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Aspirin alleviates orthopedic implant-associated infection
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Abstract. Implant-associated infection (IAI), a common
condition marked by progressive inflammation and bone
destruction, is mentally and financially devastating to those
it affects, causing severe morbidity, prolonged hospital admis-
sions, significant hospital costs and, in certain cases, mortality.
Aspirin, a popular synthetic compound with a history of
>100 years, is antipyretic, anti-inflammatory and analgesic.
It is the most active component of non-steroidal anti-inflam-
matory drugs. However, the effects of aspirin on IAI remain
unknown. In the present study, an IAI animal model was used,
in which a stainless steel pin coated with Staphylococcus
aureus was implanted through the left shaft of the tibia in
mice. The animals were then randomized into five groups and
subjected respectively to IAI, IAI + 15 mg aspirin treatment,
IAI + 30 mg aspirin treatment, IAI + 60 mg aspirin treatment
and TAI + 120 mg aspirin treatment groups. Aspirin was
injected intraperitoneally twice daily for 11 days. Micro-CT
and histological assays were performed to assess the effects
of aspirin on IAIL It was found that aspirin reduced osteolysis
and periosteal reaction, inhibited the activation of osteoclasts,
promoted the activation of osteoblasts and facilitated healing
of the infected fracture.

Introduction

Implant-associated infection (IAI), together with its progres-
sive inflammation and bone destruction is catastrophic to
patients physically, mentally and financially due to its signifi-
cant morbidity and even mortality in certain cases (1). It is
reported that ~60% of IAls are caused by Staphylococcus
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aureus, which is difficult to treat as it has a variety of mecha-
nisms to promote immune evasion, including the formation of
a biofilm and persistence in necrotic bone (2).

Aspirin is a popular antipyretic, anti-inflammatory
and analgesic drug and is the most active component of
non-steroidal anti-inflammatory drugs (3). Recently, other roles
of aspirin in disease treatment have been found. Cai ef al (4)
showed that aspirin enhanced the antibiotic-induced cell
death of Staphylococcus aureus and methicillin-resistant
Staphylococcus aureus (MRSA). Zhou et al (5) also suggested
that aspirin promoted the effectiveness of antibiotics against
biofilm-associated infections. Sedlacek et al (6) showed
that aspirin treatment significantly reduced the risk of
Staphylococcus aureus in patients undergoing tunnel-catheter
dialysis. Therefore, the present study hypothesized that aspirin
may have beneficial effects on IAIL. The aim of the present
study was to examine the effects of aspirin on AL

To test the above hypothesis, an IAI animal model was
used, in which a stainless steel pin coated with Staphylococcus
aureus was implanted through the left shaft of the tibia. The
findings demonstrated that aspirin may alleviate TAI.

Materials and methods

Staphylococcus aureus strain and pathogenic challenge. The
strain of Staphylococcus aureus (ATCC43300) was purchased
from Shanghai Luwei Microbial Science and Technology
Co. Ltd. Pathogenic challenge was initiated using a contami-
nated 0.25-mm diameter pin that was generated as described
by Li et al (1). The pins were autoclaved and stored in 75%
ethanol. Following air-drying, the pins were incubated in
1.5 ml of an overnight broth culture of Staphylococcus aureus
for 20 min. The pins were then air-dried for 5 min prior to
trans-tibia implantation. The inoculating dose of bacteria was
determined to be 1x10° CFU Staphylococcus aureus in PBS as
Li et al described (1).

Animal surgery and treatment. Animal care and experimental
procedures were approved by the Animal Care and Use
Committee at the Southern Medical University, Guangzhou,
China; NFYY-2017-31). A total of 40 6-week-old female
C57BL/6J mice, purchased from the Experimental Animal
Center of Southern Medical University, were used in the
present study. The mice were housed in cages on a 12 h
light/dark cycle (7:00 a.m.-7:00 p.m.), at 24°C and provided
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food and water ad libitum. Following acclimatization for
2 weeks, the 8-week-old mice with an average weight of 17+1
g were subjected to surgery as described by Li et al (1). The
animals were anesthetized using 1% pentobarbitone sodium at
adose of 30 mg/kg via intraperitoneal injection. The vital signs
(e.g., heart rate, respiratory rate and depth, color of mucous
membranes and body temperature) and reflexes (e.g., toe
pinch, tail pinch, eyelid/eyelash and palpebral) were observed
to ensure the animals were deeply anesthetized (7). Their
left tibiae were shaved, and 75% ethanol was used for steril-
izing the skin. A pin was placed transcortically through the
left tibia in a medial-to-lateral direction to initiate infection.
The pin was bent at both ends for stability and cut adjacent
to the skin on both ends, which allowed it to be covered by
the skin and to eliminate additional environmental exposure.
Once the mice had recovered from the anesthesia, they were
returned to standard isolator cages and randomly divided into
five groups to be subjected to the following: IAL IAI + 15 mg
aspirin treatment, IAI + 30 mg aspirin treatment, IAI + 60 mg
aspirin treatment and IAI + 120 mg aspirin treatment. Aspirin
was administrated via intraperitoneal injection twice daily
for 11 days. The aspirin doses for the experimental mice were
designed according to the equivalent ratios between the area of
the human body surface and human doses of aspirin reported
in the literature (8). For example, 60 mg aspirin treatment for
a mouse is equivalent to the administration of 325 mg aspirin
in a human on average.

Micro-CT analyses. Following sacrifice of the animals,
the pins were removed, and the left tibiae were fixed in 4%
p-formaldehyde for 24 h prior to scanning and histological
evaluations of bone microstructures. The tibiae were scanned
using a high-resolution micro-CT system (#CT 80, Scanco
Medical, AG, Switzerland) with an isotropic voxel size of
12 pm (55 kV, 145 uA, integration time 300 ms, twice on
average). The severity of osteolysis was determined by the
size of the tibial hole determined by Image J (V1.8.0, official
version) software (National Institutes of Health). Following 3D
reconstruction of the CT images of the mice tibiae, the position
of each reconstructed image was adjusted to reveal a circular
hole as much as possible for determination of its area using
Image J software. The area of the circular hole obtained minus
the cross-sectional area of the pin implanted was calculated
to determine the area of osteolysis. Statistical analysis of the
osteolytic areas between the groups was conducted.

Histological and immunohistochemical (IHC) staining.
Following micro-CT scanning, the tibiae were embedded
in olefin following decalcification in 10% EDTA at room
temperature for 4 weeks. All samples were sliced to a thick-
ness of 6 ym and then disposed for histological and THC
analyses according to standard conditions. Gram-staining
(Beijing Leagene Biotechnology Co., Ltd.) was used to
evaluate bacterial content, hematoxylin and eosin staining
(H&E) was performed to observe the histomorphology and
inflammatory cell infiltration. H&E staining was performed
using standard protocols and visualized with a light micro-
scope (magnification, x10 or x20). Briefly, after dewaxing and
hydration, the slices were stained with hematoxylin in refined
aqueous solution for 2 min at room temperature, differentiated
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in hydrochloric acid ethanol for <10 sec, rinsed in running
water for 15 min, and then placed in distilled water for 1 min.
The sections were then dehydrated in 70 and 90% alcohol for
10 min, respectively, and stained with alcohol eosin solution
for 2-3 min at room temperature.

Additionally, following blocking with 10% goat serum (cat.
no. PK-4001; Vector Laboratories, Inc.) for 1 h at room temper-
ature, IHC staining of osterix (OST; Abcam Cambridge, UK)
was performed to evaluate the activity of osteoblasts around
the TAI site. According to the standard protocol, primary
antibodies against OST (1:400; cat. no. ab22552; Abcam) were
applied for incubation overnight at 4°C, followed by incubation
with a biotinylated goat anti-rabbit secondary antibody (1:200;
cat. no. PK-4001; Vector Laboratories, Inc.) and DAB staining
(Dako; Agilent Technologies, Inc.) at room temperature for
3 min. Subsequently, the slides were immersed with hema-
toxylin (cat. no. H3136; Sigma-Aldrich; Merck KGaA) at room
temperature for 5 min. The slides were then visualized with a
light microscope (magnification, x10 or x20). By calculating
the brown-stained cells among the total cells in three randomly
selected fields, the relative numbers of OST positive cells
were quantified. Tartrate-resistant acid phosphatase (TRAP)
(Sigma-Aldrich; Merck KGaA) staining was performed at
room temperature for 1 h to evaluate the presence of osteo-
clasts around the IAI site, according to the standard protocol.
TRAP positive cells with three or more nuclei were quantified
under a light microscope (magnification, x20). Furthermore,
Goldner's staining (Beijing Solarbio Science & Technology
Co., Ltd.) was used to assess the activity of the osteoblasts and
osteoclasts according to the standard protocol.

Statistical analysis. Statistical analysis was performed using
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Continuous
data are presented as the mean + standard deviation. One-way
analysis of variance followed by Dunnett's test was used for
continuous variables. P<0.05 was considered to indicate a
statistically significant difference.

Results

Aspirin reduces osteolysis and periosteal reaction. The
micro-CT analysis demonstrated that osteolysis and perios-
teal reaction were reduced in the groups treated with aspirin
at doses of 15, 30 and 60 mg in a dose-dependent manner.
However, 120 mg aspirin had an adverse effect on osteolysis
and periosteal reaction (Fig. 1). As shown in Fig. 1A and B,
bone destruction and osteolysis in the IAI group were more
marked than those in the three groups treated with aspirin at
doses of 15, 30 and 60 mg, as the hole in the IAI group was
clearly larger in area than that in either of the three groups.
The area of the hole decreased from the group treated with
15 mg aspirin to that treated with 60 mg aspirin. It is notable
that the differences in the osteolytic area between the 15, 30
and 60 mg aspirin groups were not statistically significant.
However, bone destruction and osteolysis in the 120 mg aspirin
group were more marked than those in the IAI group as the
hole in the former group had a significantly larger area than
that in the latter (P<0.05). As shown in Fig. 1C, the periosteal
reaction in the IAI group was significantly greater than that
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Figure 1. Micro-CT images of left tibias. (A) Three-dimensional reconstruction showing bone destruction and osteolysis (hole). (B) Transverse sections
of the three-dimensional reconstruction showing bone destruction and osteolysis (hole). The black arrows indicate the hole measured. (C) 2D images of a
sagittal sections. The black arrows indicate the site of periosteal reaction. (D) Statistical analysis of bone destruction and osteolysis. Data are presented as the

mean = standard deviation. “P<0.01. IAI, implant-associated infection.

in the groups treated with 15, 30 and 60 mg aspirin, but did
not differ from that in the group treated with 120 mg aspirin.
The gross observation (Fig. 1C) showed that the periosteal
reaction in the IAI group was more intense compared with
the groups treated with 15, 30 and 60 mg aspirin; however, no
obvious difference was noted compared with the group treated
with 120 mg aspirin. Taken together, these data indicate that
well-dosed aspirin may effectively reduce the osteolysis and
periosteal reaction caused by bacterial infection, but excessive
aspirin may aggravate the osteolysis and periosteal reaction.

The graph in Fig. 1D shows the statistical analysis of osteo-
lytic areas between the groups. Aspirin at doses of 15, 30 and
60 mg led to a significantly smaller osteolytic area than that
in the IAI and 120 mg aspirin groups. However, it is notable
that differences in the osteolytic areas between the 15, 30 and
60 mg aspirin groups were not statistically significant.

Aspirin decreases infection and alleviates inflammatory
response. A representative graph is presented in Fig. 2A
showing the infection 11 days after IAI modeling in each
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Figure 2. Inflammatory cell infiltration. (A) General view of the left tibia 11 days after pathogenic challenge. The black arrows indicate the site of pathogenic
challenge. (B) H&E staining. The black arrows indicate inflammatory cells. (C) Gram staining. (D) Statistical analysis of inflammatory cell infiltration in each
group. Data are presented as the mean + standard deviation. “P<0.01. IAI, implant-associated infection; H&E, hematoxylin and eosin.

group. The bacterial infection in the IAI group resulted in skin
ulceration and substantial pus around the pin. In the 15, 30
and 60 mg aspirin groups, there appeared to be only slight
redness and swelling. No obvious fluctuation of pus was found
in the 15, 30 and 60 mg aspirin groups. The least redness and
swelling was observed in the 60 mg aspirin group. However,
in the 120 mg aspirin group, no ulceration was observed but
there was obvious redness and fluctuation of pus, suggesting
pus accumulation in the local area. The results of the H&E
staining showed that the inflammatory cell infiltration in the
IAI group was significantly greater than that in the aspirin

treatment groups (Fig. 2B). The 60 mg aspirin group had
the least inflammatory cell infiltration, suggesting it had the
optimal effect on alleviating the local inflammatory response
caused by the bacteria. Gram-staining showed no bacterial
content in any of the groups, which may have been due to
the fact that the duration of modeling was not sufficient for
bacterial colonies to have formed on the surface of the bone
(Fig. 2C). The results of the statistical analysis of infiltrating
inflammatory cells in tissue sections in each group are shown
in Fig. 2D. Aspirin doses of 15, 30 and 60 mg led to significant
decreases in the number of infiltrating inflammatory cells in a
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Figure 3. Staining of osteoclasts and osteoblasts for evaluation of bone formation. (A) TRAP staining. The black arrows indicate osteoclast-positive cells
(TRAP). (B) Immumohistochemical staining of osteoblast-positive cells (OST). The black arrows indicate osteoblast-positive cells. (C) Goldner's staining.
Statistical analysis of the (D) TRAP-positive cells (N.TRAP+) and (E) OST-positive cells (N.OST+) on the bone surface. Data were measured as cells per
millimeter of perimeter in sections and are presented as the mean + standard deviation. “P<0.01. B.pm, cells per millimeter of perimeter in sections.

dose-dependent manner. However, no obvious decrease in the
number of infiltrating inflammatory cells was observed in the
120 mg aspirin group.

Aspirin augments bone formation. The results in Fig. 3A
and B show significantly lower expression of TRAP and mark-
edly higher expression of OST in the 15, 30 and 60 mg aspirin
groups compared with expression in the IAI group (P<0.05),
but there were no significant differences in the expression of

TRAP or OST between the 120 mg aspirin group and the TAI
group. The formation of bone increased from the group treated
with 15 mg aspirin to that treated with 60 mg aspirin. Goldner's
staining demonstrated the same results with TRAP and OST.
The 15, 30 and 60 mg aspirin groups had increased the forma-
tion of osteoid and mineralized bone, whereas the 120 mg
aspirin group had no effect on the formation of osteoid and
mineralized bone (Fig. 3C). The results of the TRAP staining,
IHC staining of OST and Goldner's trichrome staining showed
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that aspirin at an appropriate concentration promoted osteo-
genesis following TAI and reduced the osteolysis caused by
infection. The results in Fig. 3D show the statistical analysis
of TRAP-positive cells between groups. Aspirin doses of
15, 30 and 60 mg led to significantly decreased expression
of TRAP-positive cells in a dose-dependent manner. The
statistical analysis of OST-positive cells between groups is
shown in Fig. 3E. Aspirin doses of 15, 30 and 60 mg led to
significantly increased expression of OST-positive cells in a
dose-dependent manner.

Discussion

Taken together, the experimental findings in the present study
demonstrated that aspirin alleviated IAl in a dose-dependent
manner below a dose of 60 mg but had an adverse effect on
IAI at a high dose. Treatment with moderate doses of aspirin
resulted in decreased periosteal reactive bone, osteolysis and
osteoclast activation but increased osteoblast activation in IAI
mice, whereas a high dose of aspirin aggravated rather than
alleviated IAI

The benefit of aspirin for IAI may be attributed to a variety
of factors. Firstly, PGE2 may increase biofilm formation in
Staphylococcus aureus and MRSA (4). It is known that aspirin
can inhibit the production of prostaglandin, which can be a
significant virulence factor in biofilm-associated infections (9).
Furthermore, the impact of aspirin on platelets may also be of
benefit as platelets are a host factor in the circulation to consoli-
date biofilm formation and protect bacteria against antibiotics.
Additionally, as aspirin is an efficient inhibitor of quorum
sensing, virulence and toxins, it may also have a beneficial effect
on IAI (10). Finally, the effect of aspirin on biofilm is important.
Cyclooxygenase inhibitors including aspirin can reduce biofilm
formation (11). A recent study demonstrated that salicylic acid
(SAL) reduced bacterial adhesion, affected biofilm structural
development, reduced viable biomass, extracellular proteins
and polysaccharides, and promoted biofilm detachment (12).
However, it was observed that the presence of SAL, the active
component of aspirin, exhibited moderate iron-chelating
capacity, which markedly promoted Staphylococcus aureus
biofilm production (13). These different observations may have
been due to differences in the experiment design, model use and
aspirin concentrations.

The present study demonstrated that aspirin reduced peri-
osteal reactive bone, osteolysis and osteoclast activation but
promoted osteoblast activation. This can be explained by the
capabilities of aspirin, including promoting the recruitment,
migration and osteogenic differentiation of bone marrow-derived
mesenchymal stem cells (BMSCs), enhancing the effect of
osteoblasts and inhibiting the effect of osteoclasts (14,15). Of
note, treatment with 120 mg aspirin resulted in reduced infec-
tion but significantly increased bone destruction. The possible
reason for this may be that aspirin at an excessive concentration
may have led to the immoderate inhibition of certain inflam-
matory factors that may be helpful for osteogenesis or that an
intemperate concentration of aspirin may have had toxic effects
on BMSCs and osteoblasts. Similarly, Lack e al observed that a
dose of aspirin above a threshold approximating a single human
dose of 325 mg was associated with delayed bone healing (16).
Furthermore, Dapunt ef al (17) found that osteoblasts expressed
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the inflammatory cytokine interleukin-6 in a murine model of
Staphylococcus aureus. Taken together, the results of the present
study demonstrated that bacterial challenge to osteoblasts during
TAI induced the cells to produce inflammatory molecules that
directly appropriated host responses or contributed to progres-
sive inflammatory damage, resulting in bone destruction which
was weakened by aspirin.

The optimal effect of aspirin on the alleviation of bone
infection was observed at a dose of 60 mg. A significantly lower
expression level of TRAP and a markedly higher expression
level of OST were observed in the 15, 30 and 60 mg aspirin
groups compared with those in the IAI group in a dose-depen-
dent manner, indicating that an aspirin dose of 60 mg may result
in the least bone destruction and the most bone formation. The
observation that the hole (osteolysis) in the IAI group was larger
in area than that in the three groups treated by aspirin at doses
of 15, 30 and 60 mg indicated that the bone destruction and
osteolysis in the IAI group were more marked than those in the
three groups. The area of the hole (osteolysis) decreased from
the group treated with 15 mg aspirin to that treated with 60 mg
aspirin, however, the differences in osteolytic areas among 15,
30 and 60 mg aspirin groups were not statistically significant
according to the micro-CT images. That the differences in the
osteolytic area among the three concentrations of aspirin were
not significant demonstrated the similar effects of the three
treatments. It may be that the similar effects resulted from a
similar offset between bone formation and bone destruction to
different extents. In addition, changes in bone structure may
have appeared at a slower rate than the histological changes
in cells. The timescale of only 11 days for observing changes
in bone structure sampled from the animal model was not
long enough; if IAI modeling and aspirin treatment had been
prolonged, the results may have been significantly different
from those obtained in the present study. These possibilities
require further experiments for clarification.

It was found that the 15, 30 and 60 mg aspirin groups exhib-
ited significantly lower expression of TRAP and markedly higher
expression of OST than the IAI group. Furthermore, Goldner's
staining demonstrated the same results as the TRAP and OST
staining. The 15, 30 and 60 mg aspirin groups exhibited appar-
ently increased formation of osteoid and mineralized bone.
TRAP is synthesized by osteoclasts, thus reflecting the status of
osteoclasts. The expression of TRAP-positive cells is increased
when bone resorption increases. OST is a transcription factor
with a zinc finger structure that is important for bone formation.
The expression of OST-positive cells is increased when bone
formation increases. Goldner's trichrome staining is usually used
for bone tissue staining, with green indicating mineralized bone,
orange and red osteoid, purple cartilage, and blue or gray nuclei.

Aspirin is now widely used in the human population to
prevent cardiovascular and cerebrovascular diseases. Recent
studies indicate that patients undergoing spinal surgery with
continued aspirin administration do not have an increased risk
of bleeding and that no increase has been observed in the surgery
duration or postoperative blood transfusion (18,19). Studies have
demonstrated that aspirin is as effective as rivaroxaban and
warfarin for prophylaxis of venous thromboembolism and can
also reduce postoperative infection rates (20-22). In the present
study, it was demonstrated that aspirin alleviated orthopedic
IAI and promoted healing of the infected fracture. As aspirin
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is more cost-effective than other anticoagulant drugs and has a
beneficial effect on IAI, it may be used in orthopedic surgery as
a potent candidate drug. Further investigations are required to
clarify the clinical benefits of aspirin.

The present study had several limitations. It was not possible
to fully imitate the clinical implant-related infection in the
animal models used. In addition, aspirin administration was not
conducted orally as in a routine clinical manner. An important
limitation is that only imaging and histological evaluations were
used to observe the effect of aspirin on IAI, whereas no inves-
tigations were performed to examine the in-depth mechanisms.
There was also no investigation of the type of infection or the
type of cells recruited to the affected area. Although it is known
that the early stage of infection is mainly associated with the
infiltration of neutrophils and that the middle and late stages of
infection are associated with the infiltration of macrophages and
lymphocytes (1), it may have been informative to identify the
types of inflammatory cells present. Furthermore, IHC staining
was used to detect the osteoblast-associated protein expression
and TRAP was used to detect the osteoclast-associated protein
expression, as the literature indicates that IHC and TRAP are
sufficient to demonstrate osteoclast/osteoblast dynamics (14,15);
however, immunofluorescence staining may have assisted in
consolidating the osteoclast/osteoblast dynamics. There is no
doubt that the in-depth mechanisms of how aspirin may act on
IAI and the related osteoclast/osteoblast dynamics are the chief
concerns of our future investigations.

In a preliminary observation of the effects of aspirin on
IAL the present study found that aspirin may alleviate IAI and
reduce periosteal reactive bone, osteolysis and osteoclast acti-
vation but promote osteoblast activation, facilitating healing
of the infected fracture. These findings and additional details
of the effects of aspirin on IAI require further investigation
by further large animal experiments and clinical trials. The
mechanisms underlying how and to what extent aspirin may
affect IAI also require further elucidation.
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