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Introduction: CpG oligodeoxynucleotides (CpG ODN) play important roles in resisting

inflammation and bone resorption. However, the inherent instability and rapid degradation

hinder their wider application. This study aimed to evaluate whether N-acetyl-L-leucine-

modified polyethyleneimine (N-Ac-L-Leu-PEI) could effectively deliver CpG ODN 2006 to

RAW264.7 cells and and if it can regulate osteoclastogenesis in vitro.

Materials and Methods: Gel retardation assay was conducted to evaluate whether N- Ac-

L-Leu-PEI and CpG ODN could form a stable complex. RAW264.7 cells were divided into

four groups of control group, ODN group, phosphorothioate ODN group and N-Ac-L-Leu-

PEI/ODN group. Fluorescence assay was conducted to evaluate the transfection rate of

ODNs in different groups. Cell viability was determined by MTT assay. Cell apoptosis

was determined by live-dead cell staining and flow cytometry assay. Relative expression

levels of osteoclastic differentiation factors, including Nfatc, c-fos, receptor activator of

nuclear factor κB (RANK), and matrix metalloproteinase 9 (MMP9), were determined by

real-time PCR and Western blot.

Results: N-Ac-L-Leu-PEI and CpG ODN could form a stable complex at a mass ratio of 1:1

(w:w). MTT assay showed that the cell viability of N-Ac-L-Leu-PEI was relatively high even

at a mass ratio of 8 μg/mL. The transfection rate of N-Ac-L-Leu-PEI-ODN complex was

higher than 90%. The cell proliferation and apoptosis was significantly enhanced in N-Ac-

L-Leu-PEI- CpG ODN group when compared to those in phosphorothioate CpG ODN. The

expression levels of Nfatc, c-fos, RANK, and MMP9 were significantly decreased in N-Ac-

L-Leu-PEI/ODN complex group.

Discussion: N-Ac-L-Leu-PEI could be a potential gene vehicle for the prevention of

periodontitis-mediated bone resorption.

Keywords: N-acetyl-L-leucine-modified polyethyleneimine, N-Ac-L-Leu-PEI, CpG

oligodeoxynucleotides, CpG ODN, proliferation, osteoclastic differentiation

Introduction
Periodontitis is a chronic infectious disease caused by a host immune response to

bacteria that accumulates as dental plaque.1 Previous studies indicated that severe

periodontitis, which reportedly affects 8.5% of American adults, can lead to

a variety of systemic diseases such as atherosclerosis, rheumatoid arthritis, aspira-

tion pneumonia, and even cancer.2 In addition, alveolar bone resorption caused by

periodontal local innate immune response stimulated by periodontal pathogens is

the main clinical symptom of periodontal disease.3 The resorption affects chewing,
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pronunciation, and eating, and reduces physical and men-

tal health and quality of life.4

The clinical prevention and treatment of periodontal dis-

ease is hampered by the limited availability of drugs that can

control both inflammation and bone absorption. Recent stu-

dies have shown that certain specific oligodeoxynucleotide

(ODN) sequences can inhibit inflammation and reduce alveo-

lar bone resorption.5,6 ODN can be classified into stimulatory

ODN, inhibitory ODN, and inert ODN. Stimulatory ODN

generally refers to CpG ODN containing a CG motif. CpG

ODN can simulate the bacterial DNA to induce a protective

immune response based on the recognition of the unmethy-

lated CpG motif by toll-like receptors (TLRs).7,8 Recently,

CpG ODN has been used to suppress periodontitis by down-

regulating innate-like B cell apoptosis9 and increasing the

production of protective Th1- and Th2-cells.10 Furthermore,

CpG ODN plays a special role in osteoclastogenesis.11 Thus,

CpG ODN has been suggested as being potentially useful in

treating bone-degenerative diseases.12

Zou13 and Krisher14 reported that CpG ODN initiated

strong osteoclastic differentiation in receptor activator of

nuclear factor kappa-Β ligand (RANKL) -induced cells by

improving tumor necrosis factor-alpha (TNFα) and

RANKLthrough TLRs, while in early osteoclast precur-

sors, CpG ODN plays opposite roles. The collective find-

ings indicate that CpG ODN could be an effective therapy

for inflammation and osteoclastogenesis associated with

periodontitis.

However, the therapeutic potential of CpG ODN is

hindered by its instability and difficulty in cellular

uptake.15 An effective delivery system is needed for the

application of CpG ODN gene therapy. The cationic poly-

mer polyethyleneimine (PEI) is currently the “gold stan-

dard” carrier because of its good gene loading and delivery

abilities, low immunogenicity, and favorable cost.16–18

Although PEI25K was very efficient at facilitating gene

transfection, cytotoxicity and hemolysis were still a big

problem.19,20 Thus, Li21 grafted N-acetyl-l-leucine on the

primary amino group of PEI25K by a 1-ethyl-3-(3-dimethy-

laminopropyl)-carbodiimide/N-hydroxysuccinimide (EDC/

NHS)-mediated coupling reaction to obtain N-Ac-L-Leu-

PEI. N-Ac-L-Leu-PEI significantly improved the biocom-

patibility and transfection efficiency, and significantly

decreased protein adsorption and hemolytic activity of the

PEI25K matrix. This vehicle has been successfully used to

deliver the p53 gene,21 a DNAzyme22 and microRNA23,24

to trigger the pronounced suppression of tumor cells and to

upregulate bone formation in vivo and in vitro.

CpG ODN 2006 is a TLR9 ligand with a backbone

containing phosphodiester, but not phosphorothioate. CpG

ODN 2006 selectively inhibits the growth of erythroid

cells derived from human CD34 + cells.25 This study

aimed to investigate whether N-Ac-L-Leu-PEI can deliver

CpG ODN 2006 to RAW264.7 cells and if it can regulate

osteoclastogenesis in vitro.

Materials and Methods
Materials
The primers of CpG ODN 2006, β-actin, Nfatc, c-fos, RANK,
matrix metalloproteinase 9 (MMP9), and 6-carboxyfluores-

cein (FAM)-labeled ODN (ODN and phosphorothioate

ODN) were synthesized by TaKaRa Bio (Dalian, China),

and the sequences are listed in Table 1. These FAM-labeled

ODNs shows green signal when excited by blue light. N-Ac-

L-Leu-PEI and branched PEI25K (Sigma–Aldrich, St. Louis,

USA) were provided by the School of Life Sciences, Jilin

University (Jilin, China). The PrimerScript® RT reagent kit

and SYBR Green Premix Ex Taq kit were purchased from

TaKaRa Bio (Dalian, China). Antibodies to Nfatc, c-fos,

RANK, MMP9, β-actin, and horseradish peroxidase (HRP)-

conjugated goat anti-rabbit secondary antibodies were all pur-

chased from ABclonal (Boston, MA, USA). The RAW264.7

cells (SCSP-5036) were purchased from the cell bank at the

Chinese Academy of Sciences (Shanghai, China).

Gel Retardation Assay
N-Ac-L-Leu-PEI was dissolved in double distilled water to

a final concentration of 1μg/μL. Then, N-Ac-L-Leu-PEI

Table 1 The Primer Sequences of CpG ODN 2006, β-Action,
Nfatc, c-Fos, RANK and MMP9

Name Sequence

2006 5ʹ-TCGTCGTTTTGTCGTTTTGTCGTT-3’

β-actin 5ʹ-CATCCGTAAAGACCTCTATGCCAAC-3ʹ

5ʹ-ATGGAGCCACCGATCCACA-3’

Nfatc 5ʹ-CAAGTCTCACCACAGGGCTCACTA-3ʹ

5ʹ-TCAGCCGTCCCAATGAACAG-3’

c-fos 5ʹ-ACGTGGAGCTGAAGGCAGAAC-3ʹ

5ʹ-AGCCACTGGGCCTAGATGATG-3’

RANK 5ʹ-GGCTTACCTGCCCAGTCTCATC-3ʹ

5ʹ-AAGCATCATTGACCCAATTCCAC-3’

MMP9 5ʹ-GCCCTGGAACTCACACGACA-3ʹ

5ʹ-TTGGAAACTCACACGCCAGAAG-3’
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and ODN solutions were gently mixed at different mass

ratios (N-Ac-L-Leu-PEI/ODN) of 0, 0.25, 0.5, 1.0, 2.0 and

4.0 (w/w). The N-Ac-L-Leu-PEI/ODN complexes were

incubated for 30 min at room temperature (approximately

25°C). The complexes were used for 1.5% agarose gel

electrophoresis for 25 min at a voltage of 80V using Tris-

acetate-ethylenediaminetetraacetic acid buffer. The gel

was then photographed.

Fluorescence Assay
RAW264.7 cells were divided into a control (ctrl) group

exposed to phosphate buffered saline (PBS), ODN group

(CpG ODN 2006), phosphorothioate ODN group (phos-

phorothioate CpG ODN 2006), and N-Ac-L-Leu-PEI/ODN

group (N-Ac-L-Leu-PEI/CpG ODN 2006). The cells were

seeded in 6-well plates at a density of 5×105 cells per well

and cultured at 37°C in an atmosphere of 5% CO2 for 24h.

Depending on the group, PBS, FAM-ODN (1 μg/mL),

FAM-phosphorothioate ODN, or N-Ac-L-Leu-PEI/FAM-

ODN complex were added for an additional 6h co-

culture. The cells were washed thrice and the FAM-

positive cells were detected using a fluorescence micro-

scope (IX71, Olympus, Osaka, Japan) under blue light

illumination with the excitation source at 420 nm – 485

nm and emission wavelength of 515 nm.

Cell Viability Assay
The viability of RAW264.7 cells treated with PEI25K and

N-Ac-L-Leu-PEI as well as ODN was determined using the

conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) assay. The RAW264.7 cells

were seeded into wells of a 96-well plate at a density of

4×103 cells per well and incubated for 24h. In the first

experiment, the cells were cultured with PEI25K (final

concentration of 1 μg/mL) and different concentrations of

N-Ac-L-Leu-PEI (0, 0.5, 1, 2, 4, 6, and 8 μg/mL) for 72h. In

the second experiment, the cells were divided into the

aforementioned four groups and cultured as described for

fluorescence observation for 24, 48, and 72h. Next, 20 μL
MTT solution (5 mg/mL in PBS) (Sigma-Aldrich) was

added to the wells for an additional 4h incubation. The

MTT solution was removed and 150 μL dimethylsulfoxide

(DMSO; Sigma-Aldrich) was added to dissolve the forma-

zan crystals that have been formed. The absorbance (A) at

490 nmwas measured using a GF-M3000 microplate reader

(Shandong, China) to calculate the cell viability (%) using

the formula: Asample/Acontrol ×100.

Live-Dead Cell Staining
The cells of the four groups were seeded into wells of 12-well

plates with 2×105 cells per well and co-cultured for 72h. The

cells were washed thrice and stained using the live-dead cell

staining kit (K501, Biovision, Milpitas, CA, USA) for 30 to

40 min at 37°C in the dark. The cells were washed using PBS

and then observed and photographed using the fluorescence

microscope (IX71, Olympus, Osaka, Japan). The green sig-

nals indicate living cells while the red signals indicate dead

cells.

Flow Cytometry (FCM) Assay
RAW264.7 cells of the four groups were cultured for 72h

and collected. The cells were tested for apoptosis using an

Annexin V-FITC/PT kit (7sea biotech, Shanghai, China)

according to the manufacturer’s instructions.

Quantitative Real-Time Reverse

Transcription Polymerase Chain Reaction

(qRT-PCR)
RAW264.7 cells were induced to form osteoclasts using

mouse RANKL (50 ng/mL; Peprotech, Rocky Hill, NJ,

USA) for 4 days. Total RNA was isolated using a HiPure

Total RNA kit (Megan, Guangzhou, China) according to

the manufacturer’s instructions. The mRNAs were inves-

tigated with a PrimerScript® RT reagent kit and SYBR

Green Premix Ex Taq. The PCR products were evaluated

with a MxPro Mx3005P real-time PCR detection system

(Agilent Technologies, Santa Clara, CA, USA). The inter-

nal control mRNA was β-actin. The cycling conditions of

mRNAs were: 95°C for 30s, followed by 40 cycles at 95°

C for 5s, 55°C for 30s, and 72°C for 1 min. The 2-ΔΔCt
method was used to calculate the relative expression

levels, and the obtained values were averaged from tripli-

cate measurements.

Western Blot Analysis
RAW264.7 cells were treated with ODN and RANKL for

4 days and the cell proteins were harvested with RIPA

lysis buffer and quantified with a bicinchoninic acid pro-

tein assay kit (Beyotime Biotech Inc., Jiangsu, China).

Proteins were separated by 12% polyacrylamide gel elec-

trophoresis and transferred to polyvinylidene fluoride

(PVDF) membranes (Millipore, Billerica, MA, USA).

These membranes were blocked with 5% bovine serum

albumin in Tris-buffered saline-Tween and incubated with

the following primary antibodies: Nfatc (A15339), c-fos
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(A0236), RANK (A13382), MMP9 (A2095), and β-actin

(AC026), respectively. HRP-conjugated anti-rabbit sec-

ondary antibodies were diluted at 1:3000 and incubated

at room temperature for 1h. The signals were detected

using an ECL chemiluminescence kit (7Sea biotech) with

a Tanon 5200 device (Tianneng, Shanghai, China).

Tartrate-Resistant Acid Phosphatase

(TRAP) and Rhodamine Phalloidin

Staining
RAW264.7 cells of the four groups were seeded into wells of

48-well plates with 1×104 cells per well and cultured in

a growth medium containing 50 ng/mL mouse RANKL for

4.5 days. The cells were fixed by 4% paraformaldehyde for

25 min at 37°C. After being washed with PBS, the cells were

stained using a TRAP kit (Sigma-Aldrich) according to the

manufacturer’s instructions. The stained cells were permea-

bilized using 0.5% Triton X-100 for 5 min, and then stained

with rhodamine phalloidin work fluid (100 nM; Solarbio,

Beijing, China) for 30 min in the dark, at room temperature.

The nucleus was stained by 4′, 6-diamidino-2-phenylindole

(DAPI) for an additional 5 min. After washing with PBS, the

plate was directly observed under fluorescence microscopy.

Statistical Analysis
All experiments were performed on at least three indivi-

duals. The results are presented as the mean ± standard

deviation (SD) and were statistically analyzed with the

Student’s t-test unless noted otherwise. A two-tailed

P-value <0.05 was considered statistically significant.

P values were indicated by *P<0.05, **P<0.01, and

***P<0.001 (similar #P), and n.s., non-significant

(P>0.05). Statistical analysis was conducted using SPSS

version 20.0 (IBM, Armonk, NY, USA).

Results
N-Ac-L-Leu-PEI-Mediated CpG ODN

2006 Delivery
To assess whether N-Ac-L-Leu-PEI can be used for the

intracellular delivery of CpG ODN 2006, a gel retardation

assay was used to determine the binding capacity of N-Ac-

L-Leu-PEI and CpG ODN 2006. The bands of N-Ac-

L-Leu-PEI/CpG ODN 2006 complex were dispersive at

mass ratios of 0, 0.25 and 0.5. The band was complete

when the mass ratio reached to 1. This result indicated the

migration of ODN2006 was completely retarded by N-Ac-

L-Leu-PEI at the w/w ratio over 1:1 (Figure 1A).

Figure 1 Characteristics of N-Ac-L-Leu-PEI/CpG ODN 2006 complexes. (A) The N-Ac-L-Leu-PEI/ODN complexes were prepared at different mass ratios for agarose gel

retardation assays. (B) MTT assay. Data represents the mean ± SD of three independent experiments and are statistically analyzed with the Student’s t-test. *P<0.05, ***P<
0.001 vs the ctrl group; ###P <0.001 vs the PEI25K group. (C) fluorescence microscopy observation with 4:1 mass ratio. Scale bar: 100 μm.
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In theMTT test, the cell viability ofN-Ac-L-Leu-PEIwas

superior to PEI25K and exceeded 85% even at a mass ratio of

8 μg/mL for 72h (Figure 1B), while that of PEI25K was less

than 75% (Figure 1B). The transfection efficiency of N-Ac-

L-Leu-PEI-mediated CpG ODN 2006 delivery was esti-

mated by fluorescence microscopy. The cell morphology in

each group was observed under day light and the FAM-

labeled positive signals (green) were observed under blue

light. As shown in Figure 1C, there were no obvious abnorm-

alities of the cells in each group under daylight. The green

signals were almost invisible in ctrl group, were less than

10% positive in ODN group, and were more than 90%

positive in both phosphorothioate ODN group and N-Ac-

L-Leu-PEI/CpG ODN group, respectively. This result indi-

cated N-Ac-L-Leu-PEI/CpG ODN 2006 could enter into

RAW264.7 cells with a relatively higher efficiency. Taken

together, these observations suggested that N-Ac-L-Leu-PEI

/CpG ODN 2006 complex is of less cytotoxicity and satis-

factory transfection efficiency, providing evidence that

N-Ac-L-Leu-PEI was suitable for CpG ODN 2006 delivery

in RAW264.7 cells.

Proliferation of RAW264.7s by CpG

ODN 2006
Osteoclastogenesis requires the proliferation and differentia-

tion of osteoclast precursors. Here, we first assessed the

regulatory role of CpG ODN 2006 on the proliferation of

RAW264.7 cells. The MTT assay showed that CpG ODN

2006 suppressed the cell viability at 24, 48, and 72h in three

groups, especially N-Ac-L-Leu-PEI/ODN, followed by

phosphorothioate ODN and ODN (Figure 2A). The remark-

ably reduced cell viability indicated the possible involve-

ment of cell apoptosis. This was further assessed using the

live-dead cell assay. There was no significant difference on

the number of live cells (green stained cells) among each

group. The numbers of dead cells (red stained cells) in the

ctrl, ODN, phosphorothioate ODN, and N-Ac-L-Leu-PEI

/ODN groups were gradually increased (Figure 2B).

The cell apoptosis assay also indicated more apoptotic

cells in the ODN and phosphorothioate ODN than ctrl, espe-

cially in the N-Ac-L-Leu-PEI/ODN group. Moreover, CpG

ODN 2006 mainly triggered early cell apoptosis (Figure 3).

These results indicated that CpG ODN 2006 significantly

reduced the proliferation of RAW264.7 cells in part by indu-

cing early apoptosis. N-Ac-L-Leu-PEI-mediated CpG ODN

2006 delivery produced the most significant suppression of

RAW264.7 cells.

Osteoclastic Differentiation Analysis of

RAW264.7s by CpG ODN 2006
We accessed the CpG ODN 2006 regulation of osteoclastic

differentiation at the gene, protein, and cell levels using RT-

PCR and Western blot examinations. At both the gene and

protein levels, CpG ODN 2006 significantly decreased the

expression of the osteoclast differentiation factors, including

Nfatc, c-fos, RANK, and MMP9 (Figure 4A and B). TRAP

Figure 2 Cell viability assay and live-dead cell assay. (A) MTT assay of RAW264.7 cells cultured with PBS (ctrl), CpG ODN (ODN), phosphorothioate CpG ODN, and

N-Ac-L-Leu-PEI/CpG ODN complexes (N-Ac-L-Leu-PEI/ODN, w/w= 4:1) for 24, 48, and 72 h. Data represents the mean ± SD of three independent experiments and are

statistically analyzed with the Student’s t-test. *P<0.05, **P<0.01, ***P<0.001 vs the ctrl group at the same culture time; #P < 0.05, ##P <0.01 vs phosphorothioate ODN

group at the same culture time. (B) Live-Dead cell assay of RAW264.7 cells treated with PBS (ctrl), CpG ODN (ODN), phosphorothioate CpG ODN, and N-Ac-L-Leu-PEI
/CpG ODN complexes (N-Ac-L-Leu-PEI/ODN, w/w= 4:1) for 72 h. Green signals indicate live cells and red signals indicate dead cells. Scale bar: 100 μm.
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staining also showed that the number of osteoclasts with

multiple cores, fusion, and TRAP+ were significantly

decreased to 13.16 ± 1.81 and 10.55 ± 1.29 in phosphor-

othioate ODN and N-Ac-L-Leu-PEI/ODN group, respec-

tively, compared to the ctrl group (21.34 ± 1.96) and ODN

group (19.77 ± 2.15) (Figure 4C). It was noteworthy that the

N-Ac-L-Leu-PEI/ODN inhibition of osteoclast formation

was more pronounced than phosphorothioate ODN in these

experiments.

Discussion
CpG ODN has recently been widely used in research and

preliminary clinical trials for its potential in treatment and

prevention of infections and tumor formation, and as

a vaccine adjuvant.26–28 The involvement of CpG ODN

in osteoclastogenesis has been established.11–13,29 In this

study, N-Ac-L-Leu-PEI was used to deliver CpG ODN

2006 to RAW264.7 cells, and the stability, delivery ability,

and regulation of osteoclastogenesis were assessed.

CpG ODN quickly enters cells via the endocytosis

pathway with the involvement of TLRs and is distributed

in the cell cytoplasm.30 Phosphorothioate-modified CpG

ODN was more stable than non-modified ODN against

enzymatic degradation.31–33 However, modified CpG

ODN can reduce the immune response and cause enlarge-

ment of the immune organs.34,35 Therefore, in recent

years, macromolecule materials have been used in the

delivery of CpG ODN, including graphene oxide-

chitosan nanocomposites36 and N-isopropylacrylamide-

modified polyethyleneimine (PEN).37 Previous studies

demonstrated that the N-Ac-L-Leu-PEI/CpG ODN 2006

complex (w: w = 1: 1) was superior to microRNAs and

single-stranded oligo DNAs (w: w = 2:1)22,23,38 and to

plasmid DNA (w:w = 0.6–0.8:1).24 The PEN vehicle

could completely retard ODN MT01 at a mass ratio of

0.5.16 Similarly, N-Ac-L-Leu-PEI leads to better cell via-

bility than PEI25K in RAW264.7 cells.23,38 The same

results were shown in our findings. This may be attributed

to the declining cation composition of the complexes and

non-specific protein adsorption of N-Ac-L-Leu-PEI, which

triggered less cell membrane disruption.21 N-Ac-L-Leu-

PEI did not result in a more efficient delivery of CpG

ODN, as shown in Figure 1C that the transfection effi-

ciency was both more than 90% in the ODNs group and

Figure 3 Cell apoptosis assay. (A) Cell apoptosis was examined using Flow cytometry after co-culture with PBS (ctrl), CpG ODN (ODN), phosphorothioate CpG ODN,

and N-Ac-L-Leu-PEI/CpG ODN complexes (N-Ac-L-Leu-PEI/ODN, w/w= 4:1) for 72 h. (B) Statistical analysis of the cell population.
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the N-Ac-L-Leu-PEI/CpG ODN 2006 group. Besides, it

enabled CpG ODN to play a negative role in osteoclasto-

genesis in vitro,23,38 which indicated the significant down-

regulation of proliferation and differentiation of osteoclast

precursors. The lowest cell viability and more apoptotic

cells were found in the N-Ac-L-Leu-PEI/CpG ODN 2006

group in our study.

In addition, in the process of RANKL-mediated osteoclast

differentiation, Nfatc, c-fos, and RANK are early differentia-

tion markers, and MMP9 mainly affects the absorptive capa-

city of osteoclasts.39 TRAP is a marker enzyme of osteoclast

activity.2 In this study, N-Ac-L-Leu-PEI-mediated CpG ODN

2006 delivery inhibited the release of cytokines as well as the

expression of Nfatc, c-fos, Ctsk, and TRAP, which in turn

reduced osteoclast formation. With regard to transfection effi-

ciency, proliferation, and differentiation of osteoclast precur-

sor cells, N-Ac-L-Leu-PEI-mediated CpG ODN delivery was

always more prominent than the other deliveries.

Conclusion
N-Ac-L-Leu-PEI and CpGODN could form stable complexes

with relatively low cytotoxicity and high transfection effi-

ciency. N-Ac-L-Leu-PEI-mediated CpG ODN 2006 delivery

induces appreciable inhibition of the proliferation and differ-

entiation of osteoclast precursors. The findings implicate that

the N-Ac-L-Leu-PEI vehicle is a novel CpG ODN therapy

strategy for the prevention and treatment of periodontitis-

mediated bone resorption.
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