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Abstract

Background: Ankylosing spondylitis (AS) is a male-predominant disease, and radiographic evidence of damage is
also more severe in males. Estrogen modulates immune-related processes such as T cell differentiation and cytokine
production. This study aimed to evaluate the effect of estrogen on the disease activity of spondyloarthritis (SpA).

Methods: The effects of estrogen on the development of arthritis were evaluated by performing ovariectomy
and 17β-estradiol (E2) pellet implantation in zymosan-treated SKG mice. Clinical arthritis scores were measured,
and 18F-fluorodeoxyglucose (18F-FDG) small-animal positron emission tomography/computed tomography
performed to quantify joint inflammation. The expression of inflammatory cytokines in joint tissue was measured.

Results: E2-treated mice showed remarkable suppression of arthritis clinically and little infiltration of inflammatory
cells in the Achilles tendon and intervertebral disc. 18F-FDG uptake was significantly lower in E2-treated mice than
in sham-operated (sham) and ovariectomized mice. Expression of TNF, interferon-γ, and IL-17A was significantly
reduced in E2-treated mice, whereas expression of sclerostin and Dickkopf-1 was increased in E2-treated mice
compared with sham and ovariectomized mice.

Conclusions: Estrogen suppressed arthritis development in SKG mice, a model of SpA. Results of this study suggest
that estrogen has an anti-inflammatory effect on the spondyloarthritis manifestations of the SKG arthritis model.
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Background
Ankylosing spondylitis (AS) is a chronic inflammatory
disease that primarily affects the sacroiliac joints and
spine. Syndesmophytes and ankylosis occur as a conse-
quence of longstanding inflammation, resulting in loss
of function and disability. AS is a male-predominant
disease and men with this disease also tend to have
radiographic evidence of more severe damage [1].
Diagnosing this disease at an early stage is challenging;
the classification criteria for axial spondyloarthritis
(SpA) were developed by the Assessment of Spondy-
loArthritis international Society (ASAS) [2] and the
ASAS criteria therefore cover both patients with or
without established radiographic changes in the sacro-
iliac joint. The clinical presentation, clinical disease

activity, and treatment responses of both groups are
similar [3, 4]. However, patients with non-radiographic
axial spondyloarthritis (nr-axSpA) have lower C-reactive
protein (CRP) [5, 6] and less active inflammation on
magnetic resonance imaging (MRI) than patients with
AS [6]. Interestingly, the male-to-female ratio of nr-
axSpA has been reported to be approximately 1:1,
whereas it is 2:1 in patients with AS [5–7]. The propor-
tion of female patients was significantly lower among
the group of patients who progressed from nr-axSpA to
AS [8]. The female predominance of patients with nr-
axSpA can be understood in the same context, as male
patients with AS have more severe radiographic damage
than female patients with AS [1, 9]. The underlying
pathogenesis of the differences between men and women
with AS is still unknown.
Jimenez-Balderas et al. reported that 17β-estradiol (E2)

levels are lower in patients with active AS than in those
with inactive AS. Peripheral arthritis was shown to
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subside and the clinical activity of AS was reduced after
oral estrogen therapy [10]. Estrogen modulates immune-
related processes, such as T cell differentiation and
cytokine production [11]. Estrogen is involved in the
immune response, characterized by a bias toward type 2
cytokine profiles [12]. Animal model studies have sug-
gested that estrogen can inhibit the differentiation of T
helper (Th)17 cells from naïve T cells [13, 14].
Wnt proteins play an important role in the anabolic

pattern of joint remodeling in AS. Dickkopf-related pro-
tein 1 (Dkk1) is an inhibitor of the Wnt pathway and
acts as a master regulator of joint remodeling [15].
Increased Dkk1 is related to bone resorption, whereas
decreased Dkk1 is linked to new bone formation [16].
To the best of our knowledge, there are no data about
the relationship between estrogen and Wnt inhibitors in
patients with AS.
Sakaguchi et al. characterized the SKG mouse strain,

which develops spontaneous autoimmune inflammatory
arthritis after systemic ß-glucan exposure [17]. Although
the SKG mouse model was first used as a rheumatoid
arthritis (RA) model, Ruutu et al. reported that SKG
mice have clinical characteristics of SpA, including spon-
dylitis, enthesitis, and bowel inflammation [18]. The role
of estrogen in the pathogenesis and disease activity of
SpA has not been determined. We hypothesized that
estrogen has an anti-inflammatory effect on the disease
activity of SpA. Therefore, the aim of this study was to
investigate the role of estrogen in the disease activity of
SpA using the SKG mouse model. We evaluated the
effect of estrogen on the development and progression
of SpA and investigated the relationship between estro-
gen and inflammatory cytokines.

Methods
Experimental animals
SKG mice purchased from CLEA Japan were housed in
a specific-pathogen-free facility under climate-controlled
conditions with a 12-h light/dark cycle and were
provided with water and standard diet ad libitum. All
animal experiments were performed according to the
guidelines issued by the Institutional Animal Care and
Use Committee in accordance with National Institute of
Health (NIH) guidelines. Animals were treated according
to the guidelines and regulations of the Laboratory
Animal Research Center at Sungkyunkwan University
School of Medicine.

Ovariectomy and estrogen pellet insertion
Experiments were performed in three groups: sham-
operated (sham (ovary intact)), ovariectomized and
ovariectomized + E2. Seven-week-old female SKG mice
underwent an ovariectomy (OVx) or a sham operation
under anesthesia 2 weeks before arthritis induction. At

8 weeks of age, slow-releasing pellets of E2 (0.72 mg,
60 days release, Innovative Research, Sarasota, FL, USA)
were implanted subcutaneously on the neck scruff of
mice in the E2-treated group [19]. For these mice, a 0.5-
cm incision was made in the loose skin of each mouse’s
neck, and a small pocket was bluntly dissected caudolat-
erally. The pellet was installed in the pocket using twee-
zers. The incision was subsequently closed with a suture.

Induction of arthritis and scoring of clinical signs
Arthritis was induced 2 weeks after ovariectomy or
1 week after E2 pellet implantation. Zymosan A (Sigma,
St Louis, MO, USA) was suspended in PBS and incu-
bated for 10 min in boiling water. Then the zymosan A
solution was injected intraperitoneally into 9-week-old
mice in each of the three groups (3 mg/mouse): sham
(ovary intact), ovariectomized and ovariectomized + E2
groups. 18F-fluorodeoxyglucose (18F-FDG) small-animal
positron emission tomography (PET)/computed tomog-
raphy (CT) and cytokine analysis were also compared
with the wild-type control group. Clinical scores were
monitored following a previously published system [17]:
0, no swelling or redness; 0.1, swelling or redness of the
digits; 0.5, mild swelling and/or redness of the wrists or
ankle joints; and 1, severe swelling of the larger joints.
Scores for the affected joints were totaled for each
mouse. The maximum possible score was 6. We defined
tail changes as “present” when a mouse developed red-
ness, swelling, hair loss, or bumps along the tail. The
presence of periocular changes surrounding the eyeball
(blepharitis) was also assessed. Clinical scores were
monitored weekly, and mice were sacrificed 8 weeks
after zymosan injection.

Measurement of serum estrogen
Serum levels of E2 were measured using a Mouse/Rat
Estradiol enzyme-linked immunosorbent assay (ELISA)
kit (Calbiotech, CA, USA) according to the manufac-
turer`s instructions.

18F-FDG PET/CT acquisition and image analysis
Mice were fasted for 5 h before micro-PET/CT studies.
A 1.8-MBq injection of 18F-FDG mixed with isotonic
saline in a total volume of 150 μL was administered
through a tail vein. Imaging was performed 1 h later
under isoflurane anesthesia without respiratory gating.
Micro-PET images of mice were acquired using an
Inveon micro-PET/CT scanner (Siemens Medical
Solutions, Malvern, PA, USA) at the Center for
Molecular and Cellular Imaging, Samsung Biomedical
Research Institute (Seoul, Korea). Acquisition of non-
enhanced CT images was followed by PET imaging.
Micro-PET images obtained were reconstructed using
3D-ordered subset expectation maximization and then
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processed using Siemens Inveon Research Workplace 4.1.
Three-dimensional regions of interest (ROIs) were drawn
over the joints using a threshold range of 70–100% of the
maximum intensity, and the average signal level in the
ROIs was measured. In the case of the intestine, the ROIs
were measured in the abdomen excluding the kidneys and
bladder, and percentage injected dose per gram (%ID/g)
was measured at a threshold value of 70–100%. Image
counts/pixel/s were converted to radioactivity concentra-
tions that were then corrected for injected radioactivity.
Researchers were blinded to all clinical data, and ROIs
were measured by a technician. Results are expressed as
the mean ± SD %ID/g.

Histopathological examination
Mice were anesthetized and euthanized after 8 weeks
of zymosan injection. Mouse joint tissues were fixed in
10% formalin, decalcified in ethylenediamine tetraace-
tic acid (EDTA), and embedded in paraffin. Sections
were deparaffinized using xylene, dehydrated in a
graded series of alcohol solutions, and stained with
hematoxylin and eosin (H&E). Histologic features of
the mouse joints were scored as described previously
[18]: 1–4, where 1 = few infiltrating immune cells, 2 =
1–2 small patches of inflammation, 3 = inflammation
throughout the joint, and 4 = inflammation in soft tis-
sue/entheses/fasciitis. Histologic features of the tail
were scored on a scale of 1–4, where 1 = few infiltrat-
ing immune cells, 2 = mild inflammation of the discs
or along the vertebrae (0–30% of discs), 3 = inflamma-
tion of the discs and/or along the vertebrae (30–70%
of discs), and 4 = inflammation in > 70% of the discs
and along the vertebrae. Microscopic gut inflammation
was assessed. Intestines were scored 1 for the presence
and 0 for the absence of ileitis or colitis.

RNA isolation and QuantiGene 2.0 Plex assay
Total RNA was extracted from the hind paws and fore-
paws using a total RNA kit (QuantiGene sample pro-
cessing kit) according to the manufacturer’s protocol.
Target hybridization and signal amplification were per-
formed according to the manufacturer’s protocol for
fresh tissues (QuantiGene 2.0 Plex assay). Signal was de-
tected using a Luminex 100/200 system and reported as
median fluorescence intensity (MFI), which is propor-
tional to the number of target RNA molecules present in
the sample. Gene expression was first calculated by de-
termining the average signal (MFI) for all genes, and
average background signals were subtracted for each
gene. Levels of gene expression were then determined by
dividing each test gene signal (background subtracted)
by the normalization gene signal (background sub-
tracted). Next, fold changes were determined by dividing
the normalized value for zymosan-treated samples by

the normalized values for the healthy controls. Each
sample was assayed using technical duplicates. Target
genes were tumor necrosis factor (TNF), IL-6,
interferon-γ (IFNγ), IL-4, IL-17A, IL-23, Dkk1, and
sclerostin (SOST).

Statistical analyses
One-way analysis of variance (ANOVA) was used to
compare normally distributed means. Two-way ANOVA
was used to analyze treatment effects on clinical scores
over time. Tukey’s post hoc test was performed to com-
pare multiple means. Results are presented as mean ±
standard error of the mean (SEM). All analyses were
performed using SPSS software, version 19.0 (SPSS, Inc.,
Chicago, IL, USA) and GraphPad Prism (version 5.0,
GraphPad Software, San Diego, CA, USA).

Results
Estrogen treatment suppressed arthritis development in
SKG mice
The effect of estrogen on arthritis development in
female SKG mice was examined. Weekly observations
revealed that clinical scores were markedly suppressed
in E2-treated mice compared with the sham and ovari-
ectomized groups (Fig. 1a). The onset of arthritis was
similar among groups until 24 days after zymosan in-
jection. From 31 days after zymosan injection, arthritis
was more aggravated and clinical scores had increased
up to 6 points (maximal score) in the sham and ovari-
ectomized groups. However, clinical scores had not in-
creased after 31 days in the E2-treated mice. Clinical
scores were significantly lower in E2-treated mice than
those in the other two groups from 31 days after zymo-
san injection until the last observation. The incidence
of arthritis was lower in the E2-treated group (Fig. 1b).
The incidence of tail changes (Fig. 1c) was higher in
the sham and ovariectomized groups than in the E2-
treated group. Body weight was significantly higher in
the E2-treated group than in the other two groups
(Fig. 1d). Mice in the sham and ovariectomized groups
achieved a near 100% incidence of blepharitis at an
early stage after zymosan injection (Fig. 1e). Mean
serum E2 in E2-treated mice was significantly higher
than in the other groups (Fig. 1f ). There were no
significant differences in serum E2 between the sham
and ovariectomized groups.

E2 treatment reduced 18F-FDG uptake using micro-PET/CT
imaging
Figure 2a shows 18F-FDG uptake in mice spines using
micro-PET/CT imaging. The zymosan-treated group
had higher 18F-FDG uptake and loss of lordosis than the
normal wild-type control group. Quantification of the
ROIs of the control, sham, ovariectomy, and
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ovariectomy + E2 groups showed that the amount of
18F-FDG uptake was significantly higher in the sham,
ovariectomized, and E2-treated groups than in wild-
type controls. The E2-treated group had significantly
lower 18F-FDG uptake than the sham and ovariecto-
mized groups in both forepaws (Fig. 2b) and hind
paws (Fig. 2c). There were no significant differences
in the hip joints (Fig. 2d), sacroiliac joints (Fig. 2e),
or tail (Fig. 2f ) among the sham, ovariectomized, and
E2-treated groups. In a total of five joint ROIs, 18F-
FDG uptake was significantly lower in the E2-treated
group than in the sham and ovariectomized groups
(Fig. 2g). 18F-FDG uptake was not significantly differ-
ent between the sham and ovariectomized groups. In
addition, 18F-FDG uptake in the intestine was signifi-
cantly higher in the ovariectomized and E2-treated
groups than the wild-type control group (Fig. 2h).
There was no difference between the sham, ovariecto-
mized, and E2-treated groups.

Histologic scores for arthritis and spondylitis were lower
in E2-treated mice
Histologic analysis of the mice at 8 weeks after
zymosan injection was performed. Inflammation of the
ankles, Achilles tendons, plantar fascia, and area
around the intervertebral discs was observed. As an
extra-articular manifestation, infiltration of inflamma-
tory cells was also seen in the skin of the ears, perior-
bital soft tissues, and intestines. Figure 3 shows the
histologic features of spondylitis and Achilles tendin-
itis. Inflammation of the intervertebral discs in the tail
was prominent in the sham (Fig. 3b) and ovariecto-
mized mice (Fig. 3c). E2-treated mice (Fig. 3d) had a
few inflammatory cell infiltrations compared to the
wild-type controls (Fig. 3a), but the degree of inflam-
mation was milder than in the sham and ovariecto-
mized mice. The Achilles tendons of both the sham
(Fig. 3f ) and ovariectomized groups (Fig. 3g) were
severely inflamed. E2-treated mice (Fig. 3h) had

Fig. 1 17β-estradiol (E2) treatment suppressed arthritis development in SKG mice. Clinical scores were markedly suppressed in E2-treated mice
compared with mice in the sham-operated (Sham) and ovariectomized (OVx) groups after 31 days of zymosan injection. Clinical scores (a), the incidence
of arthritis (b), the incidence of tail changes (c), body weight (d), and the incidence of blepharitis (e) in the three groups. Serum levels of E2 were
measured by ELISA (f). Values are mean ± SEM (n = 16 mice per group); *P< 0.05, **P< 0.01, ***P< 0.001 (sham vs. OVx + E2); #P< 0.05; ##P< 0.01;
###P< 0.001 (OVx vs. OVx + E2)
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Fig. 2 (See legend on next page.)
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inflammation compared to the wild-type controls
(Fig. 3e), but the degree of inflammation was mild
compared with the other two groups. Histologic scores
for peripheral arthritis (Fig. 3i) and spondylitis (Fig. 3j)
were significantly lower in E2-treated mice than in
mice in the other groups. Most of the mice in the sham
and ovariectomized groups had very severe inflamma-
tion. There was no difference between the groups in
the presence of enteritis (Fig. 3k). About 70% of mice
in the sham, ovariectomized, and E2-treated groups
had inflammation of the gut.

Expression of TNFɑ, IFN-γ, and IL-17A was significantly
reduced in E2-treated mice
Local gene expression in the tissues of the hind paws
and forepaws, which were harvested at 8 weeks after
zymosan injection, was analyzed using the QuantiGene
2.0 Plex assay (Fig. 4). Expression of TNF, IL-6, IL-17A,
and IFN-γ was significantly increased in both the sham
and ovariectomized groups compared with the wild-
type control group. Interestingly, E2 treatment signifi-
cantly reduced the gene expression of TNF, IL-6, IFN-γ,
and IL-17A compared with expression of these genes in
the sham and ovariectomized groups (Figs. 4a-c and f ).
Expression of IL-4 was significantly higher in the E2-
treated group than in the ovariectomized group
(Fig. 4d). Expression of IL-23 was not significantly
different among groups (Fig. 4e). Wnt inhibitors, Dkk1
and SOST, were significantly downregulated in both
the sham and ovariectomized groups (Figs. 4g and h).
The E2-treated group had significantly increased
expression of Dkk1 and SOST compared with the sham
and ovariectomized groups.

Discussion
We investigated the role of estrogen in the disease
activity of SpA. We found that estrogen suppressed the
development of arthritis in SpA, using an animal
model. The E2-treated group had significantly
suppressed arthritis compared with both the ovariecto-
mized and the sham groups. There was no difference
between the ovariectomized and sham groups. We
found that arthritis was induced in almost all female
mice with normal ovaries, and the clinical score was
almost 6 (the maximum score). We could not assess
the difference between mice in the ovariectomized
group and mice that received a physiologic dose of

estrogen (the sham group) because female mice with
normal ovaries (the sham group) already had zymosan-
induced severe arthritis. A high dose of E2 pellets was
used (72 mg, 60 days release), which was higher than
the physiologic concentration [19]. The different
responses between the E2-treated group and the sham
group were likely due to the different estrogen doses
received by these two groups.
The current study demonstrated that E2-treated

mice had decreased expression of TNF in the joint
tissue. These results support the hypothesis that estro-
gen inhibits the production of TNF [20]. E2 has been
shown to downregulate TNF production and reduce
the severity of experimental autoimmune encephalo-
myelitis in cytokine knockout mice [21]. Estrogen-
deficient female rats are also reported to have higher
bioactive serum TNF than estrogen-supplemented
animals [22]. An in vitro study showed that E2 treat-
ment downregulates cytokine-induced TNF gene
expression [23]. Considering that TNF is a key
cytokine in the pathogenesis of SpA, the results of the
current study indicate that transcription of TNF might
be regulated by estrogen in patients with SpA.
The current study demonstrated that E2 treatment

significantly reduced the gene expression of IFN-γ,
whereas the expression of IL-4 increased significantly
in the joint tissues in response to E2 treatment. This
corresponds well with recent data from a mouse model
of autoimmune encephalomyelitis [24]. In that study,
high and medium doses of estrogen increased the pro-
duction of IL-4, IL-10, and transforming growth factor
(TGF)-β, whereas estrogen treatment reduced the
production of IFN-γ, IL-17, and IL-6. Estrogen triggers
a shift in the Th1/Th2 balance toward Th2 production
[25]. Thus, in Th1-mediated autoimmune diseases
such as RA, symptoms often decrease during preg-
nancy and flare or initially develop in the postpartum
period. In contrast, Th2-mediated diseases such as
systemic lupus erythematosus (SLE) often flare during
pregnancy [26]. Estrogen also inhibits Th17 cell pro-
duction. In ovariectomized DBA/1 mice with estab-
lished collagen-induced arthritis (CIA), E2 treatment
reduces the severity of arthritis and results in fewer
Th17 cells in the joints compared with controls [27].
Tyagi et al. reported that transcription factors that
promote Th17 cell differentiation and IL-17 levels are
increased in ovariectomized mice, and that these

(See figure on previous page.)
Fig. 2 Quantitative measurement of 18F-fluorodeoxyglucose (18F-FDG) uptake. Visualization of 18F-FDG uptake in the spine of a wild-type (control)
mouse and a mouse 8 weeks after zymosan injection (zymosan-treated) (a). Quantification of regions of interest (ROIs) in control, sham-operated
(Sham), ovariectomy (OVx), and OVx + 17β-estradiol (OVx + E2) groups. b-g Forepaw (b), hind paw (c), hip joint (d), sacroiliac joint (e), tail (f), total
of ROIs of five joints (g), and intestine (h). Values are mean ± SEM, n = 12 mice per group except for the wild-type control group (n = 2); *P < 0.05,
**P < 0.01, ***P < 0.001 versus controls. PET/CT positron emission tomography/computed tomography
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Fig. 3 (See legend on next page.)
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effects are reversed by E2 supplementation [13].
Another study also showed that E2 inhibits arthritis
and reduces IL-17-producing γδT cells in the joints of
CIA mice [28]. It is well known that the Th17 axis is
overactive in patients with AS [29, 30], and the per-
centage of Th17 cells is significantly lower in nr-axSpA
than in AS. Our data suggest that E2 modulates cells
with IL-17-producing capacity during arthritis devel-
opment in SpA.
The mechanism of the relationship between estrogen

and T cell differentiation is unknown. In cross-
sectional studies, testosterone levels have been found
to be similar in patients with AS and controls, but
serum dehydroepiandrosterone sulfate (DHEAS) and
17α- hydroxyprogesterone were more elevated in male
patients with AS than in male controls [31–33]. The
gene for the enzyme, 21-hydroxylase, is located close to
the human leukocyte antigen (HLA)-B locus on the
short arm of chromosome 6. HLA-B27 might serve as
a marker of partial 21-hydroxylase deficiency, resulting
in high DHEAS and 17α-hydroxyprogesterone levels. A
proinflammatory Th1 phenotype might be enhanced by
increased DHEAS, whereas estrogen and progesterone
suppress the Th1 phenotype [12]. β-catenin/TCF
promotes differentiation of Th2 from naïve CD4 T cells
and prevents the differentiation of Th17/Th1. Estrogen
might be involved in T cell differentiation via the Wnt/
β-catenin pathway [34]. The relationship between
estrogen and T cell differentiation in SpA has not been
investigated; therefore, further study is needed to
determine the role of estrogen in T cell differentiation
in SpA.
In the current study, we also evaluated the role of

Wnt inhibitors in the disease activity of SpA. The
German Spondyloarthritis Inception Cohort (GESPIC)
study reported that patients with lower Dkk1 levels
were more prone to develop syndesmophytes than
those with higher levels [35]. In the present study, ex-
pression of Dkk1 was decreased in zymosan-treated
mice compared with controls. In addition, expression
of Dkk1 was significantly increased in E2-treated mice
compared with the ovariectomized and sham groups.
This corresponds well with the previous finding that
expression of Dkk1 and SOST was reduced in the
spine of a proteoglycan-induced spondylitis (PGISp)

mouse model of SpA, compared with controls [36].
SOST is another Wnt inhibitor that is a potent sup-
pressor of bone formation, and inhibits bone morpho-
genic protein. The absence of SOST expression results
in increased bone formation and bone mass [37]. In
the current study, SOST levels were significantly lower
in all of the zymosan-treated groups than in the
control group, and SOST levels were higher in the E2-
treated group than the other groups. In the cohort
study, devenir des spondyloarthrites indifférenciées
récentes (DESIR), SOST was significantly lower in
patients with SpA than in healthy controls [38]. In
addition, SOST was significantly lower in patients with
SpA than in control patients, whereas SOST was
increased in patients with RA compared with controls
[39, 40]. We therefore evaluated the expression of Wnt
inhibitors in the SKG mouse model and demonstrated
that estrogen inhibited Wnt signaling in SpA. Consid-
ering that blockade of Wnt inhibitors induced the
fusion of sacroiliac joints and increased bone formation
[37, 41], estrogen might be used as a therapeutic target
to control the Wnt pathway.
This study had several limitations. First, uterine

weights were not measured; rather, we measured the
concentration of E2 in mouse serum. The mean concen-
tration of E2 was significantly higher in E2-treated mice
than in mice in the other groups, but there was no
significant difference between E2 levels in the sham and
ovariectomized groups. Inflammation affects ovulation
and hormone production. Moreover, 50% of cases of
premature ovarian failure have been ascribed to auto-
immune disease [42]. Considering that mice in the sham
group had severe inflammation in the joints, intestines,
and skin at the time of sacrifice, estrogen production
might have been decreased due to ovarian failure
induced by systemic inflammation. Second, gene expres-
sion in the tail was not quantified. However, considering
that the incidence of arthritis and the degree of inflam-
mation in the peripheral joints were clinically and histo-
logically closely tied to those of the tail joints, the gene
expression patterns found in the joint tissue of the hind
paws and forepaws likely reflected those in the tail joints.
The strength of this study is that it is one of the few
studies to evaluate the role of estrogen in disease activity
in SpA. To the best of our knowledge, this is the first

(See figure on previous page.)
Fig. 3 The effect of estrogen on microscopic inflammation. a-d The intervertebral area of the wild-type control (a), sham-operated (Sham) (b),
ovariectomized (OVx) (c), and 17β-estradiol (E2)-treated (OVx + E2) mice (d). Arrows in b and c indicate inflammatory cell infiltration of the intervertebral
disc area. e-f Achilles tendon of the normal control (e), sham (f), ovariectomized (g), and E2-treated mice (h). Arrows in f and g indicate inflammatory
cell infiltration in the Achilles tendon. Inflammatory cell infiltration was not evident in E2-treated mice. Staining with H&E. Original magnification × 40.
Histologic severity scores for peripheral joints affected by peripheral arthritis, including the forepaws, hind paws, ankle joints (i), tail (j), and intestine (k).
Symbols represent individual mice, horizontal lines represent the mean, and whiskers represent the SEM; n = 16 mice per group except for the
wild-type control (n = 2); *P < 0.05, **P < 0.01, ***P < 0.001 versus controls
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Fig. 4 (See legend on next page.)
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study to demonstrate the inhibitory effect of estrogen on
SpA, using an animal model of SpA. Furthermore, our
results suggest that estrogen might be an effective thera-
peutic approach to treating SpA. However, hormone
treatment has various adverse effects, such as increased
risk of breast cancer, endometrial cancer, and thrombo-
embolism. Therefore, selective estrogen receptor modu-
lators (SERMs) were developed to prevent their side
effects. Recent studies reported that SERMs inhibit joint
inflammation and osteoporosis in female CIA animal
models [43, 44]. Further experiments are needed to
evaluate the effects of SERMs in the SpA mouse model.

Conclusions
Estrogen suppressed arthritis development in an SpA
mouse model. Results of this study suggest that estrogen
has an anti-inflammatory effect on the SpA manifestations
in the SKG arthritis model. Further study is warranted to
determine the molecular mechanisms of estrogen in the
pathogenesis of SpA and to evaluate if estrogen is an
effective therapeutic treatment option for SpA.
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