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s u m m a r y

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 ¼ 13e16 per group) were fed a Western-type diet (WTD) for 38 weeks. After 13
weeks, mice were divided into a baseline group and five 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 deter-
mined 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 com-
parable 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.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Hypercholesterolemia, or increased systemic levels of low-
density lipoprotein cholesterol (LDL-C), is a cardiometabolic risk
factor associated with cardiovascular disease (CVD) and osteoar-
thritis (OA)1,2. Although pathophysiological grounds for a causal
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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 LDL-C5,6,
the role of an impaired lipid metabolism in OA pathology remains
unclear. Increased total cholesterol (TC) levels were recently asso-
ciated with increased risk of generalized OA1,7, while others found
no association with LDL-C or TC8 and even describe protective
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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
50e60% in humans13. And evinacumab, a monoclonal antibody
directed against angiopoietin-like protein 3 (ANGPTL3), a circu-
lating protein that inhibits the hydrolysis of triglycerides (TG) by
Fig. 1
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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 manner14,16e20. In
APOE*3Leiden.CETP mice, both alirocumab and evinacumab
administration successfully reduced cholesterol levels by
40e50%14,21. We and others have demonstrated that cholesterol-
supplemented Western-type diet (WTD) feeding aggravated OA
features in the knee joint22e25. 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.
atin treatment gradually reduces cholesterol
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Group SAA (mg/ml) E-selectin (ng/ml) MCP-1 (pg/ml)

Baseline 7.4 (6.7e8.1) 48.5 (45.3e51.7) 91.0 (76.5e105.6)
WTD 7.3 (6.1e8.5) 40.6 (36.9e44.3) 92.1 (73.9e110.3)
A 4.9 (4.5e5.4) *** 43.1 (37.0e49.3) 97,3 (75.7e118.9)
AA 6.1 (5.5e6.8) 43.1 (38.4e47.7) 97.8 (84.2e111.4)
AE 5.5 (5.0e6.0) ** 41.0 (37.5e44.6) 125.8 (96.7e155.0)
AAE 6.5 (6.0e7.1) 46.3 (42.4e50.2) 103.1 (89.6e116.6)

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 andMCP-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 ¼ atorvastatin, AA ¼ atorvastatin þ alirocumab,
AE¼ atorvastatinþ evinacumab, AAE¼ atorvastatinþ alirocumabþ evinacumab.
n ¼ 13e16 per group.
*P < 0.05.
**P < 0.01.
***P < 0.001 vs WTD.

Table I
Levels of inflammation
markers in plasma
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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.

In a previous study we showed that alirocumab and evinacu-
mabdmonoclonal antibodies against cholesterol-regulating PCSK9
and ANGPTL314 d, 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 (8e12 weeks of age),
obtained from the in-house breeding colony (TNOMetabolic 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 atheroscle-
rosis26. 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 pro-
nounced 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 ani-
mals per group. Based on previous experiments, alirocumab does
not cause auto-antibody development in mice, while around
25e40% develop such a response after administration of evinacu-
mab14. 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 13e16 mice per group
for osteoarthritis evaluation. The experiment was approved by the
institutional Animal Care and Use Committee of the Netherlands
Organization for Applied Scientific Research (TNO) and were in
compliancewith 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 ¼ 13 weeks, mice were matched into six groups
based on age, body weight, plasma TC, plasma total triglycerides
(TG) and cholesterol exposure (mmol/L*weeks) before the start of
cholesterol-lowering treatment. Sixteenmice were sacrificed as the
baseline control group and the other five groups continued to
receiveWTD alone or with treatment for 25 weeks (Supplementary
Fig. 1). Treatments comprised atorvastatin (4e13 mg/kg/d; con-
centrations based on food intake), atorvastatin and alirocumab
(10 mg/kg), atorvastatin and evinacumab (25 mg/kg) or atorvasta-
tin, alirocumab and evinacumab. Atorvastatin (mixed in the diet)
and dietary cholesterol concentrations were adapted during the
study to reach the non-HDL-C lowering goal of 1 mM (Supple-
mentary Fig. 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 choles-
terol resulted in TC levels of 11.5 mmol/l in control, which is a pro-
atherogenic condition in APOE*3-Leiden.CETP mice26,28. Alir-
ocumab and evinacumab were administered by weekly subcu-
taneous injections. We refer to Pouwer et al.26 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 inci-
sion using EDTA-coated tubes (Sarstedt) after 4h of food depriva-
tion and by heart puncture at sacrifice. TC levels were determined
throughout the study with an enzymatic assay (Roche Diagnostics)
according to manufacturer's instructions and TC exposure was
calculated as mmol/L*weeks. For lipoprotein profiles, pooled
plasma of each group was fractionated using an €Akta 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. Subse-
quently, the joints were embedded in paraffin and cut in 7 mm
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
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scoring system, as described previously29,30 (0 ¼ no damage,
30¼maximal damage). Five sections were scored and averaged per
joint after blinding. Osteophyte formation and maturation were
determined using an arbitrary scoring system as described previ-
ously31. Ten different locations were scored for osteophyte forma-
tion andmaturation 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 to 2
(0 ¼ no inflammation, 1 ¼ mild inflammation, 2 ¼ moderate
inflammation; Supplementary Fig. 2).

Immunohistochemistry

For immunohistochemical analysis, knee joint sections were
deparaffinized and endogenous peroxidase blocking was per-
formed using H2O2 inmethanol. Antigen retrieval was performed in
citrate buffer pH 6.0. Sections were stained with polyclonal anti-
bodies 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 avidin-streptavidin-
peroxidase (Elite kit, Vector Laboratories) and diaminobenzidine
(SigmaeAldrich) 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 differ-
ences 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 carti-
lage 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 KolmogoroveSmirnov 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 groupwith the baseline and different treatment groups.
P-values below 0.05 were considered significant. Results are
expressed as mean ± 95% coincidence 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 [Fig. 1(A) and (B)].
The decrease in systemic cholesterol levels coincided with a
reduced body weight gain in the treated groups compared to WTD
controls (Supplementary Fig. 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 [Fig. 1(C)]. To determine the immunomodu-
latory effects ofWTD-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 com-
bined 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 I). E-
selectin andMCP-1 levels were low and not affected by cholesterol-
lowering treatment (Table I).
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;
Fig. 2(A)). The observed decline in systemic cholesterol levels did
not attenuate progression of cartilage destruction in treatment
groups as compared to WTD controls [Fig. 2(A)]. Cartilage degra-
dation was mainly observed at the lateral tibia and femur (Sup-
plementary Fig. 4(A)). Proteolytic activity in the cartilage, as a
measure of matrix degradation and repair (cartilage turnover ac-
tivity), was determined by immunohistochemical analysis of
NITEGE and VDIPEN neo-epitopes32. VDIPEN staining, induced by
matrix metalloproteases (MMPs) and a marker of advanced carti-
lage degradation, was not observed in articular cartilage [Fig. 2(D)].
NITEGE staining, as marker of both early was significantly increased
at 38 weeks in WTD-fed mice compared to baseline controls
(p < 0.01; Fig. 2(B)). 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-in-
crease, p < 0.05; AAE, 1.9 fold-increase, p < 0.01; Fig. 2(B)) when
compared to WTD controls. Representative pictures of cartilage
degeneration and NITEGE and VDIPEN staining are shown
[Fig. 2(C)e(E)]. The combined data indicate that increased cartilage
degradation also induces an active repair process in articular
cartilage.
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 ef-
fect of therapeutic cholesterol-lowering therapies on these OA
features. All groups developed minor synovial inflammation, which
was independent of systemic cholesterol levels [Fig. 3(A) and (B)].
The alarmin S100A8, a marker for activated macrophages, also
showed only minor expression in the synovial lining and was
comparable between all groups [Fig. 3(C)]. 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 [Fig. 4(A)]. Most
osteophytes occurred at the anterior side of the medial femoral
condyle [Fig. 4(B)].



Fig. 2
Cholesterol-lowering interventions do not ameliorate cartilage degradation in dyslipidemic mice.
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
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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 demon-
strate 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 develop-
ment 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
treatments14,16e20. 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 suc-
cessfully induced regression of atherosclerosis, while mild cartilage
degeneration progressed despite of therapy. Although OA and
atherosclerosis may share overlapping pathophysiological pro-
cesses3, 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, sug-
gesting that lipid disturbances are a risk factor for OA Yet results
from clinical studies have been diverse, showing beneficial9,33 or
no10e12 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
weeks of WTD-feeding compared to baseline controls
staining revealed a significant increase in WTD-fed mice re
AE, p < 0.05; AAE, p < 0.01). (D) Representative picture
articular cartilage (20� magnification). Representative p
staining are depicted in figures (B) and (E) (20� magnifi
staining. A ¼ atorvastatin, AA ¼ atorvastatin þ alir
AAE ¼ atorvastatin þ alirocumab þ evinacumab. n ¼
***P < 0.001 vs WTD.
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-sup-
plemented WTD or by other mechanisms such as ageing or weight
of the mice. However, it has been reported previously that both
ageing together with weight gain and cholesterol and fat contain-
ing 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 choles-
terol-induced OA pathogenesis. We determined the effect of
cholesterol-lowering treatment on systemic markers of inflam-
mation. E-Selectin and MCP-1 levels were not affected by choles-
terol-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 pa-
thology 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 medi-
ators in the cartilage matrix using immunohistochemistry. Impor-
tant catabolic mediators involved in cartilage degradation are
aggrecanases and MMPs. Both cleave aggrecan at a specific site,
leaving behind the neo-epitopes NITEGE and VDIPEN, respec-
tively32. 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 ofWTD feeding compared to baseline
controls. Cholesterol-lowering treatments resulted in a significant
increase in NITEGE staining, whilst no coinciding increase in
cartilage degradationwas 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 simulta-
neously and VDIPEN only in late severe cartilage destruction32. By
breaking down the cartilage matrix, aggrecanases enable chon-
drocytes 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 choles-
terol-lowering treatment could protect against cartilage degrada-
tion after prolonged cholesterol exposure.

As inflammatory involvement is increasingly recognized in OA,
cholesterol-lowering treatments that have pleiotropic immuno-
modulatory effects e such as statins and anti-PCSK9 antibodies e

may be beneficial for OA patients in multiple ways. We have
(B) Immunohistochemical analysis of NITEGE
ceiving double or triple treatment (AA, p < 0.001;
s of VDIPEN staining showing no expression in
ictures of cartilage degradation and NITEGE
cation) Arrows were used to indicate positive
ocumab, AE ¼ atorvastatin þ evinacumab,
13e16 per group. * P < 0.05, ** P < 0.01,
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Fig. 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 for-
mation (10� magnification). A ¼ atorvastatin, AA ¼ atorvastatin þ alirocumab,
AE ¼ atorvastatin þ evinacumab, AAE ¼ atorvastatin þ alirocumab þ evinacumab.
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Y. van Gemert et al. / Osteoarthritis and Cartilage 29 (2021) 1314e1323 1321
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
Fig. 3

No effect of lowering systemic cholesterol on syno

determined using histological analysis. (A) Synovial inflam
(0e2). Synovial inflammation was in general mild and ind
pictures of synovial inflammation are shown in figure (B) (
(C) Sections were stained for the pro-inflammatory alarmin
extent in the lining of the synovium (10� magni
A ¼ atorvastatin, AA ¼ atorvastatin þ alirocum
AAE ¼ atorvastatin þ alirocumab þ evinacumab.
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
vial inflammation. Synovial inflammation was
mation was measured using an arbitrary score
ependent of cholesterol levels. Representative
left: 5� magnification, right 10� magnification).
S100A8, which was only expressed to a minor

fication). Arrows indicate positive staining.
ab, AE ¼ atorvastatin þ evinacumab,
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aggravation of joint pathology is observed. This implies that
cholesterol lowering could still be efficient under those circum-
stances. Local inflammation occurs in approximately 50% of the OA
patients and has been associated with the development and pro-
gression 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, ther-
apeutic, 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 pa-
tients presenting both dyslipidemia and joint inflammation.
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