and even describe protective effects of high-density 

lipoprotein cholesterol (HDL-C). Although cholesterol-lowering therapy effectively reduces the risk 

of CVD, the effects on OA development remain to be elucidated. Use of statins, a class of drugs that 

inhibits cholesterol synthesis and is often prescribed to lower systemic LDL-C levels, was associated with 

reduced incidence and progression of knee OA in some studies9, while not in others10, 11. Also in hand OA, 

often associated with inflammation, statin use did not affect disease incidence12. Recently, new therapies 

that lower LDL-C levels in CVD patients by different mechanisms as statins were introduced but have not 

yet been evaluated in patients with OA. These novel treatments include monoclonal antibodies against 

proprotein convertase subtilisin/kexin 9 (PCSK9), one of the key players  involved in clearance of LDL, 

which reduce LDL-C levels alone and on top of a statin  by up to 50-60% in humans13. And evinacumab, 

a monoclonal antibody directed against angiopoietin-like protein 3 (ANGPTL3), a circulating protein that 

inhibits the hydrolysis of triglycerides (TG) by lipoprotein lipase in TG-rich lipoproteins. Evinacumab was 

shown to decrease plasma triglycerides and LDL-C in humans by more than 70% and 25%, respectively14, 15. 

The efficacy of cholesterol-lowering treatments on OA incidence and progression can be evaluated in 

a more controlled manner in preclinical models. APOE*3Leiden.CETP mice are a translational model 

for human lipoprotein metabolism that responds to all registered lipid-lowering drugs in a human-

like manner14, 16-20. In APOE*3Leiden.CETP mice, both alirocumab and evinacumab administration 

successfully reduced cholesterol levels by 40-50%14, 21. We and others have demonstrated that 

cholesterol-supplemented Western-type diet (WTD) feeding aggravated OA features in the knee joint22-25. 

APOE*3Leiden.CETP mice showed increased spontaneous development of mild articular cartilage 

degradation on a cholesterol-rich WTD22, 25. High cholesterol levels provoked synovial activation and 

ectopic bone formation in an inflammatory collagenase-induced OA model23. Hypercholesterolemia 

was shown to trigger OA development through oxidative stress and chondrocyte apoptosis24. 

Atorvastatin treatment ameliorated OA outcome in these models22, 24. These observations indicate that 

high cholesterol levels may contribute to OA pathogenesis and that lowering of cholesterol levels may 

have a favourable effect on OA. 
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In a previous study we showed that alirocumab and  evinacumab—monoclonal antibodies against 

cholesterol-regulating PCSK9 and ANGPTL314 —, and atorvastatin triple therapy regresses atherosclerotic 

plaque lesions and improves lesion composition in APOE*3Leiden.CETP mice fed a cholesterol-

supplemented WTD26. In the present study we used knee joints from the latter study to evaluate the 

effects of high-intensive cholesterol lowering on cartilage degradation, ectopic bone formation and 

synovial inflammation. 

MATERIALS AND METHODS 

Animals

The experiment was carried out in female APOE*3Leiden.CETP transgenic mice on a C57BL/6 background 

(8-12 weeks of age), obtained from the in-house breeding colony (TNO Metabolic Health Research, 

Leiden, The Netherlands). The study was initially designed to investigate the effect of high intensive 

cholesterol-lowering triple therapy on regression of pre-existent atherosclerosis26. Female mice were 

used as they are more susceptible to cholesterol-containing diets by having higher plasma cholesterol 

and TG levels relative to males, and therefore develop more pronounced atherosclerotic lesions25, 27. 

The reason for the higher plasma cholesterol and TG levels is that estrogen increases VLDL production 

and testosterone increases the VLDL clearance rate27. Group size was calculated for atherosclerosis 

development using a power of 0.80. An expected variance of 23% (a standard deviation of 47%) in 

atherosclerosis, a minimal difference of 40%, and a two-sided t-test test with 95% confidence interval, 

resulted in 16 animals per group. Based on previous experiments, alirocumab does not cause auto-

antibody development in mice, while around 25–40% develop such a response after administration of 

evinacumab14. Therefore, additional mice were originally included in groups treated with evinacumab. All 

other groups had 16 mice per group at the beginning of the study. Mice that developed auto-antibodies 

were excluded from all analyses and a few mice died during the course of the study, resulting in 13–16 

mice per group for osteoarthritis evaluation. The experiment was approved by the institutional Animal 

Care and Use Committee of TNO and were in compliance with European Community specifications 

regarding the use of laboratory animals.

Diet and treatments

Metabolic OA was induced by switching the diet of the mice from standard chow to WTD with 0.30% 

cholesterol and 15% saturated fat. At t=13 weeks, mice were matched into 6 groups based on age, 

body weight, plasma total cholesterol (TC), plasma total triglycerides (TG) and cholesterol exposure 

(mmol/L*weeks) before the start of cholesterol-lowering treatment. Sixteen mice were sacrificed as the 

baseline control group and the other 5 groups continued to receive WTD alone or with treatment for 25 

weeks (Supplementary Figure 1). Treatments comprised atorvastatin (4-13 mg/kg/d; concentrations 

based on food intake), atorvastatin and alirocumab (10 mg/kg), atorvastatin and evinacumab (25 mg/

kg) or atorvastatin, alirocumab and evinacumab. Atorvastatin (mixed in the diet) and dietary cholesterol 
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concentrations were adapted during the study to reach the non-HDL-C lowering goal of 1 mM 

(Supplementary Figure 1). However, the increase in atorvastatin dose led to increases in TG levels in 

all groups (starting from week 16), and, therefore, we decided to lower the atorvastatin dose at week 24. 

Dietary cholesterol concentrations were decreased from 0.30% to 0.15% in week 24 for counterbalance. 

Lowering of dietary cholesterol resulted in TC levels of 11.5 mmol/l in control, which is a pro-atherogenic 

condition in APOE*3-Leiden.CETP mice26, 28. Alirocumab and evinacumab were administered by weekly 

subcutaneous injections. We refer to Pouwer et al26 for a more detailed description of experimental 

design, treatments and sample size calculations.  

Assessment of metabolic dysfunction

Plasma cholesterol levels were monitored throughout the study period. Peripheral blood (5 drops/animal) 

was drawn via tail incision using EDTA-coated tubes (Sarstedt) after 4h of food deprivation and by heart 

puncture at sacrifice. Total cholesterol levels were determined throughout the study with an enzymatic 

assay (Roche Diagnostics) according to manufacturer’s instructions and total cholesterol exposure was 

calculated as mmol/L*weeks. For lipoprotein profiles, pooled plasma of each group was fractionated 

using an Äkta FPLC system (Pharmacia) and analyzed for their cholesterol-containing fractions.

Histological analysis of OA development

In most induced models of osteoarthritis (e.g. the collagenase-induced osteoarthritis model), 

predominantly the medial compartment of the joint is affected. Here we studied spontaneous cartilage 

degeneration, which was relatively mild and mainly developed in the lateral joint compartment. Murine 

knee joints were fixed in formalin and decalcified using formic acid. Subsequently, the joints were 

embedded in paraffin and cut in 7µm sections. Sections were stained using Safranin-O/Fast Green and 

Hematoxylin/Eosin for histological analysis. Cartilage damage in the joint was quantified using a more 

detailed version of the OARSI scoring system, as described previously29, 30 (0 = no damage, 30 = maximal 

damage). Five sections were scored and averaged per joint after blinding. Osteophyte formation and 

maturation were determined using an arbitrary scoring system as described previously31. Ten different 

locations were scored for osteophyte formation and maturation on both the medial and lateral side of 

the joint. The total amount of osteophytes in the knee joints was determined throughout the whole 

joint. Synovial inflammation was scored using three sections per joint and a scoring range from 0-2 (0 

= no inflammation, 1 = mild inflammation, 2 = moderate inflammation; Supplementary Figure 2). 

Immunohistochemistry 

For immunohistochemical analysis, knee joint sections were deparaffinized and endogenous peroxidase 

blocking was performed using H2O2 in methanol. Antigen retrieval was performed in citrate buffer 

pH 6.0. Sections were stained with polyclonal antibodies against S100A8 (kindly provided by Thomas 

Vogl, Institute of Immunology, University of Muenster, German), NITEGE (kindly provided by John Mort, 

Shriners Hospital for Children, Montreal, Canada) or non-relevant rabbit IgG control (R&D systems). 

Biotinylated anti-rabbit IgG was used as a secondary antibody. Subsequently, sections were stained with 
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avidin-streptavidin-peroxidase (Elite kit, Vector Laboratories) and diaminobenzidine (Sigma-Aldrich) 

was used for visualization of peroxidase staining. Counterstaining was performed using haematoxylin 

(Merck). NITEGE staining as a marker of repair was determined using the Leica Application Suite (Leica 

Microsystems), three sections were scored and averaged per joint in the superficial non-calcified layer 

of articular cartilage. Positive staining area was corrected for the total area that was analyzed. NITEGE 

staining was determined in a blinded fashion.

Statistical analysis

We determined the statistical power of our study based on the main readout parameter, cartilage 

degradation. The mean differences between groups detectable with a power of 0.8 for each analysis was 

determined using 16 mice per group, a two sided t-test, a 95% confidence interval and the observed 

SD in the WTD control group, which is 1.9 for our main read-out parameter cartilage degeneration. This 

resulted in a detectable difference of 1.9. Statistical analysis was performed using SPSS Statistics Data 

Editor (IBM). Normality was assessed using a Kolmogorov-Smirnov test. Differences between groups 

were analyzed using a parametric One-Way ANOVA followed by a Bonferroni post hoc test to correct 

for multiple comparisons. For synovitis and NITEGE scores, the nonparametric Mann-Whitney U-test was 

used for comparisons of the control group with the baseline and different treatment groups. P-values 

below 0.05 were considered significant. Results are expressed as mean ± 95% confidence intervals.

RESULTS

Intensive cholesterol lowering treatment reduces systemic cholesterol levels in dyslipidemic 

APOE*3Leiden.CETP mice 

Systemic cholesterol levels were determined to assess the effectiveness of standard and high-intensive 

cholesterol-lowering treatments. All treatments induced an intervention-dependent gradual decrease of 

cholesterol levels over the course of the study, the combination treatments being most effective (Figure 

1A,B). The decrease in systemic cholesterol levels coincided with a reduced body weight gain in the 

treated groups compared to WTD controls (Supplementary Figure 3). Analysis of lipoprotein profiles 

showed that all treatments induced a significant reduction of atherogenic VLDL/LDL cholesterol whereas 

no differences in HDL-C levels were observed (Figure 1C). To determine the immunomodulatory effects 

of WTD-feeding and cholesterol-lowering treatments, we measured systemic levels of SAA, E-selectin 

and MCP-1 as functional markers of inflammation at endpoint. SAA levels were slightly reduced in mice 

treated with atorvastatin alone and combined with evinacumab compared with the WTD control (A; 

p<0.001, 95% CI 4.5 to 5.4, AE: p<0.05, (95% CI 5.0 to 6.0 Table 1). E-selectin and MCP-1 levels were low 

and not affected by cholesterol-lowering treatment (Table 1).
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Figure 1. High intensive cholesterol lowering on top of atorvastatin treatment gradually reduces 
cholesterol levels

APOE*3Leiden.CETP mice received a Western Type Diet for 38 weeks with double or triple treatment with alirocumab 

and evinacumab on top of atorvastatin treatment. (Data depicted in figure 1A-C are given as background information. 

This research was originally published in the Journal of Lipid Research Pouwer, M. G. et al. Alirocumab, evinacumab, 

and atorvastatin triple therapy regresses plaque lesions and improves lesion composition in mice.  J. Lipid Res. 2020, 

61, 365-375 )156 describing the effects on the regression of atherosclerosis. (A) WTD feeding significantly increased 

systemic cholesterol levels and all cholesterol-lowering treatments induced a significant gradual reduction in 

systemic cholesterol levels. (B) Plasma total cholesterol exposure (millimoles per liter x weeks) confirmed a further 

increase in the control group and an intervention-dependent decrease over the course of the study. (C) Cholesterol-

lowering interventions resulted in a significant decrease of VLDL/LDL (fractions 4-15) levels while no changes in HDL 

(fraction 16-24) levels were observed. A= atorvastatin, AA= atorvastatin + alirocumab, AE= atorvastatin + evinacumab, 

AAE= atorvastatin + alirocumab + evinacumab. n=13-16 per group. * P < 0.05, ** P < 0.01, ***P < 0.001 versus WTD; * 

P<0.001 WTD versus A, # P <0.001 WTD versus AA, AE and AAE in figure 1A.
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Table 1. Levels of inflammation markers in plasma

APOE*3Leiden.CETP mice received a Western Type Diet for 38 weeks with double or triple treatment with alirocumab 

and evinacumab on top of atorvastatin treatment. SAA, E-selectin and MCP-1 were determined in individual plasma 

samples at end point. SAA is significantly reduced after treatment with atorvastatin with or without evinacumab. Data 

are depicted as mean (95% CI) A= atorvastatin, AA= atorvastatin + alirocumab, AE= atorvastatin + evinacumab, AAE= 

atorvastatin + alirocumab + evinacumab. n=13-16 per group. * P < 0.05, ** P < 0.01, ***P < 0.001 versus WTD. 

Therapeutic cholesterol lowering does not ameliorate cartilage degradation in 

APOE*3Leiden.CETP mice fed a cholesterol-supplemented WTD 

As previously observed22,25 cholesterol-supplemented WTD feeding coincided with a mild but significant 

increase in cartilage degeneration after 38 weeks (WTD, 7.8 ± 1.9) compared to 13 weeks (baseline, 

3.8 ± 1.8; 2.1-fold increase; 95% CI 2,0 to 6,2; Figure 2A). The observed decline in systemic cholesterol 

levels did not attenuate progression of cartilage destruction in treatment groups as compared to 

WTD controls (Figure 2A). Cartilage degradation was mainly observed at the lateral tibia and femur 

(Supplementary Figure 4A). Proteolytic activity in the cartilage, as a measure of matrix degradation 

and repair (cartilage turnover activity) , was determined by immunohistochemical analysis of NITEGE 

and VDIPEN neo-epitopes32. VDIPEN staining, induced by MMPs and a marker of advanced cartilage 

degradation, was not observed in articular cartilage (Figure 2D). NITEGE staining, as marker of both 

early was significantly increased at 38 weeks in WTD-fed mice compared to baseline controls (p<0.01; 

Figure 2B). We observed a significant increase in NITEGE staining after double or triple cholesterol-

lowering treatment, which, since VDIPEN was absent, is indicative of a more active repair process (AA, 

2.2 fold-increase, p<0.001; AE, 1.9 fold-increase, p<0.05; AAE, 1.9 fold-increase, p<0.01; Figure 2B) when 

compared to WTD controls. Representative pictures of cartilage degeneration and NITEGE and VDIPEN 

staining are shown (Figure 2C-E). The combined data indicate that increased cartilage degradation also 

induces an active repair process in articular cartilage.
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Figure 2. Cholesterol-lowering interventions do not ameliorate cartilage degradation in dyslipidemic 
mice
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APOE*3Leiden.CETP mice received a Western Type Diet for 38 weeks. (A) Cartilage degradation was determined using 

histological analysis and revealed a significant increase in cartilage degeneration after 38 weeks of WTD-feeding 

compared to baseline controls. (B) Immunohistochemical analysis of NITEGE staining revealed a significant increase 

in WTD-fed mice receiving double or triple treatment (AA, p<0.001; AE, p<0.05; AAE, p<0.01). (D) Representative 

pictures of VDIPEN staining showing no expression in articular cartilage (20x magnification). Representative pictures 

of cartilage degradation and NITEGE staining are depicted in figures (B) and (E) (20x magnification) Arrows were used 

to indicate positive staining. A= atorvastatin, AA= atorvastatin + alirocumab, AE= atorvastatin + evinacumab, AAE= 

atorvastatin + alirocumab + evinacumab. n=13-16 per group. * P < 0.05, ** P < 0.01, ***P < 0.001 versus WTD 

Modulation of systemic cholesterol levels does not affect synovial inflammation or ectopic 

bone formation 

Previously, we reported that high systemic cholesterol levels aggravated synovial inflammation and 

ectopic bone formation in a collagenase-induced OA model23. Therefore, we examined the effect of 

therapeutic cholesterol-lowering therapies on these OA features. All groups developed minor synovial 

inflammation, which was independent of systemic cholesterol levels (Figure 3A,B). The alarmin S100A8, 

a marker for activated macrophages, also showed only minor expression in the synovial lining and was 

comparable between all groups (Figure 3C). Finally, we determined whether high plasma cholesterol 

promoted ectopic bone formation in this model. The total number of osteophytes per knee joint and 

the maturation stage remained comparable between all groups upon reduction of systemic cholesterol 

levels (Figure 4A). Most osteophytes occurred at the anterior side of the medial femoral condyle 

(Figure 4B).
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Figure 3. No effect of lowering systemic cholesterol on synovial inflammation
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Synovial inflammation was determined using histological analysis. (A) Synovial inflammation was measured using an 

arbitrary score (0-2). Synovial inflammation was in general mild and independent of cholesterol levels. Representative 

pictures of synovial inflammation are shown in figure (B) (left: 5x magnification, right 10x magnification). (C) Sections 

were stained for the pro-inflammatory alarmin S100A8, which was only expressed to a minor extent in the lining of 

the synovium (10x magnification). Arrows indicate positive staining. A= atorvastatin, AA = atorvastatin + alirocumab, 

AE= atorvastatin + evinacumab, AAE= atorvastatin + alirocumab + evinacumab.

Figure 4. No effect of lowering systemic cholesterol on ectopic bone formation in dyslipidemic mice
Ectopic bone formation and maturation stage were determined after 13 and 38 weeks of WTD-feeding on 

Safranin-O/FastGreen-stained sections. (A) No differences were observed in the total number of osteophytes as well 

as maturation between all different groups. Figure (B) shows representative pictures of ectopic bone formation (10x 

magnification). A= atorvastatin, AA = atorvastatin + alirocumab, AE= atorvastatin + evinacumab, AAE= atorvastatin + 

alirocumab + evinacumab. 
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DISCUSSION

The association of CVD with OA has become increasingly recognized and understanding their 

interrelationship is imperative for improving therapeutic approaches. Cholesterol, with its crucial 

role in CVD, could be a potential link. Our study demonstrates that therapeutic cholesterol-lowering 

therapies proved insufficient in reducing progression of cartilage degradation, in contrast to earlier 

findings with cholesterol lowering in a prevention design22. Minor synovial inflammation and ectopic 

bone were formed independent of systemic cholesterol levels, while aggrecanase activity, as marker 

of the dynamic process of proteoglycan turnover in articular cartilage, was increased after cholesterol-

lowering treatment. The absence of synovial activation suggests a minor role of joint inflammation in 

our model. Taken together, our findings demonstrate that therapeutic cholesterol lowering does not 

slow the progression of cartilage degradation in dyslipidemic APOE*3Leiden.CETP mice. 

This is the first study to show the effects of novel, therapeutic cholesterol-lowering interventions on the 

progression of development of OA pathology in dyslipidemic mice. Compared to previous studies22, the 

translational and clinical value is improved by the therapeutic experimental design. The APOE*3Leiden.

CETP strain has high translatability in lipoprotein metabolism and metabolic diseases, showing human-

like responses to hypolipidemic treatments14, 16-20. In this study, diet-induced dyslipidemia was distinct 

and manifested itself in cartilage degradation as well as atherosclerosis development. Cholesterol-

lowering interventions reduced plasma cholesterol levels similarly as in humans and successfully 

induced regression of atherosclerosis, while mild cartilage degeneration progressed despite of therapy. 

Although OA and atherosclerosis may share overlapping pathophysiological processes3, the role of 

an impaired lipid metabolism and the effects of cholesterol-lowering therapies on OA progression in 

humans remain unclear. A systematic literature review and meta-analysis revealed a clear association 

between dyslipidemia and OA, suggesting that lipid disturbances are a risk factor for OA Yet results from 

clinical studies have been diverse, showing beneficial9, 33 or no10-12 effects of statin use on OA incidence 

or progression. Different methods of analysis, treatment effect or the lack of patient stratification could 

explain these different outcomes. 

In the current study, we used female  APOE*3Leiden.CETP mice to study the effects of novel lipid-

lowering therapies on diet-induced OA development. In contrast to an earlier study, where protective 

effects of preventive atorvastatin monotreatment in a prophylactic design on cholesterol-induced OA 

in APOE*3Leiden.CETP females were investigated22, atorvastatin treatment did not protect against OA 

development in the current study where a therapeutic approach was applied. These collective results 

seem to indicate that statins can be beneficial pre-onset22 but cannot modify disease course. Possibly, 

increased weight gain in response to the diet could already induce initiation of OA development, 

thereby limiting the beneficial effects of cholesterol-lowering therapy. One limitation of the present 

study is the absence of a chow control group, as this would have elucidated whether the observed 

pathology was directly caused by the cholesterol-supplemented WTD or by other mechanisms such 
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as ageing or weight of the mice. However, it has been reported previously that both ageing together 

with weight gain and cholesterol and fat containing diet contributes to the development of OA22, 

25. The divergent effectiveness of statin treatment suggests that other mechanisms, additional to 

lipoprotein disturbances, are important in cholesterol-induced OA pathogenesis. We determined the 

effect of cholesterol-lowering treatment on systemic markers of inflammation. E-Selectin and MCP-1 

levels were not affected by cholesterol-lowering treatments. Although systemic SAA levels were slightly 

reduced in mice treated with atorvastatin with or without evinacumab, did this not result in reduced 

OA pathology. These data show that systemic inflammation was only mildly affected by cholesterol-

lowering treatment and did not contribute to OA pathology in the current study. Systemic dyslipidemia 

may induce a lipid imbalance within the synovial fluid of OA patients that could affect chondrocyte 

homeostasis. Although we were unable to investigate in detail the mechanistic pathways involved in 

cartilage pathophysiology, we have analysed the activity of catabolic mediators in the cartilage matrix 

using immunohistochemistry. Important catabolic mediators involved in cartilage degradation are 

aggrecanases and matrix metalloproteases (MMPs). Both cleave aggrecan at a specific site, leaving 

behind the neo-epitopes NITEGE and VDIPEN, respectively32. VDIPEN-epitopes are expressed during 

advanced cartilage degradation. NITEGE-epitopes, however, are expressed during early cartilage 

degradation and are also observed during regeneration of proteoglycan content in articular cartilage 

leading to cartilage repair32. In the present study, NITEGE staining in articular cartilage was increased 

after 38 weeks of WTD feeding compared to baseline controls. Cholesterol-lowering treatments resulted 

in a significant increase in NITEGE staining, whilst no coinciding increase in cartilage degradation was 

observed. The cartilage damage observed in our study was mild, which is supported by the absence of 

VDIPEN staining in articular cartilage. This finding is consistent with previous studies of arthritis models, 

which showed that NITEGE and VDIPEN neo-epitopes were not observed simultaneously and VDIPEN 

only in late severe cartilage destruction32. By breaking down the cartilage matrix, aggrecanases enable 

chondrocytes to proliferate or restore proteoglycan content in articular cartilage32. Therefore, we propose 

that the observed aggrecanase activity indicates an active repair mechanism in articular cartilage after 

cholesterol-lowering treatment. Possibly, continued cholesterol-lowering treatment could protect 

against cartilage degradation after prolonged cholesterol exposure. 

As inflammatory involvement is increasingly recognized in OA, cholesterol-lowering treatments that 

have pleiotropic immunomodulatory effects – such as statins and anti-PCSK9 antibodies – may be 

beneficial for OA patients in multiple ways. We have previously reported that high cholesterol levels 

enhanced ectopic bone formation and synovial activation during pro-inflammatory collagenase-

induced OA23, 34. Also in other post-traumatic OA models, high fat diets were shown to increase OA 

pathology after induction of joint injury35, 36. In contrast, we observed little ectopic bone formation or 

macrophage activation in the current study with minor synovial inflammation, both of which were 

independent of systemic cholesterol levels as well. This strongly suggests that high cholesterol alone is 

insufficient to induce joint pathology and that only in combination with a substantial joint inflammation 

a strong aggravation of joint pathology is observed. This implies that cholesterol lowering could still be 
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efficient under those circumstances. Local inflammation occurs in approximately 50% of the OA patients 

and has been associated with the development and progression of joint pathology. Inflammation is 

essential for the oxidation of LDL, which is taken up by synovial lining cells and drives joint pathology via 

pro-inflammatory mechanisms34. In previous studies we have shown that mainly oxLDL, and not LDL, 

was able to induce activation of the synovium34. Taken together, these findings imply that local joint 

injury inducing synovial inflammation is required for cholesterol-driven OA pathology. 

In conclusion, our results show that cholesterol-supplemented WTD feeding disturbed lipoprotein 

metabolism and increased cartilage degradation in APOE*3Leiden.CETP mice. However, therapeutic, 

high-intensive cholesterol-lowering interventions per se did not attenuate the progression of cartilage 

degradation. We propose that local joint inflammation as a result of injury is a prerequisite in cholesterol-

induced OA pathology. Therapeutic cholesterol-lowering strategies may still be promising for OA 

patients presenting both dyslipidemia and joint inflammation. 
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Schematic overview of the study design

Metabolic OA was induced by switching the diet of the mice from standard chow to WTD with 0.30% cholesterol 

and 15% saturated fat. At t=13 weeks, mice were matched into 6 groups based on age, body weight, plasma 

total cholesterol (TC), plasma total triglycerides (TG) and cholesterol exposure (mmol/L*weeks) before the start of 

cholesterol-lowering treatment was started. Sixteen mice were sacrificed as the baseline control group and the other 5 

groups continued to receive WTD alone or with treatment for 25 weeks. Treatments comprised atorvastatin (4-13 mg/

kg/d; concentrations based on food intake), atorvastatin and alirocumab (10 mg/kg), atorvastatin and evinacumab 

(25 mg/kg) or atorvastatin, alirocumab and evinacumab. Alirocumab and evinacumab were administered by weekly 

subcutaneous injections.
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Supplementary Figure 2. Arbitrary score used to quantify synovial inflammation

Synovial inflammation was quantified by evaluating synovial thickening and cell infiltration in the synovial lining 

using H&E stained sections of the joint. Synovial inflammation was scored using an arbitrary score of 0-2 (0 = no 

inflammation, 1 = mild inflammation, 2 = moderate inflammation), three sections were scored and averaged per joint.



CHAPTER 3

78

Supplementary Figure 3. Reduced body weight gain upon cholesterol-lowering treatment

Administration of different cholesterol-lowering interventions resulted in a reduced body weight gain. A= atorvastatin, 

AA= atorvastatin + alirocumab, AE= atorvastatin + evinacumab, AAE= atorvastatin + alirocumab + evinacumab. n=13-16 

per group. * P<0.001 WTD versus A, # P <0.001 WTD versus AA, AE and AAE, † P <0.001 WTD versus AAE
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Supplementary Figure 4. Cholesterol-lowering does not reduce cartilage degeneration in dyslipidemic 
mice.

(A) Sections were stained using Safranin-O/Fast Green for histological analysis. Cartilage damage in the joint was 

quantified using a detailed version of the OARSI score (0 = no damage, 30 = maximal damage). Five sections were 

scored and averaged per joint. A significant increase in cartilage degradation was observed between baseline and 

WTD at the lateral tibia, lateral femur and medial tibia side of the joint. (B) Immunohistochemical analysis of NITEGE 

staining revealed significant differences in aggrecanase activity after cholesterol-lowering treatments at the lateral 

tibia, lateral femur and medial tibia side of the joint. A= atorvastatin, AA= atorvastatin + alirocumab, AE= atorvastatin 

+ evinacumab, AAE= atorvastatin + alirocumab + evinacumab. n=13-16 per group. * P < 0.05, ** P < 0.01, ***P < 0.001. 





CHAPTER 4
Intensive cholesterol-lowering treatment  

reduces synovial inflammation during early  
collagenase-induced osteoarthritis, but not  

pathology at end-stage disease in female  
dyslipidemic E3L.CETP mice

Y. van Gemert1, A.B. Blom1, I. Di Ceglie1, B. Walgreen1, M. Helsen1, A. Sloetjes1, T. Vogl3,  

J. Roth3, N.N.L Kruisbergen1, E.J Pieterman2, H.M.G. Princen2, P.M. van der Kraan1,  

P.L.E.M. van Lent1, M.H.J van den Bosch1.

1 Experimental Rheumatology, Radboud university medical center, Nijmegen, the Netherlands

2 Metabolic Health Research, TNO, Leiden, the Netherlands

3 Institute of Immunology, University of Münster, Germany

Osteoarthritis Cartilage. 2023 Jul;31(7):934-943



CHAPTER 4

82

ABSTRACT

Introduction

The association between metabolic syndrome (MetS) and osteoarthritis (OA) development has become 

increasingly recognized. In this context, the exact role of cholesterol and cholesterol-lowering therapies 

in OA development has remained elusive. Recently, we did not observe beneficial effects of intensive 

cholesterol-lowering treatments on spontaneous OA development in E3L.CETP mice. We postulated 

that in the presence of local inflammation caused by a joint lesion, cholesterol-lowering therapies may 

ameliorate OA pathology. 

Materials and Methods

Female ApoE3*Leiden.CETP mice were fed a cholesterol-supplemented Western type diet. After 3 

weeks, half of the mice received intensive cholesterol-lowering treatment consisting of atorvastatin and 

the anti-PCSK9 antibody alirocumab. Three weeks after the start of the treatment, OA was induced via 

intra-articular injections of collagenase. Serum levels of cholesterol and triglycerides were monitored 

throughout the study. Knee joints were analyzed for synovial inflammation, cartilage degeneration, 

subchondral bone sclerosis and ectopic bone formation using histology. Inflammatory cytokines were 

determined in serum and synovial washouts.

Results

Cholesterol-lowering treatment strongly reduced serum cholesterol and triglyceride levels. Mice 

receiving cholesterol-lowering treatment showed a significant reduction in synovial inflammation (P 

= 0.008, WTD: 95% CI: 1.4 to 2.3; WTD + AA: 95% CI: 0.8 to 1.5) and synovial lining thickness (WTD: 

95% CI: 3.0 to 4.6, WTD + AA: 95% CI: 2.1 to 3.2) during early-stage collagenase-induced OA. Serum 

levels of S100A8/A9, MCP-1 and KC were significantly reduced after cholesterol-lowering treatment 

(P = 0.0005, 95% CI: -46.0 to -12.0; P = 2.8x10^-10, 95% CI: -398.3 to -152.1; P=2.1x10^-9, -66.8 to -30.4, 

respectively). However, this reduction did not reduce OA pathology, determined by ectopic bone 

formation, subchondral bone sclerosis and cartilage damage at end-stage disease.

Conclusion

This study shows that intensive cholesterol-lowering treatment reduces joint inflammation after 

induction of collagenase-induced OA, but this did not reduce end stage pathology in female mice.
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INTRODUCTION

Osteoarthritis is the most common joint disease worldwide and patients suffer from joint pain and 

stiffness, leading to disability. OA is a disease of the entire joint that affects various tissues including 

cartilage, synovium, subchondral bone and ligaments1. Currently, no disease-modifying treatments are 

available and treatment options are focused on prevention of the disease and reducing symptoms. 

OA is a complex and heterogeneous disease and many risk factors, including ageing, obesity and 

metabolic syndrome (MetS), have been associated with disease development2, 40. MetS comprises 

a cluster of metabolic conditions including obesity, hypertension and high blood sugar and insulin 

resistance and dyslipidemia. OA patients show an increased incidence of MetS22 compared to the non-

OA population and several studies have demonstrated that MetS is connected to disease development 

and progression3, 41, 42.

Dyslipidemia refers to an imbalance of lipids in the blood such as decreased levels of high-density 

lipoprotein cholesterol (HDL-C), increased levels of low-density lipoprotein cholesterol (LDL-C) and 

increased triglycerides (TG) and has been defined as a separate risk factor for OA development. High 

cholesterol levels were associated with OA development in several clinical studies40 41. However, others 

have reported inconsistent findings with no association of dyslipidemia and OA development57. Statins 

are a class of drugs that are commonly prescribed to reduce systemic cholesterol levels. Several clinical 

studies have shown a protective effect of statin use on OA development76, 80, while these findings 

could not be replicated by others82. Recently, monoclonal antibodies against proprotein convertase 

subtilisin/kexin 9 (PCSK9) were developed, which are highly effective in lowering systemic cholesterol 

levels in both mice and humans100, 101. Consistent with clinical studies, the use of cholesterol-lowering 

therapies have shown divergent effects in animal models. Gierman et al. have shown that atorvastatin as 

treatment reduced spontaneous OA pathology induced by a cholesterol-supplemented Western type 

diet (WTD) in ApoE3*Leiden.CETP (E3L.CETP) mice47, a well-established mouse model for hyperlipidemia 

as they respond to lipid-lowering therapies in a human-like manner132, 137-139. In a recent study, however, 

we were not able to demonstrate these beneficial effects of novel cholesterol-lowering treatment on 

spontaneous OA development in E3L.CETP mice140. These inconsistent results imply that, next to high 

cholesterol levels, other mechanisms are involved in diet-induced OA pathology.

Over the last decades, the role of joint inflammation in the progression of OA has become increasingly 

recognized. The transformation of LDL into oxLDL by reactive oxygen species (ROS) that are produced 

in the joint under the influence of inflammatory factors, could be a mechanism associated with 

cholesterol-associated OA pathology. Similar to macrophages in atherosclerotic plaques, macrophages 

residing in the synovium can internalize and accumulate oxLDL, leading to an increased production of 

cytokines and matrix-degrading enzymes. Next to systemic lipid disturbance, local lipid dysregulation in 

the synovium has been shown to contribute to OA development141. 
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In the recent study, we did not observe beneficial effects of intensive cholesterol-lowering treatments 

on spontaneous OA development in E3L.CETP mice in which joint inflammation was only minor140. We 

postulated that in the presence of local inflammation caused by a joint lesion cholesterol-lowering 

therapies may ameliorate development of OA pathology. To study that we used the collagenase-

induced OA (CiOA) model, which is an injury-induced OA model with a strong local inflammatory 

response within the joint. In this study we determined whether high-intensive cholesterol-lowering 

treatment using a combination of atorvastatin and the PCSK9 inhibitor alirocumab can ameliorate OA 

development in WTD-fed E3L.CETP mice during CiOA.

MATERIALS AND METHODS

Animals and induction of collagenase-induced OA 

Female E3L.CETP mice were obtained from the in-house breeding of TNO Leiden. E3L.CETP mice are 

an acknowledged model for dyslipidemia and show human-like responses to cholesterol-lowering 

therapies compared to other mouse strains and mice in a WT background132, 137-139. Female E3L.CETP 

mice were used since they are more susceptible to cholesterol-supplemented diets and develop more 

pronounced atherosclerosis due to higher systemic cholesterol and triglyceride levels142. Group sizes 

were calculated to be able to detect differences between groups with a power of 0.8 and a level of 

significance of 0.05 using Russ Lenth’s sample size calculator (version 1.76) for the primary readout 

measure cartilage damage tested with a t-test, considering a change of 35% biologically relevant 

(detectable change of 0.35) with an expected SD of 0.31. This resulted in a total number of 14 mice per 

group. In separate groups of mice synovium was collected to study the local concentration of cytokines. 

Using a power of 0.8 and a level of significance of 0.05, with an expected SD of 0.2 and a decrease 

of 30% resulted in 8 mice per group for cytokine measurements. At the start of the study, mice were 

randomly assigned to an experimental group using an online randomizer using their individual tattooed 

number. Mice were housed with 6 animals in regular cages and received food and water ad libitum. 12-

14 week old mice (n=14 mice per group) were switched to a cholesterol-supplemented Western-type 

Diet (15%w/w cacao butter, 40.5%w/w sucrose, + 0.3% w/w cholesterol). Mice were weighed regularly 

to monitor the response to the diet and cholesterol-lowering treatment. For measurements of systemic 

cholesterol and triglyceride levels, blood was collected via tail vein punction (weeks: 0, 3, 6, 7, 9, 12). Three 

weeks after the start of the diet, half of the mice received cholesterol-lowering treatment consisting of 

atorvastatin (0.008% mixed in the diet, about 7 mg/kg/d) and weekly subcutaneous injection of the 

anti-PCSK9 antibody alirocumab (10 mg/kg/week), which were shown to be effective concentrations 

in previous studies (Figure 1A)102, 140. Subcutaneous injections of saline were used as a control for the 

anti-PCSK9 treatment. Three weeks after the start of the treatment, collagenase-induced OA (CiOA) was 

induced via two intra-articular injections of bacterial collagenase (1 unit) into the right knee joint on 

day 0 and day 2 of the experiment. Mice were sacrificed on day 7 and 42 of collagenase-induced OA to 

study both early and late effects during CiOA. Knee joints were collected either for histological analysis 
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or collection of synovial RNA and washouts. Serum samples were collected for cytokine measurements. 

All animal studies were approved by the local ethics committees (Nijmegen, the Netherlands) and were 

performed according to the related codes of practice (CCD project number: 2018-0002). 

Figure 1. Cholesterol-lowering treatments strongly reduce diet-induced dyslipidemia during 
experimental OA.

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment consisting of atorvastatin and alirocumab. 3 weeks after the start of the treatments, 

CiOA was induced. Mice were sacrificed 7 and 42 day after the induction of CiOA. Serum cholesterol, triglycerides 

and weight of the mice was monitored throughout the study and blood was collected via tail vein punction (weeks: 

0, 3, 6, 7, 9, 12). (A) Schematic overview of the experimental set-up of the experiment. (B) Cholesterol-lowering 

therapies strongly reduced systemic cholesterol levels compared to mice fed a cholesterol-supplemented WTD 

alone. (C) Cholesterol-lowering treatment reduced serum triglyceride levels compared to mice fed a WTD. (D) Mice 

that received cholesterol-lowering treatments showed a non-significantly reduced weight gain compared to mice 

fed a cholesterol-supplemented WTD alone. *, P < 0.05, ****, P < 0.0001. N= 36 mice per group until week 7, N= 14 mice 

per group from week 7 to end point. Red arrows indicate weekly injections with alirocumab. AA = atorvastatin + alirocumab. 

Statistical are derived from post-treatment time points (from week six) and. Figures show data expressed as mean ± 95% 

confidence intervals. 

Determination of serum cholesterol and triglyceride levels

Serum cholesterol and triglyceride levels were monitored throughout the study. Peripheral blood was 

collected via tail vein punction at several time points throughout the study. Total cholesterol (TC) and 

triglyceride levels were determined at several time points throughout the study (Figure 1B-C) using 

a colorimetric enzymatic assay (Roche Diagnostics, Basel, Switzerland) according to manufacturer’s 

instructions.
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Histological processing and analysis

Murine knee joints were fixed in 4% formaldehyde and decalcified using 5% formic acid for 7 days. 

Subsequently, joints were embedded in paraffin and cut in 7µm coronal sections. Sections were stained 

using Safranin-O/fast green (SafO) or Haematoxylin/Eosin (H&E) for histological analysis. Mice with 

dislocations were excluded from histological analysis (day 7: 4, day 42; 5). Synovial inflammation was 

scored arbitrarily using H&E stained sections and averaged for three sections per joint with a scoring 

range from 0-3 (0 = no inflammation, 1 = mild inflammation, 2 = moderate inflammation; 3 = severe 

inflammation). Cell layers of the synovial lining were counted on both the lateral and medial side of the 

joint and were averaged per three H&E stained sections. Cartilage damage was quantified in SafO stained 

sections using a more detailed version of the OARSI scoring system adapted for mice, as described 

previously (0 = no damage, 30 = maximal damage)118, 143. Five sections at different depths in the knee 

joint were scored and averaged. Several locations throughout the whole joint were scored for presence 

of ectopic bone and the maturation stage on both the medial and lateral side of the joint120. Ectopic 

bone margins were manually traced by a researcher using the Leica Application suite image analysis 

software (Leica Microsystems, Rijswijk, the Netherlands) in three sections per joint and the surface area 

was averaged120. Subchondral bone scores (subchondral bone plate thickening, increased bone mass) 

were determined in SafO stained section using a scoring system ranging from 0-3 (0 is normal, 1 = mild, 

2 = moderate, and 3 = severe)144, 145. Five sections were scored and averaged per joint. For all histological 

analyses, sections were scored in a blinded fashion.

Immunohistochemical analysis

For immunohistochemical analysis, knee joint sections were deparaffinized and endogenous peroxidase 

was blocked with H2O2 in methanol. Antigen retrieval was performed in 10 mM citrate buffer pH 6.0. 

Sections were stained with polyclonal antibodies against S100A9146 or non-relevant rabbit IgG control 

(R&D Systems, Minneapolis, USA). Biotinylated anti-rabbit IgG was used as a secondary antibody. 

Subsequently, sections were stained with avidin-streptavidin-peroxidase (Elite kit, Vector Laboratories, 

Burlingame, USA) and diaminobenzidine (Sigma-Aldrich, St. Louis, USA) was used for visualization of 

peroxidase staining. Counterstaining was performed using hematoxylin (Merck, Kenilworth, USA). 

Synovial wash-outs and cytokine measurements

Synovium was collected in a standardized manner using synovial punches from left and right knee 

joints seven days after the first injection of collagenase. Synovium was placed in 200 µl RPMI medium 

supplemented with penicillin-streptomycin and 0.1% bovine serum albumin (BSA) for 2 hours at room 

temperature and medium was collected to quantify protein levels of inflammatory cytokines. The levels 

of cytokines produced were corrected for the weight of the synovial punches. S100A8/A9 complexes 

were measured in the wash-outs or serum of mice using sandwich enzyme-linked immunosorbent 

assay (ELISA) as described previously121. KC and MCP-1 levels were measured in washouts and serum 

with Luminex technology using magnetic milliplex beads (Bio-Rad, Veenendaal, the Netherlands) 
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according to the manufacturer’s protocol. Protein levels of IL-1β, IL-6 and IL-10 were below the detection 

limit. Concentrations of secreted cytokines were corrected for the weight of the synovial explant. 

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0 and SPSS version 27. Normality was 

visualized using histograms and Q-Q plots using SPSS. Differences between groups were analyzed using 

a t-test. For the protein levels in washouts and serum of S100A8/A9, MCP-1 and KC, the nonparametric 

Mann-Whitney U was used for comparisons of the control group with the treatment group. To determine 

the relation between cholesterol, triglycerides and weight with the treatment and time, we performed 

multivariate generalized linear model analysis using SPSS from the start of the treatment (week 6). 

Systemic cholesterol and triglyceride levels and weight were included as dependent variables, and the 

treatment and time (treatment duration) were included as covariate including an intercept to account 

for clustering of measurements. Significance levels represent the interaction of the treatment effect over 

time. We performed multivariate generalized linear model analysis using SPSS to analyze ectopic bone 

formation. Ectopic bone formation quantified at the several locations were included as the dependent 

variable, and the treatment was included as covariate including an intercept to account for clustering 

of measurements.  P-values below 0.05 were considered significant. Results are expressed as individual 

data points with mean ± 95% confidence intervals.

RESULTS

Cholesterol-lowering treatment attenuates dyslipidemia in E3L.CETP mice fed a cholesterol-

supplemented WTD

E3L.CETP mice were fed a cholesterol-supplemented WTD. After 3 weeks of WTD-feeding, half of the mice 

received cholesterol-lowering treatment, consisting of a combination of atorvastatin and alirocumab. 

Three weeks after starting the cholesterol-lowering treatment, CiOA was induced in the right knee joints 

of the mice (Figure 1A). To determine the efficacy of the cholesterol-lowering treatment, serum levels of 

systemic cholesterol and triglyceride levels were monitored throughout the study. Three weeks of WTD 

feeding strongly increased systemic cholesterol levels (18.2 mmol/L increase ) (Figure 1B). Cholesterol-

lowering treatment strongly attenuated diet-induced dyslipidemia, demonstrated by a significant 

reduction of systemic cholesterol (on average by 13.1 mmol/L) and triglyceride (on average 1.7 mmol/L) 

levels over the course of the study (Figure 1B, C). To determine the relation of the cholesterol-lowering 

treatment with systemic cholesterol and triglyceride levels and weight, we performed a multivariate 

linear model analysis. The results showed a significant reduction in cholesterol and triglyceride levels, 

which was dependent on the cholesterol-lowering treatment (TC: P = 1.21E-72, 95% CI: -13.9 to -12.1; 

TG: P = 1.33E-26, 95% CI: -2.1to -1.5). The treatment resulted in a reduction in weight over the course of 

the study (P = 1.1E-5, 95% CI: -1.5 to -0.6 g) (Figure 1D). 
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Reduction of systemic cholesterol levels reduces early stage joint inflammation in 

dyslipidemic E3L.CETP mice

To assess whether cholesterol-lowering therapy could ameliorate local joint inflammation, we 

determined the inflammatory state of the synovium 7 days after the induction of CiOA. We observed 

that cholesterol-lowering treatment resulted in a significant reduction of synovial inflammation  

compared to mice fed a WTD alone (P = 0.008, WTD: 1.88 (95% CI: 1.4 to 2.3); WTD + AA: 1.2 (95% CI: 0.8 

to 1.5) (Figure 2A). Quantification of cell layers in the synovial lining showed that cholesterol-lowering 

treatment significantly reduced lining thickness compared to mice fed a cholesterol-supplemented 

WTD alone, indicating reduced cellularity in the synovial lining (P = 0.009, WTD: 3.79 (95% CI: 3.0 to 4.6), 

WTD + AA: 2.6 (95% CI: 2.1 to 3.2) (Figure 2B, C). To examine the inflammatory state of the synovium 

in more detail, we determined gene expression and measured protein levels of several inflammatory 

cytokines (S100A8, IL-1β, IL-6, IL-10) and chemokines (KC, MCP-1) which are produced by the synovium 

in washouts of synovial explants. Gene expression levels in synovial tissue showed no significant 

differences between both groups (Supplementary Figure 1A-F). S100A8/A9, MCP-1 and KC levels were 

determined in washouts of synovial explants. We observed no significant differences in protein levels 

between both groups (Figure 2D-F). Protein levels of IL-1β, IL-6 and IL-10 were below the detection limit. 

Immunohistochemical staining for S100A9, an alarmin produced by activated macrophages, showed a 

strong staining in both groups in the synovial tissue (Figure 2G). We additionally quantified systemic 

protein levels of S100A8/A9, MCP-1 and KC in serum, where a strong reduction was observed in mice 

that received cholesterol-lowering treatment compared to mice fed a cholesterol-supplemented WTD 

only (S100A8/A9: -33.0 ng/ml (95% CI of difference: -46.0 to -12.0), U = 97.5, P = 0.0005; MCP-1: -242.4 pg/

ml (95% CI of difference: -398.3 to -152.1), U = 12.5, P = 2.8x10^-10; KC: -48.1 pg/ml (95% CI of difference: 

-66.8 to -30.4), U = 19.5, P = 2.1x10^-9, (Supplementary Figure 2A-C). Protein levels of IL-1β, IL-6 and 

IL-10 were below the detection limit.

Cholesterol-lowering treatment does not reduce other early stage OA pathology in WTD-fed 

mice

Next, we determined whether the cholesterol-lowering treatment reduced OA pathology during early-

stage CiOA that is characterized by superficial cartilage degeneration and ectopic bone formation 

along the joint margins. Cartilage damage was not decreased by a reduction of systemic cholesterol 

levels 7 days after the induction of CiOA (Figure 3A, B). We additionally determined the subchondral 

bone sclerosis scores. Similar to cartilage damage, subchondral bone sclerosis scores were comparable 

between both groups during early stage OA (Figure 3C). Early stage ectopic bone formation was mostly 

observed at the medial side of the joint. We investigated if the size of early ectopic bone formation was 

affected by the cholesterol-lowering treatment at several locations. The size of ectopic bone formation 

was not reduced by cholesterol-lowering treatment compared to mice fed a WTD alone (Figure 3D-F). 
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Figure 2. Cholesterol-lowering reduces synovial inflammation during early-stage OA in WTD-fed mice

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. Mice were sacrificed 7 days after the induction of CiOA. (A) Scoring of synovial 

inflammation showed a significant reduction after cholesterol-lowering treatment. (B) Quantification of the cell 

layers in the synovial lining showed a significant reduction in lining thickness in mice that received cholesterol-

lowering treatment (P=0.009). (C) Representative pictures of synovial inflammation. Protein levels of S100A8/A9, 

MCP-1 and KC were measured in synovial washouts and corrected for weight of the synovial explants (n=8). No 

significant differences were observed in protein levels of (D) S100A8/A9, (E) MCP-1 and (F) KC in mice that received 

cholesterol-lowering treatment compared to WTD-fed mice. Protein levels of IL-1β, IL-6 and IL-10 were below the 

detection limit. (G) Representative pictures of S100A9 staining, arrows indicate positive staining area. **, p < 0.01, AA = 

atorvastatin + alirocumab. N=11-13 mice per group. Results are expressed as mean ± 95% confidence intervals. 
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Figure 3. Cholesterol-lowering treatment does not reduce early stage OA pathology 

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. 3 weeks after the start of the treatments, CiOA was induced. Mice were sacrificed 7 

days after the induction of CiOA (A) Cartilage damage was quantified on SafO stained sections with a score ranging 

from 0-30. 7 days after the induction of CiOA, no differences were observed in cartilage damage between both 

groups. (B) Representative pictures of cartilage damage, arrows indicate damages areas. (C) Subchondral bone 

sclerosis was scored using a graded scoring system ranging from 0-3. No differences were observed after cholesterol-

lowering treatment compared to mice fed a cholesterol-supplemented WTD alone. (D-F) The size of ectopic bone 

formation was determined at the medial side of the joint in SafO stained sections. No differences were observed in 

ectopic bone size after cholesterol-lowering treatment. AA = atorvastatin + alirocumab. N=11-13 mice per group. Results 

are expressed as mean ± 95% confidence intervals. 

Lowering of systemic cholesterol levels does not reduce end stage OA pathology in mice fed 

a cholesterol-supplemented WTD 

To investigate if cholesterol-lowering therapies reduced end-stage OA pathology, we determined 

synovial inflammation, cartilage damage, subchondral bone sclerosis score and ectopic bone formation 

42 days after the induction of CiOA. In contrast to day 7, the observed reduction on synovial inflammation 

was no longer significant after cholesterol-lowering treatment at end stage (Figure 4A, B). In addition, 

no reduction in both cartilage damage (P = 0.09, WTD: 17.5 (95% C: 15.5 to 19.5), WTD + AA: 14.9 (95% CI: 

12.2 to 17.6) (Figure 5A, C) and subchondral bone sclerosis scores (WTD: 2.6 (95% CI: 2.2 to 2.9), WTD + 

AA: 2.1 (95% CI: 1.5 to 2.8) (Figure 5B) was found in mice that received cholesterol-lowering treatment 

compared to mice fed a WTD alone. We next determined whether cholesterol-lowering treatment could 
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reduce ectopic bone formation, multiple sites on the lateral and the medial side of the joint were scored 

for ectopic bone formation120. Ectopic bone was mainly observed at the joint margins and collateral 

ligaments (Figure 5D). We did not observe a reduction in ectopic bone size after cholesterol-lowering 

treatment at the quantified locations in the joint (MT: P = 0.74, (95% CI: -47832.2 to 66602.7);  MF: P = 

0.78, (95% CI: -38056.8 to 28122.1); enthesis: P = 0.21, (95% CI: --195498.5 to 44441.8); MCL: P = 0.31, (95% 

CI: --317240.9 to 105867.9) (Figure 5E-H). The total number of osteophytes (Supplementary Figure 

3A) and their maturation stage remained similar between both groups (Supplementary Figure 3B-F).

Figure 4. Cholesterol-lowering treatment does not reduce synovial inflammation at end stage 
collagenase-induced OA
Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. 3 weeks after the start of the treatments, CiOA was induced. Mice were sacrificed 42 

days after the induction of CiOA. (A) Synovial inflammation was determined on both the medial and the lateral side 

of the joint. No significant differences were observed between both groups. (B) Representative pictures of synovial 

inflammation. AA = atorvastatin + alirocumab. 10-13 mice per group. Results are expressed as mean ± 95% confidence 

intervals. 
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Figure 5. Cholesterol-lowering treatment does not reduce OA pathology at end stage OA

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. 3 weeks after the start of the treatments, CiOA was induced. Mice were sacrificed 42 

days after the induction of CiOA. (A) Cartilage damage was quantified on SafO stained sections with a score ranging 

from 0-30. 42 days after the induction of CiOA, no significant differences were observed in cartilage damage between 

both groups. (B) Subchondral bone sclerosis was scored using a graded scoring system ranging from 0-3. No 

differences were observed after cholesterol-lowering treatment compared to mice fed a cholesterol-supplemented 

WTD alone. (C) Representative pictures showing cartilage damage in SafO stained sections, arrows indicate sites of 

cartilage damages. (D) Representative pictures of ectopic bone formation and the locations scored. (E-F) The size of 

ectopic bone formation was manually traced using the Leica Application suite image analysis software at several sites 

of the joint in SafO stained sections. The size of ectopic bone formation was similar between both groups. MT = medial 

tibia, MF = medial femur, MCL = medial collateral ligament. AA = atorvastatin + alirocumab. 10-13 mice per group. Results 

are expressed as mean ± 95% confidence intervals. 
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DISCUSSION

The last decade, the association between MetS and OA development has become increasingly 

recognized. However, the exact role of cholesterol and cholesterol-lowering therapies in OA 

development has remained elusive. In this study, we used intensive cholesterol-lowering treatment 

consisting of atorvastatin and the novel anti-PCSK9 antibody alirocumab in E3L.CETP mice . We show 

that cholesterol-lowering treatment significantly reduces systemic levels of pro-inflammatory cytokines 

and synovial inflammation and lining thickness during early stage collagenase-induced OA, but this is 

not sufficient to ameliorate end stage pathology. 

Clinical studies have reported contradictory findings regarding statin use and OA development76, 80-83. 

A recent meta-analysis by Wang et al. even showed no association between the use of statins and a 

reduced risk of OA incidence or progression147. In our study, we used a combination of atorvastatin 

and the anti-PCSK9 antibody alirocumab to strongly reduce cholesterol levels. In atherosclerosis, this 

combination treatment reduces the residual risk observed in cardiovascular patients that receive 

statin therapy only104. Even though we used high-intensive cholesterol-lowering therapies, we did not 

observe reduced OA pathology at end-stage CiOA. The contradictory findings regarding the effects of 

cholesterol-lowering treatment on OA pathology indicate that additional mechanisms are likely involved 

in cholesterol-associated OA pathology. 

Previously, in a  spontaneous OA model where similar cholesterol-lowering therapies were used, we 

did not observe a reduction in OA pathology while the development of atherosclerosis was strongly 

reduced102, 140. Previous studies in our lab showed that a cholesterol-supplemented diet increased 

synovial activation and ectopic bone formation, but not cartilage degeneration in a CiOA model36, 

49. Others have shown that a high fat diet alone did not lead to joint pathology, but a combination 

with a secondary trigger such as DMM surgery51 or groove surgery50 was needed to induce cartilage 

degeneration. Therefore, we hypothesized that cholesterol-lowering therapies would be of benefit in 

an OA model with a substantial joint inflammation such as CiOA. Treatment was started before the 

induction of CiOA to ensure that systemic cholesterol levels were reduced before the induction of joint 

inflammation. Even though we observed a decrease in synovial inflammation and lining thickness 

and in systemic levels of inflammatory mediators, no significant differences were observed for ectopic 

bone formation and cartilage degeneration at end-stage OA. In several animal studies, a high-fat diet 

resulted in increased cartilage damage47, 48, 133. However, some studies have shown that a WTD increased 

macrophage infiltration52 and inflammation in the synovium, while no effects on cartilage damage were 

observed50, 52. These results may suggest that high cholesterol mainly exacerbates early stage changes 

of inflammation which is insufficient to reduce end stage pathology. The latter could explain why we 

mainly observed anti-inflammatory effects of the cholesterol-lowering treatment during the early 

phases of our study. 



CHAPTER 4

94

There are several mechanisms that could explain why cholesterol-lowering alone was insufficient to 

significantly reduce end stage pathology. Firstly, it has been shown that lipoproteins, such as LDL and 

oxLDL, can induce trained immunity by metabolic and epigenetic reprogramming of monocytes and 

their myeloid progenitor cells in the bone marrow148, 149. Trained immunity increases the inflammatory 

response of monocytes and macrophages to secondary stimuli, such as Toll-like receptor (TLR) ligands 

like LPS or S100A8/A9150. In addition, Christ et al. have shown that immune training in monocytes was 

dependent on the NLRP3 inflammasome/IL-1β pathway150. In addition, Bekkering et al. have shown that 

trained immunity cannot be reversed by statin therapy in patients with familiar hypercholesterolemia151. 

The authors hypothesized that these results could explain why a residual risk is observed in cardiovascular 

patients even after successful reduction of cholesterol levels after statin treatment151. In a recent study, 

we showed that cholesterol-lowering treatment combined with inhibition of IL-1β could reduce 

synovial thickening and cartilage degeneration in dyslipidemic E3L mice (unpublished data). Possibly, 

cholesterol-lowering therapies should be supplemented with an anti-inflammatory treatment, such 

as inhibition of IL-1β, to successfully ameliorate diet-induced OA pathology. An overview of possible 

therapeutic strategies to target innate immune training has been published by Mulder et al152. 

A further explanation may be the contribution of glucose which levels are often increased when mice are 

fed a WTD which contain high amounts of fat and sugars. Similar to (ox)LDL, glucose is able to induce the 

production of inflammatory mediators in macrophages153. Moreover, it has been shown that induction 

of trained immunity in monocytes after oxLDL stimulation upregulates glycolytic metabolism154. OxLDL-

induced trained immunity was increased in a high glucose environment, indicating that high glucose 

availability amplifies the pro-inflammatory effects of oxLDL-induced trained immunity154. In addition, 

these authors showed that trained immunity could be prevented by pharmacological inhibition of 

glycolysis154. It would be of interest to investigate if a combination of cholesterol- and glucose-lowering 

therapies can successfully reduce diet-induced OA pathology. 

A limitation of our study is the absence of a chow control group. Even though we were able to 

investigate the effects of intensive cholesterol-lowering treatment on the development of OA, we were 

not able to determine the effect of the cholesterol-supplemented WTD alone on OA pathology in this 

study. However, previous studies have shown that a cholesterol-supplemented WTD contributes to the 

development of cartilage pathology in E3L.CETP mice47, 155. Another limitation is the use of only females 

in this study. Although in general male mice develop more severe OA pathology than female mice, we 

chose to use female mice in the current study as female E3L mice are more responsive to cholesterol 

containing diets by having higher cholesterol and TG levels compared to male mice. 

Taken together, our study shows that intensive cholesterol-lowering treatment using a combination of 

atorvastatin and anti-PCSK9 antibody alirocumab reduces early stage synovial inflammation but this is 

insufficient to significantly reduce end stage pathology. 
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Cholesterol-lowering treatment does not reduce gene expression of several 
pro-inflammatory cytokines in synovial tissue

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. 3 weeks after the start of the treatments, CiOA was induced via two injections of 

collagenase into the right knee joint of the mice. Synovial punches (Ø 3 mm) were collected 7 days after the induction 

of CiOA. RNA was isolated using the RNeasy kit (Qiagen). Gene expression levels were determined using qPCR with 

specific primers and the SYBR Green Master Mix using the StepOnePlus RT-PCR System (Thermo Fisher Scientific). 

Expression levels are presented as −ΔCt, which is calculated by correcting for the household gene GAPDH. Primer 

sequences are provided in Supplementary Table 1. (A-F) Gene expression of S100A8, S100A9, IL-1b, IL6, MCP-1 and 

KC were not different between treatment groups. AA = atorvastatin + alirocumab. Results are expressed as mean ± 95% 

confidence intervals.
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Supplementary Figure 2. Cholesterol-lowering treatment reduces serum levels of S100A8/A9, MCP-1 and 
KC in mice fed a cholesterol-supplemented WTD

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. Protein levels of S100A8/A9, MCP-1 and KC were determined in serum 7 days after 

the induction of CiOA using Luminex. Protein levels of (A) S100A8/A9, (B) MCP-1 and (C) KC were significantly 

reduced in mice that received cholesterol-lowering treatment compared to mice fed a cholesterol-supplemented 

WTD alone.. Serum levels of IL-1β, IL-6 and IL-10 were below the detection limit. ***, P < 0.001, ****, P < 0.0001. AA = 

atorvastatin + alirocumab. Results are expressed as mean ± 95% confidence intervals.
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Supplementary Figure 3. Cholesterol-lowering treatment does not reduce the number of osteophytes or 
their maturation stage during CiOA

Female E3L.CETP mice were fed a cholesterol-supplemented WTD for 3 weeks, after which half of the mice received 

cholesterol-lowering treatment. 3 weeks after the start of the treatments, CiOA was induced via two injections of 

collagenase into the right knee joint of the mice. (A) The total number of osteophytes were quantified at both 

the lateral and the medial side of the joint. No difference in the number of osteophytes was observed. (B-F) The 

maturation stage of several sites of ectopic bone formation was determined, ranging from chondrogenesis to the 

formation of mature bone (0 to 10). No differences in the maturation of osteophytes was observed after cholesterol-

lowering treatment. AA = atorvastatin + alirocumab. 10-13 mice per group. Results are expressed as mean ± 95% 

confidence intervals. 
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ABSTRACT

Objective

Metabolic dysfunction can cause IL-1β mediated activation of the innate immune system, which could 

have important implications for the therapeutic efficacy of IL-1β neutralizing drugs as treatment for 

OA in the context of metabolic syndrome (MetS). In the present study, we investigated whether early 

treatment with a single dose of IL-1β blocking antibodies could prevent Western diet (WD) induced 

changes to systemic monocyte populations and their cytokine secretion profile and herewith modulate 

collagenase induced osteoarthritis (CiOA) pathology.

Methods

CiOA was induced in female C57Bl/6 mice fed either a standard diet (SD) or WD and treated with a 

single dose of either polyclonal anti-IL-1β antibodies or control. Monocyte subsets and granulocytes in 

bone marrow and blood were analyzed with flow cytometry, and cytokine expression by bone marrow 

cells was analyzed using qPCR. Synovial cellularity, cartilage damage and osteophyte formation were 

assessed on histology. 

Results

WD feeding of C57Bl/6 mice led to increased serum levels of low-density lipoprotein (LDL) and innate 

immune activation in the form of an increased number of Ly6Chigh cells in bone marrow and blood 

and increased cytokine expression of especially IL-6 and TNF-α by bone marrow cells. The increase in 

monocyte number and activity was ameliorated by anti-IL-1β treatment. However, anti-IL-1β treatment 

did not significantly affect synovial lining thickness, cartilage damage and osteophyte formation during 

WD feeding. 

Conclusions

Single-dose systemic anti-IL-1β treatment prevented WD-induced innate immune activation during 

early stage CiOA in C57Bl/6 mice, but did not ameliorate joint pathology.

Keywords

Metabolic syndrome, Western Diet, LDL, inflammation, CiOA, anti-IL-1β
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INTRODUCTION

Osteoarthritis (OA) is a painful degenerative joint disease causing a substantial decrease in quality of 

life of those affected. Current treatment options are limited to lifestyle interventions, analgesics and 

joint replacement, urging for novel therapeutic options. This urge is substantiated by an ever increasing 

prevalence of the metabolic syndrome (MetS), a cluster of metabolic risk factors strongly associated with 

OA1-4. MetS often results from an unhealthy lifestyle, including a diet high in saturated fats and sugar. 

Symptoms associated to MetS like dyslipidemia, hyperglycemia and low-grade systemic inflammation 

are thought to regulate OA pathology by fueling synovitis3, 5. Despite attracting great scientific interest 

in recent years, the exact molecular drivers of MetS-associated OA remain unclear, thereby making 

targeted treatment difficult.

Inflammation of the synovium, characterized by infiltration of immune cells and high cytokine expression, 

is present in more than 50% of OA patients and has been linked to joint pain and disease progression6, 

7. IL-1β, secreted by OA synovia, contributes to pain transmission and stimulates catabolic activity of 

chondrocytes in vitro8, 9. Despite these findings suggesting a central role for IL-1β in OA pathology, clinical 

trials in which IL-1β was targeted to treat OA have produced mainly disappointing results. It has to be 

noted that patients included in most of these trials were not stratified based on disease phenotype and 

suffered from advanced OA, at which point cartilage damage could be irreversible10-13. It was therefore 

suggested that the strategy of OA therapy targeting inflammation should be focused on treating at an 

early disease stage, and that treatment should be tailored to fit the specific disease phenotype of each 

patient14. 

One of the major challenges is to identify early OA, since it generally develops over a long period stretching 

multiple decades, while major symptoms often only present themselves when disease progression is 

already at an advanced stage. Interestingly however, 50-80% of patients suffering ligamentous injury of 

the knee develop OA over time, which is almost always accompanied by inflammation of the joint at 

early stages15. Since timing of injury and therefore onset of disease processes is known in these post-

traumatic OA patients, they might benefit from anti-inflammatory therapy during the period shortly 

after joint reconstruction surgery to suppress early OA processes. Moreover, anti-inflammatory drugs 

might be especially suitable for OA phenotypes with a central inflammatory component like MetS-

associated OA. Underlining this, it was shown in the CANTOS trial – a large clinical trial involving 10.061 

patients with previous myocardial infarction and high systemic inflammation – that treatment with 

monoclonal antibody against IL-1β canakinumab lowered the rate of total knee and hip replacements 

in these patients.

In murine models, a metabolic syndrome-like phenotype is often simulated either by feeding of a 

calorie-rich diet like a Western diet (WD) - a variation of a high fat diet (HFD) that aims to reproduce 

human high caloric fast food feeding - or by using mice with genetic deficiencies like Ldlr-/- and Apoe-/- 
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mice, often combined with a HFD16, 17. These knockout mice develop extreme hypercholesterolemia 

and are commonly used as models for atherosclerosis of which pathology is driven by low-density 

lipoprotein (LDL) and monocyte-derived macrophages. In numerous surgically-induced OA models, 

HFD feeding worsened OA progression and was accompanied by changes in IL-1β levels18. Moreover, 

studies performed in our lab showed that WD feeding of wild type (WT), Ldlr-/- and Apoe-/- mice increased 

OA disease parameters, presumably via local formation of oxidized LDL (oxLDL)19, 20. In addition, A. Christ 

and colleagues showed that WD feeding of Ldlr-/- mice trained myeloid cells to become hyperresponsive 

to TLR4 ligands in a mechanism that was shown to be dependent on NLRP3 signaling, suggesting an 

IL-1β mediated process21.

Monocytes and macrophages are the most predominant immune cells in OA synovium and contribute 

to pathology by producing pro-inflammatory and catabolic factors like IL-1β, TNF-α, S100A8/A9 and 

metalloproteinases (MMPs). Whereas locally proliferating resident macrophages are thought to have a 

more stable anti-inflammatory phenotype22, 23, monocyte-derived macrophages have a more flexible 

and dynamic pro- or anti-inflammatory phenotype24. This suggests an important role for especially the 

monocyte-derived macrophages in disturbing the balance of synovial macrophage activity. In mice, two 

functionally distinct monocyte subsets are identified; patrolling Ly6Clow and pro-inflammatory Ly6Chigh 

monocytes, the latter being the monocyte that preferentially infiltrates OA synovium25. 

Even though we previously showed that IL-1β is not important for the development of CiOA pathology26, 

this might be different in the context of metabolic syndrome. WD-trained monocytes and monocyte-

derived macrophages could worsen OA pathology when they encounter TLR4 ligands like S100A8/

A9 in the synovium and react with production of radical oxygen species (ROS) and cytokines. In the 

present study, we therefore investigated whether early treatment with IL-1β blocking antibodies could 

prevent WD mediated aggravation of CiOA pathology and coupled this to systemic and local changes in 

monocyte phenotype and activation status. 
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METHODS

Collecting blood and OA conditioned medium of OA patients

Serum was collected from patients planned to undergo total knee replacement and LDL levels were 

determined by our diagnostics lab (n=16). After surgery, synovial explants of approximately 1x1x½ cm 

(2-8 per patient) were dissected and incubated at 37˚C for 24 hours in DMEM (+0.1% BSA). Levels of IL-1β, 

TNF-α, IL-10 and MCP-1 secreted in the conditioned medium were measured using Luminex (Bio-Rad). 

Levels of S100A8/A9 were measured using ELISA. Concentrations of secreted factors were normalized for 

wet tissue weight. All donors provided informed consent under institutional ethics committee approved 

protocols (2018-4876).

Animals

Female wild type (WT) C57BL6/J mice were obtained from Janvier. Mice were 12 weeks old at the time 

of induction of the disease model, were housed in open cages and received food and water ad libitum. 

Cages (5 mice/cage) were randomly allocated to timepoint day 7 or day 42 and were fed either standard 

diet (SD) or WD (15% cacao butter, 1% cholesterol, 0.05% NaCholate; 43% metabolized energy from 

fat, 42% from carbohydrates, 15% from protein (Sniff Spezialdiäten GmbH)), starting after 1 week of 

acclimatization,4 weeks before induction of the disease model and continuing until the end of the 

experiment. Mice were randomly allocated to control or anti-IL-1β treatment groups (split 2 to 3 or 

vice versa in each cage). Randomization of cage/mice-to-group and cage-to-location allocation was 

performed using Microsoft Excel. Animal studies were approved by the Institutional Review Board and 

were performed according to the related codes of practice (CCD project number: 2018-0002). 

Collagenase-induced osteoarthritis

Collagenase-induced OA (CiOA) was induced by two time intra-articular injection of 1U bacterial 

collagenase type VII (Sigma-Aldrich) into the right knee cavity, on day 0 and 2 of CiOA. One day before 

the first collagenase injection, mice were given a single intraperitoneal injection of either normal rabbit 

serum (control) or rabbit anti-IL-1β serum (anti-IL-1β) according to the previously described protocol27. 

Investigators were aware of diet groups due to food coloring, but blinded for treatment groups from 

day 0 onwards. On day 7 and day 42 of CiOA, mice were weighed and sacrificed, after which right knee 

joints were isolated and processed for histological analysis. Total femurs from mice undergoing the same 

treatment protocol were isolated for flow cytometry analysis at day 7 of CiOA. Serum samples were 

obtained from all mice to determine lipoprotein and cytokine levels. The nuclear factor Kappa B (NF-κB) 

luciferase reporter assay was used to test the IL-1β neutralizing capacity of the rabbit anti-IL-1β serum 

the mice were treated with, and that of sera of treated mice.

Histological analysis of human synovium and murine knee joints

Human synovial explants were fixed in 4% buffered formalin and embedded in paraffin. Cellular 

infiltration and synovial lining hyperplasia were arbitrarily scored on hematoxylin & eosin (H&E) stained 
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sections (3 sections per tissue sample). Isolated murine knee joints were fixed in 4% buffered formalin 

and subsequently decalcified in formic acid and embedded in paraffin. Synovial lining thickness was 

scored on H&E stained sections using an arbitrary scoring system ranging from 0-3 (0 being no infiltration 

and 3 being the highest level of infiltration in this specific set of samples) (3 sections per knee joint). 

Cartilage damage in the tibiofemoral joint was scored using a modified OARSI score, in which the grade 

(severity of erosion) is multiplied by the stage (affected area), resulting in a score of 0-30 (five sections 

per knee joint)28. Osteophytes, enthesophytes and bone marrow was manually traced by an investigator, 

after which the surface area and percentage of white area was calculated by Leica-software (3 sections 

per knee joint). All histological analysis was performed blinded for the experimental condition. Both 

tibiofemoral and patellofemoral dislocations were a priori excluded from analysis.

Flow cytometry

Femur-derived bone marrow and blood was analyzed for monocyte subpopulations and granulocytes 

using the Gallios flow cytometer (Beckman Coulter). The antibodies and fluorophores that were used are 

summarized in supplementary table 1. First, doublets (based on FS-A/SS-W) and dead cells (positive 

for eFluor780 viability dye) were excluded. Monocytes were identified as CD11bhigh (B220/CD3/CD49b/

Ter119)neg Ly6Glow SSint Ly6Cpos and further subdivided into Ly6Chigh and Ly6Clow monocytes, whereas 

granulocytes were identified as CD11bhigh (B220/CD3/CD49b/Ter119)neg Ly6Ghigh SShigh Ly6Cint.

Quantitative PCR 

Bone marrow cells were isolated from the murine femur by flushing with plain Roswell Park Memorial 

Institute (RPMI) medium using a needle and syringe and subsequently plated and stimulated for 6 hours. 

Supernatant was collected and cells were lysed in Trizol (MilliporeSigma) reagent for RNA isolation and 

quantitative PCR (qPCR) analysis. Gene expression was determined using qPCR with specific primers 

(primer sequences provided in supplementary table S2) and the Sybr Green Master Mix using the 

StepOnePlus RT-PCR System (Thermo Fisher Scientific). Between-group differences in expression levels 

are calculated based on -ΔCt (Ct(GAPDH) - Ct(gene of interest), and plotted as ΔΔCt (Average -ΔCt of 

control group (Gene of interest)) - -ΔCt(Gene of interest), with the control group being: standard diet, 

control treatment, unstimulated in vitro). 

Statistical analysis

Group sizes were calculated to be able to detect differences between groups with a power of 0.8 

and a level of significance of 0.05. We based our sample size calculation on the hypothesis that there 

would be a significant interaction between the independent variables diet (SD or WD) and treatment 

(control or anti-IL-1β) in determining the level of the dependent variable cartilage damage. Group 

sizes were calculated using Russ Lenth’s sample size calculator (version 1.76) for the primary readout 

measure cartilage damage tested with a two-way ANOVA, considering a difference smaller than 3.2 as 

not biologically relevant. Assuming a mean of 10 in the control group (female C57Bl/6 mice, standard 

diet, untreated) at day 42 of CiOA, an SD of 2 and a detectable contrast of 3.2, this resulted in a total 
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required number of 10 mice per group. Two-way-ANOVA was used to test for interaction between diet 

and treatment (4 groups) using R studio (v4.0.3) for all histological outcome parameters, flow cytometry 

and qPCR, separately on both timepoints. In case of no significant interaction, two-way-ANOVA was 

repeated without testing for interaction to determine the significance of effects of diet and treatment. 

Tukey/HSD was used to determine between-group differences and 95% Confidence Intervals (CI’s). All 

other statistical analyses were performed using Graphpad Prism v5.01. Pearson’s test was used to test for 

correlations, after D’Agostino and Pearson omnibus was used to test for normality. P-values lower than 

0.05 were considered significant. Results are expressed as mean values ± 95% CI’s.

RESULTS

IL-1β secretion by human OA synovium is correlated to serum LDL levels, but not to synovial 

cell infiltration and lining hyperplasia.

To investigate if systemic LDL levels are associated with the inflammatory status of human OA synovium, 

we studied the correlation between serum LDL levels and concentrations of IL-1β, TNF-α, MCP-1, IL-

10 and S100A8/A9 in the OA conditioned media. Interestingly, secretion levels of only IL-1β positively 

correlated with serum levels of LDL but did not significantly correlate with BMI, whereas MCP-1 on the 

other hand did not show a correlation with LDL while showing a strong correlation with BMI (Fig. 1A-

B, E). No correlations between LDL or IL-1β with patient age or sex were found (patient characteristics 

shown in supplementary figure 1). None of the measured cytokines showed correlation with cellular 

infiltration and synovial hyperplasia (Fig. 1C-E). Serum IL-1β levels were too low for a reliable readout.
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Figure 1. IL-1β secretion by human OA synovium is correlated to serum LDL levels. 

IL-1β concentrations measured in OA synovium conditioned media correlated positively with LDL serum 

concentrations (A), but not with BMI (B) (2-8 samples/patient, plots show averages). C-E) Cellular infiltration was 

scored on histology using an arbitrary score of 0-3 (2-8 samples/patient), with 0 being no infiltration and 3 being 

the highest level of infiltration in this specific set of samples (C, showing a score of 3. 400x magnification). Lining 

hyperplasia was scored on histology based on the average lining thickness in number of cells based on histology (D, 

400x magnification). Cellular infiltration and lining hyperplasia did not correlate with concentrations of IL-1β, MCP-1, 

S100A8/A9, TNF-α and IL-10 measured in OA synovium conditioned media (E). Significant correlations are presented 

bold (P<0.05) (n=16). 

Western diet feeding increased LDL serum levels without increasing weight. 

Five weeks after start of the diet, at day 7 of CiOA (Fig. 2A), total serum cholesterol was increased in WD 

fed mice compared to mice fed SD (1.8 to 3.5 mmol/L) mainly due to an increase in LDL cholesterol at 

day 7 of CiOA (Fig. 2B), and this was unchanged at day 42 of CiOA (Fig. 2C). WD feeding did not lead to 

significant weight gain over the entire disease duration (Fig. 2D), excluding weight as a factor mediating 

any observed effect. Interestingly, WD-feeding seemed to increase the volume of lipids in the bone 

marrow especially in mice treated with anti-IL-1β (Fig. 2E).

To validate that IL-β was functionally neutralized during the early stage of CiOA, we pre-incubated mouse 

sera obtained from mice of all 4 treatment groups with recombinant mouse IL-1β (rmIL-1β) and analyzed 

the NF-κB-inducing capacities of the samples using a NF-κB-luc 3T3 reporter assay. Indeed, sera from 

anti-IL-1β-treated mice showed a strong reduction in rmIL-1β-induced NF-κB signal compared to control 

mice despite being pre-incubated with an identical concentration (d(anti-IL-1β – Ctr) = -2.79x105, CI95% = 

[-3.03x105, -2.55x105]) (Fig. 2F). However, this difference was gone when using sera of mice from day 42 
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of CiOA (d(anti-IL-1β – Ctr) = -2.26x103, CI95% = -3.07x104, 2.62x104]) (Fig. 2G), suggesting the antibodies 

were already cleared at this timepoint. A proof of concept experiment confirmed that pre-incubation 

with anti-mIL-1β polyclonal antibodies could completely block the rm-IL-1β induced NF-κB-luc signal 

(Fig. 2H). 

Western diet-induced alteration of monocyte subsets in bone marrow and blood is affected 

by anti-IL-1β treatment. 

We next determined the effect of WD feeding of mice on monocyte subsets in bone marrow and blood, 

and whether IL-1β blocking interfered in this process. WD and anti-IL-1β treatment did not significantly 

alter the total number of nucleated bone marrow cells in the femur, despite a decreasing trend in anti-

IL-1β treated mice (Fig. 3A, D). Flow cytometry analysis revealed that WD feeding increased the absolute 

number of Ly6Chigh monocytes in the bone marrow, which was not affected by anti-IL-1β treatment (Fig. 

3B, D). The same effect was found in the percentages of Ly6Chigh monocytes in the blood (Fig. 3C, D). Here, 

the effect of WD seems to be lower in mice treated with anti-IL-1β, although no significant interaction or 

treatment effect was observed. In addition, WD feeding increased the percentage of Ly6Clow monocytes 

in blood while showing an interaction with treatment (Fig. 3C, D). Anti-IL-1β treatment furthermore 

decreased the number of granulocytes in the bone marrow, which was not reflected in blood (Fig. 3B-D).
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Figure 2. Western diet feeding increased LDL serum levels and systemic inflammation without increasing 
weight.

A) Schematic of dietary and therapeutic interventions. Female C57Bl/6 were fed either a standard diet (SD) or western 

diet (WD), and treated with the control (Ctr) or polyclonal anti-IL-1β antibodies (anti-IL-1β). Mice were sacrificed on 

day 7 and 42 of CiOA. n=10 for histology (day 7 and 42) and n=5 for flow cytometry (day 7), resulting in a total 

number of 100 mice. B,C) Serum concentrations of total cholesterol (TC), low-density lipoprotein (LDL), high-density 

lipoprotein (HDL) and triglycerides (TriGl) were determined at day 7 and 42 of CiOA. C) Body weight during the 

course of the experiment. D)Percentage of white area in the bone marrow as an indication of relative bone marrow 

lipid volume. E,F) NF-κB-luc assay of culture medium (DMEM supplemented with 5% FCS, pyruvate, penicillin/

streptomycin) supplemented with 5% sample (mouse serum of day 7 (E) and day 42(F)) spiked with rmIL-1β (100pg/

mL). Fluorescence intensity (FI) is shown. All values are corrected for background (only culture medium) and non-

rmIL-1β spiked samples (n=7 (from 10 obtained samples)). G) NF-κB-luc of culture medium supplemented with 

control or anti-IL-1β antibodies (serial dilution) spiked with rmIL-1β (100 pg/mL). Trm.=Treatment. Mean and 95% CI 

(E-G) or SD (B-D, H) are shown. 
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Figure 3. Western diet-induced alteration of monocyte subsets in bone marrow and blood is affected by 
anti-IL-1β treatment. 
A) Complete femurs of the left hind legs were isolated, cleaned crushed and strained, after which the total numbers 

of bone marrow cells were determined. B) Absolute numbers of Ly6Chigh monocytes, Ly6Clow monocytes and 

granulocytes (Ly6Ghigh) in the bone marrow of the femur calculated using the total number of bone marrow cells 

and the percentage of total cells as determined by flow cytometry. C) Percentages of Ly6Chigh monocytes, Ly6Clow 

monocytes and granulocytes (Ly6Ghigh) in the blood as determined by flow cytometry. Mean and 95% CI’s are plotted. 

D) Table showing P-values resulting from 2-way-ANOVA and between-group differences and 95% CI’s resulting from 

Tukey/HSD (n=5, 1 blood sample was lost during processing). Trm.=Treatment. 

Bone marrow cells of WD fed mice express increased cytokine levels, and this effect is 

dampened by anti-IL-1β treatment.

To investigate whether WD feeding in addition to changing the numbers of circulating monocytes also 

functionally altered the monocyte/macrophage precursor population, we isolated femoral bone marrow 

cells at day 7 of CiOA and directly stimulated them with TLR4 ligands S100A8 and LPS for 6 hours. 

qPCR analysis confirmed that WD feeding caused the bone marrow cells to express a more inflated 

cytokine expression pattern, exemplified by increased IL-6 and TNF-α in particular, while this effect was 

nearly absent in mice treated with anti-IL-1β (Fig. 4A, B). This effect of WD was significant for IL-6 in absence 

of TLR4 ligands, and for TNF-α only in presence of S100A8 or LPS (Fig. 4B). For IL-6, a significant interaction 

between diet and treatment was observed in absence and presence of S100A8 or LPS (Fig. 4B). 
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Figure 4. Bone marrow cells of WD fed mice express increased cytokine levels, and this effect is dampened 
by anti-IL-1β treatment. 

A) Bone marrow cells isolated at day 7 of CiOA following dietary and therapeutic intervention, stimulated ex vivo with 

TLR4 ligands S100A8 (1 µg/mL) or LPS (1 ng/mL), or left unstimulated for 6 hours. Cytokine expression as determined 

by qPCR, represented in radar plots as ΔΔCt values corrected for the reference gene GAPDH (-ΔCt) and calculated 

relative to the mean -ΔCt of the control group (standard diet, control treatment, unstimulated). B) Table showing 

P-values resulting from 2-way-ANOVA and between-group differences and 95% CI’s in -ΔCt resulting from Tukey/HSD 

(n=5). Values are presented bold when P<0.05 and cursive when P<0.0027 (0.05/18 comparisons). Trm.=treatment. 



ANTI-IL1-Β THERAPY DURING COLLAGENASE-INDUCED OA IN WTD-FED MICE

117

5
Fi

gu
re

 5
. S

yn
ov

ia
l l

in
in

g 
th

ic
kn

es
s 

w
as

 n
ot

 s
ig

ni
fic

an
tl

y 
aff

ec
te

d 
by

 a
nt

i-I
L-

1β
 tr

ea
tm

en
t d

ur
in

g 
W

D
 fe

ed
in

g 
at

 d
ay

 7
 o

f C
iO

A
. 

Ill
us

tr
at

io
n 

sh
ow

s 
a 

sc
he

m
at

ic
 o

ve
rv

ie
w

 o
f a

 fr
on

ta
l s

ec
tio

n 
of

 a
n 

H
&E

 s
ta

in
ed

 k
ne

e 
jo

in
t. 

P=
pa

te
lla

, S
=

sy
no

vi
um

, F
=

fe
m

ur
, C

=
ca

rt
ila

ge
, T

=
tib

ia
. P

ic
tu

re
s 

ar
e 

re
pr

es
en

ta
tiv

e 

of
 th

e 
m

ea
n 

(1
00

x 
m

ag
ni

fic
at

io
n)

. S
yn

ov
ia

l l
in

in
g 

th
ic

kn
es

s 
at

 d
ay

 7
 o

f C
iO

A 
w

as
 s

co
re

d 
on

 H
&E

 s
ta

in
ed

 h
ist

ol
og

ic
al

 s
ec

tio
ns

 u
sin

g 
an

 a
rb

itr
ar

y 
sc

or
e 

of
 0

-3
 (w

he
re

 0
 =

 n
o 

th
ic

ke
ni

ng
 a

nd
 3

 =
 m

os
t o

bs
er

ve
d 

th
ic

ke
ni

ng
). 

Th
re

e 
se

ct
io

ns
 o

f d
iff

er
en

t s
ta

nd
ar

di
ze

d 
de

pt
hs

 w
er

e 
sc

or
ed

 p
er

 k
ne

e 
jo

in
t. 

Tr
m

.=
Tr

ea
tm

en
t. 

M
ea

n 
an

d 
95

%
 C

I’s
 a

re
 p

lo
tt

ed
. 

Ta
bl

e 
sh

ow
s P

-v
al

ue
s r

es
ul

tin
g 

fro
m

 2
-w

ay
-A

N
O

VA
 a

nd
 b

et
w

ee
n-

gr
ou

p 
di

ffe
re

nc
es

 a
nd

 9
5%

 C
I’s

 re
su

lti
ng

 fr
om

 T
uk

ey
/H

SD
 (n

=
10

). 
N

o 
m

ic
e 

w
er

e 
ex

cl
ud

ed
 fr

om
 a

na
ly

sis
. 



CHAPTER 5

118

CiOA pathology was not significantly affected by anti-IL-1β treatment during WD feeding

Next, we investigated whether the observed increase in monocyte reactivity by WD feeding was reflected 

in the inflammatory status of the synovium. However, histological analysis revealed no significant 

difference in synovial lining thickness on day 7 of CiOA, despite a trend towards a significant effect of 

diet (Fig. 5). Finally, we studied whether WD induced systemic innate immune activation worsens CiOA 

pathology by scoring cartilage damage and ectopic bone formation by histology on day 42 of CiOA. No 

significant effects of WD feeding and anti-IL-1β treatment on cartilage degeneration were observed (Fig. 

6A, C). In addition, osteophyte and ectopic bone size was scored at four sites in the joint, but also here 

no significant differences were observed (Fig. 6B, C). 
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Figure 6. Cartilage destruction and ectopic bone formation was not significantly affected by anti-IL-1β 
treatment during WD feeding at day 42 of CiOA. 

A+B) Illustrations each show a schematic overview of a frontal section of a SafO stained knee joint. P=patella, 

S=synovium, F=femur, C=cartilage, T=tibia. A) Sites where cartilage was scored is presented as LF (lateral femur), 

MF (medial femur), LT (lateral tibia) and LF (lateral femur). Cartilage damage in the tibial-femoral joint was scored 

using a modified OARSI score, in which the grade (severity of erosion) is multiplied by the stage (affected area), 

resulting in a score of 0-30 (0 = no damage, 30 = maximal damage). Five sections were scored per knee joint. 

Pictures are representative of the mean across groups (200x magnification). B) Sites where ectopic bone formation 

was scored is presented as EMF (enthesophyte medial femur), OMF (osteophyte medial femur), OLT (osteophyte 

lateral femur) and MCL (medial collateral ligament). Osteophytes and enthesophytes were manually circled by an 

investigator blinded for the experimental condition, after which the surface areas were calculated. The mean cross-

sectional surface area in three sections per knee joint was determined. Pictures are representative of the mean across 

groups (50x magnification). Trm.=Treatment. Mean and 95% CI’s are plotted. C) Table showing P-values resulting 

from 2-way-ANOVA and between-group differences and 95% CI’s resulting from Tukey/HSD (n=10). Tibiofemoral and 

patellofemoral dislocations were excluded from analysis (A+B, 2 in SD/Ctr, 0 in WD/Ctr, 1 in SD/anti-IL-1β and 0 in 

WD/anti-IL-1β).

DISCUSSION

One of the biggest challenges in finding a treatment for OA is to identify specific OA phenotypes to 

enable tailored treatment. OA phenotyping research is still in its early stage, but so far MetS associated OA 

has been heavily suggested as one of the disease subtypes covering a distinct molecular endotype29-31. 

Anti-inflammatory therapy might be especially suitable for MetS associated OA because of its systemic 

inflammatory component. Even though anti-IL-1β therapies have so far proven unsuccessful in clinical 

trials and preclinical studies, there are clues that IL-1β plays a more central role in OA development 

in the context of metabolic imbalances. Firstly, it was shown in the CANTOS trial that treatment with 

monoclonal antibody against IL-1β canakinumab lowered the rate of total knee and hip replacements 

in these patients, although structural joint outcomes were not the focus of this study and therefore 

not collected32. Secondly, IL-1β is known to play an important role in mouse models of atherosclerosis, 

which are LDL and macrophage driven, and IL-1β targeting treatment in these mice showed therapeutic 

effects33-35. Whether this beneficial effect of IL-1β blocking also applies to metabolically associated OA 

development remains to be seen, but the overlapping risk factors of atherosclerosis and OA indicate 

common biochemical pathways. Here, we showed that IL-1β secretion by human OA synovium is 

positively correlated to serum LDL levels but not to BMI. Studies with larger cohorts and more information 

on confounding factors should confirm these findings. Dyslipidemia is one of many biochemical 

branches of the metabolic syndrome that could eventually lead to worsening of OA development 

while also affecting IL-1β, and this might run via immune programming of innate immune cells which is 

shown to be dependent on IL-1β signaling. 
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In the here presented in vivo study, we show that WD feeding of C57Bl/6 mice results in systemic 

activation of the innate immune system within a relatively short time frame of 5 weeks. This innate 

immune activation was exemplified by an increase of Ly6Chigh monocytes in bone marrow and blood 

at day 7 of CiOA. We observed similar changes in the Ly6Clow compartment of monocytes, although we 

believe that especially the changes in Ly6Chigh monocytes are relevant for OA development since these 

cells preferentially infiltrate OA synovium25. 

In addition to a systemic increase in monocyte number, WD feeding caused an increase of cytokine 

secretion by bone marrow cells, both in absence and presence of TLR4 ligands S100A8 or LPS. The 

cytokines most notably increased by WD were IL-6 and TNF-α, which have both been implicated in 

OA pathology as stimulators of cartilage degenerating processes36, 37. An increased activity of these 

factors in the joint could in theory worsen OA related processes like synovitis, cartilage degradation 

and pain. Surprisingly, we did not observe a WD-induced increase in IL-1β, although this needs to be 

confirmed on protein level. Moreover, IL-1β may not be required to be increased by WD to mediate its 

pro-inflammatory effect as is indicated by the effectiveness of anti-IL-1β to ameliorate WD-induced IL-6 

expression. 

The systemic increase in number and activity of innate immune cells did not seem to cause increased 

synovial cellularity based on histological H&E stained knee sections, on which no significant effects of 

WD or anti-IL-1β were observed. Whether this negative result was due to an absence of effect or due to 

the large variation within groups could not be evaluated with this sample size, but we could observe 

a trend towards an increasing effect of WD. We were unfortunately unable to collect a reliable readout 

for monocyte/macrophage phenotype and activation status to assess if the systemically observed 

effects of WD and anti-IL-1β were reflected in the synovium. If they indeed were, however, these local 

alterations were seemingly unable to significantly influence the severity of end stage disease. Possibly, 

the local immune environment in the synovium simply remains unaffected by the WD-induced systemic 

immune changes, hence the unaltered end stage pathology. As explained in the study by Culemann 

and colleagues, synovial lining macrophages have an anti-inflammatory phenotype which persists even 

in a strongly inflamed environment22. To this end, the physiological function of the lining macrophages 

might have to be compromised first to then allow the WD-activated immune cells to infiltrate the 

synovium and locally skew macrophage phenotypes, consequently worsening OA pathology. This 

would be in line with results previously found in our lab, which show that intra-articular injection of 

oxLDL in naïve mouse knee joints induces chemokine production and immune cell infiltration, but only 

after depletion of synovial macrophages using clodronate liposomes. 

The disease-worsening effects of WD were either absent or imperceptible in this study. In addition to 

the statistical insignificance of the diet effect, the between-group differences do not meet the value 

of 3.2 to be considered biologically relevant, and hint more towards a disease-relieving effect of WD 

rather than a disease-aggravating one. This is in contrast to studies previously performed in our lab 

where WD feeding of C57Bl/6 mice did indeed result in increased pathology in the form of increased 
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ectopic bone formation19, 20. There are several differences between the experimental designs that might 

explain the different outcomes. First of all, the WD used in this study is supplemented with cholic acid 

(0.05%), whereas previously used diets weren’t. Supplementation of this bile acid makes WD especially 

effective in enhancing the dyslipidemia aspect of metabolic syndrome, and causes mild atherosclerosis 

when fed to C57Bl/6 mice for a period of 14 weeks38, 39. However, it might have additional effects which 

unintentionally counteract the OA aggravating effects of WD, for example via its ability to locally 

suppress innate immunity40. Secondly, the duration of WD-feeding before induction of CiOA differs 

between experiments. In this study, WD-feeding was started 4 weeks before CiOA induction, whereas 

in previous studies this was 12 weeks and 2 weeks19, 20. Nonetheless, disease-aggravating effects of 

WD were observed also with only 2 weeks of WD preceding CiOA induction, making it less likely that 

diet duration is the prime cause of the differences in outcome. Alternatively, the WD-induced immune 

activation has to persist longer to be able to affect local pathology. This particular model of metabolic 

syndrome, being wild type mice fed WD, realistically reflects a physiological metabolic phenotype and 

proved suitable to show short term effects on the innate immune system, but is possibly not suitable to 

simulate the longevity of exposure to this altered immune system that possibly takes place in the human 

situation. More exaggerated metabolic syndrome models may simulate this better, given the relatively 

short duration of the experimental OA models compared to human OA development. 

The absence of effect of anti-IL-1β on pathology suggests that in this setting, WD does not alter OA 

development to become more dependent on IL-1β activity. Although the effect of anti-IL-1β treatment 

on cartilage damage shows consistently negative values, they are statistically insignificant and 

additionally do not meet the value of 3.2 to be considered biologically relevant. This is in line with a 

study of Collins and colleagues in which the authors show that lipodystrophy protects against cartilage 

damage in a DMM model of OA despite strongly increased serum IL-1β levels41, indicating that they 

are independent processes. Further evaluation of the effect of anti-IL-1β on the WD-aggravated part 

of OA pathology requires additional experiments that reproduce the disease-worsening effects of WD 

previously found. 

Potentially, IL-1β signaling possibly needs to be blocked during the entire disease duration to affect CiOA 

pathology. A single early treatment time point was chosen to block IL-1β especially in the early disease 

stage when inflammation and synovial IL-1β expression is highest42, but a potential role for IL-1β in later 

disease stages cannot be excluded. A similar experiment with continued anti-IL-1β delivery should still 

be performed to conclude that IL-1β does not play a role also in later stages of CiOA. Interestingly, we 

found that WD-induced bone marrow lipid accumulation was strongly increased in anti-IL-1β treated 

mice, suggesting a suppressive role for IL-1β in bone marrow lipid formation. Increased bone marrow 

lipid volume has previously been linked to formation of bone marrow lesions which form a risk factor 

for OA43, 44. 

Even though it needs to be further investigated whether the here observed WD-induced and IL-1β 

dependent systemic immune alterations have the potential to alter OA pathology, one can speculate 
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on the underlying mechanisms which could provide valuable insight for future studies on this topic. 

Our findings in C57Bl/6 mice are in line with the study from A. Christ and colleagues, who show that WD 

induces an increased immune response of granulocyte-monocyte progenitor cells in Ldlr-/- mice through 

long lasting epigenetic reprogramming21. In both studies, the WD-mediated effects were shown to 

rely on the IL-1 pathway. OxLDL was suggested by the authors as a potential inducer of these effects, 

which was supported by the finding that oxLDL-induced trained immunity of human monocytes is 

ameliorated by IL-1 receptor antagonist (IL-1ra). However, oxLDL represents just one of many biological 

factors which potentially mediate WD-induced immune training. Alternatively, WD affects the innate 

immune system via microbiome alterations or hyperglycemia. Huang and colleagues showed that mice 

that received fecal bacteria from OA patients with metabolic syndrome developed more severe cartilage 

degradation and synovitis during DMM as compared to mice who received fecal bacteria from OA 

patients without metabolic syndrome or individuals without OA, and this was associated with changes 

in IL-1β45. Furthermore, hyperglycemia is known to cause systemic macrophage activation and increased 

IL-1β production46, and the glucose-lowering drug metformin was shown to ameliorate DMM with both 

therapeutic and prophylactic strategies47. 

To conclude, we report here that WD feeding of C57Bl/6 mice systemically activates the innate immune 

system in an IL-1β dependent manner, but that these changes were unable to significantly modulate 

CiOA pathology. This result is in line with previous studies that show no beneficial effects of IL-1β 

neutralizing drugs and suggests this does not change in the context of WD-feeding. 
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SUPPLEMENTARY MATERIAL

Supplementary figure 1. Patient characteristics
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Supplementary table 1. Flow cytometry antibodies-fluorophores 
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Supplementary table 2. Primer sequences
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ABSTRACT

Introduction

Both systemic inflammation and dyslipidemia contribute to osteoarthritis (OA) development and have 

been suggested as a possible link between metabolic disease and OA development. Recently, the 

CANTOS trial showed a reduction in knee and hip replacements after inhibition of IL-1β in patients with 

a history of cardiovascular disease and high inflammatory risk. In this light, we investigated whether 

inhibition of IL-1β combined with cholesterol-lowering therapies can reduce OA development in 

dyslipidemic APOE*3Leiden mice under pro-inflammatory dietary conditions.

Materials and methods

Female ApoE3*Leiden mice were fed a cholesterol-supplemented Western-Type diet (WTD) for 38 

weeks. After 14 weeks, cholesterol-lowering and anti-inflammatory treatments were started. Treatments 

included atorvastatin alone or with an anti-IL1β antibody, and atorvastatin combined with proprotein 

convertase subtilisin-kexin type 9 (PCSK9) inhibitor alirocumab without or with the anti-IL1β antibody. 

Knee joints were analyzed for cartilage degradation, synovial inflammation and ectopic bone formation 

using histology at end point.

Results

Cholesterol-lowering treatment successfully decreased systemic inflammation in dyslipidemic mice, 

which was not further affected by inhibition of IL-1β. Synovial thickening and cartilage degeneration 

were significantly decreased in mice that received cholesterol-lowering treatment combined with 

inhibition of IL-1β (P <0.01, P <0.05, respectively) compared to mice fed a WTD alone. Ectopic bone 

formation was comparable between all groups.

Conclusion

These results indicate that inhibition of IL-1β combined with cholesterol-lowering therapy diminishes 

synovial thickening and cartilage degeneration in mice and may imply that this combination therapy 

could be beneficial in patients with metabolic inflammation. 
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INTRODUCTION

Osteoarthritis (OA) is the leading cause of disability worldwide and is characterized by joint pain and 

stiffness. Treatment options are currently limited to lifestyle interventions and analgesics, and patients 

ultimately need whole joint replacement at end-stage disease. OA is a complex and heterogeneous 

disease that affects all joint structures such as cartilage, synovium, subchondral bone and ligaments1. 

Many risk factors, including aging, obesity, trauma and metabolic syndrome (MetS) have been associated 

with the development of OA2, 3. MetS is characterized by a cluster of metabolic conditions (visceral 

obesity, diabetes and insulin resistance, dyslipidemia and hypertension) and its prevalence has increased 

over the last decades. An increased prevalence of MetS in the OA population was observed compared to 

the non-OA population22 and MetS has been associated with the progression and development of OA2, 3.

Dyslipidemia is frequently described as an increase of circulating lipid levels, such as cholesterol and 

triglycerides. Several clinical studies showed an association between high cholesterol levels and the 

development of OA41, 42, 204, while others did not observe this association57. Previously, we found that 

mice fed a cholesterol-supplemented diet spontaneously developed OA compared to chow-fed 

controls205. Additionally, we and others have shown that dietary cholesterol also exacerbates disease 

development in both the collagenase-induced OA (CiOA) model and a surgically induced OA model36, 49, 

206, 207. Although cholesterol-lowering therapies successfully reduce the risk of cardiovascular disease , the 

exact role of high cholesterol and cholesterol-lowering therapies on OA progression remains unclear. 

Results from clinical studies using statins are variable, showing beneficial or no effects on the incidence 

or progression of OA76, 80, 82. These inconsistent results imply that additional mechanisms, combined with 

high cholesterol levels, are likely involved in diet-induced OA development. 

Low-grade systemic inflammation, associated with metabolic disease, is thought to contribute to OA 

development and has been suggested as a connection between MetS and OA17. Metabolic inflammation 

is mainly caused by metabolic factors that induce oxidative stress and inflammation, such as lipids, 

glucose and adipokines18, 19. Increased levels of circulating inflammatory markers and adipokines are 

observed in OA patients and have been associated with increased joint inflammation20, 21. The role of 

joint inflammation in the progression of OA is increasingly recognised134, 135, and OA patients frequently 

present with various degrees of synovial inflammation. Although inflammation is believed to be 

involved in the pathogenesis of OA, clinical trials targeting inflammatory factors proved disappointing 

in ameliorating disease progression. Interleukin-1β (IL-1β) is an important driver of inflammation and is 

thought to be involved in OA pathology. Despite the fact that IL-1β was thought to play a critical role 

in the pathogenesis of OA, several pre-clinical and clinical studies were not able to demonstrate any 

disease-modifying effects after inhibition of IL-1β64-67. Recently, a secondary analysis of the Canakinumab 

Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial showed that systemic inhibition of IL-

1β resulted in a decreased incidence of total knee and hip replacements in patients with CVD69. 

Interestingly, this IL-1β effect was found on top of cholesterol-lowering treatment, since over 93% of 
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patients enrolled in the CANTOS study received cholesterol-lowering therapy at the time the anti-IL1-β 

treatment started. This study indicates that inhibition of IL-1β could be beneficial in a subset of patients 

with high inflammatory risk or metabolic disease.

In a previous study we have shown that therapeutic cholesterol-lowering treatment in 

hypercholesterolemic mice successfully attenuated atherosclerosis progression102 but proved insufficient 

in reducing spontaneous OA development130. In this study, we investigated the effects of IL-1β inhibition 

on top of high-intensive cholesterol-lowering treatments on spontaneous OA development in 

dyslipidemic APOE*3Leiden mice with elevated systemic inflammation. 

MATERIALS AND METHODS

Animals 

ApoE*3Leiden (E3L) and ApoE*3Leiden.CETP (E3L.CETP) transgenic mice fed fat- and cholesterol-

containing diets have high translatability for lipoprotein metabolism and are well-established models 

to study dyslipidemia, atherosclerosis and metabolic disease132, 137, 142, 208, 209. E3L and E3L.CETP mice show 

human-like responses to cholesterol-lowering therapies132, 138, 139. The study was carried out in female 

E3L and E3L.CETP transgenic mice on a C57BL/6 background (8-12 weeks of age), obtained from the 

in-house breeding colony (TNO Metabolic Health Research, Leiden, the Netherlands). Female mice were 

used since they are more susceptible to cholesterol-supplemented diets and develop more pronounced 

atherosclerosis due to higher systemic cholesterol and triglyceride levels compared to male mice142. All 

groups had 15 mice per group at the beginning of the study. 2 animals of the WTD + atorvastatin group 

were excluded from the study, one mouse was found dead in cage and one mouse was taken out of the 

study because of human endpoints. The study was approved by the Governmental Central Committee 

on animal experiments (AVD5010020172064) and the Institutional Animal Care and Use Committee of 

TNO (TNO-400) and was in compliance with European Community specifications regarding the use of 

laboratory animals. 

 

Diet and treatments

8-12 week old E3L and E3L.CETP mice were fed a cholesterol-supplemented WTD for 38 weeks. After 

14 weeks of WTD feeding, mice were matched into several treatment groups based on age, body 

weight, plasma total cholesterol (TC), plasma total triglycerides (TG) and cholesterol exposure (mmol/

L*weeks).  Treatments included atorvastatin (10mg/kg bw/d) (A), atorvastatin combined with PCSK9 

inhibitor alirocumab (10 mg/kg bw/wk) (AA) or with a mouse IL-1β blocking monoclonal antibody (10 

mg/kg bw/wk) (AI), or triple treatment (AAI). For more details about the diet and treatments, see the 

online supplementary methods.
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Determination of systemic cholesterol and inflammatory factors

Plasma cholesterol levels were monitored throughout the study. Peripheral blood was collected via 

tail vein incision using EDTA-coated tubes (Sarstedt) after 4h of food deprivation or by heart puncture 

at sacrifice. Total cholesterol levels were determined throughout the study using an enzymatic assay 

(Roche Diagnostics) according to manufacturer’s instructions. Plasma levels of Serum amyloid A (SAA), 

E-selectin and Monocyte chemoattractant protein-1 (MCP-1) were determined in individual plasma 

samples at end point using ELISA kits from R&D (Minneapolis, MA, USA), and SAA with an ELISA kit from 

Tridelta Development Limited (Maynooth, County Kildare, Ireland). All assays were performed according 

to the manufacturer’s instructions.

Histology and histological analysis

Murine knee joints were fixed in formalin and decalcified using formic acid. Joints were subsequently 

embedded in paraffin and cut in 7µm sections. Sections were stained using Safranin-O/Fast Green and 

Hematoxylin/Eosin for histological analysis. Cartilage damage in the joint was quantified using a more 

detailed version of the OARSI scoring system, as described previously143, 210 (0 = no damage, 30 = maximal 

damage). The cartilage damage score represents the assessment of the grade (progression of damage 

into the cartilage; 0-6) multiplied by the grade (percentage of the damaged cartilage surface; 0-5). Five 

sections from various depths, representing the entire knee joint, were scored and averaged per joint 

after blinding. Osteophyte formation and maturation were determined using an arbitrary scoring system 

as described previously120. Different locations throughout the whole joint were scored for osteophyte 

formation and maturation on both the medial and lateral side120. Synovial thickness was scored using a 

scoring range from 0-3 in a blinded fashion (0 = no thickening, 1 = low thickening, 2= mild thickening, 

3 = moderate thickening). Three sections per joint were scored and averaged using a fixed position in 

the joint. 

Immunohistochemistry 

For immunohistochemical analysis, knee joint sections were deparaffinized and endogenous peroxidase 

was blocked with H2O2 in methanol. Antigen retrieval was performed in citrate buffer pH 6.0. Sections 

were stained with polyclonal antibodies against S100A9 (kindly provided by Thomas Vogl, Institute of 

Immunology, University of Muenster, Germany) and MMP13 (ab219620) or non-relevant rabbit IgG control 

(R&D systems). Biotinylated anti-rabbit IgG was used as a secondary antibody. Subsequently, sections 

were stained with avidin-streptavidin-peroxidase (Elite kit, Vector Laboratories) and diaminobenzidine 

(Sigma-Aldrich) was used for visualization of peroxidase staining. Counterstaining was performed using 

hematoxylin (Merck). 

Statistical analysis 

We determined the statistical power of our study based on the main readout parameter, cartilage 

degradation. The mean differences between groups detectable with a power of 0.8 for each analysis 

was determined using 15 mice per group, a two sided t-test, a 95% confidence interval and the observed 
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SD, which is 1.7 for our main read-out parameter cartilage degeneration. This resulted in a detectable 

difference of 1.8. Statistical analysis was performed using GraphPad Prism version 9. Normality was 

assessed using a Shapiro-Wilk test. A nonparametric Kruskal-Wallis test followed by a Dunn’s Multiple 

Comparison Test was used for comparisons of the control group with different treatment groups. 

P-values below 0.05 were considered significant. For cholesterol exposure, a parametric One-Way 

ANOVA followed by a Bonferroni post hoc test  to was used. Results are expressed as individual data 

points with mean ± 95% confidence intervals.

RESULTS

Dyslipidemic E3L mice show an increased inflammatory profile compared to E3L.CETP mice 

We first validated the most optimal translational mouse model with diet-induced systemic inflammation 

to study cholesterol-lowering treatment combined with inhibition of IL-1β in mice. Therefore, we 

compared systemic cholesterol levels and the inflammatory profile in plasma of E3L and E3L.CETP mice 

fed a pro-atherogenic hypercholesterolemic diet. After 14 weeks of WTD feeding, plasma cholesterol 

levels were comparable between E3L and E3L.CETP mice (25.7 mmol/L and 27.2 mmol/L, respectively). 

E3L mice fed a cholesterol-supplemented WTD showed higher systemic levels of SAA and E-selectin 

when compared to E3L.CETP mice, while MCP-1 levels were comparable between both strains (SAA: 

3-fold difference; P<0.001, E-selectin: 1.3-fold difference; p<0.001; Figure 1A-C). Hence, we selected the 

more pro-inflammatory E3L model for further analysis of the treatments and analyzed spontaneous OA 

development in their knee joints. 

Cholesterol-lowering treatments successfully reduce systemic cholesterol levels and 

inflammatory markers, which was not further affected by inhibition of IL-1β

We first determined the efficacy of the cholesterol-lowering treatments throughout the study. Mice 

were fed a cholesterol-supplemented WTD for 38 weeks and treatments were started after 14 weeks 

(Figure 2A). Atorvastatin treatment successfully reduced systemic cholesterol levels and cholesterol 

exposure (A: -34% compared to WTD control; P<0.0001, AI: -28%; P<0.0001, AA: -55%; P<0.0001, AAI: 

-54%; P<0.0001), which was further reduced when combined with inhibition of PCSK9 (P<0.0001  

(Figure 2B, C). In addition, we checked whether the anti-IL-1β antibodies lowered IL-1β levels properly. 

Since IL-1β levels in the circulation are very low and at the limit of detection, we measured its levels in 

liver homogenates. Treatment with the anti-IL-1β antibodies significantly reduced hepatic IL-1β levels 

at endpoint compared to the WTD control (AI: -83%; p<0.0001, AAI: -82%; p<0.0001) and to mice that 

received cholesterol-lowering therapy alone (A-AI:-82.2%; p<0.001), AA-AAI: -67.1%; p<0.05) (Figure 2D). 

We next determined whether the treatment combinations reduced circulating inflammatory markers by 

quantification of SAA, E-selectin and MCP-1 at end point. Atorvastatin treatment significantly reduced 

levels of all inflammatory markers compared to the WTD group, and there were no additional effects of 

more intensive cholesterol lowering by PCSK9 inhibition and by inhibition of IL-1β (SAA: A: 
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-51%; p<0.0001, AI: -48%; p<0.0001, AA: -33%, AAI: -39%; E-selectin: A: -30%; p=0.006, AI: -27%; p=0.01, 

AA: -23%; p=0.05, AAI: -15%; MCP-1: A: -31%; p=0.03, AI: -39%; p-0.004, AA: -46%; p=0.0002, AAI: -40%; 

p=0.003; Figure 2E-G). We observed a significant correlation with cholesterol exposure and plasma 

MCP-1 levels, but no significant correlation was observed for SAA or E-selectin (Figure 2H-J).

Figure 1. E3L mice show higher levels of inflammatory markers when fed a cholesterol-supplemented 
WTD compared to E3L.CETP mice 

E3L and E3L.CETP mice were fed a cholesterol-supplemented WTD for 14 weeks. Plasma levels of SAA, E-selectin 

and MCP-1 were determined after sacrifice. (A) SAA levels were significantly higher in E3L mice compared to E3L.

CETP mice (p<0.001). (B) E-selectin were significantly higher in E3L mice compared to E3L.CETP mice (p<0.001). (C) 
MCP-1 levels were comparable between both mouse strains. Results are expressed as individual data points with mean 

± 95% confidence intervals.
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 Figure 2. Cholesterol-lowering treatment attenuates dyslipidemia and reduces systemic cytokine levels

E3L mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 weeks. (A) 
Schematic overview of the study design and the different treatment groups. (B) Plasma cholesterol levels are 

successfully reduced after cholesterol-lowering treatments, the combination treatments being most effective. (C) 
Cholesterol exposure based on systemic cholesterol levels in time was reduced upon cholesterol-lowering treatment 

(A: P<0.001, AI: P<0.001, AL: P<0.001, AAI: P<0.001). (D) IL-1β levels were quantified in liver homogenates. Treatment 

with the anti-IL-1β antibodies significantly reduced hepatic IL-1β levels at endpoint compared to the WTD control (AI: 

p<0.001, AAI: p<0.001)  (E-G) SAA, E-selectin and MCP-1 plasma levels were determined at end point. Cholesterol-

lowering treatment successfully reduced inflammatory mediators, which was not further affected by inhibition of 

IL-1β (SAA: A: -51%; p<0.0001, AI: -48%; p<0.0001, AA: -33%, AAI: -39%; E-selectin: A: -30%; p=0.006, AI: -27%; p=0.01, 

AA: -23%; p=0.05, AAI: -15%; MCP-1: A: -31%; p=0.03, AI: -39%; p-0.004, AA: -46%; p=0.0002, AAI: -40%; p=0.003) (H-
J) Correlation of cholesterol exposure with systemic cytokines showed a mild correlation with MCP-1 (Spearman 

R:0.43).* = p <0.05, ** = p <0.01, *** = p <0.001. A= atorvastatin, AI= atorvastatin + anti-IL-1β, AA= atorvastatin + 

alirocumab, AAI= atorvastatin + alirocumab + anti-IL1β. n=13-15 mice per group. Results are expressed as individual data 

points with mean ± 95% confidence intervals. 
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Intensive cholesterol-lowering combined with inhibition of IL-1β results in a decrease of 

synovial thickness in knee joints of dyslipidemic mice

Next we determined whether these treatments were able to ameliorate OA pathology in the knee 

joints of these mice. As inflammatory processes in the joint contribute to the development of structural 

OA pathology, we first determined whether the treatments affected synovial thickness. Although we 

observed only mild synovial thickening, intensive cholesterol-lowering with atorvastatin and alirocumab 

significantly reduced synovial thickness compared to mice fed a cholesterol-supplemented WTD 

alone, which was not further decreased by inhibition of IL-1β. (AA: -52%; p<0.05, AAI: -62%; p<0.01, 

Figure 3A,B). To investigate the inflammatory state of the synovium in more detail, we performed 

immunohistochemical analysis for S100A9 as a marker for activated monocytes and macrophages. 

We observed only minor expression of S100A9 in the synovium, supporting the observation that local 

activation of myeloid cells was minor in this model (Figure 3C). 

Ectopic bone formation and maturation is not affected by cholesterol-lowering treatment 

and inhibition of IL-1β in dyslipidemic mice 

We next determined whether the different treatments affected ectopic bone formation by determining 

the total amount of osteophytes and their maturation stage at end point. Ectopic bone formation was 

determined at several sites throughout the joint and their maturation stage was determined ranging 

from chondrogenesis to the formation of mature bone. The treatment regimens did not show an 

effect on ectopic bone formation regarding the number of osteophytes, or on their maturation stage 

compared to the WTD control group at end point (Figure 4A,B).

Inhibition of IL-1β combined with intensive cholesterol-lowering treatment lowers 

spontaneous cartilage degeneration in dyslipidemic mice 

Finally, we determined whether inhibition of IL-1β on top of cholesterol-lowering treatments could 

ameliorate cartilage pathology in dyslipidemic mice. Similar to previous observations in a diet-induced 

model of spontaneous OA9,130, cartilage damage was mild and most cartilage damage occurred at 

the lateral site of the joint at end point (Figure 5A, B, C). A significant correlation between synovial 

thickness and cartilage damage was observed (Spearman r=0.44, p=0.0001, Supplementary Figure 1). 

Cholesterol-lowering treatments alone did not ameliorate spontaneous cartilage damage compared to 

the WTD control group. Interestingly, inhibition of IL-1β on top of atorvastatin and alirocumab treatment 

resulted in a significant decrease in cartilage damage when compared to mice fed a WTD alone (AAI: 

-47.% p<0.05,) (Figure 5A,C). To investigate enzymatic activity in the articular cartilage in more detail, 

we performed an MMP13 staining. MMP13 expression was absent in the articular cartilage in all groups 

(Figure 5D). 
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 Figure 3. Synovial thickness is reduced in mice receiving intensive cholesterol-lowering treatment 
combined with inhibition of IL-1β

E3L mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 weeks. Synovial 

thickness was determined at end point using H&E stained sections. (A) Combination treatments reduced synovial 

thickness compared to mice fed a WTD alone (AA p <0.05, AAI p <0.01). (B) Representative pictures of synovial 

thickness. (C) S100A9 staining in the knee joints showed only minor expression in the synovium. * = p <0.05, ** = p 

<0.01. A= atorvastatin, AI= atorvastatin + anti-IL-1β, AA= atorvastatin + alirocumab, AAI= atorvastatin + alirocumab + 

anti-IL1β. n=13-15 mice per group. Results are expressed as individual data points with mean ± 95% confidence intervals.
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 Figure 4. Ectopic bone formation is not affected by cholesterol-lowering treatment and inhibition of 
IL-1β in dyslipidemic mice.

E3L mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 weeks. Ectopic 

bone formation was determined throughout the joint using SafO/FG stained sections. (A) The total number of 

osteophytes throughout the joint was comparable between all treatment groups. (B) Maturation of ectopic bone 

(0=chondrogenic, 10=mature bone) was similar between all groups and not affected by cholesterol-lowering 

treatment or inhibition of IL-1β. A= atorvastatin, AI= atorvastatin + anti-IL-1β, AA= atorvastatin + alirocumab, AAI= 

atorvastatin + alirocumab + anti-IL1β. n=13-15 mice per group. Results are expressed as individual data points with mean 

± 95% confidence intervals. 
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 Figure 5. Cartilage damage is reduced in dyslipidemic E3L mice after intensive cholesterol-lowering 
treatment combined with inhibition of IL-1β

E3L mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 weeks. Cartilage 

damage was determined at end point using an adapted OARSI scoring system (0-30). (A) OA scores were mild and 

cholesterol-lowering alone did not reduce cartilage damage compared to the WTD control. Triple treatment with 

atorvastatin, alirocumab and an IL-1β antibody significantly reduced cartilage damage compared to WTD controls 

(AAI: p<0.05). Cartilage damage score represents an average of the four individual compartments that were analyzed.  

(B) Most damage was observed at the lateral side of the joint. (C) Representative pictures of cartilage damage. 

(D) MMP13 staining was absent in articular cartilage * = p <0.05. A= atorvastatin, AI= atorvastatin + anti-IL-1β, AA= 

atorvastatin + alirocumab, AAI= atorvastatin + alirocumab + anti-IL1β. n=13-15 mice per group. Results are expressed as 

individual data points with mean ± 95% confidence intervals.

DISCUSSION

The association of MetS and OA has become increasingly recognized and metabolic inflammation has 

been suggested as a potential link between both diseases. In this study in mimicking the CANTOS Study, 

we showed that inhibition of IL-1β combined with intensive cholesterol-lowering treatment resulted in 

a reduction of both synovial thickness and spontaneous cartilage degeneration in knee joints of diet-

induced dyslipidemic E3L mice. Lowering of cholesterol levels resulted in a decrease in systemic levels 

of inflammatory mediators SAA, E-selectin and MCP-1 levels. These findings may imply that inhibition 
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of IL-1β combined with cholesterol-lowering treatment could be beneficial for a subset of OA patients 

with high inflammatory risk.

This is the first study to show the effects of inhibition of IL-1β combined with cholesterol-lowering 

interventions on spontaneous OA development in dyslipidemic mice. IL-1β is produced by inflammasomes 

and is an important driver of inflammation211. IL-1β inhibits proteoglycan synthesis and is a strong inducer 

of catabolic enzymes by chondrocytes212, 213 leading to the degradation of the extracellular matrix. 

Additionally, IL-1β has been linked to increased joint pain in OA patients214. Metabolic inflammation can 

increase activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome33, 68, making IL-

1β a target of interest in diseases associated with MetS, such as cardiovascular disease and OA. Although 

IL-1β is thought to play a critical role in the pathogenesis of OA, several clinical studies were not able to 

demonstrate disease-modifying effects after inhibition of IL-1β65, 67, 215. In contrast, a secondary analysis of 

the CANTOS trial showed that systemic inhibition of IL-1β resulted in a 40-47% decreased incidence rate 

of total knee and hip replacements compared to the placebo group69. Additionally, OA-related adverse 

events (new onset, worsening of symptoms) were reduced by 23%69. Of note, 93% of patients included 

in the CANTOS trial received lipid-lowering therapy at the onset of the study and cholesterol levels were 

generally well managed. This study suggested that inhibition of IL-1β could reduce OA development 

in OA patients with systemic inflammation associated with metabolic disease. As the CANTOS trial was 

designed to study the effects on cardiovascular events, data on structural outcomes or radiographic 

evidence were not collected. In the current study, we observed that inhibition of IL-1β combined with 

cholesterol-lowering treatment resulted in a reduction of structural joint parameters such as synovial 

thickness and cartilage damage in mice fed a pro-atherogenic WTD. These results substantiate the 

findings of the CANTOS trial that inhibition of IL-1β together with cholesterol-lowering therapy could 

reduce OA progression in a subset of patients with systemic inflammation. As structural joint parameters 

were not assessed during the CANTOS trial, it would be of interest to investigate if inhibition of IL-1β in 

OA patients with high inflammatory risk reduces structural pathology such as cartilage damage or joint 

space narrowing. Moreover, IL-1β is believed to play an important role in joint pain via the upregulation 

of nociceptive mediators and it has been hypothesized that the beneficial effects observed in the 

CANTOS trial could be attributed to a reduction in joint pain. In future studies where induced OA models 

such as CiOA or DMM are used, it would be of value to include pain measurements.

Low-grade systemic inflammation is associated with dyslipidemia and is thought to contribute to 

OA development. Several clinical studies showed an association between high cholesterol levels 

and the development of OA41, 42, 204. The inconsistent effects of cholesterol-lowering therapies on OA 

development indicate that additional mechanisms, next to high cholesterol levels, are involved76, 80, 82, 155. 

Recently, we have shown that high-intensive cholesterol-lowering therapy alone does not ameliorate 

the development of spontaneous OA pathology in dyslipidemic E3L.CETP mice with low inflammatory 

involvement130. Therefore, we aimed to determine the effects of cholesterol-lowering combined with 

inhibition of IL-1β in a more pro-inflammatory environment in the current study. We focused on the 
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analysis of OA pathology in the E3L model as these mice developed higher levels of inflammatory 

cytokines on a hypercholesterolemic diet compared to the E3L.CETP mice. Systemic levels of SAA, 

MCP-1 and E-selectin were significantly reduced by the cholesterol-lowering treatments. While they 

were not reduced any further upon inhibition of IL-1β, we observed a local reduction of synovial lining 

thickness and cartilage damage in the knee joints of mice that received high-intensive cholesterol-

lowering treatment combined with inhibition of IL-1β. We found a mild significant correlation of hepatic 

IL-1β levels with synovial thickening but not with cartilage pathology or ectopic bone formation 

(Supplementary Figure 2), which indicates a positive association of systemic IL-1β levels with the 

inflammatory state of the synovium. To investigate the contribution of systemic inflammation in more 

detail, we determined OA development in the less inflammatory E3L.CETP model (Supplementary 

Figure 3). In the latter model, the treatments did not reduce cartilage damage or synovial lining 

thickness, which suggests that the treatment is more beneficial in mice with a more pronounced pro-

inflammatory profile. Metabolic inflammation can induce activation of the NLRP3 inflammasome which 

could explain why inhibition of IL-1β proved more beneficial in the E3L model. Although both strains 

develop metabolic and cardiovascular disease when fed a atherogenic WTD and show human-like 

responses to cholesterol-lowering therapies, we only observed effects of the treatments in the E3L mice 

with increased inflammation. This is similar to observations in the CANTOS trial, where patients with 

high CRP levels showed the most benefit from the IL-1β inhibition. These results suggest that using 

translatable models, such as the E3L and E3L.CETP mouse models, can increase the predictive value 

of pre-clinical studies. As all patients in the CANTOS trial had a history of cardiovascular disease, the 

presence of metabolic inflammation could explain why beneficial effects of IL-1β were observed in this, 

but not in previous OA trials in which IL-1β was inhibited65, 67, 215. Since these parameters are usually not 

used as inclusion criteria of OA patients in clinical trials, these results could point towards a subgroup of 

OA patients that would respond to anti-inflammatory therapy. 

Inhibition of IL-1β could reduce OA development via several mechanisms. Possibly, systemic inhibition 

of IL-1β could act locally, via a reduction of inflammatory mediators or reduced production of cartilage 

degrading enzymes like matrix metalloproteinases (MMPs) in the knee joint. Moreover, IL-1β inhibits 

proteoglycan synthesis by chondrocytes212, 213, thereby hampering repair of the cartilage matrix. 

In addition, IL-1β stimulates cartilage degeneration via an increased production of several MMPs by 

chondrocytes, which are released in a latent form within the cartilage matrix and become activated 

in an inflammatory environment. This may explain why the beneficial effects of IL-1β inhibition were 

observed in the more inflammatory E3L model. To investigate enzymatic activity in articular cartilage in 

more detail, we determined expression of MMP13 and in articular cartilage. MMP13 staining in articular 

cartilage was absent, which can be explained by the mild cartilage damage and the spontaneous model 

used in this study.

Although inhibition of IL-1β on top of cholesterol-lowering treatment ameliorated synovial thickening 

and cartilage damage, no effect was found on ectopic bone formation. We observed a correlation with 
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systemic cholesterol exposure and synovial lining thickness and cartilage damage, but not with ectopic 

bone formation in this study (Supplementary Figure 4). We additionally found a significant correlation 

with cholesterol exposure and plasma MCP-1 levels, but not with systemic levels of SAA or E-selectin. 

This indicates that more intensive cholesterol-lowering treatment affects systemic inflammation and 

OA pathology. However, as cholesterol-lowering treatments alone were insufficient in ameliorating 

spontaneous OA development, these results suggest that high cholesterol drives other processes 

involved in OA development such as inflammation or innate immune training. We and others showed 

that induced post-traumatic OA models show more severe pathology in hypercholesterolemic mice36, 

49, 51. In an inflammatory environment, low-density lipoprotein cholesterol (LDL-C) is transformed into 

oxidized LDL (oxLDL) due to the presence of inflammatory mediators like reactive oxygen species (ROS). 

In previous studies, we have shown that mainly oxLDL, and not LDL, is responsible for the OA pathology 

associated with high cholesterol in mice206. Furthermore, it was shown that lipoproteins like oxLDL can 

induce reprogramming of monocytes and their myeloid progenitor cells, which is referred to as trained 

immunity. Trained immunity increases the inflammatory response of monocytes and macrophages 

to secondary stimuli, like Toll-like receptor (TLR) ligands. Recently, it was shown by Christ et al. that a 

WTD can induce trained immunity in pro-atherogenic Ldlr-/- mice, which was dependent on the NLRP3 

inflammasome/IL-1β pathway150. In OA, these (ox)LDL-primed monocytes could enter the joint during 

inflammation and instigate an aggravated local inflammatory response. As we observed a reduction 

of synovial lining thickness and cartilage damage in mice treated with a combination of atorvastatin, 

alirocumab and inhibition of IL-1β, it is of interest to explore the efficacy of these combination treatments 

in induced post-traumatic OA models with more pronounced local inflammation, such as destabilization 

of the medial meniscus (DMM) or CiOA. 

Some limitations of this study are the absence of a chow control group and a group in which only 

IL-1β was inhibited. Firstly, as this study focused on the effects of different treatments in dyslipidemic 

mice, a regular chow control group was not taken along so we were unable to study the effect of the 

WTD only on development of spontaneous OA. However, previous studies showed that a cholesterol-

supplemented WTD contributes to OA development in E3L and E3L.CETP mice155, 205. Secondly, we 

did not include a group in which only IL-1β was inhibited. We find that cholesterol-lowering therapies 

combined with inhibition of IL-1β reduces cartilage damage in dyslipidemic mice. It would be of interest 

to investigate whether anti-IL1β alone is also effective under high cholesterol conditions without the 

use of cholesterol-lowering therapies. Further studies using these treatments in mice that were fed a 

regular chow diet should proof whether this protective effect is specific for high cholesterol conditions. 

Another potential limitation if the use of only females in this study. Although in general male mice 

develop more severe OA pathology that female mice, we chose to use female mice in the current study 

as female E3L mice are more responsive to cholesterol containing diets by having higher cholesterol and 

triglyceride levels compared to male mice. However, for the arthroplasty outcomes in the CANTOS trial, 

similar effects of IL-1β inhibition were observed after the analyses were stratified by sex69. 
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Taken together, this study supports the hypothesis that systemic inflammation associated with metabolic 

dysregulation could contribute to OA development. We have shown that inhibition of IL-1β combined 

with intensive cholesterol-lowering treatment reduces OA pathology in dyslipidemic mice with 

systemic inflammation. Our results may indicate that targeting IL-1β in combination with cholesterol-

lowering therapies could be beneficial for a subset of OA patients with metabolic dysfunction and high 

inflammatory risk.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Synovial thickness correlated to cartilage damage in knee joints of E3L mice 
fed a cholesterol-supplemented WTD

E3L mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 weeks.  Synovial 

lining thickness correlated to the observed pathology in the knee joints. (p = 0.0001, Spearman r = 0.440)
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Supplementary Figure 2: IL-1β correlated with synovial thickening, but not with cartilage damage or 
ectopic bone formation

E3L mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 weeks.  IL-1b 

produced by the liver showed a mild correlation with synovial thickening. (p = 0.036, Spearman r = 0.25), but not with 

cartilage damage or ectopic bone formation.
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Supplementary Figure 3. Cholesterol-lowering treatment combined with inhibition of IL-1β does not 
reduce OA pathology in E3L.CETP mice fed a cholesterol-supplemented WTD

E3L.CETP mice were fed a cholesterol-supplemented WTD for 38 weeks, treatments were started after 14 

weeks. (A) Synovial thickening was determined using an arbitrary score from 0-3. (B) Cartilage damage was 

determined at end point using an adapted OARSI scoring system (0-30). Cartilage damage was not affected 

by the treatment groups compared to mice fed a WTD alone. (C) Ectopic bone formation was determined 

throughout the joint using SafO/FG stained sections. The total number of osteophytes throughout the joint was 

comparable between all treatment groups. A= atorvastatin, AA= atorvastatin + alirocumab, AAI= atorvastatin 

+ alirocumab + anti-IL1β. Results are expressed as individual data points with mean ± 95% confidence intervals.  
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Supplementary Figure 4. Cholesterol exposure correlated to synovial thickness and cartilage damage in 
dyslipidemic E3L mice

Cholesterol exposure was correlated to synovial lining thickness, cartilage degeneration and the total number of 

osteophytes at end point. (A+B) Cholesterol exposure correlates to synovial lining thickness (p = 0.0004, Spearman r 

= 0.4) and cartilage damage (p = 0.01, Spearman r = 0.28) observed after 38 weeks of WTD feeding. (C) No correlation 

was observed between systemic cholesterol exposure and the number of osteophytes. 
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Currently, there are no curative or disease-modifying treatments available for OA and symptoms are 

generally managed by lifestyle interventions and analgesics. Although it has become clear that OA is a 

highly multifactorial and heterogenous disease, the underlying mechanisms that drive OA pathology 

remain unclear. One identified risk factor for OA development is the metabolic syndrome (MetS). MetS 

comprises a cluster of multiple metabolic conditions including visceral obesity, high glucose levels and 

insulin resistance, hypertension and dyslipidemia. Previously, it was thought that MetS mainly increased OA 

development via loading on the joint due to obesity. However, the observation that metabolic syndrome 

also increased the risk of developing OA in non-weight bearing joints, such as the hands, indicated that 

systemic mechanisms are most likely involved1-4. High systemic cholesterol is a component of MetS and 

has been suggested as a contributor to osteoarthritis development. Several studies have indicated that 

hypercholesterolemia leads to the progression of OA. The use of statins have shown variable results 

concerning the development or progression of OA, which is discussed in detail in Chapter 1. Statins are 

the most commonly used group of cholesterol-lowering drugs and are highly effective for the treatment 

of cardiovascular disease and atherosclerosis. However, the observed effects regarding statin use and 

OA progression have been highly variable, where some studies showed a protective effect of statins 

while others did not observe these protective effects. There are several potential mechanisms that can 

account for the conflicting results regarding statin therapy and the progression of OA. Statin intolerance 

is estimated to occur in 20-30% of patients and often leads to discontinuation of statin treatment5. 

Moreover, the presence of statin-associated muscle pain could interfere with the beneficial effects on 

OA symptoms such as pain, and confound the results. In addition, the limited availability of information 

regarding the dosage and the duration of statin use could contribute to the high heterogeneity 

observed amongst studies. In this thesis I studied the potency of more intensive cholesterol-lowering 

therapies, by combinational treatment of statins and newly-developed cholesterol-lowering drugs like 

anti-PCSK9 and anti-ANGPTL-3 antibodies, to reduce the development of joint pathology during both 

spontaneous and induced models of OA. These novel cholesterol-lowering drugs have been successfully 

used in cardiovascular disease and are able to even further reduce cholesterol levels on top of statin 

therapy. As high systemic cholesterol levels are associated with systemic inflammation6, 7, more optimal 

cholesterol-lowering therapies could be of additional benefit for OA patients. It was shown that more 

optimal cholesterol-lowering treatment could further reduce cardiovascular events in patients that 

already received statin therapy. Moreover, statin therapy combined with PCSK9 inhibition resulted in 

stabilization and regression of atherosclerotic plaques in both humans and mice8, 9. Since cardiovascular 

disease and OA share common pathophysiological risk factors, these could be promising new treatment 

options for MetS-associated OA. 
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PCSK9 DEFICIENCY DOES NOT AFFECT OA PATHOLOGY IN DYSLIPIDEMIC MICE

In Chapter 2 we investigated the role of PCSK9 in OA development in more detail. Pcsk9-/- mice have 

reduced systemic cholesterol levels and therefore can be used to study the effects of diet and cholesterol 

on disease development10. In our study, PCSK9 deficiency resulted in reduced systemic cholesterol levels 

in mice fed a regular chow or cholesterol-supplemented WTD, although less than expected. Possibly, other 

pathways that regulate LDLR expression, such as the inducible degrader of LDLR (IDOL)11, or pathways 

involved in cholesterol efflux could become more active and act as a compensatory mechanism in mice 

lacking the PCSK9 gene. In this study we showed that synovial inflammation was reduced in Pcsk9-/- mice 

fed a cholesterol-supplemented WTD compared to WT mice. In contrast,  Pcsk9-/- mice fed a regular 

chow diet had higher levels of synovial inflammation. These observed changes in synovial inflammation 

did not result in differences in end stage pathology such as cartilage damage or ectopic bone formation. 

In contrast to previous experiments performed in dyslipidemic Apoe-/- and Ldlr-/- mice, a cholesterol-

supplemented WTD did not increase OA pathology during experimental collagenase-induced OA in 

WT or Pcsk9-/- mice12, 13. Apoe-/- and Ldlr-/- mice have much higher systemic cholesterol levels compared 

to WT mice when fed a (cholesterol-supplemented) WTD. Although in these previous studies mouse 

models that develop supraphysiological cholesterol levels were used, increased OA pathology such as 

ectopic bone formation and synovial activation was also observed in dyslipidemic WT mice that show 

a more modest increase in cholesterol levels upon WTD feeding12, 13. Difference in the duration or the 

composition of the diet possibly explain these discrepancies between studies.

In contrast to humans, mice with a WT background predominantly carry their cholesterol in HDL 

particles, while their (V)LDL levels are lower, because they lack the CETP gene which transports 

cholesterol esters from HDL to VLDL and LDL particles in exchange for triglycerides. Therefore, using 

mice with a more human-like lipoprotein profile, like the profile present in transgenic E3L.CETP mice, 

increases the translatability of cholesterol-associated research on OA development14. Interestingly, the 

use PCSK9-inhibitor alirocumab was previously shown to effectively reduce circulating cholesterol levels 

in E3L.CETP mice and could therefore be a more translatable approach to investigate the use of PCKS9 

inhibition in OA9, 14.

TARGETING OF CHOLESTEROL DURING SPONTANEOUS OA DEVELOPMENT

In Chapter 3 we determined the effects of various intensities of cholesterol-lowering treatment on 

spontaneous OA development in E3L.CETP mice that were fed a cholesterol-supplemented WTD, using 

a combination of atorvastatin therapy with the novel PCSK9 inhibitor alirocumab and ANGPLT3-inhibitor 

evinacumab. Contrary to experiments performed in Pcsk9-/- mice, we observed a robust reduction in 

systemic cholesterol levels in this study. However, these decreased systemic cholesterol levels did 

not result in decreased cartilage degeneration, synovial inflammation or ectopic bone formation as 
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compared to the non-treated control mice. A possible explanation could be that in contrast to our 

previous experiments where induced OA models were used that show profound synovial inflammation, 

the joint inflammation in the spontaneous model used in this study was only minor. In an inflammatory 

environment, there is an increased production of reactive oxygen species (ROS) in the joint. ROS 

induce the transformation of LDL into the more pro-inflammatory oxLDL. Similar to macrophages 

in atherosclerotic plaques, macrophages residing in the synovium can internalize and accumulate 

oxLDL, leading to an increased production of cytokines and matrix-degrading enzymes. Therefore, we 

hypothesized that inflammation is an important driver of cholesterol-associated OA pathology and 

that cholesterol-lowering treatments could be more effective when there is more substantial joint 

inflammation. 

TARGETING OF CHOLESTEROL DURING INJURY-INDUCED OA DEVELOPMENT 

As we have previously shown that intensive cholesterol lowering treatment did not reduce spontaneous 

OA development15, in Chapter 4 we determined if cholesterol-lowering treatment could reduce OA 

development in WTD-fed E3L.CETP mice in which the CiOA model was induced. We observed that 

the combination of atorvastatin with PCSK9-inhibitor alirocumab reduced both synovial inflammation 

and systemic inflammatory markers in serum early after induction of the CiOA model. However, this 

reduction in inflammation did not result in a decrease in cartilage pathology or ectopic bone formation 

at end-stage disease. The observed pathology in this study was severe, demonstrated by substantial 

ectopic bone formation and cartilage damage. Possibly, more subtle effects of the cholesterol-lowering 

treatment could be lost, as the observed pathology leads to more mechanically induced damage. In 

several animal studies, a high-fat diet resulted in increased cartilage damage16-18. However, some studies 

have shown that a WTD increased macrophage infiltration19 and inflammation in the synovium, while 

no effects on cartilage damage were observed19, 20. These results suggest that high cholesterol primarily 

exacerbates early stage changes of inflammation, which could explain why we mainly observed anti-

inflammatory effects of the cholesterol-lowering treatment during the early phases of our study. 

TARGETING OF IL-1Β IN DYSLIPIDEMIC MICE

Metabolic inflammation is thought to contribute to OA development and has been suggested as a 

possible link between MetS and OA21. Metabolic inflammation is mainly caused by metabolic factors 

that induce metabolic stress and inflammation, such as lipids and glucose6, 7. Interleukin-1β (IL-1β) is an 

important driver of inflammation and is considered by many to be involved in OA pathology. Metabolic 

inflammation can increase activation of the NLRP3 inflammasome22-24, which mediates the secretion 

of IL-1β. Therefore, IL-1β is a target of interest in diseases associated with MetS, such as cardiovascular 

disease and OA. Several in vitro studies showed that IL-1β inhibits proteoglycan synthesis and is a 
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strong inducer of cartilage-degrading enzymes by chondrocytes25, 26 leading to the degradation of the 

extracellular matrix. Additionally, IL-1β has been linked to increased joint pain in OA patients27. Despite 

the fact that IL-1β is thought to play a critical role in the pathogenesis of OA, several pre-clinical and 

clinical studies were not able to demonstrate any disease-modifying effects after inhibition of IL-1β28-31. 

Interestingly, a recent secondary analysis of the Canakinumab Anti-inflammatory Thrombosis Outcome 

Study (CANTOS) trial showed that systemic inhibition of IL-1β resulted in a 40-47% decreased incidence 

of total knee and hip replacements in patients with CVD32. Additionally, OA-related adverse events (new 

onset, worsening of symptoms) were reduced by 23%32. As the CANTOS trial was designed to study 

the effects on cardiovascular events, data on structural outcomes or radiographic evidence were not 

collected and more detail on structural parameters could provide insight for future studies. Hereto, in 

Chapter 5 we showed that a single dose of anti-IL-1β serum could prevent diet-induced activation of 

innate immune cells in WT mice fed a cholesterol-supplemented WTD during early-stage CiOA. However, 

we did not observe a reduction in OA pathology after inhibition of IL-1β in mice fed a cholesterol-

supplemented WTD. These data indicate that inhibition of IL-1β alone, also in an environment with high 

cholesterol levels, is not sufficient to reduce OA pathology.

As all patients in the CANTOS trial had a history of cardiovascular disease, the presence of metabolic 

inflammation could explain why beneficial effects of IL-1β were observed in this, but not in previous OA 

trials in which IL-1β was inhibited29, 31, 33. Interestingly, this IL-1β effect was found on top of cholesterol-

lowering treatment, since over 93% of patients enrolled in the CANTOS study received cholesterol-

lowering therapy at the time the anti-IL1-β treatment started. Moreover, patients with increased systemic 

inflammation, shown by the highest CRP levels, were most responsive to the treatment. Therefore, in 

Chapter 6 we investigated if inhibition of IL-1β combined with cholesterol-lowering therapy could 

decrease spontaneous OA pathology in E3L and E3L.CETP mice, which show different degrees of 

systemic inflammation when fed a cholesterol-supplemented WTD. Cholesterol levels were strongly 

reduced in mice receiving cholesterol-lowering treatment. E3L mice exhibited increased systemic 

inflammation compared to the E3L.CETP strain. We showed that the combined treatment resulted 

in a decrease in synovial thickening and cartilage degeneration in E3L mice compared to mice fed a 

WTD only. These results strengthen the findings of the CANTOS trial and indicate that the use of IL-1β 

inhibitors combined with cholesterol-lowering treatment could be beneficial in patients with metabolic 

inflammation. Interestingly, we observed that OA pathology was reduced in the more inflammatory E3L 

mice and not in the E3L.CETP mice which is in agreement with the CANTOS trial. It would be of interest 

to investigate the efficacy of cholesterol-lowering treatment combined with IL-1β inhibitors in a CiOA 

model.
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FUTURE PERSPECTIVES

Literature already showed a strong link between metabolic syndrome and the development of 

osteoarthritis and high cholesterol levels seem to drive the progression and development of OA. 

Although cholesterol-lowering treatment is very effective in the treatment of cardiovascular disease, 

their effects on OA development are not fully elucidated yet and the use of statins showed variable 

results on OA development. 

The use of novel cholesterol-lowering therapies could, similar to observations made for cardiovascular 

disease, be more efficient to ameliorate OA development than the use of statin therapy only. In our 

studies we observed that the use of intensive cholesterol-lowering treatment such as anti-PCSK9 

antibodies resulted in a robust reduction of systemic cholesterol. However, this reduction of systemic 

cholesterol levels did not result in changes in end-stage OA pathology such as cartilage degeneration or 

ectopic bone formation. Interestingly, we did show that cholesterol-lowering therapies mainly reduce 

the inflammatory effects of WTD feeding that are observed in dyslipidemic mice, shown by a decrease 

in both systemic and synovial inflammation. In addition, the results described in this thesis indicate 

that cholesterol-lowering by itself might not be enough to ameliorate OA development, but that a 

combination of cholesterol-lowering therapies with anti-inflammatory therapies is needed to reduce 

the development of cholesterol-associated OA development. Moreover, our studies show that the use 

of cholesterol-lowering therapies might be most effective in dyslipidemic patients with increased levels 

of metabolic inflammation. 

Together, our research highlights the importance of concentrating on specific subgroups of OA patients. 

Investigating the use of cholesterol-lowering therapies in OA patients with (metabolic) inflammation 

or patients with co-morbidities such as CVD could point towards specific subgroups of patients for 

whom these therapies could be of benefit. Moreover, the use of anti-inflammatory therapies combined 

with cholesterol-lowering therapies could be beneficial for a subset of OA patients with metabolic 

dysfunction and high inflammatory risk and calls for further investigation. 
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ARTROSE

Artrose is de meest voorkomende aandoening van het bewegingsapparaat. In 2019 hadden ongeveer 

1,5 miljoen mensen in Nederland artrose. Er wordt verwacht dat dit aantal aanzienlijk zal toenemen, 

onder andere door de toenemende vergrijzing en overgewicht. Er zijn verschillende factoren die van 

invloed kunnen zijn op het ontstaan van artrose. Enkele van deze factoren zijn leeftijd, erfelijkheid, het 

vrouwelijke geslacht, overgewicht en het metabool syndroom. Het metabool syndroom omvat een 

verzameling van meerdere problemen rond de stofwisseling zoals overgewicht , een hoge bloeddruk, 

hoge bloedsuikerspiegels en een verstoorde vetzuurbalans (dyslipidemie). Artrose kan voorkomen in 

één gewricht, zoals de knie, of de heup, maar ook in meerdere gewrichten tegelijkertijd. Artrose is een 

chronische ziekte waarbij afbraak van het gewrichtskraakbeen een van de belangrijkste kenmerken 

is. Gewrichtskraakbeen is het weefsel dat de uiteinden van botten bekleedt, op de plek waar deze 

botten scharnieren. Gezond kraakbeen heeft een schokdempende functie en zorgt ervoor dat de 

botuiteinden binnen het gewricht soepel over elkaar heen kunnen bewegen. In gezond kraakbeen is er 

een evenwicht tussen opbouwende en afbrekende processen. Tijdens artrose is dit evenwicht ontregeld 

en verschuift de balans richting de afbrekende processen, waarbij onder andere een verhoogde 

hoeveelheid kraakbeen afbrekende enzymen wordt geproduceerd, zoals MMPs en ADAMTSs. Bij 

langdurige afbraak van kraakbeen zal er uiteindelijk bot op bot contact ontstaan, wat leidt tot pijn en 

functieverlies van het gewricht. Naast de schade aan het kraakbeen spelen ook andere weefsels in het 

gewricht een belangrijke rol bij artrose. Er kunnen bijvoorbeeld abnormale botknobbels ontstaan aan 

de rand van de gewrichtsholte. Ook de binnenbekleding van het gewricht, het synovium, kan ontstoken 

raken en bijdragen aan het ziekteproces van artrose. Huidige therapieën richten zich voornamelijk op 

symptoombestrijding, zoals het verminderen van pijn, en het geven van levensstijl adviezen zoals meer 

beweging en gewichtsverlies. Bij vergevorderde artrose kan het pijnlijke gewricht worden vervangen 

door een kunstgewricht. Tot op heden zijn er nog geen behandelingen beschikbaar die de ontwikkeling 

van artrose kunnen voorkomen of afremmen, daarom is er een grote behoefte aan de ontwikkeling van 

nieuwe therapieën die het ziekteproces kunnen remmen.

HOOG CHOLESTEROL EN ARTROSE

Hoewel het duidelijk is dat artrose van veel actoren afhankelijk is, en ook veel verschillende oorzaken kan 

hebben is, blijven de onderliggende mechanismen achter artrose-pathologie slecht begrepen. Zoals 

eerder genoemd is een van de risicofactoren voor het ontwikkeling van artrose het metabool syndroom. 

Het metabool syndroom is zeer levensstijl afhankelijk en staat ook bekend als een welvaartsziekte. 

Het metabool syndroom komt dan ook vaak voor bij de Westerse bevolking en hangt samen met 

overconsumptie van vetten en suikers. Eerder werd gedacht dat metabool syndroom gekoppeld was 

aan de ontwikkeling van artrose als gevolg van overgewicht en de daardoor toegenomen belasting op 

bijvoorbeeld knieën of heupen. Echter is gebleken dat metabool syndroom ook samenhangt met de 
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ontwikkeling van artrose in  gewrichten die geen lichaamsgewicht hoeven dragen, zoals die in de hand. 

Dit geeft aan dat er hoogstwaarschijnlijk ook andere factoren dan alleen het gewicht betrokken zijn bij 

het ontwikkelen van artrose. Bij mensen met het metabool syndroom is er vaak sprake van dyslipidemie. 

Mensen met een verstoorde vetzuurbalans kunnen bijvoorbeeld een verstoorde balans hebben tussen 

het ‘slechte’ LDL en ‘goede’ HDL cholesterol. LDL staat bekend als het ‘slechte’ cholesterol en transporteert 

voornamelijk cholesterol van de lever naar de perifere organen, terwijl HDL bekend staat als ‘goed’ 

cholesterol omdat het cholesteroldeeltjes van de periferie terug naar de lever transporteert. In de lever 

kan het cholesterol vervolgens worden omgezet in galzuren, waarna het in de darmen terechtkomt en 

uiteindelijk wordt uitgescheiden. Een verhoogde inname van vetten en cholesterol via de voeding leidt 

tot een overbelasting van dit systeem, wat resulteert in een verhoogde productie van cholesterol in de 

lever en een toename van de hoeveelheid cholesterol in het bloed. Er zijn verschillende onderzoeken 

die hebben laten zien dat het hebben van hoog cholesterol geassocieerd is met de ontwikkeling van 

artrose. 

CHOLESTEROLVERLAGING EN ARTROSE

Cholesterol lijkt een rol te spelen bij de ontwikkeling van artrose. Er zijn dan ook onderzoeken gedaan 

waarin is gekeken of het gebruik van statines, een van de meest voorkomende cholesterolverlagende 

therapieën, het ontstaan van artrose kan verminderen of voorkomen. Tot op heden laten deze 

onderzoeken sterk wisselende resultaten zien, waarbij sommige studies een beschermend effect 

van statines aantoonden, terwijl andere onderzoeken concludeerden dat het gebruik van statines 

geen effect had op het ontwikkelen van artrose. Er zijn verschillende redenen die de uiteenlopende 

resultaten van statinegebruik zouden kunnen verklaren. Het komt bijvoorbeeld met regelmaat voor dat 

het gebruik van statines niet leidt tot de beoogde verlaging van het cholesterol, wat ook deels verklaard 

kan worden door de slechte therapietrouw bij statines. Daarnaast is een vaak voorkomende bijwerking 

van statinegebruik spierpijn, wat de gunstige effecten op symptomen zoals pijn zou kunnen maskeren. 

Cholesterolverlagende therapieën zoals statines worden vaak met succes gebruikt bij de behandeling 

van hart- en vaatziekten zoals aderverkalking. Er zijn veel overeenkomsten tussen de risicofactoren voor 

het ontwikkelen artrose en hart- en vaatziekten. De ontwikkeling van nieuwe cholesterolverlagende 

zoals anti-PCSK9- of anti-ANGPTL-3-antistoffen zouden potentiële nieuwe strategieën kunnen bieden 

voor cholesterolverlagende behandelingen voor artrose patiënten. Er is namelijk aangetoond dat het 

gebruik van statines in combinatie met het remmen van PCSK9 zorgt voor een sterkere vermindering 

van het cholesterol en van aderverkalking dan wanneer er alleen statines worden gebruikt. Het gebruik 

van deze nieuwe cholesterolverlagende therapieën zou, vergelijkbaar met de behandeling van hart- en 

vaatziekten, ook efficiënter kunnen zijn om de ontwikkeling van artrose te remmen dan het gebruik van 

alleen statines. 
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DOEL VAN DIT PROEFSCHRIFT
In de experimenten die in dit proefschrift staan beschreven hebben we onderzocht of intensieve 

cholesterolverlaging door middel van het combineren van cholesterolverlagende therapieën de 

ontwikkeling van artrose in muizen met een verstoorde vetzuurbalans kon verminderen. Daarnaast 

hebben we onderzocht of het gebruik van ontstekingsremmende therapieën in combinatie met 

cholesterolverlaging de artrose pathologie kan verminderen. Hiervoor hebben we gebruik gemaakt van 

verschillende cholesterolverlagende therapieën, zoals statines en anti-PCSK9 antilichamen. 

DELETIE VAN HET PCSK9 GEN HEEFT GEEN EFFECT OP ARTROSE PATHOLOGIE IN 
DYSLIPIDEMISCHE MUIZEN

In Hoofdstuk 2 hebben we in meer detail onderzocht welke rol het PCSK9 eiwit speelt in de ontwikkeling 

van artrose. PCSK9 is een van de belangrijkste eiwitten die het cholesterol metabolisme in ons lichaam 

regelt. Daarnaast is gesuggereerd dat PCSK9 een directe rol speelt bij ontstekingen. PCSK9-deficiente 

muizen hebben lagere cholesterol waarden en kunnen worden gebruikt om de effecten van voeding 

en cholesterol op de ontwikkeling van ziekten, zoals artrose, te bestuderen. Wij hebben bestudeerd 

of PCSK9-deficientie de artrose pathologie kon verminderen in muizen met verhoogde cholesterol 

waardes. Dit hebben wij onderzocht in een experimenteel model voor artrose (het collagenase-

geïnduceerd artrose model (CiOA)), waarin gewrichtsontsteking een belangrijke rol speelt. Wij zagen 

dat muizen zonder PCSK9 op een normaal dieet een verlaging van cholesterol in het bloed hadden. Er 

was echter een minder efficiënte verlaging in muizen die een cholesterol-rijk dieet hadden gekregen. In 

PCSK9-deficiente muizen die een cholesterol-rijk dieet kregen was er een vermindering in ontsteking van 

het gewrichtskapsel, terwijl muizen die een normaal dieet kregen juist meer ontsteking hadden. Deze 

veranderingen in gewrichtsontsteking hebben niet geleid tot vermindering van kraakbeenbeschadiging 

of abnormale botvorming.

HET VERLAGEN VAN CHOLESTEROL IN EEN MODEL WAAR SPONTAAN ARTROSE 
ONTSTAAT

In Hoofdstuk 3 hebben wij onderzocht wat het effect is van het gebruik van cholesterolverlagende 

behandelingen met een toenemende intensiteit op de spontane ontwikkeling van artrose in E3L.CETP 

muizen. In E3L.CETP muizen zijn een deel van de genen die het cholesterolmetabolisme aansturen 

vervangen door stukjes menselijk DNA, waardoor ze een cholesterolmetabolisme hebben dat meer op 

dat van de mens lijkt. Deze muizen hebben een dieet gekregen met hoog cholesterol. We gebruikten 

een combinatie van atorvastatine met de PCSK9-remmer alirocumab en ANGPLT3-remmer evinacumab 

om de hoeveelheid cholesterol te verlagen. In tegenstelling tot het experimenten in PCSK9-deficiente 

muizen, zagen we in deze studie een sterke verlaging van het systemische cholesterolgehalte. We zagen 
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echter geen vermindering van artrose pathologie zoals kraakbeen afbraak of synoviale ontsteking. In 

tegenstelling tot eerdere experimenten waarbij modellen voor geïnduceerde OA werden gebruikt, is 

gewrichtsontsteking in dit spontane model gering. In een gewricht met een ontstekingsomgeving is er 

namelijk een verhoogde productie van reactieve zuurstofsoorten (ROS) in het gewricht. ROS leiden tot 

de omzetting van LDL in het meer ontstekings-stimulerende oxLDL. Macrofagen die zich in het synovium 

bevinden kunnen dit oxLDL opnemen, wat leidt tot een verhoogde productie van ontstekingsstoffen en 

kraakbeen afbrekende enzymen. Hierdoor veronderstelden we dat ontsteking een belangrijke rol speelt 

in de ontwikkeling van  artrose pathologie die geassocieerd is met hoog cholesterol.

HET VERLAGEN VAN CHOLESTEROL IN GEÏNDUCEERDE ARTROSE MODELLEN MET 
ONTSTEKING

Eerder hebben we aangetoond dat intensieve cholesterolverlagende behandelingen geen effect 

hadden op de spontane ontwikkeling van artrose. Daarom hebben we in Hoofdstuk 4 onderzocht of 

ontsteking een belangrijke rol speelt bij artrose ontwikkeling in muizen met hoog cholesterol. We hebben 

gekeken of de PCSK9-remmer alirocumab in combinatie met atorvastatine therapie de ontwikkeling van 

artrose zou kunnen verminderen. Dit hebben we onderzocht in E3L.CETP muizen  waarin door middel 

van het CiOA model artrose is opgewekt die een dieet kregen met hoog cholesterol. Hier zagen we dat 

de combinatie van atorvastatine met PCSK9-remmer alirocumab synoviale ontsteking en systemische 

ontstekingsmarkers in serum verminderde tijdens een vroeg stadium van de artrose. Deze vermindering 

van ontsteking resulteerde echter niet in een afname van kraakbeenschade of botvorming op plekken 

waar dit niet hoort in het eindstadium van de ziekte. Verschillende onderzoeken hebben eerder laten 

zien dat een dieet met hoog cholesterol leidt tot een toename in de afbraak van het kraakbeen. Andere 

onderzoeken hebben echter aangetoond dat een cholesterol-rijk dieet het aantal ontstekingscellen in 

het synovium verhoogde, terwijl er geen effecten op kraakbeenschade werden waargenomen. Deze 

resultaten suggereren dat hoog cholesterol voornamelijk zorgt voor een toename van ontsteking in de 

vroege stadia van artrose, wat zou kunnen verklaren waarom we voornamelijk ontstekingsremmende 

effecten van de cholesterolverlagende behandeling tijdens de vroege fasen van onze studie zagen.

VERLAGEN VAN DE ONTSTEKINGSFACTOR IL-1Β IN DYSLIPIDEMISCHE MUIZEN

Er wordt gedacht dat systemische ontsteking die voortkomt uit problemen met de stofwisseling, ook 

wel metabole ontsteking genoemd, een mogelijke link kan zijn tussen het metabool syndroom en 

artrose. Metabole ontsteking wordt voornamelijk veroorzaakt door factoren zoals glucose en vetten 

zoals cholesterol. Interleukine-1β (IL-1β) is een belangrijke aanjager van ontsteking en er wordt gedacht 

dat deze ontstekingsstof een belangrijke bijdrage levert aan het ontstaan van artrose. Metabole 

ontsteking leidt vaak tot activering van de IL-1β productie, waardoor IL-1β een interessant doelwit is 
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voor ziekten die gerelateerd zijn aan het metabool syndroom, zoals hart- en vaatziekten en artrose. 

Verschillende onderzoeken toonden al aan dat IL-1β de opbouw van kraakbeen remt en daarnaast zorgt 

voor de aanmaak van kraakbeen afbrekende enzymen. Daarnaast is IL-1β ook in verband gebracht met 

verhoogde gewrichtspijn bij artrosepatiënten. Ondanks het feit dat IL-1β een cruciale rol lijkt te spelen in 

de pathogenese van artrose, lieten verschillende preklinische en klinische onderzoeken geen effecten 

zien op de ontwikkeling van artrose na remming van IL-1β. 

Een recente secundaire analyse van de Canakinumab Anti-inflammatory Thrombosis Outcome Study 

(CANTOS) studie, waarin een IL-1β remmer (canakinumab) werd gegeven aan mensen met hart- en 

vaatziekten, toonde aan dat remming van IL-1β resulteerde in een verminderd aantal  totale knie- en 

heupvervangingen bij deze patiënten. Het is interessant dat dit effect van IL-1β remming werd gevonden 

in deze groep patiënten, aangezien meer dan 93% van de patiënten die deelnamen aan de CANTOS 

studie ook een cholesterolverlagende therapie kreeg. Dit zou kunnen verklaren waarom gunstige 

effecten van IL-1β remming werden waargenomen in deze, maar niet in eerdere artrose-onderzoeken 

waarin IL-1β werd geremd. Daarnaast zijn de grootte van de patiëntengroepen en de relatief lange 

volgduur van de deelnemers anders dan bij standaard klinische onderzoeken voor artrose. Aangezien 

de CANTOS studie was ontworpen om cardiovasculaire gebeurtenissen te bestuderen, werden er geen 

gedetailleerde gegevens over de artrose pathologie verzameld. Om dit in meer detail te onderzoeken 

hebben we in Hoofdstuk 5 onderzocht of de remming van IL-1β de ontwikkeling van artrose zou 

kunnen verminderen in een CiOA-model in dyslipidemische muizen. Hier hebben we laten zien dat een 

enkele dosis anti-IL-1β-serum activering van immuun cellen, veroorzaakt door hoog cholesterol, kon 

voorkomen. We hebben hier echter geen vermindering van artrose pathologie waargenomen.

In de CANTOS-studie reageerden patiënten met verhoogde systemische ontsteking het beste op de 

behandeling. Daarom hebben we in Hoofdstuk 6 onderzocht of remming van IL-1β in combinatie 

met cholesterolverlagende therapie, bestaande uit statinetherapie en de PCSK9-remmer alirocumab, 

spontane artrose-pathologie zou kunnen verminderen bij dyslipidemische E3L- en E3L.CETP-muizen, 

die verschillende gradaties van systemische ontsteking hebben. E3L-muizen hadden verhoogde 

systemische ontsteking in vergelijking met de E3L.CETP muizen wanneer ze een cholesterol-rijk dieet 

kregen. De cholesterolverlagende behandeling was zeer effectief in het verlagen van de systemische 

cholesterol waardes. In deze studie hebben wij aangetoond dat de cholesterolverlagende behandeling 

resulteerde in een afname van synoviale ontsteking en kraakbeenafbraak bij de E3L muizen. Zoals 

eerder benoemd reageerden patiënten met hoge niveaus van systemische ontsteking in de CANTOS-

studie het meest op de behandeling. Wij zagen vergelijkbare resultaten in onze studie, aangezien de 

ontwikkeling van artrose alleen werd verminderd bij de E3L muizen met meer systemische ontsteking, 

en niet bij de E3L.CETP muizen met milde systemische ontsteking. Deze resultaten ondersteunen de 

bevindingen van de CANTOS-studie en geven aan dat het gebruik van IL-1β-remmers in combinatie 

met een cholesterolverlagende behandeling gunstig zou kunnen zijn bij de behandeling van artrose 

patiënten met metabool syndroom. 
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CONCLUSIE
De resultaten beschreven in dit proefschrift geven aan dat cholesterolverlaging alleen niet 

voldoende blijkt te zijn om de ontwikkeling van artrose te verminderen, maar dat een combinatie 

van cholesterolverlagende therapieën met ontstekingsremmende therapieën nodig is om de 

ontwikkeling van cholesterol-geassocieerde artrose te verminderen. Verder hebben we aangetoond 

dat cholesterolverlagende therapieën voornamelijk de inflammatoire effecten verminderen die worden 

geassocieerd met het metabool syndroom. Bovendien tonen de resultaten beschreven in dit proefschrift 

aan dat het gebruik van cholesterolverlagende therapieën mogelijk het meest effectief is bij patiënten 

met een verstoorde vetzuurbalans gecombineerd met een hoge mate van  systemische ontsteking.

Ons onderzoek benadrukt het belang van het focussen op specifieke subgroepen van artrosepatiënten 

bij het zoeken naar een geschikte behandeling. Verder onderzoek naar patiënten met (metabole) 

ontsteking of patiënten met een co-morbiditeit zoals hart- en vaatziekten zou kunnen leiden naar 

specifieke subgroepen van artrosepatiënten voor wie cholesterolverlagende therapieën nuttig 

kunnen zijn. Bovendien zou het gebruik van ontstekingsremmende therapieën in combinatie met 

cholesterolverlagende therapieën gunstig kunnen zijn voor deze subgroepen van artrose patiënten. 

Daarnaast is het belangrijk dat er voldoende aandacht wordt besteed aan preventie om het ontwikkelen 

van metabool syndroom te voorkomen, zoals voldoende bewegen en een gezond dieet. 
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