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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
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s u m m a r y

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 ¼ 0.008, WTD: 95% CI: 1.4e 2.3; WTD þ AA: 95% CI: 0.8e 1.5) and synovial lining thickness (WTD: 95%
CI: 3.0e4.6, WTD þ AA: 95% CI: 2.1e3.2) during early-stage collagenase-induced OA. Serum levels of
S100A8/A9, MCP-1 and KC were significantly reduced after cholesterol-lowering treatment (P ¼ 0.0005,
95% CI: �46.0 to �12.0; P ¼ 2.8 � 10�10, 95% CI: �398.3 to �152.1; P ¼ 2.1 � 10�9, �66.8 to �30.4,
respectively). However, this reduction did not reduce OA pathology, determined by ectopic bone for-
mation, 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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Osteoarthritis (OA) 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 onprevention of the disease and reducing symptoms. OA
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is a complex and heterogeneous disease and many risk factors,
including aging, obesity and metabolic syndrome (MetS), have been
associated with disease development2,3. 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 MetS4 compared to the non-OA population
and several studies have demonstrated that MetS is connected to
disease development and progression5e7.

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 studies3,6. However, others
have reported inconsistent findings with no association of dyslipi-
demia and OA development8. 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
development9,10, while these findings could not be replicated by
others11. Recently, monoclonal antibodies against proprotein con-
vertase subtilisin/kexin 9 (PCSK9)were developed,which are highly
effective in lowering systemic cholesterol levels in both mice and
humans17,18. 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) mice12,
awell-establishedmousemodel for hyperlipidemia as they respond
to lipid-lowering therapies in a human-likemanner13e16. 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 mice19. 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 trans-
formation 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-associ-
ated OA pathology. Similar to macrophages in atherosclerotic pla-
ques, 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 development20.

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 minor19. We postulated that in the presence of local inflam-
mation 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 choles-
terol-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.CETPmicewere obtained from the in-house breeding
of TNO Leiden. E3L.CETP mice are an acknowledged model for dys-
lipidemia and show human-like responses to cholesterol-lowering
therapies compared to other mouse strains and mice in a wild type
(WT) background13e16. 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 levels21. 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 eight 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. 12e14 week old mice (n ¼ 14 mice per group) were
switched to a cholesterol-supplemented Western-type Diet (15% w/
w cacao butter, 40.5% w/w sucrose, þ0.3% 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 con-
sisting 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 [Fig. 1(A)]19,22. Subcutaneous in-
jections of saline were used as a control for the anti-PCSK9 treat-
ment. Threeweeks after the start of the treatment, CiOAwas 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. Micewere
sacrificed on day 7 and 42 of CiOA to study both early and late effects
during CiOA. Knee joints were collected either for histological anal-
ysis or collection of synovial ribonucleic acid (RNA) and washouts.
Serum samples were collected for cytokine measurements. All ani-
mal studies were approved by the local ethics committees (Nijme-
gen, the Netherlands) and were performed according to the related
codes of practice (CCD project number: 2018-0002).

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 [Fig. 1(B) and (C)] using a color-
imetric enzymatic assay (Roche Diagnostics, Basel, Switzerland)
according to manufacturer's instructions.

Histological processing and analysis

Murine knee joints were fixed in 4% formaldehyde and decal-
cified using 5% formic acid for 7 days. Subsequently, joints were
embedded in paraffin and cut in 7 mm 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 to 3 (0 ¼ no inflammation, 1 ¼ mild inflammation, 2 ¼ moderate
inflammation; 3 ¼ severe inflammation). Cell layers of the synovial
lining were counted on both the lateral and medial side of the joint



Fig. 1 Osteoarthritis and Cartilage

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. N¼ 36 mice per group until week 7, N¼ 14 mice per
group from week 7 to end point. Red arrows indicate weekly injections with alirocumab. AA ¼ atorvastatin þ alirocumab. Statistical are derived
from post-treatment time points (from week six) and. Figures show data expressed as mean ± 95% confidence intervals.
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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 ¼ no damage, 30 ¼ maximal damage)23,24.
Five sections at different depths in the knee joint were scored and
averaged. Several locations throughout thewhole joint were scored
for presence of ectopic bone and the maturation stage on both the
medial and lateral side of the joint25. 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
averaged25. Subchondral bone scores (subchondral bone plate
thickening, increased bone mass) were determined in SafO stained
section using a scoring system ranging from 0 to 3 (0 is normal,
1 ¼ mild, 2 ¼ moderate, and 3 ¼ severe)26,27. 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 peroxidasewas blockedwithH2O2 in
methanol.Antigenretrievalwasperformed in10mMcitratebufferpH
6.0. Sections were stained with polyclonal antibodies against
S100A928 or non-relevant rabbit IgG control (R&D Systems, Minne-
apolis, USA). Biotinylated anti-rabbit IgG was used as a secondary
antibody. Subsequently, sections were stained with avidinestrepta-
vidineperoxidase (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 syno-
vial punches from left and right knee joints 7 days after the first
injection of collagenase. Synovium was placed in 200 ml Roswell
Park Memorial Institute (RPMI) medium supplemented with pen-
icillinestreptomycin and 0.1% bovine serum albumin (BSA) for 2 h
at room temperature andmediumwas 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 previously29. KC and MCP-1 levels were measured in
washouts and serum with Luminex technology using magnetic
milliplex beads (Bio-Rad, Veenendaal, the Netherlands) according
to the manufacturer's protocol. Protein levels of IL-1b, IL-6 and IL-
10 were below the detection limit. Concentrations of secreted cy-
tokines 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 QeQ plots using SPSS. Differences between groups
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were analyzed using a t-test. For the protein levels inwashouts and
serum of S100A8/A9, MCP-1 and KC, the nonparametric
ManneWhitney 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 clus-
tering of measurements. Significance levels represent the interac-
tion 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 treat-
ment was included as covariate including an intercept to account
for clustering of measurements. P-values below 0.05 were consid-
ered 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.CETPmice were fed a cholesterol-supplementedWTD. 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
[Fig. 1(A)]. 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) [Fig. 1(B)]. Cholesterol-lowering treatment strongly
attenuated diet-induced dyslipidemia, demonstrated by a signifi-
cant 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 [Fig. 1(B) and (C)]. To determine the relation of the
cholesterol-lowering treatment with systemic cholesterol and tri-
glyceride 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 ¼ 1.21E-72, 95% CI: �13.9
to �12.1; TG: P ¼ 1.33E-26, 95% CI: �2.1to �1.5). The treatment
resulted in a reduction in weight over the course of the study
(P ¼ 1.1E-5, 95% CI: �1.5 to �0.6 g) [Fig. 1(D)].

Reduction of systemic cholesterol levels reduces early stage joint
inflammation in dyslipidemic E3L.CETP mice

aTo assess whether cholesterol-lowering therapy could amelio-
rate 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
(P¼ 0.008,WTD: 1.88 (95% CI: 1.4e2.3);WTDþAA: 1.2 (95% CI: 0.8e
1.5)) [Fig. 2(A)]. 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 ¼ 0.009, WTD: 3.79 (95% CI: 3.0e4.6), WTD þ AA: 2.6 (95% CI:
2.1e3.2)) [Fig. 2(B) and (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-1b, 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 Fig. 1(A)e(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 [Fig. 2(D)e(F)]. Protein levels of IL-1b, 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 [Fig. 2(G)]. We
additionally quantified systemic protein levels of S100A8/A9, MCP-1
and KC in serum,where a strong reductionwas observed inmice that
received cholesterol-lowering treatment compared to mice fed a
cholesterol-supplementedWTD only (S100A8/A9:�33.0 ng/ml (95%
CI of difference: �46.0 to �12.0), U ¼ 97.5, P ¼ 0.0005; MCP-
1: �242.4 pg/ml (95% CI of difference: �398.3 to �152.1), U ¼ 12.5,
P ¼ 2.8 � 10�10; KC: �48.1 pg/ml (95% CI of difference: �66.8
to �30.4), U ¼ 19.5, P ¼ 2.1 � 10�9 (Supplementary Fig. 2(A)e(C)).
Protein levels of IL-1b, 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 treat-
ment reduced OA pathology during early-stage CiOA that is char-
acterized 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 [Fig. 3(A) and (B)]. We additionally deter-
mined the subchondral bone sclerosis scores. Similar to cartilage
damage, subchondral bone sclerosis scores were comparable be-
tween both groups during early stage OA [Fig. 3(C)]. 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 lo-
cations. The size of ectopic bone formation was not reduced by
cholesterol-lowering treatment compared to mice fed aWTD alone
[Fig. 3(D)e(F)].
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, carti-
lage 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
[Fig. 4(A) and (B)]. In addition, no reduction in both cartilage
damage (P ¼ 0.09, WTD: 17.5 (95% C: 15.5e19.5), WTD þ AA: 14.9
(95% CI: 12.2e17.6) [Fig. 5(A), (C)] and subchondral bone sclerosis
scores (WTD: 2.6 (95% CI: 2.2e2.9),WTDþAA: 2.1 (95% CI: 1.5e2.8)
[Fig. 5(B)] was found in mice that received cholesterol-lowering
treatment compared to mice fed aWTD alone. We next determined
whether cholesterol-lowering treatment could reduce ectopic bone
formation, multiple sites on the lateral and the medial side of the
joint were scored for ectopic bone formation25. Ectopic bone was
mainly observed at the joint margins and collateral ligaments
[Fig. 5(D)]. We did not observe a reduction in ectopic bone size after
cholesterol-lowering treatment at the quantified locations in the
joint (MT: P ¼ 0.74, (95% CI: �47832.2 to 66602.7); MF: P ¼ 0.78,
(95% CI: �38056.8 to 28122.1); enthesis: P ¼ 0.21, (95% CI:
�195498.5 to 44441.8); MCL: P ¼ 0.31, (95% CI: �317240.9 to
105867.9) [Fig. 5(E)e(H)]. The total number of osteophytes



Fig. 2 Osteoarthritis and Cartilage

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 ¼ 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 ¼ 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-1b, 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 ¼ atorvastatin þ alirocumab. N¼11e13 mice per group. Results are expressed as mean ± 95% confidence intervals.
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(Supplementary Fig. 3(A)) and their maturation stage remained
similar between both groups (Supplementary Fig. 3(B)e(F)).

Discussion

The last decade, the association between MetS and OA devel-
opment 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 CiOA, but this is not suffi-
cient to ameliorate end stage pathology.

Clinical studies have reported contradictory findings regarding
statin use and OA development9e11,30,31. 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 progression32. In our study,
we used a combination of atorvastatin and the anti-PCSK9 anti-
body alirocumab to strongly reduce cholesterol levels. In athero-
sclerosis, this combination treatment reduces the residual risk
observed in cardiovascular patients that receive statin therapy
only33. 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 choles-
terol-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 choles-
terol-lowering therapies were used, we did not observe a reduction
in OA pathology while the development of atherosclerosis was
strongly reduced19,22. Previous studies in our lab showed that a
cholesterol-supplemented diet increased synovial activation and
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Fig. 3 Osteoarthritis and Cartilage

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 to 30. 7 days after the induction of CiOA, no differences were observed in cartilage damage between both groups. (B) Repre-
sentative pictures of cartilage damage, arrows indicate damages areas. (C) Subchondral bone sclerosis was scored using a graded scoring
system ranging from 0 to 3. No differences were observed after cholesterol-lowering treatment compared to mice fed a cholesterol-supple-
mented WTD alone. (DeF) 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 ¼ atorvastatin þ alirocumab. N¼11e13 mice per group.
Results are expressed as mean ± 95% confidence intervals.

Y. van Gemert et al. / Osteoarthritis and Cartilage 31 (2023) 934e943 939
ectopic bone formation, but not cartilage degeneration in a CiOA
model34,35. Others have shown that a high fat diet alone did not
lead to joint pathology, but a combination with a secondary trigger
such as destabilization of the medial meniscus (DMM) surgery36 or
groove surgery37 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 in-
duction 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 dam-
age12,38,39. However, some studies have shown that a WTD
increased macrophage infiltration40 and inflammation in the
synovium, while no effects on cartilage damage were observed37,40.
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.

There are several mechanisms that could explain why choles-
terol-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 pro-
genitor cells in the bone marrow41,42. Trained immunity increases
the inflammatory response of monocytes and macrophages to
secondary stimuli, such as Toll-like receptor (TLR) ligands like
lipopolysaccharide (LPS) or S100A8/A943. In addition, Christ et al.
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Fig. 4 Osteoarthritis and Cartilage

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 ¼ atorvastatin þ alirocumab. 10e13 mice per group. Results are expressed as mean ± 95% confidence intervals.
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have shown that immune training in monocytes was dependent on
the NLRP3 inflammasome/IL-1b pathway43. In addition, Bekkering
et al. have shown that trained immunity cannot be reversed by
statin therapy in patients with familiar hypercholesterolemia44.
The authors hypothesized that these results could explain why a
residual risk is observed in cardiovascular patients even after suc-
cessful reduction of cholesterol levels after statin treatment44. In a
recent study, we showed that cholesterol-lowering treatment
combined with inhibition of IL-1b could reduce synovial thickening
and cartilage degeneration in dyslipidemic E3L mice (unpublished
data). Possibly, cholesterol-lowering therapies should be supple-
mented with an anti-inflammatory treatment, such as inhibition of
IL-1b, to successfully ameliorate diet-induced OA pathology. An
overview of possible therapeutic strategies to target innate im-
mune training has been published by Mulder et al.45.

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 medi-
ators in macrophages46. Moreover, it has been shown that in-
duction of trained immunity in monocytes after oxLDL
stimulation upregulates glycolytic metabolism47. OxLDL-induced
trained immunity was increased in a high glucose environment,
indicating that high glucose availability amplifies the pro-in-
flammatory effects of oxLDL-induced trained immunity47. In
addition, these authors showed that trained immunity could be
prevented by pharmacological inhibition of glycolysis47. 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, wewere
not able to determine the effect of the cholesterol-supplemented
WTDaloneonOApathology in this study.However, previous studies
have shown that a cholesterol-supplemented WTD contributes to
the development of cartilage pathology in E3L.CETP mice12,48.
Another limitation is the use of only females in this study. Although
ingeneralmalemicedevelopmore severeOApathology than female
mice,we chose to use femalemice 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 inflamma-
tionbut this is insufficient to significantly reduceend stagepathology.
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Fig. 5 Osteoarthritis and Cartilage

Cholesterol-lowering treatment does not reduce OA pathology at end stage OA. Female E3L.CETP mice were fed a cholesterol-supple-
mented 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 to 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 to 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. (EeF) 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 ¼ medial tibia,
MF ¼ medial femur, MCL ¼ medial collateral ligament. AA ¼ atorvastatin þ alirocumab. 10e13 mice per group. Results are expressed as
mean ± 95% confidence intervals.

Y. van Gemert et al. / Osteoarthritis and Cartilage 31 (2023) 934e943 941
Author contributions
YG, ABB, EJP, HMGP, PLEML and MHJB have designed the study. YG,
IDC, BW, MH, and AS have carried out experimental procedures and
acquired the data. YG has been the primary person responsible for
writing the manuscript. ABB, PLEML, PMK, NNLK, IDC, TV, JR, EJP,
HMGP and MHJB were involved in drafting the work or revising it
critically for important intellectual content. All authors approved
the final version to be published.

Declaration of competing interest
The authors declare no competing interests.
Sources of funding
This manuscript was supported by funding from the Dutch
Arthritis Foundation (Grant number 17-1-404). The funding
sources had no role in study design, in collection, analysis or
interpretation of data, or in writing the manuscript and decision
to submit the manuscript.

Role of the funding source
The funding sources had no role in study design, in collection,
analysis or interpretation of data, or in writing the manuscript and
decision to submit the manuscript.

mailto:Image of Fig. 5|tif


Y. van Gemert et al. / Osteoarthritis and Cartilage 31 (2023) 934e943942
Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.joca.2023.01.577.

References

1. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoar-
thritis: a disease of the joint as an organ. Arthritis Rheum
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. J Rehabil Med 2019;51:464e70.

3. Buechele G, Guenther K-P, Brenner H, Puhl W, Stürmer T,
Rothenbacher D, et al. Osteoarthritis-patterns, cardio-meta-
bolic risk factors and risk of all-cause mortality: 20 years
follow-up in patients after hip or knee replacement. Sci Rep
2018;8:1e8.

4. Puenpatom RA, Victor TW. Increased prevalence of metabolic
syndrome in individuals with osteoarthritis: an analysis of
NHANES III data. Postgrad Med 2009;121:9e20.

5. 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 Metabol Syndr Clin Res Rev 2017;11:S827e32.

6. Tootsi K, M€artson A, Kals J, Paapstel K, Zilmer M. Metabolic
factors and oxidative stress in osteoarthritis: a caseecontrol
study. Scand J Clin Lab Investig 2017;77:520e6.

7. Li H, George DM, Jaarsma RL, Mao X. Metabolic syndrome and
components exacerbate osteoarthritis symptoms of pain,
depression and reduced knee function. Ann Transl Med
2016;4.

8. 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.
Sci Rep 2017;7:1e7.

9. 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. Ann Rheum Dis 2012;71:642e7.

10. 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 Res 2019;71:1052e8.

11. Micha€elsson 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. Osteoarthr Cartil 2017;25:1804e13.

12. 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 ator-
vastatin in APOE* 3Leiden. CETP miceda translational model
for atherosclerosis. Ann Rheum Dis 2014;73:921e7.

13. Zadelaar S, Kleemann R, Verschuren L, de Vries-Van der Weij J,
van der Hoorn J, Princen HM, et al. Mouse models for
atherosclerosis and pharmaceutical modifiers. Arterioscler
Thromb Vasc Biol 2007;27:1706e21.

14. vandenHoekAM,vanderHoorn JWA,MaasA,vandenHoogenR,
vanNieuwkoopA, Droog S, et al. APOE* 3Leiden. CETP transgenic
mice as model for pharmaceutical treatment of the metabolic
syndrome. Diabetes Obes Metabol 2014;16:537e44.

15. Pouwer MG, Heinonen SE, Behrendt M, Andr�easson A-C, van
Koppen A, Menke AL, et al. The APOE3-leiden heterozygous
glucokinase knockout mouse as novel translational disease
model for type 2 diabetes, dyslipidemia, and diabetic athero-
sclerosis. J Diabetes Res 2019;2019.
16. Kühnast S, Fiocco M, van der Hoorn JW, Princen HM,
Jukema JW. Innovative pharmaceutical interventions in car-
diovascular disease: focusing on the contribution of non-HDL-
C/LDL-C-lowering versus HDL-C-raisingA systematic review
and meta-analysis of relevant preclinical studies and clinical
trials. Eur J Pharmacol 2015;763:48e63.

17. 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. N Engl J Med 2015;372:
1489e99.

18. Kühnast S, van der Hoorn JW, Pieterman EJ, van den Hoek AM,
Sasiela WJ, Gusarova V, et al. Alirocumab inhibits atheroscle-
rosis, improves the plaque morphology, and enhances the ef-
fects of a statin [S]. J Lipid Res 2014;55:2103e12.

19. van Gemert Y, Kozijn A, Pouwer M, Kruisbergen N, van den
Bosch M, Blom A, et al. Novel high-intensive cholesterol-
lowering therapies do not ameliorate knee OA development in
humanized dyslipidemic mice. Osteoarthr Cartil 2021;29:
1314e23.

20. Cao X, Cui Z, Ding Z, Chen Y, Wu S, Wang X, et al. An osteo-
arthritis subtype characterized by synovial lipid metabolism
disorder and fibroblast-like synoviocyte dysfunction. J Orthop
Transl 2022;33:142e52.

21. Van Vlijmen B, van't Hof HB, Mol M, van der Boom H, van der
Zee A, Frants RR, et al. Modulation of very low density lipo-
protein production and clearance contributes to age-and
gender-dependent hyperlipoproteinemia in apolipoprotein
E3-Leiden transgenic mice. J Clin Investig 1996;97:1184e92.

22. 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]. J Lipid Res 2020;61:365e75.

23. Pritzker KP, Gay S, Jimenez S, Ostergaard K, Pelletier J-P,
Revell P, et al. Osteoarthritis cartilage histopathology: grading
and staging. Osteoarthr Cartil 2006;14:13e29.

24. Van den Bosch M, Blom A, Kram V, Maeda A, Sikka S, Gabet Y,
et al. WISP1/CCN4 aggravates cartilage degeneration in
experimental osteoarthritis. Osteoarthr Cartil 2017;25:
1900e11.

25. Davidson EB, Vitters E, Van Beuningen H, Van De Loo F, Van
den Berg W, Van der Kraan P. Resemblance of osteophytes in
experimental osteoarthritis to transforming growth factor
beinduced osteophytes: limited role of bone morphogenetic
protein in early osteoarthritic osteophyte formation. Arthritis
Rheum 2007;56:4065e73.

26. Aho O-M, Finnil€a M, Thevenot J, Saarakkala S, Lehenkari P.
Subchondral bone histology and grading in osteoarthritis. PLoS
One 2017;12, e0173726.

27. Li S, Guo Y-L, Xu R-X, Zhang Y, Zhu C-G, Sun J, et al. Association
of plasma PCSK9 levels with white blood cell count and its
subsets in patients with stable coronary artery disease.
Atherosclerosis 2014;234:441e5.

28. Goebeler M, Roth J, Burwinkel F, Vollmer E, B€ocker W, Sorg C.
Expression and complex formation of S100-like proteins MRP8
and MRP14 by macrophages during renal allograft rejection.
Transplantation 1994;58:355e61.

29. Roth J, Burwinkel F, van den Bos C, Goebeler M, Vollmer E,
Sorg C. MRP8 and MRP14, S-100-like Proteins Associated with
Myeloid Differentiation, Are Translocated to Plasma Mem-
brane and Intermediate Filaments in a Calcium-dependent
Manner 1993.

30. 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. Ann
Rheum Dis 2013;72:196e203.

https://doi.org/10.1016/j.joca.2023.01.577
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref1
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref1
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref1
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref2
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref2
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref2
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref2
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref3
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref3
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref3
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref3
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref3
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref3
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref4
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref4
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref4
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref4
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref5
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref5
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref5
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref5
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref5
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref6
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref6
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref6
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref6
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref6
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref6
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref7
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref7
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref7
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref7
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref8
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref8
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref8
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref8
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref8
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref9
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref9
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref9
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref9
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref9
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref10
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref10
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref10
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref10
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref11
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref11
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref11
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref11
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref11
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref11
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref12
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref13
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref13
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref13
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref13
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref13
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref14
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref14
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref14
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref14
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref14
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref14
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref15
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref15
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref15
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref15
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref15
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref15
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref16
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref17
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref17
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref17
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref17
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref17
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref18
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref18
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref18
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref18
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref18
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref19
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref19
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref19
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref19
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref19
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref19
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref20
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref20
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref20
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref20
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref20
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref21
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref21
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref21
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref21
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref21
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref21
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref22
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref22
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref22
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref22
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref22
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref23
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref23
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref23
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref23
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref24
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref24
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref24
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref24
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref24
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref25
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref26
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref26
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref26
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref26
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref27
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref27
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref27
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref27
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref27
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref28
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref28
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref28
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref28
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref28
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref28
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref29
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref29
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref29
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref29
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref29
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref30
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref30
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref30
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref30
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref30


Y. van Gemert et al. / Osteoarthritis and Cartilage 31 (2023) 934e943 943
31. Burkard T, Hügle T, Layton JB, Glynn RJ, Bloechliger M, Frey N,
et al. Risk of incident osteoarthritis of the hand in statin ini-
tiators: a sequential cohort study. Arthritis Care Res 2018;70:
1795e805.

32. Wang J, Dong J, Yang J, Wang Y, Liu J. Association between
statin use and incidence or progression of osteoarthritis: meta-
analysis of observational studies. Osteoarthr Cartil 2020;28:
1170e9.

33. Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R,
et al. Alirocumab and cardiovascular outcomes after acute
coronary syndrome. N Engl J Med 2018;379:2097e107.

34. 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 choles-
terol-rich diet results in ectopic bone formation during
experimental osteoarthritis. Arthritis Res Ther 2013;15:1e14.

35. deMunterW,VanDenBoschM,Sl€oetjes A, CroceK, Vogl T, Roth J,
et al. High LDL levels lead to increased synovial inflammation and
accelerated ectopic bone formation during experimental osteo-
arthritis. Osteoarthr Cartil 2016;24:844e55.

36. 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. Osteoarthr Cartil
2020;28:593e602.

37. de Visser HM, Mastbergen SC, Kozijn AE, Coeleveld K,
Pouran B, van Rijen MH, et al. Metabolic dysregulation accel-
erates injury-induced joint degeneration, driven by local
inflammation; an in vivo rat study. J Orthop Res 2018;36:
881e90.

38. Griffin TM, Huebner JL, Kraus VB, Yan Z, Guilak F. Induction of
osteoarthritis and metabolic inflammation by a very high-fat
diet in mice: effects of short-term exercise. Arthritis Rheum
2012;64:443e53.

39. 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. Faseb J 2017;31:
356e67.

40. Larra~naga-Vera A, Lamuedra A, P�erez-Baos S, Prieto-Potin I,
Pe~na L, Herrero-Beaumont G, et al. Increased synovial lip-
odystrophy induced by high fat diet aggravates synovitis in
experimental osteoarthritis. Arthritis Res Ther 2017;19:1e13.

41. Bekkering S, Quintin J, Joosten LA, van der Meer JW, Netea MG,
Riksen NP. Oxidized low-density lipoprotein induces long-
term proinflammatory cytokine production and foam cell
formation via epigenetic reprogramming of monocytes. Arte-
rioscler Thromb Vasc Biol 2014;34:1731e8.

42. NeteaMG, Joosten LA, Latz E,Mills KH, Natoli G, StunnenbergHG,
et al. Trained immunity: a programof innate immunememory in
health and disease. Science 2016;352:aaf1098.

43. Christ A, Günther P, Lauterbach MA, Duewell P, Biswas D,
Pelka K, et al. Western diet triggers NLRP3-dependent innate
immune reprogramming. Cell 2018;172:162e175.e114.

44. Bekkering S, Stiekema LC, Moens SB, Verweij SL, Novakovic B,
Prange K, et al. Treatment with statins does not revert trained
immunity in patients with familial hypercholesterolemia. Cell
Metabol 2019;30:1e2.

45. Mulder WJ, Ochando J, Joosten LA, Fayad ZA, Netea MG.
Therapeutic targeting of trained immunity. Nat Rev Drug
Discov 2019;18:553e66.

46. Poznyak A, Grechko AV, Poggio P, Myasoedova VA, Alfieri V,
Orekhov AN. The diabetes mellituseatherosclerosis connec-
tion: the role of lipid and glucose metabolism and chronic
inflammation. Int J Mol Sci 2020;21:1835.

47. Keating ST, Groh L, Thiem K, Bekkering S, Li Y, Matzaraki V,
et al. Rewiring of glucose metabolism defines trained immu-
nity induced by oxidized low-density lipoprotein. J Mol Med
2020;98:819e31.

48. Kozijn A, Gierman L, van der Ham F, Mulder P, Morrison M,
Kühnast S, et al. Variable cartilage degradation in mice with
diet-induced metabolic dysfunction: food for thought. Osteo-
arthr Cartil 2018;26:95e107.

http://refhub.elsevier.com/S1063-4584(23)00703-3/sref31
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref31
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref31
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref31
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref31
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref32
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref32
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref32
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref32
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref32
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref33
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref33
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref33
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref33
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref34
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref34
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref34
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref34
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref34
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref34
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref35
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref35
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref35
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref35
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref35
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref35
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref36
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref36
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref36
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref36
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref36
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref36
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref37
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref37
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref37
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref37
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref37
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref37
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref38
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref38
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref38
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref38
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref38
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref39
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref39
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref39
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref39
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref39
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref40
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref41
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref41
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref41
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref41
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref41
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref41
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref42
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref42
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref42
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref43
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref43
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref43
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref43
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref44
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref44
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref44
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref44
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref44
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref45
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref45
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref45
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref45
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref46
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref46
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref46
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref46
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref46
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref47
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref47
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref47
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref47
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref47
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref48
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref48
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref48
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref48
http://refhub.elsevier.com/S1063-4584(23)00703-3/sref48

	Intensive cholesterol-lowering treatment reduces synovial inflammation during early collagenase-induced osteoarthritis, but ...
	Introduction
	Materials and Methods
	Animals and induction of collagenase-induced OA
	Determination of serum cholesterol and triglyceride levels
	Histological processing and analysis
	Immunohistochemical analysis
	Synovial wash-outs and cytokine measurements
	Statistical analysis

	Results
	Cholesterol-lowering treatment attenuates dyslipidemia in E3L.CETP mice fed a cholesterol-supplemented WTD
	Reduction of systemic cholesterol levels reduces early stage joint inflammation in dyslipidemic E3L.CETP mice
	Cholesterol-lowering treatment does not reduce other early stage OA pathology in WTD-fed mice
	Lowering of systemic cholesterol levels does not reduce end stage OA pathology in mice fed a cholesterol-supplemented WTD

	Discussion
	Author contributions
	Declaration of competing interest
	Sources of funding
	Role of the funding source
	Appendix A. Supplementary data
	References


