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Abstract. N‑methyl pyrrolidone (NMP), a small bioactive 
molecule, has the potential to stimulate bone formation and 
inhibit osteoclast differentiation. The aim of the present study 
was to investigate the effect of NMP on the inflammatory 
response and underlying molecular mechanisms in MG‑63 
cells. The mRNA and protein expression of cytokines from 
peripheral blood in children with or without ankle fracture were 
determined by reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) and ELISA, respectively. MG‑63 
cells were pre‑treated with/without NMP and stimulated with 
1 µM bradykinin (BK). The production of cytokines from 
MG‑63 cells was assessed by western blotting and RT‑qPCR. 
The expression of inducible nitric oxide synthase (iNOS) and 
cyclooxygenase‑2 (COX‑2) mRNA and protein were measured 
using western blotting and/or RT‑qPCR. Western blotting 
was used to examine the activation level of mitogen activated 
protein kinase. Compared with healthy children, levels of 
tumor necrosis factor (TNF‑α), interleukin (IL)‑1β and IL‑6 
mRNA and protein were upregulated in children with ankle 
fracture. NMP treatment did not induce cytotoxicity in 
MG‑63 cells. The BK‑induced upregulation of TNF‑α, IL‑1β, 
IL‑6, iNOS and COX‑2 mRNA and protein was reversed 
in a dose‑dependent manner by NMP. Furthermore, NMP 
downregulated the activation of c‑Jun NH2‑terminal kinase 

and p38 pathways, but not the extracellular signal‑related 
kinase pathway. Therefore, the results of the current study 
demonstrate that NMP inhibits inflammation dependent on 
the mitogen‑activated protein kinase pathway in MG‑63 cells, 
indicating that it may be beneficial in the healing of fractures.

Introduction

Fracture is a very common bone injury. The occurrence of 
fracture in the forearms, hands, and feet of children is high, 
particularly in the ankles, with a global incident rate of 187 per 
100,000 people. However, incidence rates vary among coun-
tries, ages, sexes and sites of injury (1‑3). Due to the specific 
characteristics of children's bones, delayed and/or improper 
treatment of ankle fracture in children may cause bone defor-
mity and disability (4,5). The process of bone formation involves 
a balance between osteoblast and osteoclast activity and the 
healing of fractures requires a large number of osteoblasts (6). 
It has been demonstrated that there is a link between osteoclasts 
and inflammatory cytokines: High numbers of osteoclasts 
are associated with high numbers of inflammatory cytokines, 
including TNF‑α and IL‑1, following bone fracture (7).

Owing to the close association of chronic inflamma-
tory processes to endogenous prostaglandin production (8), 
bradykinin (BK) stimulates bone resorption in neonatal 
mouse calvariae, suggesting that kinins should be regarded as 
candidates for osteoclastic activation in inflammatory condi-
tions (9,10). BK may stimulate bone resorption and potentiate 
the bone resorptivity induced by interleukin (IL)‑1  (11). 
Furthermore, receptor activator of nuclear factor κ‑B ligand 
(RANKL), a tumor necrosis factor (TNF)‑related cytokine, 
is an important factor affecting bone resorption  (12,13). 
RANKL may activate the cognate receptor RANK on osteo-
clast progenitor cells and TNF receptor‑associated factors 
(TRAFs)/mitogen‑activated protein kinases, resulting in the 
differentiation of osteoclast progenitor cells that may then fuse 
into multinucleated, bone‑resorbing osteoclasts (12‑14).

N‑methyl pyrrolidone (NMP), a small bioactive molecule, 
enhances bone formation and inhibits osteoclast differen-
tiation (15,16). It has been demonstrated that NMP inhibits 
inflammation by repressing the NF‑kB pathway (17). This indi-
cates that NMP may be used as an adjuvant therapy alongside 
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established methods of bone fracture treatment. Therefore, 
the present study investigated the effects of NMP on inflam-
matory process using MG‑63 cells stimulated with BK as an 
inflammatory process model. It was demonstrated that NMP 
reduced the expression of iNOS/COX‑2 and the increase in the 
expression of inflammatory cytokines, including IL‑1β, IL‑6 
and TNF‑α, induced by BK. Taken together, the results of the 
current study suggest that NMP exerts its anti‑inflammatory 
function by downregulating the expression of phosphorylated 
(p)‑c‑Jun N‑terminal kinases (JNK) and p‑p38, which may 
regulate osteoblast and osteoclast activity by decreasing and 
increasing their numbers, respectively. This may promote bone 
formation and thus help to relieve ankle fractures in children.

Materials and methods

Patients. A total of 60 peripheral blood samples (2 ml per 
individual) from 60 children with ankle fracture, as well as 
60 peripheral blood samples from 60 healthy children were 
collected at Children's Hospital Affiliated to Nanjing Medical 
University from August 2015 to April 2016. The average age 
of patients and healthy controls were 6.0±1.2 and 5.9±1.3 years 
old, respectively. The ratio of the boys and girls was equal in 
the two groups of children. Informed consent was obtained 
from the parents or guardians of all children enrolled and 
the present study was approved by the Ethics Committee of 
Children's Hospital Affiliated to Nanjing Medical University 
(Nanjing, China).

Cell culture. The human osteoblastic osteosarcoma cell line 
MG‑63, which expresses osteoblastic phenotypes, was obtained 
from the American Type Culture Collection (cat. no. CRL‑1427; 
Manassas, VA, USA) and was used in current study. Cells 
were seeded into 9.5 cm2 culture dishes at a concentration of 
104 cells/cm2 and α‑Minimum Essential medium (MEM)/10% 
fetal calf serum (FCS; Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) was added to each dish. Cells were 
cultured for 1‑2 days until they reached 80‑90% confluence, 
then washed twice with phosphate‑buffered saline (PBS) twice 
and once with serum‑free α‑MEM. Finally, cells were cultured 
for 48 h at 37˚C in 10 nM NMP (Selleck Chemicals, Houston, 
TX, USA) containing α‑MEM/1% FCS. Subsequently, 1 µM 
BK was added and cells were cultured for a further 24 h at 
37˚C. Cells were divided into 4 different groups: A control 
group (cells without any treatment), a 1 µM BK induced group 
(cells were treated with 1 µM BK for 24 h at 37˚C), a 1 µM 
BK + 5 mM NMP group (cells were treated with 5 mM NMP 
for 48 h at 37˚C and then 1 µM BK for 24 h at 37˚C) and a 1 µM 
BK + 10 mM NMP group (cells were treated with 10 mM NMP 
for 48 h at 37˚C and then 1 µM BK for 24 h at 37˚C).

Cell viability assay. Cell viability was tested using a 
Water‑soluble tetrazolium‑1 (WST‑1) Cell Proliferation and 
Cytotoxicity assay kit (cat. no. C0036; Beyotime Institute 
of Biotechnology, Haimen, China), a colorimetric assay for 
nonradioactive quantification of cellular proliferation, viability 
and cytotoxicity, according to the manufacturer's protocol. 
Briefly, MG‑63 cells were cultured in 96‑well plates for 24 h 
and then incubated with different concentrations of NMP (0, 5 
or 10 mM) (17) for 48 h at 37˚C. Following stimulation, WST‑1 

(1/10 of total volume) was added to each well and incubated for 
a further 2 h at 37˚C in the dark. Absorbance at 450 nm in each 
well was evaluated using a microplate reader.

ELISA assay. The supernatants were collected from the 
peripheral blood of healthy controls and patients with ankle 
fracture via centrifugation (3,000 x g at 4˚C for 15 min). ELISA 
kits were then used to detect TNF‑α (cat. no. E‑EL‑H0109c), 
IL‑1β (cat. no. E‑EL‑H0149c) and IL‑6 (cat. no. E‑EL‑H0102c) 
levels in the peripheral blood of healthy controls and patients 
with ankle fracture following the manufacturer's protocol. All 
ELISA kits were purchased from Elabscience Biotechnology 
Co., Ltd (Wuhan, Hubei, China).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from MG‑63 cells was isolated using 
TRIzol (Invitrogen; Thermo Fisher Scientific Inc.), following 
the manufacturer's protocol. A total of 1 µg RNA was reverse 
transcribed into cDNA using the TaqMan microRNA Reverse 
Transcription kit (Invitrogen) according to the manufacturer's 
protocol. Analysis of mRNA levels was performed using the 
TaqMan® Universal PCR Master Mix kit (Thermo Fisher 
Scientific Inc.) on an ABI PRISM 7900 HT sequence‑detec-
tion system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The thermocycling conditions were as follows: 95˚C for 
10 min, followed by 40 cycles of 95˚C for 10 sec and 60˚C 
for 60 sec. The primer sequences used were as follows: IL‑1β, 
forward, 5'‑TGT​GAA​ATG​CCA​CCT​TTT​GA‑3' and reverse, 
5'‑TGA​GTG​ATA​CTG​CCT​GCC​TG‑3'; IL‑6, forward, 5'‑CCG​
GAG​AGG​AGA​CTT​CAC​AG‑3' and reverse, 5'‑CAG​AAT​TGC​
CAT​TGC​ACA‑3'; TNF‑α, forward, 5'‑GAA​CTG​GCA​GAA​
GAG​GCA​CT‑3' and reverse, 5'‑GGT​CTG​GGC​CAT​AGA​ACT​
GA‑3'; cyclooxygenase (COX)‑2, forward, 5'‑TCC​ATT​GAC​
CAG​AGC​AGA​GA‑3' and reverse, 5'‑TCT​GGA​CGA​GGT​TTT​
TCC​AC‑3'; inducible nitric oxide synthase (iNOS), forward, 
5'‑CAC​CTT​GGA​GTT​CAC​CCA​GT‑3' and reverse, 5'‑ACC​
ACT​CGT​ACT​TGG​GAT​GC‑3', GAPDH, forward, 5'‑GGC​
ATT​GCT​CTC​AAT​GAC​AA‑3' and reverse, 5'‑TGT​GAG​GGA​
GAT​GCT​CAG​TG‑3'. Relative gene expression was quantified 
using the 2‑ΔΔCq method (18).

Western blotting. MG‑63 cells were cultured to 80‑90% 
confluence monolayers in 60 cm2 petri dishes, washed twice 
in PBS and once in serum free α‑MEM, then cultured with 
α‑MEM (without serum) for 24 h.

Following incubation, MG‑63 cells were washed with 
PBS three times prior to addition of the lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China). 
Protein concentrations of the cell lysates were measured using a 
BCA assay (Thermo Fisher Scientific, Inc.), with bovine serum 
albumin (Thermo Fisher Scientific, Inc.) acting as a standard. 
The sample buffer was added to cell lysates and boiled for 
3 min. Samples (2 µg/lane) were loaded on 10% SDS‑PAGE 
and blotted onto PVDF membranes, which were blocked 
with 5% skim milk for 2 h at room temperature. Membranes 
were subsequently incubated with primary antibodies (all 
Cell Signaling Technology Inc., Danvers, MA, USA) against 
TNF‑α (1:1,000; cat. no. 3707), IL‑1β (1:1,000; cat. no. 12703), 
IL‑6 (1:1,000; cat. no. 12153), p‑p38 (1:1,000; cat. no. 1170), 
p‑ERK (1:1,000; cat. no. 4370), p‑JNK (1:1,000; cat. no. 4668), 
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and β‑actin (1:5,000; cat no. 4970) overnight at 4˚C, washed 
3 times for 10 min/wash in TBST and then incubated with the 
anti‑rabbit immunoglobulin G, horseradish peroxidase‑linked 
Antibody (1:5,000; cat. no. 7074; Cell Signaling Technology 
Inc.), for 1 h at room temperature. Membranes were then 
washed with TBST and developed using a chemiluminence 
detection kit (cat. no. 6883; Cell Signaling Technology Inc.), in 
accordance with the manufacturer's protocol.

Statistical analysis. All experiments were performed ≥3 times 
and results were expressed as the mean ± standard deviation. 
Comparisons between two groups were analyzed using the 
Student's t‑test and comparisons among multiple groups were 
assessed using one‑way analysis of variance followed by the 
Bonferroni post‑hoc test. P<0.05 was determined to indicate a 
statistically significant difference.

Results

TNF‑α, IL‑1β and IL‑6 levels are higher in children with 
fractured ankles than in healthy children. The results of 
RT‑qPCR indicated that levels of TNF‑α, IL‑1β and IL‑6 
mRNA were significantly increased in children with ankle 
fractures compared with healthy children (all P<0.05; Fig. 1). 
Furthermore, levels TNF‑α, IL‑1β and IL‑6 protein were 
measured using ELISA and it was determined that they 
were significantly increased in patients with ankle fractures 
compared with healthy children (all P<0.01; Fig. 1).

MG‑63 cells treated with NMP do not exhibit cytotoxicity. 
Cells were divided into 3 different groups: A control group, 
a 5 nM NMP treatment group and a 10 mM NMP treatment 
group. Cell viability in each group was analyzed. The results 
demonstrated that there were no significant changes in absor-
bance among the 3 different groups (Fig. 2), indicating that 
NMP does not induce cytotoxicity in MG‑63 cells.

NMP significantly inhibits the BK‑induced increase of COX‑2 
and iNOS. Cells were divided into 4 different groups: A 
control group, a 1 µM BK induced group, a 1 µM BK + 5 mM 
NMP group and a 1 µM BK + 10 mM NMP group. The results 
indicated that, compared with the control group, levels of 
COX‑2 and iNOS mRNA were significantly increased in the 
BK group (P<0.01). This increase in COX‑2 and iNOS levels 
was significantly reversed following treatment with 5 mM 
(P<0.05) and 10 mM NMP (P<0.01; Fig. 3). Levels of COX‑2 
and iNOS proteins were also assessed using western blotting 
and the results were consistent with those of RT‑qPCR (Fig. 3).

NMP treatment significantly inhibits the BK‑induced increase 
of TNF‑α, IL‑1β and IL‑6. In the BK group, levels of TNF‑α, 
IL‑1β and IL‑6 mRNA were significantly higher compared 
with the control group (P<0.01); however, these increases were 
attenuated following treatment with 10 nM NMP (P<0.05; 

Figure 1. In children with ankle fracture, TNF‑α, IL‑1β and IL‑6 levels are higher than in healthy children. In children with ankle fracture, levels of TNF‑α, 
IL‑1β and IL‑6 mRNA and protein were significantly increased compared with healthy children. Results are presented as the mean ± standard deviation. 
*P<0.05 and **P<0.01 vs. healthy children. TNF‑α, tumor necrosis factor α; IL‑1β, interleukin 1β; IL‑6, interleukin 6.

Figure 2. NMP induces no cytotoxicity in MG‑63 cells. There were no signif-
icant changes in cell viability among the 3 groups. Results are presented as 
the mean ± standard deviation. NS, control group; N5, 5 mM NMP treatment 
group; N10, 10 mM NMP treatment group; NMP, N‑methyl pyrrolidone; OD, 
optical density.
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Fig. 4). Treatment with 5 nM NMP did not significantly reverse 
the increase in TNF‑α and IL‑1β mRNA expression but did 
significantly reverse the increase in IL‑6 mRNA expression 
induced by BK (P<0.05; Fig. 4). The results of western blotting 
demonstrated that changes in the levels of TNF‑α, IL‑1β and 
IL‑6 protein were in line with the changes in mRNA levels 
(Fig. 4).

NMP markedly inhibits the BK‑induced overactivation of JNK 
and p38. Compared with the control group, the expression 
of phosphorylated (p)‑extracellular signal‑regulated kinase 
(ERK), p‑JNK and p‑p38 were all markedly upregulated 
in the BK group. Treatment with 10  nM NMP markedly 
inhibited the BK‑induced upregulation of p‑JNK and p‑p38 
expression. However, it did not decrease the expression of 
p‑ERK (Fig. 5).

Discussion

Taken together, the results of the present study indicate that, 
compared with healthy children, levels of TNF‑α, IL‑1β and 
IL‑6 were upregulated in children with ankle fracture. NMP 
dose‑dependently reversed the BK‑induced upregulation of 
TNF‑α, IL‑1β, IL‑6, iNOS and COX‑2 mRNA and protein, 

and also inhibited the BK‑induced activation of JNK and 
p38 pathways in MG‑63 cells. The anti‑inflammatory func-
tion of NMP may reduce osteoclast and increase osteoblast 
levels, thus promoting bone formation. Therefore, the 
current study identified a potential novel method of treating 
ankle fracture.

It has been demonstrated that persistent inflammation 
directly affects osteogenesis in trauma‑induced fracture; 
however, the precise molecular mechanism of action remains 
unclear and further research into the association between 
inflammation and osteoblasts/osteoclasts is required  (19). 
A normal physiological inflammatory response is a type of 
defensive reaction, which is beneficial to fracture healing; 
however, the long‑term chronic inflammatory response 
caused by infection (20) or other elements, including diabetes 
mellitus, smoking and alcohol, (21) inhibits fracture healing. 
It has been reported that TNF‑α expression is significantly 
higher in the blood of patients with rheumatoid arthritis (22). 
Furthermore, multiple inflammatory factors including TNF‑α, 
IL‑1β and IL‑6 stimulate the differentiation and formation of 
osteoclasts (23‑26). Therefore, the current study investigated 
whether TNF‑α, IL‑1β and IL‑6 levels differed between 
healthy children and those with ankle fracture. The results 
of RT‑qPCR and western blotting demonstrated that levels of 

Figure 3. NMP significantly inhibits the BK‑induced increase of COX‑2 and iNOS mRNA expression. BK stimulation significantly increased levels of COX‑2 
and iNOS mRNA and this increase was reversed following treatment with NMP. Levels of COX‑2 and iNOS proteins were similar to those of mRNA. **P<0.01 
vs. Con; #P<0.05 and ##P<0.01 vs. BK1. Con, control group; BK1, 1 µM BK treatment group; BK1 + N5, 1 µM BK + 5 mM NMP treatment group; BK1 + N10, 
1 µM BK + 10 mM NMP treatment group; BK, bradykinin; NMP, N‑methyl pyrrolidone; COX‑2, cyclooxygenase‑2; iNOS, inducible nitric oxide synthase.

Figure 4. NMP significantly inhibits the BK‑induced increase of TNF‑α, IL‑1β and IL‑6. Following stimulation with BK, levels of TNF‑α, IL‑1β and IL‑6 
mRNA were significantly higher compared with the control group. mRNA expression of TNF‑α, IL‑1β and IL‑6 were inhibited following treatment with 
NMP. Changes in the expression of TNF‑α, IL‑1β and IL‑6 protein were similar to those of mRNA. **P<0.01 vs. Con; #P<0.05 and ##P<0.01 vs. BK1. Con, 
control group; BK1, 1 µM BK treatment group; BK1 + N5, 1 µM BK + 5 mM NMP treatment group; BK1 + N10, 1 µM BK + 10 mM NMP treatment group. 
BK, bradykinin; NMP, N‑methyl pyrrolidone; TNF‑α, tumor necrosis factor α; IL‑1β, interleukin 1β; IL‑6, interleukin 6.
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inflammatory factors were all significantly higher in children 
with ankle fracture than in healthy children. The current study 
aimed to identify novel effective methods of treating ankle 
fracture.

The human osteoblastic osteosarcoma cell line MG‑63 was 
used in the present study. BK was reported to stimulate bone 
resorption in rats (11); thus 1 µM BK was used to generate 
an inflammatory model in the present study. Previous studies 
demonstrated that NMP enhances bone formation and inhibits 
osteoclast differentiation  (15,16). Therefore, the present 
study investigated the effects of NMP on the BK‑stimulated 
inflammatory response in MG‑63 cells.

The current study investigated whether NMP induced 
cytotoxicity in MG‑63 cells. Cell viability was evaluated and 
the results demonstrated that NMP did not induce cytotoxicity 
in MG‑63 cells. Therefore, two different concentrations of 
NMP were used to assess the effect of NMP on BK‑induced 
inflammation in MG‑63 cells.

COX‑2 is an enzyme encoded by the prostaglandin 
endoperoxide synthase 2 gene  (27). In the majority of 
cells, COX‑2 is not expressed or underexpressed in normal 
physiological conditions but overexpressed in inflammatory 
conditions (28).

iNOS is calcium‑insensitive and the gene that 
codes for iNOS is located on chromosome 17  (29). The 
activation of the NF‑κB‑dependent iNOS promoter 
supports the inf lammation‑mediated stimulation of 
iNOS transcription  (30). Furthermore, iNOS produces 
large quantities of NO following stimulation by IL‑1 and 
TNF‑α (31).

It has been reported that BK stimulates the expression of 
COX‑2 mRNA in calvarial bones (32). LPS may also induce 
the expression of iNOS and COX‑2 in RAW264.7 macro-
phages (17). Therefore, the current study evaluated whether 
BK induces the upregulation of iNOS and COX‑2, and 
whether NMP significantly reverses BK‑induced upregulation 
in MG‑63 cells. Compared with the control group, BK 

significantly increased levels of COX‑2 and iNOS mRNA and 
protein, which were significantly inhibited by treatment with 
10 nM NMP.

A link between osteoclast levels and inflammatory cyto-
kines, including TNF‑α and IL‑1, has been identified (7). BK 
stimulates bone resorption and potentiates the bone resorp-
tivity of IL‑1 (11). Additionally, RANKL participates in bone 
resorption (12,13) and activates TRAFs (12‑14). Therefore, 
the current study aimed to identify the effect of NMP on the 
expression of inflammatory cytokines. The results demon-
strated that BK significantly increased levels of TNF‑α, IL‑1β 
and IL‑6 mRNA and protein compared with the control 
group. These increases were reversed by treatment with 10 nM 
NMP.

Previous studies have suggested that NMP may enhance 
bone formation and inhibit osteoclast differentiation (15,16). 
However, the molecular mechanism by which NMP exerts 
its anti‑inflammatory function in MG‑63 cells remains 
unresolved.

p38 and JNK, but not ERK, are involved in important 
signal‑transducing pathways in the interactions between 
kinins and IL‑1β that lead to the upregulation of COX‑2 
expression (32). Western blotting was performed to determine 
the activation levels of ERK, JNK and p38. The results indi-
cated that, compared with the control group, the expression of 
p‑ERK, p‑JNK and p‑p38 were all significantly upregulated 
following induction with BK. Furthermore, NMP treatment 
significantly inhibited the BK‑induced upregulation of p‑JNK 
and p‑p38, but not p‑ERK.

Taken together, these results indicate that NMP represses 
inflammation in MG‑63 cells that is induced following acti-
vation of the JNK and p38 pathways. The anti‑inflammatory 
function of NMP may therefore promote the healing of 
ankle fracture by enhancing bone formation. Thus, it may 
be utilized in conjugation with other established methods 
of fracture treatment in the future; however, the clinical 
effects of NMP on children with ankle fracture remains 
unclear.

Ankle injury is a common pediatric injury that causes 
persistent pain, movement limitation, swelling and stiff-
ness (33). Timely diagnosis, treatment and nursing care are 
very important for the reduction of pain and the healing 
of fractures. The Ottawa Ankle Rules (OAR) (34‑36) that 
were developed by Ottawa emergency physicians were 
adopted to assist in determining if radiography should be 
used to determine whether radiography would be appro-
priate to diagnose ankle fracture in a patient experiencing 
ankle pain. It has been demonstrated that when pediatric 
emergency department (ED) nurses accurately apply and 
interpret OAR, children in the hospital ED were treated 
with a nursing collaborative practice protocol (CPP) to 
minimize throughput time and expedite patient care (37). 
This suggests that CPP may be a novel treatment in children 
with fractured ankles and NMP may be used as a part of 
CPP. However, the clinical application of NMP still requires 
further research to confirm this proposition. Future studies 
should be undertaken to investigate the effect of NMP 
on fractures and novel therapeutic strategies, potentially 
including CPP, for the treatment of children with ankle 
fractures.

Figure 5. NMP significantly inhibits the BK‑induced overactivation of JNK 
and p38. BK induced the upregulation of p‑ERK, p‑JNK and p‑p38. NMP 
treatment markedly inhibited the BK‑induced upregulation of p‑JNK and 
p‑p38; however, NMP treatment induced no significant effect on p‑ERK. Con, 
control group; BK1, 1 µM BK treatment group; BK1 + N5, 1 µM BK + 5 mM 
NMP treatment group; BK1 + N10, 1 µM BK + 10 mM NMP treatment 
group; p‑, phosphorylated; NMP, N‑methyl pyrrolidone; BK, bradykinin; 
JNK, c‑Jun NH2‑terminal kinase; ERK, extracellular signal‑related kinase.
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