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Non‑biofilm‑forming 
Staphylococcus epidermidis 
planktonic cell supernatant induces 
alterations in osteoblast biological 
function
Itzia Sidney Gómez‑Alonso 1, Gabriel Betanzos‑Cabrera 2, Martha Cecilia Moreno‑Lafont 3, 
Mario Eugenio Cancino‑Diaz 3, Blanca Estela García‑Pérez 1 & Juan Carlos Cancino‑Diaz 1*

Staphylococcal biofilms significantly contribute to prosthetic joint infection (PJI). However, 40% 
of S. epidermidis PJI isolates do not produce biofilms, which does not explain the role of biofilms in 
these cases. We studied whether the supernatant from planktonic S. epidermidis alters osteoblast 
function. Non‑biofilm‑forming S. epidermidis supernatants  (PJI− clinical isolate, healthy skin isolate 
(HS), and ATCC12228 reference strain) and biofilm‑forming supernatants  (PJI+ clinical isolate, 
ATCC35984 reference strain, and Staphylococcus aureus USA300 reference strain) were included. 
Osteoblasts stimulated with supernatants from non‑biofilm‑forming isolates for 3, 7, and 14 days 
showed significantly reduced cellular DNA content compared with unstimulated osteoblasts, and 
apoptosis was induced in these osteoblasts. Similar results were obtained for biofilm‑forming 
isolates, but with a greater reduction in DNA content and higher apoptosis. Alkaline phosphatase 
activity and mineralization were significantly reduced in osteoblasts treated with supernatants 
from non‑biofilm‑forming isolates compared to the control at the same time points. However, 
the supernatants from biofilm‑forming isolates had a greater effect than those from non‑biofilm‑
forming isolates. A significant decrease in the expression of ATF4, RUNX2, ALP, SPARC, and BGLAP, 
and a significant increase in RANK‑L expression were observed in osteoblasts treated with both 
supernatants. These results demonstrate that the supernatants of the S. epidermidis isolate from 
the  PJI− and HS (commensal) with a non‑biofilm‑forming phenotype alter the function of osteoblasts 
(apoptosis induction, failure of cell differentiation, activation of osteoblasts, and induction of bone 
resorption), similar to biofilm‑forming isolates  (PJI+, ATCC35984, and S. aureus USA300), suggesting 
that biofilm status contributes to impaired osteoblast function and that the planktonic state can do so 
independently of biofilm production.

Bone is constantly remodeled, and the cells involved in this process are osteoblasts, osteoclasts, and  osteocytes1. 
During bone homeostasis, bone is reabsorbed by osteoclasts and replaced with fresh bone by osteoblasts. This 
process involves osteoclasts promoting bone resorption indirectly by regulating osteoblast activity through the 
production of two cytokines, the receptor activator of NF-kB ligand (RANK-L) and osteoprotegerin (OPG). 
RANK-L production by osteoblasts promotes osteoclastic activity, and OPG expression blocks this  activity2–4. 
Subsequently, in the resorbed zone, osteoblasts are deposited and differentiate into osteocytes, calcifying the 
bone matrix and promoting new bone  growth2–4. Bacterial infections can trigger the pathological remodeling of 
bone, inducing the production of RANK-L in osteoblasts and decreasing the expression of OPG, which causes 
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RANK-L to bind to its receptor RANK present on osteoclasts and induce their differentiation and maturation, 
contributing to bone loss, which is a typical feature of chronic orthopedic  infection5,6.

Osteomyelitis is an inflammatory process that results in bone destruction and damage to surrounding tissues. 
Osteomyelitis is commonly caused by hematogenous microorganisms that reach the bone from a contagious 
infection or directly from trauma, surgery, or medical implants. Implant-associated osteomyelitis, such as pros-
thetic joint infection (PJI), is of high frequency. PJI is 1–9% common in all hip or knee arthroplasty  patients7,8, 
and treatment success ranges from 30 to 90%9. Staphylococcus aureus, Staphylococcus epidermidis, and other 
coagulase-negative staphylococci (CNS) are responsible for 50% of PJI  cases10, and in chronic PJI S. aureus and 
S. epidermidis are the most  incidence11.

Bacteria that infect bones can evade the immune system through different strategies, such as biofilm forma-
tion, which makes bacteria recalcitrant towards conventional antimicrobial treatment and contributes to the 
incidence of infectious  relapse12,13. Biofilms are bacterial agglomerations attached to a surface and enveloped 
in a polymeric extracellular matrix produced by  bacteria14,15. Bacterial biofilm formation is associated with the 
development of chronic infections, such as  osteomyelitis16, and is present within the infected  bone17,18 and in the 
synovial fluid of  PJI19. Furthermore, S. aureus isolates from patients with osteomyelitis and PJI can form biofilms 
in vitro20–23, as can S. epidermidis  isolates24. This property confers antibiotic resistance compared to planktonic 
bacteria, which influences the outcome of PJI treatment  management25.

Staphylococcal biofilms play a critical role in PJI, and the first immune cells to be recruited at the interface 
of a biofilm with host cells are polymorphonuclear neutrophils (PMNs)26. In PJI, the interaction of PMNs and 
granulocytic myeloid-derived suppressor cells (G-MDSCs) favors periprosthetic osteolysis. Moreover, inducing 
the production of proinflammatory cytokines and chemokines by PMNs promotes  osteogenesis27. Furthermore, 
RANK-L induction by  osteoblasts28 and  PMNs29,30 promotes bone resorption by activating osteoclast func-
tions. This inflammatory microenvironment can remove the staphylococcal biofilm, increasing the microbicidal 
properties of PMNs through NET formation and the release of migration inhibitory factor-related MRP-1431. 
In contrast, G-MDSCs in  PJI32 regulate the inflammatory process through IL-10 production, which favors the 
persistence of staphylococcal  biofilm33. However, the biofilm sensitivity to the microbicidal effects of PMNs 
varies among strains. In contrast, the biofilm of S. aureus is more sensitive to PMNs attack, and the biofilm of S. 
epidermidis restricts its  function34.

The effects of staphylococcal species on osteoblasts were evaluated in vitro. The interaction of S. aureus with 
osteoblasts has demonstrated that Staphylococcal protein A is responsible for direct binding to osteoblast cells, 
which causes the inhibition of osteoblast proliferation and differentiation, in addition to inducing  apoptosis5,35–37. 
However, the effects induced by S. epidermidis are poorly understood because protein A is absent in this species. 
Other studies have provided signals within the biofilm mechanism contributing to bone  loss13,16,17, as is the case 
with supernatants obtained from S. aureus USA300 biofilms affecting osteoblast viability, as well as induction 
of apoptosis, lack of cell differentiation, and RANK-L  expression22, which has also been observed in the S. epi-
dermidis RP62A (ATCC 35984) strain with a biofilm-forming  phenotype38,39. Currently, the effect of biofilms 
on osteoblasts has only been studied in laboratory-type  strains22,38,39, and clinical isolates have not been studied. 
Moreover, although staphylococcal isolates of PJI are biofilm-forming in vitro, not all isolates have this pheno-
typic characteristic since approximately 30–40% of isolates from patients with PJI are non-biofilm-forming40, 
and the patients have the same clinical complications as those with biofilm-forming isolates. Therefore, it is 
unknown how these non-biofilm-forming isolates develop the disease, because the biofilm of S. epidermidis is 
the main virulence  factor12. Therefore, this study aimed to elucidate the effect of supernatants of S. epidermidis 
isolates from patients with PJI with biofilm-forming and non-biofilm-forming phenotypes on human osteoblasts.

Results
Biofilm formation of the isolates
S. epidermidis isolates Se1433 and Se353 from patients with PJI, healthy skin isolate HS145, and the reference 
strains were studied for biofilm formation. The clinical isolate Se1433 showed biofilm formation similar to that 
of S. epidermidis strain ATCC35984 (biofilm-forming strain) and S. aureus USA300 (biofilm-forming clinical 
strain). In contrast, the clinical isolates Se353, HS145, and ATCC12228 did not show biofilm formation. Biofilm 
formation by the biofilm-forming strain was statistically significant compared to the ATCC12228 reference strain 
(non-forming biofilm strain) (Fig. 1).

Cytotoxicity of isolate supernatants
The total protein concentration of the supernatant obtained from the TSB medium was determined. To deter-
mine the cytotoxic effect of supernatants, the concentrations of 0.01, 0.1, 1, and 2 µg/mL of total protein were 
tested. After 24 h of exposure, the concentrations of the supernatants did not show cytotoxicity in osteoblasts 
compared to the control group (p > 0.05; Supplementary Fig. 1). Based on this result, 0.1 and 1 µg/mL were used 
for the subsequent experiments.

Staphylococcus planktonic cell supernatant reduces osteoblast viability by activation of 
apoptosis
In a semi-quantitative osteoblast cell viability assay (fluorescence staining), it was observed that during stimuli 
with 0.1 µg/mL total protein, only supernatants from isolates with the biofilm-forming phenotype (Se1433, 
ATCC35984) caused a reduction in cell viability compared to the control (untreated osteoblasts) (Fig. 2A). 
Increased reduction in viability was observed at 1 µg/mL total protein concentration of the supernatant of non-
biofilm-forming isolates (Se353, HS145, and ATCC12228) relative to the control, for biofilm-forming isolates 
(Se1433, ATCC35984 and S. aureus USA300 strains), the supernatants caused a higher reduction in cell viability 
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(Fig. 2B). Overall, this indicated a reduction in osteoblast viability by the supernatants of the non-biofilm-forming 
and biofilm-forming isolates.

The DNA content of osteoblasts on different days was calculated to determine the reduction in cell viabil-
ity at later time points. Concerning the non-biofilm-forming isolates on day 3, only isolate Se353 had a lower 
DNA concentration in osteoblasts treated with supernatant at a total protein concentration of 0.1 and 1 µg/mL 
concerning the control (Fig. 3A,D). On day 7, there was no change in DNA content, except for HS145 isolate 
(Fig. 3B,E), and on day 14, only isolates Se353 and HS145 showed significantly reduced DNA content (Fig. 3C,F). 
In contrast, in the biofilm-forming isolates, there was a significant difference between the different supernatants 
at the three-time points tested, with supernatant Se1433 showing the highest reduction in DNA content. The 
ATCC12228 strain, TSB medium, and the supernatant of Escherichia coli did not show significant changes in 
the DNA content of the osteoblasts (Fig. 3A–F).

These results indicate that the presence of compounds released by bacterial growth in biofilm or non-biofilm 
conditions of staphylococci caused a significant reduction in osteoblast cell viability, and the Se1433 supernatant 
had the greatest viability reduction effect compared to the Se353 and HS145 supernatants.

Figure 1.  Biofilm formation among the isolates studied. Biofilm formation was determined by Christensen’s 
method. The dotted line indicates the cut-off value represented as 2 × the standard deviation of ATCC12228 
strain (non-biofilm-forming reference strain). ****Statistically significant difference (p < 0.0001). One-way 
ANOVA with Dunnett’s post-test was used to compare the biofilm-forming strains with the ATCC12228 
reference strain.

Figure 2.  Effect of bacterial supernatants on the viability of osteoblasts. Osteoblasts (cell line MG-63) grown 
under non-osteogenic conditions were treated with different supernatant concentrations of (A) 0.1 and (B) 
1 µg/mL for 48 h. The cells were labeled with a fluorescent marker. Osteoblasts that were untreated with the 
supernatant (control group) were considered 100% viable cells. The asterisk indicates that an ANOVA analysis 
was performed with Dunnett’s test to compare treatments with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, 
****p < 0.0001); a Tukey’s multiple comparison was performed to compare among treatments (letter d: p < 0.05).
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The reduction in osteoblast cell viability by the different supernatants indicated that a population of cells 
was not involved in cell division, suggesting that apoptosis could have occurred. Apoptosis analysis of the 
osteoblasts treated with the supernatant was performed. After 48 h, CDPP-treated osteoblasts (positive control 
for apoptosis) showed an increase in early and late apoptotic states (approximately 60 and 40%, respectively). 
The both supernatant protein concentrations (0.1 and 1 µg/mL) of the non-biofilm-forming isolates, except for 
strain ATCC1228, induced early apoptosis (between 13 and 20%) compared to the control (Fig. 4A,C), similarly 
late apoptosis was also significantly increased compared to the control (Fig. 4B,D). The biofilm-forming isolates 
induced early and late apoptosis in osteoblasts treated with the supernatants at both total protein concentra-
tions (Fig. 4A–D). However, a significant difference was observed among the different treatments, with less early 
apoptosis in the treatment with the Se1433 supernatant and S. aureus USA300, but higher late apoptosis in the 
Se1433 supernatant. The results showed that the supernatants from the non-biofilm-forming isolates (Se353 and 
HS145) drove them toward early or late apoptosis.

Staphylococcus planktonic cell supernatant alters the osteogenic process in vitro
Osteoblasts are induced in vitro to undergo osteogenic differentiation. Alkaline phosphatase (ALP) concentra-
tion and calcium deposition (mineralization) in osteoblasts were used as phenotypic markers of osteogenic 
differentiation.

Osteoblast differentiation was monitored by measuring ALP levels. In untreated osteoblasts, there was an 
increase in the ALP content on days 3 and 7; however, on day 14, the osteoblasts maintained the same amount 
of ALP, suggesting that in vitro cell differentiation was achieved.

The supernatants of the non-biofilm-forming isolates reduced the amount of ALP at all three-time points 
tested and at both total protein concentrations compared with untreated osteoblasts. The reduction in the amount 
of ALP was higher in the Se353 isolate than in the HS145 isolate on days 3 and 7 (Fig. 5A–F). The supernatant of 
strain ATCC1228 did not affect the amount of ALP in osteoblasts except on day 3 at the total protein concentra-
tion of 1 µg/mL (Fig. 5D). A greater reduction in the amount of ALP was observed in osteoblasts treated with 
the supernatants of biofilm-forming isolates at both total protein concentrations, with a greater effect on isolate 
Se1433 (Fig. 5A–F). The reduction in ALP concentration indicated that the supernatants interfered with the 
osteogenic differentiation of osteoblasts.

Untreated osteoblasts increased the mineralization percentage on days 3 and 7, which was maintained on 
day 14, indicating that osteoblasts were mineralized in vitro. Supernatants from non-biofilm-forming isolates 
showed a time-dependent pattern in osteoblast mineralization. At 3 days, these supernatants did not reduce the 
mineralization percentage (Fig. 6A,D), however at 7 and 14 days the supernatant (both concentrations) from 
isolate Se353 caused a decrease in mineralization percentage (Fig. 6B,C,E,F) and supernatant from isolate HS145 

Figure 3.  DNA quantification of osteoblasts treated with supernatant. Osteoblasts (cell line MG-63) grown 
under non-osteogenic conditions were treated with supernatant protein concentrations of 0.1 (A–C) and 1 µg/
mL (D–F) at 3 (A,D), 7 (B,E) and 14 (C,F) days. Untreated osteoblasts were used as the control. After treatment, 
DNA content in the cells was calculated with CyQUANT kit. The asterisk indicates that an ANOVA analysis 
was performed with Dunnett’s test to compare treatments with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, 
****p < 0.0001); a Tukey’s multiple comparison was performed to compare among treatments (letters; a: 
p < 0.0001; c: p < 0.005).
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reduced mineralization percentage only on day 14 at the 1 µg/mL concentration (Fig. 6F), similar effect was true 
for ATCC12228 strain. The supernatants of the biofilm-forming isolates also showed different behaviors in the 
reduction of mineralization percentage in osteoblasts; however, isolate Se1433 was more consistent on the various 
days, except for day 3 at the total concentration of 1 µg/mL (Fig. 6A–F). These phenotypic results showed that 
the supernatants of Se353 and HS145 delayed the osteogenic process and that the Se1433 supernatant showed 
the highest inhibitory effect.

Expression of osteogenic genes by Staphylococcus planktonic cell supernatant
We studied the transcription of genes involved in the regulation of osteogenic differentiation by measuring 
mRNA expression levels in osteoblasts cultured under osteogenic and non-osteogenic conditions (differentiated 
and undifferentiated; the ratio of expression under osteogenic and non-osteogenic conditions).

In this study, the transcription factors ATF4 and RUNX2 were analyzed. Supernatants from non-biofilm-
forming isolates reduce (threefold) the level of ATF4 expression on day 3 (Fig. 7A). On days 7 and 14, there was 
a recovery of the level of ATF4 expression in non-biofilm-forming isolates (Supplementary Fig. 2), whereas in 
supernatants from biofilm-forming isolates, only isolate Se1433 reduced for more than twofold the level of ATF4 
expression on the three days assayed (Fig. 7A, Supplementary Fig. 2). Similarly, for the RUNX2 gene, an expres-
sion reduction (twofold) in the non-biofilm-forming isolate Se353 on day 3, and the Se1433 isolate showed an 
expression reduction of more than twofold on the 3 days (Fig. 7B, Supplementary Fig. 2).

ALP gene expression was reduced on days 7 (Fig. 7C) and 14 (Supplementary Fig. 2) in cells treated with 
supernatants from non-biofilm-forming (1.5-fold) and biofilm-forming (for more than twofold) isolates (Fig. 7C, 
Supplementary Fig. 2). The expression levels of SPARC and BGLAP decreased by more than twofold on days 3 
(Supplementary Fig. 2), 7 (Fig. 7D) and 14 (Supplementary Fig. 2) in both supernatants (non-biofilm-forming 

Figure 4.  Apoptosis of osteoblasts treated with supernatant. Osteoblasts (cell line MG-63) grown under non-
osteogenic conditions were treated with supernatants in concentration of 0.1 (A,B) and 1 µg/mL of total protein 
(C,D) after 48 h to exposure. Osteoblasts not treated with the supernatant were used as control. Osteoblasts 
treated with 50 µM cisplatin (CDDP) were used as positive apoptosis. Early apoptosis percentages (A,C) and 
late (B,D) were determined. The asterisk indicates that an ANOVA analysis was performed with Dunnett’s test 
to compare treatments with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001); a Tukey’s multiple 
comparison was performed to compare among treatments (letters; a: p < 0.0001; b: p < 0.0005; c: p < 0.005; d: 
p < 0.05).
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Figure 5.  Alkaline phosphatase (ALP) activity in osteoblasts treated with Staphylococcal supernatants. 
Osteoblasts (cell line MG-63) were grown under osteogenic conditions and treated with supernatant protein 
concentrations of 0.1 (A–C) and 1 µg/mL (D–F) at 3 (A,D), 7 (B,E) and 14 (C,F) days. Osteoblasts not treated 
were used as control. The ALP concentration was determined using BCIP®/NBT substrate. ALP-stained area/
well represents the area of the stain. The asterisk indicates that an ANOVA analysis was performed with 
Dunnett’s test to compare treatments with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001); a 
Tukey’s multiple comparison was performed to compare among treatments (letters; a: p < 0.0001; b: p < 0.0005; c: 
p < 0.005; d: p < 0.05).

Figure 6.  Mineralization percentage of osteoblasts treated with Staphylococcal supernatants. Osteoblasts (cell 
line MG-63) were grown under osteogenic conditions and treated with supernatant protein concentrations 
of 0.1 (A–C) and 1 µg/mL (D–F) at 3 (A,D), 7 (B,E) and 14 (C,F) days. Osteoblasts untreated were used as a 
control. The mineralization was evaluated by Alizarin red S stain. The mineralization percentage was calculated 
based on control cells. The asterisk indicates that an ANOVA analysis was performed with Dunnett’s test to 
compare treatments with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001); a Tukey’s multiple 
comparison was performed to compare among treatments (letters; a: p < 0.0001; b: p < 0.0005; c: p < 0.005; d: 
p < 0.05).
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Figure 7.  Relative mRNA expression levels of osteoblast differentiation-related genes. Osteoblasts (cell line 
MG-63) were grown under non-osteogenic and osteogenic conditions and treated with 1 µg/mL de supernatant 
protein concentration. As control was used osteoblasts grown under non-osteogenic and osteogenic conditions 
but not treated with supernatants. The mRNA expression was evaluated by RT-qPCR. The expression level was 
determined by fold of expression of each gene and the ratio between expression in osteogenic conditions and 
expression in non-osteogenic conditions was calculated. The differentiation genes were ATF4 (A), RUNX2 (B) 
evaluated on day 3, and ALP (C), SPARC (D), and BGLAP (E) were evaluated on day 7. The asterisk indicates 
that an ANOVA analysis was performed with Dunnett’s test to compare treatments with the control (*p < 0.05, 
**p < 0.005, ***p < 0.0005, ****p < 0.0001); a Tukey’s multiple comparison was performed to compare among 
treatments (letters; a: p < 0.0001; b: p < 0.0005; c: p < 0.005; d: p < 0.05).
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and biofilm-forming), and the levels of BGLAP expression were reduced by more than twofold on days 3 (Sup-
plementary Fig. 2), 7 (Fig. 7E) and 14 (Supplementary Fig. 2). These results demonstrate that the expression of 
these genes, regulated by ATF4 and RUNX2 transcription factors, is decreased by the Se353 and HS145 super-
natants; however, the highest effect was observed for the Se1433 supernatant.

Staphylococcal planktonic cell supernatant increased RANK‑L expression
On days 7 and 14, RANK-L expression increased more than fivefold in cells treated with the supernatant from 
non-biofilm-forming isolates, except for strain ATCC12228, compared to that in control cells (Fig. 8A–C). 
RANK-L expression increased more than 20-fold in the supernatant from the biofilm-forming Se1433 iso-
late (Fig. 8A–C). In contrast, the level of OPG gene expression did not decrease in the different supernatants 
compared to control cells on days 7 and 14, except for the S. aureus USA300 supernatant (Fig. 8D–F), with an 
increase of more than twofold.

Figure 8.  RANK-L and OPG mRNA expression in osteoblasts treated with supernatants. Osteoblasts (cell line 
MG-63) were grown under non-osteogenic and osteogenic conditions and treated with 1 µg/mL de supernatant 
protein concentration. Osteoblasts not treated with the supernatant in both growth conditions were used as 
control. The mRNA expression levels were determined using RT-qPCR. The expression level was determined 
by fold de expression of each gene, the ratio between expression in osteogenic conditions and expression in 
non-osteogenic conditions was calculated. The expression level of RANK-L at 3 (A), 7 (B) and 14 (C) days. The 
expression level of OPG at 3 (D), 7 (E) and 14 (F) days. RANK-L/OPG expression level ratio at 3 (G), 7 (H) 
and 14 (I) days. The asterisk indicates that an ANOVA analysis was performed with Dunnett’s test to compare 
treatments with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001); a Tukey’s multiple comparison 
was performed to compare among treatments (letters; a: p < 0.0001; b: p < 0.0005; c: p < 0.005; d: p < 0.05).
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The ratio of RANK-L/OPG increased sixfold and tenfold on days 7 and 14, respectively, in osteoblasts treated 
with the supernatants of the non-biofilm-forming Se353 isolate, and the highest increase in the RANK-L/OPG 
ratio (39-fold) was observed on day 7 for the biofilm-forming isolate Se1433 (Fig. 8G–I).

Discussion
Biofilm formation is the main virulence mechanism of S. epidermidis compared to S. aureus, which contains more 
virulence  elements41. Patients with PJI have biofilms in the  bone19, suggesting that S. epidermidis biofilm functions 
for bacterial protection against the immune system and antibiotic action and induces damage or the development 
of PJI. S. epidermidis biofilms do not fully explain the development of PJI because there are S. epidermidis isolates 
of PJI that do not form  biofilm42. It is estimated that 30–40% of PJI isolates are not biofilm  producers43,44, sug-
gesting that these isolates may also alter the biological function of osteoblasts in a biofilm-independent manner. 
In this study, the supernatant of planktonic S. epidermidis cells with a non-biofilm-forming phenotype produced 
alterations in osteoblast function, such as cell viability, induction of apoptosis, loss of cell differentiation, and 
RANK-L production; these same changes were also observed in the supernatant of the biofilm-forming isolate 
Se1433, S. epidermidis  ATCC3598438,39, and S. aureus  USA30022.

The alteration of osteoblast biological function by planktonic cell supernatants from isolates with clinical 
(Se353) and commensal (HS145) non-biofilm-forming phenotypes indicated that bacteria do not require a 
biofilm-forming state to alter the function of these cells; however, this ability was better for the biofilm-forming 
Se1433 supernatant. To our knowledge, this is the first report showing that biofilms are not the only important 
element in altering osteoblast function, that S. epidermidis with a non-biofilm-forming phenotype can also do 
so, and that this effect does not depend on the source of isolation (clinical or commensal).

The compounds released by bacteria in the biofilm or planktonic state have been poorly studied. In a pro-
teomic study of the supernatants from biofilm of S. aureus USA300 that damage the osteoblast functions, the 
authors propose that some soluble virulence factors such as α-hemolysin, γ-hemolysin, and staphopain B could 
be related to osteoblast cell apoptosis, and alpha-hemolysin could be an essential role in the pathogenesis of S. 
aureus22. Hemolysins (alpha-, beta-, gamma-, and delta-hemolysins) produced by S. aureus can damage host cell 
 membranes45. The phenol-soluble modulin (PSM) α of the community-acquired methicillin-resistant Staphylo-
coccus aureus (CA-MRSA) strain can kill  osteoblasts46. The modulins of S. epidermidis play several roles in the 
commensal and pathogenic states, including PSMalpha, PSMdelta, delta-toxin, (PSMgamma), PSM-mec, and 
PSMbeta (PSMbeta1, PSMbeta2). These modulins have been reported to play a role in biofilm formation and 
evasion of the immune response. In addition, its role in interspecies competition and the cytolytic activities of 
PSMalpha and PSMdelta have been  reported47; however, these PSMs are expressed at low concentrations. In con-
trast, protease SepA is secreted by S. epidermidis and contributes to the evasion of S. epidermidis to neutrophils 
activity through the destruction of antimicrobial peptides (AMPs) produced by these immune  cells48. Compara-
tive serologic proteome analysis of S. aureus and S. epidermidis exoproteins in PJI identified five exoproteins in S. 
aureus and autolysin E and App (accumulation associated protein) in S. epidermidis49. The effect of secretome of 
both species on immune cells also differ, whereas the stimulation of monocyte-derived dendritic cells (moDC) 
with S. aureus secretome induces the production of IFN-ɤ and the proliferation of CD4+ T cells, the S. epidermidis 
secretome induce the IL-10 production in the same cells and the activation of regulatory T cells (Treg)50. On the 
other hand, the clinical isolate of S. epidermidis from PJI induced a low IL-1β production in human neutrophils 
compared with skin isolates, suggesting its ability to evade the innate immune  response51.

In this study, we obtained the supernatant and bacterial culture medium in a manner different from that 
used in other studies. To obtain the supernatant, we collected all compounds produced during biofilm forma-
tion (24 h) in a 6-well plate without washing; in other reports, a Transwell system and continuous washes were 
 performed22,38,39. Despite this change, we observed alterations in osteoblast function at two supernatant total 
protein concentrations (0.1 and 1 µg/mL), suggesting that at low total protein concentrations (tenfold dilution) 
there is a biological effect. Considering the culture medium, supernatants were obtained in TSB growth medium, 
whereas in other studies,  DMEM22 or DMEM-osteogenic  medium38,39 was used. We attribute that the produc-
tion of a bacterial factor that alters osteoblast function is independent of TSB medium since control osteoblasts 
stimulated with TSB medium (no bacterial growth) and with supernatant from a planktonic culture of E. coli 
(non-biofilm producing), showed no significant changes in osteoblast function, in contrast, supernatants from 
planktonic S. epidermidis cells had a very similar effect on osteoblasts with DMEM medium or DMEM-osteogenic 
medium already  reported22,38,39. Furthermore, the alteration in osteoblast biology was Staphylococcus-dependent, 
as the E. coli supernatant did not produce alterations.

S. epidermidis has an open pan-genome and isolates from different sources have different genotypes and 
 phenotypes52. We have reported that S. epidermidis isolates from PJI are more resistant to biofilm production 
under various in vitro biofilm induction conditions and that most commensal isolates do not form  biofilms42. 
Furthermore, commensal isolates from healthy skin can induce biofilm formation when exposed to neutrophil 
proteases, such as cathepsin G, cathepsin B, proteinase-3 and metalloproteinase-953. In this study, we demon-
strated that both the clinical isolate Se353 and commensal isolate HS145 affected osteoblast function, suggesting 
that their influence on osteoblast function is independent of biofilm status, which is surprising because it is well 
known that commensal isolates are not potentially virulent. The S. epidermidis ATCC12228 strain (non-biofilm-
forming) did not induce alterations in osteoblast function, which we attribute to the fact that it is a laboratory 
strain already adapted to laboratory growth conditions; thus, it has lost its environmental origin capacity.

PJI relapse is associated with the ability of S. epidermidis to form biofilms and antimicrobial  resistance54. 
Moreover, antimicrobial treatment failure in PJI correlates with the resistance profile and presence of genetic 
resistance elements in the genomes of S. epidermidis and S. aureus55. Furthermore, the genetic resistance ele-
ments to β-lactams, aminoglycosides and chlorhexidine, present in S. epidermidis from PJIs patients are different 
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from nasal  isolates56, which suggests that it is necessary to know the antimicrobial resistance profile before the 
treatment. The mechanism proposal for infection by S. epidermidis biofilm is mainly by persistence or dormant 
 cells57–59. This process involves the adhesion of S. epidermidis60 to the medical implant introduced into the tissue, 
which is thought to change its metabolic state to  dormancy61,62. In this state, there is tolerance to antibiotics, in 
which the bacteria persist and adapt to environmental conditions, and bacteria in a latent state have low immu-
nogenic  reactivity63. One evidence of this metabolic change is in the process of acute to chronic bone infection 
where it has been observed that the bacterium becomes established in a less virulent form (so-called “small colony 
variant”), with characteristics of increased intracellular persistence, antibiotic resistance, and reduced induction 
of cytokine release and stimulation of the immune  system64,65.

In contrast, the transcription factor RUNX2 is involved in the early osteoblast differentiation pathway, specifi-
cally during the passage of osteochondroprogenitor cells. The transcription factor ATF4 is also involved in pre-
osteoblast differentiation. Both factors are master regulators of osteoblast differentiation and play an important 
role in cell-fate decisions from mesenchymal stem cells (MSCs)66,67. Supernatant from non-biofilm-forming 
isolates reduced RUNX2 and ATF4 mRNA expression by more than twofold compared to control, suggesting 
that the factor released by S. epidermidis regulates osteoblast differentiation process. This low expression of 
RUNX2 and ATF4 alters the expression of other differentiation genes regulated by them, as is the case of alkaline 
phosphatase (ALP) which is expressed early and has the function of precipitating calcium phosphate in bone, or 
osteonectin (SPARC) which binds calcium and initiates mineralization and promotes the formation of mineral 
crystals, and finally, osteocalcin (BGLAP), a hormone that is incorporated into the bone matrix and helps calcium 
fixation. The expression of these differentiation genes correlated with the phenotypic data of ALP activity and 
cell mineralization, suggesting that the supernatant also affected late differentiation, such as the mineralization 
of the extracellular matrix produced by osteoblasts.

Osteoblasts in the presence of pathogenic bacteria produce several effects such as cytokine release, RANK-L 
production (to maintain osteoclastic activity), downregulation of the decoy receptor OPG, misproduction of bone 
matrix and mineralization, and finally, osteoblast  death68,69. All of these events contribute to bone loss. RANK-L 
expression was fivefold higher than that in the control at day 7-day time point, indicating that S. epidermidis 
supernatant induced early RANK-L production in osteoblasts. RANK-L acts on osteoclast differentiation during 
bone resorption. RANK-L is produced in osteoblasts stimulated with S. epidermidis38,39. Moreover, the RANK-L/
OPG ratio is considered a strong predictor of rapid and persistent bone loss in rheumatoid arthritis, osteoporosis, 
and periodontal  disease35,70, making it an indicator of osteoclast  differentiation5,6. Osteoblasts stimulated with 
the studied supernatants showed a sixfold increase in the RANK-L/OPG ratio, indicating that the osteoclastic 
process occurred because the antagonist of this process, OPG, was not modified. Thus, it can be stated that the 
supernatant of S. epidermidis planktonic cells and the biofilm state, are inducers of bone resorption through the 
production of RANK-L by osteoblasts.

The other effects of S. epidermidis on osteoblasts have also been studied. For example, it has been established 
that osteoblasts aid in the biofilm formation of S. epidermidis on medical devices, as the lack of osteoblasts causes 
S. epidermidis not to form  biofilms71. In contrast, in a murine model of implant-associated osteomyelitis caused by 
S. epidermidis ATCC35984, the inhibition of bone integration by the biofilm formed on the implant was observed 
without osteolysis and with a low degree of  inflammation38. S. epidermidis can invade osteoblasts and persist in 
intracellular compartments, protecting itself from antimicrobial  activity65,72. The serine-aspartate repeat protein 
of S. epidermidis binds to alpha integrin V beta3 in osteoblasts to initiate  osteomyelitis73. S. epidermidis induces 
the expression of inflammatory cytokines (IL-6 and IL-8) in osteoblasts, as well as biofilm components such 
as exopolysaccharides (EPS), including lipoteichoic acid and the heat shock protein GroEL, which contribute 
to the persistence of the inflammatory response associated with implant  infections74. This demonstrates that S. 
epidermidis can affect the bone and cause damage, although to a lesser degree than S. aureus.

In conclusion, we showed that the supernatants of S. epidermidis isolates from PJI and healthy skin (com-
mensal) with a non-biofilm-forming phenotype alter the function of osteoblasts (induction of apoptosis, failure 
of cell differentiation, and activation of osteoblasts and bone resorption) similar to that of S. aureus USA300 and 
S. epidermidis ATCC35984 (biofilm-forming), suggesting that biofilm status contributes to impaired osteoblast 
function, and that the planktonic state can do so independently of biofilm production.

Materials and methods
Cell line and culture conditions
Human osteoblast MG-63 cell line (CRL-1427TM) was obtained from the American Type Culture Collection 
(ATCC Manassas, VA, USA). The MG-63 cells in passage 12 were propagated in 25  cm2 cell culture flasks at 37 °C, 
5%  CO2 atmosphere with α-MEM medium (HyClone, GE Healthcare Life Sciences, Logan, Utah, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), penicillin 
100 U/mL and streptomycin at 100 mg/mL. In some conditions the maintaining medium was added of ascorbic 
acid (50 μM) and β-glycerophosphate (20 mM) (Sigma, St. Louis, MO, USA) for osteogenic differentiation.

Isolates and strains
Two isolates of S. epidermidis from patients with prosthetic joint infection (PJI) were used: one with a biofilm-
forming phenotype (Se1433) and the other with a non-biofilm-forming phenotype (Se353). One isolate of S. 
epidermidis from the skin of a healthy subject (HS145) with a non-biofilm-forming phenotype was included. 
All clinical and commensal S. epidermidis isolates were the same as those used by our group and published 
 previously40. Therefore, patients and healthy humans were not included in the study. S. epidermidis strain 
RP62A with a biofilm-forming phenotype (ATCC 35984) and S. epidermidis strain ATCC12228 with a non-
biofilm-forming phenotype were also used. Staphylococcus aureus strain USA-300, with biofilm-forming and 
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methicillin-resistant phenotypes, was included as a positive control for its damaging effect on osteoblast func-
tion. Escherichia coli ENCB38 isolated from human feces was used as a non-Staphylococcal control to establish 
whether the effect of the supernatants on osteoblasts was specific to the Staphylococcus genus.

Obtaining bacterial supernatants for osteoblast MG‑63 cells stimulation assays
An overnight bacterial culture was diluted 1:200 and placed in a 6-well plate (Nest Scientific Inc., NJ, USA) in 
tryptic soy broth (TSB; BD Difco, Heidelberg, Germany). The plate was incubated at 37 °C without shaking for 
24 h, the supernatant was recovered and filtered with a 0.2 μm filter (EMD Millipore, Billerica, MA, USA). The 
pH was adjusted to 7.2 and stored at − 72 °C until use. Supernatants were checked for sterility using plate assays 
with culture medium and in the absence of bacteria. The total protein concentration in all supernatants was 
determined using the Lowry  method75, and subsequent experiments were based on the protein concentration.

Cytotoxicity assay of supernatants in osteoblast MG‑63 cells
This assay was performed using MG-63 osteoblasts. Confluent cell monolayers were prepared in 24-well plates 
(Nest Scientific, Inc.) at 2 ×  105 cells per well. The supernatant concentrations (0.01, 0.1, 1, and 2 µg/mL of total 
protein) were added to the cells. Ursolic acid (1 mg/mL) (Merck, Darmstadt, Germany) was used as a cytotoxic-
ity control. Incubation was maintained for 24 h, after which the culture medium was discarded, and the cells 
were washed with 1× PBS. Then, 500 µL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; 
Sigma) (5 mg/mL) was added, and the plates were incubated under the same conditions mentioned above for 
3 h. MTT was discarded and 500 µL of DMSO (Merck) was added to dissolve the formazan crystals. The plates 
were read at 570 nm using a Multiskan GO spectrophotometer (Thermo Fisher Scientific).

Cell viability and proliferation of osteoblast MG‑63 cells treated by bacterial supernatants
The viability of osteoblast MG-63 cells was evaluated using a vital stain LIVE/DEAD© assay kit (Invitrogen, 
Waltham, MA, USA). For that, a monolayer of osteoblasts were prepared in a 24-well plate (Nest Scientific Inc.) 
with 2 ×  105 cells in each well, supernatant (0.1 or 1 µg/mL of total protein) was added and incubated for 48 h. 
Then, the medium was removed, and cells were washed with PBS 1x. Staining was performed according to 
manufacturer’s instructions. Briefly, cells were incubated with fluorochromes (Calcein, AM, and EthD-1) from 
the kit for 15 min. The monolayer was analyzed using a fluorescence microscope (Nikon Eclipse E800; Melville, 
NY, USA). The images were obtained with the software ACT-1 (Nikon) and processed using the software ImageJ® 
(NIH; http:// rsb. info. nih. gov/ ij).

The total cellular DNA was quantified using the CyQUANT® cell proliferation assay (Molecular Probes, 
Eugene, OR, USA) following the manufacturer’s recommendations. Monolayers of osteoblasts were prepared in 
96 wells/plate with 5 ×  104 cells/well and treated with supernatants (0.1 or 1 µg/mL of total protein) for 3, 7, and 
14 days. Then, 50 µL of colorant solution was added after 5 min. A standard curve of 10–1000 ng/mL DNA was 
generated for this experiment. The absorbance was read at an excitation wavelength of 485 nm and an emission 
wavelength of 538 nm using a Multiskan GO spectrophotometer (Thermo Fisher Scientific).

Apoptosis assay of osteoblast MG‑63 cells treated by bacterial supernatants
Osteoblast MG-63 cells were prepared in a 24-well plate (Nest Scientific Inc.) with 2 ×  105 cells in each well, and 
supernatant (0.1 or 1 µg/mL of total protein) was added. Osteoblast apoptosis was assessed after 48 h of incu-
bation with the supernatants. An Annexin V-FITC apoptosis detection kit (BD, Franklin Lakes, NJ, USA) was 
used for fluorescence-activated cell sorting (FACS) using a FACSCalibur flow cytometer (BD). The data were 
analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA). Cisplatin 50 µM (CDDP; Sigma) was used 
as a positive control of apoptosis.

Alkaline phosphatase measurement of osteoblast MG‑63 cells
Alkaline phosphatase activity was determined using a biochemical colorimetric test. The assay uses BCIP®/NBT 
(Sigma) substrate. Briefly, a cell monolayer of 2 ×  105 cells was cultured in 24-well plates (Nest Scientific Inc.) 
under osteogenic conditions (ascorbic acid 50 μM and β-glycerophosphate 20 mM; Sigma) and non-osteogenic 
conditions (only growth medium) for up to 14 days, the supernatant concentrations of 0.1 and 1 µg/mL of total 
protein were added to cells in both conditions. After stimulation, the cells were washed thrice with PBS 1× and 
fixed with 4% paraformaldehyde (PFA; Sigma) for 15 min at room temperature. Immediately, 500 µL of BCIP®/
NBT substrate was added and incubated for 1 h. The reaction was terminated by washing the cells with distilled 
water. Phosphatase hydrolyses the BCIP substrate in the presence of NBT, forming a dark blue color. Photo-
graphs were taken from three wells for each treatment and processed into RGB colors, and color intensity was 
calculated using ImageJ  software76. Color intensity was assumed to be proportional to the phosphatase activity. 
The threshold was adjusted to eliminate non-specific pixels. Finally, the area values, known as the percentage 
staining area of each well, were obtained.

Alizarin red S stain of osteoblast MG‑63 cells
Intracellular calcium deposition in osteoblasts was assessed by Alizarin Red S staining. Osteoblasts were cultured 
in 24-well plates (Nest Scientific Inc.) under osteogenic conditions until they reached 80% confluence. Subse-
quently, supernatants were added at a concentration of 0.1 and 1 µg/mL of total protein, with replacement every 
second day for up to 14 days. The wells were then washed three times with 1× PBS (no calcium or magnesium), 
fixed with 4% PFA for 15 min, and stained with 40 mM alizarin red S (Sigma) for 30 min. The plate was washed 
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with 1× PBS, 10% acetic acid (Sigma) was added, and the plate was shaken constantly for 30 min in the dark. 
The cell monolayer was scraped off and transferred to a vial.

The samples were heated at 85 °C for 10 min and immediately placed on ice for 5 min. The samples were 
centrifuged at 10,000 rpm for 15 min, then 200 µL of the supernatants were transferred to another tube and 
75 µL of 10% ammonium hydroxide (Sigma) was  added77. Finally, samples were transferred to 96-well plates. 
Simultaneously, an alizarin red S (0–40 mM) standard curve was generated. The absorbance was read at 405 nm 
using a Multiskan GO spectrophotometer (Thermo Fisher Scientific).

RNA extraction, synthesis of complementary DNA, and PCRs of osteoblast MG‑63 cells 
treated with bacterial supernatants
Osteoblast MG-63 of 1 ×  106 cells were cultured in 6-well plates (Nest Scientific Inc.) with α-MEM basal medium 
or supplemented with ascorbic acid (50 μM) and β-glycerophosphate (20 mM). Then, they were stimulated 
with the supernatants of each S. epidermidis, or S. aureus isolates separately, and the medium and supernatant 
were changed every 2 days for stimulation times of 3, 7, and 14 days. After each incubation time, the culture 
medium was removed. Then 1 mL of TRIsure® (Bioline, London, UK) was added to each well, and the lysates 
were stored in 1.5 mL vial at − 72 °C. RNA purification was performed following the methodology described by 
the manufacturer (Bioline).

For the reverse transcription (RT) reaction, the SuperScript II kit (Invitrogen) was used according to the 
manufacturer’s instructions. Primers for the expression of genes of interest, Atf4, Runx2, Alp, Sparc, Bglap, Rank-
L, and Opg (osteoblast differentiation-related genes), and Gapdh as housekeeping were the same as those of Ref.22. 
Relative expression was determined by the  2−ΔΔCt method. The relative gene expression of each treatment under 
osteogenic conditions was normalized to that under non-osteogenic conditions.

Statistical analysis
Data were statistically analyzed using GraphPad software version 8.0. One-way ANOVA with Dunnett’s post 
hoc test was used to compare the samples with the control (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001), 
and Tukey’s post hoc test was used to compare all experimental conditions (letters; a: p < 0.0001; b: p < 0.0005; 
c: p < 0.005; d: p < 0.05). The p < 0.05 values were considered statistically significant.

Data availability
The datasets generated in this study are available from the corresponding author upon request.
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