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Dipeptidyl Peptidase-4 and 
Adolescent Idiopathic Scoliosis: 
Expression in Osteoblasts
Emilie Normand1,2, Anita Franco1,3, Alain Moreau3,4,5 & Valérie Marcil1,2

It has been proposed that girls with adolescent idiopathic scoliosis (AIS) tend to have a taller stature and 
a lower body mass index. Energy homeostasis, that is known to affect bone growth, could contribute to 
these characteristics. In circulation, dipeptidyl peptidase-4 (DPP-4) inactivates glucagon-like peptide-1 
(GLP-1), an incretin that promotes insulin secretion and sensitivity. Our objectives were to investigate 
DPP-4 status in plasma and in osteoblasts of AIS subjects and controls and to evaluate the regulatory 
role of metabolic effectors on DPP-4 expression. DPP-4 activity was assessed in plasma of 113 girls and 
62 age-matched controls. Osteoblasts were isolated from bone specimens of AIS patients and controls. 
Human cells were incubated with glucose, insulin, GLP-1 and butyrate. Gene and protein expressions 
were evaluated by RT-qPCR and Western blot. Our results showed 14% inferior plasma DPP-4 activity in 
AIS patients when compared to healthy controls (P = 0.0357). Similarly, osteoblasts derived from AIS 
subjects had lower DPP-4 gene and protein expression than controls by 90.5% and 57.1% respectively 
(P < 0.009). DPP-4 expression was regulated in a different manner in osteoblasts isolated from AIS 
participants compared to controls. Our results suggest a role for incretins in AIS development and 
severity.

Adolescent idiopathic scoliosis (AIS) is a three dimensional malformation of the spine of unknown cause appear-
ing in children between the age of 10 years old and adulthood1. This type of scoliosis affects about 2% of all ado-
lescents and mostly girls, with a ratio of 10 girls to every boy1, 2. Patients affected with AIS can have mild (Cobb 
angle under 25°), moderate (25 to 45°) or severe (≥45°) scoliotic curvature and treatment will differ according to 
disease severity1, 2.

Several studies have shown that girls with AIS tend to have different anthropometric features compared to 
age-matched controls such as a taller stature, lower body mass index and systemic low bone mass, but the causes 
of these differences remain unexplained3–5. As a matter of fact, comparing nutritional intake of girls affected with 
AIS and healthy controls showed no significant discrepancies regarding calorie, calcium or protein consumption6. 
While differences in energy homeostasis (appetite regulation, energy expenditure, insulin sensitivity) could con-
tribute to explain these differences, these components have been poorly explored in AIS.

Limited studies have examined the role of leptin in AIS, a hormone produced by the adipose tissue that reg-
ulates hunger. Interestingly, leptin can also affect bone metabolism through direct and indirect mechanisms7–10. 
Two studies have shown lower serum leptin levels in girls with AIS than in controls11, 12, however others have dis-
puted these findings13, leaving the role of leptin in AIS etiopathology and related abnormal bone growth unclear. 
Though the observations of Liu et al. failed to show a difference in serum leptin concentrations, abnormal leptin 
bioavailability was proposed as a contributing factor to AIS etiology13. In addition, a study found no clear associ-
ation between variations in leptin gene expression and AIS14. However, others revealed that a polymorphism in 
the leptin receptor (LEPR) gene was associated with the occurrence of AIS, supporting the idea that malfunctions 
in the leptin signalling pathway could contribute to AIS development15.
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Energy homeostasis, that influences bone mass and bone growth16, is maintained by the interplay between 
several hormones17. In addition to adipokines secreted by the adipose tissue, the gastro-intestinal (GI) tract 
secretes peptides in response to nutrient intake18. These incretins modulate glucose homeostasis, mainly through 
glucose-induced insulin secretion, inhibition of glucagon release and enhancement of insulin sensitivity19, but 
accumulating evidence suggests that they may also influence bone metabolism20, 21. It was proposed that GI 
hormones could contribute to reduced bone resorption after a meal20. Of particular interest, GI-secreting pep-
tides include glucagon-like peptide-1 (GLP-1), which promotes insulin secretion by interacting with its receptor 
(GLP-1R) on pancreatic β cells22, 23 and enhances insulin sensitivity in peripheral tissues22. New evidences indicate 
that short-chain fatty acids including butyric acid, that are products of non-digestible carbohydrate fermentation 
by gut microbiota, can stimulate GLP-1 secretion, thereby influencing glucose homeostasis and energy balance24, 25  
and supporting the role of gut microbiota in bone health26, 27.

GLP-1 is secreted by intestinal L cells as a 7–37 or 7–36 amide peptide and is rapidly inactivated in circu-
lation by the aminopeptidase dipeptidyl peptidase-4 (DPP-4), a multifunctional membrane-anchored enzyme 
mainly produced by endothelial cells28. DPP-4 inhibitors, a class of drugs on the market for the treatment of type 
2 diabetes29, were shown to decrease the risk of bone fractures when compared to standard diabetes treatments 
(insulin and thiazolidinediones) and placebos30, establishing a link between DPP-4 and bone quality. DPP-4, by 
controlling GLP-1 inactivation, is a tight regulator of energy homeostasis, insulin secretion and sensitivity. Since 
these phenomena are known to influence bone growth in children and adolescents31, 32, it is possible that they 
contribute to the AIS etiology, progression and/or severity.

In this study, we aimed to investigate DPP-4 status in plasma and in osteoblasts of AIS subjects and con-
trols. Our study also intended to evaluate the regulatory role of metabolic effectors (glucose, insulin, GLP-1 and 
butyrate) on DPP-4 expression in osteoblasts derived from AIS and control subjects.

Results
DPP-4 activity in plasma.  Biochemical assays were performed on plasma of girls with AIS and matched 
controls to assess DPP-4 enzymatic activity. No difference in age was noted between groups, but wide ranges in 
body mass index and Cobb angles were observed within the AIS cohort (Table 1). As shown in Fig. 1, plasma 
DPP-4 activity of AIS patients was 14% lower than that of controls (P = 0.0357), suggesting less GLP-1 cleavage 
in circulation. To verify the effect of body mass index on DPP-4 activity, the AIS cohort was stratified using BMI-
for-age percentiles according to the Center for Disease Control and Prevention (CDC, 2016) charts. No signifi-
cant difference in DPP-4 activity was found between groups (data not shown). Next, we stratified the AIS cohort 
according to participants’ highest Cobb angle and observed lower DPP-4 activity only in AIS subjects with Cobb 
angles superior to 30° and the diminution was found statistically significant only in girls with Cobb angles >50° 
(Supplementary Figure 1).

DPP-4 expression in osteoblasts.  With this set of experiments, we aimed to compare total cellular DPP-4 
expression in osteoblasts isolated from AIS subjects and healthy controls (cohorts detailed in Supplementary 
Tables 1 and 2). Our results revealed a marked decrease in DPP-4 gene and protein expression (respective 
decrease of 90.5% and 57.1%, P < 0.009) in AIS patients compared to controls (Fig. 2). Under our experimental 
conditions, secreted DPP-4 was undetectable in cell culture media. Osteoblasts from AIS patients were obtained 

Group N

Age BMI
Highest Cobb 
angle (°)

Mean Range Mean Range Mean Range

Controls 62 14.3 ± 1.5 11.6–16.5 n/a n/a — —

AIS 113 13.7 ± 1.4 11.6–16.7 19.5 ± 3.7 14.1–34.5 33 ± 15 10–71

Table 1.  Demographic data of subjects tested for plasma DPP-4 activity. DPP-4: Dipeptidyl Peptidase-4; BMI: 
Body mass index; AIS: Adolescent idiopathic scoliosis.

Figure 1.  Plasma DPP-4 activity. DPP-4 activity was measured using the DPPIV/CD26 Enzo Life Science’s 
assay kit in plasma of 113 AIS girls and 62 age-matched controls. *P < 0.05 using two-tailed Student’s t-test. 
Data are presented as mean ± standard deviation.
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intra-operatively during spine surgery (collected at curve apex), whereas osteoblasts for controls were isolated 
from leg bones of trauma cases. Therefore, we aimed to validate whether the observed differences in DPP-4 
expression were related to the specimen collection site. To do so, we studied DPP-4 expression in osteoblasts 
derived from spines and femurs of three animal species (mouse, rabbit and rat). Our results showed equivalent 
levels of DPP-4 gene and protein expression between osteoblasts derived from femurs and spines for all 3 species 
(Supplementary Figure 2), supporting that the observed differences between AIS and controls were not due to the 
anatomical sites of bone specimen collection.

Osteoblast mineralization and cell viability.  We used alizarin red staining to examine the degree of 
mineralization of osteoblasts derived from AIS and control subjects. There was no significant difference observed 
in the mineralization status between groups after 2, 3 and 4 weeks (Supplementary Figure 3). To verify the integ-
rity of the osteoblasts used in our experiments, cells were examined for the presence of the bone biomarker 
alkaline phosphatase (ALP). Both groups showed a positive result as demonstrated by the purple color on cellular 
monolayers (Supplementary Figure 4), thus validating the presence of mature osteoblasts in both groups. In our 
laboratory, all cultured osteoblasts are routinely tested for bone markers such as RUNX2, BMP2, PTGS2 and OPN 
using RT-qPCR. We observed little to no difference between cells derived from AIS and control participants as 
previously described by Oliazadeh et al.33.

Modulation of DPP-4 expression by metabolic effectors.  We then investigated whether short- (2 h) 
and long-term (24 h) incubations with metabolic effectors could modify osteoblast DPP-4 expression. First, the 
impact of effectors on cell viability was assessed using the MTT assay. Compared to cells that did not receive treat-
ment, incubations for 2 and 24 h with glucose (5 mM), insulin (0.3 nM), glucose and insulin (5 mM and 0.3 nM), 
GLP-1 (10 nM) and butyrate (10 mM) did not significantly affect cell viability (Supplementary Figure 5), thus 
showing that these effectors were not toxic for the cell cultures. Subsequently, we measured their impact on DPP-4 
gene and protein expression using RT-qPCR and Western blot. Results show that most short-term treatments 
with glucose or insulin did not impact DPP-4 gene and protein expression in a significant manner for control and 
AIS osteoblasts (Fig. 3a and b). Only incubations in the presence of both glucose and insulin significantly reduced 
DPP-4 protein expression in control osteoblasts (35% decrease, P < 0.05) without modulating mRNA levels, sug-
gesting a post-transcriptional regulation. Long-term incubations with glucose and/or insulin led to higher DPP4 
gene expression in osteoblasts obtained from control subjects (glucose: 240%, P < 0.05; insulin: 244%, P < 0.05; 
glucose and insulin: 310%, P < 0.01) (Fig. 4a). However, these increases were not reflected in protein expression 
(Fig. 4b). Moreover, the impact of short- and long-term incubations with GLP-1 and butyrate were tested. While 
2 h incubations with GLP-1 did not impact DPP-4 expression (Supplementary Figure 6), we found that the 24 h 
treatment had an effect on gene expression in cells obtained from controls (increase of 362% P < 0.01) without 
affecting protein levels (Fig. 5). Finally, incubations with butyrate did not significantly modulate DPP-4 gene 

Figure 2.  DPP-4 gene and protein expression in osteoblasts isolated from controls and AIS patients. (a) DPP4 
gene expression was measured by RT-qPCR with GAPDH as endogenous control (n = 7/group). Relative 
expression was analyzed with the 2−ΔΔCT method. (b) DPP-4 protein expression was evaluated by Western blot 
(n = 3 controls and n = 6 AIS patients) and β-actin was used as endogenous control. **P < 0.01 using two-tailed 
Student’s t-test. Data are presented as mean ± standard deviation.
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and protein expression (Supplementary Figures 7 and 8). Of note, at both time points and with all effectors, the 
expression of DPP-4 in AIS osteoblasts was inferior to controls.

STAT1 expression in osteoblasts.  Finally, we compared gene and protein expression of the Signal trans-
ducer and activator of transcription 1 (STAT1), a known DPP-4 transcriptional regulator, in osteoblasts derived 
from control and AIS subjects (cohorts detailed in Supplementary Tables 1 and 2). Our results revealed a 46% 
reduction in STAT1 gene expression, which was not statistically significant (Fig. 6a) and a similar lower protein 
expression in AIS cells (47% reduction, P < 0.015) (Fig. 6b).

Discussion
In this study, we found lower DPP-4 activity in plasma of AIS girls compared to age-matched female controls. 
Stratification by higher Cobb angle showed that DPP-4 activity decreased with curve severity, that this decline 
became apparent at the 30° mark and was significant for curves above 50°. We also confirmed that DPP-4 is 
expressed in osteoblasts and that DPP-4 gene and protein expression is lower in osteoblasts of AIS patients com-
pared to controls. Results obtained in animal studies validate our findings of observed differences to be in fact 
related to the disease rather than the collection sites. We also found that, in AIS osteoblasts, DPP-4 expression is 
regulated by glucose, insulin and GLP-1 in a different manner than in cells obtained from controls. These results 
support the hypothesis of a relation between insulin sensitivity and AIS. Accordingly, other groups have found 
that patients with AIS have increased fasting total ghrelin levels, a peptide hormone that stimulates food intake34, 
possibly in part by modulating the effect of GLP-135. Authors put forward that ghrelin signalling could play a role 
in AIS development and explain lower body weight and body mass index in AIS girls and also suggested a role of 
GI hormones in AIS physiopathology.

The optimal regulation of GLP-1 actions is based on its partial degradation by the enzyme DPP-428. Therefore, 
it is possible that in AIS, lower levels of DPP-4 result in less cleavage and higher active GLP-1 in circulation. 
Active GLP-1 binds the GLP-1R on pancreatic β cells, stimulating insulin secretion and thus plays a role in bone 
growth22, 31. Insulin can influence bone cell activity by binding to the insulin receptor on osteoblasts36. Given the 
role of DPP-4 in energy homeostasis, we hypothesize that enhanced insulin response and sensitivity could con-
tribute to explain abnormal bone growth of patients during puberty. This may possibly be linked to the severity 
and/or progression of AIS and also explain in part the different anthropometric features reported, such as lower 
body mass index3.

Figure 3.  Impact of short-term treatments with glucose and insulin on DPP-4 expression. Cells were treated 
with glucose (5 mM), insulin (0.3 nM) and glucose + insulin (5 mM and 0.3 nM) for 2 hours. (a) DPP4 gene 
expression in osteoblasts of controls (n = 3) and AIS patients (n = 4–6) was measured by RT-qPCR with 
GAPDH as endogenous control. Relative expression was analyzed with the 2−ΔΔCT method. (b) DPP-4 protein 
expression in osteoblasts of controls and AIS patients (n = 3/group) was measured by Western blot with β-actin 
as endogenous control. *P < 0.05 and **P < 0.01 vs. untreated controls; #P < 0.05 and ##P < 0.01 vs. treated 
controls using one-way ANOVA followed by Tukey’s post-hoc tests. Data are presented as mean ± standard 
deviation.
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DPP-4 inhibitors, used as antidiabetic drugs, are known to decrease bone fracture compared to standard dia-
betes treatment and placebo29. Conversely, Cheng et al. reported osteopenia and early onset osteoporosis in AIS 
patients37. However, this study was done exclusively in a population from Hong Kong and bone health has not 
been well characterized in Caucasian cohorts. Therefore, further data are needed to determine the impact of lower 
DPP-4 activity on bone features of AIS patients.

We focused our experiments on DPP-4 instead of GLP-1 directly, mainly because that in order to correctly 
assess the active form of GLP-1, it is required to treat the blood with a DPP-4 inhibitor within 30 seconds of vein-
ipuncture38. In our case, this procedure was not possible as the plasma samples were obtained from an archived 
biobank. Moreover, because the fasting state of subjects was unknown, measuring GLP-1 levels could possibly 
lack accuracy39. However, studies have reported that plasma DPP-4 activity was not different between fasting and 
post-prandial states40, 41. Other possible confounding factors of DPP-4 activity include participants’ body mass 
index, although no differences were found in our cohort, bone mineral density and gender. According to the 
literature, the correlation between bone mineral density and DPP-4 activity varies according to the population 
studied. Recently, Carbone L.D. et al.42 reported no association between plasma DPP-4 activity and bone mineral 
density in a cohort of 1536 elderly adults. Another study performed in obese postmenopausal women found that 
low bone mineral density was positively correlated with serum DPP-4 activity43. Also, Carbone L.D. et al. found 
no difference in plasma DPP-4 activity between male and female participants42.

For all treatments and time points we observed lower DPP-4 expression in AIS osteoblasts compared to con-
trols, indicating that metabolic effectors do not influence this disparity. This might reflect a concomitant lesser 
production by other tissues and could contribute to inferior levels of DPP-4 in plasma of AIS subjects. DPP-4 
is widely expressed in the human body, as it is found in many tissues and cells, but mostly on the surface of 
endothelial cells including blood vessels passing through the GI tract44. However, the contribution of the bone to 
circulating DPP-4 remains unknown. There is very little literature exposing DPP-4 in relation to osteoblasts and 
this is surely a field that needs more investigation. While secreted DPP-4 could not be detected under our experi-
mental conditions, Das et al.73 successfully studied released DPP-4 from adipocytes, which could indicate higher 
secretion from adipocytes than osteoblasts. The same authors also showed that adipocytes cultured with a high 
glucose concentration (25 mM) expressed less intracellular DPP-4 than cells incubated with lower concentrations 
(5 mM)73. Besides, Kyle et al. studied in mice the effects of a DPP-4 chemical reduction using a DPP-4 inhibitor 
on bone quality and the impact of Dpp4 genetic inactivation45. Their results showed that female mice treated with 

Figure 4.  Impact of long-term treatments with glucose and insulin on DPP-4 expression. Cells were treated 
with glucose (5 mM), insulin (0.3 nM) and glucose + insulin (5 mM and 0.3 nM) for 24 hours. (a) DPP4 gene 
expression in osteoblasts of controls (n = 3) and AIS patients (n = 4–6) was measured by RT-qPCR with 
GAPDH as endogenous control. Relative expression was analyzed with the 2−ΔΔCT method. (b) DPP-4 protein 
expression in osteoblasts of controls and AIS patients (n = 3/group) was measured by Western blot with β-actin 
as endogenous control. *P < 0.05 and **P < 0.01 vs. untreated controls; ##P < 0.01 and ###P < 0.001 vs. treated 
controls using one-way ANOVA followed by Tukey’s post-hoc tests. Data are presented as mean ± standard 
deviation.
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Figure 5.  Impact of long-term treatment with GLP-1 on DPP-4 expression. Cells were treated with GLP-1 
(10 mM) for 24 hours. (a) DPP4 gene expression was measured in osteoblasts of controls (n = 3) and AIS 
patients (n = 6) by RT-qPCR with GAPDH as endogenous control. Relative expression was analyzed with the 
2−ΔΔCT method. (b) DPP-4 protein expression in osteoblasts of controls and AIS patients (n = 3/group) was 
measured by Western blot with β-actin as endogenous control. **P < 0.01 vs. untreated controls; ###P < 0.001 
vs. treated controls using one-way ANOVA followed by Tukey’s post-hoc tests. Data are presented as 
mean ± standard deviation.

Figure 6.  STAT1 gene and protein expression in osteoblasts isolated from control and AIS patients. (a) STAT1 
gene expression was measured in osteoblasts of controls (n = 7) and AIS patients (n = 13) by RT-qPCR with 
GAPDH as endogenous control. Relative expression was analyzed with the 2−ΔΔCT method. (b) STAT-1 protein 
expression was evaluated by Western blot (n = 3/group) and β-actin was used as endogenous control. *P < 0.05 
using two-tailed Student’s t-test. Data are presented as mean ± standard deviation.
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the DPP-4 inhibitor had better vertebral volumetric bone mineral density and trabecular architecture. However, 
Dpp4−/− mice did not present any significant difference in their bone features. It was proposed that a total 
inactivation of the gene could lead to compensatory changes hiding an impact on bone, compared to a partial 
inactivation of activity with a DPP-4 inhibitor45. Moreover, using mice that do not express the insulin receptor on 
their osteoblasts, the need for insulin for optimal bone development was demonstrated36.

There is limited knowledge on the molecular mechanisms that regulate DPP-4 enzymatic activity and gene 
transcription and they possibly vary according to cell type46. The cytosine and guanine rich region in the DPP4 
gene promoter is a known site for the binding of transcription factors involved in the regulation of metabolic 
pathways47. DPP4 promoter also contains a gamma interferon activation site (GAS), a sequence to which the 
transcription factor STAT-1 binds. The binding of STAT-1 to the GAS region is stimulated by interferons α, β and 
γ and it is known to up-regulate the expression of cell-surface and intracellular DPP-4 as well as DPP-4 activity48. 
A study showed a 42% increase of functional DPP-4 activity following a 48 h-incubation with interferon α on 
chronic B lymphocytic leukemia cells49. Our results support the hypothesis that a reduction in STAT-1 expression 
could be a plausible mechanism explaining lower DPP-4 in AIS osteoblasts.

In our study, osteoblasts were treated with different metabolic effectors that are implicated, directly or indi-
rectly, in the DPP-4 pathway to evaluate whether they modulate DPP-4 gene and protein expression. While 
incubations with glucose at normal physiological concentrations50–52 did not modify DPP-4 expression, long 
term incubations with insulin (corresponding to physiological concentrations of post-prandial state53), elevated 
DPP-4 gene expression in osteoblasts from controls while reduced protein expression. This indicates possible 
post-transcriptional regulation. For instance, DPP-4 can be regulated by post-transcriptional mechanisms like 
methylation54, glycosylation55 and phosphorylation56. Together, our results indicate that DPP-4 expression can be 
regulated in a different manner in AIS versus control cells.

A newcomer in studies vis-à-vis regulation of metabolic pathways is the gut microbiota57. As a matter of fact, 
disorders like obesity and type 2 diabetes have been linked with variations in gut microbiota composition58–60. 
Evidence also suggest that short-chain fatty acids (acetate, propionate and butyrate), products of non-digestible 
carbohydrate by gut microbiota fermentation, can stimulate the secretion of incretins such as GLP-1.

Studies in animals61 and in humans24 have confirmed the link between gut microbiota fermentation and pro-
duction of GLP-1. A relationship between gut microbiota and bone health is also supported: butyrate is now 
considered a treatment for bone loss because of its action as a histone deacetylase inhibitor which regulates 
osteoblast differentiation and bone formation26, 27. Moreover, studies have shown that prebiotics could be used 
to prevent osteoporosis62, 63 and in HepG2 cells, butyrate induced higher DPP-4 activity46. However, in our study, 
a treatment with 10 mM butyrate64, 65 did not impact DPP-4 expression in osteoblasts. It has been documented 
that butyrate stimulates incretin secretion by binding to free fatty acid receptors (FFAR1 and FFAR2)66 that are G 
protein-coupled receptors67. A study by Akoumé et al. reported a signalling dysfunction of G inhibitory proteins 
in AIS patients68, which could explain why treatments with butyrate showed no variation in DPP-4 expression.

GLP-1 at a physiological concentration (10 nM)69, 70 only influenced DPP-4 expression in control osteoblasts. It 
is possible that GLP-1 signalling in AIS patients could be impaired given the occurrence of G inhibitory proteins 
malfunction in AIS68 and the role of cyclic adenosine monophosphatase (cAMP) as a key mediator of the GLP-1 
pathway71. To this day, GLP-1R expression in osteoblasts has not been clearly confirmed72. Although GLP-1 plays 
a role in bone modeling and bone growth, the mechanisms explaining these functions are still unclear. Treating 
hindlimb-unloading rats with exendin-4, a GLP-1R agonist, promoted bone formation, bone mass and bone 
quality72. In this study, GLP-1R was not found expressed in osteoblasts, but was detected in bone marrow stromal 
cells. Also, it was revealed that the activation of GLP-1R on bone marrow stromal cells can indirectly promote 
osteoblast differentiation through the regulation of PKA/β-catenin and PKA/PI3K/AKT/GSK3β pathways72.

A first limitation of our study is that some clinical and demographic data that could consist in confounding 
factors were unavailable, such as participants’ nutritional status, level of physical activity and bone mineral status. 
Another limitation is that, because plasma and bone specimen were not collected from the same participants, 
DPP-4 activity and expression could not be compared. Moreover, since bone specimens were collected intraoper-
atively, the osteoblasts used for our cellular experiments originated only from severe scoliosis cases.

In conclusion, our study revealed differences in DPP-4 activity, expression levels and regulation between AIS 
girls and healthy controls. Additional studies are needed to further confirm the role of DPP-4 and incretins in AIS 
development and severity.

Methods
Population.  AIS subjects were examined by an orthopedic surgeon at Sainte-Justine University Hospital in 
Montreal, Canada. Subjects were deemed to be affected if history and physical examination were consistent with 
the diagnosis of idiopathic scoliosis and a minimum of a ten-degree curvature in the coronal plane with vertebral 
rotation was found by X-Ray imaging. Healthy controls for plasma collection were recruited in elementary and 
high schools in the larger Montreal area. Bone specimens were collected intraoperatively from vertebras (varying 
from T3 to L4 according to the surgical procedure performed) and from tibias or femurs, in AIS patients and 
trauma cases respectively. Osteoblasts used for cellular biology experiments were derived from female subjects, 
except for unstimulated DPP4 gene expression, for which samples from 4 male subjects were added. Approval 
was obtained by the Institutional Review Boards of Sainte-Justine Hospital, Montreal Children’s Hospital, The 
Shriners Hospital for Children in Montreal, The Affluent School Board and The Montreal English School Board, 
in accordance to respective guidelines. Parents or legal guardians of all participants gave written informed con-
sent, and minors also gave their assent. All experimental protocols were approved by the Institutional Review 
Boards of Sainte-Justine Hospital.
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DPP-4 plasma activity.  Peripheral blood samples of AIS girls (n = 113) and age-matched female controls 
(n = 62) were collected in EDTA-treated tubes and centrifuged. Derived plasma samples were aliquoted and kept 
frozen at −80 °C until thawed and analyzed. DPP-4 activity in plasma was measured using the DPPIV/CD26 
Enzo Life Science’s assay kit which allows for the measurement of DPP-4 activity (Farmingdale, NY, USA), follow-
ing the manufacturer’s protocol. The activity was expressed in units of µmol/min/L (U/L), with 1 U representing 
amount of substrate H-gly-pro-pNA hydrolysed per minute. Data were then calculated as percentage of DPP-4 
activity in controls.

Human cell preparation and culture.  Human osteoblasts were isolated from bone specimens obtained 
intraoperatively as previously described74. Each biopsy specimen was carefully cleared of remaining fatty and con-
nective tissue prior to being cut into smaller pieces that were repeatedly rinsed in PBS 1X and centrifuged. Bone 
fragments were cultured in α-MEM culture media (Wisent Bio Products, St-Bruno, QC, Canada) supplemented 
with 10% fetal bovine serum (FBS, Hyclone Laboratories, Logan, UT, USA) and 1% antibiotic/antimycotic 
(Thermo Fisher Scientific, Waltham, MA, USA). Cultures were allowed to grow to confluence at 37 °C, 5% CO2.

Animal cell preparation and culture.  Bone specimens of untreated wild-type mice, rats and rabbits were 
collected at the Sainte-Justine Hospital animal facility. The spines and femurs of 6 mice (species: C57Bl/6, all 
male), 2 rabbits (species: New-Zealand, both male) and 5 rats (species: Sprague Dawley, unknown genders) were 
collected post-euthanasia. Specimens were processed and cultured as described above. All experiments were 
performed in accordance with relevant guidelines and regulations and were approved by Sainte-Justine Hospital 
Institutional Committee of Good Animal Practice in Research.

Cell treatments.  The regulation of DPP-4 expression by metabolic effectors was evaluated by incubating 
human osteoblasts with five different compounds and/or combination of compounds for 2 and 24 h. Effectors 
used were glucose (5 mM, Sigma-Aldrich, Oakville, ON, Canada), insulin (0.3 nM, Humulin R, Eli Lilly, 
Indianapolis, IN, USA), glucose + insulin (5 mM and 0.3 nM), GLP-1 (10 nM, Sigma-Aldrich) and butyric acid 
(10 mM, Sigma-Aldrich). At confluence, after a 16 h pre-incubation with serum-free α-MEM media, effectors 
were mixed into serum-free α-MEM media before being added to the wells and incubated at 37 °C. For each 
sample and time point, the negative control consisted of cells incubated only with serum-free α-MEM media.

Quantitative real-time PCR.  Total RNA was isolated from confluent osteoblasts seeded at a concentra-
tion of 60,000 cells/mL, using TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer’s pro-
tocol. RNA (500 ng) was reverse-transcribed into cDNA using All-In-One RT MasterMix (Applied Biomedical 
Materials, Richmond, BC, Canada). Following cDNA synthesis, qPCR was performed using Taqman gene expres-
sion probes for human (DPP4 #Hs00175210_m1; GAPDH #Hs02758991_G1) and mouse (Dpp4 #Mm00494549_
m1; Gapdh #Mm99999915_g1) according to the manufacturer’s instructions. For rats and rabbits, primers were 
designed using the Basic Local Alignment Search Tool program by NCBI and synthetized by BioCorp (Montreal, 
QC, Canada). Primers were: rat Dpp4: 5′-aaagagctgagagtcctggag-3′ (forward), 5′-tgagtcatagtcctcccaccg-3′ 
(reverse); rat Gapdh: 5′-ggcaagttcaacggcacagt-3′ (forward), 5′-tggtgaagacgccagtagactc-3′ (reverse); rab-
bit dpp4: 5′-tgagtatctccacagacaagaaga-3′ (forward), 5′-ttctaagagaagaaacagtctatcagg-3′ (reverse); rabbit Actb: 
5′-ccaaccgcgagaagatga-3′ (forward), 5′-ccagaggcgtacagggatag-3′ (reverse). For rats and rabbits, qPCR was per-
formed using Fast SYBR Green (Thermo Fisher Scientific). Transcript expression was assessed with the 7500 Fast 
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), and calculations were performed with the 
2−ΔΔCT method using GAPDH or β-actin as internal controls.

Western blot analysis.  For each sample, 2–3 10 cm petri dishes of confluent cells were used for protein 
extraction. Osteoblasts were homogenized using M-Per (Thermo Fisher Scientific) supplemented with 1X pro-
tease inhibitor cocktail (Hoffman- La Roche Limited, Mississauga, ON, Canada) (20 µl/dish) and adequately 
prepared for Western blotting as previously described75. The Bradford assay was used to estimate protein con-
centration. Loading buffer (6X) was added to protein extracts (30–40 µg) and boiled at 100 °C for 5 minutes, 
before being separated on a 10% SDS-PAGE gel and blotted onto a nitrocellulose membrane. Primary antibodies 
were: DPP-4 (ab28340, Abcam, Cambridge, UK) (1:500 and 1:1000 for 10- and 15-well gels, respectively); STAT1 
(MA1–037X, Thermo Fisher Scientific) (1:500) and; β-actin (A5441, Sigma-Aldrich) (1:5000 and 1:20000 for 
10 and 15-well gels, respectively). Secondary antibodies were DPP-4 (goat anti-rabbit, 31460, Thermo Fisher 
Scientific) (1:1000 and 1:5000 for 10 and 15-well gels, respectively); STAT1 (goat anti-mouse, 115-035-003, 
Jackson Immunoresearch, West Grove, PA, USA) (1:1000) and; β-actin (goat anti-mouse, 115-035-003, Jackson 
Immunoresearch, West Grove, PA, USA) (1:5000 and 1:20000 for 10 and 15-well gels, respectively). Bands were 
visualized with the SuperSignal Chemiluminescent Substrate (Thermo Fisher Scientific) and data was analysed 
using the densitometry tool in ImageJ2 software (National Institutes of Health).

Mineralization assay by alazarin red staining.  Osteoblasts from AIS and trauma patients (controls) 
were cultured to passage 2 or 3 and grown to confluence as described above. Media was replaced by a minerali-
zation-inducing media constituted of complete media with 50 µg/ml ascorbic acid (Sigma-Aldrich) and 10 mM 
β-glycerophosphate (Sigma-Aldrich). Media was changed 3 times per week. On days 14, 21 and 28 from date of 
plating, cells were fixed and stained. Cells were rinsed in PBS 1X and fixed in 4% paraformaldehyde (PFA, Thermo 
Fisher Scientific) and incubated at room temperature for 15 min. Cells were then rinsed in ddH2O and incubated 
with alizarin red solution (40 mM, pH 4.1, Sigma-Aldrich) for 20 min at room temperature. Wells were once 
again rinsed with ddH2O and images were recorded by a HP Scanjet G3110 Photo Scanner (Hewlett-Packard, 
Palo Alto, Ca, USA). For relative quantification, 10% acetic acid (Thermo Fisher Scientific) was added to each 
well and incubated at room temperature on a shaker for 30 min. The cellular monolayer was collected, vortexed 
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and incubated at 85 °C for 10 min. Samples were transferred on ice for 5 min and centrifuged at 20,000 g for 
15 min. The supernatant was neutralized with 2% ammonium hydroxide (Thermo Fisher Scientific) at 2:1 volume. 
Samples were plated in 96-well plates and optical densities were read at 405 nm using the DTX880 Multimode 
Detector (Beckman Coulter, Brea, CA, USA). Relative quantification was evaluated by comparing readings of AIS 
to controls.

Alkaline phosphatase staining.  Cells were plated and cultured as described above. After 2 weeks, they 
were fixed for staining by incubation with PFA for 2 min and rinsed 3 times with ddH2O. 5-Bromo-4-chloro-
3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT) liquid substrate system (Sigma-Aldrich) was added and 
cells were incubated at 37°C for 10 min. Wells were rinsed twice in PBS 1X and images were collected by photo 
scanner.

MTT viability assay.  Osteoblasts were seeded in 96-well plates (100,000 cells/well) and after 1 week, cells 
were incubated with metabolic effectors as described. After treatment, media was replaced with MTT solution 
(12 mM) (Sigma-Aldrich) prepared in PBS 1X and microplates were incubated at 37 °C, 5% for 2 h. MTT solution 
was removed and 50 μl DMSO (Sigma-Aldrich) was added. After a 10 min incubation at 37 °C and vigorous mix-
ing, absorbance was read at 540 nm. Percentage of cell viability was evaluated for each treatment and patient by 
calculating the absorbance ratio to the respective untreated samples. For validation, the experiment was repeated 
in 48-well plates (50,000 cells/well)..

Statistics.  We performed multiple and single comparisons of means using two-tailed Student-t tests and 
one-way ANOVA followed by Tukey’s post-hoc-tests. Equality of variance among groups was determined using 
the F-test of equality of variance. Analyses were achieved using the GraphPad Prism 7.0 software (GraphPad 
Software, La Jolla, CA, USA). Data are expressed as mean values ± SEM. P value < 0.05 was considered significant.
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