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Orthopedic device-related infection (ODRI) caused by Staphylococcus
aureus, especially methicillin-resistant S. aureus (MRSA) biofilm may lead to
persist infection and severe inflammatory osteolysis. Previous studies have
demonstrated that both isobavachalcone and curcumin possess antimicrobial
activity, recent studies also reveal their antiosteoporosis, anti-inflammation,
and immunoregulatory effect. Thus, this study aims to investigate whether
the combination of isobavachalcone and curcumin can enhance the anti-S.
aureus biofilm activity of gentamicin and alleviate inflammatory osteolysis in
vivo. EUCAST and a standardized MBEC assay were used to verify the synergy
between isobavachalcone and curcumin with gentamicin against planktonic
S. aureus and its biofilm in vitro, then the antimicrobial and immunoregulatory
effect of cocktail therapy was demonstrated in a femoral ODRI mouse model
in vivo by pCT analysis, histopathology, quantification of bacteria in bone and
myeloid-derived suppressor cell (MDSC) inbone marrow. We tested on standard
MSSA ATCC25923 and MRSA USA300, 5 clinical isolated MSSA, and 2 clinical
isolated MRSA strains and found that gentamicin with curcumin (62.5-250ug/
ml) and gentamicin with isobavachalcone (1.56pug/ml) are synergistic against
planktonic MSSA, while gentamicin (128ug/ml) with curcumin (31.25-62.5,
250-500pg/ml) and gentamicin (64-128pg/ml) with isobavachalcone (1.56-
12.5pg/ml) exhibit synergistic effect against MSSA biofilm. Results of further
study revealed that cocktail of 128ug/ml gentamicin together with 125ug/ml
curcumin +6.25pg/mlisobavachalcone showed promising biofilm eradication
effect with synergy against USA300 biofilm in vitro. Daily intraperitoneal
administration of 20mg/kg/day isobavachalcone, 20mg/kg/day curcumin, and
20mg/kg/day gentamicin, can reduce inflammatory osteolysis and maintain
microarchitecture of trabecular bone during orthopedic device-related MRSA
infection in mice. Cocktail therapy also enhanced reduction of MDSC M1
polarization in peri-implant tissue, suppression of MDSC amplification in bone

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.958132﻿&domain=pdf&date_stamp=2022-09-23
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958132/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958132/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958132/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958132/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958132/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.958132/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.958132
mailto:liuch393@mail.sysu.edu.cn
mailto:zouxuen@mail.sysu.edu.cn
https://doi.org/10.3389/fmicb.2022.958132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Chenetal.

10.3389/fmicb.2022.958132

marrow, and Eradication of USA300 biofilm in vivo. Together, these results
suggest that the combination of isobavachalcone and curcumin as adjuvants
administrated together with gentamicin significantly enhances its antimicrobial
effect against S. aureus biofilm, and can also modify topical inflammation in
ODRI and protect bone microstructure in vivo, which may serve as a potential
treatment strategy, especially for S. aureus induced ODRI.
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biofilm, Staphylococcus aureus, synergy, isobavachalcone, curcumin, orthopedic
device-related infection, inflammatory osteolysis, myeloid-derived suppressor cells

Introduction

Device-related Infection (DRI; Costerton et al.,, 1999) is a
serious complication of orthopedic surgery, which may lead to
severe bacterial osteomyelitis (OM) and inflammatory osteolysis
and the destruction of surrounding soft tissues (Molin and Tolker-
Nielsen, 2003; Arciola et al., 2008). Despite the improvement of
aseptic surgery techniques and the standardized use of
antimicrobial drugs over a considerable period of time, orthopedic
device-related infections still have an incidence of ~2.3%-20%
(depending on the patient’s systemic status and surgical area
conditions, as well as the type of surgery and implant; Ribeiro
et al., 2012; Oikonomidis et al., 2020). The infection incidence
ranges from 1% to 2% in first total joint replacement and 2% to 6%
in revision joints (Rao et al., 2011; Fagotti et al., 2018), while the
incidence of infection after spinal internal fixation fusion ranges
from 0.7% to 11.9% (Schimmel et al., 2010). With the increased
use of orthopedic implants, including various types of joint
prostheses, plates, and screws, the number of implant-related
infections will likely continue to increase. DRI and the resulting
osteomyelitis are usually caused by Staphylococcus aureus
(S. aureus), which, as a Gram-positive (G+) bacterium (Montanaro
et al, 2011), is also the main pathogen causing community-
associated hospital-acquired infections (Jones et al, 2014).
However, with the overuse of antibiotics, methicillin-resistant
S. aureus (MRSA) has gradually increased in the proportion of
clinically isolated S. aureus (Hiramatsu et al., 2002), showing
a>50% prevalence of nosocomial infections in several Asian
countries (Drago et al., 2007).

Bacterial biofilm (BF) is an important mechanism mediating
the antibiotic resistance of MRSA, which is a multilayered three-
dimensional complex structure formed by bacteria as well as
hydrated (EPS) of
polysaccharides, proteins, lipids and extracellular nucleic acids

extracellular ~ polymers composed
(Flemming et al., 2007). The formation of biofilm on the surface
of implants creates a physical barrier that makes it difficult for
antibiotics to enter, while the microenvironment within the
biofilm, such as pH and ion concentration, is significantly altered,
thus reducing the effectiveness of antibiotics. Strategies to cope

with biofilm-induced resistance include developing novel
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antibiotics, increasing antibiotics dosing, and the combination of
multiple antibiotics or small molecules. However, the speed of new
antibiotic development is limited, and high concentrations of
antibiotics or multiple antibiotic combinations may lead to liver
and kidney damage(Lebeaux et al., 2014; Huang et al., 2020);
therefore, screening small molecules to be used in combination
with existing antibiotics to enhance their efficacy is a very
economical and practical strategy.

Previous studies have shown that many molecules from
widely used herbal medicines have antibacterial effect. Curcumin
(CRM), a natural polyphenolic substance, was first isolated and
identified in the rhizome of the turmeric, and also as one of the
components in the patent Chinese traditional medicine
compound Xian-ling-gu-bao (XLGB), which was approved by
Chinas CFDA in the treatment of osteoporosis, aseptic
osteolysis, fracture, and osteoarthritis. Several studies have
shown that CRM has potential antioxidant, anti-inflammatory,
antibacterial and antitumor effects (Daniel et al, 2004;
Moghadamtousi et al., 2014; Bimonte et al., 2016; Kunnumakkara
etal., 2017). In terms of antibacterial activity, curcumin increases
the bidirectional permeability of the cell membrane of S. aureus
(Tyagi et al., 2015) and its antimicrobial activity may act by
disrupting cell membrane (Mun et al,, 2014; Teow et al., 2016),
while other studies have shown enhanced membrane penetration
and membrane depolarization by its improved molecules (Prince
et al,, 2019). Isobavachalcone (ISB) is a pentenyl chalcone
isolated from plants of the Fabaceae, Umbelliferae, Moraceae,
Schisandrae, and Bee families, which is also a component of
XLGB. ISB is active against Gram-positive bacteria, mainly
methicillin-sensitive ~ Staphylococcus aureus (MSSA) and
methicillin-resistant Staphylococcus aureus (MRSA). It’s reported
that ISB inhibited more than 50% of MSSA and MRSA biofilm
formation at 0.78 pg/ml, while cytotoxicity assays showed that it
did not influence cell viability (Wang X. et al., 2021). Curcumin
was widely used for decade and served as a FDA-approved
compounded drug additives for oral administration, and for
injection in some circumstances, and they both have
antimicrobial effects alone. Thus, whether they have synergistic
effects in combination with conventional antibiotics that increase
their antimicrobial effects is worthy of in-depth study.
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In addition, it has been reported that following orthopedic
device-related infection, S. aureus biofilm could induce
polarization of macrophages in the surrounding bone marrow
lumen toward pro-inflammation M1 macrophages. M1-type
macrophages are associated with an excessive and sustained
activation of the inflammatory response, which may lead to
inflammatory-related bone resorption and consequent implant
loosening. Interestingly, it has been shown that curcumin could
inhibit M1-type macrophage polarization to prevent osteocyte
apoptosis in a glucocorticoid-related femoral head necrosis mouse
model (Jin et al., 2020). Another study showed that curcumin
could maintain the M0-like phenotype of macrophage under the
influence of PE particles and inhibit macrophage-involved
osteolysis and inflammation via promoting cholesterol efflux(Liu
etal,, 2019). Besides, Isobavachalcone could prevent osteoporosis
by inhibiting M1 polarization of macrophages (Wang X. et al,
2021). Therefore, curcumin and Isobavachalcone may prevent
inflammatory bone resorption associated with S. aureus infection
by modulating the macrophage phenotype.

In summary, curcumin and Isobavachalcone have both anti-
bacterial and anti-inflammatory effects; however, it remains
unclear whether they have synergistic effects with conventional
antibiotics and whether their combination exerts stronger effects
on preventing inflammatory bone resorption in orthopedic
device-related infection. In order to address the above questions,
this study would first verify the synergistic effects of curcumin and
Isobavachalcone separately or simultaneously with conventional
antibiotics through in vitro Staphylococcus aureus biofilm model,
and then confirm the anti-infective and anti-inflammatory effect
in vivo through an MRSA-induced mouse femoral implant

infection model.

Materials and methods
Microbiology

Bacterial strains and reagents

Methicillin-susceptible S. aureus (MSSA) ATCC 25923 and
Methicillin-resistant S. aureus (MRSA) ATCC 700699 (USA300)
were purchased from China General Microbiological Culture
Collection Center (CGMCC), China. Clinical isolated strain
S. aureus JAR was provided by AO Research Institute Davos,
Switzerland. Clinical isolated strains S. aureus MSSA 2222, MSSA
2557, MSSA 2039, MSSA 2031, MRSA 2435, and MRSA 2027
from various patients with ODRI were provided by The First
Affiliated Hospital of Jinan University, China. Gentamicin sulfate
(HY-A0276), Daptomycin (HY-B0108), Rifampicin (HY-B0272),

and Levofloxacin (HY-B0330) were purchased from
MedChemExpress, China. Curcumin (HY-N0005) and
isobavachalcone  (HY-13065) were purchased from

MedChemExpress, China. All reagents were prepared as stock
solutions according to manufacturer’s instructions and stored
at —20°C.
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Bacteria suspensions and biofilm cultural
conditions

Isolated colonies of S. aureus strains on TSA agar plate were
picked to inoculate a flask containing 40 ml of Tryptone Soya
Broth (TSB, 1268857, OXOID) and incubated on a shaker at
100 rpm at 36+ 1°C overnight to obtain bacteria suspension. The
overnight culture was used for the inoculum on MBEC™ Biofilm
Inoculator (16120015, Innovotech, Canada) according to
manufacturer instructions to generate biofilm. Bacteria
suspensions were centrifuged and washed with PBS twice, then
resuspended in PBS, and sonicated for 3min. The bacterial
suspension was adjusted to an ODgg,,, range between 1.1 and 1.2
(~4-5%10° per ml). Vortexed again, diluted 22 pl of the bacteria
solution with 22ml TSB (with 1% human plasma, P9523, Sigma,
China) in the trough base to reach a 1,000x dilution (~4-5 x 10
per ml). Then, the peg lid was placed on the trough base. The
inoculator was placed on a rocking table set to 5 rocks/min at
36+ 1°C for 24 h. The plates’ orientation was changed for 90° every
12h. Medium for each plate was refreshed every day. For biofilms
used for laser scanning confocal microscopy imaging, 24-well cell
slides were used instead of MBEC inoculators, and the rest of the
culture conditions remain the same.

MIC and MBC against Staphylococcus aureus
The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of isobavachalcone, curcumin,
and antibiotics and their combinations were determined by
EUCAST guidelines with modifications for a broth microdilution
checkerboard procedure (Kahlmeter et al., 2006; Cusack et al.,
2019). The combinations of XLGB molecules and antibiotics on a
checkerboard with two-fold dilutions.
Checkerboard challenge plates were established using 96-well

two-dimensional

microtiter plates. The final concentrations of ISB (0.20-12.50 pg/
ml) and CRM (0.24-2,000 pg/ml) were chosen according to
literature (Yin et al., 2004; Tajbakhsh et al., 2008; Dzoyem et al.,
2013; Mun et al., 2013; Sasidharan et al., 2014; Cui et al., 2015;
Teow and Alj, 2015; Gunes et al., 2016; Sandikci et al., 2016; Wang
et al,, 2016; Faegheh et al., 2018), and the antibiotics tested were
chosen according to EUCAST database.

Bacteria inoculum adjusted to OD between 1.1 and 1.2
(4-5x10%ml) were prepared as aforementioned. Adjust the
density of the bacteria suspension to 1-1.25x107/ml. 5pl of
1-1.25x 107/ml bacteria suspension was inoculated to each well
containing 200 pl TSB to reach an approximate density of 5x 10°/
ml except for sterile control. ODgy,m before incubation were
measured, all microtiter plates are incubated at 36.5+ 1°C for 24h
in an incubator with constant humidity, then microtiter plates
were measured at ODggo,r, again, ratio of ODgynn readings after
incubation, and the ones before incubation need to be calculated.
In this study, not all solutions were clear and transparent, therefore
MIC was defined by MIC,y, (inhibits 90% of growth). The MIC of
antibiotics, ISB, and CRM alone are determined as MIC,,biotics
MICsp, and MICcpy;, respectively. The MICs of antibiotics, ISB,
and CRM in each combination are also determined as
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MIC, ibiotic-combination, MICgs-combination, and MICcgy-
combination, respectively. After MIC was determined, 20 pl of
liquid in each well was transferred from microtiter plates to single-
well MHA plates by using a 96 solid Pin MULTI-BLOT™
Replicator (V.P. Scientific Inc., United States, VP 405). Colonies on
single-well MHA plates were photographed and checked after
incubated at 36.5+ 1°C for 24 h. MBC was defined as the lowest
concentration of eradicating bacteria, leading to no colony
formation. The MBCs of ISB, CRM, and antibiotics alone are
determined as MBCiso, MBCcryp, and MBC,ibioic TeSpectively.
The MBCs of ISB, CRM, and antibiotics in each combination are
also determined as MBC,g;-combination, MBCpy-combination,
and MBC,ipiei.-combination, respectively. All modified EUCASTS
were repeated at least three times.

MBEC assay against Staphylococcus aureus
biofilm

The minimum biofilm eradication concentration (MBEC) is
determined by MBEC™ Assay as per the manufacturer’s
instruction with optimized protocol. Checkerboard technique
similar to the EUCAST was used to prepare antibiotic challenge
plates for MBEC, including a two-fold concentrations gradient
both with antibiotics ISB, and CRM according to the results of
EUCAST. Inoculum preparation biofilm cultural conditions were
described aforementioned. Transfer the MBEC Assay inoculator
lid with homogeneous 24h biofilm to the challenge plate and
incubate at 36.5+ 1°C for 24 h. Rinse biofilms with 96-well plates
with 250 pl/well for ~10s. Detached pegs with sterilized pliers into
individual sterile glass vials with 10 ml of D/E broth, vortex for 10s
and sonicate for 15min to remove the biofilm from the pegs.
Vortex the D/E broth again for 3 s before pipetting 200 pl per well
into a new 96-well microtiter plate according to the challenge plate
layout. All vials with D/E broth will be stored at 4°C in case for
further culture. Use a sterile 96 solid Pin Replicator to transfer
20 pl D/E broth in each well onto a single well TSA plate. Check
the colony formation on TSA plates after being incubated at
36.5+1°C for 24h, the desired group of D/E broth with biofilm
will be further conducted bacterial cell counts by using a serial
dilution plating method. MBEC is defined as the minimum
concentration of antimicrobial that eradicates the biofilm. All
biofilm experiments were repeated at least three times.

Interpretation of EUCAST and MBEC assay
results

For the calculation of the Fractional inhibition concentration
index (FICI) and Fractional bactericidal concentration index (FBCI),
The FICI and FBCI were calculated as follows: FICI=
MIC,-combined/MIC, + MICy-combined/MICy; FBCI=MBC,-
combined/ MBC, + MBCg-combined/MBCg, A and B stand for
different antibacterial molecules. The FICI and FBCI data were
interpreted the following way: FICI < 0.5 =synergy, FICI>0.5-4=no
interaction, and FICI > 4.0 =antagonism (Odds, 2003).

After the residual biofilm was quantified, the synergistic effect
could not be further calculated based on its MBEC if multiple
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drug combinations failed to completely remove the biofilm. The
commonly used Coefficient of drug interaction (CDI) was
introduced to evaluate synergy according to previous studies
(Tallarida, 2011; Song et al., 2020), and the calculation is as
follows: CDI=AB/(A xB). Based on the residual CFU per peg of
each group, AB is the ratio of the combination group to the control
group. A or B is the ratio of the stand-alone antibiotics or ISB/
CRM group to the control group. Thus, CDI<1, =1, or >1 indicate
drug synergy, superposition or antagonism, respectively, where
CDI<0.7 indicates significant synergy.

Fluorescence and confocal imaging of biofilms

MRSA USA300 biofilms were cultured and challenge as
cultural conditions detailed previously on sterile cell slides. For
live and dead staining, an aliquot (2ml) of MHB diluted overnight
culture was used to incubate the biofilm on cell slides in 12-well
plates for 24 h. The 24 h culture biofilm was removed and washed
with PBS. Controls were treated with 128 pug/ml of GEN
(MBEC90) only, and 128 pg/ml of GEN combined with 125pm/
ml CRM, 6.25 pm/ml ISB, and 125 pm/ml CRM +6.25 pm/ml ISB,
respectively, for 24 h. Then biofilms were washed with PBS with
cautions three times and stained with LIVE/DEAD™ BacLight™
Bacterial Viability Kit (L7012, Invitrogen, United States) according
to the manufacturer’s instructions in constant with previous
literature (Tawakoli et al., 2013), and the biofilm samples were
then imaged by confocal laser scanning microscopy system
(CLSM TCS XP8, Leica, Germany).

Scanning electron microscopy of biofilm

The 24-h MRSA USA300 biofilm challenged with
antimicrobial combination on the cell slides for 24 h was rinsed 3
times with PBS. Then fixed with 3% glutaraldehyde for 5h at 4°C,
and then gently rinsed with saline 3 times for 15min each. The
12-well cell slides were dehydrated twice for 5min with each
gradient of 30%, 50%, 70%, 90%, 95%, and 100% ethanol,
respectively. Ethanol was replaced with isoamyl acetate 2 times for
5min each. The samples were dried using a critical point drier
(HCP-2, Hitachi, Japan). The samples were plated on a copper
table with an automatic gold plating apparatus, and the bacterial
morphology was observed by an SEM (Regulus 8100,
Hitachi, Japan).

In vivo study of antimicrobial and
anti-inflammatory effect

Animal model and cocktail treatment

Animal experiments were carried out in accordance with the
principles and guidelines of the Animal Ethics Committee of the
Guangzhou Huateng Education Incorporation and was
acknowledged by the First Affiliated Hospital of Sun Yet-sen
University. 48 eight-week-old male C57BL/6] mice (wild type)
used in this experiment were purchased from the Experimental
Animal Center of the First Hospital of Sun Yat-sen University
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(Guangzhou, China) and weighed ~22.05+1.87g. All animals
were housed in individual ventilated cages under controlled
conditions (temperature 22°C-24°C, relative humidity 40%-70%),
with free access to food and water and 12-h circadian rhythm.

Animals were randomized and divided into 4 equal groups
according to post-surgery treatments, including a control group
(MRSA-infected + 20 mg/kg/day Gentamicin) and 3 different
treatment groups (n=12 per group), including: (A) MRSA-
infected + 20 mg/kg/day =~ Gentamicin (GEN)+20mg/kg/day
Curcumin  (CRM); (B) MRSA-infected + 20 mg/kg/day
GEN +20mg/kg/day Isobavachalcone (ISB); (D) MRSA-
infected + 20 mg/kg/day GEN + 20 mg/kg/day CRM + 20 mg/kg/
day ISB (Figure 1A). According to in vitro results, USA300 was
used as pathogen in mouse model, which is one of the most
clinically-related MRSA strains in biofilm research, especially in
ODRI (Lauderdale et al., 2010). As the pharmacokinetics of ISB
and CRM in bone and bone marrow tissue is not clear, no previous
report reveals the local drug concentrations in bone tissue and
bone marrow after subcutaneous administration. The dosage of
ISB (Wang X. et al,, 2021) and CRM (Wang et al., 2016; Liu et al.,
2019) in mouse model were chosen according to previous
literature in order to achieve either anti-bacterial, anti-
inflammatory, or anti-osteoporosis, respectively. The Dosage of
gentamicin in the animal experiment was chosen according to
previous in vivo study (Espersen et al., 1994), and is much lower
than that can induce acute kidney injury (Huang et al., 2020).

The distal femoral implant was inserted using a trans-knee
approach established in intramedullary nailing mice model (as in
Figure 1B) and widely used in the ODRI mouse model (Bernthal
et al., 2010; Lovati et al., 2013). Animals were fasted with free
access to water for 8h prior to surgery. Animals were anesthetized
under pentobarbital sodium (80 mg/kg, i.p.). After disinfection
with 75% alcohol and povidone iodine, a medial parapatellar
arthrotomy was used to approach the intercondylar notch, and a
25 gauge syringe needle (@ 0.5mm) was used as drill to
breakthrough subchondral bone, a 27 gauge insulin syringe needle
was carefully inserted into for 3-4 mm without expansion to open
a retrograde corridor into the femoral medullary canal. When
there is no continuous bleeding, switch to a Hamilton
microinjector with a 30G needle (25pl) to slowly inject 5pl of
MRSA USA300 suspension (1-2x10°CFU/ml, prepared as
aforementioned) into the medullary canal to achieve a total
bacterial inoculum of 0.5-1x 10* CFU per animal. A customized
@ 0.6mm, 7-8 mm long Kirschner needle was then implanted
retrogradely into the femoral medullary canal through the
corridor with 1 mm protruded into the joint space. The patella was
then repositioned and incision was closed layer by layer with 4-0
synthetic sutures.

Animals were housed in original environment after awakening
from anesthesia. One day after surgery and MRSA USA300
inoculation, antibiotics and ISB, CRM, or their combination were
intraperitoneally administrated for 4 weeks according to the study
design, followed by a daily subcutaneous administration of
Meloxicam for 5days post-surgery. All animals were monitored
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daily for general status and welfare, and checked weekly to record
data on body weight, signs of wound healing, swelling, infection,
pain, and suffering. After 4weeks, the mice were euthanized to
perform further investigations.

MDSCs in blood analysis

To determine the MDSCs population in the peripheral blood
of mice, 1 ml of peripheral blood samples were collected using
cardiac puncture from 6 animals per group at the end of animal
experiment for flow cytometry analysis. After lysis of erythrocytes
using erythrocyte lysis solution, the remaining leukocytes were
resuspended in PBS containing 2% FBS and then incubated for
30min at 4°C with rat anti-mouse CDI11b-FITC (ab24874,
Abcam, United States) and rat anti-mouse Gr-1-PE (12-9668-82,
Thermo Fisher, United States) at the manufacturer’s recommended
concentration. MDSCs in mouse peripheral blood was analyzed
by co-staining with rat anti-mouse CD11b-FITC (ab24874,
Abcam, United States), Gr-1-PE (12-9668-82, Thermo Fisher,
United States). BD FACSCantolI flow cytometry data were further
analyzed using FACSDiva software (BD Biosciences). The number
of cells analyzed per sample was ~10,000. Analysis was performed
using FlowJo software (Tree Star, United States).

pCT analysis

Distal femur specimens were collected and fixed in 4%
paraformaldehyde. The bone microarchitectures surrounding
implant of the distal femurs were analyzed by a desktop pnCT
SkyScan1276 (Bruker Micro CT, Belgium). In the present study,
PCT scanner was operated at 85kV and 200 pA, with a scaled
image pixel size of 10.0 pm, 1 mm Al filter was used for optimal
image contrast, and spiral scanning was used to reduce metal
artifacts. Images were reconstructed and processed with Software
Nrecon (Bruker micro-CT, Belgium). Software CTAn (Bruker
micro-CT, Belgium) was used to perform bone morphometry
analysis. Trabecular bone was separated from cortical bone by
free-drawing region of interest (ROI), and metallic implant in the
distal femur was ruled out by setting bony binary selection
threshold as 75-150. Volume of interest (VOI, 2mm proximal to
the distal metaphyseal line) was chosen within 200 continuous
slices. We performed bone morphologic measurements in CTAn
and obtained corresponding parameters, including trabecular
bone volume fraction (BV/TV; %), trabecular thickness (Tb.Th;
mm), trabecular number (Tb.N; mm™), bone surface density (BS/
TV; mm™), trabecular separation (Tb.Sp; mm), and bone mineral
density (BMD; mg/cm®). Then, the 3D models of VOI were
reconstructed with CTAn and then visualized in CTVol (Bruker
micro-CT, Belgium). The operators conducting the pCT analysis
were blinded to the treatments associated with samples.

Histological assessment and
immunofluorescence staining

After pCT scanning, 6 femur specimens per group were fixed
in 4% paraformaldehyde for at least 48 h, and washed three times
with PBS buffer. Samples were decalcified in 10% EDTA (E1171,
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FIGURE 1

Orthopedic implant-related infection animal model of cocktail of isobavachalcone and curcumin with gentamycin against MRSA. (A) In vivo study
design. (B) Surgical procedures of distal femoral implant-related infection mouse model. 1-5 refer to: (1) Distal femoral implant using a trans-knee
approach, after incise internally alongside patella and externally dislocating patella to expose the distal femoral articular surface, and the entry
point, intercondylar notch, was shown by the yellow arrow. (2) 25-gauge needle was used to open a corridor into the femoral medullary canal. (3)
The customized 0.6mm diameter needle was implanted after the inoculation of 5ul MRSA USA300 inoculum suspension. (4) The caudal end of the
implant was left about 1mm outside the femur after implantation. (5) The representative X-ray image of implant well positioned in the medullary
canal and distal femur. (C) Body weight of animals throughout in vivo experiment. (D) Representative appearance of distal femurs of mice 28days
after intraperitoneal administration of different groups of antimicrobials combinations, gentamicin served as control. |.P,, intraperitoneal injection;

GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin.

Solarbio, China) on a shaker at 4°C, the solution was changed
every 3 days for 21 days. The specimens were then washed 3 times
with PBS buffer and subjected to dehydrated, paraffin-embedded,
and sectioned 4 pm slides. HE staining was performed in order to
analyze the inflammation and general changes of bone
microstructure at histological and cytological levels.
Immunofluorescence staining was applied to analyze MDSCs
polarization to M1 according to standard protocols. The sections
were incubated at 4°C overnight with primary antibodies rabbit
anti-mouse CD11b (ab184308, 1:500, Abcam, United States) and
rabbit anti-mouse CXCL10 (10H11L3, 1:500, Thermo Fisher,
United States) for multiplex, respectively; the corresponding
secondary antibodies were added onto the sections for 1h. For
immunofluorescence, slides were counterstained with DAPI. The
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slide images were observed and captured by Eclipse Ti-SR
microscope (Nikon, Japan). Image] was used for the quantitative
analysis if necessary.

Quantification of bacteria in bone

Surgical dissection of femur for bacteria counting was
performed under sterile conditions at 4°C. Femur specimens were
weighed and cut into small pieces under aseptic conditions using
small Petri dishes, then pulverized using a tissue grinder (DHS
TL2010S, China). Tissue samples were resuspended with D/E
neutralizing broth and then sonicated for 15 min along with the
implanted Kirschner pins to detach residual bacterial biofilm from
both bone tissue and implant. The sonicated suspension was
immediately inoculated onto TSA agar plates by gradient dilution
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and incubated at 37°C for 24h. Colony counting was performed
to quantify the amount of bacteria per unit mass of femur
(CFU/mg).

Statistical analysis

Statistical analysis was performed by using the GraphPad
Prism 6 (GraphPad Software, CA, United States). All data were
presented as mean+SD. All error bars in figures represent SD
Group comparison was made by using unpaired, two-tailed
Student’s t-test. For all statistical analyses, *p <0.05 was considered
to be significant.

Results

Synergy of ISB or CRM with antibiotics
against planktonic Staphylococcus
aureus

Prior to biofilm challenge assays, it is critical to verify the
interactions between ISB or CRM and antimicrobials against
planktonic S. aureus. Daptomycin (DAP), rifampicin (RIF),
gentamicin (GEN), and levofloxacin (LEV) were chosen as
antimicrobials according to our preliminary biofilm challenge
data on the in vitro 24h model, and experimental concentrations
their MICs and MBCs
(Supplementary data). The fractional inhibition concentration
index (FICI), as described in the methodology, reflects the
combined inhibitory effect of the two antimicrobial substances.
The FICIs of Isobavachalcone (ISB) or Curcumin (CRM) with
four antibiotics were calculated (Figure 2A), and the results

were chosen according to

implied that in all combinations with four antibiotics the MICs
were acquired within the experimental concentration range. There
is synergy (FICI<0.5) in combinations of GEN with ISB (0.39,
1.56 pg/ml), GEN with CRM (15.6-500 pg/ml) against six MSSAs.
For MRSAs, all combinations with antibiotics also had the MIC
cut-off values, and synergy existed only in the combinations of
DAP with ISB (0.2-1.56 pg/ml) and DAP with CRM (3.9, 7.8 pg/
ml); ISB and CRM were synergistic only in the combination of
GEN with CRM (15.6-62.5pug/ml). In the case of a well-
investigated clinical isolated MSSA strain S. aureus JAR
(Campoccia et al., 2008; Figure 2C), the combinations with
synergy are GEN with CRM (15.6, 32-128 pg/ml), GEN and ISB
(1.56 pg/ml).

The fractional bactericidal concentration index (FBCI) reflects
the combined bactericidal effect of the two antimicrobial
substances. The FBCIs of ISB or CRM with antibiotics were also
calculated (Figure 2B), which showed that the combinations with
all four antibiotics, except RIF could acquire MBCs for all MSSAs
tested within the experimental concentration range. The
combination of GEN with CRM (0.98-3.9, 7.98-500 pg/ml) are
synergistic (FBCI<0.5). The absence of bactericidal effect of
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RIF-containing combinations against all MSSA and MRSA may
be due to the low concentration range (0.001-0.5 pg/ml) of RIE,
which is concentration-dependent (Hirai et al., 2016) and required
a higher concentration (>0.5 pg/ml for MSSA and >128 pg/ml for
MRSA). For MRSAs, all combinations with DAP acquire MBC
cut-off values and there is synergy in the combinations of DAP
with ISB (0.39-1.56 pg/ml) and DAP with CRM (3.9, 7.8 pg/ml).
GEN-containing combinations with ISB and CRM against MRSAs
reach the MBC cut-off values, and the combination of GEN with
CRM (62.5-250 pg/ml) is synergistic. The low concentration of
GEN (0.16-8 ug/ml) tested may be the reason for the absence of
bactericidal effect on three MRSA strains (Atashbeyk et al., 2014).
Neither the combination of RIF nor LEV eradicate three MRSA
strains, in addition to the low concentration of RIF as previously
explained, concentrations of LEV in this study (0.079-4 pg/ml) is
lower than MBC (8-20 jig/ml) against MRSA (Drago et al., 2001;
John et al., 2009). In the case of S. aureus JAR strain (Figure 2D),
the only combination with significant synergy is GEN with CRM
(7.8-500 pg/ml). In summary, FICIs and FBCIs indicate the
combination of GEN with ISB or CRM is worthy of
further investigation.

Synergy of ISB or CRM with antibiotics
against MSSA biofilm

To further analyze the synergistic efficacy of ISB/CRM and
antibiotics against S. aureus biofilms, the MBEC™ Assay was
performed to quantify the surviving bacteria on MSSA JAR
biofilms challenged by the combinations of GEN with CRM or
ISB. Viable bacteria in biofilms were quantified after challenge
(Figure 3A), and it shows that for all tested concentrations of ISB
and CRM, the number of bacteria on biofilm decreased with
increasing antibiotics concentration, where the MBEC for
gentamicin (GEN) is >1,024 ug/ml, which is consistent with
previous study (Kaneko et al., 2020). ISB and CRM alone cannot
eradicate biofilm without GEN. As the concentration of CRM and
ISB increased, the number of viable bacteria of MSSA JAR biofilm
show a decreasing trend (Figure 3A) at identical GEN
concentration. Although the mean value of CFU/per failed to
decrease to zero, higher ISB/CRM concentration significantly
enhance anti-biofilm efficacy of GEN and a lower MBEC of GEN
than normal (>1,024 pg/ml) can be observed on some samples,
where biofilm was entirely eliminated. Thus GEN + CRM and
GEN +ISB may have a synergistic eradication against MSSA
JAR biofilm.

In present study, all combinations have no MBEC cut-off
value, in order to further analyze the synergistic effect of those
combinations aforementioned, the combinations with synergy
on S. aureus biofilm were identified by Coefficient of Drug
Interaction (CDI), commonly used in other pharmacodynamic
fields, was introduced as a parameter as described in methods.
The results revealed that GEN with CRM or ISB were
synergistic (Figure 3B), and with significant synergy
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FIGURE 2

Interaction of Isobavachalcone and Curcumin with Antibiotics on MSSA and MRSA strains. (A,B) Heatmaps of fractional inhibitory concentration
index (FICI) and fractional bactericidal concentration index (FBCI) of combination of gentamycin with isobavachalcone or curcumin, darker orange
color indicates interaction is superimposed or synergistic. (C,D) FICI and FBCI of Isobavachalcone and Curcumin with antibiotics against
Staphylococcus aureus JAR strain, respectively. FICI<0.5 represents synergy, FICI>0.5-4 represents no synergistic interaction, and FICI>4.0
represents antagonism. FICI: fractional inhibition concentration index; FBCI: fractional bactericidal concentration index; DAP: Daptomycin with
50pg/ml Ca2+; RIF: Rifampicin; GEN: Gentamycin; LEV: Levofloxacin; ISB: Isobavachalcone; CRM: Curcumin; MSSA: Methicillin-susceptible
Staphylococcus aureus; MRSA: Methicillin-resistant Staphylococcus aureus.
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(CDI<0.7) at specific concentrations, namely GEN (128 pg/
ml) + CRM (31.25, 62.5, 250, 500 pg/ml), GEN (64,128 pg/
ml) +ISB (1.56, 3.13, 6.25, 12.5 ug/ml; Figure 3B). Further
analysis of synergistic combinations suggests that in the
combination of GEN +ISB, with GEN at 64 and 128 pg/ml,
when ISB rises above 6.25 pg/ml, the number of bacteria on
biofilm reduced significantly by log-2 to log-3 compared to
control (Figure 3C). In the combination of GEN + CRM, the
reduction of bacteria in biofilm by CRM alone was also not
statistically significant. Whereas to GEN at 128 and 1,024 pg/
ml, with CRM concentration increased (>250pg/ml with
128 pg/ml of GEN, >500 pg/ml with 1,024 pg/ml of GEN),
bacteria on biofilm could be significantly reduced up to log-2-
log-4 compared to control. There is also a significant reduction
in colony counts between GEN at 0, 128, and 1,024 pg/ml with
high concentrations of CRM (Figure 3C). Overall, MBEC
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assays indicate the combination of ISB or CRM is efficient in
enhancing the susceptibility of MSSA to Gentamicin.

Synergy of cocktail of ISB, CRM with
gentamicin against MRSA biofilm

In order to first analyze the synergistic efficacy of ISB with
CRM against planktonic S. aureus, the EUCAST checkerboard
assay was conducted with presence of Gentamicin range from
sub-MIC against MSSA (0.25 pg/ml) to sub-MIC against MRSA
(8 pg/ml) for FICI analysis, and from sub-MBC against MSSA
(0.5pg/ml) to sub-MBC against MRSA (16 pg/ml) for FBCI
analysis. The FICI analysis shows that synergistic inhibitory effect
exists between combinations of 6.25 pg/ml ISB with 31.25-500 pg/
ml CRM against various MSSA strains, and with 31.25-62.5 ug/
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FIGURE 3
Interaction of isobavachalcone and curcumin with Gentamycin against Staphylococcus aureus JAR biofilm. (A) Residual S. aureus JAR on Biofilm
challenged by combination of Gentamycin with Isobavachalcone or Curcumin. (B) Coefficient of Drug Interaction (CDI) of the combination of
Gentamycin with isobavachalcone or curcumin. (C) Synergistic Combination of isobavachalcone with Gentamycin, and Curcumin with Gentamycin.
CDI<1, =1 or >1 indicate synergy, superposition or antagonism, respectively, CDI<0.7 indicates significant synergism. Data were presented as mean+SD.
* represents p<0.05, ** represents p<0.01, *** represents p<0.001, **** represents p<0.001, when compared to ISB/CRM with the same Gentamycin
concentration, ns represents no significance. GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin; CDI, Coefficient of Drug Interaction.

ml CRM against MRSA strains with 64 or 128 pg/ml Gentamicin
presence (Figure 4A). The FBICs also show similar synergy
pattern as FICI, and synergy exists between combinations of
6.25 pg/ml ISB with 31.25-125 pg/ml CRM against various MSSA
strains, and with 62.5-250 ug/ml CRM against MRSA strains
(Figure 4B). Not all synergistic combinations are with the same
concentration range of CRM, which is bacteria strain-dependent
against MSSAs; however, the synergistic concentration range for
CRM is relatively more consistent for different MRSAs. As the
typical clinical isolated prolific biofilm former MSSA JAR strain
(Campoccia et al.,, 2008), synergistic combinations are 6.25 pg/ml
ISB with 31.5-125pg/ml CRM with presence of Gentamicin.
Another standard prolific biofilm former MRSA USA300
(Vanhommerig et al., 2014), 6.25 pg/ml ISB with 31.5-62.5 pg/ml
CRM exhibits synergistic inhibition with gentamicin, while
bactericidal synergy requires 6.25 pg/ml ISB with 62.5-250 pg/ml
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CRM with presence of Gentamicin (Figures 4C,D). Notably, In the
present study, combinations of ISB and CRM with other
concentrations of Gentamicin did not show synergy both in
inhibition and bactericidal effect (data not showed), which may
be related to the insufficient antibacterial potency of lower
concentrations (<sub-MIC/sub-MBC) of gentamicin (data not
showed), while in this study higher concentrations of gentamicin
(>MIC/MBC) had independent antibacterial effects against
planktonic S. aureus, and the synergistic effects of ISB and CRM
were difficult to manifest, therefore, combinations with gentamicin
higher than MIC and MBC were not investigated. Given the
synergy between ISB with 64, 128 pg/ml GEN, and CRM with 128,
1,024 pg/ml GEN against MSSA biofilm (Figure 3B), and the
significant reduction of bacteria on biofilm treated with
combination of ISB/CRM with 128pg/ml GEN revealed in
previous experiments (Figure 3C), thus we tested the combination
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of ISB+CRM with a 128pg/ml GEN concentration in
biofilm experiment.

To investigate whether there is synergy of ISB, CRM, and
Gentamicin against S. aureus JAR and MRSA USA300 biofilm,
the MBEC™ assays of their combinations were performed
with presence of Gentamicin at 128 pg/ml, which is proven to
be synergistic with ISB/CRM against MSSA biofilm as
aforementioned, respectively. Quantification of viable cells
both on 24h S. aureus JAR or USA300 biofilm challenged by
the cocktails reveals a significant decreased MRSA with
increasing CRM concentration with both 6.25 and 12.5 pg/ml
ISB, and with Gentamicin at 128 pg/ml, whereas although ISB
exhibit significant enhancement of susceptibility of USA300
biofilm to 128 pg/ml Gentamicin and CRM (62.5-250 pg/ml),
in a ISB
concentration-dependent manner (Figures 5A,C). Further

this enhanced eradication effect was not
analysis of Coefficient of Drug Interaction (CDI) showed that
cocktails of 6.25-12.5ug/ml ISB and 62.5-250 pg/ml CRM
with 128 pg/ml Gentamicin are all synergistic against both
24hS. aureus JAR and MRSA USA300 biofilm (Figures 5B,D).
Overall, S. aureus JAR biofilm treated with the same formulae
contains less viable bacteria than USA300 biofilm, especially
with 6.25 pg/ml ISB and 125-250 pg/ml CRM (Figures 5A,C);
however, their CDIs were very similar. The synergistic
eradication of 24 h MRSA USA300 biofilm was also confirmed
through SEM and live/dead cell staining (Figure 5E), where
cocktail of 128 pg/ml Gentamicin together with 125 pg/ml
CRM +6.25 pg/ml ISB showed promising biofilm eradication
effect. We also tested the ISB + CRM combination with 64 and
1,024 pg/ml GEN, which was proven to be synergistic with ISB
or CRM against MSSA biofilm. However, there is neither
significant reduction of bacteria on biofilm (probably due to
lower 64pg/ml GEN) nor synergy between the three
antimicrobials (1,024 pg/ml GEN; data not showed). The
results also indicates the biofilm eradication effect of
Gentamicin with ISB is more potent than Gentamicin w/o
CRM, MSSA
biofilm experiments.

which is consistent with previous

Cocktail therapy of ISB and CRM reduce
Osteolysis during device-related
infection

After surgery, all the animals had normal feeding during
the in vivo experiment; however, as femoral intramedullary
implant infection progressed, mice in Gentamicin and
Gentamicin + CRM groups gradually exhibited restricted knee
joint mobility of the affected hind limb and line to reduce
movement with affected limb. All mice except for those in
Gentamicin + ISB + CRM group showed various degrees of
swelling and pain in the knee joint of the limb with implant.
We monitored the body weight of mice in each group before
operation and 1-4 week postoperation (Figure 1C). There was

Frontiers in Microbiology

10

10.3389/fmicb.2022.958132

no significant difference in the initial body weight of the mice
between all four groups of experimental animals. Generally,
the body weight of mice in all groups decreased significantly
(p<0.05) 1 week post-surgery due to surgical trauma, and then
with rehabilitation, the body weight of mice gradually
increased until they were euthanized. Although body weight
of mice in Gentamicin group was expected to be gradually
lower than other three groups as MRSA infection progressed,
there was no significant difference in body weight among each
groups at each time point, suggesting that the dosage of
gentamicin used in the present study may be sufficient to stop
the progression of topical infection to the systemic level in an
animal model with a relatively strong resistance to infection,
like murines. After 28 days of antimicrobials administration,
when femur with implant was sampled after sacrifice,
soft the
subcutaneous tissue was observed in the Gentamicin and

significant tissue abscess penetration into
Gentamicin+CRM groups, accompanied by significant soft
tissue congestion and edema around the knee joint, while no
significant local soft tissue abscess formation was observed in
the GEN +ISB group, but with mild soft tissue thickening and
edema. Soft tissues around knee joint of mice in
Gentamicin+ISB + CRM group were only mildly congested
and clearly hierarchical without edema in appearance
(Figure 1D). No obvious hepatorenal toxicity of cocktail
therapy compared to gentamicin alone was observed (serum
biochemical analysis data not showed).

pCT imaging and bone morphometry of distal femur suggests
the protection of cocktail therapy against osteolysis in orthopedic
device-related infections due to MRSA (Figure 6). X-ray imaging
showed mild to moderate bone absorption both in
Gentamicin + CRM and Gentamicin + ISB group, and moderate to
severe absorption in Gentamicin group accompanied with
commonly seen periosteal reaction and in some cases with
fracture (Figure 6A). 3D reconstructed micro-architecture of
distal femoral bone around implant indicates osteolysis and
microstructural destruction in the femur of infected mice
(Figure 6B), which was also confirmed by quantitative bone
morphometry. BV/TV, BMD, Tb.N, and Tb.Th were significantly
lower (p <0.05) in the Gentamicin-alone treated mice, while BS/
TV and Tb.Sp were higher (Figure 6C). Treatment with
Gentamicin with CRM/ISB significantly increased morphometry
parameters indicating trabecular bone microstructure, while
cocktail therapy with Gentamicin+ISB+CRM can further

enhance such protection significantly.

Cocktail therapy enhance reduction of
MDSC M1 polarization and eradication of
MRSA biofilm in vivo

HE and immunofluorescent staining was used to further
verify the alleviation of local tissue inflammation and bacteria
in distal femur were quantified to reveal the eradication of
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FIGURE 4

EUCAST checkerboard assay showed isobavachalcone and curcumin interact synergistically with presence of gentamycin against planktonic
Staphylococcus aureus. (A,B) Heatmaps of fractional inhibitory concentration index (FICI) and fractional bactericidal concentration index (FBCI) of
combination of isobavachalcone and curcumin, darker orange color indicates interaction is superimposed or synergistic. (C) FICI of isobavachalcone
with curcumin against S. aureus JAR and USA300 strain. (D) FBCI of isobavachalcone with curcumin against S. aureus JAR and USA300 strain.
FICI<0.5 represents synergy, FICI>0.5-4 represents no synergistic interaction, and FICI>4.0 represents antagonism. CDI<1, =1 or >1 indicate synergy,
superposition or antagonism, respectively, CDI<0.7 indicates significant synergism. Data were presented as mean+SD. FICI, fractional inhibition
concentration index; FBCI, fractional bactericidal concentration index; GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin; CDI, Coefficient of
Drug Interaction; MSSA, Methicillin-susceptible Staphylococcus aureus; MRSA, Methicillin-resistant Staphylococcus aureus.
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FIGURE 5
In vitro Eradication of Staphylococcus aureus biofilms by the GEN-ISB-CRM combination. (A,C) Quantification of residual viable cells on S. aureus
JAR biofilm and USA300 biofilm, respectively. (B,D) Coefficient of Drug Interaction (CDI) shows synergy between Isobavachalcone and Curcumin
with 128pg/ml Gentamycin against S. aureus JAR biofilm and USA300 biofilm, respectively. (E) Representative characteristics of MRSA USA300
biofilm after 24h challenge. SEM: biofilms cultured at 37°C for 24h were treated with 128pg/ml GEN (control), 128pg/ml GEN+125pg/ml CRM,
128pg/ml GEN+6.25ug/ml ISB, 128ug/ml GEN+125pg/ml CRM+6.25ug/ml ISB for 24h, respectively. All SEM images were captured at EHT=10kYV,
Mag=5KX. CLSM: representative confocal laser scanning microscopy (100x oil immersion) images of LIVE/DEAD® BacLight staining showing the
synergistic effect of different drug combinations on USA300 biofilm challenged for 24h, green: live cells; red: dead cells. Data were presented as
mean+SD. * represents p<0.05, ** represents p<0.01, *** represents p<0.01 when compared to Opg/ml CRM with the same ISB concentration
group, ns represents no significance. GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin; CDI, Coefficient of Drug Interaction; SEM,
Scanning Electron Microscopy; CLSM, Confocal Laser Scanning Microscopy.
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MRSA biofilm in vivo. H and E staining of distal femur
revealed that, except for the Gentamicin+ISB + CRM group,
bones around implants infected by MRSA exhibited severe
resorption, destruction of the epiphyseal plate, with a large
quantity of mononuclear cells filling the medullary canal and
bone marrow cavity in between trabecular bones and marked
thickening of the soft tissue with leukocyte infiltration
(Figure 7A). Osteolysis was significantly reduced after
combined treatment with CRM/ISB and gentamicin, compared
to the group treated with gentamicin alone, which were
consistent with pCT analysis and X-ray findings. In addition,
bacterial quantification suggested that the viable MRSA
USA300 on the peri-implant bone tissue and implant biofilm
decreased significantly after treatment with Gentamicin+ISB
compared to Gentamicin alone (p <0.05), and that the cocktail
therapy significantly enhance the eradication of MRSA in vivo
(Figure 7B). In addition, to confirm whether cocktail therapy
could inhibit MDSC amplification in peripheral blood in an
in vivo model of MRSA device-related infection, we quantified
the MDSCs in peripheral blood of mice. MDSC level was
higher after Gentamicin treatment of MRSA infection, and
MDSC amplification in peripheral blood was slightly
suppressed after Gentamicin+CRM treatment, but the
difference was not statistically significant. The combination of
gentamicin and ISB significantly affected MDSC amplification
in peripheral blood compared with treatment with gentamicin
alone, whereas the cocktail of gentamicin+ISB+CRM
significantly reduced the number of MDSC in peripheral
blood in mice with MRSA infections (Figures 7C,D). Together,
these results suggest that ISB+ CRM significantly inhibits
MRSA-induced MDSC amplification in orthopedic device-
related infections in vivo, the combination of ISB + CRM may
act as an adjuvant with gentamicin, which administrated alone
is ineffective against MRSA biofilms at conventional
concentrations, to significantly enhance its antimicrobial effect.

Discussion

Despite the discovery of penicillin in 1928 and the
development of antibiotics, antimicrobial therapy has brought
more satisfactory results for patients, but in the last decades
we have had to face the emergence of drug-resistant pathogens
and the current conventional antibiotic therapy is becoming
ineffective for patients (Li and Knetsch, 2018; Xu et al., 2018).
Staphylococcus aureus is a major cause of orthopedic device-
related infections (ODRI) that lead to implant failure,
loosening, and reoperation of implants after surgery. In
particular, antimicrobial-resistant S. aureus (such as
Methicillin-resistant Staphylococcus aureus, MRSA) is the
most difficult to resolve in the clinic (Biedenbach et al., 2004),
which are becoming a global public health challenge. Although
more advanced antibiotics could be applied in patients, they

still have disadvantages such as insusceptibility to resistant
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strains, increased toxicity at high doses, and long duration
(Lebeaux et al., 2014). Therefore, there is an urgent need for
research into new therapeutic approaches for drug-resistant
pathogens and associated infectious diseases (Microbiology by
Numbers, 2011). Bacterial biofilms on the surface of
orthopedic implants are considered to be a major cause of
antimicrobial resistance because antibodies and bactericidal
agents have difficulty penetrating biofilm due to EPS, resulting
in a persistent chronic inflammatory response (Flemming
et al., 2007; Bjarnsholt et al., 2018), then followed by tissue
structural destruction and impaired function. Therefore, there
is an urgent need for the development of new drugs, new drug
combinations, and alternative therapeutic approaches.

In this study, a standard “biofilm inoculator” (MBEC™
biofilm inoculator) was used in vitro to mimic the formation of
biofilm by bacteria in a fluid environment on the surface of
metal, in this case, bacterial biofilms were generated on the
plastic peg on the cover. Previous in vitro studies reported no
in the adhesion of S.
S. epidermidis, and P. aeruginosa to the different surfaces of
highly
titanium  porous-coated

significant differences aureus,

cobalt-chromium meta, ceramic, cross-linked

polyethylene, and acetabular
components of commonly used orthopedic prostheses or
implants (Slullitel et al., 2018). In our study, four clinically used
with  different

mechanisms had been initially tested for interaction with

representative antibiotics antimicrobial
isobavachalcone (ISB) and curcumin (CRM), and we found
both ISB and CRM exhibit synergy or addition with gentamicin.
We further investigate their interaction on six MSSA and three
MRSA strains including clinical isolates, and gentamicin was
found to be synergistic against planktonic MSSA with curcumin,
and is additive against MSSA with isobavachalcone at specific
concentrations. Although the daptomycin (DAP) is a much
more potent antibiotics against MRSA than gentamicin, and is
seemed to be synergistic with isobavachalcone (ISB) against
planktonic MSSA, we did not observe any synergy between
DAP with ISB against MSSA or MRSA biofilm (data not
showed) as for reducing CFU in the biofilm. Gentamicin with
curcumin together with isobavachalcone also exhibits
synergistic effect in this 24 h formation and 24 h antimicrobials
challenge MSSA biofilm model. Therefore, we chose gentamicin
for further combinational investigation on the MRSA strains
and found that cocktail of 128 pg/ml gentamicin together with
125pg/ml curcumin +6.25 ug/ml isobavachalcone showed
potent eradication effect with synergy of curcumin and
isobavachalcone against USA300 biofilm.

In this “cocktail” of antimicrobials, gentamicin is one of
aminoglycosides that has been widely used in ODRI because
of
Staphylococcus, relatively low prevalence of toxicity, and

its antimicrobial efficacy against non-resistant
thermal stability. However, if gentamicin is used at higher
dosages for bacterial biofilm removal, its ototoxicity and
nephrotoxicity cannot be ignored. The antimicrobial

mechanism of gentamicin is to mainly interact with bacterial
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Micro Computed tomography (uCT) imaging suggests protection of cocktail therapy against osteolysis in orthopedic implant-related infections
due to MRSA. (A) Representative X-ray images of distal femur of mouse with intramedullary implant. (B) Representative images of trans axial 3D
reconstructed micro-architecture of distal femur around implant. (C) Bone morphometry in distal femur shows protection of combination of
Isobavachalcone and Curcumin against osteolysis during orthopedic implant-related infection, related parameters including percent bone volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Th.Sp), bone mineral density (BMD) and bone surface
density (BS/TV) were measured, data were presented as mean+SD, * represents p<0.05 and ** represents p<0.01 when compared to Gentamicin
group; # represents p<0.05 and ## represents p<0.01 when GEN+ISB+CRM group compared to GEN+ISB/CRM group; GEN, 20mg/kg/day
Gentamycin; ISB, 20mg/kg/day Isobavachalcone; CRM, 20mg/kg/day Curcumin.

ribosomes, inhibit bacterial protein synthesis, and disrupt the
integrity of bacterial cell membranes (Appel and Neu, 1978).
Curcumin is one of the most well-known antibacterial
molecules from herbal medicine (Teow et al., 2016), and the

Frontiers in Microbiology

synergistic anti-S. aureus effect with gentamicin is
concentration-dependent, which is consistent with previous
study (Teow and Ali, 2015). The major mechanism of CRM
interact with S. aureus is to inhibit cytoplasmic division and
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FIGURE 7

Cocktail therapy of Gentamicin with Isobavachalcone and Curcumin alleviate local tissue inflammation, enhance reduction of MDSC M1
Polarization and Eradication of MRSA biofilm in vivo. (A) HE and immunofluorescent staining of distal femur suggest reduction of tissue
inflammation and M1 polarization of MDSC, green represents CD11b, a key marker to identify MDSC, while red represents CXCL10, a key marker of
activated M1, he black dashed box indicates the approximate location of the implant, and the yellow dashed box range is the area where M1-
polarized MDSC in the adjacent implant tissue is observed. (B) Quantification of remaining MRSA in bone with implant. (C) Flow cytometry analysis
showed reduction of MDSC in peripheral blood by Gentamicin with ISB or CRM and cocktail therapy. (D) Gating strategy for flow cytometry
analysis and representative analysis of frequency of MDSC in peripheral blood. All data were presented as mean+SD, * represents p<0.05 and **
represents p<0.01 when compared to Gentamicin group; # represents p<0.05 and ## represents p<0.01 when GEN+ISB+CRM group compared
to GEN+ISB/CRM group; GEN, 20mg/kg/day Gentamycin; ISB, 20mg/kg/day Isobavachalcone; CRM, 20mg/kg/day Curcumin

bacterial proliferation via suppressing Z-loop formation (Rai or bind to peptidoglycan in the cell wall to trigger cell wall
et al., 2008), inhibit transcription of the mecA in MRSA to damage and increase the membrane bidirectional permeability
reverse resistance to f-lactam antibiotics (Mun et al., 2014), (Mun et al., 2014; Teow et al., 2016). Moreover, other studies
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also reported that S. aureus strain-dependence and no
antagonistic effect were observed in its interaction with other
antibiotics (Mun et al., 2013; Teow and Ali, 2015; Betts et al.,
2016), which would probably also be related to the different
biofilm formation condition, we adopted 1% human plasma,
which has been demonstrated that fibronectin and its binding
proteins are critical for MSSA and MRSA biofilms formation
(Vergara-Irigaray et al., 2009; McCourt et al., 2014). Although
the antimicrobial activity of isobavachalcone as a herbal
extract has been investigated for the past decade (Wang
M. et al., 2021), its anti-Staphylococcus activity has not been
fully understood, a few studies reported its anti-S. aureus
effect (Yin et al., 2004; Dzoyem et al., 2013; Cui et al., 2015;
Faegheh et al,, 2018). A recent study reported that the
antibacterial activity of ISB against Gram-positive bacteria,
specifically the S. aureus including MSSA and MRSA (with a
MIC of 1.56 and 3.12 pg/ml, respectively) is associated with
membrane disruption (Assis et al., 2022), hence ISB displayed
no antibacterial effect on EPS in biofilm or Gram-negative
species. Although the specific mechanism of antibacterial
activity of this combination against S. aureus has not been
fully investigated in this study, putting all the recent advances
together, this process may be a synergistic multi-target action
against S. aureus involving its cell wall integrity, membrane
permeability, drug-resistant gene transcription, and protein
biosynthesis, and cell wall and cell membrane could be their
collaborative target.

To evaluate whether cocktail of Gentamicin +ISB + CRM
can be used as a treatment for orthopedic implant-associated
infections due to MRSA, a well-established femoral implant
infection mouse model for simulating in vivo implant biofilm
infection. Daily intraperitoneal administration of 20 mg/kg/
day isobavachalcone, 20 mg/kg/day curcumin and 20 mg/kg/
day gentamicin, can suppress progress of local infection. As
we show in vitro and in vivo experiments, using gentamicin
alone was difficult to suppress MRSA proliferation and local
infection progression, but once added both ISB and CRM, the
inhibitory and bactericidal effect of gentamicin against MRSA
enhanced significantly. Although the antimicrobial effect of
ISB or CRM has been investigated for the past decade (Wang
M. et al.,, 2021), its anti-Staphylococcus activity has not been
fully understood. Recent studies reported that the antibacterial
effect of ISB and CRM are also associated with membrane
disruption (Mun et al., 2014; Teow et al.,, 2016; Assis et al.,
2022), specifically for the S. aureus including MSSA and
MRSA (Assis et al., 2022) as aforementioned. So, the enhanced
antimicrobial effect of gentamicin combined with ISB and
CRM  may their of
membrane disruption.

result from similar  function

Cocktail treatment reduces inflammatory osteolysis and
maintains microarchitecture of trabecular bone during
orthopedic device-related MRSA infection in mice as well.
Many studies have shown that S. aureus cell wall or biofilm

components are the main causes of S. aureus-induced local

Frontiers in Microbiology

16

10.3389/fmicb.2022.958132

inflammatory responses in the physiopathology of chronic
osteomyelitis in ODRI, which is considered to be the classical
animal model for studying the damage of bacterial products
on bone structures in chronic osteomyelitis (Rochford et al,,
2016). Therefore, we chose this animal model to study the
pharmacological effects of isobavachalcone and curcumin on
the tissue destruction induced by S. aureus biofilm.
Microarchitecture of trabecular bone was found to
be

histopathology due to MRSA infection. However, treatment

drastically deteriorated by pCT scanning and
with isobavachalcone and curcumin significantly alleviated
this process. The presence of local pathogenic microorganisms,
such as S. aureus, can directly invade osteoblasts to form an
intracellular infection (Tuchscherr et al., 2011; Jauregui et al.,
2013; Hamza and Li, 2014), altering the autoimmune
phenotype while decreasing osteoblast viability and osteogenic
activity (Takayanagi, 2015). Previous studies have confirmed
that RANKL/OPG signaling, TNF and TNF receptor
superfamily, and the NF-kB signaling pathway play important
roles in osteomyelitis in S. aureus infection (Lio et al., 2012;
Krauss et al., 2019), and other studies also demonstrated that
curcumin can inhibit NF-kB signaling pathway (Mohankumar
et al., 2015; Kao et al., 2016). Isobavachalcone was reported
capable of preventing osteoporosis by suppressing activation
of ERK and NF-kappaB pathways of macrophages (Wang
X. et al., 2021). It is probably that ISB combined with CRM
treatment can protect bone microarchitecture under
inflammatory microenvironment of device-related MRSA
infection, attenuate osteolysis and avoid pathological fractures.
These results validate the protection of cocktail of CRM +ISB,
when administrated with Gentamicin,
inflammatory osteolysis induced by MRSA biofilm in ODRI.

Cocktail therapy also enhanced the reduction of MDSC M1
polarization in peri-implant tissue, suppression of MDSC

can attenuate

amplification in peripheral blood in vivo. More interesting is that
the bone density around the implant is increased in gentamicin
combined with ISB or CRM group comparing to others according
to pCT and histopathology. The number of MDSCs was
significantly decreased, which suggested ISB and CRM may
inhibit the expansion of MDSCs in S. aureus biofilm-induced
myeloid cells and bidirectionally regulated the conversion of
MSDC to polarized. Isobavachalcone was reported can prevent
osteoporosis by suppressing M1 polarization of macrophages
(Wang X. et al,, 2021). A moderate M1-mediated inflammation is
beneficial for tissue repair (Saqib et al., 2018), However, whether
M1 phenotype plays a critical role in this osteogenesis process is
still unclear. The persistence of bacteria stimuli in inflammatory
osteogenesis may play another key factor in the tissue regeneration,
because cell wall component lipoteichoic acid (LTA) has been
reported to be beneficial for activation of osteoblast differentiation
and Inhibition osteoclast activation in both vivo and vitro (Hu
et al., 2020).

Notably, the fact that tissue destruction and regeneration in
an inflammatory microenvironment during ODRI has always
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been a dilemma for surgeons. Without effective control of
infection, there is no possibility of tissue regeneration. This
study focus on investigating synergy of two small molecules
both with anti-osteoporosis, anti-inflammation, and anti-
bacteria characteristics. However, there are still several
questions that need to be further addressed. First of all, although
zero mortality was observed in this ODRI mouse model and no
obvious hepatorenal toxicity of cocktail therapy compared to
gentamicin alone for 1 month, their long-term toxicity and their
pharmacokinetics in vivo remain unknown. Secondly, the major
mechanism of enhancing gentamicin efficacy against S. aureus
is not fully understood, especially whether new compounds
would form in the interaction of the two molecules. And how
will the promising cocktail work on a more mature and thicker
5-day biofilm? Thirdly, the mechanism of balance of bone
resorption and promoting bone formation is unknown, and the
mechanism of M1 reduction still needs further verification, for
example, whether the suppression of S. aureus infection or M1
reduction plays an initial or fundamental role in this process.
Last but not least, although most studies suggest that
antimicrobial drugs maintain bone mass in osteomyelitis mainly
by their direct and effective antimicrobial activity, and not
indirectly by modulating immune cells to affect bone mass,
whether cocktail therapy exhibits identical effect on immune
cells with gold standard, for example, vancomycin, still needs to
be studied.

In summary, these results suggest that the combination of
isobavachalcone and curcumin can enhance the susceptibility
of MRSA to gentamicin, thus promoting the eradication of
MRSA biofilm. When administrated as cocktail in vivo, they
can significantly modify local inflammation in orthopedic
device-related infection and maintain trabecular bone
microstructure while substantially eradication MRSA in
ODRI. Although our current study did not reveal specific
mechanism about the synergy of this cocktail of gentamicin,
isobavachalcone and curcumin against S. aureus, their bone
microarchitecture maintenance characteristic did provide us
the insight and evidence for future potential topical application
by incorporating the mixture of these two small molecules
with conventional antibiotics, like gentamicin bone cement
The
combination of isobavachalcone and curcumin as adjuvants

chain beads and antimicrobial biomaterials, etc.
administrated together with gentamicin to significantly
enhance its antimicrobial effect, which may serve as a new
potential treatment strategy especially for MRSA-induced
ODRI, to rationalize the use of high-level antibiotics and
reduce the emergence of drug-resistant strains of bacteria.
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