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Abstract: Wear particle-induced inflammatory osteolysis is the primary cause of aseptic 

loosening, which is the most common reason for total hip arthroplasty (THA) failure in the 

med- and long term. Recent studies have suggested an important role of gut microbiota (GM) 

in modulating the host metabolism and immune system, leading to alterations in bone mass. 

Probiotic bacteria administered in adequate amounts can alter the composition of GM and confer 

health benefits to the host. Given the inflammatory osteolysis that occurs in wear debris-induced 

prosthesis loosening, we examined whether the probiotic Lactobacillus casei could reduce 

osteolysis in a mouse calvarial resorption model. In this study, L. casei markedly protected 

mice from CoCrMo particles (CoPs)-induced osteolysis. Osteoclast gene markers and the 

number of osteoclasts were significantly decreased in L. casei-treated mice. Probiotic treatment 

decreased the M1-like macrophage phenotype indicated by downregulation of tumor necrosis 

factor α (TNF-α), interleukin (IL)-6 and inducible nitric oxide synthase (iNOS) and increased 

the M2-like macrophage phenotype indicated by upregulation of IL-4, IL-10 and arginase. Col-

lectively, these results indicated that the L. casei treatment modulated the immune status and 

suppressed wear particle-induced osteolysis in vivo. Thus, probiotic treatment may represent a 

potential preventive and therapeutic approach to reduced wear debris-induced osteolysis.

Keywords: wear particles, gut microbiota, nanotoxicity, macrophage polarization, inflammatory 

cytokines, aseptic loosening

Introduction
Total hip arthroplasty (THA) is one of the most effective treatments for various 

end-stage joint diseases.1–3 However, wear particle-induced osteolysis and the sub-

sequent aseptic loosening remain the most common causes of arthroplasty failure and 

revision surgery in the med- to long term.4 Wear debris that is generated from implant 

components plays a key role in aseptic loosening.5 Wear particles are responsible for 

the activation of macrophages, which subsequently release various proinflammatory 

cytokines, such as tumor necrosis factor α (TNF-α), interleukin (IL)-6 and IL-1β. 

These inflammatory cytokines can increase osteoclast formation and activate osteoclast 

activity. The concept of macrophage polarization was recently considered to play a 

role in the pathological mechanism of aseptic loosening.1,6,7 M1 proinflammatory 

macrophages were activated in response to wear debris dominating the M2 anti-

inflammatory response. M1 macrophages secrete primarily proinflammatory cytokines 

such as TNF-α, IL-6 and IL-1β, while M2 macrophages produce anti-inflammatory 

mediators such as IL-4, IL-10 and IL-13. The increased ratio of M1/M2 macrophages 

from peri-implant tissues compared with osteoarthritic synovial tissues has been 

reported.7 Furthermore, the modulation of macrophage polarization was considered 

an effective means to mitigate wear particle-induced osteolysis.1,6
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Recently, the gut microbiota (GM) has emerged as a 

potentially important regulator of systemic health. Perturbed 

GM composition has been postulated to be involved in a 

range of inflammatory conditions, within and outside the gut, 

including Crohn’s disease, ulcerative colitis, multiple sclerosis, 

diabetes, rheumatoid arthritis, asthma and obesity.8 Sjogren 

et al9 have showed that the absence of GM in germ-free mice 

leads to increased bone mass. Probiotics are defined as live 

microorganisms whose administration in adequate amounts 

confers health benefits to the host by altering the composition 

of GM.8 Lactobacillus casei is usually used in dietary supple-

ments, and previous studies have shown that L. casei possesses 

strong anti-inflammatory activity.10–14 In collagen-induced 

arthritis (CIA) animal model, oral administration of L. casei 

significantly decreased the serum levels of pro-inflammatory 

cytokines IL-6 and TNF-α and increased the levels of IL-10.13 

In another study, administration of L. casei suppressed clinical 

symptoms in experimental rheumatoid arthritis, including paw 

swelling, lymphocyte infiltration and destruction of cartilage 

tissues, and the therapeutic efficacy was associated with an 

increase in anti-inflammatory cytokines while decreasing pro-

inflammatory cytokines.12 Wear-debris activated macrophages, 

which released an array of proinflammatory cytokines, resulted 

in the recruitment, differentiation and maturation of osteoclast 

precursors.15 Given the important role of macrophages in the 

pathological mechanisms of aseptic loosening and the key 

role of GM in systemic bone health and inflammatory condi-

tions, questions have been raised as to probiotic supplements 

affect wear debris-induced local inflammatory conditions and 

osteolysis in the pathological process of aseptic loosening.

In this study, we examined the effect of a probiotic  

(L. casei) in a wear particles-treated mice calvarial resorp-

tion model. Interestingly, L. casei attenuated CoCrMo par-

ticles (CoPs)-induced osteolysis and osteoclast formation. 

Further, our results indicated that these effects may be due 

to the decrease in M1-like macrophages and the increase in 

M2-like macrophages in local tissue. Thus, the administration 

of probiotics may be a potential therapeutic approach for the 

treatment of aseptic loosening.

Materials and methods
Bacterial culture
Lactobacillus casei (ATCC 334) was purchased from the 

American Type Culture Collection. Lactobacillus casei was 

cultured under anaerobic conditions in de Mann Rogosa 

Sharpe Agar (MRS) at 37°C.

Particle preparation
The characteristics of the CoPs are described in Figure 1. The 

particles were autoclaved for 15 minutes at 121°C and 15 psi 

for sterilization and then suspended in phosphate-buffered 

saline (PBS). The particles were endotoxin-free, as determined 

by a commercial detection kit (chromogenic end-point TAL 

with diazo coupling kit; Xiamen Houshiji, Ltd, Xiamen, 

People’s Republic of China). To obtain essential informa-

tion on the size and shape of the nanoparticles, transmission 

electron microscopy (TEM) was carried out. A few drops of 

deionized water-dispersed particles were cast on a 300-mesh 

carbon-coated copper grid. TEM images of the sample were 

collected using a transmission electron microscope (JEOL 

Ltd., Tokyo, Japan). From the acquired TEM images, particle 

sizes were measured by manually measuring the particle diam-

eters using ImageJ software as previously described.16

In vivo calvarial resorption model and 
probiotic treatment
The mice were obtained from the experimental animal center 

of Jinling Hospital (Nanjing, People’s Republic of China), 

Figure 1 characterizations of coPs.
Notes: (A) representative TeM images of coPs. (B) coPs size distribution. (A) scale bar 100 nm. (B) Particles with sizes of 52.2±27.5 (mean ± sD).
Abbreviations: coPs, cocrMo particles; TeM, transmission electron microscopy; sD, standard deviation.
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and the research was approved by the Nanjing Jinling 

Hospital Ethics Committee. All animals received humane 

care in accordance with Chinese legal requirements (the 

Laboratory Animal Management Regulations [January 8, 

2011, revision]). Animals were divided into three groups: 

group I, sham-operated controls; group II, CoPs treatment, 

and group III, CoPs plus L. casei. In group III, the animals 

were treated with 2×108 CFU/mL (colony-forming units/mL) 

of L. casei suspended in 500 µL distilled water administered 

directly into the stomach with a gavage needle three times per 

week for 8 weeks. In group II, the animals received 500 µL 

distilled water. The wear particle-induced calvarial osteolysis 

model in 8-week-old C57BL/J6 mice has been described 

previously.17,18 Briefly, the mice were anesthetized, and the 

cranial periosteum was separated from the calvarium by 

sharp dissection. Forty microliters (40 mg/mL) of the CoPs 

suspension was embedded under the periosteum around the 

middle suture of the calvaria. Group I mice received 40 µL 

PBS only (sham group). Group II and group III mice were 

administered with distilled water or bacterial for another 

2 weeks after surgery. Then, the animals were sacrificed, 

and the calvarial caps were removed by dissecting the bone 

free from the underlying brain tissue.

calvaria culture
As previously described,6 each of the calvaria was placed into 

a well of a 12-well plate and cultured with 2 mL Dulbecco’s 

Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, 

Waltham, MA, USA) for 24 hours at 37°C with 5% CO
2
. The 

culture medium was collected and stored at −20°C for assay of 

receptor activator of nuclear factor (NF)-κB ligand (RANKL), 

osteoprotegerin (OPG), TNF-α, IL-6, IL-4 and IL-10.

Micro-computed tomography (micro-cT) 
scanning
After culturing in DMEM, the mouse calvaria were analyzed 

by a high-resolution micro-CT (SkyScan1176; SkyScan, 

Aartselaar, Belgium) at a resolution of 18 µm and X-ray 

energy settings of 45 kV and 550 µA. A square region of inter-

est (ROI) around the midline suture was selected for further 

qualitative and quantitative analysis after reconstruction. Bone 

volume/total volume (BV/TV) and the percentage of total 

porosity within the ROI were measured with the software pro-

vided with the micro-CT system, as reported previously.19

real-time polymerase chain reaction 
(Pcr)
Total RNA from the calvarial bone was prepared using 

TRIzol reagent (Thermo Fisher Scientific) as previously 

described.18 Real-time PCR was performed according to the 

manufacturer’s protocols. Primers for β-actin were used as 

internal controls. The primers used in this study are listed 

in Table 1.

histologic and histomorphometric 
analysis
After micro-CT analysis, a portion of the calvarias were decal-

cified in 15% ethylene diamine tetraacetic acid (EDTA)–PBS 

for 3 weeks and embedded in paraffin. The sections were 

stained with hematoxylin and eosin (HE) and tartrate-

resistant acidic phosphatase (TRAP; Sigma-Aldrich, 386A) 

by standard methods. The specimens were then observed 

and photographed with a light microscope. The number of 

osteoclasts counted in each sample was reported as previ-

ously described.20

enzyme-linked immunosorbent assay 
(elIsa) detection
The RANKL, OPG, TNF-α, IL-6, IL-4 and IL-10 levels 

were quantified using ELISA kits (Jinyibai Biological Tech-

nology Co. Ltd, Nanjing, People’s Republic of China). All 

procedures were performed according to the manufacturer’s 

instructions.

statistical analysis
The results were expressed as the mean ± standard error of 

the mean (SEM). The differences among groups were analyzed 

by analysis of variance (ANOVA), followed by Dunnett’s test 

or Bonferroni’s post hoc test. Additionally, comparisons 

between two groups were analyzed using Student’s t-tests. 

P-value ,0.05 was considered significantly different.

Table 1 The primers for rT-Pcr assay in this study

Primer name Primer sequence (5′–3′)

alP sense ggacaggacacacacacaca
alP antisense caaacaggagagccacTTca
OcN sense cagacaccaTgaggacccTc
OcN antisense gggcgTggcaTcTgTgaggT
TraP sense cTggagTgcacgaTgccagcgaca
TraP antisense TccgTgcTcggcgaTggaccaga
cTr sense TgcagacaacTcTTggTTgg
cTr antisense TcggTTTcTTcTccTcTgga
c-fos sense TccagaTTgcTggacaaTga
c-fos antisense cccgTcTTggcaTacaTcTT
cathepsin K sense cTTccaaTacgTgcagcaga
cathepsin K antisense TcTTcagggcTTTcTcgTTc
β-actin sense ggTgTgaTggTgggaaTggg
β-actin antisense acggTTggccTTagggTTcag

Abbreviations: rT, reverse transcription; Pcr, polymerase chain reaction; alP, 
alkaline phosphatase; OcN, osteocalcin; TraP, tartrate-resistant acidic phosphatase; 
cTr, calcitonin receptor.
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Results
characterizations of coPs
TEM was used to measure the morphology and size distribu-

tion of the CoPs. Most particles were round to oval-round 

shapes with some irregular morphology (Figure 1A). Eighty-

seven percent of the particles ranged from 20 nm to 80 nm, 

with a mean diameter of 52.2 nm and a standard deviation 

of 27.5 nm (Figure 1B), which were similar with the wear 

debris retrieved from metal implants.21–25

L. casei ameliorated coPs-induced 
osteolysis
To determine the effect of probiotic treatment on wear 

debris-induced osteolysis, 8-week-old mice were treated with 

L. casei or vehicle for 10 weeks, starting 8 weeks before 

surgery (Figure 2A). CoPs-induced osteolysis was assessed 

by micro-CT with three-dimensional reconstruction. 

As shown in Figure 2B and Figure S1, the osteolysis induced 

by CoPs was suppressed by L. casei administration. Quan-

titative analysis of bone parameters confirmed that L. casei 

significantly increased the BV/TV and decreased the percent-

age of total porosity (Figure 2C and D). To further confirm 

the effect of L. casei on wear debris-induced bone loss, 

we processed histological and histomorphometric assess-

ments. HE staining showed that sections in the sham group 

exhibited few osteolytic changes (Figure 2D). In the CoPs-

treated group, osteolysis had clearly occurred, whereas the 

L. casei-administered group exhibited decreased osteolysis 

Figure 2 Lactobacillus casei ameliorated coPs-induced mouse calvarial osteolysis.
Notes: (A) The 8-week-old mice were treated with either L. casei or vehicle preoperatively for 8 weeks (3 times/week) and postoperatively for 2 weeks (3 times/week). 
The animals were then sacrificed, and tissues were collected for later analysis. (B) representative micro-cT with three-dimensional reconstructed images from each group. (C) 
BV/TV and the percentage of total porosity of each sample were measured. (D) representative he-stained images of calvaria from each group. (E) The erosion area (%) of each 
group was measured in (D). The rOI in (B) was indicated by the yellow square box. The data are presented as the mean ± seM (n=5–7). *P,0.05. (D) scale bar: 250 µm.
Abbreviations: coPs, cocrMo particles; cT, computed tomography; BV/TV, bone volume/total volume; he, hematoxylin and eosin; rOI, region of interest; seM, standard 
error of the mean; L. casei, Lactobacillus casei.
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(Figure 2D). The erosion area induced by CoPs was reduced 

by ~40% in the L. casei-treated group (Figure 2E). The data 

indicated that L. casei partly protected bone loss induced 

by CoPs.

L. casei suppressed coPs-induced 
osteoclast formation
Normal bone metabolism is reliant on homeostasis between 

bone formation and degradation. Loss of bone stock in the 

peri-prosthetic area can be due to either the stimulation of 

bone resorption or the inhibition of bone formation.18,26,27 

To explore the reason behind the protective effect of L. casei 

on bone stock, we first examined both osteoblast gene 

markers (alkaline phosphatase [ALP] and osteocalcin [OCN]) 

and osteoclast gene markers (TRAP and calcitonin receptor 

[CTR]). As shown in Figure 3A, osteoblast markers were 

markedly downregulated by CoPs. Although L. casei partly 

rescued the decrease in osteoblast markers, no significant 

differences were detected between the CoPs group and the 

CoPs and L. casei co-treatment group. In contrast, CoPs 

Figure 3 Lactobacillus casei inhibited coPs-induced osteoclast formation.
Notes: (A) The levels of alP and OcN mrNas from each group were examined using real-time Pcr. (B) The levels of TraP, cTr, c-fos and cathepsin K mrNas from 
each group were examined using real-time Pcr. (C) representative TraP-stained images of calvaria from each group. Osteoclasts are indicated by arrows. (D) The number 
of TraP-positive cells in each group was measured in (C). The data are presented as the mean ± seM (n=5–7). *P,0.05. (C) scale bar: 60 µm.
Abbreviations: coPs, cocrMo particles; alP, alkaline phosphatase; OcN, osteocalcin; mrNa, messenger rNa; Pcr, polymerase chain reaction; TraP, tartrate-resistant 
acidic phosphatase; CTR, calcitonin receptor; SEM, standard error of the mean; ns, not significant; L. casei, Lactobacillus casei.
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treatment significantly increased the expression of osteoclast 

markers TRAP and CTR, and the upregulation was reversed 

by L. casei administration (Figure 3B). We also detected 

the other two osteoclast genes c-fos and cathepsin K. The 

results showed that the expression of cathepsin K messenger 

RNA (mRNA) induced by CoPs was inhibited by L. casei 

co-treatment (Figure 3B). The level of c-fos showed a similar 

tendency, although the data were not statistically significant 

(Figure 3B). In agreement with the earlier results, we detected 

a significant increase in TRAP-positive cells in CoPs-treated 

calvaria caps, which indicated the presence of osteoclasts 

(Figure 3C). CoPs treatment markedly increased the number 

of osteoclasts by 11-fold compared to the sham group 

(Figure 3D). Co-treatment with L. casei decreased the number 

of osteoclasts by 50% (Figure 3C and D). These results sug-

gested that the protective effect of L. casei on CoPs-induced 

osteolysis was due to the inhibition of osteoclastogenesis.

L. casei did not affect raNKl and 
OPg expression in local tissue
As RANKL and OPG play key roles in osteoclastogenesis 

and a previous study suggested that L. mix (containing 

Lactobacillus paracasei DSM 13434, Lactobacillus plan-

tarum DSM 15312 and DSM 15313) treatment increased the 

expression of OPG in vivo, we explored whether L. casei 

regulated the levels of RANKL and OPG in local tissues.8,28 

The calvaria were cultured in media for 24 hours, and then the 

culture media were collected for RANKL and OPG detection. 

As shown in Figure 4A and C, neither RANKL nor OPG in 

local tissues was modulated by L. casei.

L. casei decreased the expression of 
M1 markers and enhanced the expression 
of M2 markers in local tissue
Inflammatory cytokines play key roles in wear debris-induced 

osteolysis and can modulate osteoclast formation and 

activity.2 Modulation of macrophages from the proinflamma-

tory M1 to the anti-inflammatory M2 phenotype is consid-

ered as an important way to mitigate wear particle-induced 

osteolysis.1 We next investigated whether L. casei treatment 

affected the phenotypes of macrophages. The levels of M1 

markers TNF-α, IL-6 and iNOS in local tissue were upregu-

lated in the CoPs-treated group compared with the sham 

group (Figure 5A). The upregulation was markedly attenu-

ated by treatment with L. casei (Figure 5A). By contrast, 

the levels of M2 markers IL-4, IL-10 and arginase were 

decreased in the wear debris-treated group compared with 

the sham group (Figure 5B). After administration of L. casei, 

the levels of IL-4, IL-10 and arginase were significantly 

increased. In vitro, co-culture of human colonic mucosa with 

L. casei significantly decreased the expression of TNF-α 

and IL-6, while increased the level of IL-4 (Figure S2 and 

Supplementary materials).

Discussion
Monocytes are versatile cells that can express different func-

tional programs in response to microenvironmental signals.29 

Fully polarized M1 and M2 macrophages represent extremes 

of a continuum of functional states. Most tissues contain 

highly specialized macrophage subsets. These tissue-resident 

macrophages, or M0 (undifferentiated) macrophages are 

Figure 4 Lactobacillus casei did not affect raNKl and OPg expression in calvaria.
Notes: The levels of (A) raNKl, (B) OPg and (C) raNKl/OPg from each group were examined by elIsa assays. The data are presented as the mean ± seM (n=5–7).
Abbreviations: raNKl, receptor activator of nuclear factor (NF)-κB ligand; OPg, osteoprotegerin; elIsa, enzyme-linked immunosorbent assay; seM, standard error of 
the mean; CoPs, CoCrMo particles; ns, not significant; L. casei, Lactobacillus casei.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5393

Probiotics protect particles-induced osteolysis

responsible for the quiescent removal of apoptotic cells, 

participate in the regulation of tissue homeostasis and per-

form various tissue-specific functions.1,30 Full M1 polarization 

(classical macrophage activation) mediates the host’s defenses 

against a variety of bacteria, protozoa and viruses and plays 

roles in antitumor immunity. Alternatively, activated mac-

rophages (M2 macrophages) exert anti-inflammatory func-

tion and regulate wound healing.30 Wear particles can activate 

macrophages, which secrete proinflammatory cytokines and 

chemokines that lead to further macrophage recruitment, 

upregulation of osteoclastogenesis and downregulation of 

osteoblast formation and function.1 Ultimately, these changes 

establish a microenvironment that facilitates bone resorption 

over bone formation, thus causing periprosthetic osteolysis 

and aseptic loosening. Previous studies have suggested that 

M1 macrophages, rather than the M2 phenotype, predomi-

nate in the peri-implant tissue.1,7 Rao et al7 reported that the 

ratio of M1/M2 was increased in retrieved periprosthetic 

tissues compared to non-operated osteoarthritic synovial 

tissues. In vitro studies, polymethyl methacrylate (PMMA) 

particles induced iNOS and TNF-α production in mouse 

bone marrow macrophages.7 In this study, L. casei attenuated 

CoPs-induced upregulation of osteoclast formation and oste-

olysis in vivo. Interestingly, these effects of L. casei were 

not dependent on the RANKL/OPG system. The probiotic 

partly reversed the CoPs-induced upregulation of TNF-α, 

α

Figure 5 Lactobacillus casei decreased the levels of M1 markers and enhanced the levels of M2 markers.
Notes: (A) M1 polarization was inhibited in the L. casei-treated group. expression levels of the M1 signature gene (iNOs) were measured by real-time Pcr, and cytokine 
concentrations (TNF-α and Il-6) in the culture supernatants were measured by elIsa. (B) M2 polarization was enhanced in the L. casei-treated group. expression levels of 
the M2 signature gene (arginase) were measured by real-time Pcr, and cytokine concentrations (Il-4 and Il-10) in the culture supernatants were measured by elIsa. The 
data are presented as the mean ± seM (n=5–7). *P,0.05.
Abbreviations: iNOs, inducible nitric oxide synthase; Pcr, polymerase chain reaction; elIsa, enzyme-linked immunosorbent assay; TNF, tumor necrosis factor; 
Il, interleukin; seM, standard error of the mean; coPs, cocrMo particles; L. casei, Lactobacillus casei.
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IL-6 and iNOS and the downregulation of IL-4, IL-10 and 

arginase, which indicated that the modulation of macrophage 

phenotypes may be responsible for the beneficial effects of 

L. casei on wear particles-induced osteolysis.

As it is well known, probiotics are nonpathogenic and 

have been consumed as and with food for a long time. The 

GM regulates bone mass, and probiotic treatment can affect 

the GM composition or the metabolic activity of the GM.8 

Recently, various probiotics were introduced to various 

bone loss-related diseases and induced amazing benefits. 

Lactobacillus and its important species, such as L. casei 

and Lactobacillus acidophilus, have been used against 

many pathological and disease conditions.31 Lactobacillus 

has been assessed for its immune-modulatory properties in 

various experiments.31,32 In an ovariectomized (Ovx) mouse 

menopausal model, Britton et al found that Lactobacillus 

reuteri treatment significantly protected Ovx mice from bone 

loss. L. reuteri suppressed Ovx-induced increases in bone 

marrow CD4+ T-lymphocytes, which promote osteoclasto-

genesis, and directly suppressed osteoclastogenesis in vitro.33 

In another study, the addition of L. reuteri prevented TNF-

α-mediated suppression of Wnt10b and osteoblast maturation 

markers in type 1 diabetes (T1D)-induced osteoporosis.34 

In this study, we showed that probiotic treatment protected 

mice from wear debris-induced osteolysis. Treatment with 

L. casei ameliorated CoPs-induced bone loss and osteoclast 

formation. The osteoclast markers, such as TRAP and CTR, 

were significantly inhibited in the CoPs plus L. casei group 

compared with the CoPs-treated group. Probiotic treatment 

reduced the expression of proinflammatory cytokines, TNF-α 

and IL-6 and increased the expression of anti-inflammatory 

cytokines, IL-4 and IL-10 in the local tissue of CoPs-treated 

mice. These observations were consistent with previous 

studies in which L. casei treatment significantly downregu-

lated proinflammatory cytokines, including IL-6, TNF-α, 

IL-1β and IL-17, and upregulated anti-inflammatory cytok-

ines, including IL-4, IL-10 and IL-13 in collagen-induced 

arthritic rats.32 Furthermore, we also examined the mRNA 

levels of M1/M2 markers. L. casei decreased the expression 

of the M1 marker iNOS and increased the expression of the 

M2 marker arginase. Thus, these data indicated that L. casei 

decreased the M1-like macrophage phenotype and increased 

the M2-like macrophage phenotype.

There are some limitations of this study. First, in addition to 

macrophages, other cell types (including fibroblasts, osteoblasts 

and other mesenchymal cells) may produce proinflammatory 

cytokines in response to wear particles.2,35 However, mac-

rophages are the main cell type responsible for the expression 

of proinflammatory cytokines in vivo, and the changes in 

proinflammatory cytokines reflect the functional state of 

macrophages.2,6,15,36 Rao et al adopted these indexes to iden-

tify the phenotypes of macrophages.6 Second, the mechanism 

responsible for the change in macrophage phenotype induced 

by probiotics remains unclear. Most recently, we found that the 

expression of IL-4, a M2 macrophage inducer, was significantly 

upregulated in serum in the L. casei-treated group (data not 

shown). Further investigations on the expression of inducers of 

M1 and M2 polarization in serum and the interaction between 

probiotics and intestinal epithelial cells in vitro may facilitate 

our understanding of the benefits of probiotics.

Conclusion
This study demonstrated that treatment with L. casei attenu-

ated CoPs-induced osteolysis in vivo. Our findings indicated 

that the probiotic treatments may alter the immune status in 

local tissue, as demonstrated by the reduced M1-like mac-

rophage phenotype and the increased M2-like macrophage 

phenotype, resulting in the amelioration of bone loss in 

mouse calvarial models. These results suggested a preven-

tive and therapeutic potential of probiotics in the treatment 

of this disease.
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Supplementary materials

Figure S1 Lactobacillus casei ameliorated coPs-induced mouse calvarial osteolysis.
Notes: Micro-cT with three-dimensional reconstructed images from each group. The rOI was indicated by the yellow square box.
Abbreviations: coPs, cocrMo particles; cT, computed tomography; rOI, region of interest; L. casei, Lactobacillus casei.
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Figure S2 The effect of Lactobacillus casei on the levels of TNF-α, Il-6, Il-4 and Il-10 in vitro.
Notes: The levels of TNF-α, Il-6, Il-4 and Il-10 in the incubation medium after 24 hours culture of colonic mucosa. The data are presented as the mean ± seM. *P,0.05.
Abbreviations: TNF, tumor necrosis factor; Il, interleukin; seM, standard error of the mean; L. casei, Lactobacillus casei; ns, not significant.
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