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Abstract 

Background  Ankylosing spondylitis (AS) is a chronic inflammatory disease characterized by ectopic bone formation. 
The anti-inflammatory function of dipeptidyl peptidase-4 (DPP4) inhibitor has been reported in bone metabolism, 
but its utility in AS has not previously been investigated.

Methods  We assessed DPP4 level in serum, synovial fluid, and facet joint tissue of AS patients. Additionally, we 
investigated the effect of a DPP4 inhibitor in an experimental AS model using curdlan-injected SKG mice. Following 
curdlan injection, SKG mice were orally administered a DPP4 inhibitor three times per week for 5 weeks and observed 
clinical arthritis scores, and analyzed by micro-CT. Furthermore, osteoclast precursor cells (OPCs) from curdlan-injected 
SKG mice were treated with DPP4 inhibitor and evaluated the inhibitory effects of this treatment in vitro.

Results  Soluble DPP4 level was elevated in the serum and synovial fluid of patients with AS compared to those 
in the control group. Expression of DPP4 increased gradually during human osteoclastogenesis and was high 
in mature osteoclasts. Oral administration of a DPP4 inhibitor resulted in a decrease in thickness of the hind paw, clini-
cal arthritis scores, and enthesitis at the ankle in curdlan-injected SKG mice compared to the vehicle group. Micro-CT 
data revealed a significant reduction in inflammation-induced low bone density in the DPP4 inhibitor group. Moreo-
ver, treatment with a DPP4 inhibitor significantly reduced osteoclast differentiation of OPC in addition to decreasing 
expression of osteoclast differentiation markers.

Conclusion  Our findings suggest that inhibiting DPP4 may have a therapeutic effect on inflammation-mediated 
ectopic bone formation in AS patients.
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Background
Ankylosing spondylitis (AS) is a chronic inflammatory 
disease that affects the joints and enthesis in the axial 
skeleton [1, 2]. Clinically, TNF or IL-17 inhibitors can 
reduce inflammation and slow the progression of anky-
losis [3–7]. Pathophysiologically, animal models for 
inflammatory arthritis revealed that local inflammation 
triggers bone erosion with increased osteoclasts, leading 
to bone formation emerged by osteoblasts. This phase 
eventually induces ectopic/new bone formation, result-
ing in the formation of bony bridges and spinal ankylosis 
[8–10]. Indeed, chronic inflammation causing imbalance 
between osteoclast and osteoblast activity or excessive 
osteoproliferation/bone-forming activity is considered 
the main mechanism underlying ectopic/new bone for-
mation of AS [11]. Recent studies have shown that active 
osteoclasts are present in ectopic bone in AS and could 
contribute to the progression of ectopic bone formation 
[12, 13]. Therefore, factors derived from active osteo-
clasts could potentially trigger excessive osteoblast activ-
ity, leading to the onset and progression of AS.

Osteoclasts are responsible for bone resorption and 
play a crucial role in bone remodeling and homeostasis 
[14]. Osteoclast precursor cells (OCPs) are derived from 
CD14-positive monocytes of peripheral mononuclear 
cells (PBMCs) in  vitro. OCPs differentiate into osteo-
clasts upon stimulation by two key ligands: macrophage 
colony-stimulating factor (M-CSF) and receptor activator 
of nuclear factor kappa-B ligand (RANKL) [15, 16]. Bind-
ing of RANKL to the receptor activator of nuclear factor 
kappa-B (RANK/TNFRSF11a) induces nuclear factor-
activated T cells c1 (NFATc1), which plays a crucial role 
in osteoclastogenesis and the maturation of osteoclasts. 
In particular, osteoclast-derived coupling factors not only 
control bone remodeling but are also associated with 
bone-related diseases [17–20].

Dipeptidyl peptidase-4 (DPP4) is a widely expressed 
multifunctional serine peptidase that exists as a mem-
brane-anchored cell surface protein or in soluble form 
in the plasma [21]. Soluble DPP4 elevates pro-inflamma-
tory cytokines (IL-6 and IL-8) and induces inflammation 
through the activation of MARK-and NF-кB signaling 
pathway [22, 23]. Indeed, it is an adipokine that plays a 
crucial role in the development of obesity and insulin 
resistance [24], both of which have been suggested to be 
involved in the pathogenesis of osteoporosis [25]. Inter-
estingly, DPP4 inhibitors have been shown to reduce the 
risk of bone fracture based on meta-analyses of rand-
omized clinical trials [26–28]. DPP4 expression is highly 
expressed in human osteoclasts [29], and DPP4 inhibitors 
have been shown to reduce osteoclast differentiation and 
bone resorption in vivo [30, 31]. There is not only limited 
literature on association of DPP4 inhibitors with bone 

metabolism [32], but not yet fully explored in the DPP4 
in AS.

In this study, we observed significant elevation of DPP4 
level in the serum and synovial fluid of patients with AS 
compared to the control group. We also demonstrated 
that expression of DPP4 in mature osteoclasts and DPP4 
inhibitor reduced arthritis, enthesitis, and ectopic bone 
formation in the ankles of curdlan-injected SKG mice 
in vivo as well as of osteoclast differentiation in vitro.

Methods
Sample collection and DPP4 measurement
This study was approved by the ethics committee of Han-
yang University Seoul Hospital, and written informed 
consent was obtained from all study participants (2014-
05-001, 2014-05-002). All patients with AS enrolled in 
this study fulfilled the evaluation of 1984 modified New 
York criteria for AS [33]. All serum were male, and serum 
were collected from twenty-six healthy control (HC) 
donors and thirty patients with AS.

Synovial fluid of osteoarthritis (OA) met the criteria 
for knee OA [34]. Synovial fluids were collected from 
knee joints in seven patients with OA (2 males and 5 
females) and twenty-four patients with AS (15 males and 
9 females).

Facet bone tissues were obtained from five patients 
without inflammatory disease (all males) and five patients 
with AS (all males).

DPP4 levels in serum and synovial fluid were deter-
mined using a commercial ELISA kit (RK02755; 
ABclonal) according to the manufacturer’s protocol.

Immunohistochemistry
Immunohistochemistry was performed as described pre-
viously in detail [35, 36]. Briefly, 5-µm paraffin-embedded 
sections of facet joints were deparaffinized and permea-
bilized. Endogenous peroxidase was eliminated, and anti-
gen retrieval was performed using proteinase K solution 
(ab64220; abcam). Slides were incubated with a primary 
antibody against DPP4 (A1455; ABclonal, antibody dilu-
tion; 1:100, temperature and incubation time; 4℃ for 
overnight), followed by incubation of secondary anti-
body, amplification, and visualization using an EnVision 
Detection System kit (K5007; DaKo). Stained slides were 
mounted and visualized under microscope (Ti-U; Nikon, 
Tokyo, Japan). To quantify the expression of DPP4, the 
number of positively stained cells was determined among 
the total number of cells in three random fields. High-
power fields were observed at 200x magnification.

Differentially expressed genes (DEG) analysis
GSE225974, independent public dataset, was reanalyzed 
at the Research Support Center for Bio-Bigdata Analysis 



Page 3 of 13Lee et al. Arthritis Research & Therapy           (2025) 27:40 	

and Utilization of Biological Resources in Korea, Soon-
chunhyang University, Korea (Z-202212203727, National 
Research Facilities and Equipment Center).

Human CD14 isolation and osteoclasts differentiation
Human and murine osteoclast precursor cells (OCP) 
isolation and osteoclast differentiation were performed 
as described previously [37, 38]. Human peripheral 
blood monocytes (PBMC) were isolated from the blood 
of healthy donors using Ficoll gradient centrifugation 
(17–1440-03; GE Healthcare). Monocytes were puri-
fied from PBMCs using CD14-positive magnetic beads 
(130-050-201; Miltenyi Biotec) according to the manu-
facturer’s instructions. Briefly, human peripheral blood 
mononuclear cells (PBMC)/CD14 + cells were cultured 
in 20 ng/mL human M-CSF (300 − 25; Peprotech) in 
α-MEM medium (Gibco) including 10% FBS (Gibco) and 
1% penicillin/streptomycin (Gibco) for 2 days to gener-
ate osteoclast precursor cells (OCPs). Then, OCPs were 
incubated with 20 ng/mL M-CSF and 40 ng/mL RANKL 
(310-01; Peprotech) for an additional 6 days. Culture 
medium was replenished every 3 days. Murine bone mar-
row cells were obtained from femurs and tibias of curd-
lan-injected SKG mice and were treated with ACK lysis 
buffer (A10492-01; Gibco) to remove RBCs and cultured 
on dishes with 10 ng/mL murine M-CSF (315-02; Pepro-
tech) for 1 day. Then, suspension cells were collected and 
further cultured with 20 ng/mL murine M-CSF for 1 day, 
followed by treatment with 50 ng/mL M-CSF and 100 ng/
mL RANKL (315 − 11; Peprotech) for 4 days. The culture 
medium was replaced every 3 days.

At the end of the culture period, mature osteoclasts 
were fixed in 10% formalin and stained for acid phos-
phatase 5, tartrate resistant (TRAP) using a commer-
cial kit (PMC-AK04-COS; CosmoBio) according to the 
manufacturer’s protocol. TRAP + osteoclasts (more than 
three nuclei) were counted. To detect F-actin ring forma-
tion, cells were fixed and permeabilized with 0.1% Triton 
X-100 and then incubated with FITC-conjugated phalloi-
din (P5282; Sigma- Aldrich) for 60 min at 37 °C. Images 
of stained cells were collected under a microscope 
equipped with a camera (Ti-U; Nikon, Tokyo, Japan).

RNA extraction and mRNA analysis
RT-PCR and qPCR were performed as previously 
described [36]. Primers used for RT-qPCR reactions 
were as follows: hTRAP-qF, TGG​CTT​TGC​CTA​TGT​
GGA; hTRAP-qR, CCT​GGT​CTT​AAA​GAG​GGA​CTT; 
mTRAP-qF, ACG​GCT​ACT​TGC​GGT​TTC; mTRAP-qR, 
TCC​TTG​GGA​GGC​TGGTC; hCTK-qF, CTC​TTC​CAT​
TTC​TTC​CAC​GAT; hCTK-qR, ACA​CCA​ACT​CCC​TTC​
CAA​AG; mCTK-qF, AAG​ATA​TTG​GTG​GCT​TTG​G; 
mCTK-qR, ATC​GCT​GCG​TCC​CTCT; hITGB3-qF, GGA​

AGA​ACG​CGC​CAG​AGC​AAA​ATG; hITGB3-qR, CCC​
CAA​ATC​CCT​CCC​CAC​AAA​TAC; mITGB3-qF, GAA​
ACA​GAG​CGT​GTC​CCG​TA; mITGB3-qR, GGT​CTT​
GGC​ATC​CGT​GGT​AA; hDC-STAMP-qF, AAA​GCT​
TGC​CAG​GGT​TTG​AG; hDC-STAMP-qR, GGT​TTT​
GGG​ATA​CAG​TTG​GGTTC; mDC-STAMP-qF, TCC​
TCC​ATG​AAC​AAA​CAG​TT; mDC-STAMP-qR, AGA​
CGT​GGT​TTA​GGA​ATG​CA; hNFATc1-qF, GCA​TCA​
CAG​GGA​AGA​CCG​TGTC; hNFATc1-qR, GAA​GTT​
CAA​TGT​CGG​AGT​TTC​TGA​G; mNFATc1-qF, CCC​
GTC​ACA​TTC​TGG​TCC​AT; mNFATc1-qR, CAA​GTA​
ACC​GTG​TAG​CTC​CACAA; hDPP4-qF, GAC​ACC​GTG​
GAA​GGT​TCT​TCT; hDPP4-qR, CTG​TAG​CAT​CAT​
CTG​TGC​CTT; hGAPDH-qF, ATC​AAG​AAG​GTG​GTG​
AAG​CA; hGAPDH-qR, GTC​GCT​GTT​GAA​GTC​AGA​
GGA; mβ-Actin-qF, CCT​GAA​CCC​TAA​GGC​CAA​CC; 
mβ-Actin-qR, ATG​GCG​TGA​GGG​AGA​GCA​TA.

Protein extraction and immunoblotting analysis
Immunoblotting was performed as described previ-
ously with minor modifications [13, 39]. Briefly, cell pel-
lets were lysed in 1X RIPA buffer including protease and 
phosphatase inhibitor cocktails and incubated on ice for 
1 h followed by a centrifugation at 12,000 g for 30 min at 
4  °C. About thirty lysates were separated by SDS-PAGE 
and electrophoretically transferred to nitrocellulose 
membranes (10600002; GE Healthcare) in a prechilled 
1X transbuffer (temperature and transfer time; at 4℃ for 
two hour). Membranes were blocked with 5% non-fat 
milk in Tris-buffered saline (TBS) with 0.1% Tween-20 
for an hour and incubated with specific primary antibod-
ies (temperature and transfer time; 4℃ for overnight), 
followed by incubation with horseradish peroxidase-con-
jugated secondary antibodies (temperature and transfer 
time; room-temperature for an hour). Immunoblots were 
visualized with Pierce ECL (32106; ThermoFisher), fol-
lowed by UVITECH imaging System (Cambridge UK).

Primary antibodies against NFATc1 (556602; BD Bio-
sciences), DPP4 (A1455; ABclonal), phosY527 SRC (2105; 
Cell Signaling), phos-Y416 SRC (2101; Cell Signaling), 
total SRC (2108; Cell Signaling), phos-p38 (9215; Cell 
Signaling), total-p38 (sc-535; Santa Cruz), phos-ERK 
(9102; Cell Signaling), phos-JNK (9255; Cell Signaling), 
ALP (sc-365765; Santa Cruz), COL1A (sc-59772; Santa 
Cruz), OPN (sc-21742; Santa Cruz), OCN (ab93876; 
abcam), RUNX2 (12556; Cell Signaling), GAPDH (5174; 
Cell Signaling), and β-actin (A2228; Sigma) were used. 
Horseradish peroxidase (HRP)-conjugated secondary 
antibodies (111-035-003 and 115-035-003; from Jackson 
Immune Research) were used. Primary antibodies were 
diluted 100-fold in 1X TBS-T and secondary antibodies 
were diluted 500-fold in 1X TBS-T with 5% non-fact milk 
for immunoblotting experiments.
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Immunofluorescence
Cells were seeded onto glass coverslips in 24-well plates 
at 5 × 104 cells per well. The next day, cells were rinsed 
with ice-cold PBS and fixed with 4% paraformaldehyde 
in PBS. Following cell fixation, cells were blocked with 
blocking solution (0.3% Triton X-100, 1% bovine serum 
albumin, and 10% normal goat serum in PBS) for 1 h at 
room temperature. Cells were incubated with appropriate 
primary antibodies (1:100) in blocking solution for over-
night at 4oC and then with Cy3-conjugated anti-rabbit 
antibody (111–165-144; Jackson ImmunoResearch Labo-
ratories) or Alexa Fluor 594-conjugated anti-mouse anti-
body (A-11005; Thermo Fisher Scientific) for an hour at 
room-temperature. The stained slide was mounted with 
VECTASHIELD Mounting Medium with DAPI (H-1200; 
Vector Laboratories). Immunofluorescence images were 
acquired by confocal microscopy (Leica Microsystems, 
Germany).

Curdlan‑injected SKG mice
All experimental procedures were performed in accord-
ance with the Guide for the Care and Use of Labo-
ratory Animals and were approved by the Animals 
Ethics Screening Committee of Hanyang University 
(2022–0027 A). ZAP-70 mutant SKG mice derived from 
BALB/c strain were originally obtained from Dr. Sakagu-
chi (Osaka University, Japan) [40]. Eight-week-old male 
SKG mice (total n = 20) were intraperitoneally injected 
with 3 mg of curdlan [41]. One week later, SKG mice were 
randomly divided into two groups (n = 8 mice for each 
group). One group received PBS injections, while the 
other received oral administration with 30  µg of DPP4 
inhibitor (known as Linagliptin, S3031; Selleckchem) 
three times weekly for 5 weeks. All mice were moni-
tored for up to 5 weeks and scored by the same observer, 
who was blinded, as follows: 0 = no swelling or redness, 
0.1 = swelling or redness of digits, 0.5 = mild swelling 
and/or redness of wrists or ankle joints, and 1 = severe 
swelling of the larger joints. Scores of the affected joints 
were summed, with a maximum possible score of 6 [42]. 
Histopathological features of mouse ankles were scored 
on a scale of 1–4, where 1 = few infiltrating immune cells, 
2 = 1–2 small patches of inflammation, 3 = inflammation 
throughout the ankle joint, and 4 = inflammation in soft 
tissue/entheses/fasciitis [41]. To quantitatively evaluate 
the severity of enthesitis, mouse paws were scored using 
a previously described scoring system where 1 = mild 
inflammation at the tendon insertion site, 2 = mild-to 
moderate inflammatory infiltrate at the insertion site 
and along the tendon, 3 = severe inflammation with bone 
involvement, and 4 = severe inflammation with oblit-
eration of the tendon-bone interface [43]. Mice were 

sacrificed, and their femurs and tibia were collected to 
isolate bone marrow cells for osteoclast differentiation.

Histological and micro‑CT analysis
Ankles of sacrificed mice were fixed with 10% formalin 
for 1 week and decalcified with 20% EDTA for at least 
1 month at 4  °C. Paraffin-embedded tissue blocks were 
sectioned at 5-µm thickness. Sections were used for his-
tological analysis and osteoclasts for TRAP examina-
tion. Staining procedures were conducted in accordance 
with standard protocols or the manufacturer’s instruc-
tions. The slides were stained with hematoxylin and eosin 
(H&E, 1.05174.0500; Merck) for histological observation, 
Safranin O solution (SO, ab150681; Abcam) for cartilage 
analysis, and TRAP for osteoclast analysis. All slides were 
mounted with permanent mounting medium (H-5000; 
Vector Lab).

Micro-computed tomography (Micro-CT) analy-
ses were conducted, and data were analyzed by the 2nd 
Analysis Lab (Seoul, Korea). Mouse ankles were fixed 
in 10% formalin for 1 week and analyzed by high-reso-
lution Micro-CT (Skyscan1272; Bruker Micro-CT, Kon-
tich, Belgium). Scanner settings were as follows: voltage 
of 60  kV, aluminum filter of 0.25  mm, and a resolution 
of 9  μm per pixel. The Micro-CT images were used for 
three-dimensional (3D) histomorphometric analyses. 
Images were reconstructed with NRecon v1.7.3.1 soft-
ware (Bruker Micro-CT) + InstaRecon software (Ins-
taRecon), analyzed by CTAn v1.20.3.0 software (Bruker 
Micro-CT), and visualized using the 3D model visualiza-
tion software CTVol v2.3.2.0 (Bruker Micro-CT).

Human osteoprogenitor cell isolation and osteoblast 
differentiation
The method for osteoblast differentiation of human pri-
mary osteoprogenitor cells was previously described in 
detail [42]. The primary osteoprogenitor cells were iso-
lated from human cancellous bone chips and cultured 
in DMEM (SH30243.01; HyClone) growth medium 
(GM) containing 10% FBS (16,000–044; Gibco) and 1% 
penicillin/streptomycin (15,140–122; Gibco). The iso-
lated cells were induced to osteoblast differentiation 
with osteogenic conditional medium (OM) based on 
GM containing 50 µM ascorbic acid (A4544; Sigma), 10 
mM β-glycerolphosphate (SC-220452  A; Santa Cruz), 
and 100 nM dexamethasone (D2915; Sigma). The OM 
was replaced every 3 days. During osteoblast differen-
tiation, at 7 days, matrix maturation was evaluated by 
alkaline phosphatase (ALP) and type 1 collagen (COL) 
staining. At 14 and 21 days, matrix mineralization was 
evaluated using alizarin red (ARS), von kossa (VON), and 
hydroxyapatite (HA) staining.
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Statistics analysis
Graph-Pad Prism 7 was used to produce graphs and to 
conduct statistical analyses. The Mann-Whitney test 
or Student’s t-test was performed to assess the statisti-
cal significance of differences between groups. Prior to 
this, normality tests (Shapiro-Wilk test) were conducted 
to determine whether the data followed a normal dis-
tribution. When more than two groups were compared, 
either one-way ANOVA was used. Values are presented 
as mean ± standard error of the mean (SEM). All experi-
ments were conducted at least three times. Asterisks 
represent the level of statistical significance (* p < 0.05, ** 
p < 0.01, *** p < 0.001).

Results
DPP4 expression is elevated in the serum, synovial fluid, 
and facet joint tissue samples of AS patients
We first examined the DPP4 level in collected human 
serum and synovial fluid of AS patients and compared 
it to that in control patients. All serum were male, and 
serum were collected from twenty-six healthy control 
(HC) donors (32.1 ± 5.2 years) and thirty patients with 
AS (mean age 37.3 ± 2.6 years). In patients with AS, levels 
of erythrocyte sedimentation rate (ESR) and C-reactive 
protein (CRP) were 40.33 ± 36.1 mm/h and 3.15 ± 2.6 mg/
dl, respectively. Synovial fluids were collected from 
knee joints in seven patients with OA (61.4 ± 6.7 years) 
and twenty-four patients with AS (47.7 ± 16.5 years). 
In patients with AS, the levels of ESR and CRP were 
41.1 ± 35.5  mm/h and 4.7 ± 5.8  mg/dl, respectively. ESR 
and CRP levels in OA patients were measured close to 
the normal value of O. Soluble DPP4 was significantly 
elevated in serum (Fig.  1A) and synovial fluid (Fig.  1B) 
samples of AS patients. Given this finding, we next exam-
ined expression of DPP4 in the facet joints within L-spine 
tissues of AS patients. Facet bone tissues were obtained 
from five patients without inflammatory disease (mean 
age 49.6 ± 5.5 years) and five patients with AS (mean age 
50.6 ± 5.4 years). In patients with AS, the levels of ESR 
and CRP were 15.4 ± 14.5  mm/h and 4.0 ± 1.9  mg/dl, 
respectively. Immunohistochemistry analysis and immu-
nofluorescence analysis revealed that DPP4 expression 
was higher in inflammatory immune cells of the bone 
marrow region within facet joints of AS patients than 
control patients (Fig.  1C-F). These results indicate that 
DPP4 expression is elevated in AS patients.

DPP4 is highly expressed in human mature osteoclasts
Recently, Weivoda and colleagues reported that DPP4 is 
highly expressed in bone marrow-derived osteoclasts [30] 
and GSE225974, independent public dataset, was reana-
lyzed to reveal an increase of DPP4 in human osteoclasts 
(Fig. 2A and Suppl. Figure 1 A). To test whether DPP4 is 

expressed by osteoclasts, we differentiated osteoclasts 
from human CD14-positive monocytes of human blood 
as shown in Fig. 2B. Human mature osteoclasts at 9 days 
were well-formed, as determined by TRAP and F-actin 
assays (Fig.  2C). NFATc1 protein level was upregulated 
in mature osteoclasts at 9 days, and DPP4 protein level 
increased gradually during osteoclastogenesis (Fig.  2D). 
RT-qPCR data indicated that DPP4 mRNA expression 
was gradually upregulated during osteoclastogenesis 
in addition to levels of osteoclast differentiation mark-
ers such as tartrate-resistant acid phosphatase (TRAP), 
cathepsin K (CTK), integrin beta chain beta 3 (ITGB3), 
and dendritic cell-specific transmembrane protein (DC-
STAMP) (Fig.  2E). Consistent with the previous obser-
vation [29, 30], DPP4 was highly expressed in human 
osteoclasts compared to PBMC (Suppl. Figure 1B). Using 
immunofluorescence, we also confirmed DPP4 expres-
sion in human mature osteoclasts (Fig.  2F). These find-
ings indicate that DPP4 is highly expressed by mature 
human osteoclasts.

Treatment with DPP4 inhibitor reduces arthritis 
and enthesitis, and inflammation in the peripheral joints 
of curdlan‑injected SKG mice in vivo
Since we found high level of DPP4 in AS patients, we 
experimentally designed the effects of oral administra-
tion with DPP4 inhibitor in a curdlan-injected SKG mice 
model (Fig. 3A). As comparison of DPP4 inhibitor group 
with vehicle group in curdlan-injected SKG mice, oral 
administration with DPP4 inhibitor dramatically allevi-
ated clinical symptoms such as arthritis scores, hind paw 
thickness after 3 weeks in curdlan-injected SKG mice 
(Fig.  3B). Dactylitis in foots and ectopic bone forma-
tion in ankle (indicated as black arrows) were obviously 
decreased in DPP4 inhibitor group of curdlan-injected 
SKG mice (Fig.  3C). Moreover, DPP4 inhibitor group 
showed reduction of popliteal lymph node size in cur-
dlan-injected SKG mice (Suppl. Figure  2). Histological 
analysis exhibited decreased inflammation in the bone 
marrow and enthesitis within ankle of the DPP4 inhibi-
tor group compared to the curdlan-injected SKG mice 
group (Fig.  3D and E). Proinflammatory cytokines such 
as TNFα, IL-1β, and IL-6 were statistically reduced in 
ankle region of DPP4 inhibitor group compared to vehi-
cle group (Suppl. Figure  3). Micro-CT analysis revealed 
that mice treated with the DPP4 inhibitor had statistically 
reduced inflammation-mediated ectopic bone forma-
tion and low bone density in their foot (Fig. 3F; indicated 
as red arrows and 3G). Taken together, these data con-
firm that treatment with DPP4 inhibitor significantly 
decreased arthritis, enthesitis, and ectopic bone forma-
tion in the peripheral joints of curdlan-injected SKG 
mice.
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Treatment with DPP4 inhibitor diminishes ectopic bone 
formation in ankle of curdlan‑injected SKG mice in 
vivo and attenuates osteoclast differentiation in vitro
Consistently, there was no difference of normal bone den-
sity in ankle between vehicle and DPP4 inhibitor treated 
groups, but ectopic bone formation and low bone den-
sity in ankle were significantly reduced by treatment with 
DPP4 inhibitor (Fig. 4A; indicated as red arrow and 4B). 
Interestingly, histologic analysis of the ankles of curdlan-
injected SKG mice showed elevation in the percentages of 
TRAP-positive cells around hypertrophic chondrocytes 

(Fig.  4C; indicated as black arrows), whereas DPP4 
inhibitor group showed a significant reduction in ectopic 
bone formation as well as TRAP-positive cells ratio in 
the ankle (Fig.  4D). Furthermore, expressing DPP4 in 
TRAP-positive osteoclasts were enriched of AS facet 
joints that had undergone bone remodeling (Suppl. Fig-
ure 5; indicated as black arrows in H&E image and white 
arrows in immunofluorescence). To explore whether 
DPP4 inhibitor treatment affected osteoclastogenesis, 
we isolated bone marrow cells of curdlan-injected SKG 
mice and treated these murine osteoclast precursor cells 

Fig. 1  Expression of DPP4 is significantly elevated in AS. We measured soluble DPP4 level in serum and synovial fluid. Soluble DPP4 level 
was assessed by ELISA in (A) the serum of healthy control participants (HC; n = 26) and patients with AS (n = 30) and in (B) synovial fluid samples 
from patients with osteoarthritis (OA; n = 7) and AS (n = 24). Immunohistochemical staining (C) and immunofluorescence staining (E) for DPP4 
was performed on facet joint tissues from control (n = 5) and AS (n = 5) patients. Representative images are shown. D and F DPP4-positive cells were 
counted and quantified by two independent researchers. Statistical significance is shown by **p < 0.01, ***p < 0.001 based on the Mann–Whitney U 
test
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(OPCs) with a DPP4 inhibitor. Treatment with the DPP4 
inhibitor decreased the number of TRAP-positive osteo-
clasts (Fig. 4E and F) as well as osteoclast differentiation 
markers such as ITGB3, DC-STAMP, NFATc1, CTK, and 
TRAP (Fig. 4H). DPP4 inhibitor treatment also inhibited 
expression of NFATc1 in murine osteoclasts accompa-
nied by decrease in phos-p38 and phos-Y527 SRC pro-
tein expression as revealed by immunoblotting (Fig. 4G). 
Collectively, these data demonstrate that treatment with 
DPP4 inhibitor diminishes ectopic bone formation in 
ankle of curdlan-injected SKG mice in  vivo and attenu-
ates osteoclast differentiation in vitro.

Discussion
This study highlights the potential therapeutic effect 
of DPP4 inhibitor treatment on ectopic bone forma-
tion in AS in  vivo and in  vitro. We found that increase 
in level and expression of DPP4 in serum, synovial fluid, 
and facet joint tissue samples of AS patients compared 
to control. We also showed high expression of DPP4 in 
mature osteoclasts. In  vivo experiments using curdlan-
injected SKG mice showed that targeting DPP4 signifi-
cantly alleviated arthritis, dactylitis, inflammation, and 
ectopic bone formation in peripheral joints. In  vitro 
experiments revealed that the DPP4 inhibitor reduced 

Fig. 2  DPP4 expression is highly expressed in human mature osteoclasts. A Osteoclast-related genes were analyzed by RNA-sequencing 
(GSE225974), and a heatmap was generated to compare the expression of osteoclast-related genes and DPP4 between peripheral blood 
mononuclear cell (PBMC) (n = 4) and osteoclast (n = 4) groups. B Schematic graphic illustrating the isolation of CD14 + cells from human PBMCs 
and their differentiation into mature osteoclasts in the presence of M-CSF (20 ng/mL) for 2 days followed by co-stimulation with M-CSF (20 ng/
mL) and RANKL (40 ng/mL) for an additional 6–7 days. Figure was created using BioRender.com. Mature osteoclasts were subjected to (C) staining 
with TRAP and F-actin ring on day 8, (D) immunoblotting for NFATc1, DPP4, and β-actin as loading control, (E) RT-qPCR for osteoclast markers 
including TRAP, CTSK, ITGB3, DC-STAMP, and DPP4 (normalized to expression of GAPDH). F DPP4 localization in mature osteoclasts was observed 
by immunofluorescence, with DPP4 shown in red and F-actin in green. Statistical significance is shown by *p < 0.05, ***p < 0.001 based 
on the Mann–Whitney U test
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Fig. 3  Oral administration of DPP4 inhibitor attenuates arthritis, enthesitis, and inflammation in the peripheral joints of curdlan-injected SKG 
mice. Eight-week-old male SKG mice (total n = 20) were intraperitoneally injected with 3 mg of curdlan. After 1 week, SKG mice were randomly 
divided into two groups (n = 8 mice per group) and received oral administration of either PBS or of DPP4 inhibitor three times per week for 5 
weeks. At the end of the 5 weeks, mice were sacrificed for further experiments. Experimental design is shown in (A). B Clinical arthritis scores 
and hind paw thickness were quantified. C Representative gross images of ankles and hind paws are displayed; blocked arrows indicate ectopic 
bone. D Histological images of ankle tissues stained with H&E that received histological scores (n = 8 mice per group). E Histological score at ankle 
were quantified as shown in (D). F Representative Micro-CT images of hind paws are shown, with orange and red arrows indicating low density 
bone and ectopic bone formation at peripheral joints, respectively. G Micro-CT image data were quantified as shown in (F). Statistical significance 
is shown by *p < 0.05, **p < 0.01, ***p < 0.001 based on two-way ANOVA and the Mann–Whitney U test
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TRAP-positive osteoclast formation and NFATc1 expres-
sion accompanied by decreasing phos-Y527 SRC and 
phos-p38 expression. Collectively, these findings suggest 
that DPP4 expressed in mature osteoclasts plays a crucial 
role in inflammation-mediated ectopic bone formation in 
AS pathogenesis, indicating that targeting DPP4 could be 
a promising therapeutic option.

Bone is a dynamic tissue that constantly changes and 
regenerates by three consecutive steps: bone resorption 
by osteoclasts, transition from catabolism to anabo-
lism, and bone formation by osteoblasts. Each step is 
tightly controlled by molecules mediating communi-
cation among bone cells (osteoclasts, osteoblasts, and 
osteocytes) to maintain bone homeostasis and remod-
eling. However, an imbalance in bone remodeling leads 
to various forms of bone disorder such as osteoporo-
sis, osteopenia, osteopetrosis, or AS [44]. Particularly 
in pathogenesis of AS, there are three serial processes 
involving in inflammation, bone erosion, and syndesmo-
phyte are observed by radiological changes in ectopic 
bone formation in enthesis, implicating that regulation 
of chronic inflammation and resorption by osteoclast to 
effectively inhibit disease progression in AS [9]. Impor-
tantly, osteoclast-derived coupling factors are crucial in 
bone-related disorders [17] as they release several soluble 
factors that stimulate osteoblast activity such as platelet-
derived growth factor-BB (PDGF-BB), cardiotrophin-1 
(CT-1), sphingosine-1-phosphate (S1P), WNT10B, 
BMP6, and complement factor 3a (C3a) [20, 45–49]. 
Therefore, controlling osteoclast activity in bone-related 
disease may have therapeutic potential.

DPP4 inhibitors are commonly used to treat type 2 dia-
betes. A higher body mass index (BMI) is associated with 
an increased risk of developing type 2 diabetes. Interest-
ingly, increased BMI is correlated with the presence of 
syndesmophyte formation and radiographic progres-
sion in axial spondyloarthritis, but not in disease activ-
ity or inflammation [50, 51]. Moreover, patients with 
type 2 diabetes have high frequency of osteoporosis and 
reduced bone mineral density (BMD). Meta-Analysis 

exhibited that DPP4 inhibitor use affect positive impact 
on bone mineral density in patients with type 2 diabetes 
[52]. Inhibition of soluble DPP4 prevents the release of 
pro-inflammatory cytokines such as IL-6 and IL-8 [22]. 
Previous studies reported that DPP4 inhibitors reduce 
obesity- and macrophage-related inflammation [53, 
54]. Conversely, Increased soluble DPP4 exacerbates 
endothelial inflammation [23]. Furthermore, treatment 
with DPP4 inhibitor in type 2 diabetes appear to have a 
low frequency and a decreased disease activity of vari-
ous autoimmune disease, indicating that DPP4 inhibitors 
might target pathological immune cells and have thera-
peutic effects in autoimmune and autoinflammatory dis-
eases [55, 56].

Lipid profiles including total cholesterol, high-density 
lipoprotein (HDL), low-density lipoprotein (LDL), and 
triglycerides tends to be decreased levels in AS patients 
compared to healthy control [57]. The similar results 
were consistently observed in HLA-B27 transgenic rat 
[58]. Intriguingly, decreased lipid profiles levels in AS 
groups were reversed after TNF treatment [59, 60]. DPP4 
inhibitors is known to be standard treatment for type 2 
diabetic patients via effectively regulating glucose and 
lipid metabolism and lipid profiles levels, and it could 
contribute the reduction of cardiovascular risk of these 
patients [61]. Although we could not be directly assessed 
in this study, it is reasonable to predict that DPP4 inhibi-
tor groups also might be low levels of lipid profiles and 
contributes to inflammation-mediated ectopic bone for-
mation of curdlan-injected SKG mice.

We observed that treatment with DPP4 inhibitor 
reduced murine osteoclastogenesis in bone marrow cells 
from curdlan-injected SKG mice (Fig. 4E). Previous study 
reported that a DPP4 inhibitor had potent suppressive 
effects on the ossification of fibroblasts in AS In contrast, 
our findings suggest that DPP4 inhibitor treatment did 
not influence osteoblast differentiation of primary osteo-
progenitor cells (Suppl. Figure 6 A ~ 6 H). There was no 
significant difference of bone-forming activity in osteo-
blast (Suppl. Figure  6B ~ 6  F) and in the expression of 

(See figure on next page.)
Fig. 4  Treatment with DPP4 inhibitor diminishes ectopic bone formation in ankle of curdlan-injected SKG mice in vivo and attenuates osteoclast 
differentiation in vitro. A Representative Micro-CT images of ankles in each group; orange indicates inflamed low-density bones. Red arrows 
in Micro-CT images indicate ectopic bone formation in the tibia. B Low bone density and normal bone density were quantified at the ankle. 
C Histological images of ectopic bone at the tibia stained with H&E (upper), Safranin O (SO; middle), and TRAP (lower). Black arrows in histology 
images indicate ectopic bone formation in the tibia. D The number of TRAP-positive cells was quantified in lower panel of (C). Bone marrow 
of the mice from five weeks after injection of SKG mice with curdlan was isolated to induce murine osteoclast precursor cells (OPCs) with mM-CSF 
for 2 days and then differentiated into mature osteoclasts in the presence of mM-CSF and mRANKL. OPCs were treated with PBS or DPP4 inhibitor 
for an additional 4 days. Mature osteoclasts were subjected to (E) TRAP staining and (F) quantification, (G) immunoblotting for DPP4, Phos-Y527 
SRC, Phos-Y416 SRC, Total SRC, Phos-p38, Total p38, Phos-ERK, Total ERK, Phos-JNK1/2/3, Total JNK1/2/3 and NFATc1, and β-actin as loading control, 
and (H) RT-qPCR for osteoclast differentiation markers (ITGB3, DC-STAMP, NFATc1, CTK and TRAP; n = 5). Representative images are shown. Values are 
mean ± SEM. Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001 after Mann–Whitney U tests
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Fig. 4  (See legend on previous page.)
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mRNA and protein such as ALP, COL1, OPN, OCN, and 
RUNX2 (Suppl. Figure  6G and 6  H), indicating that the 
DPP4 inhibitor selectively regulated osteoclasts differen-
tiation without affecting osteoblasts. Moreover, previous 
studies have reported that DPP4 is increased in post-
menopausal women and correlated with increased bone 
turnover [20, 62].

Our study has several limitations that should be con-
sidered. First, the prevalence of type 2 diabetes among 
AS patients was not taken into consideration. Although 
AS treatment reduces inflammation and disease pro-
gression, it does not halt bony progression. In our study, 
we evaluated the effects of a DPP4 inhibitor on arthritis 
and ectopic bone formation in peripheral joints using a 
curdlan-injected SKG mice model. Further research is 
required to investigate the potential preventive effects 
of DPP4 inhibitors on AS. Second, we did not consider 
soluble DPP4 levels in  vitro and in  vivo. DPP4 inhibi-
tors are responsible for inhibiting enzyme activity rather 
than inhibiting the expression of DPP4. Further research 
is required to investigate the enzyme activity of DPP4 
on AS in vitro and in vivo. Third, we could observe mor-
phological changes in the legs of curdlan-injected SKG 
mice. However, unfortunately, we did not proceed with 
leg morphological analysis, as this study focused specifi-
cally on the anti-inflammatory effects of inflammation-
mediated iso-bone formation and DPP4 inhibitors in 
SKG mice infused with curdlan at the ankle. It would be 
necessary to see the change in leg of curdlan-injected 
SKG mice using footprint analysis in future. Addition-
ally, we did not examine the association between DPP4 
and platelet-derived growth factor-BB (PDGF-BB), which 
is secreted by active osteoclasts and can exacerbate bone 
mineralization in enthesis cells. Finally, we did not con-
sider disease activity or disease indicators in AS patients 
when analyzing DPP4 level in serum and synovial fluid 
samples. Further large-scale multicenter cohort studies 
are needed to better understand the relationship between 
type 2 diabetes and AS.

Conclusions
In summary, we demonstrated elevated level of DPP4 
in the serum, synovial fluid, and spinal tissues of AS 
patients. Moreover, DPP4 was highly expressed in osteo-
clasts, particularly those in the spinal facet joint tissues 
of AS patients. Inhibition of DPP4 effectively reduced 
ectopic bone formation and osteoclastogenesis in curd-
lan-injected SKG mice, both in  vivo and in  vitro. These 
findings highlight the potential of DPP4 inhibitors as 
therapeutic agents for alleviating ectopic bone formation 
in AS.
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