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Abstract 

Background: Spondyloarthritis (SpA) is an autoimmune and autoinflammatory musculoskeletal disease charac-
terised by systemic enthesitis. Recent research has focused on subclinical inflammatory bowel disease (IBD) in SpA 
pathogenesis. SKG mice, harbouring the Zap70 W163C mutation, increase autoreactive Th17 cells intrinsically, and in 
a conventional environment, they exhibit spontaneous arthritis with fungal factors. Under SPF conditions, they show 
SpA features, including enteritis, after peritoneal injection of β-1,3-glucan. This study aimed to clarify whether oral 
dextran sulfate sodium (DSS) administration, utilised in IBD model mice, can provoke SpA features in SKG mice under 
SPF conditions, focusing on the relationship between gut microorganisms and SpA pathogenesis.

Methods: BALB/c and SKG mice were administered oral DSS, and their body weights, arthritis, and enthesitis scores 
were recorded. In another cohort, antibiotics (meropenem and vancomycin) or an anti-fungal agent (amphotericin B) 
was administered orally before DSS administration. The splenic Th1 and Th17 cell populations were examined before 
and after DSS administration using flow cytometry. Furthermore, the amount of circulating bacterial DNA in whole 
blood was measured by absolute quantitative polymerase chain reaction (qPCR), and the number and characteristics 
of bacterial species corresponding to these circulating DNA were analysed by next-generation sequencing (NGS).

Results: Ankle enthesitis as a peripheral SpA feature was elicited in half of DSS-administered SKG mice, and none of 
the BALB/c mice. Pre-administration of antibiotics suppressed enthesitis, whilst an anti-fungal agent could not. Th1 
and Th17 cell levels in the spleen increased after DSS administration, and this was suppressed by pre-administration 
of antibiotics. SKG mice have a larger amount of bacterial DNA in whole blood than BALB/c mice before and 1 day 
after the initiation of DSS administration. The number of bacterial species in whole blood increased after DSS admin-
istration in BALB/c and SKG mice. Some genera and species significantly specific to the DSS-treated SKG mouse group 
were also detected.
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Introduction
Spondyloarthritis (SpA) is an autoimmune and autoin-
flammatory musculoskeletal (MSK) disease character-
ised by systemic enthesitis [1], comprising ankylosing 
spondylitis (AS), psoriatic arthritis (PsA), inflamma-
tory bowel disease (IBD)-associated arthritis, and reac-
tive arthritis (ReA) [2]. Genetic backgrounds, including 
HLA-B27 positivity, mechanical stress, and dysbio-
sis, have been investigated in the pathogenesis of SpA 
[3]. In addition, subclinical IBD has recently attracted 
attention. According to some reports, approximately 
half of patients with AS have subclinical microscopic 
IBD [4]. Another report has shown an increase in faecal 
calprotectin levels in patients with AS [5]. An increas-
ing number of researchers are studying the relationship 
between MSK manifestations and gut inflammation in 
the pathogenesis of SpA [6]. However, there are many 
unrevealed disease mechanisms.

Animal models are essential for clarifying the com-
plicated pathogenesis of SpA. SKG mice, identified by 
Sakaguchi et  al., possess the Zap70 W163C mutation 
[7]. In a conventional environment, they are known for 
their intrinsically increased autoreactive Th17 cells and 
spontaneous IL-17A-dependent autoimmune inflam-
matory arthritis [8]. Reports show that both spon-
taneous arthritis in SKG mice under conventional 
conditions and β-glucan-induced arthritis under spe-
cific pathogen-free (SPF) conditions are related to the 
dectin-1 pathway. Furthermore, intraperitoneal injec-
tion of an anti-fungal agent, amphotericin B, prevents 
the onset of arthritis completely in a conventional envi-
ronment and partially under SPF conditions [9]. It has 
also been shown that intraperitoneal injection of cur-
dlan, β-1,3-D-glucan, causes MSK SpA features and 
IBD-like enteritis in SKG mice under SPF conditions 
[10]. The same group has shown that the Zap70 muta-
tion in SKG mice disrupts the homeostatic relationship 
between gut microbiota and the host, and that SKG 
mice have intrinsic gut dysbiosis due to their genetic 
background [11]. They also demonstrated that intes-
tinal IL-23 plays a pivotal role in the pathogenesis of 
β-glucan-induced SpA pathogenesis in SKG mice [12]. 
However, little is known about whether oral adminis-
tration of dextran sulfate sodium (DSS), which is com-
monly used in studies regarding IBDs, has the potential 
to cause SpA features, including peripheral enthesitis in 
SKG mice, and if so, what the mechanisms are like.

This study investigated whether oral DSS administra-
tion under SPF conditions solely provokes enthesitis as 
a SpA feature in SKG mice, focusing on the relationship 
between bacterial and/or fungal translocation and SpA 
pathogenesis.

Methods
Mice, induction of disease, and reagents
BALB/c mice were purchased from Claire Japan, Inc. 
(Tokyo, Japan). SKG mice were obtained from Prof. Saka-
guchi (Osaka University, Osaka, Japan). Both mice were 
bred under SPF conditions in the main facility of the 
Institute of Laboratory Animals, Kyoto University. All 
experiments were approved by the Kyoto University Ani-
mal Ethics Committee. In all experiments, only female 
mice 8 to12 weeks of age were used, since previous 
reports have shown that female SKG mice have higher 
clinical scores than male [10, 13]. In the DSS administra-
tion cohorts, 1% DSS (MP Biomedicals, Santa Ana, CA, 
USA, molecular weight 35,000–50,000 kDa) in drink-
ing water was administered for the first two consecutive 
weeks. In the set of cohorts with antibiotic or anti-fungal 
agents, 6% dimethyl sulfoxide (DMSO) (Nacalai Tesque 
Inc., Tokyo, Japan) as a control group, 6% DMSO and 
meropenem trihydrate (MEPM) (1 g/L) (FUJIFILM Wako 
Chemicals Inc., Tokyo, Japan) and vancomycin hydro-
chloride (VCM) (0.5 g/L) (Nacalai Tesque Inc.), and 6% 
DMSO and amphotericin B (AMPH-B) (0.3 g/L) (Nacalai 
Tesque Inc.) were administered for 1 week in drinking 
water, from the time point 2 weeks before the initiation 
of DSS administration. Ten mice were used per group to 
confirm disease phenotypes, and 5 mice were used per 
group in other cohorts for the FCM, qPCR, and NGS 
analyses.

Histologic analysis
The ankle enthesis and caudal vertebral joints from 
BALB/c and SKG mice with or without DSS treatment 
were fixed in formalin and embedded in paraffin at the 
experimental endpoints. A mouse with swollen ankles 
was selected for the representative photograph of DSS-
treated SKG mice. Four-micrometre sections were cut 
and stained with haematoxylin and eosin (H&E). Photo-
graphs were taken with an Olympus CKX31 microscope 
and an Olympus STYLUS 1s camera.

Conclusion: Oral DSS administration alone elicited peripheral enthesitis in SKG mice with bacterial translocation 
accompanied by increased splenic Th1 and Th17 cell levels. Pre-administration of antibiotics ameliorated these DSS-
induced SpA features. These findings suggest that intestinal bacterial leakage plays a pivotal role in SpA pathogenesis.
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Scoring of clinical signs
Clinical features of the mice were scored every other 
week by the same observer. A conventional scoring sys-
tem by Sakaguchi et al. was used to evaluate arthritis [7]. 
The ankle was scored on each side to evaluate enthesi-
tis, based on our original criteria: 0.5 = deviation of the 
plantar aponeurosis (the midline of the plantar aponeu-
rosis indicating a toe other than the third one) and 1.0 
= uplift of the plantar aponeurosis over the angle of the 
ankle (Fig. 1g). The scores of both ankles were summed, 
and the maximum possible enthesitis score was 2.0.

Flow cytometry
Single-cell suspensions were prepared by triturating the 
spleens between the ends of sterile frosted slides and fil-
tration through nylon mesh. After erythrocyte lysis, sple-
nocytes were suspended in RPMI 1640 tissue medium 
supplemented with 10% heat-inactivated foetal bovine 
serum, 50 U/mL penicillin, and 50 μg/mL streptomycin, 
and cultured for 3 h at 37 °C with Cell Stimulation Cock-
tail (eBioscience, CA, USA). After FcγR blockade with 
anti-CD16/32 antibodies (BioLegend, CA, USA), extra-
cellular antigens were stained for 20 min at 4 °C in RPMI 
1640 medium. Cells were fixed and permeabilised using 
Foxp3/Transcription Factor Buffer Set (eBioscience) and 
stained for intracellular cytokines. Samples were acquired 
using a BD FACSCalibur flow cytometer operated by 
CellQuest (BD Biosciences, CA, USA), and the data were 
analysed using FlowJo software (BD Biosciences). Cell 
populations were identified by staining with anti-CD3-
FITC (17A2), anti-CD4-PerCp/Cy5.5 (GK1.5), anti-IL-
17A-PE (TC11-18H10), and anti-IFN-γ–Alexa Flour 647 
(XMG1.2) (BioLegend).

DNA extraction and absolute quantitative polymerase 
chain reaction
Whole blood (150 μL) was collected in DNA-free tubes 
from each mouse using a Goldenrod Animal Lancet 
(Braintree Scientific Inc., MA, USA), quickly preserved 
at 4 °C, and then frozen at −30 °C until DNA extraction. 
NucleoSpin Blood QuickPure (MACHEREY-NAGEL 
GmbH & Co. KG, Dueren, Germany) was used for the 
DNA extraction. Absolute qPCR was performed, using a 
Femto Bacterial DNA Quantification Kit (Zymoresearch, 
Inc., CA, USA) and an AB 7500 machine (Applied Bio-
systems, Inc., MA, USA) according to the manufacturers’ 
indication. Samples with a Ct value more than 35 cycles 
or undetectable were counted as 0 pg/mL.

NGS‑based 16S gene analysis
Extracted DNA from whole blood was amplified on 
the whole 16S coding region (V1-9) by PCR, using the 

Bacterial 16S rDNA PCR Kit (Takara Bio Inc., Shiga, 
Japan) and MiniAmp Plus Thermal Cycler (Applied Bio-
systems). The amplicons were cleaned using NucleoSpin 
Gel and PCR Clean-up (MACHEREY-NAGEL GmbH & 
Co. KG). The purified amplicons were amplified again 
on the 16S V3-V4 region, using Phusion High-Fidelity 
PCR Master Mix (New England Biolabs, Inc., MA, USA) 
with specific primers and barcodes. The same volume 
of loading buffer (containing SYBR green) was mixed 
with PCR products, and electrophoresis on a 2% aga-
rose gel was performed. Samples with a bright main strip 
between 400 and 450bp were chosen for further experi-
ments. PCR products were purified using the Qiagen Gel 
Extraction Kit (Qiagen GmbH, Hilden, Germany). The 
libraries were generated using NEBNext UltraTM DNA 
Library Prep Kit (New England Biolabs) and sequenced 
on an Illumina NovaSeq6000 (Illumina, Inc., CA, USA). 
Paired-end reads were assigned to samples based on their 
unique barcodes and truncated by cutting off the barcode 
and primer sequences. Paired-end reads were merged 
using FLASH (V1.2.7). Quality filtering on the raw tags 
was performed under specific conditions to obtain high-
quality clean tags according to QIIME (V1.7.0). The tags 
were compared with the reference database using the 
UCHIME algorithm to detect chimaera sequences, and 
chimaera sequences were removed. Analysis of simi-
larities (Anosim) was performed using QIIME software 
(Version 1.7.0). LEfSe analysis was conducted using the 
LEfSe software.

Statistical analysis
All statistical analyses were performed using JMP Pro 15 
or EZR (Version 1.40), except for the NGS analyses. Sta-
tistical tests performed for each dataset and p values and 
significance levels are indicated in the figures.

Results
Oral DSS administration triggers a peripheral SpA 
phenotype in SKG mice
To investigate whether oral DSS administration solely 
provokes SpA features in SKG mice under SPF condi-
tions, female BALB/c and SKG mice aged 8–12 weeks 
(n=10 per group) were administered 1% DSS in drinking 
water for 2 weeks under SPF conditions (Fig.  1a). Body 
weights, arthritis, and enthesitis scores were recorded 
every 2 weeks over 12 weeks. At week 12, there was no 
significant difference in the rate of body weight change 
between BALB/c and SKG mice (Fig. 1b). The incidence 
rates of arthritis and enthesitis at week 12 were 40% 
and 50% in the SKG mouse group, respectively (Fig. 1c, 
e). Arthritis and enthesitis composite scores in the SKG 
mice increased chronologically, whilst none of those of 
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Fig. 1 Oral dextran sodium sulfate (DSS) administration elicits SpA features in SKG mice. a Experimental scheme of oral DSS administration during 
the experiment. Mice were given 1% DSS in their drinking water for 2 weeks, followed by regular water. Ten mice were used in each group. Weeks 
are indicated by w. b The body weight change in BALB/c and SKG mice over the experiment. c–f Arthritis incidence rates and scores and enthesitis 
incidence rates and scores were recorded every 2 weeks. Values are expressed as mean ± standard error of the mean (SEM). g Representative 
photographs of hind paws for the enthesitis evaluation method. h Representative haematoxylin and eosin-stained sections of the peripheral 
enthesis (Achilles tendon) and the axial enthesis (caudal vertebrae). Only DSS-treated SKG mice showed marked cell infiltration around the Achilles 
tendon and plantar aponeurosis (arrows), and slight cell infiltration around but not inside the annulus fibrosus of the intervertebral disk (arrows). 
Scale bar = 200μm. Statistical analyses were performed by using the Mann-Whitney U test (*P <0.05)



Page 5 of 12Tabuchi et al. Arthritis Research & Therapy          (2022) 24:176  

the BALB/c mice did (Fig. 1d, f ). In the SKG mice, devia-
tion and/or uplift of the plantar aponeurosis over the 
angle of the ankle was confirmed (Fig.  1g). H&E stain-
ing revealed outstanding cell infiltration at the Achilles 
tendon and plantar aponeurosis insertions in the DSS-
treated SKG mice. Slight cell infiltration adjacent to the 
vertebral disk was also confirmed in the DSS-treated 
SKG mouse group (Fig. 1h).

Oral DSS activates both Th1 and Th17 immunity 
in DSS‑treated SKG mice
We then evaluated the changes in Th cell popula-
tions in the spleen, before and after DSS administra-
tion in BALB/c and SKG mice (n=5 per group). Before 
DSS administration, SKG mice possessed a significantly 
higher percentage of both IFN-γ-producing Th cells 
(Th1 cells) and IL-17A-producing Th cells (Th17 cells) 
than BALB/c mice. After 2 weeks of DSS administra-
tion, the percentage of Th1 cells increased significantly in 
both BALB/c and SKG mice (P <0.01), and that of Th17 
cells was significantly increased in SKG mice (P <0.05) 
(Fig. 2a–c). These results suggest that oral DSS adminis-
tration activates both systemic Th1 and Th17 immunity 
in SKG mice.

Antibiotics, not an anti‑fungal agent, ameliorate 
DSS‑induced peripheral SpA of SKG mice
To investigate which is pivotal, bacterial or fungal trans-
location in the pathogenesis of DSS-induced pSpA fea-
tures in SKG mice, we administered antibiotics (MEPM 
plus VCM) or an anti-fungal agent (AMPH-B) in drinking 
water for 1 week from the time point 2 weeks before the 
initiation of DSS administration in another set of cohorts. 
Six % DMSO was added to the drinking water in the 1st 
week in each group to dissolve AMPH-B. Female SKG 
mice aged of 8–12 weeks (n=10 per group) were admin-
istered DMSO only, DMSO and antibiotics (MEPM and 
VCM), and DMSO and AMPH-B. After 1 week of free 
water drinking, 1% DSS in drinking water was adminis-
tered for 2 weeks. All experiments were conducted under 
SPF conditions. Body weights, arthritis, and enthesitis 
scores were recorded every 2 weeks from the initiation of 
DSS administration over 12 weeks (Fig. 3a). At week 12, 
there was no significant difference in the rate of change in 
body weight between SKG mice treated with DMSO only, 
DMSO plus MEPM and VCM, and DMSO plus AMPH-B 
(Fig. 3b). There was no significant difference in arthritis 
incidence rate or scores between the three groups, which 
could be explained by the anti-inflammatory effect of 
DMSO (Fig.  3c, d). The incidence rate of enthesitis and 
enthesitis scores at week 12 was lower (zero) in the group 
with MEPM and VCM, not with AMPH-B, compared to 

the control group (Fig. 3e, f ). We also examined the dif-
ference in the percentage of Th1 and Th17 cell popula-
tions among  CD4+ T cells in the spleen, between the 
group with MEPM and VCM and the control group after 
2 weeks of DSS administration. As a result, the percent-
age of both Th1 and Th17 cells among  CD4+ T cells in the 
spleen was significantly lower in the group with MEPM 
and VCM than in the control group with DMSO only 
(Fig. 3g, h). These data indicate that bacterial, not fungal, 
translocation plays an essential role in the pathogenesis 
of DSS-induced pSpA in SKG mice.

Oral DSS increases the bacterial DNA load and the number 
of bacterial species in whole blood
DNA from whole blood was extracted in another set of 
cohorts to confirm that bacterial translocation was caused 
by DSS administration and to investigate its chronologi-
cal changes. The whole blood of BALB/c and SKG mice 
before DSS and 1, 7, and 14 days after the initiation of 
DSS administration were collected (n=5 per group). The 
concentration of bacterial DNA was evaluated by abso-
lute qPCR on the 16S rRNA V3-V4 coding gene. In addi-
tion, NGS-based 16S gene analyses were performed to 
determine the profile of bacterial DNA in whole blood. 
By qPCR, it was clarified that SKG mice intrinsically have 
more bacterial DNA in whole blood than BALB/c mice 
(p=0.058), and the discrepancy became even larger on 
day 1 (P=0.034). The concentration of circulating bacte-
rial DNA in BALB/c mice elevated on day 7 with a delay 
compared to SKG mice (Fig. 4a, Table 1). It was also con-
firmed that antibiotics (MEPM and VCM) decrease the 
bacterial DNA load in whole blood (Fig. 4b). The number 
of bacterial species commonly detected in individual five 
mice greatly increased after 2 weeks of DSS administra-
tion in both BALB/c and SKG mice (80 to 393, and 77 to 
458, respectively), with an increase in the Shannon index 
(not at significant levels) (Fig. 4c, d).

Specific bacterial DNA are detected in the whole blood 
of DSS‑treated SKG mice
To determine whether bacterial DNA specific to the 
DSS-treated SKG mouse group was detected in whole 
blood, an Anosim test and a LEfSe analysis were per-
formed using the same NGS dataset. An Anosim test was 
performed to examine whether there was a significant 
beta-diversity between the group of SKG mice with DSS 
and the other three groups (n=5 per group). It clarified 
that there was a significant beta-diversity between the 
group of SKG mice with DSS and the group of BALB/c 
mice without DSS (r= 0.6 and p= 0.016), the group of 
BALB/c mice with DSS (r= 0.54 and p= 0.01), and the 
group of SKG mice without DSS (r= 0.82 and p= 0.01) 
(Table  2). The LEfSe analysis was performed with the 
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same NGS dataset to clarify the bacterial genera and spe-
cies specific to the group of SKG mice with DSS, setting 
the significant p-value as <0.05, and the cut off of linear 

discriminant analysis (LDA) score as 4.0 (log 10). As a 
result, Lactobacillus reuteri, Sphingomonas, and Akker-
mansia were detected as significantly specific genera or 
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at weeks 0 and 12. b, c IFN-γ (b) and IL-17A (c) positivity of splenic  CD4+ T cells in BALB/c and SKG mice at weeks 0 and 12. Statistical analyses were 
performed by using the Mann-Whitney U test (*P <0.05, **P <0.01)



Page 7 of 12Tabuchi et al. Arthritis Research & Therapy          (2022) 24:176  

species in the whole blood of the group of SKG mice with 
DSS (Fig. 5).

Discussion
This study demonstrated that oral DSS administration 
in SKG mice under SPF conditions solely elicited pSpA 
features and that this was associated with bacterial, not 
fungal translocation. First, oral DSS administration solely 
provokes pSpA features in SKG mice, with bacterial dis-
semination into the blood. Enthesitis was confirmed in at 
least 50% of the DSS-administered SKG mice. In addition 
to peripheral enthesitis, in DSS-treated SKG mice, axial 
lesions were also confirmed adjacent to the vertebral disk 
at pathological level, although the cell infiltration level 
was much milder than that reported in curdlan-treated 
SKG mice [10]. This oral DSS-induced pSpA features in 
SKG mice were suppressed by antibiotics (MEPM plus 
VCM), which are known as broad-spectrum antibiotics, 
not by AMPH-B, which is also known as a broad-spec-
trum anti-fungal agent. These results suggest that bacte-
rial factors are more important than fungal factors in the 
pathogenesis of oral DSS-induced pSpA. In fact, several 
reports have shown that antibiotics might be effective 
in reducing the disease severity of SpA [14, 15]. Other 
reports have shown that antibiotics also have therapeutic 
potential for the treatment of IBDs [16, 17].

Arthritis scores unexpectedly improved even in 
the control group with DMSO only, which might be 
explained by that DMSO is known for its therapeu-
tic effects on arthritis and other inflammatory diseases 
[18–21]. DMSO did not influence the incidence rate of 
enthesitis and its score in the control group. This sug-
gests that there are different mechanisms between DSS-
induced arthritis and enthesitis. Arthritis, in a narrow 
sense, means intraarticular inflammation such as syno-
vitis which is well-known for the pathology of rheuma-
toid arthritis. Comparing to arthritis in a narrow sense, 
enthesitis has been known for its closer relationships 
with local mechanical stress and tissue resident immune 
cells which utilise pattern recognition receptors at extra-
articular sites [22]. Bacterial components including CpG-
rich DNA might stimulate immune cells [23], and the 
same phenomena can happen in our DSS-treated SKG 
mouse model, but further research is required.

We also investigated changes in Th1 and Th17 cell 
levels in the spleen, because they are implicated in the 
systemic type 1 and type3 immunity, respectively. It has 
been reported that intraperitoneal injection of β-glucan 
increases Th17 cells 3–4-folds in the lymph nodes of SKG 
mice, and that T cells sorted from normal SKG mice pos-
sess the potential to cause arthritis in recipient RAG2 
KO mice, but not from IL-17A KO SKG mice. Therefore, 
Th17 cells play pivotal roles in the pathogenesis of arthri-
tis in SKG mice [8]. In this study, it is important to note 
that the percentage of Th1 cells increased by the same or 
more magnitude as Th17 cells (the increase ratios calcu-
lated using the medians were 1.73 and 1.48 folds, respec-
tively), and the observed increase in Th1 cells was more 
significant than that in Th17 cells in our DSS-treated SKG 
mice (p= 0.009, 0.047, respectively). Increases in Th1 cell 
percentages have also been observed in wild-type mice 
treated with DSS [24, 25]. These findings suggest that 
SKG mice, which have a T cell signal dysfunction, can 
manifest different phenotypes depending on the environ-
ment and adjuvant. In fact, many of autoimmune/auto-
inflammatory diseases and immune deficiency diseases 
in human have been known to be associated with T cell 
signal dysfunction   [26, 27]. Our studies support that 
enteritis stimulates both systemic Th1 and Th17 immu-
nity via bacterial translocation in the gut, and elicits SpA 
pathogenesis in those with mutations associated with T 
cell signal transduction.

We also demonstrated that SKG mice had more bacte-
rial DNA in whole blood than BALB/c mice. Especially, 
1 day after administering oral DSS administration, SKG 
mice contained more bacterial DNA in whole blood than 
BALB/c mice. These findings might support a role for T 
cell signal dysfunction in the gut vulnerability, or “leaky 
gut” of SKG mice. However, there was no significant dif-
ference in the amount of bacterial DNA in whole blood 
between BALB/c and SKG mice on day 14. Therefore, 
there must be “the second hit” in the SpA pathogenesis of 
DSS-treated SKG mice in addition to the gut vulnerabil-
ity. Then, we examined the diversity of circulating bacte-
rial DNA. The number of bacterial species which were 
commonly detected in all mice per group were almost 
the same 14 days after DSS administration between 
BALB/c and SKG mice, and the alfa-diversity shown by 

Fig. 3 The antibiotics, MEPM and VCM, but not the anti-fungal agent AMPH-B, ameliorate DSS-induced peripheral SpA of SKG mice. a Experimental 
scheme of mouse treatment with oral antibiotics (MEPM (1 g/L)+VCM (0.5 g/L)) or the anti-fungal agent (AMPH-B (0.3 g/L)) and DSS. Agents 
were administered in their drinking water with 6% DMSO for 1 week, followed by regular water for 1 week. Then, 1% DSS was administered in 
their drinking water for 2 weeks, followed by regular water. Ten mice were used in each group. b The body weight change in each group over 
the experiment. c–f Arthritis incidence rates and scores, enthesitis incidence rates and scores were recorded every 2 weeks. Values are the mean 
± standard error of the mean (SEM). g, h FCM analysis of IFN-γ (g) and IL-17A (h) positivity of splenic  CD4+ T cells in SKG mice administered with 
DMSO and DMSO plus antibiotics (MEPM+VCM). Five mice per group were used. Statistical analyses were performed by using the Mann-Whitney U 
test (*P <0.05, **P <0.01)

(See figure on next page.)
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Fig. 4 Oral DSS administration increases the amount of circulating bacterial DNA and the number of common species in the groups. a The 
concentration of bacterial DNA in whole blood measured by absolute qPCR, 0, 1, 7, and 14 days after oral DSS treatment initiation. Five mice 
per group were used. Values are presented as mean ± SEM. b The concentration of bacterial DNA measured by qPCR in whole blood after DSS 
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the Mann-Whitney U test (*P <0.05, **P <0.01)

Table 1 Ct values of whole blood bacterial qPCR (n=5 per group)

Day 0 Day 1 Day 7 Day 14 Day 14+Abx

BALB/c Mean±SEM 29.7±0.67 31.1±0.85 27.4±0.36 26.8±0.67 33.1±0.58

SKG Mean±SEM 28.1±0.22 28±0.98 28.3±0.45 28.1±0.4 34±0.36

BALB/c
Median, IQR

28.9 (28.9-30.6) 30.5 (30.5-30.8) 26.8 (26.8-28.3) 26.8 (26.2-27.0) 33.1 (33.0-33.4)

SKG
Median, IQR

28.4 (27.8-28.4) 27.9 (27.4-28.5) 28.6 (27.7-28.7) 28.2 (27.6-28.6) 34 (33.1-35.0)
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the Shannon index even increased in both groups (not at 
significant levels). Therefore, beta-diversity could be the 
clue, and whether there are bacterial genera and/or spe-
cies specific to the whole blood of the group of SKG mice 
treated with DSS was of our great interest.

Then, we performed an Anosim test and a LEfSe anal-
ysis. An Anosim test, which indicates beta-diversity, 
revealed that the group of SKG mice with DSS had sig-
nificantly unique bacterial species’ DNA in their whole 
blood, compared to any other three groups: BALB/c 

mice before DSS administration, BALB/c mice after 
DSS administration, and SKG mice before DSS admin-
istration. Moreover, using a LEfSe analysis, DNAs of 
Lactobacillus reuteri, Sphingomonas, and Akkermansia 
were detected as significantly increased bacteria with a 
high LDA score (LDA > 4.0 (log10)) in the whole blood 
of SKG mice with DSS administration. Lactobacillus 
reuteri is implicated as a type I interferon (IFN) inducer 
and can exacerbate autoimmune colitis and autoim-
mune diseases, such as systemic lupus erythematosus 
(SLE) [28, 29]. Sphingomonas produces sphingolipids 

instead of lipopolysaccharide (LPS) and can stimulate 
NKT cells [30, 31]. Akkermansia feeds on mucin, which 
is known for its anti-inflammatory effects, but some 
studies have shown they can exacerbate inflammation 
and contribute to autoimmune diseases [32–34]. These 
bacteria might be key players in the pathogenesis and 
promising therapeutic targets in SpA treatment, and 
further research is required.

Our study has some limitations. First, all the experi-
ments were conducted in a single facility. It is known that 

Table 2 Results of Anosym test (n=5 per group)

R value P value

BALB/c vs BALB/c+DSS 0.092 0.231
BALB/c vs SKG ‑ 0.06 0.71
BALB/c vs SKG+DSS 0.6 0.016
BALB/c+DSS vs  SKG 0.456 0.028
BALB/c+DSS vs SKG+DSS 0.54 0.01
SKG vs SKG+DSS 0.82 0.01

f—Clostridiales_vadinBB60–group
g—Bacillus

f—Bacillaceae
g—Ruminococcaceae–UCG–005

g—Lachnospiraceae_NK4A136_group
s_Streptococcus_gallolyticus_subsp_macedonicus
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Fig. 5 LEfSe analysis of circulating bacterial DNA in the whole blood of BALB/c and SKG mice with and without oral DSS administration. The cutoff 
was set as LDA score > 4.0
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commensal microbial diversity depends on each animal 
facility. Second, we have not completely excluded non-
germicidal effects of antibiotics, although we did not use 
antibiotics which have strong anti-inflammatory effects 
such as macrolides and tetracyclines, rifampin, and met-
ronidazole [35, 36]. Moreover, this study was limited to 
female mice. (We have observed similar phenotypes in 
male mice, but data were not shown.)

Conclusions
We have demonstrated that oral DSS administration 
solely elicits pSpA features in SKG mice with specific 
bacterial translocation, and systemic Th1 and Th17 acti-
vation. This was suppressed by antibiotics, not by the 
anti-fungal agent. This study adds to the growing body of 
evidence that gut bacterial translocation plays a pivotal 
role in the pathogenesis of SpA.

Abbreviations
Abx: Antibiotics; AMPH-B: Amphotericin B; Anosim: Analysis of similarities; 
AS: Ankylosing spondylitis; DMSO: Dimethyl sulfoxide; DSS: Dextran sulfate 
sodium; FCM: Flow cytometry; H&E: Haematoxylin and eosin; IBD: Inflam-
matory bowel disease; IFN: Interferon; LDA: Linear discriminant analysis; 
LEfSe: Linear discriminant analysis effect size; LPS: Lipopolysaccharide; 
MEPM: Meropenem trihydrate; MSK: Musculoskeletal; NGS: Next-generation 
sequencing; PsA: Psoriatic arthritis; pSpA: Peripheral spondyloarthritis; qPCR: 
Quantitative polymerase chain reaction; ReA: Reactive arthritis; SLE: Systemic 
lupus erythematosus; SpA: Spondyloarthritis; SPF: Specific pathogen free; VCM: 
Vancomycin hydrochloride.

Acknowledgements
We thank Shimon Sakaguchi (Osaka University, Osaka, Japan) and Keiji 
Hirota (Kyoto University, Kyoto, Japan) for supplying the mice and for helpful 
discussions.

Authors’ contributions
YT has full access to all of the data in the study and takes responsibility for 
the integrity of the data and the accuracy of the data analysis. YT, MH, and 
AM contributed to the conception and design. YT has performed both 
in vivo and in vitro experiments. MK, YN, MS, HT, HO, KK, SA, RN, KM, KM, 
HY, and MT conceived the project. All authors read and approved the final 
manuscript.

Funding
This study was supported by Grant-in-Aid for Scientific Research (grant num-
ber: 16K09890 and 20K08773) from the Ministry of Education, Culture, Sports, 
Science and Technology, Japan (M. H.).

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experiments were approved by the Kyoto University Animal Ethics 
Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Rheumatology and Clinical Immunology, Graduate School 
of Medicine, Kyoto University, Konoe-cho, Sakyo-ku, Kyoto, Japan. 2 Depart-
ment of Advanced Medicine for Rheumatic Diseases, Graduate School 
of Medicine, Kyoto University, Konoe-cho, Sakyo-ku, Kyoto, Japan. 3 Center 
for Cancer Immunotherapy and Immunobiology, Graduate School of Medi-
cine, Kyoto University, Konoe-cho, Sakyo-ku, Kyoto, Japan. 4 Department 
of Clinical Immunology, Graduate School of Medicine, Osaka Metropolitan 
University, 1-4-3, Asahi-machi, Abeno-ku, Osaka, Japan. 

Received: 11 November 2021   Accepted: 13 June 2022

References
 1. Schett G, Lories RJ, D’Agostino MA, Elewaut D, Kirkham B, Soriano ER, 

et al. Enthesitis: from pathophysiology to treatment. Nat Rev Rheumatol. 
2017;13:731–41.

 2. Garg N, van den Bosch F, Deodhar A. The concept of spondyloarthritis: 
where are we now? Best Pract Res Clin Rheumatol. 2014;28:663–72.

 3. Lories RJ, McInnes IB. Primed for inflammation: enthesis-resident T cells. 
Nat Med. 2012;18:1018–9.

 4. Van Praet L, Van den Bosch FE, Jacques P, Carron P, Jans L, Colman R, et al. 
Microscopic gut inflammation in axial spondyloarthritis: a multiparamet-
ric predictive model. Ann Rheum Dis. 2013;72:414–7.

 5. Olofsson T, Lindqvist E, Mogard E, Andréasson K, Marsal J, Geijer M, et al. 
Elevated faecal calprotectin is linked to worse disease status in axial 
spondyloarthritis: results from the SPARTAKUS cohort. Rheumatology 
(Oxford). 2019;58:1176–87.

 6. Gracey E, Vereecke L, McGovern D, Fröhling M, Schett G, Danese S, et al. 
Revisiting the gut-joint axis: links between gut inflammation and spondy-
loarthritis. Nat Rev Rheumatol. 2020;16:415–33.

 7. Sakaguchi N, Takahashi T, Hata H, Nomura T, Tagami T, Yamazaki S, et al. 
Altered thymic T-cell selection due to a mutation of the ZAP-70 gene 
causes autoimmune arthritis in mice. Nature. 2003;426:454–60.

 8. Hirota K, Hashimoto M, Yoshitomi H, Tanaka S, Nomura T, Yamaguchi T, 
et al. T cell self-reactivity forms a cytokine milieu for spontaneous devel-
opment of IL-17+ Th cells that cause autoimmune arthritis. J Exp Med. 
2007;204:41–7.

 9. Yoshitomi H, Sakaguchi N, Kobayashi K, Brown GD, Tagami T, Sakihama T, 
et al. A role for fungal {beta}-glucans and their receptor Dectin-1 in the 
induction of autoimmune arthritis in genetically susceptible mice. J Exp 
Med. 2005;201:949–60.

 10. Ruutu M, Thomas G, Steck R, Degli-Esposti MA, Zinkernagel MS, Alexander 
K, et al. β-glucan triggers spondylarthritis and Crohn’s disease-like ileitis in 
SKG mice. Arthritis Rheumatol. 2012;64:2211–22.

 11. Rehaume LM, Mondot S, Aguirre de Cárcer D, Velasco J, Benham H, 
Hasnain SZ, et al. ZAP-70 genotype disrupts the relationship between 
microbiota and host, leading to spondyloarthritis and ileitis in SKG mice. 
Arthritis. Rheumatol. 2014;66:2780–92.

 12. Benham H, Rehaume LM, Hasnain SZ, Velasco J, Baillet AC, Ruutu M, et al. 
Interleukin-23 mediates the intestinal response to microbial β-1,3-glucan 
and the development of spondyloarthritis pathology in SKG mice. Arthri-
tis Rheumatol. 2014;66:1755–67.

 13. Duarte J, Agua-Doce A, Oliveira VG, Fonseca JE, Graca L. Modulation of 
IL-17 and Foxp3 expression in the prevention of autoimmune arthritis in 
mice. PLoS One. 2010;5:e10558.

 14. Ogrendik M. Treatment of ankylosing spondylitis with moxifloxacin. 
South Med J. 2007;100:366–70.

 15. Yang L, Liu B, Zheng J, Huang J, Zhao Q, Liu J, et al. Rifaximin alters intes-
tinal microbiota and prevents progression of ankylosing spondylitis in 
mice. Front Cell Infect Microbiol. 2019;9:44.

 16. Ledder O, Turner D. Antibiotics in IBD: still a role in the biological era? 
Inflamm Bowel Dis. 2018;24:1676–88.

 17. Ianiro G, Tilg H, Gasbarrini A. Antibiotics as deep modulators of gut micro-
biota: between good and evil. Gut. 2016;65:1906–15.



Page 12 of 12Tabuchi et al. Arthritis Research & Therapy          (2022) 24:176 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 18. Elisia I, Nakamura H, Lam V, Hofs E, Cederberg R, Cait J, et al. DMSO 
represses inflammatory cytokine production from human blood cells and 
reduces autoimmune arthritis. PLoS One. 2016;11:e0152538.

 19. Hollebeeck S, Raas T, Piront N, Schneider YJ, Toussaint O, Larondelle Y, 
et al. Dimethyl sulfoxide (DMSO) attenuates the inflammatory response in 
the in vitro intestinal Caco-2 cell model. Toxicol Lett. 2011;206:268–75.

 20. Sari E, Bakar B, Dincel GC, Budak Yildiran FA. Effects of DMSO on a rabbit 
ear hypertrophic scar model: a controlled randomized experimental 
study. J Plast Reconstr Aesthet Surg. 2017;70:509–17.

 21. de Abreu CL, Henrique Fernandes Ottoni M, Dos Santos MG, Meire-
les AB, Gomes de Almeida V, de Fátima PW, et al. Dimethyl sulfoxide 
(DMSO) decreases cell proliferation and TNF-α, IFN-γ, and IL-2 cytokines 
production in cultures of peripheral blood lymphocytes. Molecules. 
2017;22:1789.

 22. McGonagle D, Lories RJ, Tan AL, Benjamin M. The concept of a “synovio-
entheseal complex” and its implications for understanding joint inflam-
mation and damage in psoriatic arthritis and beyond. Arthritis Rheum. 
2007;56:2482–91.

 23. Obermeier F, Dunger N, Deml L, Herfarth H, Schölmerich J, Falk W. CpG 
motifs of bacterial DNA exacerbate colitis of dextran sulfate sodium-
treated mice. Eur J Immunol. 2002;32:2084–92.

 24. Alex P, Zachos NC, Nguyen T, Gonzales L, Chen TE, Conklin LS, et al. Dis-
tinct cytokine patterns identified from multiplex profiles of murine DSS 
and TNBS-induced colitis. Inflamm Bowel Dis. 2009;15:341–52.

 25. Xiao HT, Peng J, Wen B, Hu DD, Hu XP, Shen XC, et al. Indigo naturalis sup-
presses colonic oxidative stress and Th1/Th17 responses of DSS-induced 
colitis in mice. Oxid Med Cell Longev. 2019;2019:9480945.

 26. Au-Yeung BB, Shah NH, Shen L, Weiss A. ZAP-70 in signaling, biology, and 
disease. Annu Rev Immunol. 2018;36:127–56.

 27. Chan AY, Punwani D, Kadlecek TA, Cowan MJ, Olson JL, Mathes EF, et al. 
A novel human autoimmune syndrome caused by combined hypomor-
phic and activating mutations in ZAP-70. J Exp Med. 2016;213:155–65.

 28. Fine RL, Mubiru DL, Kriegel MA. Friend or foe? Lactobacillus in the context 
of autoimmune disease. Adv Immunol. 2020;146:29–56.

 29. Zegarra-Ruiz DF, El Beidaq A, Iñiguez AJ, Lubrano Di Ricco M, Manfredo 
Vieira S, Ruff WE, et al. A diet-sensitive commensal Lactobacillus strain 
mediates TLR7-dependent systemic autoimmunity. Cell Host Microbe. 
2019;25:113–127.e6.

 30. Sriram V, Du W, Gervay-Hague J, Brutkiewicz RR. Cell wall glycosphingolip-
ids of Sphingomonas paucimobilis are CD1d-specific ligands for NKT cells. 
Eur J Immunol. 2005;35:1692–701.

 31. Kinjo Y, Pei B, Bufali S, Raju R, Richardson SK, Imamura M, et al. Natural 
Sphingomonas glycolipids vary greatly in their ability to activate natural 
killer T cells. Chem Biol. 2008;15:654–64.

 32. Bian X, Wu W, Yang L, Lv L, Wang Q, Li Y, et al. Administration of Akkerman-
sia muciniphila ameliorates dextran sulfate sodium-induced ulcerative 
colitis in mice. Front Microbiol. 2019;10:2259.

 33. Berer K, Gerdes LA, Cekanaviciute E, Jia X, Xiao L, Xia Z, et al. Gut micro-
biota from multiple sclerosis patients enables spontaneous autoimmune 
encephalomyelitis in mice. Proc Natl Acad Sci U S A. 2017;114:10719–24.

 34. Liu S, Rezende RM, Moreira TG, Tankou SK, Cox LM, Wu M, et al. Oral 
administration of miR-30d from feces of MS patients suppresses MS-like 
symptoms in mice by expanding Akkermansia muciniphila. Cell Host 
Microbe. 2019;26:779–794.e8.

 35. Pradhan S, Madke B, Kabra P, Singh AL. Anti-inflammatory and immu-
nomodulatory effects of antibiotics and their use in dermatology. Indian J 
Dermatol. 2016;61:469–81.

 36. Gordon RA, Mays R, Sambrano B, Mayo T, Lapolla W. Antibiotics used in 
nonbacterial dermatologic conditions. Dermatol Ther. 2012;25:38–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Oral dextran sulfate sodium administration induces peripheral spondyloarthritis features in SKG mice accompanied by intestinal bacterial translocation and systemic Th1 and Th17 cell activation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Mice, induction of disease, and reagents
	Histologic analysis
	Scoring of clinical signs
	Flow cytometry
	DNA extraction and absolute quantitative polymerase chain reaction
	NGS-based 16S gene analysis
	Statistical analysis

	Results
	Oral DSS administration triggers a peripheral SpA phenotype in SKG mice
	Oral DSS activates both Th1 and Th17 immunity in DSS-treated SKG mice
	Antibiotics, not an anti-fungal agent, ameliorate DSS-induced peripheral SpA of SKG mice
	Oral DSS increases the bacterial DNA load and the number of bacterial species in whole blood
	Specific bacterial DNA are detected in the whole blood of DSS-treated SKG mice

	Discussion
	Conclusions
	Acknowledgements
	References


