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A B S T R A C T

Intracellular bacterial survival is widely studied in host-microbiome interactions. The antibiotic protection assay 
is often used to quantify intracellular bacteria. This method uses gentamicin to kill extracellular bacteria, where 
the bacteria that remain inside host cells survive the treatment. However, gentamicin is ineffective against 
anaerobic bacteria, such as Porphyromonas gingivalis. To remedy this, metronidazole is often incorporated. 
However, the effectiveness of this adaptation seems not to be validated properly. The aim of this study was to 
show the ineffectiveness of metronidazole to eliminate extracellular P. gingivalis in vitro. Microscopy showed 
uptake of P. gingivalis by murine J774A.1 macrophages and primary human macrophages. However, quantifi
cation of intracellular bacteria was unreliable as the control without macrophages contained significant numbers 
of viable bacteria. Upon testing metronidazole under assay conditions, P. gingivalis survived within the tested 
timeframes. Next, it was attempted to find a suitable alternative antibiotic compound to use in the antibiotic 
protection assay. The MIC and MBC were therefore determined for various alternative antibiotics and antimi
crobial peptides. None of the included antibiotics effectively killed P. gingivalis. Antimicrobial peptides cycloLL- 
37 and D-LL-31 were effective against P. gingivalis, but were toxic to macrophages under the conditions used as 
determined using a Lactate dehydrogenase-based cytotoxicity assay. To conclude, metronidazole and gentamicin 
seem unsuitable for the antibiotic protection assay for the strict anaerobic oral bacterium P. gingivalis. To be able 
to determine viable intracellular P. gingivalis, alternative bactericidal agents should be found which, under assay 
conditions, eliminate extracellular P. gingivalis without entering or affecting mammalian cells.

1. Introduction

The healthy human body is colonized by microbes that represent our 
commensal microflora. The number of microbes is estimated to be at 
least equal to the number of human cells in the body (Sender et al., 
2016). Within this microflora, opportunists and pathogens reside 
without causing an infection. This is due to the effectiveness of our 
immune system, and the skin and mucosal barriers as the first line of 
defense. However, occasionally these microbes penetrate these barriers, 
invading the body, leading to infection and inflammation. When this 

happens, phagocytic cells can accumulate and inactivate these invading 
microbes, effectively neutralizing the infection. However, certain mi
crobes can hide within epithelial cells, or survive within and escape from 
phagocytes preventing their inactivation (Zheng et al., 2021; Werheim 
et al., 2020; Guidi-Rontani, 2002). Survival within and escape from host 
cells are therefore important virulence factors of microbes and 
commonly studied.

Studies on determining bacterial invasion into host epithelial cells, 
phagocytosis by host immune cells, or survival within host cells often 
use an antibiotic protection assay by which the number of viable 
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Phagocytic cells (phagocytes) are specialized white blood cells—primarily neutrophils, macrophages, monocytes, and dendritic cells—that protect the body by engulfing and digesting pathogens, cellular debris, and foreign substances. As key components of the innate immune system, they detect targets via surface receptors, destroy them in phagosomes, and help initiate adaptive immunity.
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bacteria within a host cell is determined (Kaneko et al., 2016). A step-by- 
step schematic depiction of the antibiotic protection assay is presented 
in Fig. 1.

Usually, gentamicin is used to kill a variety of bacterial species 
without entering mammalian cells due to its high molecular weight 
(Kaneko et al., 2016). After killing the extracellular bacteria, including 
those that adhere to the cell surface, the host cells are lysed using 
saponin or demineralized water. Intracellular bacteria are then released, 
and survival and viability can be quantified using determination of 
colony forming units (CFU). Surviving bacteria have either actively 
invaded the host cells (e.g. epithelial cells) or were phagocytosed by 
immune cells (e.g. macrophages) and survived within these cells for the 
duration of the assay.

Gentamicin is an aminoglycoside antibiotic that is effective against a 
wide range of bacteria (Phillips et al., 1977). It has been applied to study 
invasion, phagocytosis and intracellular survival in vitro of many path
ogenic bacteria, most notably the pathogens Staphylococcus aureus and 
Enterococcus faecalis/faecium (Rollin et al., 2017; Millan et al., 2013). 
While membrane impermeable in mammalian cells (Vaudaux and 
Waldvogel, 1979), gentamicin enters bacterial cells in a oxygen- 
dependent manner (Bryan et al., 1979). Once inside the cell, genta
micin binds irreversibly to the 16S ribosomal RNA, disrupting protein 
synthesis which leads to the formation of truncated or non-functional 
proteins (Weisblum and Davies, 1968; Davis, 1987; Fourmy et al., 
1996). Due to its dependency on oxygen to enter bacteria, gentamicin is 
ineffective against strict anaerobic bacteria such as Clostridium per
fringens, Bacteroides fragilis and Porphyromonas gingivalis (Bryan et al., 
1979; Schlessinger, 1988; Maezono et al., 2011).

P. gingivalis is an anaerobic, Gram-negative oral bacterium that is 
mostly associated with periodontitis (Darveau et al., 2012). It has the 
ability to invade gingival epithelial cells (Lamont et al., 1995; Andrian 
et al., 2004), to persist within macrophages and even escape them 
(Werheim et al., 2020; Giacona et al., 2004; Lam et al., 2016). The 
ability of P. gingivalis to invade epithelial cells and persist in phagocytes 
are essential elements for the mechanism by which P. gingivalis passes 
tissue barriers and travels through the human body (de Jongh et al., 
2023). The viability of P. gingivalis inside host cells is relevant for 
studying the association of this bacterium with various diseases in other 
places in the body, such as cardiovascular diseases, various types of 
cancer and Alzheimer’s Disease (Bui et al., 2019). To study the invasion 
or uptake of P. gingivalis, the antibiotic protection assay should make use 
of an alternative antibiotic that kills anaerobic bacteria. Gentamicin 
does not have an inhibitory effect on P. gingivalis and is therefore not 
suitable to use (Maezono et al., 2011). In studies using the antibiotic 

protection assay to observe internalized P. gingivalis, metronidazole is 
often used in combination with gentamicin, without any evidence that 
this is an effective strategy. The experimental procedures in these 
studies lack controls to check for the in vitro antimicrobial effectivity of 
metronidazole and gentamicin on P. gingivalis (Lamont et al., 1995; Lam 
et al., 2016; Farrugia et al., 2021; Katz et al., 2000; Walter et al., 2004; 
Blancas-Luciano et al., 2024; Soto et al., 2022; Han et al., 2000). 
Metronidazole is effective against a range of anaerobic bacteria by 
damaging the bacterial DNA (Pankuch et al., 1993). It enters bacterial 
cells by diffusion in an inactive form, gets activated by reduction of its 
nitro group, resulting in generation of reactive oxygen (Dingsdag and 
Hunter, 2018; Edwards, 1993; Church and Laishley, 1995). For this to 
happen, P. gingivalis needs to be metabolically active. The presence of 
oxygen decreases the generation of activated metronidazole and in
creases the regeneration to the inactive form (Dingsdag and Hunter, 
2018). In addition, the uptake of metronidazole into the bacterium is 
inhibited by the presence of oxygen (Church and Laishley, 1995). The 
antibiotic protection assay is always performed under normal culture 
conditions for host cells, where oxygen is present (Werheim et al., 2020; 
Lamont et al., 1995; Giacona et al., 2004). Therefore, it seems unlikely 
that either gentamicin or metronidazole are able to kill P. gingivalis in the 
current condition of the standard antibiotic protection assay.

An additional issue is that there is no scientific proof that metroni
dazole cannot enter the host cell. The molecular weight of metronida
zole is 171.16 g/mol, which is below the generally accepted limit of 400 
g/mol of molecules that cannot pass across plasma membranes (Kaneko 
et al., 2016). In fact, there is evidence that metronidazole can passively 
diffuse into human gingival fibroblasts (Yu et al., 2009).

As an alternative to metronidazole and gentamicin, antimicrobial 
peptides (AMPs) could be a viable alternative to antibiotics to eliminate 
P. gingivalis. These peptides occur naturally in humans and are expressed 
by epithelial cells of the gut or the gingiva. For example, cathelicidins 
comprise a family of AMPs that disrupt the cytoplasmic membrane of 
microorganisms, with members such as LL-31 and LL-37 (Hooper, 
2015). By organic synthesis, AMPs can be altered to improve their 
function. For example, the D-enantiomer of LL-31 (D-LL-31) and the 
cyclic variant of LL-37 (cycloLL-37) were found to be more effective in 
eliminating pathogens (Wongkaewkhiaw et al., 2020; White et al., 
2022). This is because they are more resistant against degradation by 
proteolytic enzymes, including P. gingivalis-derived proteases (Guo et al., 
2010). Other synthetic antimicrobial peptides include DP-7, LF-chimera 
and Nal-P-113 and have been shown to be effective against multiple 
bacterial species in vitro (Wu et al., 2014; Jiang et al., 2022; Haney et al., 
2012; Ruangcharoen et al., 2017; Wang et al., 2018).

Fig. 1. Schematic depiction of the antibiotic protection assay. 
The first step is allowing the host cell (e.g. macrophage) to internalize the bacteria. Then, extracellular bacteria are killed using antibiotic treatment. These antibiotics 
should not be able to enter the host cell. Next, after washing, the host cells are lysed to release the intracellular bacteria, followed by CFU counting to determine the 
number of surviving (i.e. viable) bacteria.
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The aim of this study was to evaluate the antimicrobial effects of 
gentamicin and metronidazole in the in vitro antibiotic protection assay 
on P. gingivalis. Besides, this study aimed to develop a suitable version of 
the antibiotic protection assay using AMPs that can be used for the 
quantification of viable, host cell internalized P. gingivalis. Both murine 
and human macrophages were used as a model for host cells in this 
study. Controls were included where no host cells were added, to see 
whether P. gingivalis could survive the entire procedure of the antibiotic 
protection assay.

2. Materials and methods

2.1. Bacterial culture conditions

P. gingivalis strains W83 and ATCC 33277 were grown as described 
previously (de Jongh et al., 2024). Briefly, isolates from − 80 ◦C glycerol 
stocks were cultured on Anaerobic Blood Agar (ABA), which consisted of 
Tryptic Soy Agar (TSA, Becton Dickinson, Franklin Lakes, USA) sup
plemented with 2 mg/mL glucose (Merck, Darmstadt, Germany), 5 μg/ 
mL hemin (Sigma-Aldrich, St. Louis, USA) and 1 μg/mL menadione 
(Vitamin K, Sigma-Aldrich) and 5 % defibrinated sheep blood (Bio
trading, Mijdrecht, the Netherlands). Pre-cultures were prepared over
night in Brain Heart Infusion (BHI, Becton Dickinson) broth 
supplemented with 5 μg/mL hemin and 1 μg/mL menadione (BHI + H/ 
M). P. gingivalis was cultured at 37 ◦C under anaerobic conditions using 
airtight jars filled with an anaerobic gas mixture: 10 % H2, 10 % CO2, 80 
% N2. Culturing P. gingivalis on ABA plates was done for 5–7 days and 
liquid pre-cultures were made one day before an experiment.

2.2. Host cell culture conditions

J774A.1 (ATCC TIB-67) murine macrophages were cultured at 
37 ◦C/5 % CO2 in Dulbecco’s Modified Eagle Medium (DMEM, Thermo 
Fisher, Waltham, Massachusetts, USA) supplemented with 10 % Fetal 
Bovine Serum (FBS, Sigma-Aldrich) and Antibiotic Antimycotic solution 
(PSF; 100 U/mL penicillin, 100 μg/mL streptomycin, and 250 ng/mL 
Amphotericin B, Sigma-Aldrich) as described previously (Van Dyck 
et al., 2020). The cells were harvested using a cell scraper and centri
fuged at 100 xg for 7 min at room temperature before resuspending in 
DMEM with 10 % FBS, without PSF.

Peripheral blood mononuclear cells (PBMCs) were isolated from 
buffy coats containing blood from healthy donors (Sanquin, Amsterdam; 
permission number NVT230.01) as described previously (Ceylan et al., 
2024). Magnetic-activated cell sorting (MACS, Miltenyi Biotech, Ber
gisch Gladbach, Germany) was used to isolate CD14+ monocytes, also as 
described previously (Davison et al., 2014). The CD14+ cells were 
resuspended in DMEM supplemented with 10 % FBS and PSF, and 50 
ng/mL macrophage colony-stimulating factor (MCSF, R&D systems, 
Minneapolis, USA) was added for 5–7 days at 37 ◦C/5 % CO2 to differ
entiate them into macrophages. Macrophages were harvested using ice- 
cold 5 mM Ethylenediaminetetraacetic acid (EDTA, Merck) in PBS and a 
cell scraper, before centrifuging the cell suspension at 300 x g for 10 min. 
The macrophages were resuspended to the desired cell density using 
DMEM with 10 % FBS, without PSF.

2.3. Quantifying phagocytosis using the antibiotic protection assay

The antibiotic protection assay was performed as described previ
ously (Werheim et al., 2020; Lamont et al., 1995) with minor modifi
cations. In contrast to most antibiotic protection assays, the bacterium 
was allowed to adhere first and then the macrophages were added. This 
was done because it was easier to observe uptake by microscopy as all 
the bacteria are in the same plane, and to investigate the effectiveness of 
the antibiotics against the bacteria that are not washed away.

The antibiotic protection assay was performed as follows: A sus
pension of P. gingivalis with a final density of OD600 = 0.05 (equal to 

approx. 107 CFU/mL) was prepared by diluting an overnight liquid pre- 
culture in BHI + H/M. 1 mL of P. gingivalis suspension was added to 24 
well cell culture plates and the bacterium was allowed to adhere for 2 h 
at 37 ◦C under normal atmospheric oxygen levels (normoxic conditions) 
on a rocking platform before washing with PBS. Then, macrophages 
were harvested as described above and added at a density of 5*104 cells/ 
mL to the wells which contained P. gingivalis. The macrophages were 
incubated for 1 h at 37 ◦C under normoxic conditions with added 5 % 
CO2 to allow for phagocytosis. Then, the killing medium (DMEM with 
10 % FBS and 200 μg/mL of metronidazole) was added and incubated 
for various timepoints under the same conditions as the previous step. 
After incubation cells were lysed using demineralized water and the 
lysate was removed from the wells by scraping with a pipette tip. 
Samples were 10-fold serially diluted and spread over ABA plates. These 
plates were incubated under anaerobic conditions at 37 ◦C for 5–7 days 
and the number of colony forming units (CFU) was determined. Controls 
were performed on only P. gingivalis without addition of macrophages, to 
confirm that the extracellular bacteria were eliminated.

In later experiments, the effectiveness of the combination of metro
nidazole (200 μg/mL) and gentamicin (300 μg/mL) was tested in the 
same setup, without macrophages. After that, the antibiotics in Table 1
were tested in the described concentrations, but this time the samples 
were washed using centrifugation (1400 xg for 5 min) after antibiotic 
treatment instead of washing with PBS to limit the loss of bacteria during 
washing. This antibiotic treatment was done for 3 h, instead of 1 h to 
investigate whether a prolonged treatment would be more effective.

To image the uptake of P. gingivalis by macrophages, time-lapse mi
croscopy was performed after addition of the macrophages. To visualize 
P. gingivalis, the bacterium was stained using carboxyfluorescein succi
nimidyl ester (CFSE, Sigma-Aldrich) in PBS for 30 min at 37 ◦C, as 
described previously (de Jongh et al., 2024). This staining was per
formed before the macrophages were added. Afterwards, P. gingivalis 
was washed twice with PBS by centrifuging for 1 min at 21300 x g. 
Bacteria were allowed to adhere and then macrophages were added as 
described above and the cells were imaged using the Axio Observer Zeiss 
Z1 microscope (Zeiss, Oberkochen, Germany) with a 20× objective. IL-4 
(10 ng/mL, R&D systems) was added to the primary macrophages 48 h 
before adding them to the wells containing P. gingivalis for further dif
ferentiation. Both brightfield and green fluorescent (Excitation filter: 
475/40 Emission filter: 530/50) channels were imaged every 10 min for 
18 h. Composite images of brightfield and fluorescence pictures, 
including scalebars and timestamps, were made using ImageJ (version 
1.54 g) (Schneider et al., 2012).

2.4. Determination of minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC)

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal 
Concentration (MBC) were determined as described previously 
(Wiegand et al., 2008). In short, a two-fold serial dilutions of antibiotic 
or the alternative antimicrobial peptides (AMPs) was added to a sus
pension of P. gingivalis with a final density of OD600 = 0.001, which was 
prepared by diluting an overnight liquid culture in BHI + H/M. Bacteria 
were incubated with antibiotics/AMPs under anaerobic conditions at 
37 ◦C for 48 h (strain ATCC 33277) or 72 h (strain W83). The lowest 

Table 1 
Antibiotics and concentrations used in this study.

Antibiotic Concentration used Manufacturer

Metronidazole 200 μg/mL Sigma-Aldrich
Gentamicin 300 μg/mL Sigma-Aldrich
Faropenem 300 μg/mL Cayman 

Chemicals
PSF: Penicillin, streptomycin 

& Amphotericin B
100 U/mL, 100 μg/mL & 250 
ng/mL, respectively

Sigma-Aldrich
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concentration of antibiotic or AMP that showed no visible growth of 
bacteria was determined to be the MIC. The contents of the wells were 
resuspended by pipetting and the MBC was determined by taking 50 μL 
of each well without visible growth and cultured on ABA as described 
above. The lowest concentration that showed no colonies on the ABA 
plates was determined to be the MBC. The experiment was performed at 
least two times to determine ranges for the MIC and MBC for both 
strains. Controls without bacteria were taken to check for sterility and a 
range of dimethylsulfoxide (DMSO, Sigma-Aldrich) concentrations was 
used as a vehicle control for metronidazole.

2.5. Antimicrobial peptides

The AMPs used in this study are listed in Table 2. All peptides expect 
cycloLL-37 were synthesized and purified as previously described 
(Soldati et al., 2023). In short, solid-phase peptide synthesis was per
formed using fluoren-9-ylmethoxycarbonyl (Fmoc) chemistry with a 
Siro II synthesizer (Biotage, Uppsala, Sweden). Cyclo-LL-37 was pre
pared using click chemistry as described (Arias et al., 2014). For this, the 
linear peptide (sequence: Fmoc-Bishomoproparglyglycine- 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES -Fmoc-Azidolysine) 
was produced. The cyclization was performed on resin; to 4 eq. peptide 
in a 20 mL syringe, 8 eq. 2,6-lutidine, 8 eq. 2,2-bipyridine, 4 eq. CuBr 
and 8 eq. of sodium ascorbate (all peptide grade, Actu-All Chemicals, 
Oss, The Netherlands) were added and flushed for 1 min with N2. After 
incubation for 24 h at room temperature, the mixture was flushed 
sequentially by DMF, H2O, MetOH, EDTA (100 mM), H2O and DMF and 
subsequently dried by flushing three times with isopropanol and DCM. 
Next, the cyclized peptide was detached from the resin. The peptides 
were then purified via HPLC using a Dionex Ultimate 3000 system 
(Thermo Scientific, Breda, The Netherlands). Their authenticity was 
confirmed through mass spectrometry with a Microflex LRF MALDI-TOF 
(Bruker Daltonik GmbH, Bremen, Germany). Finally, the peptides were 
dissolved in Milli-Q water at a concentration of 10 mM and stored at 
− 20 ◦C until use.

2.6. Cytotoxicity assay

Lactate dehydrogenase (LDH) release in the supernatant of J77A.1 
macrophages as an indicator of cytotoxicity after exposure to AMPs for 
1 h was measured using the Cytotoxicity LDH kit plus (Roche, Bazel, 
Switzerland) according to the manufacturer’s instructions. The back
ground was corrected with a medium-only control (DMEM +5 % FBS) 
and a positive control was included by lysing the cells using 2 % Triton 
X-100 (Merck). The absorbance was measured at 490 nm using a 
Spectramax M2 spectrophotometer (Molecular Devices, San Jose, USA). 
Cytotoxicity was expressed as the percentage of the averaged Triton-X- 
100 positive control. In the samples where the OD value was higher 
than that of the positive control, the level of cytotoxicity was set to 100 
%.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 
10.1.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com). Unpaired t-tests were performed to determine 
statistical difference between CFU counts of samples that were incu
bated with or without macrophages. For the comparison of multiple 
antibiotics, an ANOVA with post-hoc Tukey test was performed with a 
significance level (α) of 0.05. For each experiment, biological duplicates 
were performed, and the number of technical replicates is depicted in 
each figure by the number of symbols per column.

3. Results

3.1. Phagocytosis of P. gingivalis by macrophages

Macrophages were allowed to phagocytose adherent P. gingivalis 
overnight. Live-cell imaging showed that fluorescently labeled 
P. gingivalis were taken up by J774A.1 murine macrophages (Fig. 2A) 
and primary human macrophages (Fig. 2B). Already after 1 h, some 
phagocytosis was observed. In order to quantify the number of 
P. gingivalis that are taken up by these macrophages, the antibiotic 
protection assay was performed. The results of this assay show that up to 
100 CFU/mL of P. gingivalis were present in the samples after addition of 
both human primary macrophages (Fig. 2C) and murine J774A.1 mac
rophages (Fig. 2D), suggesting that this number of P. gingivalis were 
taken up by the macrophages. However, the controls without any 
macrophages still contained live P. gingivalis (Fig. 2C, D). This means 
that metronidazole did not effectively kill the extracellular P. gingivalis 
in the setup for the antibiotic protection assay.

3.2. MIC and MBC determination of various antibiotics

The MIC of various antibiotics on two different strains of P. gingivalis 
was determined as seen in Table 3. From there, the MBC was deter
mined. According to these results, a concentration of 50 μg/mL of 
metronidazole would be sufficient to kill P. gingivalis. The concentration 
of DMSO that is used as a solvent for metronidazole did not affect the 
growth of P. gingivalis (data not shown). Faropenem has an MBC range of 
0.5–1 μg/mL, as derived from literature (Table 3). No MBC could be 
determined for gentamicin within the tested range, and no MBC could be 
found for gentamicin and penicillin in literature.

The combination of gentamicin and metronidazole was also tested 
under assay conditions. The assay was performed as described, but no 
macrophages were added. As seen in Fig. 3A, this combination did not 
affect the viability of P. gingivalis after 1 h of incubation and washing 
afterwards. Both strains of P. gingivalis were unaffected. Next, the 
bactericidal activity of the antibiotics was tested after washing using 
centrifugation. From the results in Fig. 3B, it can be seen that the anti
biotics did not inactivate P. gingivalis. Even after 3 h of incubation, with 
high concentrations of antibiotics (200 μg/mL Metronidazole, 300 μg/ 
mL faropenem or 300 μg/mL gentamicin), none of the tested antibiotics 
resulted in complete killing of P. gingivalis.

3.3. MIC and MBC determination of various AMPs

To find a suitable alternative for the antibiotics, several AMPs were 
tested for their efficacy in inhibiting P. gingivalis growth and killing. The 
results are shown in Table 4. Cyclo-LL-37 and D-LL-31 were able to 
eliminate P. gingivalis ATCC 33227. According to these results, a con
centration of 55.64 μM cycloLL-37 and a 50 μM concentration of D-LL-31 
should be sufficient to eliminate P. gingivalis ATCC 33277. P. gingivalis 
strain W83 was more tolerant to D-LL-31, as no MBC was found. For the 
other AMPs, no MBC could be found for P. gingivalis. Strain ATCC 33277 
seemed more resistant to the AMPs as for three of the seven tested AMPs 
no MIC could be found, whereas for strain W83 a MIC could be found but 
no MBC.

Table 2 
Antimicrobial peptides used in this study.

Antimicrobial peptide Amino acid sequence

DP7 VQWRIRVAVIRK
LL31 / D-LL-31 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL
Cyclo-LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
Nal-P-113 Ac-AKR-Nal-Nal-GYKRKF-Nal-NH2

LF-chimera DLIWKLLSKAQEKFGKNKSR 
| 
FKCRRWQWRMKKLG —K
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3.4. Cytotoxicity of AMPs to macrophages

Next, cytotoxicity of these AMPs to host cells was determined 
(Fig. 4). The aim was to find an AMP that can eliminate P. gingivalis 
without affecting the host cell, and so the AMPs were tested in the same 

concentration range as for the MIC/MBC determination. The J77A.1 
murine macrophage cell line was chosen as a model host cell to deter
mine cytotoxicity. The MBC of cycloLL-37, determined to be 55.64 μM 
was cytotoxic to macrophages, with a LDH release of around 60 %. D-LL- 
31 (50 μM) is also cytotoxic, with LDH release of around 50 %. LL-31, the 

Fig. 2. Phagocytosis of P. gingivalis by J774A.1 murine macrophages and primary human macrophages. 
CFSE-labeled P. gingivalis ATCC 33277 (green) were phagocytosed by J774A.1 macrophages (A) and P. gingivalis W83 was phagocytosed by primary human mac
rophages (B). After 5 h green fluorescent P. gingivalis were taken up as they were now localized in the macrophages instead of on the surface, an area without 
fluorescent P. gingivalis was observed around the indicated primary macrophages. The white arrows indicate the macrophages that were actively taking up 
P. gingivalis. The graphs below show the quantification of uptake by J774A.1 macrophages (C) and primary human macrophages (D). Number of viable P. gingivalis 
after treatment (Log10 CFU/mL) with 200 μg/mL metronidazole and lysing the cells. Total viable bacteria were not significantly different with or without mac
rophages added, suggesting that the treatment with metronidazole was not killing the bacteria. For the primary macrophages, only strain W83 was used. Each symbol 
represents the average of the intra-experimental duplicates of each independent experiment. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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natural form of D-LL-31, was the only AMP tested that was not found to 
be cytotoxic to J774A.1 murine macrophages up to a concentration of 
500 μM.

4. Discussion

For any antibiotic protection assay to work there are two re
quirements: First, the antibiotics should completely eliminate 
P. gingivalis within the incubation time under assay conditions. Second, 
the antibiotics should not be actively transported or passively diffused 
across the host cell membrane, or affect the viability of the internal 
bacteria. In studies that use the antibiotic protection assays for 

P. gingivalis, it seems that it is broadly assumed that metronidazole is 
able to eliminate P. gingivalis in 1 h (Lamont et al., 1995; Giacona et al., 
2004; Lam et al., 2016; Walter et al., 2004). However, no data is re
ported to prove these statements (Werheim et al., 2020; Lamont et al., 
1995). It cannot be said that metronidazole effectively eliminates 
extracellular P. gingivalis as none of the studies have taken proper con
trols to show that it was successful. Therefore, first aim of this study was 
to investigate the efficacy of metronidazole and gentamicin to eliminate 
P. gingivalis under the conditions of the antibiotic protection assay.

The present study shows that metronidazole and gentamicin do not 
eliminate P. gingivalis after visible internalization by macrophages, 
meaning the first requirement of the antibiotic protection assay is not 
met. None of the other tested antibiotics, gentamicin, faropenem or a 
combination of penicillin and streptomycin, were able to effectively 
eliminate P. gingivalis. Next, in-house synthesized AMPs were tested. 
While cycloLL-37 and D-LL-31 were found to be effective in reducing the 
viability of P. gingivalis, the concentration that was required to kill the 
bacterium also appeared to be cytotoxic to macrophages.

The incorporation of metronidazole is an inherent flaw in the rede
sign of the method, as the assay is performed in the presence of oxygen 
which renders metronidazole ineffective by decreasing its activation and 
inhibiting entry into the bacterium (Dingsdag and Hunter, 2018). In 
addition, it can be expected that metronidazole diffuses across the 
plasma membrane of mammalian cells, meaning it will not exclusively 
affect extracellular bacteria (Yu et al., 2009).

Some studies performed controls by taking a sample of the super
natant during the antibiotics treatment to confirm that the bacteria are 
no longer viable (Werheim et al., 2020; Eick and Pfister, 2004). 

Table 3 
MIC and MBC of various antibiotics on P. gingivalis under anaerobic conditions.

W83 ATCC 3277 Clinical isolates*

Antibiotic MIC 
range

MBC 
range

MIC 
range

MBC 
range

MIC range MBC 
range

Reference

Metronidazole ≤3.13 6.25–50 ≤3.13 ≤3.13 0.016–2 0.125–2 (Larsen, 2002; Milazzo et al., 2003; Kulik et al., 2008; Conrads et al., 2021; 
Wright et al., 1997; Andres et al., 1998)

Gentamicin >300 – >300 – – –
Faropenem – – – – ≤0.03–0.5 0.5–1 (Milazzo et al., 2003)
Penicillin – – – – ≤0.03–1 – (Andres et al., 1998)

MIC and MBC are expressed in μg/mL. –: Not tested nor reported in literature. The MIC and MBC ranges of W83 and ATCC 33277 are based on the results of at least two 
independent experiments. *: The ranges of the clinical isolates were derived from literature and not empirically established in the present study.

Fig. 3. Determining the killing efficiency of various antibiotics after washing. 
(A) The number of viable P. gingivalis after treatment with Metronidazole (200 μg/mL) and Gentamicin (300 μg/mL) for 1 h and washing with PBS, without 
centrifugation, following the entire protocol for the antibiotic protection assay. The inoculum density was 107 CFU/mL. (B) The number of viable P. gingivalis (strain 
ATCC 33277) after 3 h of treatment with various alternative antibiotics and washing using centrifugation. Two inoculum densities of P. gingivalis ATCC 33277 were 
tested, 105 CFU/mL and 107 CFU/mL. In both graphs, there were no differences between the control and the samples that were treated with antibiotics. Each symbol 
represents the average of the intra-experimental duplicates of each independent experiment. No statistical differences were found between the tested antibiotics and 
the control without antibiotics.

Table 4 
MIC and MBC of several AMPs for P. gingivalis after 48–72 h under anaerobic 
conditions.

P. gingivalis W83 P. gingivalis ATCC 33277

Antimicrobial peptides MIC range MBC range MIC range MBC range

DP-7 (μM) >50 – >50 –
LL-31 (μM) 12.5 – >50 –
D-LL-31 (μM) 3.13 – 3.13 12.5–50
Cyclo-LL-37 (μM) 1.74–55.64 55.64 6.96–13.91 55.64
Nal-P-113 (μM) 3.13 – 12.5–50 –
LF-chimera (μM) 3.13 – >50 –

MIC and MBC are expressed in μM. –: Not tested or no bactericidal effect could be 
observed within the tested range. The MIC and MBC ranges are based on the 
results of two independent experiments.

C.A. de Jongh et al.                                                                                                                                                                                                                            Journal of Microbiological Methods 237 (2025) 107214 

6 

Tony Hsieh
螢光標示

Tony Hsieh
螢光標示



However, when taking controls like this, the antibiotics are present in 
extremely high concentrations in the medium, which may be transferred 
to the agar during plating. The residual presence of antibiotics is likely to 
inhibit the bacterial growth on the agar (i.e. formation of CFU), which 
means it cannot be concluded that the bacteria were completely elimi
nated during the initial treatment. This drug carryover effect by 
metronidazole has been addressed before in a study using Trichomonas 
vaginalis, which showed that if the samples were washed after antibiotic 
treatment, the concentration of metronidazole that was needed to 
rapidly kill T. vaginalis was more than 5 times higher compared to a 
previous study (Nix et al., 1995; Krieger et al., 1985). It should be noted 
that the determination of the MBC is performed in a similar way (Larsen, 
2002; Lorenzi et al., 2024; European Committee for Antimicrobial Sus
ceptibility Testing of the European Society of Clinical M, Infectious D, 
2000). In this case, this might not be as much of an issue as lower 
concentrations are used which might diffuse out in the agar. In the 
antibiotic protection assay however, high concentrations of antibiotics 
are used, making this effect more prevalent. None of the studies that 
used the antibiotic protection assay have used controls without host cells 
to validate the bactericidal effect during the entire procedure of the 
assay (Werheim et al., 2020; Lamont et al., 1995; Lam et al., 2016; 
Farrugia et al., 2021; Katz et al., 2000; Walter et al., 2004; Blancas- 
Luciano et al., 2024; Soto et al., 2022; Han et al., 2000). Notably, the 
current study shows that the bacteria survived the antibiotic treatment 
under these conditions.

Many studies, including the current study, have shown uptake or 
invasion of P. gingivalis using qualitative microscopic methods, so there 
is no doubt about whether these phenomena are occurring (Lamont 
et al., 1995; Lam et al., 2016; Farrugia et al., 2021; Walter et al., 2004). 
In addition, it should be noted that washing before antibiotic treatment 
already removes the majority of bacteria, so the numbers that are found 
in these studies could be in the right order of magnitude. However, the 
bacteria that adhere to the surface of the host cell or the cell culture plate 
survive the antibiotic treatment, which results in an overestimation of 
the survival of P. gingivalis inside host cells.

Regarding the AMPs, D-LL-31 was previously tested to have a low 
cytotoxicity against A549 human lung epithelial cells up to concentra
tions of 25 μM (Wongkaewkhiaw et al., 2020). While macrophages and 
lung epithelial cells might not be equally tolerant to the AMPs, it is in 
line with the results of the current study where the cytotoxicity starts to 
increase from approximately 30 μM. However, the concentration 
required to kill P. gingivalis is much higher, at around 50 μM. In other 
research, cycloLL-37 showed a cytotoxic effect on 5637 human 

uroepithelial cells at a concentration of 50 μM. In the current study, a 
cytotoxic effect is already seen at a concentration from around 30 μM in 
J774A.1 murine macrophages. In any case, the MBC of 55.64 μM for 
P. gingivalis that was found in this study is cytotoxic to host cells. The 
killing efficiency of D-LL-31 or cycloLL-37 on P. gingivalis has not been 
investigated before.

Combining antibiotics with AMPs might provide a solution 
(Wongkaewkhiaw et al., 2020; Taheri-Araghi, 2024; Wu et al., 2017). As 
AMPs disrupt the cell membrane of bacteria, it could allow for antibi
otics to enter the bacteria that would normally not be able to enter, such 
as gentamicin. This could result in requiring a lower concentration of 
AMPs, so that it would be less cytotoxic to the host cells. It is also 
important to consider the strain-specific differences of P. gingivalis, as 
these variations can influence the effectiveness of the treatment, as 
demonstrated in the current study.

In conclusion, the antibiotic protection assay, as currently being used 
in many studies, is unsuitable to determine phagocytosis or invasion of 
P. gingivalis into host cells, nor its survival within cells. This is an issue 
that needs to be addressed, as recent studies are still using this method 
(Werheim et al., 2020; Blancas-Luciano et al., 2024; Soto et al., 2022). 
Research using the antibiotic protection assay for anaerobes should al
ways incorporate proper controls to show that extracellular microor
ganisms are indeed eliminated. Findings could be substantiated by using 
other methods such as fluorescence microscopy or flow cytometry. 
Studies that base their conclusions on the number of viable internalized 
P. gingivalis are not to be trusted and these experiments should be 
repeated using a suitable, validated method. Future research on the use 
of antimicrobial peptides could offer a solution, perhaps in combination 
with bactericidal antibiotics targeting strict anaerobic Gram-negative 
bacteria. It is essential that a suitable alternative is found, as the anti
biotic protection assay can be used to investigate how pathogenic bac
teria such as P. gingivalis can persist in host cells, which is important for 
their invasion into the host, their evasion of our immune system and 
their influence on various diseases.
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