Vandebriel et al. Arthritis Research & Therapy 2012, 14:R90
http://arthritis-research.com/content/14/2/R90

RESEARCH ARTICLE

Open Access

Statins accelerate the onset of collagen type
II-induced arthritis in mice
Rob J Vandebriel1*, Hilda JI De Jong1,2,3, Eric R Gremmer1, Olaf H Klungel3, Jan-Willem Cohen Tervaert4,
Wout Slob5, Jan Willem Van Der Laan6 and Henk Van Loveren1,2

Abstract
Introduction: Statins (hydroxymethylglutaryl coenzyme A reductase inhibitors) are effective in reducing the risk of
cardiovascular morbidity and mortality in patients with hyperlipidemia, hypertension, or type II diabetes. Next to
their cholesterol-lowering activity, statins have immunomodulatory properties. Based on these properties, we
hypothesized that statin use may eventually lead to dysregulation of immune responses, possibly resulting in
autoimmunity. We have recently shown in an observational study that statin use was associated with an increased
risk of developing rheumatoid arthritis. Our objective was to investigate whether a causal relationship could be
established for this finding.
Methods: The mouse collagen type II (CII)-induced arthritis (CIA) model was used, with immunization, challenge,
and euthanasia at days 0, 21, and 42, respectively. Statins were given orally before (day -28 until day 21) or after
(day 21 until day 42) CIA induction. Atorvastatin (0.2 mg/day) or pravastatin (0.8 mg/day) was administered.
Arthritis was recorded three times a week. Serum anti-CII autoantibodies and cytokines in supernatants from
Concanavalin-A-stimulated lymph node cells and CII-stimulated spleen cells were measured.
Results: Statin administration accelerated arthritis onset and resulted in 100% arthritic animals, whereas only seven
out of 12 nonstatin control animals developed arthritis. Atorvastatin administration after CIA induction resulted in
earlier onset than atorvastatin administration before induction, or than pravastatin administration before or after
induction. The arthritic score of animals given pravastatin before CIA induction was similar to that of the nonstatin
controls, whereas the other groups that received statins showed higher arthritic scores. Atorvastatin administration,
especially before CIA induction, increased anti-CII autoantibody production. IL-2 and IL-17 production by lymph
node and spleen cells was higher in CIA animals than in PBS controls, but was not affected by statin
administration. While IFNg production was not affected by CIA induction, atorvastatin administration before CIA
induction increased the production of this cytokine.
Conclusion: These data support previous results from our observational studies, indicating a role for statins in the
induction of autoimmunity.

Introduction
Statins (hydroxymethylglutaryl coenzyme A reductase
inhibitors) have been shown to be effective in reducing
the risk of cardiovascular morbidity and mortality in
patients with hyperlipidemia, hypertension, or type II
diabetes [1-4]. In addition to their cholesterol-lowering
activity, several studies have shown that statins have
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anti-inflammatory and immunomodulatory properties
[5-8]. We hypothesized that because of these immunomodulatory properties statin use may eventually lead to
dysregulation of immune responses, possibly resulting in
autoimmunity. In line with this hypothesis, we have
recently shown in an observational study that statin use
was associated with an increased risk of developing
rheumatoid arthritis (RA) [9]. Moreover, based on individual case reports we found a positive association
between statin use and the occurrence of lupus-like syndrome [10]. This latter association was recently confirmed by another research group [11].
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To investigate whether a causal relationship can be
established for these observations, we evaluated the
effects of statin administration on arthritis in the collagen type II (CII)-induced arthritis (CIA) mouse model.
In this model for RA, mice are immunized with CII
mixed with Freund’s complete adjuvant, and are challenged 3 weeks later with CII alone. Arthritis is scored
from the time of challenge onwards [12].
Several studies have shown beneficial effects of statin
administration on joint inflammation in the mouse CIA
model [13-16]. However, these studies did not specifically
address the effects of statin administration before arthritis induction, an issue that follows from our observational
study [9]. Nonetheless, to relate our results to the animal
studies indicated above [13-16], we also evaluated effects
of statin administration after arthritis induction.
Here we show that statin administration accelerated
arthritis onset and resulted in 100% arthritic animals,
whereas only seven out of 12 nonstatin control animals
developed arthritis. Atorvastatin administration after CIA
induction resulted in earlier onset than atorvastatin
administration before induction, or than pravastatin
administration before or after induction. The arthritic
score of animals given pravastatin before CIA induction
was similar to that of the nonstatin controls, whereas the
other groups that received statins showed higher arthritic
scores. Atorvastatin administration, especially before CIA
induction, increased anti-CII autoantibody production.
IL-2 and IL-17 production by lymph node (LN) and
spleen cells was not affected by statin administration.
Atorvastatin administration before CIA induction
increased IFNg production.

Materials and methods
Induction and assessment of collagen-induced arthritis

Male DBA/1OlaHsd mice were obtained from Harlan
(Horst, the Netherlands). At the age of 10 to 12 weeks
the animals were injected intradermally at the base of the
tail with 100 μl of an emulsion of bovine CII (Chondrex,
Redmond, WA, USA) and Freund’s complete adjuvant
(Chondrex) on day 0 (final concentrations of CII and
Freund’s complete adjuvant, 1 mg/ml). The mice were
challenged by intraperitoneal injection of 100 μl CII (concentration 1 mg/ml) on day 21. Body weight and arthritis
severity were assessed three times per week in a blinded
manner, using a semiquantitative scoring system (with
scores ranging from 0 to 4 for each paw) until the mice
were euthanized on day 42 [12]. Arthritis scoring was
performed by two individuals, alternating between days;
there were no visible systematic differences in the way
they scored. Mice were anesthetized with ketamine, rompun, and atropine, and blood was collected from the
orbital plexus. Inguinal LNs of the hind paws and the
spleens were excised.
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The animal experiments were approved prior to their
commencement by an independent ethical committee,
in accordance with national legislation.
Statin administration

Atorvastatin (calcium salt) was a kind gift from Pfizer
(Groton, CT, USA). Pravastatin (sodium salt) was obtained
from Teva (Debrecen, Hungary). Atorvastatin (1 mg/ml)
and pravastatin (4 mg/ml) were administered daily by oral
gavage (0.2 ml). The atorvastatin dose approximates
10 mg/kg body weight [17]. The lipid-lowering and lipoprotein-lowering efficacy of pravastatin is four times lower
than that of atorvastatin [18], and pravastatin was thus
given at a four times higher concentration than atorvastatin. Atorvastatin and pravastatin were given either before
challenge (day -28 until day 20) or after challenge (day 22
until day 42; see Figure 1). PBS (0.2 ml) was given as a
control on days when statins were not administered. One
control group received only PBS, and a second control
group (negative control) received only PBS and arthritis
was not induced. These groups received 0.2 ml PBS by
oral gavage daily throughout the experiment. There were
12 mice per group.
Measurement of autoantibodies

Anti-bovine CII IgG antibodies were measured using an
ELISA (mouse anti-bovine CII IgG assay kit; Chondrex)
according to the manufacturer’s instructions. Briefly,
after incubation with blocking buffer, a serial dilution of
the standard as well as a 20,000-fold dilution of serum
samples was incubated. After incubation with peroxidase-conjugated goat anti-mouse IgG, O-phenylenediamine dihydrochloride was added, the reaction was
stopped, and the optical density was measured at
490 nm. The plates were washed before and between all
incubation steps.
Cell culture

The culture medium used was RPMI-1640 (Gibco,
Grand Island, NY, USA) supplemented with 10% FCS,
100 μg/ml streptomycin, and 100 IU/ml penicillin. Cell
suspensions were made by pressing the LNs and spleens
through a cell strainer (Falcon, Franklin Lakes, NJ,
USA). Cells were counted using a Coulter Counter
(Coulter Electronics, Luton, UK). LN cell suspensions
were cultured at 106 cells/ml culture medium with 5 μg/
ml Concanavalin A (MP Biomedicals, Irvine, CA, USA)
in 96-well tissue culture plates (Nunc, Roskilde, Denmark) for 24 hours. Spleen cell suspensions were cultured at 106 cells/ml culture medium with 50 μg/ml CII
or 5 μg/ml Concanavalin A in 96-well tissue culture
plates (Nunc) for 72 hours. Culture conditions were
37°C in a humidified atmosphere containing 5% carbon
dioxide.
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Figure 1 Scheme of collagen-induced arthritis induction and statin administration. Mice were immunized at day 0 (IMM) and challenged
at day 21 (CHA), after which arthritis was scored three times a week until day 42. Atorvastatin (A) or pravastatin (P) were given daily, either
before (day -28 until day 20) or after (day 22 until day 42) collagen-induced arthritis (CIA) induction. Mice were euthanized at day 42.

Cytokine measurements

A 10-plex panel containing beads for mouse IL-1*, IL-2,
IL-4, IL-6, IL-10, IL-12p70, IL-17, granulocyte-macrophage colony-stimulating factor, IFNg, and TNF* (BioRad, Hercules, CA, USA) was used. After incubation
and washing steps [19], the beads were measured on a
Bio-Plex (Bio-Rad).
Statistical analysis of arthritis induction

We analyzed the fraction of animals with arthritis as a
function of time, by fitting time-response models to our
data. We used PROAST, a general program for doseresponse modeling [20,21]. These models apply directly by
regarding time rather than dose as the independent variable - that is, the time of onset of arthritis defined as the
median time when 50% of the animals develop arthritis
(ET50)). The fitted model was the log-logistic model:


 
y = a + (1 − a) / 1 + exp c ln b/x
where y is the fraction of animals showing arthritis
and x is the time (a, b and c are constants). First, the
model was fitted to the data from all (five) experimental
groups combined - that is, the same ET50 value was estimated for all treatment groups. The same model was
then fitted but now by estimating a treatment-specific
ET 50 value. When the associated fit of the model (as
reflected by the value of the log-likelihood) is significantly improved (likelihood ratio test), this indicates a
significant treatment effect on the ET50 value.
The analysis of the fraction of animals with arthritis over
time as described above is statistically invalid because the
observations over time relate to the same animals (that is,
the assumption of independent observations does not
hold). As a result, P values and confidence intervals of the
means will be too optimistic. We therefore performed an
additional analysis as follows. The arthritis severity scores
were analyzed as a function of time using a so-called
latent-variable model. In this model the latent variable

reflects the arthritis severity as a continuously increasing
value with time, while the observed scores are imagined to
arise from consecutive cutoff values on that underlying
continuous severity scale. These cutoff values are estimated while fitting the time-response model to the scores
[22]. The latent-variable model:
y = a exp (b × d)

where y is the latent variable and x is time (a, b and d
are constants), was fitted to the observed scores for all
individuals combined, by including the factor individual
animal as a covariate. Individuals were found to significantly differ in the time-response curve regarding parameter b, but parameters a and d were not found to
differ significantly. Hence, we fitted the model with only
parameter b dependent on the individual animal. The
resulting estimates for b were then analyzed in a oneway analysis of variance to compare the treatments. In
this analysis the estimates for b are statistically independent. Because the results of statin treatments on arthritis
induction using the latent variable model were similar to
the results using the log-likelihood model, we have chosen to show the results of the latter model.
General statistical analysis

The effect of arthritis induction on body weight, autoantibody production, and cytokine production was assessed
using an independent-samples t test (SPSS Inc., Chicago,
IL, USA). The effect of statin treatments on body
weight, autoantibody production and cytokine production was assessed using one-way analysis of variance,
followed by the Bonferroni post hoc test (SPSS Inc.).

Results
Body weight

Induction of CIA resulted in a lower body weight compared with negative control animals (Figure 2). This difference was statistically significant (P < 0.05) from day 33
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Figure 2 Effect of collagen-induced arthritis induction and statin treatment on body weight. Mice were immunized at day 0, challenged
at day 21, and weighed three times a week until euthanasia at day 42. Statins were given daily. Black circles connected by dotted line,
atorvastatin before collagen-induced arthritis (CIA) induction; black squares connected by dotted line, atorvastatin after CIA induction; black
triangles connected by dotted line, pravastatin before CIA induction; black inverted triangles connected by dotted line, pravastatin after CIA
induction; black diamonds connected by dotted line, CIA control; black circles connected by continuous line, negative control. n = 12 per group.
The effect of arthritis induction was assessed using an independent-samples t test; the effect of statin treatments was assessed using one-way
analysis of variance, followed by the Bonferroni post hoc test.

after immunization onwards. Atorvastatin administration
before CIA induction resulted in a lower body weight
compared with CIA control animals (Figure 2). This difference was statistically significant (P < 0.05) from day 37
after immunization onwards. Atorvastatin administration
after CIA induction, or pravastatin administration before
or after CIA induction, did not significantly alter body
weight compared with CIA control animals.
Arthritis

Statin administration (both atorvastatin and pravastatin,
both before and after CIA induction) resulted in 100%
arthritic animals at the time of euthanasia, whereas only
seven out of 12 nonstatin control animals had developed
arthritis at that time point (Figure 3A). Statin administration resulted in earlier arthritis onset, expressed as the day
after immunization in which 50% of the animals show
arthritis (Figure 4). Atorvastatin administration after CIA
induction resulted in earlier onset than atorvastatin
administration before CIA induction, or than pravastatin
administration before or after CIA induction (Figure 4).
The arthritic score summed per group of animals
showed a similar score for the animals that received pravastatin before CIA induction and nonstatin controls,
whereas the other groups of statin-administered animals

showed higher scores (Figure 3B). Only seven out of 12
nonstatin controls became arthritic, so the mean arthritic
score for animals that received pravastatin before CIA
induction was lower than for the nonstatin controls (data
not shown).
Autoantibody production

Induction of CIA resulted in the presence of anti-CII antibodies (log IgG level = 5.17; P < 0.001 compared with the
negative controls). Atorvastatin administration resulted in
higher anti-CII antibody production compared with pravastatin administration and the CIA control (P = 0.005
and P = 0.013, respectively). In addition, atorvastatin
administration before CIA induction increased the antiCII antibody production compared with the CIA control
(P < 0.05; Figure 5).
Cytokine production

Induction of CIA resulted in increased IL-2 production
by Concanavalin-A-stimulated LN cells and increased IL2 and IL-17 production by CII-stimulated spleen cells (P
< 0.05; Figure 6). For none of the other cytokines tested
was a significant effect due to CIA induction found.
Atorvastatin administration after CIA induction
increased IFNg production by CII-stimulated spleen
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Figure 3 Effect of statin treatment on arthritis incidence and
score. (A) Number of arthritic animals per group versus time after
immunization. (B) Summed arthritis score per group of animals
versus time after immunization. Mice were immunized at day 0 and
challenged at day 21, after which arthritis was scored three times a
week until day 42. Statins were given daily. Black circles connected
by dotted line, atorvastatin before collagen-induced arthritis (CIA)
induction; black squares connected by dotted line, atorvastatin after
CIA induction; black triangles connected by dotted line, pravastatin
before CIA induction; black inverted triangles connected by dotted
line, pravastatin after CIA induction; black diamonds connected by
continuous line, CIA control. n = 12 per group.

cells (P < 0.05; Figure 6). Combining the results of both
statins, administration after but not before CIA induction resulted in increased production (P < 0.01). Combining the results of both time points, both atorvastatin
and pravastatin increased IFNg production (P < 0.05).
For none of the other cytokines tested was a significant
effect due to statin administration found.
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Figure 4 Statin administration accelerates arthritis onset
(fraction of arthritic animals versus time). Mice were immunized
at day 0 and challenged at day 21, after which arthritis was scored
three times a week until day 42. (A) Mice were given atorvastatin
before challenge (day -28 until day 20, pre-A; cross sign, dark blue
line) or after challenge (day 22 until day 42, post-A; open triangle,
red line), or they were given pravastatin before challenge (pre-P;
plus sign, green line) or after challenge (post-P; open circle, black
line). Control mice (open diamond, light blue line) did not receive
statins. The dark blue and black lines are overlapping. (B) Median
time when 50% of the animals develop arthritis (ET50 values; mean
and 90% confidence intervals), calculated from (A). *Significantly
different (P < 0.05) from control mice; +significantly different (P <
0.05) from pre-A, pre-P, and post-P treated mice. n = 12 per group.
ET50 values (mean and 90% confidence intervals) were calculated
using the PROAST program [20,21]. One-way analysis of variance,
followed by the Bonferroni post hoc test.
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Figure 5 Anti-collagen type II IgG levels. Mice were immunized at day 0 and challenged at day 21. Atorvastatin (A) or pravastatin (P) were
given daily, either before (day -28 until day 20) or after (day 22 until day 42) collagen-induced arthritis induction. Mice were euthanized at day
42. Control mice (C) did not receive statins. Anti-collagen type II (anti-CII) IgG was measured in serum by ELISA. *Significantly different (P < 0.05)
from C. n = 12 per group. One-way analysis of variance, followed by the Bonferroni post hoc test.

Figure 6 Cytokine production by lymph node and spleen cells. (A) IL-2 production by Concanavalin-A (Con A)-stimulated inguinal lymph
node (LN) cells. (B) IL-2 production by collagen type II (CII)-stimulated spleen cells. (C) IL-17 production by CII-stimulated spleen cells. (D) IFNg
production by CII-stimulated spleen cells. Mice were immunized at day 0 and challenged at day 21. Atorvastatin (A) or pravastatin (P) were given
daily, either before (day -28 until day 20) or after (day 22 until day 42) collagen-induced arthritis induction. Mice were euthanized at day 42.
Control mice (C) did not receive statins. In negative mice (N), arthritis was not induced and these mice did not receive statins. Inguinal LNs were
excised and LN cells were cultured in the presence of Con A for 24 hours. Spleens were excised and spleen cells were cultured in the presence
of CII for 72 hours. Cytokine content was measured in the supernatants. n = 12. *Significantly different (P < 0.05) from N; +significantly different
(P < 0.05) from C. n = 12 per group. The effect of arthritis induction was assessed using an independent-samples t test; the effect of statin
treatments was assessed using one-way analysis of variance, followed by the Bonferroni post hoc test.
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Discussion
Here we have shown that statin administration results in
100% arthritic animals, whereas only seven out of 12
nonstatin control animals developed arthritis. Moreover,
statin administration accelerated arthritis onset. This
accelerated onset was seen when statin administration
was started either before or after CIA induction. Accelerated onset resulting from statin administration before
CIA induction is in line with our hypothesis of statininduced immune deviation resulting in autoimmunity
[9,10]. In addition, we observed that atorvastatin administration after CIA induction resulted in earlier arthritis
induction than administration with the same statin
before CIA induction. Overall, atorvastatin had a somewhat stronger effect on accelerating onset than pravastatin. Atorvastatin administration before or after CIA
induction, or pravastatin administration after CIA induction, resulted in a similar mean arthritic score compared
with the nonstatin control, while pravastatin administration before CIA induction resulted in a lower mean
arthritic score. In this latter pravastatin group the acceleration of arthritis onset was 5 days, while that in the
other cases was 7 or 9 days. This lower mean arthritic
score may suggest a beneficial effect of pravastatin. This
dosing regime, however, also results in accelerated arthritis onset and an increased number of arthritic animals.
Other studies using the mouse CIA model have shown
beneficial effects of statin administration on joint inflammation [13-16]. To establish whether statin type, dose,
route of administration, or timing of administration relative to CIA induction influenced the clinical outcome,
the results of the above-mentioned studies as well as our
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data are compared in Table 1. Suppression of arthritis
development was seen after oral administration of 10
mg/kg atorvastatin (the same exposure route and dose as
we used in our study) during (almost) the whole period
from immunization to euthanasia [13]. This finding contrasts our results that show accelerated onset when 10
mg/kg atorvastatin was given orally either before or after
CII challenge. This issue needs to be resolved in future
studies. Suppression of arthritis development was also
found after intraperitoneal administration of 100 mg/kg
pravastatin [14] or 40 mg/kg simvastatin [15,16]. Using
other statins, lower doses, or other exposure routes failed
to show an effect on arthritis. An accelerated onset of
arthritis was only found in our study.
Atorvastatin administration before CIA induction
resulted in increased anti-CII antibody production,
whereas atorvastatin administration after CIA induction
resulted in a nonsignificant increase in production of
this antibody. Pravastatin administration before and
after CIA induction, however, did not affect anti-CII
IgG antibody production.
Atorvastatin administration before CIA induction
resulted in accelerated arthritis onset and increased
autoantibody production. This observation may suggest
that increased autoantibody production plays a role in
accelerated arthritis onset. Our observational study
showed that statin use is associated with an increased
risk of developing RA [9]. In humans, IgM rheumatoid
factor and anti-cyclic citrullinated peptide antibodies
have been found years before RA becomes clinically
apparent [23]. For RA patients that used statins before
developing clinically manifest disease, therefore, statin

Table 1 Comparison of statin effects on murine collagen-induced arthritis
Study

Statin

Dose (mg/kg)

Exposure route

Timing (days)

Effect on arthritis

Present study

A

10

Oral

-28 to 20

ΔET50 -7 days

Present study

A

10

Oral

22 to 42

ΔET50 -9 days

Present study

P

40

Oral

-28 to 20

ΔET50 -5 days

Present study
Ho and colleagues [13]

P
A

40
10

Oral
Oral

22 to 42
2 to 49

ΔET50 -7 days
Suppression

Yamagata and colleagues [14]

P

100

Intraperitoneal

0 to 35

Suppression

Leung and colleagues [15]

S

40

Intraperitoneal

21 to 40

Suppression

Leung and colleagues [15]

S

20

Intraperitoneal

21 to 40

No effect

Leung and colleagues [15]

S

10

Intraperitoneal

21 to 40

No effect

Palmer and colleagues [16]

A

100

Oral

0 to 48

No effect

Palmer and colleagues [16]

A

1

Oral

0 to 48

No effect

Palmer and colleagues [16]
Palmer and colleagues [16]

R
R

2
0.2

Subcutaneous
Subcutaneous

0 to 48
0 to 48

No effect
No effect

Palmer and colleagues [16]

R

40

Intraperitoneal

21 to 35

No effect

Palmer and colleagues [16]

S

40

Intraperitoneal

21 to 35

Suppression

Palmer and colleagues [16]

S

40

Oral

21 to 35

No effect

A, atorvastatin; P, pravastatin; S, simvastatin; R, rosuvastatin; ΔET50, number of days between the time when 50% of the animals developed arthritis (ET50 value)
for the statin-treated animals and the ET50 value for the control animals.
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use may have coincided with autoantibody development.
Statins may be speculated to increase autoantibody production, thereby facilitating RA development.
CIA induction resulted in increased IL-2 production
by Concanavalin-A-stimulated LN cells, probably reflecting the stronger activation or higher frequency of T cells
in the LN draining the inflamed joints. Production of
this cytokine was not significantly affected by statin
administration. Similarly, CIA induction resulted in
increased IL-2 production by CII-stimulated spleen cells,
and production of IL-2 was not significantly affected by
statin administration.
Furthermore, CIA induction resulted in increased IL17 production by CII-stimulated spleen cells. Since IL23-deficient mice that lack IL-17-producing CD4+ cells
(Th17 cells) are resistant to CIA induction [24], Th17
cells are assumed to play an essential role in CIA. The
activation or frequency of Th17 cells in the spleen is
probably increased in arthritic mice, in line with previous studies [24-27]. Importantly, IL-17 production was
not significantly affected by statin administration.
In addition, CIA induction resulted in decreased IFNg
production by LN cells (0.75-fold) and CII-stimulated
spleen cells (0.71-fold), albeit not statistically significantly (data not shown). Since IFNg acts as a diseaselimiting factor in CIA [28], reduced levels of this cytokine may possibly be characteristic for CIA. Since atorvastatin was shown to inhibit IFNg production [29], and
absence of IFNg signaling resulted in accelerated arthritis onset [30,31], reduced production of this cytokine
may be a possible mechanism underlying accelerated
arthritis onset due to atorvastatin treatment. We did
not, however, observe altered IFNg production due to
statin administration. Taking together the IL-17 and
IFNg data, the increased IL-17 and decreased IFNg production upon CIA induction fits the selective induction
of Th17 and not T-helper type 1 cells in CIA [24].
Another possible mechanism by which statins may
affect arthritis is through their induction of caspase-1,
IL-1b, and IL-18 in monocytes, resulting in increased
IFNg production by T cells [32]. Interestingly, this
increased IFNg production occurred only at low statin
concentrations. Caspase-1 activation results in cleavage
of pro-IL-1b and pro-IL-18 to their mature (active)
forms. Caspase-1, IL-1b, and IL-18 are all implicated in
CIA. The pharmacologic caspase-1 inhibitor VX-765
reduced paw inflammation when given as a prophylactic
and a therapeutic [33]. IL-1b administration accelerated
arthritis [34], while anti-IL-1b treatment markedly suppressed established arthritis [35]. IL-18 administration
resulted in higher arthritis incidence and severity
[36,37], while IL-18-deficient mice showed reduced
arthritis incidence and severity [38]. This observation
may suggest that statins aggravate arthritis by activating
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caspase-1, thereby inducing IL-1b and IL-18. Increased
IFNg production may, on the contrary, reduce arthritis.
Taking the two possible mechanisms together, caspase-1
activation by statins may aggravate arthritis by inducing
IL-1b and IL-18. The resulting IFNg induction that in
itself reduces arthritis may be counteracted by the Thelper type 2 skewing effect of statins. Clearly, disease
outcome results from a complicated interplay between
various effects of statins. In our hands, statin exposure
resulted in accelerated arthritis onset.
In summary, the anti-CII antibody, IL-2, IL-17, and
IFNg data do not provide a possible mechanism for the
accelerated arthritis observed in this study. It should be
noted, however, that establishing such a mechanism was
not the aim of our study. We aimed to investigate
whether a causal relationship could be established for
the association between statin use and an increased risk
of developing RA.
The CIA model was chosen because our observational
study has shown that statin use was associated with an
increased risk of developing RA [9]; because it is a
model for RA, recapitulating many aspects of the disease
[39-42]; because an induced model is preferred to a
spontaneous model, since only in an induced model can
the effects of statin use prior to expression of arthritis
be tested; and because the mouse CIA model is both Bcell and T-cell mediated and is therefore more similar
to human RA than models such as the rat adjuvant
arthritis model, which is (only) T-cell mediated.

Conclusions
Here we have shown that administration of atorvastatin
and pravastatin resulted in accelerated arthritis onset in
a mouse CIA model. Atorvastatin administration after
CIA induction resulted in earlier onset than atorvastatin
administration before CIA induction, or than pravastatin
administration before or after CIA induction. Atorvastatin administration, especially before CIA induction,
resulted in increased autoantibody production. Importantly, our data provide a causal relationship for previous results obtained from observational studies [9,10].
Abbreviations
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Acknowledgements
The Department of Pharmacoepidemiology and Clinical Pharmacology,
Utrecht Institute for Pharmaceutical Sciences has received unrestricted
research funding from the Netherlands Organisation for Health Research and
Development (ZonMW), the Dutch Health Care Insurance Board (CVZ), the
Royal Dutch Pharmacists Association (KNMP), the private-public funded Top
Institute Pharma (includes co-funding from universities, government, and
industry), the EU Innovative Medicines Initiative (IMI), the EU 7th Framework

Vandebriel et al. Arthritis Research & Therapy 2012, 14:R90
http://arthritis-research.com/content/14/2/R90

Page 9 of 10

Program (FP7), the Dutch Medicines Evaluation Board and industry
(including GlaxoSmithKline, Pfizer, and others). The National Institute for
Public Health and the Environment funded this study. The funding source
had no role in the design and conduct of the study; the collection, analysis,
or interpretation of the data; or the decision to submit the manuscript for
publication.
Dr Tineke Cantaert (Academic Medical Center/University of Amsterdam) and
Dr Simone Eussen (National Institute for Public Health and the Environment)
are gratefully acknowledged for their expert advice. Prof. Wim van den Berg
is acknowledged for critical review of the manuscript. Pfizer is acknowledged
for their kind gift of atorvastatin.

7.

Author details
1
Laboratory for Health Protection Research, National Institute for Public
Health and the Environment, Antonie van Leeuwenhoeklaan 9, PO Box 1,
3720 BA Bilthoven, the Netherlands. 2Department of Toxicogenomics,
Maastricht University, Universiteitssingel 50, PO Box 616, 6200 MD Maastricht,
the Netherlands. 3Division of Pharmacoepidemiology and Clinical
Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Utrecht
University, Universiteitsweg 99, PO Box 80 082, 3508 TB Utrecht, the
Netherlands. 4Department of Internal Medicine, Division of Clinical and
Experimental Immunology, University Hospital Maastricht, Universiteitssingel
50, PO Box 616, 6200 MD Maastricht, the Netherlands. 5Centre for
Substances and Integrated Risk Assessment, National Institute for Public
Health and the Environment, Antonie van Leeuwenhoeklaan 9, PO Box 1,
3720 BA Bilthoven, the Netherlands. 6Section on Pharmacology, Toxicology
and Biotechnology (FTBB), Medicines Evaluation Board, Graadt van
Roggenweg 500, PO Box 8275, 3503 RG Utrecht, the Netherlands.

10.

Authors’ contributions
RJV, J-WCT, WS, JWVDL, and HVL designed the study. RJV and ERG
performed the experiments. RJV and WS performed the statistical analysis.
RJV, WS, and HVL analyzed and interpreted the data. RJV, HJIDJ, OHK, J-WCT,
WS, JWVDL, and HVL prepared the manuscript. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.

8.

9.

11.

12.
13.

14.

15.

16.

17.

18.
19.

Received: 5 March 2012 Revised: 6 April 2012 Accepted: 26 April 2012
Published: 26 April 2012
References
1. Baigent C, Keech A, Kearney PM, Blackwell L, Buck G, Pollicino C, Kirby A,
Sourjina T, Peto R, Collins R, Simes R, Cholesterol Treatment Trialists’
Collaborators: Efficacy and safety of cholesterol-lowering treatment:
prospective meta-analysis of data from 90,056 participants in 14
randomised trials of statins. Lancet 2005, 366:1267-1278.
2. Bellosta S, Paoletti R, Corsini A: Safety of statins: focus on clinical
pharmacokinetics and drug interactions. Circulation 2004, 109(23 Suppl
1):III50-III57.
3. Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA, Neil HA,
Livingstone SJ, Thomason MJ, Mackness MI, Charlton-Menys V, Fuller JH,
CARDS Investigators: Primary prevention of cardiovascular disease with
atorvastatin in type 2 diabetes in the Collaborative Atorvastatin
Diabetes Study (CARDS): multicentre randomised placebo-controlled
trial. Lancet 2004, 364:685-696.
4. Sever PS, Dahlöf B, Poulter NR, Wedel H, Beevers G, Caulfield M, Collins R,
Kjeldsen SE, Kristinsson A, McInnes GT, Mehlsen J, Nieminen M, O’Brien E,
Ostergren J, ASCOT Investigators: Prevention of coronary and stroke
events with atorvastatin in hypertensive patients who have average or
lower-than-average cholesterol concentrations, in the AngloScandinavian Cardiac Outcomes Trial - Lipid Lowering Arm (ASCOT-LLA):
a multicentre randomised controlled trial. Lancet 2003, 361:1149-1158.
5. Arnaud C, Braunersreuther V, Mach F: Toward immunomodulatory and
anti-inflammatory properties of statins. Trends Cardiovasc Med 2005,
15:202-206.
6. Kwak BR, Mulhaupt F, Mach F: Atherosclerosis: anti-inflammatory and
immunomodulatory activities of statins. Autoimmun Rev 2003, 2:332-338.

20.
21.
22.

23.

24.

25.

26.

27.

Mausner-Fainberg K, Luboshits G, Mor A, Maysel-Auslender S, Rubinstein A,
Keren G, George J: The effect of HMG-CoA reductase inhibitors on
naturally occurring CD4+CD25+ T cells. Atherosclerosis 2008, 197:829-839.
Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM Jr, Kastelein JJ,
Koenig W, Libby P, Lorenzatti AJ, Macfadyen JG, Nordestgaard BG,
Shepherd J, Willerson JT, Glynn RJ, JUPITER Trial Study Group: Reduction in
C-reactive protein and LDL cholesterol and cardiovascular event rates
after initiation of rosuvastatin: a prospective study of the JUPITER trial.
Lancet 2009, 373:1175-1182.
de Jong HJ, Klungel OH, van Dijk L, Vandebriel RJ, Leufkens HG, van der
Laan J, Tervaert JW, van Loveren H: Use of statins is associated with an
increased risk of rheumatoid arthritis. Ann Rheum Dis 2012, 71:648-654.
de Jong HJ, Tervaert JW, Saldi SR, Vandebriel RJ, Souverein PC,
Meyboom RH, van Loveren H, Klungel OH: Association between statin use
and lupus-like syndrome using spontaneous reports. Semin Arthritis
Rheum 2011, 41:373-381.
Moulis G, Béné J, Sommet A, Sailler L, Lapeyre-Mestre M, Montastruc JL,
Regional Pharmacovigilance Centers FA: Statin-induced lupus: a case/noncase study in a nationwide pharmacovigilance database. Lupus 2012.
Bevaart L, Vervoordeldonk MJ, Tak PP: Collagen-induced arthritis in mice.
Methods Mol Biol 2010, 602:181-192.
Ho PP, Higgins JP, Kidd BA, Tomooka B, Digennaro C, Lee LY, de Vegvar HE,
Steinman L, Robinson WH: Tolerizing DNA vaccines for autoimmune
arthritis. Autoimmunity 2006, 39:675-682.
Yamagata T, Kinoshita K, Nozaki Y, Sugiyama M, Ikoma S, Funauchi M:
Effects of pravastatin in murine collagen-induced arthritis. Rheumatol Int
2007, 27:631-639.
Leung BP, Sattar N, Crilly A, Prach M, McCarey DW, Payne H, Madhok R,
Campbell C, Gracie JA, Liew FY, McInnes IB: A novel anti-inflammatory role
for simvastatin in inflammatory arthritis. J Immunol 2003, 170:1524-1530.
Palmer G, Chobaz V, Talabot-Ayer D, Taylor S, So A, Gabay C, Busso N:
Assessment of the efficacy of different statins in murine collageninduced arthritis. Arthritis Rheum 2004, 50:4051-4059.
Zadelaar S, Kleemann R, Verschuren L, de Vries-Van der Weij J, van der
Hoorn J, Princen HM, Kooistra T: Mouse models for atherosclerosis and
pharmaceutical modifiers. Arterioscler Thromb Vasc Biol 2007, 27:1706-1721.
Maron DJ, Fazio S, Linton MF: Current perspectives on statins. Circulation
2000, 101:207-213.
Vandebriel RJ, Gremmer ER, Vermeulen JP, Hellwig SM, Dormans JA,
Roholl PJ, Mooi FR: Lung pathology and immediate hypersensitivity in a
mouse model after vaccination with pertussis vaccines and challenge
with Bordetella pertussis. Vaccine 2007, 25:2346-2360.
Slob W: Dose-response modeling of continuous endpoints. Toxicol Sci
2002, 66:298-312.
PROAST. [http://www.proast.nl].
Appel MJ, Bouman HGM, Pieters MN, Slob W: Evaluation of the
applicability of the Benchmark approach to existing toxicological data.
RIVM Report 601930 001 [http://www.rivm.nl/bibliotheek/rapporten/
601930001.html].
Nielen MM, van Schaardenburg D, Reesink HW, van de Stadt RJ, van der
Horst-Bruinsma IE, de Koning MH, Habibuw MR, Vandenbroucke JP,
Dijkmans BA: Specific autoantibodies precede the symptoms of
rheumatoid arthritis: a study of serial measurements in blood donors.
Arthritis Rheum 2004, 50:380-386.
Murphy CA, Langrish CL, Chen Y, Blumenschein W, McClanahan T,
Kastelein RA, Sedgwick JD, Cua DJ: Divergent pro- and antiinflammatory
roles for IL-23 and IL-12 in joint autoimmune inflammation. J Exp Med
2003, 198:1951-1957.
Lubberts E, Joosten LA, Oppers B, van den Bersselaar L, Coenen-de Roo CJ,
Kolls JK, Schwarzenberger P, van de Loo FA, van den Berg WB: IL-1independent role of IL-17 in synovial inflammation and joint destruction
during collagen-induced arthritis. J Immunol 2001, 167:1004-1013.
Nakae S, Nambu A, Sudo K, Iwakura Y: Suppression of immune induction
of collagen-induced arthritis in IL-17-deficient mice. J Immunol 2003,
171:6173-6177.
Lubberts E, Koenders MI, Oppers-Walgreen B, van den Bersselaar L, Coenende Roo CJ, Joosten LA, van den Berg WB: Treatment with a neutralizing
anti-murine interleukin-17 antibody after the onset of collagen-induced
arthritis reduces joint inflammation, cartilage destruction, and bone
erosion. Arthritis Rheum 2004, 50:650-659.

Vandebriel et al. Arthritis Research & Therapy 2012, 14:R90
http://arthritis-research.com/content/14/2/R90

Page 10 of 10

28. Schurgers E, Billiau A, Matthys P: Collagen-induced arthritis as an animal
model for rheumatoid arthritis: focus on interferon-α. J Interferon Cytokine
Res 2011, 31:917-926.
29. Youssef S, Stüve O, Patarroyo JC, Ruiz PJ, Radosevich JL, Hur EM, Bravo M,
Mitchell DJ, Sobel RA, Steinman L, Zamvil SS: The HMG-CoA reductase
inhibitor, atorvastatin, promotes a Th2 bias and reverses paralysis in
central nervous system autoimmune disease. Nature 2002, 420:78-84.
30. Manoury-Schwartz B, Chiocchia G, Bessis N, Abehsira-Amar O, Batteux F,
Muller S, Huang S, Boissier MC, Fournier C: High susceptibility to collageninduced arthritis in mice lacking IFN-gamma receptors. J Immunol 1997,
158:5501-5506.
31. Vermeire K, Heremans H, Vandeputte M, Huang S, Billiau A, Matthys P:
Accelerated collagen-induced arthritis in IFN-gamma receptor-deficient
mice. J Immunol 1997, 158:5507-5513.
32. Coward WR, Marei A, Yang A, Vasa-Nicotera MM, Chow SC: Statin-induced
proinflammatory response in mitogen-activated peripheral blood
mononuclear cells through the activation of caspase-1 and IL-18
secretion in monocytes. J Immunol 2006, 176:5284-5292.
33. Wannamaker W, Davies R, Namchuk M, Pollard J, Ford P, Ku G, Decker C,
Charifson P, Weber P, Germann UA, Kuida K, Randle JC: (S)-1-((S)-2-{[1-(4amino-3-chloro-phenyl)-methanoyl]-amino}-3,3-dimethyl-butanoyl)pyrrolidine-2-carboxylic acid ((2R,3S)-2-ethoxy-5-oxo-tetrahydro-furan-3yl)-amide (VX-765), an orally available selective interleukin (IL)converting enzyme/caspase-1 inhibitor, exhibits potent antiinflammatory activities by inhibiting the release of IL-1β and IL-18.
Pharmacol Exp Ther 2007, 321:509-516.
34. Hom JT, Bendele AM, Carlson DG: In vivo administration with IL-1
accelerates the development of collagen-induced arthritis in mice. J
Immunol 1988, 141:834-841.
35. Joosten LA, Helsen MM, van de Loo FA, van den Berg WB: Anticytokine
treatment of established type II collagen-induced arthritis in DBA/1
mice. A comparative study using anti-TNF alpha, anti-IL-1 alpha/beta,
and IL-1Ra. Arthritis Rheum 1996, 39:797-809.
36. Gracie JA, Forsey RJ, Chan WL, Gilmour A, Leung BP, Greer MR, Kennedy K,
Carter R, Wei XQ, Xu D, Field M, Foulis A, Liew FY, McInnes IB: A
proinflammatory role for IL-18 in rheumatoid arthritis. J Clin Invest 1999,
104:1393-1401.
37. Leung BP, McInnes IB, Esfandiari E, Wei XQ, Liew FY: Combined effects of
IL-12 and IL-18 on the induction of collagen-induced arthritis. J Immunol
2000, 164:6495-6502.
38. Wei XQ, Leung BP, Arthur HM, McInnes IB, Liew FY: Reduced incidence
and severity of collagen-induced arthritis in mice lacking IL-18. J
Immunol 2001, 166:517-521.
39. Bendele A: Animal models of rheumatoid arthritis. J Musculoskelet
Neuronal Interact 2001, 1:377-385.
40. Brand DD: Rodent models of rheumatoid arthritis. Comp Med 2005,
55:114-122.
41. Hegen M, Keith JC Jr, Collins M, Nickerson-Nutter CL: Utility of animal
models for identification of potential therapeutics for rheumatoid
arthritis. Ann Rheum Dis 2008, 67:1505-1515.
42. Kollias G, Papadaki P, Apparailly F, Vervoordeldonk MJ, Holmdahl R,
Baumans V, Desaintes C, Di Santo J, Distler J, Garside P, Hegen M,
Huizinga TW, Jüngel A, Klareskog L, McInnes I, Ragoussis I, Schett G, Hart B,
Tak PP, Toes R, van den Berg W, Wurst W, Gay S: Animal models for
arthritis: innovative tools for prevention and treatment. Ann Rheum Dis
2011, 70:1357-1362.
doi:10.1186/ar3814
Cite this article as: Vandebriel et al.: Statins accelerate the onset of
collagen type II-induced arthritis in mice. Arthritis Research & Therapy
2012 14:R90.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

