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A naturally derived small molecule NDSM253 inhibits 
IKK1 to suppress inflammation response and  
promote bone healing after fracture
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Abstract: Bone fracture induces an acute inflammatory response in the resident and peripheral monocyte/macro-
phage cells. Excessive amounts of proinflammatory cytokines can cause severe tissue damage and inhibit bone 
healing. The proinflammatory cytokine genes are mainly controlled by TLR4/NF-κB (Toll-like receptor 4/Nuclear 
factor κB). Thus, targeting the molecules in this signaling pathway to decrease the expression of proinflamma-
tory cytokines is an effective strategy to inhibit the inflammatory response. Herein, we identified a naturally de-
rived small molecule NDSM253 that specifically inhibited IKKα (Inhibitor of NF-κB kinase subunit-alpha), a criti-
cal component of TLR4/NF-κB signaling. Biochemically, NDMS253 decreased phosphorylation of IκB (Inhibitor of 
NF-κB), thereby increasing the binding of IκB-NF-κB and suppressing the proinflammatory cytokine gene expres-
sion. NDMS253 showed a much stronger inhibitory effect on proinflammatory cytokine gene expression than did 
the known IKK inhibitors, including ACHP (2-Amino-6-[2-(cyclopropylmethoxy)-6-hydroxyphenyl]-4-(4-piperidinyl)-3-
pyridinecarbonitrile), IKK16, and Amlexanox. Administration of these IKK inhibitors in a mouse femoral fracture 
model showed that NDSM253 suppressed proinflammatory cytokine genes, thereby promoting bone healing, while 
the other three IKK inhibitors showed a weaker improvement of both bone healing and circulating proinflammatory 
cytokines. Collectively, our data suggested that NDSM253 might be an effective inhibitor of IKKα that could inhibit 
inflammatory cytokine action in bone injury. 
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Introduction

Bone fracture and subsequent repair are two 
basic issues in orthopedics [1]. Bone healing 
processes can be divided into four stages: the 
inflammatory phase, fibrocartilaginous callus 
formation, bony callus formation, and bone 
remodeling [2, 3]. These processes involve 
complicated molecular signaling pathways, so 
bone injury causes the dysregulated expres-
sion of thousands of genes [2, 3]. Once a bone 
injury occurs, an acute inflammatory response 
is initiated and the levels of a variety of proin-
flammatory cytokines, such as IL-1β (interleu-
kin 1-beta), IL-6, IL-11, IL-15, IL-18, and TNF-α 
(tumor necrosis factor-alpha), significantly 
increase during this process [2, 3]. The accu-
mulation of these proinflammatory cytokines 
attracts immune cells (i.e., macrophages and 

monocytes) to the fractured sites to remove 
damaged tissues and secrete VEGF (vascular 
endothelial growth factor) [2, 3]. The secretion 
of VEGF triggers angiogenesis, thereby con- 
tributing to the formation of fibrin-rich granula-
tion tissues [2, 3]. Meanwhile, mesenchymal 
stem cells (MSCs) in the fracture sites pro- 
mote callus formation by differentiating into 
fibroblasts, chondroblasts, and osteoblasts [4, 
5]. Osteoblasts express several proinflam- 
matory cytokines, including IL-1β, IL-6, IL-11, 
IL-12, TNF-α, and IFN-γ (interferon-γ), which pro-
mote bone remodeling [6, 7]. The important 
roles of proinflammatory cytokines in the inflam-
matory versus the bone remodeling phases 
suggest that therapies that target the signal- 
ing pathways involved in regulating proinflam-
matory cytokines may improve the outcome of 
patients with fractures [2, 3, 6, 7].
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The expression of proinflammatory cytokine 
genes has been studied extensively. Overall, 
these genes are mainly controlled by a variety 
of transcription factors, such as NF-κB (Nuclear 
factor κB), AP1 (Activator protein 1), and STATs 
(Signal transducer and activator of transcrip-
tion) [8, 9]. Of these factors, the TLR4 (Toll-like 
receptor 4)/NF-κB signaling pathway plays a 
central role in the regulation of proinflammato-
ry cytokine genes [8, 9]. Harmful stimulators, 
such as lipopolysaccharide (LPS) and HMGB1 
(high-mobility group box protein 1), can bind to 
the TLR4 membrane receptor, which then 
recruits its intracellular adaptor proteins, 
including MyD88 (Myeloid differentiation pri-
mary response gene 88), TIRAP (TIR domain-
containing adaptor protein), BTK (Bruton tyro-
sine kinase), TRAM1 (Translocation associated 
membrane protein 1), and TRIF (TIR-domain-
containing adapter-inducing interferon-β) [8- 
10]. The activation of TLR4 and its intracel- 
lular adaptor complex triggers TRAF6 (TNF 
receptor-associated factor 6), causing the 
induction of TRAF6 downstream molecules that 
include TAK1 (Transforming growth factor-β-
activated kinase 1) and IKKs (Inhibitor of NF-κB 
kinase) [8-10]. The IKKs phosphorylates the 
inhibitor of NF-κB (IκB) and phosphorylated IκB 
dissociates from the NF-κB complex [8-10]. The 
disassociated-IκB is recognized and degraded 
by a specific E3 ubiquitin ligase SCF (β-TrCP) 
that releases NF-κB subunits, which then trans-
locate from the cytoplasm to the nucleus to ini-
tiate the transcription of proinflammatory cyto-
kine genes [8-10].

A critical step in the activation of NF-κB is  
the phosphorylation of IκB mediated by IKKs, 
which is composed of three subunits: IKKα 
(IKK1), -β (IKK2), and -γ (IκBKG) [11, 12].  
Among these three subunits, IKKα and IKKβ 
are catalytically active, whereas IKKγ has a  
regulatory function [11, 12]. In the past 
decades, a great number of IKK inhibitors have 
been shown to attenuate the inflammatory 
response by blocking the phosphorylation of 
IκB [13, 14]. These IKK inhibitors can be 
grouped into three classes: ATP-dependent 
compounds that interact with IKKs, com- 
pounds that allosterically affect IKK structure, 
and compounds that interact with a specific 
cysteine (e.g., Cys-179) residue of IKKβ [13- 
15]. Some of these reported IKK inhibitors are 
commercially available. For instance, 2-amino-

6-[2-(cyclopropylmethoxy)-6-hydroxyphenyl]-
4-(4-piperidinyl)-3-pyridinecarbonitrile (ACHP) 
is a selective inhibitor that targets both IKKα 
and IKKβ with low IC50 values (250 nM for  
IKKα and 8.5 nM for IKKβ) [14]. BI605906 is  
a selective IKKβ inhibitor with an IC50 value of 
380 nM [16]. BMS345541 is a selective  
allosteric inhibitor of both IKKα and IKKβ, with 
IC50 values of 0.3 and 4 mM, respectively [17]. 
IKK16 is a selective allosteric inhibitor of  
both IKKα and IKKβ, with IC50 values of 200 
and 40 nM, respectively [18]. TPCA1 is a  
selective IKKβ inhibitor with an IC50 value of 
17.9 nM [19]. Although many compounds have 
been reported to inhibit IKKs, few of them can 
specifically target IKKα [13-15] but instead 
effectively inhibit IKKβ [13-15]. This has neces-
sitated the screening for specific inhibitors of 
IKKα to explore the effects of IKKα blockage  
on the expression of proinflammatory cytokines 
and the inflammatory response.

In this study, we established a mouse femoral 
fracture model and revealed activation of the 
TLR4/NF-κB axis and significant induction of 
proinflammatory cytokines. We obtained small 
molecules that specifically inhibited IKKα by 
establishing a fluorescent-linked enzyme che-
moproteomic strategy (FLECS) and screening 
IKKα inhibitors in a naturally derived small  
molecule (NDSM) pool. We obtained a small 
molecule, named NDSM253, which showed 
inhibitory IC50 values of 13.5 nM, 745.6 nM, 
and 81.6 mM against IKKα, KKβ, and IKKγ, 
respectively. The promising inhibitory effect  
of NDSM253 on IKKα encouraged us to con-
duct further investigations on its suppressive 
effect on proinflammatory cytokine gene 
expression and to evaluate its role in bone 
healing in vivo.

Materials and methods

Establishment of mouse femoral fracture 
model

Femoral fractures were generated in mice fol-
lowing a previously described protocol [20]. In 
brief, 10-week-old C57BL/6J mice (The Jack- 
son Laboratory, Bar Harbor, ME, USA) with  
similar weight (~30 g) were anesthetized by 
intraperitoneal injection of a mixture of ket-
amine (100 mg/kg) (Sigma-Aldrich, Shanghai, 
China, #K2753) and xylazine (10 mg/kg) 
(Sigma-Aldrich, #X1251). The mice were fixed in 
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place and the femoral bones were hit with a 
400 g weight from 40 cm above. The fractured 
mice were then divided into a non-stabiliza- 
tion and a stabilization group. The non-stabili-
zation group mice were allowed to recover indi-
vidually in cages after fracture. The stabiliza-
tion group mice had the fractured femoral  
bone sites wiped down with 70% ethanol and 
the fur removed. A preoperative dose of 
buprenorphine hydrochloride analgesia (0.05 
mg/kg; Sigma-Aldrich, #PHR1729) was admin-
istered subcutaneously and a 2 cm incision 
was made using a scalpel blade. The fractured 
femoral bones were stabilized with 4 cm long 
stainless steel (Wuhan Third Medical Device 
Factory, Wuhan, China) and the incision site 
was closed with an absorbable suture (Sigma-
Aldrich, #719846). The surgically treated mice 
were allowed to recover individually in cages. 
After a three-day recovery period, serum and 
the tissues around the fractured bone were  
collected. All these mouse experiments were 
performed following a protocol approved by  
the Institutional Animal Care and Use 
Committee (IACUC) of the First People’s 
Hospital of Yunnan Province.

Enzyme-linked immunosorbent assay (ELISA)

The serum concentrations of cytokines were 
measured by ELISA following a previous meth-
od [21]. Briefly, the collected blood samples 
were centrifuged at 1000 g for 10 min. ELISA 
kits were used to measure cytokine con- 
centrations, including IL-1β (Sigma-Aldrich, 
#RAB0274), IL-4 (Sigma-Aldrich, #RAB0300), 
IL-6 (Sigma-Aldrich, #RAB0308), IL-13 (Sigma-
Aldrich, #RAB0257), IL-15 (Sigma-Aldrich, 
#RAB0260), IL-18 (Sigma-Aldrich, #RAB0810), 
and TNF-α (Sigma-Aldrich, #RAB0477), in the 
supernatants.

Cell lines and transfection

Two bone marrow macrophage-derived osteo-
clast cell lines, LADMAC (#CRL-2420) and 
23ScCr (CRL-2751), were purchased from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA). Cells were grown in 
Dulbecco’s Modified Eagle Medium (DMEM) 
(Sigma-Aldrich, #D5796) supplemented with 
10% fetal bovine serum (FBS) (Thermo Fisher 
Scientific, Shanghai, China, #26140079), and 
100 U/mL penicillin-streptomycin (Thermo 
Fisher Scientific, #15140122). Cells were incu-

bated at 37°C and 5% CO2, with medium  
renewal every three days. The pCDNA3-EGFP-
IKK1 plasmid was transfected into LADMAC 
cells using a HiPerFect Transfection Reagent 
(QIAGEN, USA, #301704) according to the man-
ufacturer’s protocol.

Screening IKKα inhibitors by FLECS

The IKKα inhibitors were identified using  
the FLECS method, as described previously 
[22]. In brief, cells expressing pCDNA3-EGFP-
IKK1 were lysed in cell lysis buffer (150 mM 
NaCl, 50 mM Tris pH 7.5, 1% Triton X-100, 1 
mM EDTA, 1 mM DTT, and 1× protease in- 
hibitor cocktail). After centrifuging at 13,000 
rpm for 15 min, the supernatant was com- 
bined with P-linked ATP Sepharose, which  
was prepared following a previous protocol 
[22]. The column was rinsed with 10 column 
volumes of high-stringency wash buffer (500 
mM NaCl, 25 mM Tris pH 7.5, 60 mM MgCl2, 
and 1 mM DTT), and 10 column volumes of  
low-stringency wash buffer (100 mM NaCl, 25 
mM Tris pH 7.5, 60 mM MgCl2, and 1 mM DTT). 
Equal volumes (50 mL) of a mixture of resin  
and low-stringency wash buffer (1:1, v/v) were 
distributed into 96-well plates and the small 
molecule inhibitors (1 μΜ) were added and 
incubated at room temperature for 10 min in 
the dark. The plates were centrifuged to clarify 
the solutions and read in a microplate reader 
(Promega, Madison, WI, USA, #GM3000) to 
determine the fluorescence intensity in each 
well.

Cell treatment

Cells under 80% confluence were treated with 
14 nM NDSM253, 10 nM ACHP (Bio-Techne, 
Minneapolis, MN, USA, #4547), 55 nM IKK16 
(Bio-Techne, #2539), 22 nM TPCA (Bio-Techne, 
#2559), or 2.5 mM Amlexanox (Bio-Techne, 
#4857) for 6 h. Cells were then washed twice 
with PBS, and subjected to RNA and protein 
isolation.

Western blotting

Total cell extracts were isolated with RIPA buf-
fer (Sigma-Aldrich, #R0278) containing 1× pro-
tease inhibitor cocktail, and centrifuged at 
13,000 rpm for 15 min. The cytoplasmic and 
nuclear fractions were isolated with the 
NE-PERTM Nuclear and Cytoplasmic Extraction 
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Kit (Thermo Fisher Scientific, #78833), accord-
ing to the manufacturer’s protocol. The total 
extracts and the cytoplasmic and nuclear  
proteins were quantified using a Nanodrop 
spectrophotometer (Thermo Fisher Scientific, 
#9836674). Equal amounts of protein were 
loaded onto 10% SDS-PAGE gels. The western 
blotting procedures and antibodies (anti-TLR4, 
anti-MyD88, anti-TRAF6, anti-p65, anti-p50, 
anti-LSD1, anti-β-actin and anti-GAPDH) were 
as described previously [21]. Additional anti-
bodies included: anti-TIRAP (Abcam, Shang- 
hai, China, #ab17218), anti-TAK1 (Abcam, 
#ab50431), anti-IKK1 (Abcam, #ab227852), 
anti-pIκB (Abcam, #ab109509), and anti-IκB 
(Abcam, #ab133462).

Total RNA extraction and real-time quantitative 
PCR (RT-qPCR) analysis

Total RNA was extracted from cells and tis-
sues using TRIzol reagent (Thermo Fisher 
Scientific, #15596026) and quantified with a 
Nanodrop spectrophotometer. A 1 mg sam- 
ple of total RNA was used to synthesize  
cDNA with a High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific, 
#4368813). The obtained cDNA was applied  
to RT-qPCR analyses to detect gene expres- 
sion with the following primers: mIL-1β For- 
ward: TCAGCACCTCACAAGCAGAGCAC, mIL-1β 
Reverse: GAAGGCATTAGAAACAGTCCAG; mIL-6 
Forward: AGTCACTTTGAGATCTACTCGGC, mIL-6 
Reverse: CATATTGTCAGTTCTTCGTAGA; mIL- 
15 Forward: ATAGCCAGCTCATCTTCAACATTG,  
mIL-15 Reverse: ATGAAGACATGAATGCCAGCCT;  
mIL-18 Forward: AGTAAGAGGACTGGCTGTGAC, 
mIL-18 Reverse: TTGTTGTGTCCTGGAACACGT; 
mTNFA Forward: ATATACCTGGGAGGAGTCTTC- 
CA, mTNFA Reverse: ACACCCATTCCCTTCACA- 
GA; mICAM1 Forward: CAAGAAACGCTGACT- 
TCATTCTC, mICAM1 Reverse: AAGAAGAGTTG- 
GGGACAATGT; mIL-4 Forward: ATCACTTGAG- 
AGAGATCATC, mIL-4 Reverse: TCACTCTCTGTG- 
GTGTTCTT; mIL-13 Forward: AATGAGTCTGTCA- 
GTATCCC, mIL-13 Reverse: TACAGTGAGGTA- 
GCAGAGT. 

Scoring system for fracture healing

The scoring system used for fracture healing 
followed a previous standard [23]. Two major 
categories, callus formation and bone union, 
were scored with the following standards: for 
callus formation, 5 (full-across the fracture), 4 
(high, >70% across), 3 (moderate, 50-70% 

across), 2 (moderate/mild, 25-50% across), 1 
(mild, <25% across), and 0 (no callus); for  
bone union, 1 (mild, <50%), 2 (moderate, 
>50%), and 3 (full across the defect). For  
bone union, 5 (full bone bridge union), 4 (high, 
>70% bridge), 3 (moderate, 50-70% bridge), 2 
(moderate/mild, 25-50% bridge), 1 (mild, <25% 
bridge), and 0 (no bridge).

Statistical analysis

All experiments were independently repeated 
at least three times. Data were presented as 
the mean ± standard deviation (SD). The statis-
tical significance was determined using a two-
sided Student’s t test and one-way analysis of 
variance (ANOVA). P<0.05 (*), P<0.01 (**) and 
P<0.001 (***). 

Results

Bone fracture in mice caused a significant in-
duction of proinflammatory cytokines

We used a mouse femoral fracture model to 
investigate the molecular changes occurring 
after bone fracture. The fractured bones were 
stabilized with or without stainless steel  
rods (Figure 1A and 1B). After three days of 
fracture, we measured the serum concentra-
tions of five proinflammatory cytokines, includ-
ing IL-1β (Figure 1C), IL-6 (Figure 1D), IL- 
15 (Figure 1E), IL-18 (Figure 1F), and TNF-α 
(Figure 1G). The ELISA results showed that 
these five proinflammatory cytokines were  
significantly induced in both the non-stabiliza-
tion and stabilization groups when compared  
to a sham group (Figure 1C-G). Comparison of 
their concentrations in the non-stabilization 
and stabilization groups revealed that surgical 
stabilization could further induce the produc-
tion of these five proinflammatory cytokines 
(Figure 1C-G). We also measured the levels of 
IL-4 and IL-13. The ELISA results indicated that 
the concentrations of these two proinflamma-
tory cytokines did not differ significantly in  
the sham, non-stabilization and stabilization 
groups (Figure 1H and 1I). These results sug-
gested that an acute inflammation response 
was a common phenomenon in the early stage 
of bone fracture.

Bone fracture in mice activated the TLR4/NF-
κB signaling pathway

The proinflammatory cytokine genes are 
mainly regulated by the TLR4/NF-κB signaling 
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pathway, and we found a significant induction 
of proinflammatory cytokines in the mouse 
fracture model (Figure 1), implying activation  
of the TLR4/NF-κB signaling pathway in this 
pathological process. This possibility was con-
firmed by the detection of protein levels of sev-
eral critical molecules, including TLR4, TIRAP, 
MyD88, TRAF6, TAK1, IKK1, pIκB, IκB, p65  
and p50, in three representative samples of 
the sham, non-stabilization and stabilization 
groups. The immunoblot results indicated a  
significant induction of TLR4, TIRAP, MyD88, 
TRAF6, TAK1, IKK1, and pIκB in both the  
non-stabilization and stabilization groups com-
pared to the sham mice (Figure 2A and 2C). A 
comparison of the differences between the 
non-stabilization and stabilization groups 
revealed a much greater abundance of these 
proteins in the stabilization group than in the 
non-stabilization group (Figure 2A and 2C). By 

contrast, the protein level for IκB was higher in 
the sham and the non-stabilization group than 
in the stabilization group (Figure 2A and 2C). 
However, the p65 and p50 protein levels did 
not show significant differences (Figure 2B and 
2D). 

The translocation of NF-κB from the cyto- 
plasm to the nucleus is necessary for trans- 
cription of proinflammatory cytokine genes 
[10]. Isolation of the cytoplasmic and nuclear 
fractions revealed a significant decrease in the 
cytoplasmic fractions of p65 and p50 and a sig-
nificant increase in their nuclear fractions in 
the stabilization and non-stabilization groups 
compared to the sham group mice (Figure 2B 
and 2D). A similar significant change was also 
observed for p65 and p50 in the stabilization 
group compared to the non-stabilization group 
(Figure 2B and 2D). These results supported an 

Figure 1. Serum concentrations of proinflammatory cytokines were increased in mouse femoral fracture models. (A 
and B) Schematic diagrams of mouse femoral fracture models. (A) non-stabilization; (B) stabilization. (C-I) Serum 
concentrations of cytokines. Circulating levels of IL-1β (C), IL-6 (D), IL-15 (E), IL-18 (F), TNF-α (G), IL-4 (H), and IL-13 
(I) were measured in serum samples obtained from sham, non-stabilization, and stabilization group mice (n=10 for 
each group). *P<0.05, **P<0.01, and ***P<0.001.
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activation of the TLR4/NF-κB signaling pathway 
in the process of bone fracture. 

decrease IKK1 activity; its chemical structure 
was shown in Figure 3.

Figure 2. The TLR4/NF-κB signaling pathway was activated in mouse femoral fracture models. (A) The protein lev-
els of TLR4/NF-κB molecules. The protein levels of TLR4, TIRAP, MyD88, TRAF6, TAK1, IKK1, pIκB, and IκB were 
determined by western blotting analyses. GAPDH was used as the loading control in the total cell extracts. (B) The 
protein levels of p65 and p50. The total, cytoplasmic, and nuclear levels of p65 and p50 proteins were determined 
by western blotting analyses. β-actin was used as a cytoplasmic loading control and LSD1 was used as a nuclear 
loading control. (C and D) The quantified protein levels. The protein bands in (A) and (B) were quantified using Image 
J software and then normalized to their corresponding loading controls. (C) The quantified protein levels of (A). (D) 
The quantified protein levels of (B). *P<0.05, **P<0.01, and ***P<0.001.

Figure 3. The schematic diagram of screening NDSM253 by FLECS. Total 
protein extracts were prepared from cells expressing pCDNA3-EGFP-IKK1 
and flowed through an ATP resin column. The column was washed with 
high salt and low salt solutions and the ATP resin-bound proteins were dis-
tributed into 96-well plates and a small molecule was added to each well. 
After centrifuging to filter, the eluted proteins were subjected to measure 
fluorescence in a fluorescence plate reader. Small molecules that caused 
fluorescence intensities >3000 were selected as potential candidates. The 
chemical structure of NDSM253 is shown.

NDSM253 specifically inhib-
ited IKK1 activity in vitro

The activation of IKKs is criti-
cal for the induction of proin-
flammatory cytokines [10]; 
therefore, we also screened 
small molecules using IKK1 
as a target. We transfect- 
ed pCDNA3-EGFP-IKK1 into 
LADMAC cells and then incu-
bated cell lysates with ATP 
resin to bind GFP-IKK1. The 
mixture was equally distribut-
ed into 96-well plates and 
individual small molecules (a 
total of 1233 small molecul- 
es) were added into each well 
(Figure 3). Small molecules 
that caused fluorescence 
intensities >3000 were se- 
lected as potential candi-
dates. The FLECS results indi-
cated that a small molecule 
NDSM253 could significantly 
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We determined the inhibitory efficiency and 
specificity of NDSM253 by purifying his-IKK1, 
his-IKK2, and his-IKKγ and performing a lumi-
nescent kinase assay. We also used several 
known IKK inhibitors (ACHP, IKK16, TPCA1, and 
Amlexanox) as controls; the chemical struc-
tures of these compounds were shown in  
Figure 4A. The luminescent kinase assay 
results indicated that NDSM253 inhibited  
IKK1 activity with an IC50=13.5±1.21 nM 
(Figure 4B). By contrast, the IC50s of ACHP, 
IKK16, and TPCA1 for inhibition of IKK1  
were 182.5±11.3 nM, 205.4±14.5 nM, and 
432.1±31.1 nM, respectively (Figure 4B).  
We also determined the IC50 values of 
NDSM253, ACHP, IKK16, and TPCA1 for the 
inhibition of IKK2 and obtained IC50 values of 
745.6±54.3 nM, 9.4±0.72 nM, 52.4±4.3 nM, 
and 21.5±31.9 nM, respectively (Figure 4C). 
The luminescent kinase assay results for the 

evaluation of IC50 values of NDSM253, ACHP, 
IKK16, and Amlexanox indicated that the IC50s 
of these chemicals were 81.6±7.3 mM, 87.7± 
7.8 mM, 73.2±6.4 mM, and 2.5±0.2 mM, 
respectively (Figure 4D). The lower IC50 but 
higher or similar IC50 of NDSM253 than the 
other compounds suggested that NDSM253 
was a specific IKK1 inhibitor.

NDSM253 significantly suppressed LPS-
induced proinflammatory cytokine expression 
in vitro

We determined the in vitro effect of NDSM253 
by treating LADMAC cells with or without  
LPS, followed by treatment with 14 nM 
NDSM253, 10 nM ACHP, 55 nM IKK16, 22 nM 
TPCA, or 2.5 mM Amlexanox. The harvested 
cells were used for RT-qPCR analyses to exam-
ine the expression of the proinflammatory cyto-

Figure 4. The determination of the inhibitory effect of NDSM253 on IKK proteins. A. The chemical structure of ACHP, 
IKK16, TPCA1 and Amlexanox. B. The inhibitory effects of IKK inhibitors on IKK1. The purified His-IKK1 protein and 
different concentrations of IKK inhibitors were used in luminescent kinase assays to determine IC50 values of the 
IKK inhibitors. C. The inhibitory effects of the IKK inhibitors on IKK2. The purified His-IKK2 protein and different 
concentrations of IKK inhibitors were subjected to luminescent kinase assays to determine IC50s of IKK inhibitors. 
D. The inhibitory effects of IKK inhibitors on IKKε. The purified His-IKKε protein and different concentrations of IKK 
inhibitors were subjected to luminescent kinase assays to determine IC50 values of IKK inhibitors.
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kine genes IL-1β (Figure 5A), IL-6 (Figure 5B), 
IL-12 (Figure 5C), IL15 (Figure 5D), IL-18 (Figure 
5E), and TNFA (Figure 5F). The expression of 
these six genes showed similar patterns. In 
both the LPS-treated or non-treated cells, 
NDSM253 decreased these gene expression 
levels most significantly, followed by ACHP, 
IKK16, and Amlexanox (Figure 5A-F). However, 
none of the four compounds significantly 
changed the expression of IL4 and IL13 (Figure 
5G and 5H).

We examined whether this reduction also hap-
pened in the other cell lines by performing the 
same experiment in the macrophage-derived 
23ScCr osteoclast cell line. LPS stimula- 
tion induced a significant expression of IL-1β 
(Figure S1A), IL-6 (Figure S1B), IL-12 (Figure 
S1C), IL15 (Figure S1D), IL-18 (Figure S1E),  
and TNFA (Figure S1F). NDSM253, ACHP, 
IKK16, and Amlexanox reduced this LPS-
induced expression to different extents (Figure 

S1A-F). NDSM253 caused the most significant 
decrease, followed by ACHP, IKK16, and 
Amlexanox (Figure S1A-F). None of the four 
compounds changed the expression of IL4 and 
IL13 (Figure S1G and S1H). NDSM253 there-
fore appeared effective for suppression of the 
expression of proinflammatory cytokine genes 
in vitro. 

NDSM253 significantly suppressed IKK1 
downstream signaling in vitro

We further examined how NDSM253 sup-
pressed the expression of proinflammatory 
cytokine gene expression by examining the pro-
tein levels of TLR4/NF-κB signaling molecules 
in the cells shown in Figure 5. The immunoblot 
results indicated a significant induction of 
TLR4, TIRAP, MyD88, TRAF6, TAK1, IKK1, and 
pIκB following LPS stimulation (Figure 6A and 
6C). However, treatment with NDSM253, ACHP, 
IKK16, or Amlexanox did not change the pro- 

Figure 5. The effects of IKK inhibitors on the expression of proinflammatory cytokine genes in vitro. The LADMAC 
cells at 80% confluence were treated with or without 200 ng/mL LPS, followed by treatments with 14 nM NDSM253, 
10 nM ACHP, 55 nM IKK16, 22 nM TPCA, and 2.5 µM Amlexanox for 6 h. The harvested cells were subjected to RNA 
isolation and RT-qPCR analyses to examine the mRNA levels of IL-1β (A), IL-6 (B), IL-12 (C), IL-15 (D), IL-18 (E), TNFA 
(F), IL-4 (G), and IL-13 (H). *P<0.05, **P<0.01, and ***P<0.001.
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tein levels of TLR4, TIRAP, MyD88, TRAF6, 
TAK1, or IKK1 in LPS-treated and non-treated 
cells (Figure 6A and 6C). By contrast, IκB  
phosphorylation was decreased by treatment 
with the IKK inhibitors (Figure 6A and 6C). 
NDSM253 showed the most significant inhibi-
tion, followed by ACHP, IKK16, and Amlexanox 
(Figure 6A and 6C). These IKK inhibitors 
showed opposite effects on the protein levels 
of IκB (Figure 6A and 6C), which showed accu-
mulation in response to the IKK inhibitors 
(Figure 6A and 6C). Neither LPS nor IKK inhibi-
tors changed the protein levels of p65 and p50 
in the total cell extracts (Figure 6B and 6D). 

We also isolated the cytoplasmic and nuclear 
fractions in the LPS- and IKK inhibitor-treated 
cells and determined the distributions of p65 
and p50 in these two fractions. The western 
blotting results showed a significant de- 
crease in the cytoplasmic fractions of p65 and 
p50 following LPS treatment, while IKK inhibi-
tor treatment reversed this reduction (Figure 
6B and 6D). By contrast, the nuclear fractions 
of p65 and p50 were significantly enriched fol-
lowing LPS treatment, and IKK inhibitors could 
reverse this induction (Figure 6B and 6D). 

Comparison of the different effects of IKK 
inhibitors on changes in p65 and p50 distribu-
tions in the cytoplasm and nucleus revealed 
that NDSM253 had a significantly stronger 
effect when compared to the other three inhibi-
tors (Figure 6B and 6D). The mechanism driv-
ing the changes in proinflammatory cytokine 
gene expression in response to IKK inhibitor 
treatments therefore apparently involved inhi-
bition of IKK1 activity and changes in the phos-
phorylation status of IκB.

NDSM253 significantly decreased the serum 
concentration of proinflammatory cytokines in 
a mouse fracture model

The promising in vitro effects of NDSM253 on 
repression of LPS-induced proinflammatory 
cytokines encouraged us to investigate its in 
vivo effects in a mouse fracture model. After 
stabilizing the fractured mice, we injected IKK 
inhibitors every day for 10 days (Figure 7A). The 
ELISA results showed that the administration  
of IKK1 inhibitors significantly decreased the 
serum concentration of the proinflammatory 
cytokines IL-1β (Figure 7B), IL-6 (Figure 7C), 
IL15 (Figure 7D), IL-18 (Figure 7E), and TNF-α 

Figure 6. The in vitro effects of IKK inhibitors on the molecules of the TLR4/NF-κB signaling pathway. (A) The protein 
levels of TLR4/NF-κB molecules. Cells used in Figure 5 were subjected to isolate total proteins, followed by examin-
ing the protein levels of TLR4, TIRAP, MyD88, TRAF6, TAK1, IKK1, pIκB, and IκB by western blotting analyses. GAPDH 
was used as the loading control in the total cell extracts. (B) The protein levels of p65 and p50. The protein levels of 
p65 and p50 in the total, cytoplasmic, and nuclear portions from cells used in Figure 5 were determined by west-
ern blotting analyses. β-Actin was used as a cytoplasmic loading control and LSD1 was used as a nuclear loading 
control. (C and D) The quantified protein levels. The protein bands in (A) and (B) were quantified using the Image J 
software and then normalized to their corresponding loading controls. (C) The quantified protein levels of (A). (D) The 
quantified protein levels of (B). *P<0.05, **P<0.01, and ***P<0.001.
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(Figure 7F). Among the IKK inhibitors, 
NDSM253 showed the strongest inhibitory 
effect on proinflammatory cytokine concentra-
tions, followed by ACHP, IKK16, and Amlexanox 
(Figure 7B-F). However, none of these IKK 
inhibitors could change the serum concentra-
tions of IL-4 and IL-13 (Figure 7G and 7H).

NDSM253 significantly suppressed in vivo 
IKK1 downstream signaling 

We used callus tissues from the fractured  
mice given the IKK inhibitor injection and per-
formed western blotting assays to examine  
the protein levels of TLR4/NF-κB signaling mol-
ecules. The immunoblot results indicated that 
the IKK inhibitor treatments did not change  
the protein levels of TLR4, TIRAP, MyD88, 
TRAF6, TAK1, IKK1, or pIκB (Figure 8A and  
8C). However, they significantly decreased the 
protein level of pIκB (Figure 8A and 8C). Of 
them, NDSM253 showed the most significant 
inhibition, followed by ACHP, IKK16, and 
Amlexanox (Figure 8A and 8C). By contrast, we 
found a significant accumulation of IκB protein 
when the fractured mice were injected with IKK 

inhibitors (Figure 8A and 8C). Consistent with 
the in vitro data, we also found no significant 
changes in the protein levels of p65 and p50  
in mice injected with IKK inhibitors compared 
to non-injected mice (Figure 8B and 8D). We 
also isolated the cytoplasmic and nuclear frac-
tions in tissues from different groups of mice 
and determined the distributions of p65 and 
p50. The IKK inhibitor treatments increased 
the accumulation of both p65 and p50 in the 
cytoplasm (Figure 8B and 8D). By contrast,  
the injection of IKK inhibitors decreased the 
protein levels of p65 and p50 in the nucleus 
(Figure 8B and 8D). NDSM253 showed a sig-
nificantly stronger effect than the other three 
inhibitors (Figure 8B and 8D), suggesting that 
NDSM253 was also effective in vivo at inhibit-
ing IKK1, thereby inhibiting proinflammatory 
cytokine effects.

NDSM253 significantly promoted bone healing 
in the fractured mice

We also examined whether the NDSM253-
induced decrease in proinflammatory cytokine 
concentrations might play a role in bone heal-

Figure 7. IKK inhibitors decreased the serum concentrations of proinflammatory cytokines in vivo. (A) A schematic 
diagram of injecting IKK inhibitors in the mouse femoral fracture model. (B-H) Serum concentrations of cytokines. 
Circulating levels of IL-1β (B), IL-6 (C), IL-15 (D), IL-18 (E), TNF-α (F), IL-4 (G), and IL-13 (H) were measured in serum 
samples obtained from sham, bone injury, bone injury + NDSM253, bone injury + ACHP, bone injury + IKK16, and 
bone injury + Amlexanox group mice (n=10 for each group). *P<0.05, and ***P<0.001.
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ing. We injected IKK inhibitors daily for 30  
days and then scored the callus formation and 
bone union in the mouse fractures (Figure 9A). 
The callus formation scores confirmed that  
the administration of IKK inhibitors signifi- 
cantly promoted the formation of callus when 
the mice were stabilized with stainless steel 
(Figure 9B). Similarly, the bone union score 
results also indicated that IKK inhibitors mark-
edly increased the formation of a bone bridge 
union (Figure 9C). Among the IKK inhibitors, 
NDSM253 showed the most significant effect 
in promoting the formation of calluses and 
bone union, followed by ACHP, IKK16, and 
Amlexanox (Figure 9B and 9C).

Discussion

The transcription of proinflammatory cytokine 
genes is mainly controlled by the NF-κB tran-
scription factor [10]. Harmful stimulation can 
activate TLR4 signaling, causing the transloca-
tion of NF-κB subunits from the cytoplasm to 
the nucleus (Figure 10). Proinflammatory cyto-
kines have been shown to play roles in differ- 
ent stages of bone fracture [3, 6]. Excessive 
amounts of proinflammatory cytokines result in 

a severe inflammation response and cause tis-
sue damage [3, 6]. Therefore, blocking the 
TLR4/NF-κB signaling to suppress proinflam-
matory cytokines is an effective strategy for 
inhibiting inflammation responses [10]. In the 
present study, we discovered that NDSM253 
could significantly block IKK downstream sig-
naling, causing a decrease in pIκB but an 
increase in IκB, a compound that binds to NF-
κB subunits and limits their nuclear transloca-
tion (Figure 10). The decreased accumulation 
of NF-κB subunits in the nucleus then sup-
presses the expression of proinflammatory 
cytokine genes, decreasing the inflammation 
response and improving bone healing (Figure 
10).

A great number of small molecules have been 
shown to interfere with IKKs [13-19]. However, 
many of them also have other targets apart 
from IKKs [13-19]. Small molecules with multi-
ple targets have only limited experimental and 
clinical uses. In this study, we discovered that  
a low dose of NDSM253 (14 nM) could signifi-
cantly inhibit IKK1 activity while only weakly 
affecting IKK2 and IKKe activities. The high 
specificity and inhibitory efficiency of NDSM253 

Figure 8. The effects of IKK inhibitors on the molecules of TLR4/NF-κB signaling pathway in vivo. (A) The protein 
levels of TLR4/NF-κB molecules. Total proteins isolated from callus around the fracture sites were used to examine 
the protein levels of TLR4, TIRAP, MyD88, TRAF6, TAK1, IKK1, pIκB, and IκB by western blotting analyses. GAPDH 
was used as the loading control in the total cell extracts. (B) The protein levels of p65 and p50. The protein levels of 
p65 and p50 in the total, cytoplasmic and nuclear portions from callus around the fracture sites were determined 
by western blotting analyses. β-Actin was used as a cytoplasmic loading control and LSD1 was used as a nuclear 
loading control. (C and D) The quantified protein levels. The protein bands in (A) and (B) were quantified using the 
Image J software and then normalized to their corresponding loading controls. (C) The quantified protein levels of 
(A). (D) The quantified protein levels of (B). *P<0.05, **P<0.01, and ***P<0.001.
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imply that it may be a useful IKK1 inhibitor in 
the future. To our knowledge, NDSM253 has 
not yet been determined to play a role in any 
biological process. A comparison of the chemi-
cal structure of NDSM253 with other IKK in- 
hibitors does not reveal any structural similari-
ty, suggesting that it may have a specific bind-
ing site for IKK1. In the current study,  
we focused on the pharmacological role of 
NDSM253 in inhibiting IKK1-downstream mol-
ecules. We are currently making efforts to dis-
solve the binding site of NDSM253 in IKK1.

The bone healing process has many barriers, 
and the dysregulated inflammation response is 

the most important [2, 3]. However, current ani-
mal bone fracture models mainly focus on sur-
gical techniques and bone regeneration stimu-
lators. In our current fracture model, we evalu-
ated the suppression of proinflammatory cyto-
kines as a way to improve bone healing. Our 
results clearly showed that the inhibition of 
proinflammatory cytokines could significantly 
promote bone healing, implicating this as a 
potential new therapeutic strategy for bone 
fracture treatment in the future. The activa- 
tion of TLR4/NF-κB signaling is a common phe-
nomenon in inflammation diseases [10]. 
Although we only examined the in vivo effect of 
NDSM253 in bone fracture, the promising in 

Figure 9. Administration of NDSM253 in fractured mice significantly promote bone healing. (A) The scoring system 
of bone healing. Two categories, including callus formation and bone union formation, were set as score standards. 
(B) The scores of callus formation. The scores of callus formation in different groups of mice, including sham, 
non-stabilization, stabilization, stabilization + DMSO, stabilization + NDSM253, stabilization + ACHP, stabilization 
+ IKK16, and stabilization + Amlexanox, were recorded. Ns = no significant difference, *P<0.05, **P<0.01, and 
***P<0.001. (C) The scores of bone union formation. The scores of bone union formation in the same groups of 
mice as (A) were recorded. ns = no significant difference, *P<0.05, **P<0.01, and ***P<0.001.
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vitro results in LPS-induced macrophages 
strongly suggest that NDSM253 may also be 
effective in inhibiting the induction of proin-
flammatory cytokines and improving the out-
comes of other inflammatory diseases.

In summary, we reveal that TLR4/NF-κB  
signaling and proinflammatory cytokines are 
activated in a mouse fracture model. Using  
the FLECS method, we identified an IKK1 
inhibitor NDSM253 that significantly inhibited 
IKK1 activity and impaired IKK downstream 
signaling, resulting in a decrease in proinflam-
matory cytokine levels and a promotion of 
bone healing.
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Figure S1. The effects of IKK inhibitors on the expression of proinflammatory cytokine genes in 23ScCr cells. The 
23ScCr cells under 80% confluence were treated with or without 200 ng/mL LPS, followed by treatments with 14 
nM NDSM253, 10 nM ACHP, 55 nM IKK16, 22 nM TPCA, and 2.5 µM Amlexanox for 6 h, respectively. The harvested 
cells were subjected to RNA isolation and RT-qPCR analyses to examine the mRNA levels of IL-1β (A), IL-6 (B), IL-12 
(C), IL-15 (D), IL-18 (E), TNFA (F), IL-4 (G), and IL-13 (H). *P<0.05, **P<0.01, ***P<0.001.


