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Abstract  The aim of the present study was to deter-
mine the effects of carboxymethyl chitosan (CMC) on 
titanium particles-induced oxidative stress in mouse 
RAW264.7 macrophages. The mouse RAW264.7 
macrophages were divided into four groups: (i) the 
control group; (ii) the CMC group received stimula-
tion of CMC for 4 h; (iii) the titanium particles group 
received stimulation of titanium particles for 12  h; 
and (iv) the CMC group received pre-stimulation of 
CMC hydrogels for 4 h followed by treatment of tita-
nium particles for 12 h. Afterwards, reactive oxygen 
species (ROS) level in the cells was measured by flow 
cytometry. A spectrophotometer was used to measure 
the activities of oxidases and antioxidant enzymes. 
Fluorescence quantitative PCR was performed to 
analyze mRNA levels of enzymes and tumor necro-
sis factor α (TNF-α). ELISA was used to detect the 
mass concentration of TNF-α after indicated treat-
ment. CMC effectively suppressed titanium particles-
induced oxidative stress in RAW264.7 cells, as evi-
denced by the decrease in intracellular ROS level, the 
transcription of oxidases, and TNF-α concentration as 
well as the increase in the transcription of antioxidant 

enzymes. CMC exerts a protective impact against 
wear particles-induced oxidative stress and reduces 
the release of TNF-α in RAW264.7 cells.
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Introduction

Every year, millions of people around the world suffer 
mobility issues due to end-stage joint diseases such 
as osteoarthritis and rheumatoid arthritis (Cho et  al. 
2021; Mustonen et al. 2021). Artificial joint replace-
ment surgery remains to be the most effective method 
for these diseases and can significantly improve the 
patient’s life quality after surgery (Dodd et al. 2022; 
Günther et  al. 2021). However, aseptic loosening of 
joint prosthesis is still the main complication follow-
ing joint replacements, hindering the development of 
artificial joints (Wooley and Schwarz 2004; Cherian 
et al. 2015). Around the loose prosthesis, there are not 
only inflammatory factors produced by macrophages 
swallowing wear particles, but also a large number of 
oxides (Steinbeck et al. 2014). Inflammation together 
with oxidative stress stimulate the proliferation and 
activation of osteoclasts, and ultimately result in oste-
olysis and the loosening of prosthesis (Peng et  al. 
2018).
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Carboxymethyl chitosan (CMC) is a high-molecu-
lar polymer that forms following deacetylation from 
keratin (Younes and Rinaudo 2015). Keratin is widely 
found in the cell walls of fungi and the shells of crus-
taceans and insects in nature. Keratin molecules form 
CMC through N-terminal deacetylation (Logith-
Kumar et  al. 2016), which is similar in structure to 
glycosaminoglycans in the extracellular matrix, and 
can promote cell-to-cell adhesion, proliferation and 
differentiation. The introduction of carboxymethyl 
into CMC not only retains the excellent characteris-
tics of CMC, but also has stronger water solubility 
and biological activity (Fiamingo and Campana-Filho 
2016). CMC has been demonstrated to have antioxi-
dant effects, as the hydroxyl and carboxyl groups in 
the polymer chain can easily absorb hydrogen atoms 
in the free radicals to form stable polymer groups 
(Ramasamy et al. 2017).

The aim of the present study was to investigate 
whether pretreating macrophages with CMC can 
inhibit titanium particles-induced oxidative stress in 
macrophages. The results of the present study may 
provide a theoretical basis for exploring the role of 
CMC as a free radical scavenger in preventing pros-
thesis loosening.

Materials and methods

Preparation of titanium particles

Titanium particles were purchased from Alfa Aesar 
(Shanghai, China). First, the titanium particles were 
added with 75% ethanol and then were placed on a 
horizontal shaker for 24  h. Next, the particles were 
centrifugated at 111.8 × g for 5  min at room tem-
perature and then suspended in phosphate-buffered 
saline (PBS) solution. Afterwards, high temperature 
(180  °C) and high-pressure sterilization was per-
formed for 6  h. Subsequently, the titanium particles 
were subjected to the same centrifugal and autoclav-
ing conditions followed by resuspension in 0.1 g/l of 
PBS at the concentration of 10 g/l (Luo et al. 2016). 
A Limulus assay kit (Houshiji, Xiamen, China) was 
used to test these particles, and those with endo-
toxin levels less than 0.1 EU/ml were regarded as 
uncontaminated and were used in the current work. 
A scanning electron microscope with a magnifica-
tion of 2000 × was used to capture images to detect 

the diameter of titanium particles. For cell treatment, 
RAW264.7 cells were stimulated with titanium parti-
cles for 12 h.

Cell culture

Mouse RAW264.7 macrophage cell line was pur-
chased from Procell (Procell Life Science & Tech-
nology Co.,Ltd, Wuhan, China). RAW264.7 cell line 
was incubated with High-glycemic DMEM (GIBCO, 
Grand Island, NY, USA) containing 10% fetal bovine 
serum (GIBCO) in the environment of 5% CO2 at 
37 °C. Cells were removed gently with a cell scraper 
every 48 h for passage.

Preparation of CMC solution

High-concentration CMC (Yishengtang Medical 
Supplies Co., Ltd., Shijiazhuang, Hebei, China) was 
diluted in equal proportions and stored at 4 °C in the 
dark. For cell treatment, CMC was used to pretreat 
mouse macrophages for 4 h.

Detection of the effect of CMC on cell viability

RAW264.7 cells that were in the logarithmic growth 
phase were used for the experiments. The cell density 
was adjusted to 5 × 103/ml with DMEM (GIBCO). A 
total of 0 (control group), 0.2, 0.5, 1, 5, or 25 mg/ml 
CMC (Yishengtang Medical Supplies Co., Ltd.) was 
added to cells in each well of 96-well plates, and the 
plate was placed in an incubator for 24 h. A total of 10 
μL of CCK8 reagent (MedChem Express, Monmouth 
Junction, NJ, USA) was added to each well, and the 
plate was incubated at 37  °C with 5% CO2 for 4  h. 
After incubation, the solution was mixed thoroughly, 
and the absorbance at 450 nm was measured with a 
microplate reader. Cell proliferation rate = absorbance 
value of experimental group-absorbance value of 
blank group / absorbance value of the control group-
absorbance value of the blank group. The concentra-
tion with the least effect on cell activity was chosen 
for subsequent experiments.

Detection of ROS level in RAW264.7 cells

RAW264.7 cells that were in the logarithmic growth 
phase and a Cell Reactive Oxygen Detection Kit 
(Beyotime Biotechnology, Shanghai, China) were 
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used for the experiments. The cell density was 
adjusted to 5 × 105/ml with DMEM (GIBCO). After 
added to 6-well plates with 1 ml cell suspension per 
well, cells were incubated overnight at 37  °C and 
divided into four groups: (i) The non-stimulated 
negative control group was routinely cultured; (ii) 
the CMC group received 1 mg/ml CMC for 4 h; (iii)
the titanium particles group received 0.1 g/l titanium 
particles to stimulate the cells for 12 h; and (iv) the 
CMC group received pre-stimulation of 1  mg/ml 
CMC for 4 h and treatment of 0.1 g/l titanium parti-
cles for 12 h. RAW264.7 cells were collected follow-
ing intervention and resuspended in 1 ml of DCFH-
DA solution (diluted with serum-free culture medium 
to 10  µmol/l), followed by incubation at 37  °C for 
20 min in the dark, with mixing every 3 min during 
the incubation. It was ensured that the probe and cells 
made full contact, and they were then washed three 
times with serum-free cell culture medium. Finally, 
the cells were resuspended in PBS, and the fluores-
cence value was detected with a flow cytometer using 
a wavelength of 488 nm, and an emission wavelength 
of 525 nm.

Measurement of activities of oxidative 
stress‑associated enzymes

After centrifugation, the supernatant was taken for 
testing. Activities of enzymes were measured follow-
ing the recommendations of the enzyme activity test 
kit (Nanjing Jiancheng Institute of Biological Engi-
neering, Nanjing, China). In brief, after the test solu-
tion and the supernatant were fully mixed, the absorb-
ance value was recorded with a spectrophotometer. 
For each ml of cell supernatant, the molecular weight 
of the decomposition product of the enzyme produced 
every min was taken as an enzyme activity unit.

Reverse transcription‑quantitative polymerase chain 
reaction

After stimulation, RNA from each group of cells 
was extracted to perform RT-qPCR detection. Total 
RNA was extracted using TRIzol reagent (Invitro-
gen; Thermo Fisher Scientific, Waltham, MA, USA). 
Microspectrophotometers measure the OD260, 
OD280 and OD260/OD280 values to calculate the 
purity and concentration of RNA. A ratio between 
1.8 and 2.0 was required to meet the experimental 

requirements. The concentration of total RNA was 
determined and the ratio of A260/280 was established 
to ensure that the ratio was between 1.8 and 2.0; then, 
reverse transcription was performed to obtain cDNA, 
which was then stored at −20 °C. Quantitative PCR 
detection was then performed. The reaction condi-
tions are 95 °C 10 min (one cycle), then 95 °C 15 s, 
60  °C 1  min (40 cycles), 95  °C 15  s, 60  °C 1  min, 
95  °C 15  s (one cycle). After the quantitative PCR, 
GAPDH was used as an internal reference to ana-
lyze and calculate the results. The primers were syn-
thesized by Sangon Biotech (Shanghai, China), and 
primer sequences are shown in Table 1.

ELISA detection of TNF‑α secretion

After stimulation, the cell supernatant was collected, 
and the ELISA reaction was performed using the 
Tumor Necrosis Factor α ELISA Kit (R&D systems, 
Minneapolis, MN, USA) according to the instruc-
tions. After termination of the reaction, the color 
changes were immediately measured using a micro-
plate reader to measure the optical density of each 
well at a wavelength of 450  nm. At the same time, 
540  nm was set as the calibration wavelength for 
dual-wavelength measurement, and a standard curve 
was prepared according to the instructions of the 
manual. The secretion level of TNF-α in the sample 
was calculated to be tested according to the standard 
curve.

Statistical analysis

All experimental results were statistically ana-
lyzed using SPSS 19.0 software, and the results are 
expressed as X ± SD; the experimental results of each 
group were compared by one-way ANOVA. Values of 
p < 0.05 was considered to indicate statistically sig-
nificant differences.

Results

RAW264.7 cell morphology

The cultured RAW264.7 cells were round in morphol-
ogy. The RAW264.7 cells in the control group and the 
CMC group were concentrated, while the cells in the 
titanium particle group were more dispersed (Fig. 1).
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Diameter distribution of titanium particles

According to the image captured by the scanning 
electron microscopy, the average diameter of tita-
nium particles was 2.4 ± 1.3  μm, and > 90% of the 
titanium particles were < 3.75  μm. The diameter 
distribution was similar to that of the wear particles 
extracted from the loose membrane of the prosthe-
sis (Fig. 2).

Effect of CMC or titanium particles on cell viability

According to results of the CCK-8 test, CMC at 
0–1  mg/ml exerts non-toxic effect on RAW264.7 
cells after 24 h of incubation (Fig. 3 left panel). Cell 
viability was significantly inhibited after treatment 
of 25 mg/ml CMC (Fig. 3 left panel). Thus, 1 mg/ml 
CMC solution was used for subsequent intervention. 

Table 1   Sequence of 
primes used for RT-qPCR

Gene Sequence (5′→3′)

GAPDH F ACT TTG​TCA​AGC​TCA​TTT CC
R TGC​AGC​GAA​CTT​TAT​TGA​TG

Cu/Zn superoxide dismutase F AAC​CAG​TTG​TGT​TGT​CAG​GAC​
R CCA​CCA​TGT​TTC​TTA GAG​TGA​GG

Mn superoxide dismutase F TGG ACA​AAC​CTG​AGC​ CCT​AAG​
R CCC​AAA​GTC​ACG​CTT GAT​AGC​

Glutathione peroxidase F AGT CCA CCG TGT ATG CCT TCT​
R GAG ACG CGA CAT TCT CAA TGA​

Glutathione reductase F GCG​TGA​ATG​TTG​GAT​GTG​TACC​
R GTT​GCA​TAG​CCG​TGG​ATA​ ATTTC​

Catalase F GGA​GTC​TTC​GTC​CCG​AGT​CT
R CGG​TCT​TGT​AAT​GGA ACT​TGC​

INOS F ACA​TCG​ACC​CGT​CCA​CAG​TAT​
R CAG​AGG​GGT​AGG​CTT​GTC​TC

NOX-1 F GGT​TGG​GGC​TGA​ACA​TTT​TTC​
R TCG​ACA​CAC​AGG​AAT​CAG​GAT​

NOX-2 F AGC​AGT​TGA​TGG​ACC​CTT​TG
R TAC​CAG​ACA​GAC​TTG​AGA​ATG​GAG​

TNF-α F CCC​TCA​CAC​TCA​GAT​CAT​CTTCT​
R GCT​ACG​ACG​TGG​GCT ACAG​

Fig. 1   RAW264.7 macrophages under the microscope at 
100 × magnification. A Control RAW264.7 cells convention-
ally cultured without any treatments. B Titanium particles were 

used to stimulate RAW264.7 cells for 12 h. C Cells pre-stim-
ulated with carboxymethyl chitosan (CMC) gel for 4  h were 
then stimulated by titanium particles for 12 h
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In addition, titanium particles induced significant 

reduction of cell viability, and the alternation was 
reversed by CMC pretreatment (Fig. 3 right panel).

CMC inhibits titanium particle‑induced intracellular 
reactive oxygen generation

Flow cytometry analysis revealed that the produc-
tion of intracellular ROS was increased in RAW264.7 
cells stimulated with titanium particles (Fig.  4C) 
compared to that in cells of control group (Fig. 4A). 
In addition, CMC alone exerted no significant influ-
ence on ROS level (Fig.  4B). Moreover, compared 
with ROS level in titanium group (Fig. 4C), decreased 
ROS content was detected in RAW264.7 cells pre-
treated with CMC (Fig.  4D). Quantification of ROS 
levels in four groups is shown in Fig. 4E.

CMC protects the activities of antioxidant enzymes

The activities of antioxidant enzymes (SOD, GR, and 
CAT) and oxidases (NADPH oxidase and iNOS) were 
evaluated by a spectrophotometer. Compared with the 
control group, activities of antioxidant enzymes in 
CMC group were not significantly affected and those 
in titanium particles group were greatly decreased 
while those of oxidases were elevated (Fig.  5). In 
addition, decreased activities of antioxidant enzymes 
and increased activities of oxidases caused by tita-
nium particles were partially reversed by CMC pre-
stimulation (Fig. 5).

CMC upregulates mRNA levels of antioxidant 
enzymes in RAW264.7 cells

RT-qPCR was performed to measure mRNA lev-
els of these enzymes in RAW264.7 cells. Compared 
with the control group, mRNA expression of oxi-
dases, including iNOS and NOS-1, was increased in 
the titanium particle group while that of antioxida-
tive enzymes, including CAT, CuZnSOD, GR, GSH-
PX and Mn-SOD, was reduced (Fig. 6). In addition, 
CMC alone has not obvious effect on levels of these 
oxidases and enzymes (Fig. 6). Importantly, the sup-
pressive impact on antioxidant enzyme activities and 
the promoting impact on oxidase activities exerted by 
titanium particles were countervailed by CMC pre-
treatment (Fig. 6).

Fig. 2   Diameters of titanium particles. The diameter of tita-
nium particles was observed under a scanning electron micro-
scope, and the distribution of titanium particle diameters was 
analyzed

Fig. 3   Effect of CMC on cell viability. The CCK-8 assay was 
performed to explore the impact of CMC at indicated concen-
tration (0.2, 0.5, 1, 5, 25  mg/ml) on RAW264.7 cell viabil-
ity after 24  h of incubation. *p < 0.05 compared with control 
group (0 mg/ml)
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CMC inhibits the mRNA expression and release of 
pro‑inflammatory factor TNF‑α

TNF-α mRNA level was subjected to qPCR analysis 

and TNF-α concentration was measured by ELISA. 
Compared with the control group, the titanium parti-
cle group displayed increased TNF-α mRNA expres-
sion and concentration (Figs.  6 and 7). Moreover, 

Fig. 4   CMC inhibits 
titanium particle-induced 
intracellular reactive 
oxygen generation. A-D 
ROS content in RAW264.7 
cells of control group, 
CMC group (stimula-
tion time: 4 h), titanium 
particles group (stimulation 
time: 12 h), and titanium 
particles + CMC group 
(pre-stimulated with CMC 
for 4 h and then treated 
with titanium particles for 
12 h) was probed using flow 
cytometry. E Quantifica-
tion of ROS levels in four 
groups based on A–D. 
*p < 0.05. CMC, carboxym-
ethyl chitosan
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CMC counteracted the elevation of TNF-α mRNA 
level and accumulation in macrophages treated with 
titanium particle (Figs. 6 and 7). The concentrations 
of other inflammatory cytokines including IL-6, 
IL-1b, and IL-1β were also detected using ELISA. 
Similarly, titanium particles induced high levels 
of IL-6, IL-1b, and IL-1β, and the alternation was 
reversed by CMC pretreatment (Fig. 7).

Discussion

Aseptic loosening is one of the most common causes 
of artificial joint replacement (Cherian et  al. 2015). 
The specific mechanism has been studied a lot, and 
the role of oxidative stress is gaining increasing atten-
tion. Numerous studies have observed that oxides can 
also enhance the RANKL signaling pathway (Fon-
tani et  al. 2015; Filaire and Toumi 2012), induce 
the expression of osteoclast genes, destroy bone and 
eventually cause osteolysis and joint loosening. CMC 
is a derivative formed by introducing carboxyme-
thyl into the molecular chain of chitosan, which not 
only retains the excellent characteristics of chitosan, 

but also has stronger water solubility and biological 
activity (Fiamingo and Campana-Filho 2016). As a 
derivative of natural polysaccharide chitosan, CMC 
has a strong antioxidant effect and has broad applica-
tion prospects. In addition, it was also found that by 
decreasing the molecular weight of CMC, its anti-
oxidant activity increased due to the decrease in the 
number of intra- and intermolecular hydrogen bonds.

Evidence has shown that the mechanism of oxi-
dative stress in prosthesis loosening is that active 
oxides can promote fibrosis and osteoclast differen-
tiation around the prosthesis. First, particles produced 
by wear between joint prostheses are swallowed by 
surrounding macrophages to produce reactive oxy-
gen free radicals (Wang et  al. 2002). Previous stud-
ies have shown that active oxygen free radicals are 
positively correlated with the development of fibro-
sis in the tissues around the joint prosthesis (Riedle 
and Kerjaschki 1997; Windhager et  al. 1998). Free 
radicals induce the cross-linking of matrix proteins 
and stimulate fibroblasts to secrete collagen, which 
further increases the excessive fibrosis around the 
joint prosthesis, increases the pressure in the joint 
cavity, expands the effective joint space, and allows 

Fig. 5   CMC protects the 
activities of antioxidant 
enzymes. A Activities 
of antioxidant enzymes, 
including superoxide dis-
mutase (SOD), glutathione 
reductase (GR), and 
catalase (CAT), as well as 
activities of NADPH oxi-
dase, and iNOS in control 
group, CMC group (stimu-
lation time: 4 h), titanium 
particles group (stimulation 
time: 12 h), and titanium 
particles + CMC group 
(pre-stimulated with CMC 
for 4 h and then treated with 
titanium particles for 12 h) 
were evaluated by a spec-
trophotometer. *p < 0.05. 
CMC, carboxymethyl 
chitosan
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inflammatory mediators to enter the prosthesis-bone 
interface and finally leads to aseptic loosening (Kinov 
et  al. 2006). Secondly, oxidative stress affects the 
functions of osteoblasts and osteoclasts (Wauquier 
et  al. 2009). The amount of oxygen free radicals is 
directly proportional to the degree of inflammation of 
synovial cells (Fiorito et al. 2001). At the same time, 
too much oxide will cause the cells to undergo lipid 
peroxide reaction, which will damage the cell mem-
brane and destroy the function and structure of osteo-
blasts. However, recent studies have suggested that a 

small amount of reactive oxygen species play the role 
of a second signal molecule in the complex receptor 
signaling pathway (Forman et al. 2004; Rhee 1999), 
promoting the differentiation and maturation of osteo-
clasts. Ha et al. (2004) found evidence that RANKL 
mediates the production of reactive oxygen species. 
After RANKL is stimulated for 5  min, the produc-
tion of reactive oxygen species can be detected by a 
reactive oxygen species detector, and antioxidants 
can attenuate this effect. The specific mechanism is 
that RANKL binds to TNF receptor-related factor 6, 

Fig. 6   CMC upregulates 
mRNA levels of antioxidant 
enzymes in RAW264.7 
cells. The mRNA levels 
of antioxidant enzymes, 
including CAT, CuZnSOD, 
GR, GSH-PX, and Mn-
SOD, levels of oxidases, 
such as iNOS, NOX-1, and 
NOX-2, as well as TNFα 
level in RAW264.7 cells of 
four groups (control group, 
CMC group, titanium par-
ticles group, and titanium 
particles + CMC group) 
were subjected to RT-qPCR 
analysis. For CMC group 
or titanium particles group, 
RAW264.7 cells were 
stimulated with CMC for 
4 h or treated with titanium 
particles for 12 h. For the 
last group, cells were pre-
stimulated with CMC for 
4 h and then treated with 
titanium particles for 12 h. 
*p < 0.05. CAT: catalase; 
GR: glutathione reductase; 
CMC: carboxymethyl chi-
tosan; GSH-PX: glutathione 
peroxidase; iNOS: nitric 
oxide synthase; NOX-1: 
NAPDH oxidase 1
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induces NADPH oxidase to produce reactive oxygen 
species, promotes osteoclast gene expression, and 
makes it mature. In addition, reactive oxygen species 
can also inhibit the expression of OPG and promote 
osteoclast differentiation (Fontani et  al. 2015; Lee 
et al. 2005).

CMC has the effect of antagonizing oxidative 
stress. First, oxides and free radicals are neutralized. 
The antioxidant effect of CMC is associated with the 
hydroxyl and carboxyl groups in its polymer chain. 
They can easily absorb hydrogen atoms in free radi-
cals to form stable polymer groups (Ramasamy et al. 
2017). Second, antioxidant enzymes are protected. 
The production of reactive oxygen radicals is primar-
ily regulated by oxidative stress-associated enzymes. 
The oxidases mainly include nicotinamide adenine 
dinucleotide phosphate oxidase and nitric oxide syn-
thase, and the antioxidant enzymes mainly include 
catalase, superoxide dismutase, glutathione peroxi-
dase and glutathione reductase (Matés 2000; Sareila 

et  al. 2011). The present study revealed that tita-
nium particle stimulation can induce oxidative stress, 
secrete oxide free radicals, and increase the expres-
sion and activity of oxidase. The CMC pretreatment 
not only neutralizes the oxides, but also decreases the 
damaging effect of the titanium particles on antioxi-
dant enzymes and protects the activity of antioxidant 
enzymes.

CMC has the ability to decrease the production of 
TNF-α. TNF-α can bind to the TNF receptor on the 
cell membrane, activate multiple signaling pathways, 
and cause cell inflammatory response or cell apop-
tosis (Ma et  al. 2015). TNF-α can also promote the 
overexpression of RANKL, which directly stimulates 
the production of osteoclasts (Li et  al. 2003), and 
can enhance the aggregation of osteoclasts (Azuma 
et al. 2000; Bertolini et al. 1986). TNF-α can induce 
osteoblast apoptosis in vivo (Kitaura et al. 2013), and 
inhibit osteoblast differentiation (Zheng et al. 2017). 
In this work, titanium particle stimulation increased 
the level of TNF-α transcription, while macrophages 
treated with CMC offset the increase in TNF-α 
mRNA level. ELISA also proved that CMC decreased 
the secretion of TNF-α.

The present study demonstrated through in  vitro 
experiments that titanium particles stimulate mac-
rophages to increase ROS level, activities of oxidases, 
and TNF-α concentration while decreasing activities 
of antioxidant enzymes. CMC exerts an antioxidant 
effect to resist the oxidative stress of macrophages 
and the release of TNF-α caused by the stimulation 
of wear particles. The results of the present study 
provide options for non-surgical treatment of aseptic 
loosening of artificial joint prostheses. However, the 
stimulating condition of the cell experiment was just 
one kind, which cannot accurately simulate the com-
plicated pathological conditions in the body. Animal 
experiments will be performed in future studies to 
investigate the effect of CMC around artificial joint 
prostheses.
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