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Highlights
●●	 Isopropoxy benzene guanidine (IBG) kills a wide range of enterococci.
●●	 IBG disrupts bacterial cell membranes.
●●	 IBG cures skin infections caused by enterococci.

Abstract
The emergence of antibiotic resistance represents a significant threat to human health.  Human activities have accelerated 
the development of antibiotic resistance, underscoring the urgent need to develop novel antibiotics in addressing the 
challenge of antibiotic-resistant bacteria.  Isopropoxy benzene guanidine (IBG) is a substituted benzyl guanidine derivative 
with good antibacterial activity against enterococci.  In this study, the antibacterial activity of IBG against enterococci 
derived from dogs, cats, and pigs was evaluated (with a minimal inhibitory concentration range of 1–16 μg mL–1) and the 
epidemiological cut-off values (ECOFFs) were determined using ECOFFinder.  The ECOFFs for Enterococcus faecalis and 
Enterococcus faecium were both 16 μg mL–1.  The drug resistance development results showed that IBG has a low bacterial 
resistance risk.  The antibacterial mechanism studies showed that IBG disrupts bacterial cell membranes by interacting 
with phosphatidylglycerol or cardiolipin.  IBG inhibits the formation of E.  faecalis biofilms, but it cannot eradicate them.  
The results of the Galleria mellonella larvae infection model and mouse dermal infection model suggested that IBG has 
therapeutic effects on enterococcal infections in vivo.  In conclusion, IBG appears to be a good candidate for the treatment 
of enterococcal infections.  
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1. Introduction
Enterococcus spp. are prevalent bacteria in the intestinal 
flora of humans and animals.  Some Enterococcus strains 
without transferable antibiotic resistance and virulence 
genes can be used as probiotics to improve the balance of 
the gastrointestinal microbiota in animals.  However, with an 
imbalance in the symbiotic state between the host and the 
enterococci, some enterococci from the normal intestinal tract 
may enter other tissues and organs and cause infections 
(Agudelo Higuita and Huycke 2014).  Enterococci play a 
decisive role in mixed infections with multiple microorganisms.  

They can promote multiple microbial infections that lead 
to more complex pathogenesis and poorer prognosis, 
which reduces the efficacy of antibiotics by promoting 
the colonization, proliferation, and persistence of multiple 
pathogenic organisms, thereby posing a serious threat 
to human health (Xu et al. 2024).  In China, the rate of 
vancomycin resistance in Enterococcus faecium was 1.7% 
in 2022, representing a 0.5% increase relative to 2021.  
Enterococcus faecalis resistance remained at 0.2% (CARSS 
2023).  In 2022, the average rate of resistance to vancomycin 
among E.  faecium isolates in EU countries also showed an 
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increasing trend year on year, from 16.2% in 2018 to 17.6% 
in 2022 (ECFDP 2023).

Antibiotic resistance has become a global concern and 
major public health challenge, and the development of 
new antibiotics is essential for addressing this challenge 
(Laxminarayan et al. 2013; Jesudason 2024).  Guanidine-
containing compounds have antibacterial, antifungal, 
antitumor, and antiviral activities (Wang et al. 2014; Pasero 
et al. 2018; Ciarlantini et al. 2021; Liang et al. 2021).  These 
compounds can exert their bactericidal effect by altering 
cell membrane permeability and targeting phospholipids, 
thereby disrupting the cytoplasmatic membrane (Gomes 
et al. 2023).  Robenidine is an anticoccidial agent used to 
prevent chicken coccidiosis (Kantor et al. 1970).  Studies 
have subsequently demonstrated that these compounds 
exhibit antibacterial activity, both in their native form and in 
their derivatives (Abraham et al. 2016; Ogunniyi et al. 2017).  
Isopropoxy benzene guanidine (IBG) belongs to the group of 
substituted benzyl guanidine derivatives, and it has a structure 
very similar to robenidine.  In vitro and in vivo studies on the 
effective antibacterial activity of IBG against Gram-negative 
(Riemerella anatipestifer) and Gram-positive (Staphylococcus 
aureus, Streptococcus suis, and Clostridium perfringens) 
bacteria have been reported (Zhang et al. 2021; Lu et al. 
2022, 2024; Han et al. 2023).  IBG can also be employed as 
an antibacterial synergist.  In R. anatipestifer, the combination 
of IBG and gentamicin is synergistic (Lu et al. 2024).  In 
S. aureus, IBG is synergistic with kanamycin (Li et al. 2023).  
In Escherichia coli and Salmonella, IBG was also found to 
be synergistic with colistin (Kong et al. 2022; Li et al. 2023).  
The main metabolic pathway of IBG in rat liver microsomes is 
hydroxylation, which generates seven metabolites (Lu et al. 
2023).  IBG has an acceptable safety profile with an oral LD50 
of about 1,800 mg kg–1 in rats.  A sperm deformity test in mice 
showed that IBG does not have reproductive genotoxicity in 
mice, and the results of a teratogenicity test in rats showed 
that IBG is not embryotoxic or teratogenic in rats (Peng 2019).  

Previous studies suggested that IBG also has antibacterial 
activity against E.  faecalis and E.  faecium (Zhang et al. 
2019).  In this study, the activity of IBG against enterococci 
was further tested, and the time-killing curves of IBG against 
E.  faecalis and E.  faecium were plotted.  ECOFFinder was 
used to establish the epidemiological cut-off values (ECOFFs) 
of IBG against E. faecalis and E. faecium.  Using fluorogenic 
probes, the alterations in bacterial physiology after the 
impact of IBG on enterococci were further elucidated, thereby 
providing further insight into the disruptive effects of IBG on 
the membrane.  The influence of membrane phospholipid 
components on the minimal inhibitory concentration (MIC) 
of IBG was further investigated through exogenous addition.  
These findings suggested that IBG exerts bactericidal activity 
against enterococci by rupturing the bacterial cell membrane 
through its interaction with phosphatidylglycerol (PG) or 
cardiolipin (CL).  The effectiveness of commonly used 
antibiotics in combination with IBG was evaluated to expand 
the scope of IBG applications.  The impact of IBG on biofilm 
formation in E.  faecalis was investigated.  In addition, the in 
vivo antibacterial activity of IBG was evaluated using Galleria 
mellonella larvae and mouse dermal infection models.

2. Materials and methods
2.1. Materials
A total of 565 enterococcal strains were used in this 
study, including E.  faecalis ATCC29212 and E.  faecium 
ATCC19434.  Both brain heart infusion (BHI) broth and agar 
and Mueller-Hinton (MH) broth and agar were used for the 
culture of enterococci.  IBG (98%) were synthesized by 
Guangzhou Insighter Biotechnology (Guangzhou, China).  
PG, CL, and phosphatidylethanolamine (PE) were purchased 
from Sigma-Aldrich (Saint Louis, Missouri, USA).  Crystal 
violet solution, florfenicol (FFC), rifampicin (RIF), enrofloxacin 
(ENR), linezolid (LZD), tedizolid (TZD), doxycycline (DOX), 
gentamicin (GEN), erythromycin (ERY), clindamycin (CLI), 
vancomycin (VAN), ceftiofur (CEF), penicillin (PEN), and 
amoxicillin (AMO) were purchased from Yuan Ye (Shanghai, 
China).  Propidium iodide (PI), the BCECF-AM fluorescent 
probe, ROS Assay Kit, and BCA Protein Assay Kit were 
purchased from Beyotime (Shanghai, China), and DiSC3(5) 
was obtained from MedChemExpress (MCE; Monmouth 
Junction, New Jersey, USA).

2.2. Determination of the MIC
According to the Clinical and Laboratory Standards Institute 
Guidelines (Clinical and Laboratory Standards Institute 
2020), the agar dilution method was used to determine the 
MICs of antibiotics (including IBG) against enterococci.  After 
incubation at 37°C for 16–18 h, the MIC values of antibiotics 
that inhibit bacterial growth were observed and recorded.  
The quality control strain was E. faecalis ATCC29212.

2.3. Establishment of ECOFFs for IBG by E.  faecalis 
and E. faecium
ECOFFs were determined using ECOFFinder, and the 
ECOFFs with confidence intervals of 95% were taken 
(Turnidge et al. 2006).  The ECOFF represents the upper limit 
of the range of MIC values for wild-type strains.  Therefore, 
strains with MIC values less than or equal to this ECOFF 
are classified as wild-type strains, while strains with MIC 
values greater than this ECOFF are considered non-wild-type 
strains.  The resistance rate is the proportion of the number 
of non-wild-type strains to the total number of strains tested.  

2.4. Time-killing curves
The time-killing curves of IBG against E.  faecalis and 
E. faecium were determined.  Overnight cultures of enterococci 
were diluted at a ratio of 1:100 and treated with 0–16 μg mL–1 
IBG. The colony counts were obtained by continuous dilution 
and plate counting.

2.5. Assay for the inhibition and eradication of biofilms
A diluted bacterial solution was added to IBG, and the final 
concentration of IBG was 0–2 μg mL–1.  After incubation 
at 37°C for 24 h, the culture was discarded, and the well 
was washed with phosphate buffered saline (PBS) three 
times and dried, stained with 0.1% crystal violet solution 
for 15 min, and then washed with water three times.  After 
drying at 60°C for 15 min, 50 μL of anhydrous ethanol was 
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added to each well to fully dissolve the crystal violet, and 
the optical density (OD) value was measured at 595 nm.  
Similarly, the steps for the biofilm eradication assay were as 
follows.  First, 200 μL of bacterial suspension was added to 
each well of a 96-well plate and incubated at 37°C for 48 h.  
Then, the culture was discarded, the residue was washed 
with PBS three times, then BHI broth containing a final 
concentration of 40–120 μg mL–1 IBG was added and the 
solution was incubated for 12 h.  Biofilms were also detected 
by the crystal violet staining method.  One-way ANOVA was 
used for the statistical analysis (*, P<0.05; **, P<0.01; ***, 
P<0.001).

2.6. Drug resistance development
The potential of E.  faecalis and E.  faecium to develop drug 
resistance to IBG was assessed as previously described (Lu 
et al. 2024), with the exception that MH broth was used as 
the culture medium in this study.

2.7. Antibacterial mechanism
Membrane depolarization assay  Changes in membrane 
potential (ΔΨ) were detected using a DiSC3(5) fluorescent 
probe.  The bacterial solution was washed with buffer A 
(5 mmol L–1 HEPES and 20 mmol L–1 glucose) and then 
the OD600 nm was adjusted to 0.5 with buffer B (5 mmol L–1 
HEPES, 20 mmol L–1 glucose, and 100 mmol L–1 KCl).  The 
probe was added and the solution was incubated for 30 min 
at 37°C while shielded from light.  The bacterial solution and 
IBG were added to the black 96-well plate to give final IBG 
concentrations in the range of 0–32 μg mL–1.  The change 
in fluorescence intensity was monitored over 1 h using a 
multimode microplate reader, with an excitation wavelength of 
622 nm and an emission wavelength of 670 nm.
ΔpH assay  Intracellular pH was determined using the 
BCECF-AM fluorescent probe as previously described (Han 
et al. 2023).  The bacterial solution was washed with PBS and 
the OD600 nm was adjusted to 0.5.  After adding the probe, the 
solution was incubated at 37°C in the dark for 30 min.  The 
bacterial solution and IBG were added to a black 96-well plate 
with final IBG concentrations in the range of 0–32 μg mL–1.  
Following an incubation period of 1 h at 37°C, the fluorescence 
intensity was quantified using an excitation wavelength of 
488 nm and an emission wavelength of 535 nm.
Membrane permeability assay  Membrane permeability was 
assessed using a PI fluorescent probe based on a previously 
described method (Han et al. 2023).  The bacterial solution was 
washed with PBS and the OD600 nm was adjusted to 0.5.  The 
probe was added followed by incubation in the dark at 37°C for 
30 min.  The bacterial solution and IBG were added to a black 
96-well plate, achieving final IBG concentrations in the range 
of 0–32 μg mL–1.  Subsequently, the fluorescence intensity 
was quantified following a one-hour static incubation at 37°C 
(excitation wavelength: 535 nm, emission wavelength: 615 nm).
ROS determination  The intracellular detection of ROS 
was achieved using a ROS Assay Kit (Beyotime, Shanghai, 
China).  After washing the bacterial solution with PBS, the 
OD600 nm was adjusted to 0.5.  The DCFH-DA probe was 
added followed by incubation for 30 min at 37°C in the dark.  

The bacterial solution containing the probe was subjected 
to a further washing step with PBS to remove any residual 
probe.  Then the bacterial solution and IBG were added to a 
black 96-well plate, with final IBG concentrations in the range 
of 0–32 μg mL–1.  Changes in fluorescence intensity were 
monitored over 2 h.  The excitation and emission wavelengths 
were 488 and 525 nm, respectively.
Intracellular content leakage  The leakage of intracellular 
contents was detected at OD260 nm (Huang et  al. 2023).  
IBG was added to the PBS suspensions of E.  faecalis 
and E.  faecium to give final concentrations in the range of 
0–32 μg mL–1.  The mixture was incubated at 37°C for 2 h 
followed by centrifugation at 3,500 r min-1 for 5 min.  The 
supernatant was aspirated and the leakage of intracellular 
DNA was detected at 260 nm.  The protein concentration was 
measured using the BCA Protein Concentration Assay Kit 
(Beyotime, Shanghai, China).  After centrifugation, 20 μL of 
the supernatant was combined with 200 μL of BCA reagent 
and incubated at 37°C for 30 min.  The OD value was then 
measured at 562 nm.
Data analysis  The above experiments were tested for 
significant differences using one-way ANOVA. 
Antibacterial activity of the exogenous additives  The 
effects of PG, CL, and PE on the activity of IBG against 
E. faecalis and E. faecium were evaluated by a checkerboard 
broth dilution assay.

2.8. Antibacterial combination susceptibility testing
The synergistic effects of combining IBG with different 
antibiotics were determined using the checkerboard broth 
dilution method, and the specific experimental method and 
calculation of FICI were conducted according to a previous 
study (Kong et al. 2022).  The mechanisms of action of 
these antibiotics include effects on nucleic acid synthesis 
(enrofloxacin), cell wall synthesis (ceftiofur, penicillin, 
amoxicillin, and vancomycin), and protein synthesis (linezolid, 
tedizolid, doxycycline, gentamicin, erythromycin, florfenicol, 
and clindamycin).

2.9. Galleria mellonella larvae model with infection by 
E. faecalis and E. faecium
After overnight culture in BHI broth, the bacteria were collected 
by centrifugation, washed twice with PBS, and adjusted to 
the appropriate bacterial density (1.9×108 CFU mL–1).  The 
different forelimbs of G. mellonella larvae were injected 
with 10 μL of bacterial solution and a drug solution using a 
0.3 mL insulin syringe (Thieme et al. 2020).  The positive 
control group was only injected with bacterial solution, and 
the negative control group was only injected with PBS. The 
experimental larvae were divided into three groups, and 
each treatment group contained 10 G. mellonella larvae.  
The G. mellonella larvae were incubated at 37°C for 5 d, 
and the number of daily G. mellonella larval deaths was 
recorded.  Origin software was used to analyze the data, 
and the Kaplan-Meier survival curve was used to draw the 
survival map.  Statistical analysis was performed using the 
Mantel-Cox test to compare the survival curves between the 
PBS control group and each treatment group (*, P<0.05).
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2.10. Mouse model of dermal infection with E. faecalis 
or E. faecium
Five-wk-old SPF-grade male ICR mice weighing approximately  
22 g were acclimatized and fed for 4 d in a negative-pressure 
animal room.  Adequate food and drinking water were 
provided throughout the trial period.  Mice were weighed and 
randomly divided into six groups: Control (wound without 
bacterial infection), PBS, IBG-16, IBG-32, IBG-64, and 
VAN-32.  The backs of the mice were shaved and depilated 
separately using a razor and depilatory cream.  After local 
anesthesia with lidocaine hydrochloride drops on the back, 
skin incisions were made using a 6  mm diameter skin 
remover and surgical scissors.  All groups except the Control 
group were infected with the bacterial solution.  After 1 d, the 
remaining groups, except for the Control group, were treated 
with PBS, IBG, or VAN.  The treatments were carried out for 
10 d (20 μL once a day) and changes in body weight and 
wound area were recorded.  After the euthanasia of the mice, 
skin tissue was taken for bacterial collection, and skin slices 
were made for hematoxylin and eosin (H&E) staining.  

3. Results
3.1. Antibacterial activity of IBG against Enterococcus 
spp.
The chemical structure and morphology of IBG are shown in 
Fig. 1-A.  IBG exhibits excellent antibacterial activity against 
nine species of enterococci, including E.  faecium, with an 
MIC50 of 4 μg mL–1 (Table 1).  The distribution of IBG MIC 
values for E.  faecalis and E.  faecium from different animal 
sources varied (Fig. 1-B and C).  The distribution of IBG 
MIC values for E.  faecalis and E.  faecium isolated from pigs 
and cats ranged from 4 to 8 μg mL–1 and 1 to 16 μg mL–1, 
respectively.  The MIC values of dog-derived E.  faecium 
were distributed in the range of 2–8 μg mL–1, while those of 
E. faecalis for IBG were in the range of 1–16 μg mL–1.  

3.2. ECOFFs and resistance rate
A histogram of the distribution of the raw MIC data and a trend 
line (circle) was plotted by inputting the data into ECOFFinder.  
The cumulative distribution was fitted using non-linear 
regression analysis, resulting in a fitted curve (diamond), 
and the fitted curve showed a typical single-peaked 
distribution.  The ECOFF value for IBG was 16 μg mL–1 

for both E.  faecalis (Fig. 1-D) and E.  faecium (Fig. 1-E) at 
a 95% confidence level.  The resistance rate of IBG in the 
isolated enterococci was calculated to be zero.

3.3. Evaluation of bactericidal kinetics
To further validate the bactericidal properties of IBG against 
E.  faecalis and E.  faecium, time-killing kinetic assays were 
performed at different concentrations (Fig. 1-G-L).  In the 
presence of 4×MIC IBG, the number of E.  faecalis colonies 
was reduced by approximately 5.7–7.7 logarithmic values 
in 8–10 h, and E.  faecium was reduced by approximately 
4.6–6.7 logarithmic values in 12 h compared to the control 
group.  However, higher concentrations of IBG were required 
to completely kill the bacteria.

3.4. Inhibition of E. faecalis biofilms
Enterococci can form biofilms to help them survive in extreme 
environments and participate in persistent bacterial infections.  
Enterococcus faecalis is more likely to produce biofilms 
than E.  faecium.  Co-culture of bacteria with sub-inhibitory 
concentrations of IBG showed that IBG can inhibit biofilm 
formation in E. faecalis ATCC29212 and GD22P70 (Fig. 1-F).

3.5. Antibacterial mechanism of IBG against E. faecalis 
and E. faecium
In both E .   faecal is  and E .   faecium ,  the membrane 
depolarization assay results showed the fluorescence 
intensity was significantly greater in the treated group 
than the untreated group (Fig. 2-A and B).  The higher the 
concentration of IBG, the stronger the fluorescence intensity 
of DiSC3(5) and the higher the degree of induced cell 
membrane depolarization.  Meanwhile, the results of the 
ΔpH assay demonstrated that all fluorescence intensities 
tended to decrease with an increasing drug concentration, 
indicating a reduction in intracellular pH (Fig. 2-C and D).  
Moreover, the data show that an elevated concentration 
of IBG resulted in a more pronounced disruption of the 
cell membrane, accompanied by a notable  increase in the 
fluorescence intensity of PI (Fig. 2-E and F).  Furthermore, 
the addition of IBG caused the bacteria to produce more ROS 
(Fig. 2-G and H) and resulted in the leakage of intracellular 
contents, including protein (Fig. 2-I-L).  These results suggest 
that disruption of the bacterial cell membrane is followed 
by greater ROS production and the leakage of intracellular 
contents, which in turn accelerates bacterial death.  More 
detailed results of the significance analyses are provided in 
Appendix A.

To further illustrate the membrane-targeting mechanism 
of IBG, the impact of several additives on the antibacterial 
activity of IBG was examined by the exogenous addition 
of PG, PE, and CL.  The addition of PG at a concentration 
greater than or equal to 16 μg mL–1 resulted in a more than 
8-fold increase in the MIC of E. faecium ATCC19434 for IBG.  
Similarly, the addition of CL at a concentration greater than 
or equal to 64 μg mL–1 resulted in a significant increase in the 
MIC of E.  faecalis ATCC29212 for IBG, with an increase of 
more than 8-fold observed (Table 2).  These results indicated 
that the damaging effect of IBG on bacterial cell membranes 
may be attributed to its interaction with either PG or CL.

3.6. Combined antibiotic sensitivity results
The fractional inhibitory concentration (FIC) values of IBG in 
combination with the selected antibiotics were greater than 
0.5 but less than or equal to 2, indicating that the combination 
effects were either additive or neutral.  Antibiotics with 
synergistic anti-enterococcal effects in combination with 
IBG were not found in this study.  The combination results 
indicated that E.  faecalis favors an additive effect, whereas 
E.  faecium favors a neutral effect (Fig. 3-A).  Notably, the 
probability of an additive effect was higher when IBG was 
combined with antibiotics that act on cell wall-related issues 
(Fig. 3-B and C).
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3.7. IBG significantly improved the survival of entero-
cocci-infected G. mellonella larvae 
IBG at a concentration of 32 μg mL–1 significantly increased 
the survival rate of larvae infected by optrA-positive and 
negative E.  faecalis and E.  faecium (P<0.05) (Fig. 3-D-G).   
Therefore, IBG exerts anti-E. faecalis and E. faecium activities 

in treating infections caused by oxazolidinone-resistant 
bacteria.

3.8. Therapeutic efficacy of IBG in the mouse dermal 
infection model
The wound area gradually decreased in all groups over 
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time (Fig. 4-A and C).  By d 10, the relative wound areas 
were significantly different from that of PBS in all groups 
except for the IBG-16 group (Fig. 4-D).  H&E staining 
showed localized thickening of the stratum corneum and 
epidermis of the skin tissue in all groups except the Control 
group, and hemorrhagic foci were seen in the PBS group 
(Fig. 4-B).  Bacteria colony counting results showed that IBG 
at concentrations of 16, 32, and 64 μg mL–1 significantly killed 
bacteria at the wound site, and IBG was more effective than 
vancomycin at a concentration of 32 μg mL–1 (Fig. 4-E).  The 
relative body weight curves demonstrated no significantly 
negative impact on the growth of mice (Fig. 4-F).  IBG 
also had a therapeutic effect on skin infections caused by 
E. faecium, since the relative wound areas of both the IBG-16  
and IBG-64 groups were significantly different from those of 
the PBS group on d 10 (P<0.05) (Fig. 5-A, C and D).  The 
results of the H&E staining demonstrated the presence of 
conspicuous hemorrhagic foci in all groups, except for the 
Control and IBG-64 groups.  In addition, all experimental 
groups showed localized epidermal thickening (Fig. 5-B).  
Bacterial enumeration results showed that vancomycin at a 
concentration of 32 μg mL–1 was not as bactericidal as IBG at 
the same concentration (Fig. 5-E).  Similarly, neither IBG nor 
vancomycin impacted the growth of the mice (Fig. 5-F).

4. Discussion
The ECOFFs for IBG of E.  faecalis and E.  faecium were 
established in this study.  The establishment of ECOFF 
values lays the foundation for future monitoring of antibiotic 
resistance, screening of resistant strains, and research on the 
mechanism of antibiotic resistance.  The calculated resistance 
rate can roughly reflect the degree of susceptibility of the 
enterococci to IBG.  The results showed that all isolated 
enterococcal strains are sensitive to IBG, suggesting that the 
antibacterial activity of IBG against enterococci is strong.  

4.1. IBG reduces the formation of E. faecalis biofilm
Biofilms are groups of cells growing on a surface that are 
surrounded by a polymeric substance matrix, including 
polysaccharides, proteins, lipids, and extracellular DNA 
(Flemming and Wingender 2010).  Bacteria are more 
resistant to antibiotics and host immune responses when 
protected by a biofilm, and the transmission of genetic 
material through contact is enhanced (Conwell et al. 2022).  

One study analyzed transcriptome differences related to the 
differences in growth between E. faecium in its planktonic and 
biofilm phases and showed that biofilms may be conducive 
to horizontal gene transfer (Lim et al. 2017).  However, the 
reports of pharmacological small molecules that have both 
good anti-enterococcal activity (low MIC values) and the 
ability to inhibit biofilm formation are limited.  Solithromycin is 
a new fourth-generation macrolide antibiotic with MIC values 
less than or equal to 4 and 8 μg mL–1 against E.  faecalis 
and E.  faecium, respectively.  This antibiotic inhibited the 
formation of E. faecalis biofilm but did not eradicate it (Wang 
et al. 2021).  Telithromycin is a semi-synthetic derivative of 
erythromycin that has been approved by the US Food and 
Drug Administration (FDA) for the treatment of community-
acquired pneumonia (CAP), acute exacerbation of chronic 
bronchitis (AECB) and acute maxillary sinusitis (AMS) in 
adults (Nguyen and Chung 2005).  The MIC50 values of 
telithromycin against E.  faecalis and E.  faecium were 2 
and 4 μg mL–1, respectively, and the MIC90 was 8 μg mL–1.  
Subinhibitory concentrations of telithromycin could also inhibit 
E.  faecalis biofilm formation, whereas, in combination with 
ampicillin, it reduced but did not eradicate mature biofilms 
(Xiong et al. 2021).  In this study, IBG could inhibit biofilm 
formation in E.  faecalis, but it was unable to effectively 
eradicate established biofilms.  IBG inhibited early biofilm 
formation, but more detailed experiments with more strains 
are still needed to further explore the mechanism.

4.2. Induction of IBG resistance in bacteria is difficult
The assessment of antibiotic resistance is an important issue 
in the design and development of new antibiotics.  In this 
study, the trend of E.  faecalis and E.  faecium resistance to 
IBG was tested, and no resistance developed in 28 days of 
induction.  Previous studies have also evaluated the trend of 
IBG resistance in R. anatipestifer, S. aureus, and S. suis.  No 
stable IBG-resistant strains were obtained in any of the 28-d 
resistance induction experiments.  In contrast, studies on the 
induction of resistance to ciprofloxacin produced resistant 
strains with 256-fold, 512-fold, and 1,024-fold higher MICs for 
ciprofloxacin against R. anatipestifer, S. aureus, and S. suis, 
respectively (Han et al. 2023; Li et al. 2023; Lu et al. 2024).  
This characteristic of difficult resistance induction may be 
related to the rapid destruction of bacterial cell membranes 
by the antibiotic (Raheem and Straus 2019).

Table 1  Distribution of minimal inhibitory concentration (MIC) values and their MIC50 and MIC90 levels for isopropoxy benzene 
guanidine (IBG) in enterococci

Species Number of
strains

MIC (μg mL–1)1) MIC50 
(μg mL–1)

MIC90 
(μg mL–1)1 2 4 8 16

Enterococcus faecalis 302 0 (0.0) 16 (5.3) 66 (21.9) 165 (54.6) 55 (18.2) 8 16
E. faecium 208 1 (0.5) 23 (11.1) 81 (38.9) 130 (48.1) 3 (1.4) 4 8
E. hirae 31 0 (0.0) 0 (0.0) 0 (0.0)  31 (100.0) 0 (0.0) 8 8
E. durans 8 0 (0.0) 0 (0.0) 0 (0.0) 8 (100.0) 0 (0.0) 8 8
E. canis 4 0 (0.0) 0 (0.0) 0 (0.0) 4 (100.0) 0 (0.0) 8 8
E. thailandicus 3 0 (0.0) 0 (0.0) 0 (0.0) 3 (100.0) 0 (0.0) 8 8
E. avium 3 0 (0.0) 0 (0.0) 0 (0.0) 3 (100.0) 0 (0.0) 8 8
E. gallinarum 2 0 (0.0) 0 (0.0) 0 (0.0) 2 (100.0) 0 (0.0) 8 8
E. mundtii 2 0 (0.0) 0 (0.0) 0 (0.0) 2 (100.0) 0 (0.0) 8 8
1) N (%): N, number of strains; %, percentage of strains in each category relative to the total.
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4.3. IBG destroys cell membranes to kill bacteria
The bacterial proton motive force (PMF) is an energy pathway 
located in the bacterial membrane.  It regulates several 

biological processes, including ATP synthesis, the active 
transport of molecules, and the rotation of the bacterial flagella 
(Yang et al. 2023).  The two components of the PMF are 
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Table 2  Fold change in the minimal inhibitory concentrations (MICs) of isopropoxy benzene guanidine (IBG) by the exogenous 
addition of different phospholipid components

PE 
(μg mL–1)

Enterococcus 
faecalis E. faecium PG 

(μg mL–1) E. faecalis E. faecium CL 
(μg mL–1)

E. faecalis E. faecium

ATCC29212 ATCC19434 ATCC29212 ATCC19434 ATCC29212 ATCC19434
0 1 1 0 1 1 0 1 1
2 1 1 2 1 1 2 1 1
4 1 1 4 1 1 4 1 1
8 1 1 8 1 1 8 2 1
16 1 1 16 2 >8 16 2 2
32 1 1 32 2 >8 32 4 2
64 1 1 64 4 >8 64 >8 4
128 1 1 128 4 >8 128 >8 >8

Fig. 3  Results of the checkerboard and survival rate of Galleria mellonella larvae.  A, results of isopropoxy benzene guanidine (IBG) 
in combination with commonly used antibiotics in Enterococcus faecalis and E. faecium.  A stock solution of the antibiotic at a higher 
concentration could not be formulated.  Combined antibiotic sensitivity tests could not be performed for these antibiotics (i.e., penicillin 
(PEN), erythromycin (ERY), gentamicin (GEN), ceftiofur (CEF), and clindamycin (CLI) for isolated E. faecium strains and erythromycin 
(ERY), doxycycline (DOX), ceftiofur (CEF), and CLI for isolated E.  faecalis strains).  B and C, proportional effects of antibiotics when 
combined with IBG in E. faecalis and E. faecium, respectively.  D and E, effects of IBG treatment on the survival of G. mellonella larvae 
infected with optrA-positive E. faecalis GD22P43 and optrA-negative E. faecalis GD22P70.  F and G, effects of IBG treatment on the 
survival of G. mellonella larvae infected with optrA-positive E. faecium GD23P5 and optrA-negative E. faecium GD22P182.
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the electrical potential (ΔΨ) and the transmembrane proton 
gradient (ΔpH) (Chen and Lo 2016).  In recent years, many 
reports have indicated that PMF represents a potential target 
for antibacterial action.  We found that IBG can depolarize 
the bacterial cell membrane and increase cell membrane 
permeability in E.  faecalis and E.  faecium, which are similar 
to previous results in R. anatipestifer, S. aureus, and S. suis 
(Han et al. 2023; Li et al. 2023; Lu et al. 2024).  The detection 
of intracellular ROS showed that IBG induced ROS production.  
Meanwhile, membrane disruption caused intracellular content 
leakage, ultimately leading to bacterial death.  PG, CL, and 
PE are three major classes of phospholipids in bacterial cell 
membranes (Foss et al. 2011).  The main phospholipid species 
in Gram-positive bacteria are PG and CL (Epand and Epand 
2009), but their relative composition  varies from species to 
species (Joyce and Doran 2023).  The relative contents of 
membrane phospholipids in bacteria are not static and change 
in response to various environmental conditions.  Modifications 
in phospholipid composition have been shown to influence 
several crucial cellular processes, including metabolism, stress 
responses, antibiotic resistance, and virulence (Kuhn et al. 

2015).  The addition of PG and CL had significant effects on 
the anti-E. faecalis and anti-E. faecium activities of IBG, which 
was similar to the results for R. anatipestifer and S. aureus.  
In addition, molecular docking results showed that IBG has 
a high affinity for phosphatidylglycerol phosphate synthase 
PgsA. The high affinity of PG for IBG has been verified by 
circular dichroism spectroscopy (Li et al. 2023; Lu et al. 
2024).  In recent years, phospholipids have also been reported 
as antibacterial targets that include small lysine chalcone 
peptide mimics, coumarin-modified ruthenium complexes, and 
isoxanthohumol-amine conjugates (Shen et al. 2022; Huang 
et al. 2023; Yang et al. 2024).  These findings suggest that 
phospholipids in bacterial cell membranes are highly effective 
as antibacterial drug targets.

4.4. Therapeutic effects of IBG in vivo
Galleria mellonella is a suitable model host for studying the 
efficacy of antibacterial drugs against a range of pathogenic 
bacteria and may be a viable alternative to traditional 
mammalian in vivo systems (Lebreton et  al. 2012).  The 
G.  mellonella larval model of enterococcal infection is a 
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Fig. 4  Efficacy of isopropoxy benzene guanidine (IBG) in a mouse dermal infection model with Enterococcus faecalis.  OptrA-
positive E. faecalis GD22P43 suspension (10 μL, 4.4×1011 CFU mL–1) was added to the wound for infection.  The MICs of strain GD22P43 
for IBG and vancomycin were 4 and 2 μg mL–1, respectively.  A, photographs of the wound site.  B, H&E staining images of the skin after 
the treatments.  C, changes in relative wound area from d 0 to d 10 in each group of mice.  D, comparison of relative wound areas on d 10  
in different groups of mice.  E, number of bacteria collected in the wounds of different groups on d 10.  F, changes in the body weight of 
mice after different treatments.  Statistical analysis was performed using one-way ANOVA (*, P<0.05; **, P<0.01; ***, P<0.001).
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widely applied model for testing the in vivo efficacy of new 
antibacterial drugs, such as microbisporicin (Hofkens et al. 
2024), and it is also used to assess the synergistic effects 
of antibacterial drugs in vivo, such as ampicillin/ceftriaxone 
(Thieme et al. 2020).  This study confirmed that IBG is effective 
in treating G. mellonella infections caused by enterococci.

Gram-positive bacteria, including Staphylococcus 
pseudintermedius, S.  aureus, Streptococcus spp., and 
Enterococcus spp., could be isolated from samples of skin/
soft tissue/ear infections in dogs.  Enterococcus spp. strains 
were isolated from approximately 5% (71/1409) of these 
samples (de Jong et al. 2020).  The most common strain of 
enterococci isolated from dogs with chronic otitis externa was 
E.  faecalis (48.7%), followed by E.  faecium (21.7%) (Kwon 
et al. 2022).  To investigate the therapeutic effect of IBG 
in vivo, a mouse dermal infection model was established.  
The results showed that IBG was effective in treating skin 
infections caused by either E.  faecalis or E.  faecium and 
promoted wound healing.  To enhance the therapeutic efficacy 
of IBG, the dosage and number of administrations can be 
adjusted or the medication can be formulated into more 
targeted topical preparations, such as creams and sprays.

5. Conclusion
IBG has excellent bactericidal activity both in vivo and in vitro,  
and its bactericidal mechanism is closely related to rapid 
rupture of the membrane.  Further modification and 
development of IBG will be beneficial for the treatment of 
infections with multi-drug-resistant enterococci.
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Fig. 5  Efficacy of isopropoxy benzene guanidine (IBG) in a mouse dermal infection model with Enterococcus faecium.  OptrA-positive 
E. faecium GD23P5 suspension (10 μL, 2.6×1011 CFU mL–1) was added to the wound for infection.  The minimal inhibitory concentrations 
(MICs) of strain GD23P5 for IBG and vancomycin were both 2 μg mL–1.  A, photographs of the wound site.  B, results of H&E staining of 
the skin after treatments.  C, changes in relative wound area from d 0 to d 10 for each group of mice.  D, comparison of the relative wound 
areas of mice in each group on d 10.  E, number of bacteria collected from the wounds of different groups on d 10.  F, impact of various 
treatments on the body weight of mice.  Statistical analysis was performed using one-way ANOVA (*, P<0.05; ***, P<0.001).
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Ethical approval
All animal experiments were performed with protocols 
approved by the Laboratory Animal Center of South China 
Agricultural University (2024C036).

Appendix associated with this paper is available at  
https://doi.org/10.1016/j.jia.2024.12.026
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