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Abstract
Antimicrobial drugs of several classes play an important role in the treatment of
bone and joint infections. In addition to fighting pathogenic microorganisms, the
effects of drugs on local tissues and cells are also related to the course and
prognosis of bone and joint infections. The multi-directional differentiation
potential of bone marrow-derived mesenchymal stem cells (MSCs) is essential for
tissue repair after local injury, which is directly related to the recovery of bone,
cartilage, and medullary adipose tissue. Our previous studies and the literature
indicate that certain antimicrobial agents can regulate the differentiation potential
of bone marrow-derived MSCs. Here, in order to systematically analyze the
effects of various antimicrobial drugs on local tissue regeneration, we
comprehensively review the studies on the effects of these drugs on MSC
differentiation, and classify them according to the three differentiation directions
(osteogenesis, chondrogenesis, and adipogenesis). Our review demonstrates the
specific effects of different antimicrobial agents on bone marrow-derived MSCs
and the range of concentrations at which they work, and provides a basis for
drug selection at different sites of infection.

Key words: Antimicrobial agents; Bone marrow mesenchymal stem cells; Osteogenesis;
Chondrogenesis; Adipogenesis
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Core tip: Bone marrow-derived mesenchymal stem cells (MSCs) are essential for tissue
repair (bone, cartilage, and medullary adipose tissue) after local bone and joint infection.
The effects of various antimicrobial agents on the three types of differentiation potential
(osteogenesis, chondrogenesis, and adipogenesis) of bone marrow-derived MSCs are
worth noting. Here in this paper, we collect the latest updates on the use of antimicrobial
agents to regulate the differentiation of MSCs.
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INTRODUCTION
Antimicrobial drugs are referred to as drugs that exhibit an inhibitory or killing effect
on bacteria and other pathogenic microorganisms. In clinic, the most commonly used
antimicrobial agents are antibiotics, which include natural antibiotics and synthetic
antibiotics.  Penicillin is  a  typical  natural  antibiotic  which is  produced by fungal
metabolism[1]. Synthetic antibiotics, such as quinolones, are the most common type of
antibiotics today and play important roles in the treatment of  clinical  diseases[2].
Antimicrobial agents, in a broad sense, are not limited to antibiotics. Some peptides
with antibacterial  property  and drugs that  have been proven to  have both anti-
bacterial and other biological functions also fall under the category of antimicrobial
agents[3,4]. In addition, extracts of certain plants or Chinese medicines have also been
reported to have antimicrobial properties, and they have been speculated to play a
role in killing pathogenic microorganisms in clinical and other fields[5].  Similar to
bacteria, fungi, viruses, and other pathogenic microorganisms also pose significant
challenges to human health, and their corresponding therapeutic drugs also play an
important role in clinical and related fields[6,7]. As clinically common diseases, bone
and joint infectious diseases can be caused by a variety of pathogenic microorganisms;
they cause  pain  in  patients  and pose  great  challenges  to  clinicians.  When using
various antimicrobial drugs to treat bone and joint infections, close attention should
be paid to the killing effects of these agents on pathogenic microorganisms and to
their regulation in local tissues and cells[8]. After using local or systemic antibacterial
drugs to treat osteomyelitis and effectively controlling the symptoms of infection,
local bone marrow mesenchymal stem cells (BMSCs) diff-erentiate into osteoblasts
and lipoblasts, and finally, differentiate into mature bone and adipose tissue to repair
locally damaged sites[9]. Similarly, when the symptoms of intra-articular infection are
improved,  the damaged articular  cartilage also needs to  be  repaired in  an envi-
ronment  conducive to  chondrogenic  differentiation[10].  At  this  time,  the effect  of
antimicrobial drugs on the differentiation potential of stem cells is crucial. If a drug
can promote the differentiation of the stem cells in a direction favorable for tissue
repair while also killing the pathogenic microorganisms, the treatment process and
the therapeutic effect can be accelerated. On the contrary, if the drug inhibits the
differentiation potential  of stem cells,  it  may have undesirable effects on disease
treatment.

Considering the multi-directional differentiation potential of bone MSCs and their
three most common differentiation directions (osteogenesis, chondrogenesis, and
adipogenesis)[11], we review the effects of different classes of antimicrobial agents on
these three types of differentiation functions, and hope that it can produce certain
ideas for the better drug-mediated treatment of bone and joint infectious diseases.

EFFECTS OF VARIOUS ANTIMICROBIAL AGENTS ON
OSTEOGENIC DIFFERENTIATION
BMSCs  are  bone  marrow-derived  cells  that  play  a  key  role  in  the  renewal  and
regeneration of osteoblasts. BMSCs can differentiate into bone-forming osteoblasts
and have been shown to be a primary source of osteoprogenitor cells[12]. Moreover,
BMSCs can be used as bone graft materials to treat bone defects[13]. While the local
osseous tissue is damaged by the pathogenic microorganism, BMSCs are activated
and differentiate into osteoblasts to complete the repair of local bone dissolution.
Failure of BMSCs to completely repair the local bone defects caused by infection may
lead to local osteoporosis and even pathological fractures[13]. Therefore, while using
various antimicrobial agents to control infection, the consideration of the effect of
drugs on osteogenic differentiation of BMSCs is crucial.  Drugs with antibacterial
properties and osteoinductive ability may play a better therapeutic role in orthopedic
infections, such as osteomyelitis; whereas drugs that inhibit the differentiation of stem
cells into osteoblasts and destroy the osteogenic microenvironment may adversely
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affect the repair of local osseous tissue. In this section, we will review the effects of
different antimicrobial agents on osteogenic differentiation, and the overall situation
is listed in Table 1.

Antibiotics
Antituberculosis drugs: As a representative drug for the treatment of tuberculosis,
rifampicin has a strong bactericidal effect on Mycobacterium tuberculosis. In addition,
rifampicin has also been shown to exhibit anti-Gram-positive bacteria activity and kill
the intracellular bacteria hidden in cells, and has a wide range of clinical applications.
To demonstrate  the potential  toxicity  of  rifampicin and its  effects  on osteogenic
differentiation of osteoblasts, researchers studied osteoblasts treated with different
concentrations of rifampicin. The results showed that rifampicin did not cause toxicity
to osteoblasts or affect the level of alkaline phosphatase (ALP) in the cells when the
concentration of  rifampicin did not  exceed 10 μg/mL. However,  when the drug
concentration  reached  100  μg/mL  and  above,  the  number  of  osteoblasts  and
intracellular ALP levels decreased significantly, and the decrease was over 75%[14].
Another study demonstrated that rifampicin is cytotoxic to human bone marrow-
derived MSCs at concentrations above 32 μg/mL and inhibited osteogenic diffe-
rentiation  potential  of  human  bone  marrow-derived  MSCs  in  a  concentration-
dependent  manner  at  concentrations  ranging  from  4-128  μg/mL.  The  collagen
synthesis, mineralization effect, and expression levels of osteogenic genes in MSCs
were inhibited to varying degrees with the increase in rifampicin concentration[15].

β-lactams: As a representative drug of β-lactam antibiotics, the discovery of penicillin
has great significance in the history of human infectious diseases. It has been reported
that penicillin, at a conventional blood concentration (30 μg/mL), does not inhibit the
osteogenic differentiation process of human bone marrow-derived MSCs[16]. When
penicillin  was  added during  the  culture  of  human osteoblasts,  cytotoxicity  was
observed when the penicillin concentration reached 500 μg/mL. At the same time, the
differentiation function of osteoblasts was also significantly inhibited after penicillin
concentration exceeded 500 μg/mL, and the intracellular ALP level was significantly
decreased (above 75%) compared with the control group[14]. Since penicillin cannot
tolerate  the  enzymes produced by a  variety  of  bacteria  and is  more  likely  to  be
destroyed, the probability of clinical drug resistance is increased and the clinical
application  is  greatly  limited.  Therefore,  some  antibiotics  that  are  artificially
synthesized and can tolerate penicillinase are gradually replacing penicillin and play
a greater role in the clinic. Both flucloxacillin and nafcillin are semi-synthetic peni-
cillins  that  can  tolerate  penicillinase.  It  has  been  reported  that  flucloxacillin  at
conventional  plasma concentrations  (200  μg/mL) does  not  affect  the  osteogenic
differentiation of human bone marrow-derived MSCs[16]. Nafcillin can still exert its
antibacterial effect under acidic conditions, but it has been reported that nafcillin has a
strong inhibitory effect on the proliferation and differentiation of human osteoblasts.
When  its  concentration  exceeds  10  μg/mL,  the  ALP  level  in  osteoblasts  was
drastically reduced[14].

Cephalosporins  are  an  important  branch  of  β-lactam  antibiotics  and  play  an
important role in the treatment of various infectious diseases. Cefazolin, cefuroxime,
cefotaxime, and cefepime are representative drugs of first, second, third, and fourth
generation cephalosporins, respectively, and their effects on the differentiation of
osteoblasts have been reported. Previous studies showed that cefuroxime does not
alter  the  osteogenic  differentiation  of  human  bone  marrow-derived  MSCs  at
conventional  blood concentrations (50  μg/mL)[16].  Cefazolin  and cefepime cause
osteogenic inhibition (above 25% and 75%, respectively) at concentrations up to 200
μg/mL, and cefotaxime inhibits  the differentiation of  osteoblasts (above 75%) at
concentrations up to 500 μg/mL[14].

Carbapenems are a new class of β-lactams that are known for their broad spectrum.
These drugs have strong antibacterial activity against most Gram-positive, Gram-
negative, aerobic, anaerobic, and multi-drug resistant bacteria, and are one of the
most important antibacterial drugs employed for the treatment of serious bacterial
infections. Imipenem and meropenem are representative drugs that fall under in this
category.  Studies  on  the  effect  of  these  two  drugs  on  differentiation  of  human
osteoblasts  have shown that  imipenem does  not  have a  significant  effect  on the
differentiation potential of osteoblasts[14], while meropenem inhibits the differentiation
of osteoblasts to a certain extent at concentrations of more than 500 μg/mL[14].

Macrolides: Macrolide antibiotics, drugs that inhibit bacterial protein synthesis by
blocking peptide acyltransferase in bacterial ribosomes, are a class of drugs with
extensive antibacterial spectrum. Azithromycin is a drug commonly used in clinical
practice,  and has certain inhibitory effects on various bacteria,  mycoplasma, and
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Table 1  Effects of various antimicrobial agents on osteogenic differentiation

Agent Ref. Cell / animal Effect Concentration

Antituberculosis drugs Rifampicin
[14]

Osteoblasts Inhibition ≥ 100 μg/mL
[15]

BMSCs Inhibition 4-128 μg/mL

β-lactams Penicillin
[16]

BMSCs No effect 30 μg/mL
[14]

Osteoblasts Inhibition ≥ 500 μg/mL

Flucloxacillin
[16]

BMSCs No effect 200 μg/mL

Nafcillin
[14]

Osteoblasts Inhibition ≥ 100 μg/mL

Cefazolin
[14]

Osteoblasts Inhibition ≥ 200 μg/mL

Cefuroxime
[16]

BMSCs No effect 50 μg/mL

Cefotaxime
[14]

Osteoblasts Inhibition ≥ 500 μg/mL

Cefepime
[14]

Osteoblasts Inhibition ≥ 200 μg/mL

Imipenem
[14]

Osteoblasts No effect 0-1000 μg/mL

Meropenem
[14]

Osteoblasts Inhibition ≥ 500 μg/mL

Macrolides Azithromycin
[14]

Osteoblasts Inhibition ≥ 100 μg/mL

Aminoglycosides Gentamicin
[14]

Osteoblasts Inhibition ≥ 100 μg/mL
[16]

BMSCs Inhibition ≥ 75 μg/mL
[17]

BMSCs Inhibition 50-200 μg/mL
[18]

C2C12 Inhibition 12.5-800 μg/mL

Amikacin
[14]

Osteoblasts No effect 0-1000 μg/mL

Tobramycin
[20]

BMSCs Inhibition 300-1000 μg/mL
[14]

Osteoblasts Inhibition ≥ 500 μg/mL

Tetracyclines Tetracycline
[22]

BMSCs Inhibition 10 μg/mL

Doxycycline
[14]

Osteoblasts Inhibition ≥ 100 μg/mL

Minocycline
[14]

Osteoblasts Inhibition ≥ 100 μg/mL

Quinolones Levofloxacin
[14]

Osteoblasts Inhibition ≥ 200 μg/mL

Ciprofloxacin
[14]

Osteoblasts Inhibition ≥ 100 μg/mL

Polypeptide antibiotics Colistin
[14]

Osteoblasts Inhibition ≥ 100 μg/mL

Bacitracin
[23]

BMSCs Promotion 0.1-10 μmol/L

Vancomycin
[24]

BMSCs No effect 0-500 μg/mL
[24]

BMSCs Inhibition 5000 μg/mL
[14]

Osteoblasts No effect 0-2000 μg/mL
[25]

BMSCs No effect 0-20 μg/mL
[16]

BMSCs Inhibition 200 μg/mL

Other types of antibiotics Metronidazole
[16]

BMSCs No effect 20 μg/mL

Trimethoprim
[14]

Osteoblasts Inhibition ≥ 500 μg/mL

Linezolidone
[14]

Osteoblasts Inhibition ≥100 μg/mL

Salinomycin
[26]

BMSCs No effect 10 μmol/L

Natural peptides Lactoferrin
[27]

Adipose-derived stem
cells

Promotion 10-100 μg/mL

[29]
MC3T3-E1 Promotion 1-1000 μg/mL

Hepcidin
[30]

BMSCs Promotion 0.2 mmol/L

LL-37
[31]

BMSCs Promotion 5-20 μg/mL

KR-12
[32]

BMSCs Promotion 1-1000 μg/mL

Chinese traditional drug
extracts

Cordycepin
[33]

Adipose-derived stem
cells

Promotion 10 μg/mL

[34]
BMSCs Promotion 10 μg/mL

Tanshinone IIA
[35]

BMSCs Promotion 1-5 μmol/L
[36]

C2C12 Promotion 2.5-10 μmol/L

Andrographolide
[37]

Osteoblasts Promotion 4.46 or 8.92
μmol/L

Baicalin
[38]

Sprague-Dawley rats Promotion 50 mg/kg
[39]

Osteoblasts Promotion 50 μmol/L

Costunolide
[40]

C3H10T1/2 Promotion 1 ng/mL

Extract of lithospermum
[41]

C2C12 Promotion 30 or 60 μg/mL
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[42]
C2C12 Promotion 2 or 4 μg/mL

Naringin
[43]

Adipose-derived stem
cells

Promotion 0.1 μmol/L

Curcumin
[44]

Adipose-derived stem
cells

Promotion 5-20 μmol/L

Limonene
[45]

C2C12 Promotion 2.5-10 μL

Extract of piperaceae
[46]

Sprague-Dawley rats Promotion 100 or 200
mg/kg

Eugenol
[47]

Dental pulp cells Inhibition 0.1-1 mL

Saikosaponin-A
[48]

BMSCs Promotion 10-40 μL

Licochalcone A
[49]

MC3T3-E1 Promotion 2.5-5 μL

Antifungal drugs Trichostatin A
[50]

Adipose-derived stem
cells

Promotion 75 nL

[51]
Periodontal ligament cells Promotion 100-400 nL

[52]
Adipose-derived stem
cells

Promotion 1 μL

Voriconazole
[53]

Osteoblasts Promotion 15 or 200
μg/mL

Fluconazole
[53]

Osteoblasts No effect 15 or 200
μg/mL

chlamydia. Studies have shown that azithromycin does not produce cytotoxicity in
the concentration range of  0-200 μg/mL;  however,  it  inhibits  the differentiation
potential of osteoblasts at very low concentrations. When its concentration exceeds 10
μg/mL, the differentiation of human osteoblasts grown in the osteogenic induction
environment was significantly inhibited, and the level of intracellular ALP synthesis
decreased by more than 75%[14].

Aminoglycosides: Aminoglycoside antibiotics are a class of drugs that are effective
against  Gram-negative  bacteria  and aerobic  bacteria,  and gentamicin is  a  repre-
sentative drug of  this  category.  Studies have shown that gentamicin inhibits  the
osteogenic differentiation of human osteoblasts. When the drug concentration is less
than 100 μg/mL, the drug does not have a significant effect  on osteogenic diffe-
rentiation. However, when its concentration exceeds 100 μg/mL, gentamicin exhibits
osteogenic  inhibitory  effects.  When  its  concentration  exceeds  500  μg/mL,  the
osteogenic differentiation potential is almost completely suppressed[14]. In another
study, a similar phenomenon was observed in bone marrow-derived MSCs. When the
gentamicin  concentration  reached  75  μg/mL,  the  proliferation  and  osteogenic
differentiation activity of MSCs decreased significantly[16]. In addition, studies have
shown that  gentamicin can inhibit  the osteogenic  differentiation of  human bone
marrow-derived MSCs in a dose-dependent manner within a concentration range of
50-200 μg/mL[17]. The ALP level in the C2C12 cell line was similarly been reduced by
gentamicin[18]. Amikacin is a drug commonly used for the treatment of gentamicin-
resistant infectious diseases. Its most prominent advantage is that it remains stable
and active  against  the  aminoglycoside inactivating enzymes produced by many
Gram-negative bacilli. In addition, its effect on osteoblast differentiation is also less
severe than that of gentamicin. At an amikacin concentration of 1000 μg/mL, the
osteogenic  differentiation of  osteoblasts  is  still  not  significantly  inhibited.  Oste-
ogenesis inhibition is exhibited only after the amikacin level reaches a very high
concentration of 2000 μg/mL[14]. As an aminoglycoside, tobramycin is often used for
the treatment of gentamicin-resistant Pseudomonas aeruginosa infections. Studies have
shown  that  tobramycin  may  have  a  lower  cytotoxicity  than  gentamicin  while
exhibiting antibacterial effects[14]. However, the effect of tobramycin on osteogenic
differentiation is still inhibitory[19]. When the concentration of tobramycin reaches 300
and 500 μg/mL, the osteogenic differentiation potential of human bone marrow-
derived MSCs and osteoblasts is inhibited, respectively[14,20].

Tetracyclines:  Tetracycline antibiotics exhibit  a therapeutic effect on a variety of
bacterial,  rickettsial,  chlamydial,  and  mycoplasma  infections.  Tetracycline  is  a
representative  member  of  such  drugs.  In  addition  to  its  role  in  killing  various
pathogenic microorganisms, tetracycline has been reported to exhibit bone tissue
affinity and can, thus, be used for various targeted therapies[21]. Studies related to
osteogenic  differentiation  have  shown that  10  μg/mL tetracycline  can  promote
osteogenic  differentiation  of  rat  bone  marrow-derived MSCs,  increase  ALP and
mineralized  nodules,  and  upregulate  the  osteogenic  gene  expression  levels  in
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MSCs[22]. Doxycycline is the most commonly used tetracycline antibiotic, but unlike
tetracycline,  it  exhibits  a  strong inhibitory effect  on osteoblast  proliferation and
osteogenic differentiation.  When its  concentration reaches 100 μg/mL, the diffe-
rentiation of human osteoblasts is severely inhibited[14]. Minocycline is also widely
used in clinical  practice,  and its  antibacterial  efficacy is  relatively strong among
tetracyclines.  Similar  to  doxycycline,  minocycline  significantly  inhibited  the
differentiation  potential  of  osteoblasts  (above  75%)  at  concentrations  above  100
μg/mL[14].

Quinolones: Quinolones are a class of synthetic antibiotics that are widely used in a
variety  of  clinical  infectious  diseases  due to  their  excellent  and broad-spectrum
antimicrobial properties. Levofloxacin is a commonly used quinolone in the clinic.
Studies  have  shown that  it  does  not  cause  toxicity  to  human osteoblasts  in  the
concentration range of 0-200 μg/mL, but when the drug concentration reaches 200
μg/mL or more, the differentiation potential of osteoblasts is significantly inhibited
(above 75%)[14]. Ciprofloxacin is another representative drug of quinolones, which has
poor biocompatibility and significantly inhibits the proliferation and differentiation of
osteoblasts at concentrations above 10 μg/mL (above 75%)[14].

Polypeptide  antibiotics:  Polypeptide  antibiotics  are  a  class  of  antibiotics  with
structural features similar to those of polypeptides, and their main members include
polymyxins, bacitracins, and vancomycins. Colistin is one of the more commonly
used polymyxin antibiotics.  It  mainly acts on Gram-negative bacteria and works
synergistically with gentamicin. It has been reported in the literature that when the
concentration of colistin reaches 100 μg/mL, the differentiation ability of human
osteoblasts is inhibited[14]. Bacitracin is a metal peptide antibiotic produced by Bacillus
subtilis and Bacillus licheniformis; it can strongly inhibit Gram-positive bacteria and has
antagonistic effects on the development of resistance to Staphylococcus aureus. Our
previous  studies  have  shown  that  bacitracin  can  promote  the  osteogenic  diffe-
rentiation of human bone marrow-derived MSCs in a dose-dependent manner, thus
increasing intracellular ALP, collagen, and mineralization, and upregulating the levels
of  osteogenesis  marker genes.  When the concentration of  bacitracin reached 100
μmol/L, its ability to promote bone differentiation decreased, but this effect was still
stronger  than  that  in  the  control  group[23].  Vancomycin  is  mainly  used  for  the
treatment  of  methicillin-resistant  Staphylococcus  aureus.  There  have been several
reports on the effects of vancomycin on osteogenic differentiation. The general view is
that vancomycin does not adversely affect the osteogenic differentiation of human
osteoblasts  and  human  bone  marrow-derived  MSCs  at  effective  antimicrobial
concentrations and higher concentrations[14,24,25]. However, it has also been reported
that vancomycin inhibits the osteogenic differentiation of bone marrow-derived MSCs
at a concentration of 200 μg/mL[16]. Therefore, further research on the regulation of
osteogenic  differentiation  by  vancomycin  needs  to  be  conducted  to  determine
whether the effect of this drug on osteogenic differentiation is related to cell type and
drug concentration.

Other types of antibiotics: Metronidazole is a drug commonly used in the treatment
of anaerobic infections in the clinic. Studies have shown that conventional plasma
concentrations  (20  μg/mL)  of  metronidazole  do  not  affect  the  osteogenic  diffe-
rentiation potential of human bone marrow-derived MSCs[16]. Trimethoprim (TMP) is
a well-known sulfa drug enhancer with an antibacterial spectrum similar to that of
sulfonamides. When TMP is combined with a sulfa drug, the combined antibacterial
properties of both are greatly enhanced, and the formation of resistant bacteria can be
reduced. Studies have shown that TMP does not affect the differentiation potential of
osteoblasts  in  the  concentration  range  of  0-200  μg/mL.  However,  when  the
concentration of TMP reaches 500 μg/mL, the osteogenic differentiation of the cells is
inhibited[14].  Linezolidone is  a  bacterial  protein synthesis  inhibitor  and is  a  fully
synthetic oxazolidinone antibiotic. The drug has good biocompatibility and does not
affect  the  viability  of  osteoblasts  between  0-500  μg/mL.  However,  when  the
concentration  of  linezolidone  is  greater  than  10  μg/mL,  osteogenic  inhibition
occurs[14]. Salinomycin is a polyether antibiotic produced by Streptomyces albus. Studies
have shown that 10 μM of salinomycin does not affect osteogenic differentiation and
cellular mineralization of human bone marrow-derived MSCs[26].

Natural peptides
In  addition  to  the  use  of  antimicrobial  agents  for  the  treatment  of  pathogenic
microorganisms, which cause infection symptoms, activation of immune cells and
secretion of some peptides with antimicrobial effects in the human body also play a
decisive role in the elimination of infection. Lactoferrin is an important non-heme
iron-binding glycoprotein found in milk, with powerful biological functions, such as
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broad-spectrum antibacterial, anti-oxidation, anti-cancer effects, and immune system
regulation. It has been reported that lactoferrin promotes the differentiation of human
adipose-derived stem cells into osteoblasts in a concentration-dependent manner and
also promotes the expression of osteogenic genes[27].  Similarly, other studies have
found that lactoferrin promotes the proliferation of MC3T3-E1 osteoblast cells via the
mitogen-activated  protein  kinase  (MAPK)  signaling  pathway and promotes  the
differentiation  of  MC3T3-E1  into  osteogenesis  via  the  protein  kinase  A and p38
signaling pathways[28,29].  Hepcidin is a cysteine-rich polypeptide synthesized and
secreted by the liver,  which has a wide range of antibacterial  and anti-protozoal
functions. Studies have found that, in addition to regulating iron metabolism and
antibacterial properties, hepcidin also regulates the function of rat bone marrow-
derived MSCs.  At  a  concentration of  0.2  mmol/L,  hepcidin enhanced the  mine-
ralization ability of rat bone marrow-derived MSCs and upregulated the expression of
osteogenic genes. The researchers found that this osteogenic differentiation may be
related to the activation of the p38 signaling pathway[30]. As an important part of the
immune system, antimicrobial peptides (AMPs) can destroy microbial membranes
and  induce  the  death  of  pathogenic  bacteria,  having  the  potential  to  become  a
substitute  for  traditional  antibiotics.  The  only  natural  antimicrobial  peptide,
cathelicidin  (hCAP18/LL-37),  was  confirmed  in  1995  and  proved  to  exhibit
antibacterial activity both in vitro and in vivo. Moreover, in addition to its resistance to
pathogenic microorganisms, LL-37 has also been shown to promote the proliferation,
migration, and osteogenic differentiation of rat bone marrow-derived MSCs. In the
concentration range of 5-20 μg/mL, LL-37 promoted the osteogenic differentiation
potential  of  MSCs  in  a  dose-dependent  manner.  More  importantly,  LL-37  at  a
concentration  of  10  μg/mL  can  reverse  the  osteogenic  inhibition  caused  by
lipopolysaccharide[31]. However, since the peptide chain of LL-37 is too long and too
difficult to synthesize, it is inconvenient to use it as a conventional therapeutic drug
for bacterial infections and inflammatory diseases. Short-chain AMPs have recently
attracted attention due to their  lower production costs.  Among the LL-37 active
fragments  of  different  lengths  investigated,  KR-12  is  the  shortest  antimicrobial
peptide with antibacterial activity. In our previous study, KR-12 stimulated oste-
ogenic  differentiation of  human bone marrow-derived MSCs within an effective
antimicrobial concentration (1-1000 μg/mL). This osteoinductive phenomenon also
appears to be concentration-dependent[32].

Chinese traditional drug extracts
Chinese traditional drugs are mainly composed of botanicals (roots, stems, leaves, and
fruits), animal drugs (viscera, skin, bone, organs, etc.,), and mineral medicines. Since
such drugs are  often present  in  a  mixture rather  than in a  monomer form,  their
pharmacological effects are often studied by extracting the active ingredient of the
drug.  Similar  to  the above-mentioned antimicrobial  drugs,  some Chinese herbal
extracts  with  antibacterial  or  anti-pathogenic  properties  have  attracted  a  lot  of
attention in recent years[33-49]. Compared with traditional antibiotics, these Chinese
traditional drug extracts exhibit less side effects and are less prone to drug resistance
while  exerting antibacterial  effects.  Among these  herbal  extracts,  some promote
osteogenic  differentiation  of  bone  marrow-derived  MSCs,  such  as  cordycepin,
tanshinone, and baicalin[33-36,38,39]. If these extracts can exert stable antibacterial activity
and simultaneously induce bone marrow-derived MSCs to differentiate into new
osseous tissue by virtue of their osteoinductive properties, the clinical application
prospects  of  these extracts  will  be more extensive.  The Chinese traditional  drug
extracts that have been reported to regulate osteogenic differentiation and to exhibit
antibacterial properties in recent years are also listed in Table 1.

Antifungal drugs
Local and systemic fungal infections are not uncommon, and with the increase in
immunodeficiency diseases, such as acquired immunodeficiency syndrome, the harm
caused by fungal infections is also more serious. Fungal infections of bone tissue are
rare and often accompanied by systemic immunodeficiencies or inhibition. While
antifungal agents are used to treat fungal infections, the effects of the drug itself on
osseous tissue and osteogenic differentiation are equally noteworthy. Trichostatin A
(TSA) is a drug that exhibits a therapeutic effect on mold. It has been found that TSA
at 75 nmol/L can stimulate the osteogenic differentiation potential of rat adipose stem
cells[50]; some scholars have found similar phenomena in human periodontal ligament
cells (HPDLCs). TSA can promote the differentiation of such cells into osteoblasts in a
concentration-dependent manner within a concentration range of 100-400 nmol/L[51].
As inhibitors of histone deacetylases, TSA (1 μmol/L) also increases bone formation
during osteogenic differentiation of human adipose-derived stem cells[52].  Vorico-
nazole is an antifungal drug commonly used to treat severe invasive infections caused
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by fluconazole-resistant Candida. Studies on its effects on osteoblasts have shown that
voriconazole  at  both  15  μg/mL and 200  μg/mL can  stimulate  osteogenic  diffe-
rentiation of human osteoblasts in vitro, whereas fluconazole exhibits no such effect of
inducing differentiation[53].

EFFECTS OF VARIOUS ANTIMICROBIAL AGENTS ON
CHONDROGENIC DIFFERENTIATION
As an important seed cell for local cartilage repair, the ability of bone marrow-derived
MSCs to differentiate into chondrocytes in the direction of cartilage is essential[54].
After the cartilage tissue is damaged by factors such as trauma, inflammation, and
infection, microfracture surgery is an important approach for clinical treatment of
local cartilage defects[55]. Surgery can transport MSCs in the medullary cavity to the
cartilage defect area and complete the repair of the local defect by dividing the cells
into  the  cartilage  direction[56].  During  the  treatment  of  joint  infections,  surgical
treatment, such as debridement drainage, and the application of systemic or topical
antibiotics are equally important. If the drug can effectively control the infection and
promote the differentiation of MSCs into chondrocytes to repair the existing cartilage
defects, its clinical application range will be greatly increased, and it will play a more
important role in the process of infectious arthritis and tissue engineering cartilage
repair. At present, there have been very few studies on the regulation of chondrogenic
differentiation by various antibacterial drugs. In this section, we list antimicrobial
drugs that have been shown to have an effect on chondrogenic differentiation, and the
overall data are listed in Table 2. In the previous section, we discussed the inhibitory
effect of doxycycline on human osteoblast differentiation. The effect of this drug on
the chondrogenic differentiation potential of human bone marrow-derived MSCs has
also attracted attention. It has been reported that doxycycline at 2 μg/mL can enhance
the chondrogenic differentiation of MSCs in vitro.  This phenomenon was further
confirmed in vivo[57]. Oxytetracycline is another member of the tetracycline antibiotic
class, and some scholars have reported its ability to promote cartilage differentiation
in  ATDC5  cell  line  (pre-chondrocyte  cell  line).  Studies  have  shown  that  oxyte-
tracycline can promote the differentiation of ATDC5 cells into cartilage in a dose-
dependent manner within a concentration range of 0.01 to 10 μmol/L[58]. Cordycepin
is  a  natural  extract  that  has  been extensively  studied in  recent  years.  Its  broad-
spectrum antibacterial,  anti-fungal,  and anti-viral  capabilities  have attracted the
attention  of  the  medical  community.  The  positive  effect  of  cordycepin  on  the
osteogenic differentiation potential of various stem cells has been introduced in the
previous section, and its regulatory effect on the chondrogenic differentiation of
MSCs is also worthy of attention. Studies have shown that 1 μg/mL of cordycepin can
promote the differentiation of MCSs into cartilage and increase the expression levels
of intracellular cartilage genes.  Further experiments have demonstrated that this
phenomenon  is  mediated  by  the  inhibition  of  Nrf2  and  the  activation  of  BMP
signaling[59].  Similarly,  some scholars have found that  lactoferrin promotes early
chondrogenic  differentiation  of  ATDC5  cells  by  the  activating  Smad2/3-Sox9
signaling pathway while also exhibiting osteoinductive effects,  and also inhibits
excessive hypertrophy of chondrocytes[60].

Phorbol-12-myristate-13-acetate (PMA) is an antibiotic extracted from penicillium
culture and the first antibiotic to treat human diseases. Very low concentrations of
PMA (0.1 μmol/L) have a strong inhibitory effect on the chondrogenic differentiation
potential  of  chick  embryonic  stem  cells[61].  TSA  exhibits  osteogenic  induction
properties  while  possessing  antibacterial  properties.  It  can  positively  regulate
osteogenic  differentiation,  but  exhibits  an  inhibitory  effect  on  chondrogenic
differentiation. When the concentration of TSA reaches 100 nmol/L, the chondrogenic
differentiation  of  human bone  marrow-derived  MSCs  induced  by  transforming
growth factor-β (TGF-β1) can be inhibited[62].

EFFECTS OF VARIOUS ANTIMICROBIAL AGENTS ON
ADIPOGENIC DIFFERENTIATION
Adult  bone  marrow  contains  a  variety  of  cells,  such  as  endothelial-like  cells,
fibroblasts, macrophages, osteocytes, adipocytes, and MSCs. Among them, adipocytes
are the most abundant and can occupy more than 50% of the volume of the bone
marrow cavity. In old age, adipocytes can even occupy more than 90% of the volume
of the marrow cavity[63].  Bone marrow adipocytes are also involved in bone meta-
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Table 2  Effects of various antimicrobial agents on chondrogenic differentiation

Agent Ref. Cell Effect Concentration

Antibiotics Doxycycline
[57]

MSCs Promotion 2 μg/mL

Oxytetracycline
[58]

ATDC5 Promotion 0.01-10 μmol/L

PMA
[61]

Embryonic
stem cells

Inhibition 0.1 μmol/L

Natural peptides Lactoferrin
[60]

ATDC5 Promotion 1 μmol/L

Chinese traditional drug extracts Cordycepin
[59]

MSCs Promotion 1 μg/mL

Antifungal drugs Trichostatin A
[62]

BMSCs Inhibition 100 nmol/L

bolism.  In  the  pathological  state  of  advanced osteoporosis  or  osteonecrosis,  the
differentiation of bone marrow-derived MSCs into adipocytes is enhanced, resulting
in an increased number of adipocytes and decreased bone mass[64]. As an important
component of the bone marrow microenvironment, bone marrow adipocytes not only
occupy the non-hematopoietic  medullary cavity space,  but also have many phy-
siological functions and play an important role in the pathological process of various
diseases[65].  Bone  marrow-derived  MSCs  are  the  main  source  of  bone  marrow
adipocytes, and their adipogenic differentiation potential plays a vital role in the
physiological renewal of adipose tissue in the medullary cavity and the repair of fat
necrosis caused by pathological factors, such as infection[66]. During the process of
using  antibacterial  drugs  to  treat  osteomyelitis  caused  by  various  pathogenic
microorganisms, both the antibacterial properties of antimicrobial drugs and their
effects on the adipose tissue repair process are worthy of attention. In this section, we
will review the effects of various antimicrobial agents on adipogenic differentiation to
provide a reference for clinical use (Table 3).

Antibiotics
Isoniazid is another important member of anti-tuberculosis drugs, and its inhibition of
adipogenic differentiation has been reported in the literature. Isoniazid inhibited the
adipogenic differentiation potential  of  3T3-L1 pre-adipocytes in a concentration-
dependent  manner,  in  a  concentration  range  of  0.5-10  mmol/L.  A  similar  phe-
nomenon was also  observed in  human adipose  stem cells[67].  Streptomycin is  an
aminoglycoside antibiotic,  but  it  is  widely used in the treatment  of  tuberculosis
because of its anti-tuberculosis effect.  Some scholars have found that 100 μg/mL
streptomycin can inhibit  the expression of  adipogenic  genes and the adipogenic
ability of human bone marrow-derived MSCs[68]. Spiramycin is a macrolide antibiotic
that exhibits antibacterial properties in the body and can enhance the phagocytosis of
phagocytic cells. Studies on the effects of this drug on adipogenesis have revealed that
spiramycin  inhibits  adipogenesis  both  in  vivo  and  in  vitro.  Spiramycin  at  con-
centrations of 2.5-20 μmol/L inhibited the adipogenic differentiation of 3T3-L1 pre-
adipocyte cells in a dose-dependent manner, which was further confirmed in the
high-fat  diet-induced obese mice model[69].  It  is  reported in the above study that
salinomycin at 10 μmol/L does not affect the osteogenic differentiation potential of
human  bone  marrow-derived  MSCs.  At  this  concentration,  the  adipogenic  dif-
ferentiation activity of MSCs is also not affected[26].  However, we believe that this
result does not represent the effect of thalimycin at different concentrations on the
osteogenic and adipogenic differentiation of MSCs. Further studies are needed to
demonstrate the effect of this drug on the multi-directional differentiation potential of
bone marrow-derived MSCs. Geldanamycin is an antibiotic secreted by Streptomyces
hygroscopicus  and  has  been  shown  to  exhibit  antibacterial,  antiprotozoal,  and
antitumor  activities.  Studies  have  shown  that  geldanamycin  can  inhibit  the
adipogenic differentiation of 3T3-L1 pre-adipocytes in a dose-dependent manner at
very  low  concentrations  (0.001-1  μmol/L).  In  vivo  experiments  in  mice  further
confirmed the inhibitory effect of geldanamycin on adipogenic differentiation[70].

Natural peptides
The positive regulation of lactoferrin on osteogenic and chondrogenic differentiation
has  been  mentioned  in  the  previous  section,  and  its  regulation  of  adipogenic
differentiation is  also  worthy of  attention.  More than one study has  shown that
lactoferrin negatively regulates the adipogenic differentiation potential of cells. Some
scholars  have  found  that  MC3T3-G2/PA6  cells  gradually  lose  their  ability  to
differentiate into adipocytes under the action of 10-100 μg/mL lactoferrin[71]; the level
of  adipogenic  genes  in  C1C12  pluripotent  stem  cells  have  also  been  found  to
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Table 3  Effects of various antimicrobial agents on adipogenic differentiation

Agent Ref. Cell / animal Effect Concentration

Antibiotics Isoniazid
[67]

3T3-L1 Inhibition 0.5-10 mmol/L
[67]

Adipose stem cells Inhibition 2 or 10 mmol/L

Streptomycin
[68]

BMSCs Inhibition 100 μg/mL

Spiramycin
[69]

3T3-L1 Inhibition 2.5-20 μmol/L

Salinomycin
[26]

BMSCs No effect 10 μmol/L

Geldanamycin
[70]

3T3-L1 Inhibition 0.001-1 μmol/L

Natural peptides Lactoferrin
[71]

MC3T3-G2/PA6 Inhibition 10-100 μg/mL
[72]

C1C12 Inhibition 0.1-10 μmol/L
[73]

Subcutaneous
preadipocytes

Promotion 10 μmol/L

Chinese traditional drug
extracts

Cordycepin
[74]

3T3-L1 Inhibition 10-100 μg/mL

Tanshinone IIA
[75]

3T3-L1 Inhibition 2.5-10 μmol/L
[76]

3T3-L1 Inhibition 1-10 μmol/L

Andrographolide
[77]

3T3-L1 Inhibition 1-5 μg/mL

Baicalin
[78]

3T3-L1 Inhibition 200 μmol/L
[79]

Atherosclerosis mice Inhibition 50 or 100 mg/kg

Oleuropein
[80]

BMSCs Inhibition 10 μmol/L
[81]

3T3-L1 Inhibition 0.1-100 μmol/L

Piperlonguminine
[82]

3T3-L1 Promotion 3-30 μmol/L

Hydroxytyrosol
[83]

BMSCs Promotion 1 or 100 mmol
[84]

Omental pre-adipocyte
cells

Inhibition 30 μg/mL

Shikonin
[85]

3T3-L1 Inhibition 0.5-2 μmol/L

Ursolic acid
[86]

3T3-L1 Inhibition 2.5-10 μmol/L

Alpinia officinarum
[87]

3T3-L1 Inhibition 150-400 μg/mL

Dioscin
[88]

3T3-L1 Inhibition 1-4 μmol/L

Methyl cinnamate
[89]

3T3-L1 Inhibition 12.5-100 μmol/L

Tetrandrine
[90]

3T3-L1 Inhibition 2.5-10 μmol/L

Honokiol
[91]

3T3-L1 No effect 1-10 μmol/L

Licochalcone A
[92]

3T3-L1 Inhibition 5 or 10 μmol/L

Antifungal drugs Trichostatin A
[51]

Periodontal ligament
cells

No effect 400 nmol/L

[93]
3T3-L1 Inhibition 500 nmol/L

Antiviral drugs Efavirenz
[94]

Pre-adipocytes Inhibition 0.5-4 μmol/L
[104]

SGBS pre-adipocytes Inhibition 0.1-5 μmol/L

Zidovudine
[95]

3T3-F442A Inhibition 6-50 μmol/L
[99]

3T3-F442A Inhibition 1-6 μmol/L

Stavudine
[95]

3T3-F442A Inhibition 3-75 μmol/L

Lamivudine
[95]

3T3-F442A Inhibition 8-200 μmol/L

Nelfinavir
[98]

3T3-L1 Inhibition 20 μmol/L

Efavirenz
[96]

Adipocyte precursor cells Inhibition 4 μmol/L
[97]

Adipocyte precursor cells Inhibition 2 or 4 μmol/L

Maraviroc
[96]

Adipocyte precursor cells No effect 0.1-4 μmol/L

Nevirapine
[97]

Adipocyte precursor cells Promotion 2 or 4 μmol/L

Darunavir
[100]

3T3-L1 Inhibition 0.1-25 μmol/L

Raltegravir
[101]

3T3-F442A Inhibition 1-50 μg/mL

Indinavir
[102]

3T3-L1 and 3T3-F442A Inhibition 10 or 20 μmol/L
[103]

3T3-F442A Inhibition 1-50 μg/mL

Elvitegravir
[104]

SGBS pre-adipocytes Inhibition 0.1-5 μmol/L

Antimalarials Amodiaquine
[105]

3T3-L1 Inhibition 0.1-10 μmol/L

Quinine
[106]

Preadipocytes Promotion 5-50 μmol/L

Artemisinic Acid
[107]

Adipose-derived stem
cells

Inhibition 50 or 200
μmol/L
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downregulate under the action of nipple proteins, and instead, the cells differentiate
into osteogenesis and cartilage[72]. However, studies have shown that lactoferrin at a
concentration of 10 μmol/L can promote the adipogenic activity of subcutaneous
preadipocytes,  and the associated adipogenic protein levels are also increased[73].
These results suggest that more research on the regulatory effect of lactoferrin on
adipogenic differentiation needs to be conducted.

Chinese traditional drug extracts
In Table 1, we list the Chinese traditional drug extracts that have been reported to
have antibacterial properties and can regulate osteogenic differentiation in recent
years.  Among  these  Chinese  traditional  drug  extracts,  cordycepin,  tanshinone,
andrographolide,  and  baicalin  have  also  been  reported  to  exhibit  the  ability  to
regulate  adipogenic  differentiation[74-79].  In  addition,  other  Chinese  traditional
medicines that have antimicrobial effects and have the opportunity to play a role in
clinical infectious diseases have also been reported to regulate adipogenesis[80-92]. We
summarize the regulation mediated by these Chinese traditional drug extracts on
adipogenic differentiation in Table 3.

Antifungal drugs, antiviral drugs, and antimalarials
The promotion of TSA for osteogenic differentiation and inhibition of chondrogenic
differentiation have been mentioned earlier in this paper. In a study of its effects on
adipogenic differentiation, TSA at a concentration of 400 nmol/L did not promote
differentiation of HPDLCs into adipogenic phase[51]. In another study, the researchers
concluded  that  TSA at  a  concentration  of  500  nmol/L  inhibited  the  adipogenic
differentiation activity of 3T3-L1 cells by inhibiting the activity of histone deace-
tylase[93].

Viruses and malarial parasites are not common pathogenic microorganisms of bone
and  joint  infections.  However,  due  to  the  particularity  of  the  mechanism  of
pharmacological action, its related therapeutic drugs may have a significant impact on
fat metabolism. We summarize the antiviral and antimalarial drugs that have been
reported to regulate adipogenesis in recent years and list them in Table 3[94-107].

CONCLUSION
In order to achieve better results via the antimicrobial drug treatment of bone and
joint  infections,  we  should  pay  attention  to  the  elimination  of  pathogenic  mic-
roorganisms using various antimicrobial drugs while also taking into account the
effects of these drugs on local tissue repair. Bone marrow-derived MSCs are used as
core cells for the renewal and repair of local bone, cartilage, and medullary adipose
tissue.  The  regulation of  multiple  differentiation potentials  of  MSCs by various
antimicrobial agents affects recovery from bone and joint infectious diseases. In the
course of clinical drug treatment, only by understanding the effects of antibacterial
drugs on the osteogenic, cartilage, and adipogenic differentiation of bone marrow-
derived MSCs and rationally selecting the antimicrobial drugs that are most beneficial
for controlling infection as well as repairing local tissue according to the pathogens
and infection sites involved, can effective treatment against infection with minimum
damage to local tissue be achieved.
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