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ABSTRACT Little is unknown about the regulatory mechanisms underlying the
pathogenesis of osteomyelitis induced by Staphylococcus aureus. Hypoxia-inducible
factor-1a (HIF-1a) and transforming growth factor b1 (TGF-b1) were both upregu-
lated in S. aureus-infected MC3T3-E1 cells and osteomyelitis patients. HIF-1a directly
targets the hypoxia-responsive elements (HREs) of TGF-b1 mRNA to induce its
expression. Silencing HIF-1a and TGF-b1, as well as treatment of hypoxia inhibitor
IDF-11774, consistently elevated OPN and RUNX2 expression and alizarin Red S (ARS)
and alkaline phosphatase (ALP) staining levels in MC3T3-E1 cells with S. aureus infec-
tion. S. aureus infection increased HIF-1a expression and serum TGF-b1 concentra-
tion in a mouse model of osteomyelitis. Hypoxia inhibitor IDF-11774 treatment
reduced serum levels of interleukin (IL)-6, IL-1b , and C-reactive protein. Upon S. aur-
eus infection, hypoxia was activated to trigger TGF-b1 upregulation through direct
targeting of HRE on TGF-b1 mRNA by HIF-1a, eventually leading to osteomyelitis
symptoms in terms of osteogenesis and mineralization deficiencies as well as ele-
vated inflammation. This study hereby suggests a novel signaling cascade involving
hypoxia/HIF-1a/TGF-b1 in osteomyelitis pathogenesis, which could potentially serve
as a target for therapeutic measures.

IMPORTANCE The pathogenesis of osteomyelitis induced by Staphylococcus aureus
remains unclear. To develop therapeutic approaches for osteomyelitis, it is important
to understand the molecular mechanisms of its pathogenesis. Our results suggests
that hypoxia/HIF-1a/TGF-b1 signaling is involved in osteomyelitis pathogenesis.
Thus, these findings highlight the potential of this signaling components as thera-
peutic targets for the treatment of osteomyelitis.

KEYWORDS Staphylococcus aureus, osteomyelitis, hypoxia, hypoxia-inducible factor-1a
(HIF-1a), transforming growth factor-b1 (TGF-b1)

In the orthopedic field, osteomyelitis is a drastic condition, a bone or bone marrow
infection that leads to progressive inflammatory responses and damage to bone tis-

sue (1). Staphylococcus aureus is a major cause of osteomyelitis worldwide (2). This
infection is not only debilitating and painful, but also tends to be chronic, making
treatment extremely challenging. Treatment for infectious osteomyelitis can also be
difficult because the types of pathogenic organisms and their sensitivities to drugs
greatly vary, which is worsened by increasing numbers of implant-associated infec-
tions, antibiotic-resistant bacterial strains, and elderly patients whose immune systems
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are compromised (3). This results in a high rate of clinical osteomyelitis treatment fail-
ures, often leading to amputation and/or loss of function (1). Even though some cases
of failed treatment are accounted for by the accelerated spread of drug-resistant
strains, including methicillin-resistant S. aureus (4), many therapy-insensitive cases of
osteomyelitis are due to infections by strains that are not yet antibiotic resistant (5).
Hence, the main determinants of ineffectiveness of antimicrobial treatments are most
likely the interactions of staphylococci with osseous tissue and the various strategies
employed by S. aureus to tame the host immune system (6).

To develop more effective therapeutic approaches, a more comprehensive understand-
ing about the mechanism employed by S. aureus to elicit infections in bone and the com-
plex pathogenesis of osteomyelitis is needed. The transforming growth factor-b (TGF-b)
superfamily is an ancient metazoan protein class universally involved in cell and tissue dif-
ferentiation, immunology, and developmental biology (7). In mammals, three TGF-b iso-
forms have been characterized, namely, TGF-b1, TGF-b2, and TGF-b3. Activated TGF-b1
is an essential cytokine that exhibits effects on inflammation-induced bone resorption dis-
orders, including osteomyelitis, both in vivo and in vitro (8, 9).

On the other hand, hypoxia is associated with osteomyelitis (10), and chronic hy-
poxia has been long recognized as a systemic factor of osteomyelitis (11, 12). Hypoxia-
inducible factor-1a (HIF-1a) is a transcriptional activator which mediates adaptive
responses to hypoxic conditions. Under normal oxygen (normoxic) levels, the prolyl
hydroxylase (PHD) hydroxylates HIF-1a (13), causing HIF-1a to be polyubiquitinated
and degraded in the cytosol (14). Under hypoxic conditions, PHDs are suppressed,
resulting in the stabilization of HIF-1a and their subsequent translocation into the nu-
cleus, where they bind to hypoxia-responsive elements (HREs) to initiate transcription
of targeted genes (15). Interestingly, hypoxia regulation of TGF-b1 has been implicated
in several human diseases. For instance, hypoxia elicits TGF-b1 secretion in mesenchy-
mal stem cells, which in turn promotes the progression of breast cancer (16). In dermal
fibroblasts, HIF-1a reportedly activates the TGF-b1/Smad signaling and increases colla-
gen deposition (17). Also, by activating the TGF-b1 pathways, HIF-1a could promote
the development of keloid (18) and pulmonary fibrosis (19).

Given the reported correlation between hypoxia and TGF-b1, and more impor-
tantly, their involvement in osteomyelitis, we aimed to investigate their roles in S. aur-
eus infection-inflicted osteomyelitis cell culture and animal models.

RESULTS
HIF-1a and TGF-b1 are upregulated in MC3T3-E1 cells infected with S. aureus

and in osteomyelitis patients. Hypoxia is reportedly associated with osteomyelitis
(10), and chronic hypoxia has long been recognized as a systemic factor of osteomyeli-
tis (11, 12). Therefore, we first measured the expression of a hypoxia indicator, HIF-1a,
in MC3T3-E1 cells with S. aureus infection compared with that in control cells. As
shown in Fig. 1A, there was a marked upregulation of HIF-1a mRNA in MC3T3-E1 cells
at 7 days after infection with S. aureus. Consistent findings were revealed in clinical
analysis involving 28 osteomyelitis patients, whose serum HIF-1a mRNA levels were
also much higher than those of the 14 healthy controls with matched age, gender,
body mass index (BMI), and demographic (Fig. 1B).

Next, we set out to identify the downstream effector of HIF-1a in the osteomyelitis
setting. Because hypoxia regulation of TGF-b1 has been implicated in several human
diseases (16–19), we examined its expression in MC3T3-E1 cells exposed to S. aureus in
comparison to that in untreated cells. As shown in Fig. 1C, TGF-b1 mRNA was upregu-
lated to a significant extent in infected cells. To consolidate this result in clinical sam-
ples, TGF-b1 mRNA was also upregulated in osteomyelitis patients (Fig. 1D). According
to these results, HIF-1a and TGF-b1 were upregulated in S. aureus-exposed MC3T3-E1
cells and in osteomyelitis patients.

HIF-1a directly targets the HRE of TGF-b1 mRNA to induce its expression in
MC3T3-E1 cells. The target genes of HIF-1a contain HREs (15), the majority of which
consist of the core sequence ACGTG (20). Through genomic sequence analysis, this
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HRE sequence was identified in the promoter region of TGF-b1 mRNA (Fig. 2A). To ver-
ify this potential HRE, the promoter region of TGF-b1 mRNA, with the wild-type (Wt-
HRE) or mutated HRE sequence (Mut-HRE), respectively, was cloned at the upstream
region of a luciferase reporter open reading frame (LUF) (Fig. 2A). Under hypoxic condi-
tions, the activity of Wt-HRE LUF was significantly increased compared to that under
the normoxic condition, whereas the activity of Mut-HRE LUF was similar in both nor-
moxic and hypoxic conditions (Fig. 2B). Indeed, the hypoxic condition could trigger sig-

FIG 1 Hypoxia-inducible factor-1a (HIF-1a) and transforming growth factor b1 (TGF-b1) are
upregulated in S. aureus-infected MC3T3-E1 cells and osteomyelitis patients. (A and B) Expression of
HIF-1a mRNA in (A) control and S. aureus-infected MC3T3-E1 cells and in (B) healthy controls (n = 14)
and osteomyelitis patients (OM, n = 28). (C and D) Expression of TGF-b1 mRNA in (C) control and S.
aureus-infected MC3T3-E1 cells and in (D) healthy controls (n = 16) and osteomyelitis patients (OM,
n = 30). Data are presented as mean 6 standard deviation (SD) from three technical replicates. *, P ,
0.05; **, P , 0.01; ****, P , 0.0001 for control versus infected and healthy versus OM, as determined
by analysis of variance (ANOVA) test.

FIG 2 HIF-1a directly targets the hypoxia-responsive element (HRE) of TGF-b1 mRNA to induce its
expression in MC3T3-E1 cells. (A) Promoter sequences of TGF-b1 mRNA containing the wild-type (WT)
or mutated (Mut) HRE were cloned at the upstream of a luciferase reporter open reading frame (LUF).
(B) Luciferase activities of WT-HRE and Mut-HRE constructs were measured in MC3T3-E1 cells
cotransfected under either normoxic or hypoxic conditions. (C) Intracellular TGF-b1 mRNA, (D)
intracellular TGF-b1 protein expression, and (E) TGF-b1 concentration in the culture medium were
measured in MC3T3-E1 cells cotransfected under either normoxic or hypoxic conditions. Data are
presented as mean 6 SD from at least three independent experiments, each with three technical
replicates. ns, P . 0.05; *, P , 0.05; **, P , 0.01 for normoxia versus hypoxia, as determined by
ANOVA test.
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nificant upregulation of TGF-b1 at both transcript and protein levels in MC3T3-E1 cells
(Fig. 2C and D), as well as its secretion into the culture medium (Fig. 2E). These data
convincingly suggested that in MC3T3-E1 cells, HIF-1a could directly target the HRE of
TGF-b1 mRNA to induce its expression.

Silencing HIF-1a rescues defects in osteogenesis and mineralization in MC3T3-
E1 cells infected with S. aureus. Next, to investigate the roles of HIF-1a and TGF-b1 in
S. aureus infection-induced osteomyelitis, specific silencing of these two genes was
introduced into MC3T3-E1 cells (see Materials and Methods). As shown in Fig. 3A and
B, siTGFb1 and siHIF1a caused marked inhibition of TGF-b1 and HIF-1a expression,
respectively, compared to scramble small interfering RNA (siRNA) controls.

The HIF-1a-silenced MC3T3-E1 cells were then subjected to S. aureus infection, followed
by examination of the two osteogenic markers OPN and RUNX2. S. aureus infection caused
obvious reduction in OPN and RUNX2 mRNA levels (Fig. 4A and B, infected1 scramble ver-
sus control 1 scramble), which was largely restored by HIF-1a silencing (Fig. 4A and B,
infected 1 siHIF1a versus infected 1 scramble). The protein levels of both osteogenic
markers followed the same trend as their mRNAs. A mineralization defect, assayed by alka-
line phosphatase (ALP) and alizarin Red S (ARS) staining, was another outcome following S.
aureus infection in MC3T3-E1 cells (Fig. 4D to F, infected1 scramble versus control1 scram-
ble). Upon HIF-1a silencing, both ALP and ARS staining showed that mineralization was res-
cued to levels similar to those in uninfected control cells (Fig. 4D to F, infected 1 siHIF1a
versus infected 1 scramble). Taken together, these experiments demonstrated that HIF-1a
mediated S. aureus infection-induced osteogenesis and mineralization defects in MC3T3-E1
cells.

Silencing TGF-b1 rescues defects in osteogenesis and mineralization in MC3T3-
E1 cells infected with S. aureus. Likewise, TGF-b1-silenced MC3T3-E1 cells were also
subjected to S. aureus infection, followed by examination of OPN and RUNX2 expres-
sion as well as mineralization assays (Fig. 5). As in the case of HIF-1a silencing, knock-
ing down TGF-b1 resulted significantly restored expression of osteogenic markers OPN
and RUNX2 (Fig. 5A to C) and greatly rescued mineralization in ALP and ARS stains
(Fig. 5D to F), compared to that in the scramble siRNA control group (infected 1

siTGFb1 versus infected 1 scramble). Therefore, these data indicated that TGF-b1 up-
regulation, likely caused by HIF-1a activation, is also responsible for the S. aureus-
induced osteogenesis and mineralization defects in in MC3T3-E1 cells.

Hypoxia inhibitor IDF-11774 rescues defects in osteogenesis and mineraliza-
tion in MC3T3-E1 cells infected with S. aureus. To provide additional support for the
role of HIF-1a in S. aureus infection in MC3T3-E1 cells, we employed a novel hypoxia inhibi-
tor called IDF-11774 (21) and tested its effect on osteogenesis and mineralization in MC3T3-
E1 cells exposed to S. aureus (Fig. 6). As expected, 10 mM IDF-11774 (IDF) treatment signifi-
cantly restored expression levels of RUNX2 and OPN, which were otherwise inhibited by S.
aureus infection (Fig. 6A to C, infected1 vehicle versus control1 vehicle), compared to ve-
hicle treatment (Fig. 6A to C, infected 1 IDF versus infected 1 vehicle). Moreover, S.

FIG 3 Effect of small interfering RNA (siRNA) silencing on TGF-b1 and HIF-1a expression in MC3T3-E1
cells. MC3T3-E1 cells were transfected with either scramble siRNA, (A) TGF-b1 siRNA (siTGFb1), or (B)
HIF-1a siRNA (siHIF1a), respectively. Data are presented as mean 6 SD from at least three independent
experiments, each with three technical replicates. *, P , 0.05 for scramble versus siTGFb1 or siHIF1a,
as determined by ANOVA test.
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aureus-induced mineralization defect, as evidenced by ALP and ARS assays, was also res-
cued by IDF-11774 treatment in MC3T3-E1 cells (Fig. 6D to F, infected 1 IDF versus
infected1 vehicle). These results, therefore, further confirmed the crucial role of hypoxia
in S. aureus infection-induced osteogenesis and mineralization deficiencies.

Hypoxia inhibitor IDF-11774 rescues serological parameters in mouse model of
osteomyelitis. To further test the roles of HIF-1a and TGF-b1 in osteomyelitis in vivo, we
employed a mouse model of S. aureus infection-induced osteomyelitis (22). At day 7 after ini-
tial inoculation, S. aureus infection caused significant reduction in body weight (Fig. 7), as
well as elevated HIF-1a expression (Fig. 7B) and serum TGF-b1 concentration (Fig. 7C and
8A). Moreover, the serum levels of IL-1b and IL-6 in the infected group were increased com-
pared to those in the control group on day 7 (Fig. 8B and C, infected 1 vehicle versus con-
trol 1 vehicle), which were moderately reduced by 20 mg/kg/day IDF-11774 treatment
(Fig. 8B and C, infected1 IDF versus infected1 vehicle). Next, the serum level of C-reactive
protein (CRP) was similarly increased by S. aureus infection (Fig. 8D, infected1 vehicle versus
control 1 vehicle), and was significantly reduced following IDF-11774 treatment (Fig. 8D,
infected1 IDF versus infected1 vehicle).

DISCUSSION

Osteomyelitis is a painful, debilitating, infectious disease of the bone marrow or
bones that often results from S. aureus infection. In this investigation, we employed
two models of S. aureus infection-induced osteomyelitis in order to reveal the roles of
HIF-1a and TGF-b1 in its pathogenesis both in vitro and in vivo. MC3T3-E1 cells were
employed in this work to assess osteoblast functions. Osteoblasts are the major type of

FIG 4 Silencing HIF-1a rescues defects in osteogenesis and mineralization in MC3T3-E1 cells with S. aureus
infection. mRNA levels of osteogenic markers (A) OPN and (B) RUNX2, as well as their protein levels (C),
were measured in control and S. aureus-infected MC3T3-E1 cells with either scramble siRNA or HIF-1a siRNA
(siHIF1a). (D) Alkaline phosphatase (ALP) and (E) alizarin red S (ARS) staining assays were performed in
control and S. aureus-infected MC3T3-E1 cells with either scramble siRNA or HIF-1a siRNA (siHIF1a). Data
are presented as mean 6 SD from at least three independent experiments, each with three technical
replicates. ns, P . 0.05 for control 1 scramble versus control 1 siHIF1a; *, P , 0.05; ** and P , 0.01 for
infected 1 scramble versus control 1 scramble; #, P , 0.05 for infected 1 siHIF1a versus infected 1
scramble, as determined by ANOVA test.
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functional cells involved in bone formation, and underlie the synthesis, secretion, and
mineralization of the bone matrix. Our results demonstrated that S. aureus suppressed
bone formation and mineralization. HIF-1a and TGF-b1 were upregulated during S.
aureus infection in MC3T3-E1 cells, accompanied by strong inhibition of bone minerali-
zation. In addition, expression levels of RUNX2 and OPN were shown to be downregu-
lated in MC3T3-E1 cells exposed to S. aureus. Both RUNX2 and OPN are osteogenesis
biomarkers, and their downregulation in MC3T3-E1 cells with S. aureus infection
strongly indicated suppressed bone formation.

Thus, HIF-1a and TGF-b1 may be players in mineralization, bone formation, and
osteogenesis, and siRNA silencing experiments were conducted to test this specula-
tion. Indeed, knockdown of either HIF-1a or TGF-b1 in MC3T3-E1 cells exposed to S.
aureus consistently restored expression of both OPN and RUNX2 and rescued bone
mineralization, quantified as ARS and ALP staining levels. These data clearly demon-
strated that HIF-1a and TGF-b1 upregulation were both critical in the S. aureus-
induced osteogenesis and mineralization defects in MC3T3-E1 cells (Fig. 4 and 6).
Combined with data shown in Fig. 2, where HIF-1a was shown to directly target the
HRE of TGF-b1 mRNA to induce its expression in MC3T3-E1 cells, it can therefore be
deduced that S. aureus infection causes hypoxia and subsequent upregulation of TGF-
b1, which then results in deficiencies in osteogenesis and bone mineralization. This
working model was further substantiated by the treatment using a hypoxia inhibitor,

FIG 5 Silencing TGF-b1 rescues defects in osteogenesis and mineralization in MC3T3-E1 cells with S. aureus
infection. mRNA levels of osteogenic markers (A) OPN and (B) RUNX2, as well as their protein levels (C),
were measured in control and S. aureus-infected MC3T3-E1 cells with either scramble siRNA or TGF-b1
siRNA (siTGFb1). (D) Alkaline phosphatase (ALP) and (E) alizarin Red S (ARS) staining assays were performed
in control and S. aureus-infected MC3T3-E1 cells with either scramble siRNA or TGF-b1 siRNA (siTGFb1).
Data are presented as mean 6 SD from at least three independent experiments, each with three technical
replicates. ns, P . 0.05 for control 1 scramble versus control 1 siTGFb1; *, P , 0.05 and **, P , 0.01 for
infected 1 scramble versus control 1 scramble; #, P , 0.05 and ##, P , 0.01 for infected 1 siTGFb1
versus infected 1 scramble, as determined by ANOVA test.
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IDF-11774. Treatment with IDF-11774 closely mimicked the effect of silencing HIF-1a
or TGF-b1 and rescued S. aureus infection-induced defects in MC3T3-E1 cells.

To further validate our in vitro results, we employed a commonly studied mouse
model of S. aureus-induced osteomyelitis (22). IL-6 and IL-1b , mainly produced by acti-
vated monocytes/macrophages, have long been known to stimulate osteoclasts,
resulting in bone resorption (23–25). Marriott et al. (26) using human bone tissues as
well as a mouse model, showed that bone osteoblasts expressed IL-6 during bacterial
infection. Yoshii et al. (27) similarly demonstrated that in a staphylococcal osteomyelitis

FIG 6 Hypoxia inhibitor IDF-11774 rescues defects in osteogenesis and mineralization in MC3T3-E1
cells with S. aureus infection. mRNA levels of osteogenic markers (A) OPN and (B) RUNX2, as well as
their protein levels (C), were measured in control and S. aureus-infected MC3T3-E1 cells treated with
either dimethyl sulfoxide (DMSO, vehicle) or 10 mM IDF-11774 (IDF). (D) Alkaline phosphatase (ALP)
and (E) alizarin Red S (ARS) staining assays were performed in control and S. aureus-infected MC3T3-
E1 cells treated with either DMSO (vehicle) or 10 mM IDF-11774 (IDF). Data are presented as mean 6
SD from at least three independent experiments, each with three technical replicates. ns, P . 0.05 for
control 1 vehicle versus control 1 IDF; *, P , 0.05 and **, P , 0.01 for infected 1 vehicle versus
control 1 vehicle; #, P , 0.05 and ##, P , 0.01 for infected 1 IDF versus infected 1 vehicle, as
determined by ANOVA test.

FIG 7 HIF-1a expression and serum TGF-b1 concentration are elevated in a mouse model of
osteomyelitis. Mouse model of osteomyelitis was established (detailed in Materials and Methods), and
on day 7 after S. aureus infection, (A) body weight, (B) blood HIF-1a mRNA expression, and (C) serum
TGF-b1 concentration were measured. Data are presented as mean 6 SD (n = 6 each group) from
three technical replicates in each group. *, P , 0.05 for control versus infected, as determined by
ANOVA test.

Staphylococcus aureus Infection Initiates Hypoxia mSystems

July/August 2022 Volume 7 Issue 4 10.1128/msystems.00380-22 7

https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00380-22


model, local levels of IL-1b and IL-6 were increased in the infected bones. In this study,
we also found that the serum concentrations of IL-1b and IL-6 in the infected group
were notably higher. Moreover, the CRP level is a most valuable marker for assessing
infectious processes during clinical practices (28). Consistent with these studies, in our
mouse model, we also observed a high level of serum CRP following S. aureus infec-
tion, suggesting that our model can mimic the chronic inflammatory processes in
osteomyelitis.

Having established the current osteomyelitis mouse model reproducing the infectious
processes in humans, we proceeded to test whether the efficacy of the hypoxia inhibitor
IDF-11774 in alleviating osteogenesis and mineralization defects in vitro could be recapitu-
lated in vivo. To this end, we treated the S. aureus-infected mice with IDF-11774 and eval-
uated their serological parameters, including serum levels of IL-1b , IL-6, and CRP. We
found that IDF-11774 administration to S. aureus-infected mice significantly repressed the
upregulated serum levels of IL-6, IL-1b , and CRP, as well as TGF-b1. Considering the
potent anti-hypoxia property of IDF-11774 (21), it can be postulated that the observed
beneficial effects of IDF-11774 in S. aureus infection-inflicted serological phenotypes were
mediated by inhibiting hypoxia/HIF-1a. In fact, inhibiting hypoxia by hyperbaric oxygen
(HBO) therapy has long been hypothesized to reduce osteomyelitis symptoms (29). It has
been reported that HBO enhanced wound healing in patients with chronic osteomyelitis
(30). In line with these findings, our current study has not only raised a novel anti-hypoxia
agent, IDF-11774, with potential against osteomyelitis, but also provided further theoreti-
cal basis in support of HBO therapy to treat osteomyelitis.

Besides hypoxia/HIF-1a, the results of this study propose TGF-b1 as a potential
therapeutic target of osteomyelitis. In an earlier study, TGF-b1 activation exhibited im-
portant functions in scar formation in osteomyelitis, likely through the production of
collagen I (31). In the same study, key members of the TGF-b1/Smad signaling path-
way were implicated in a murine osteomyelitis model, but no information was uncov-
ered concerning the factors responsible for activating TGF-b1 in the osteomyelitis

FIG 8 Hypoxia inhibitor IDF-11774 rescues serological parameters in mouse model of osteomyelitis.
Mouse model of osteomyelitis was established and treated with either DMSO (vehicle) or 20 mg/kg/
day IDF-11774 (IDF) (detailed in Materials and Methods). On day 7 after S. aureus infection, serum
concentrations of (A) TGF-b1, (B) interleukin (IL)-6, (C) IL-1b , and (D) C-reactive protein (CRP) were
measured. Data are presented as mean 6 SD (n = 6 each group) from three technical replicates in
each group. ns, P . 0.05 for control 1 vehicle versus control 1 IDF; *, P , 0.05 and **, P , 0.01 for
infected 1 vehicle versus control 1 vehicle; #, P , 0.05 and ##, P , 0.01 for infected 1 IDF versus
infected 1 vehicle, as determined by ANOVA test.
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setting. Here, have investigated in a similar osteomyelitis mouse model and revealed
hypoxia/HIF-1a as the probable upstream activator of TGF-b1, thereby deepening the
current understanding of osteomyelitis pathogenesis.

Conclusion. In conclusion, upon S. aureus infection, hypoxia is activated to trigger TGF-
b1 upregulation through direct targeting of HRE on TGF-b1 mRNA by HIF-1a. Upregulated
TGF-b1 leads to osteomyelitis symptoms, including osteogenesis and mineralization defi-
ciencies and elevated inflammation. Our study has hereby proposed a novel signaling cas-
cade involving hypoxia/HIF-1a/TGF-b1 in osteomyelitis pathogenesis, the components of
which could potentially serve as targets for therapeutic measures. Nevertheless, our current
study only involved a small sample pool with an in vivo animal model; therefore, more
investigations are needed to further verify the results on a larger scale. In addition, given
the observed alleviating effect of the hypoxia inhibitor IDF-11774, further investigations are
warranted to potentiate its clinical efficacy in treating osteomyelitis.

MATERIALS ANDMETHODS
Cell line and S. aureus infection. Mouse calvaria-derived osteo-precursor cells MC3T3-E1, acquired

from American Type Culture Collection (ATCC, Rockville, MD, USA), were cultured under 5% CO2 at 37°C
in minimum essential medium (alpha-MEM; Gibco, Grand Island, NY) with supplementation of 10% fetal
bovine serum (FBS, Gibco), a 1% antibiotic cocktail (penicillin G sodium, streptomycin sulfate; Sigma-
Aldrich), and 1% L-glutamine (Sigma-Aldrich). Every 48 h, the medium was replaced. When cells reached
confluence, they were treated with trypsin, and only cells at passages 12 to 15 were utilized. S. aureus
strain 6850 (53657; ATCC, Manassas, VA) was cultivated in BBL Trypticase Soy Broth (TSB; BD Biosciences,
Franklin Lakes, NJ) overnight at 37°C under constant shaking, and then incubated at 37°C for 3 h to
achieve exponential growth. Following incubation, tubes were centrifuged at 3,000 rpm for 10 min and
the supernatant was then discarded. The remaining pellets were washed three times using phosphate-
buffered saline (PBS) and resuspended in PBS until reaching a McFarland standard of 6. CFU per milliliter
were verified using the spread plate method.

S. aureus infection in MC3T3-E1 cells was carried out based on established methods (32). Briefly, S.
aureus culture was used to infect MC3T3-E1 cells at a multiplicity of infection of 100. After 21 days of
incubation at 37°C, MC3T3-E1 cells were washed with PBS and treated with 20 mg/mL lysostaphin for
30 min to remove bacteria attached outside the cells, followed by the addition of fresh medium to the
MC3T3-E1 cells.

Patients. We recruited 28 patients with confirmed diagnosis of S. aureus-infected osteomyelitis,
according to positive bacteremia results in a blood culture, surgical sample, or percutaneous puncture
aspiration. Fourteen healthy volunteers with matched age, gender, and BMI (data not shown) were also
recruited. Blood samples were collected from all recruited participants and frozen at –80°C for further
analysis. Written informed consent forms were acquired from all participants before collection of blood
samples. This investigation obtained approval from the Ethics Committee of Shanghai Jiao Tong
University Affiliated Sixth People’s Hospital (DWLL2018-0093). This study was performed in strict accord-
ance with the Declaration of Helsinki Ethical Principles for Medical Research Involving Human Subjects.

Quantitative real-time PCR. Total mRNA was prepared using TRIzol (Invitrogen, Carlsbad, CA), and
subsequently subjected to reverse transcription to generate cDNAs using Superscript II following the
provided protocols (Bio-Rad, Hercules, CA). PCRs with triplicates from each sample were performed
using the SYBR Green-based method (Applied Biosystems, Waltham, MA) with steps including 40 cycles
of 95°C for 15 s and 60°C for 1 min. Relative expression levels were calculated with normalization to
GAPDH using the threshold cycle (2–DDCT) method. The primers used in this study are listed below (from
59 to 39):

Human HIF-1a, forward CATAAAGTCTGCAACATGGAAGGT, reverse ATTTGATGGGTGAGGAATGGGTT;
Human TGF-b1, forward CCCAGCATCTGCAAAGCTC, reverse GTCAATGTACAGCTGCCGCA;
Human GAPDH, forward CATCACTGCCACCCAGAAGACTG, reverse ATGCCAGTGAGCTTCCCGTTCAG;
Mouse HIF-1a, forward TGATGTGGGTGCTGGTGTC, reverse TTGTGTTGGGGCAGTACTG;
Mouse TGF-b1, forward ATACGTCAGACATTCGGGAAGCAG, reverse AATAGTTGGTATCCAGGGCTCTCCG;
Mouse OPN, forward CTTTCACTCCAATCGTCCCTAC, reverse GCTCTCTTTGGAATGCTCAAGT;
Mouse RUNX2, forward CGACAGTCCCAACTTCCTGT, reverse CGGTAACCACAGTCCCATCT;
Mouse GAPDH, forward CATCTCCTCCCGTTCTGCC, reverse GTGGTG-CAGGATGCATTGC.
Luciferase reporter assay. The promoter region of TGF-b1 containing the putative hypoxia

response element was sub-cloned into the pGL3 luciferase reporter plasmid. Transient-transfection was
performed with Lipofectamine 2000. The recipient cells were then subjected to either hypoxic (100 mM
CoCl2) or normoxic (0 mM CoCl2) conditions for 24 h after transfection. The relative activities of luciferase
were evaluated 24 h after the transfection using a commercial Bright-Glo Luciferase Reporter System
(Promega, Madison, WI).

Western blotting. Cells were resuspended in lysis buffer consisting of 150 mM NaCl, 0.5 mM NaF,
50 mM Tris-HCl, 1 mM Na3VO4, 0.25% Na-deoxycholate, 0.1% NP-40 alternative, Protease Inhibitor
Cocktail (1 tablet/10 mL, Roche), and 10 mM HEPES, with the pH adjusted to 7.4. Cell lysate samples
were quantitatively evaluated using a bicinchoninic acid protein assay, and total protein (30 mg) was
resolved through SDS-PAGE and then transferred to polyvinylidene difluoride membranes, which were
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subsequently blocked using 1% bovine serum albumin (BSA; Sigma-Aldrich) and incubated at 4°C over-
night with the appropriate primary antibody. Primary antibodies for TGF-b1, OPN, RUNX2, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) were purchased from Abcam. Horseradish peroxidase-
conjugated secondary antibodies were then utilized to visualize blots on an enhanced chemilumines-
cence-based imaging system.

Small interfering RNA. The siRNA experiments were performed with HIF-1a siRNA (sc-35561), TGF-
b1 siRNA (sc-37192), and scramble control siRNA (sc-37007) following the protocol provided by Santa
Cruz Biotechnology.

Alkaline phosphatase staining assay. Eight days following the establishment of osteogenesis, cells
were washed twice with TB buffer (150 mM NaCl, 20 mM Tris, pH adjusted to 7.5,) and lysed using
100 mL lysis buffer (TB buffer, plus 0.1% Triton). Cell lysates were centrifuged at 4°C for 30 min at
12,000 rpm, and then the supernatants (45 mL) were mixed with 100 mL ALP substrate p-nitrophenyl
phosphate liquid substrate system (Promega, Madison, WI, USA) for 20 min at 37°C. The absorbance was
examined at 405 nm on a 96-well plate reader following the provided protocol. The ALP activity level
was calculated and normalized to the amount of total protein.

Alizarin Red-sulfate staining assay. Eight days following the establishment of osteogenesis, an
ARS staining assay with an osteogenesis assay kit (Millipore, Billerica, MA) was employed to evaluate
mineralization. In brief, cells were fixed using formalin for alizarin Red S staining. The dye was later
extracted from stained cells using 10% acetic acid and absorbance at 405 nm was measured. All data
were expressed after normalization to the control values.

HIF-1a inhibitor IDF-11774. IDF-11774 (S8771, purity . 99%; Selleckchem, Houston, TX) was pre-
pared as stock solution in dimethyl sulfoxide (DMSO) at 10 mM and stored at –20°C. In brief, 10 mM IDF-
11774 was supplemented in cell culture, while 20 mg/kg/day IDF-11774 was administered orally to mice,
according to previous methods (21).

Mouse osteomyelitis model. A mouse model of S. aureus infection-induced osteomyelitis was employed
according to previously reported methods (22). Briefly, pathogen-free C57BL/6 12 weeks old male mice were
purchased from the Animal Facility of the Shanghai Laboratory Animal Center and housed in accordance with
institutional guidelines in cages with proper ventilation and ad libitum access to food and water. All experimen-
tal protocols were approved by the Ethical Board of Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital. Anesthetization of the animals was achieved using an intraperitoneal (i.p.) injection of pentobarbital
(50 mg per kg body weight). The hair on the left knee was then shaved and the skin cleaned using povidone
iodine. An incision was made over the left knee, and a lateral parapatellar arthrotomy was performed to medi-
cally replace the quadriceps-patellar complex and expose the distal femur. The distal end of the femur was
penetrated with a 0.5-mm sharp steel burr on a high-speed drill (Fine Science Tools, Foster City, CA). Next, a
hole was generated with a 23-gauge needle (outside diameter = 0.6 mm), through which 1 mL medium con-
taining 1.0 � 108 CFU S. aureus was inoculated via a Hamilton syringe into the medullary cavity of the femur.
The control group was given PBS using the same protocol. Bone wax was used to seal the burr hole, the dislo-
cated patella was restored, and the incisions of the skin/muscle were sutured closed. The animals were then
left on a heating pad to recover under careful monitoring. Spontaneous forelimb movements and water intake
were regarded as signs that the mice had recovered from anesthesia. Blood samples were collected from the
mice by retro-orbital bleeding on day 7 after the infection.

Enzyme-linked immunosorbent assay. TGF-b1, IL-6, IL-1b , and CRP concentrations in the medium
or serum were assessed with enzyme-linked immunosorbent assay kits specifically targeting those pro-
teins (R&D Systems, Minneapolis, MN) following the provided protocols.

Statistical analysis. Data analyses were performed using GraphPad Prism (GraphPad software ver-
sion 5, La Jolla, CA), and data are presented as means 6 standard deviation (SD) unless otherwise noted.
Differences between groups were determined by a one-way analysis of variance (ANOVA) test. P values
of less than 0.05 were regarded as indications of statistical significance.

Data availability. The data that support the findings of this study are available from the correspond-
ing author, Xiaowei Yu, upon reasonable request.
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