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Drug repurposing is sparking considerable interest due to reduced costs and development times. The current study details the
screening of teniposide, an antitumor drug, for its antibacterial activity against both Gram-positive and Gram-negative strains,
with a focus on Staphylococcus epidermidis (S. epidermidis), the primary causative agent of nosocomial and transplant-related
infections. The cytotoxicity was evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and
hemolysis assays on immortalized human keratinocyte (HaCaT) cells and human erythrocytes. After 20h of treatment, the
recorded concentrations causing 50% cytotoxicity (CCs,) and hemolysis (HCs,) were 33.63 and 121.55 ug/mL, respectively.
The antibacterial screening employed disk diffusion, the broth microdilution method, LIVE/DEAD staining, and a time-killing
test. The drug induced a growth inhibitory area in the 22-25mm range for all Gram-positive strains. The minimum
concentration that inhibited 90% of bacteria (MIC,,) was 6.25 ug/mL against Staphylococcus aureus and S. epidermidis and
12.5 ug/mL versus Enterococcus faecalis, exhibiting bactericidal action. Treatment resulted in S. epidermidis cell morphology
deformities and damage to the cell membrane, observed by scanning electron microscopy (SEM). Mechanism analysis revealed
alterations in the selective permeability of the cell membrane, observed under the fluorescence microscope by the absorption of
propidium iodide (PI). The synergistic effect of teniposide in combination with fosfomycin and gentamicin was documented
by disk diffusion and checkboard assay, recording a fractional inhibitory concentration index (FICI) of 0.28 and 0.37,
respectively. The drug’s action on S. epidermidis biofilm biomass was investigated using crystal violet (CV) and MTT.
Teniposide affected biofilm viability in a dose-dependent manner, inducing, at a concentration of 3.12 yg/mL, a matrix
inhibition of about 42% and 61%, with a sessile metabolic activity of 54% and 24% recorded after 2 and 24 h, respectively.
Overall, this study suggests the potential repurposing of the anticancer drug teniposide as a therapeutic agent to counteract S.
epidermidis infections.
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Summary

o S. epidermidis is a worrying pathogen in healthcare-
associated infections, especially in medical device-
related contamination.

e S. epidermidis strains represent a serious threat due to
multidrug resistance, and the production of biofilm
further complicates treatment, reducing the effective-
ness of antibiotics.

e Challenges related to the development of new drugs
are necessary for innovative therapeutic options that
counteract MDR S. epidermidis infections.

e The study investigates the antimicrobial potential of
teniposide, a Food and Drug Administration (FDA)-
approved anticancer drug. The research explores the
possibility of drug-repurposing teniposide as a potent
antimicrobial agent against susceptible and MDR .
epidermidis.

1. Introduction

Staphylococcus epidermidis (S. epidermidis) is a coagulase-
negative staphylococcus (CoNS) bacterium, a component
of human and animal skin microbiota [1]. It is recognized
as a causative agent of healthcare-associated infections,
mainly medical device-related contaminations [2]. S. epider-
midis infections typically manifest after extended periods of
hospitalization and after surgical implantation procedures
[3]. As of 2020, the World Health Organization (WHO) esti-
mated that approximately seven out of 100 patients in devel-
oped countries and 10 out of 100 patients in underdeveloped
countries encounter multidrug-resistant (MDR) S. epidermi-
dis during hospitalization [4]. Among these cases, about
50%—70% of strains are associated with medical devices, pre-
dominantly affecting immunocompromised patients [4].
The pathogenesis of S. epidermidis is influenced by several
factors: (i) biofilm formation on both biotic and abiotic sur-
faces [5], (ii) secretion of enzymes and extracellular toxins
[6], (iii) invasive capacity and intracellular persistence [7],
and (iv) modulation of the host immune system [8]. Addi-
tionally, the disproportionate use of antibiotics associated
with the limited availability of new molecules has contrib-
uted to a rising trend of MDR strains, posing challenges in
managing and treating nosocomial infections [9]. To date,
S. epidermidis has gained resistance to several classes of anti-
biotics including beta-lactams, aminoglycosides, macrolides,
and, to a lesser extent, tetracyclines, amphenicols, and linco-
samides [10]. A study conducted by Majeed et al. reported
the sensitivity profiles to different classes of antibiotics in
38 MDR S. epidermidis isolates, noting resistances for fosfo-
mycin (89.47%), amoxicillin (78.94%), cefoxitin (73.68%),
oxacillin (55.25%), cephradine (21.05%), and vancomycin
(15.78%) [11]. To worsen the scenario, antimicrobial resis-
tance is enhanced by the strong biofilm production of S. epi-
dermidis, which reduces antibiotic penetration and favors
the exchange of gene determinants through mechanisms of
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horizontal gene transfer [12, 13]. Our previous investiga-
tions revealed a strong association between the multidrug
resistance profile and biofilm production. Specifically, out
of a sample of 76 medical devices, 33.0% of the isolated
strains belonged to the CoNS category, of which S. epidermi-
dis represented 54.8%. Among these strains, 64.7% demon-
strated an multidrug resistance profile, while 35.3% were
non multidrug resistance. Among the MDR strains, 90.1%
showed biofilm production capabilities. In detail, 36.4%,
45.5%, and 9.1% were identified as strong, medium, and
weak biofilm producers, respectively. Biofilm-producing
MDR strains have shown resistance rates greater than 50%
against ampicillin, trimethoprim-sulfamethoxazole, tetracy-
cline, oxacillin, moxifloxacin, gentamicin, erythromycin, cip-
rofloxacin, and fusidic acid. Among non-MDR strains, a
significant majority (83.3%) were identified as nonbiofilm
producers. The latter exhibited high sensitivity rates, above
60%, for antibiotics such as fusidic acid, ciprofloxacin, clinda-
mycin, daptomycin, erythromycin, fosfomycin, gentamicin,
linezolid, moxifloxacin, oxacillin, teicoplanin, tetracycline,
tigecycline, trimethoprim-sulfamethoxazole, and vancomy-
cin [14]. In this constant challenge, the need for new therapeu-
tic options worldwide has become evident [15]. However, it is
well known that the economic and managerial efforts required
to discover new drugs, coupled with long research and devel-
opment times, are unlikely to deliver innovative therapies
promptly [16]. The current winning strategy implemented
by research centers and exploited by pharmaceutical compa-
nies is drug repurposing [17-19].

Pharmacological repurposing involves identifying novel
potential applications for drugs that have already received
regulatory approval [20]. It relies on two fundamental
principles: (i) certain diseases share common molecular
pathways or underlying predisposing factors [21]; (ii)
numerous drugs possess hidden or latent functions that
may manifest in specific contexts [22]. Our previous stud-
ies successfully reported the drug repurposing of anthel-
mintic drugs (selamectin, ivermectin, doramectin, and
niclosamide) against clinical isolates of MDR Corynebacte-
rium striatum and the secondary metabolite rhein (4,5’
-dihydroxy-anthraquinone-2-carboxylic acid) against Strep-
tococcus mutans and Staphylococcus aureus [23-26]. Con-
textually, the present manuscript investigated the
antimicrobial potential of teniposide, a derivative of podo-
phyllotoxin, as etoposide (VP-16), etoposide phosphate
(etopophos), and azatoxin [27]. Teniposide was approved
as an anticancer drug by the Food and Drug Administra-
tion (FDA) in 1992 and is used in the treatment of acute
lymphoblastic leukemia in both children and adults [28].
In adulthood, it is also employed in the treatment of
non-Hodgkin’s lymphoma. Despite the numerous studies
on the teniposide effects and mechanism of action in eukary-
otic cells, its antimicrobial properties are not widely investi-
gated [29, 30]. Therefore, antimicrobial screening against
several Gram-positive and Gram-negative bacteria was
conducted, with a focus on susceptible and MDR strains of
S. epidermidis. Our encouraging results establish a solid
foundation for understanding the role of the chemotherapy
drug teniposide as a potent antimicrobial agent.
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TaBLE 1: Chemical structure and molecular properties of teniposide.

TaBLE 2: Multisensitive bacteria used in the study.

Teniposide Gram-positive Gram-negative
o o Staphylococcus aureus . )
0/(;\/0 s ATCC 6538 Escherichia coli ATCC 11229
Chemical structure Z;r O it;léh(}:/llfggczcgs epidermidis
/@ . . ;. Klebsiella pneumoniae ATCC 10031
L9 Staphylococcus epidermidis
ATCC 35984
Molecular for'mula Ca2H320,58 Enterococcus faecalis ATCC Salmonella enterica ser.
Molecular weight 656.65 g/mol 29212 Typhimurium ATCC 14028

Appearance White to off-white
Density 1.6 0.1 g/cm’
Melting point 242°C-246°C

864.3+65.0°C
1.59 g/em’

Boiling point
Solubility in DMSO

2. Material and Methods

2.1. Samples and Concentrations Tested. Teniposide is a
semisynthetic molecule derived from podophyllotoxin with
proven antineoplastic activity (Table 1). The teniposide used
in this study was purchased from Sigma-Aldrich (St. Louis,
MO, United States). The colourless soluble powder was dis-
solved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, MO, United States) to a final concentration of 5mg/
mL and stored at —20°C until use.

2.2. Cell Cultures and Cytotoxicity Assays. Immortalized
human keratinocyte (HaCaT) cells were utilized to evaluate
the cytotoxicity of teniposide through the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT,
Sigma-Aldrich, St. Louis, MO, United States) assay. Cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Microgem, Pozzuoli, IT), supplemented with 1%
penicillin-streptomycin and 10% bovine serum, at 37% C
with 5% CO, in a humid environment. Cells (2 x 10*/well)
were seeded into 96-well plates and incubated for 24 h. Teni-
poside was tested in a concentration range of 100-1.56 ug/
mL. Cells treated with solvent at the concentration used to
dissolve the compound (2% DMSO) and cells treated with
100% DMSO represented control negative (CTRL-) and
positive (CTRL+), respectively. After the exposure time,
the culture medium was removed, and 100 4L of MTT solu-
tion (0.3 mg/mL) was added to each well for 3h at 37°C. The
formazan crystals were subsequently solubilized with 100 uL
of 100% DMSO, and the cytotoxic effect was evaluated by
measuring the absorbance at 570 nm. To better understand
the cytotoxic effect on human cells, the hemolytic activity
was determined using fresh human erythrocytes from
healthy anonymous donors. Briefly, 25 mL of blood was cen-
trifuged, and the erythrocytes were washed three times with
NaCl solution (150 mM). Then, blood was diluted 1:50 in
phosphate-buffered saline 1x (PBS, Sigma-Aldrich, St. Louis,
MO, United States), pH 7.4, and 180 yL of red blood cell
solution was added to the well of a 96-well conical bottom.
Teniposide was exposed at the same concentrations men-
tioned above; the solvent (2% DMSO) and 0.1% Triton X

solution represented CTRL— and CTRL+. The samples were
incubated under orbital shaking at 37°C for 2h and then
centrifuged at 500 rpm for 5min. Hemoglobin release was
monitored by measuring the supernatant optical density at
540 nm.

2.3. Bacterial Strains and Growth Conditions. All multisensi-
tive bacteria selected in the study (Table 2) were purchased
from the American Type Culture Collection (ATCC, Manas-
sas, VA, United States). Ten clinical isolates of S. epidermidis
(Table 3) were collected at the “Luigi Vanvitelli” University
Hospital of Campania (Naples, IT). Clinical strains were
plated on trypticase soy agar plates with 5% horse blood
(Oxoid, Hampshire, MA, United States). The bacterial spe-
cies were identified by MALDI-TOF mass spectrometry
(Bruker Daltonics, Bremen, DE), and the antibiotic resis-
tance profile was evaluated using the Phoenix BD system
(Becton Dickinson, Franklin Lakes, NJ, United States). To
evaluate the teniposide antibacterial effect, the bacteria were
seeded on Muller-Hinton (MH) agar (Sigma-Aldrich, St.
Louis, MO, United States) plates and the bacterial suspen-
sion useful for antibacterial assays was prepared in MH
broth (Sigma-Aldrich, St. Louis, MO, United States). Fur-
thermore, the compound’s ability to impact the biofilm
matrix was evaluated by plating bacteria onto Luria—Bertani
(LB) agar (Sigma-Aldrich, St. Louis, MO, United States)
plates and preparing inoculum in LB broth (Sigma-Aldrich,
St. Louis, MO, United States).

2.4. Kirby-Bauer Disk Diffusion Test. Antibacterial suscepti-
bility was evaluated by the Kirby-Bauer disk diffusion test,
following the guidelines of the National Committee on Clin-
ical Laboratory Standards (NCCLS). Briefly, a fresh colony
of each strain grown on the MH agar plate was inoculated
in saline to a turbidity of 0.5 McFarland. The bacterial sus-
pensions were seeded uniformly with a sterile swab on a
MH agar plate. A blank disk (Oxoid, Hampshire, MA,
United States) with 50 pg of teniposide (10 uL) was placed
on a MH agar plate and incubated at 37°C. Piperacillin
(30ug) and linezolid (10ug) (Oxoid, Hampshire, MA,
United States) were used as CTRL+ for Gram-negative and
Gram-positive, respectively, while a 100% DMSO-soaked
disk (10 L) was used as a solvent control. After 24 h of incu-
bation, the diameters of the inhibition areas were measured.

2.5. Determination of the Minimum Inhibitory Concentration.
The antibacterial activity of teniposide was evaluated against
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TaBLE 3: Susceptibility profile of S. epidermidis collected clinical strains.

FUS CIP CLI DAP ERI FOS GEN LIN MOX OXA TEI TET TIG TRI VAN
S. epidermidis-1 S R R S R S R S R R S S S R S
S. epidermidis-2 R S S S R S R S S R S R S S S
S. epidermidis-3 R N R S N S R S S R S S S S N
S. epidermidis-4 R R S S S S R S R R S S S R S
S. epidermidis-5 S R R S R S N S R R S S S S S
S. epidermidis-6 S R S S S S S S R S S I S R S
S. epidermidis-7 S R S S S S S S R R S S S S S
S. epidermidis-8 S R S S S R R S R S S R R S S
S. epidermidis-9 S R R N R S R S R R N R S R N
S. epidermidis-10 R R I S R R R N R R S S S R S

Note: Clinical breakpoints are reported for each antibiotic in accordance with the European Committee on Antimicrobial Susceptibility Testing (EUCAST)

guidelines.

Abbreviations: CIP: ciprofloxacin (<4 U/mL); CLI: clindamycin (<0.25 U/mL); DAP: daptomycin (<0.5 U/mL); ERI: erythromycin (<0.25 U/mL); FOS:
fosfomycin ¢/G6P (< U/mL); FUS: fusidic acid (<8 U/mL); GEN: gentamicin (<4 U/mL); LIN: linezolid (<2 U/mL); MOX: moxifloxacin (<1 U/mL); OXA:

oxacillin (<2 U/mL); “R™

trimethoprim-sulfamethoxazole (<0.05 U/mL); VAN: vancomycin (<1 U/mL).

all selected bacteria. Fresh colonies of each strain grown on
MH agar were inoculated in MH broth and incubated over-
night (ON) at 37°C. The bacterial suspension was resuspended
in a fresh medium and further incubated at 37°C until the
exponential growth phase (1 x 108 CFU/mL). Then, serial
dilutions were performed to obtain the bacterial concentration
required for the test (1 x 10° CFU/mL). The plate microdilu-
tion method was conducted in a 96-well plate by adding
10 uL of the compound diluted in 1x PBS, in the concentra-
tion range 100-1.56 ug/mL, 40 uL of MH broth, and 50 uL
of bacterial suspension (1 x 10° CFU/mL). Ciprofloxacin
(0.01 pug/mL) for Pseudomonas aeruginosa, ampicillin
(20 ug/mL) for Escherichia coli and Klebsiella pneumoniae,
and vancomycin (10.4 yg/mL) for Gram-positive strains were
used as CTRL+, while bacteria treated with 1% DMSO, which
represented the highest concentration of solvent used, repre-
sented the CTRL-. The antimicrobial activity of the com-
pounds was evaluated after 24 h of incubation at 37°C under
vigorous orbital shaking. Bacterial growth was monitored by
measuring the absorbance at 600 nm, and the percentage of
inhibition was calculated according to the following formula:

(100 x OD600 nm of the test sample)

%Growth inhibition = 100 - OD600 FCTRL
nmo -

2.6. Time-Kill Kinetics Assay. To better understand the tenipo-
side kinetics against S. epidermidis, bacterial growth was mon-
itored over time. Doses of 1/2x MIC (3.12 ug/mL), 1x MIC
(6.25ug/mL), and 2x MIC (12.5ug/mL) were added to
the MH broth in a final volume of 2 mL. Untreated bacteria
and vancomycin-treated bacteria were used as CTRL- and
CTRL+, respectively. A bacterial suspension of 1 x 10 CFU/
mL was added to each tube and incubated at 37°C with orbital
shaking (180 rpm). A volume of 100 yL at time intervals of 0,
2,4, 6, and 20h was serially diluted in 1x PBS, and 20 yL of
each dilution was plotted on MH agar and incubated at

resistance; “S”: susceptible; TEL teicoplanin (<2 U/mL); TET: tetracycline (<1 U/mL); TIG: tigecycline (<0.25U/mL); TRI:

TaBLe 4: FICI values indicating synergism, additivity, and
antagonism.

Combinatorial effect FICI value
Synergism <0.5
Addivism 0.5<F<1.0
Indifference 1<F<4
Antagonism >4.0

37°C. The following day, colonies were counted to determine
the CFU/mL.

2.7. Scanning Electron Microscopy (SEM). The morphologi-
cal changes against S. epidermidis were observed by SEM.
Teniposide bacterial treatment at 1/2x MIC (3.12 yug/mL)
and 1x MIC (6.25 ug/mL) was performed as described in
Section 2.5. Unexposed and vancomycin-treated bacterial
cells represented CTRL- and CTRL+, respectively. After
exposure, the bacterial pellets were washed twice in 1x PBS
and fixed in 2.5% glutaraldehyde. Then, the bacteria were
dehydrated with ethanol solutions (25%, 50%, 70%, 95%,
and 100% v/v). Images were acquired using the ZEISS Supra
40 at an accelerating voltage of 5 kV with the Everhart-Thorn-
ley Detector (ETD) and through lens detector (TLD) set at
10,000, 20,000, and 50,000x magnifications (EHT =5.00kV,
WD = 22 mm, the detector in the objective) (Berlin, DE).

2.8. LIVE/DEAD Staining. Following the results obtained
from the time-kill kinetics assay, bacteria treated with differ-
ent teniposide concentrations for 6 h were examined for cell
viability using a BacLight LIVE/DEAD staining kit (Invitro-
gen, Carlsbad, United States). According to the manufactur-
er’s instructions, equal volumes of SYTO® 9 and propidium
iodide (PI) were mixed and added to each 96-well plate well.
The samples were incubated for 15 min in the dark at room
temperature and observed under a fluorescence microscope
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FiGurek 1: (a) HaCaT cytotoxicity after 24 h of exposure to teniposide. (b) Hemolysis after exposure of human red blood cells to compound.
The CTRL- was represented by the solvent-treated cells used to dissolve the drug (2% DMSO); CTRL+ was represented by DMSO used
at toxic concentrations (100%) for the MTT test and 0.1% TritonX-100 for the hemolysis test. Dunnett’s multiple comparison test:
“***pvalue < 0.0001; ***pvalue < 0.0007; ns pvalue > 0.05. Ordinary one-way ANOVA: pvalue < 0.0001; R — squared = 0.9871.

[31]. The images were taken using the Nikon ECLIPSE Ti2-
U (Nikon Europe B.V., Amsterdam, Netherlands) inverted
fluorescence microscope with beam settings for FITC and
TRITC and merged.

2.9. Double-Disk Synergy and Checkerboard Assay. To evalu-
ate the teniposide combinatorial effect with common antibi-
otics, a double-disk synergy screening was performed using
rifampicin (5 pg), fosfomycin (200 ug), gentamicin (10 ug),
clarithromycin (15 pg), linezolid (10 ug), chloramphenicol
(30 ug), cefoxitin (30 pug), ampicillin (2 ug), ciprofloxacin
(5 ug), tigecycline (15 ug), norfloxacin (10 ug), and merope-
nem (10ug) (Thermo Fisher Scientific, Massachusetts,
United States), as representative antibiotics of each class.
The bacterium at a density of 0.5 McFarland was seeded
on a MH agar plate using a sterile swab. Then, each antibi-
otic was placed at 2cm with the disk soaked in teniposide
(50 ug) and incubated for 24 h at 37°C. Potential synergism
(crossing of halos), antagonism (repelling of halos), and
indifference/additivism (adjacency of halos) were evaluated,
and the best combinations were confirmed through the
checkerboard assay [32]. For this test, the microdilution
plate method determined the exact MIC value for the antibi-
otics clarithromycin, ciprofloxacin, fosfomycin, and genta-
micin. Then, the antibiotic combinations (clarithromycin
2-0.002 ug/mL, ciprofloxacin 0.2-0.0001 pg/mL, fosfomycin
64-0.12 pug/mlL, and gentamicin 8-0.01 yg/mL) and tenipo-
side (12.5-0.19 ug/mL) were added to each well of the 96-
well plate. The bacterial inoculum at a density of 1x 10°
CFU/mL was added to the compounds tested alone and in
combination. The plates were incubated at 37°C under
orbital shaking (180 rpm) for 20h, and then bacterial growth
was measured spectrophotometrically (600 nm). The combi-
natorial effect was analyzed by calculating the fractional
inhibitory concentration index (FICI) according to the fol-
lowing formula: FICI = (MIC A in combination)/(MIC A
alone) + (MIC B in combination)/(MIC B alone).

The antibiotic/teniposide combinatorial effect was evalu-
ated considering the FICI values reported in Table 4.

2.10. Biofilm Inhibition. The biofilm inhibitory effect of teni-
poside was investigated in the initial formation stages (2h)
and the maturation (24h) phases against S. epidermidis
ATCC and two clinical isolates (S. epidermidisg, s,). Then,
the bacterial inoculum of each strain was diluted to OD
600 nm =0.2 (2 x 108 CFU/mL) in LB broth supplemented
with 1% glucose and exposed to compound (50-0.39 ug/
mL) in a final volume of 200 L. The unexposed bacterium
represented CTRL—. After treatment, the matrix was washed
twice in 1x PBS to remove planktonic cells and stained with
0.05% crystal violet (CV) for 40 min. The excess CV was dis-
carded, and the dye trapped in the matrix was solubilized
with 100% ethanol for 10 min. The absorbance recorded at
570 nm defined the percentage of inhibited matrix according
to the following formula:

DO570 nm of test sampl
%Biofilm inhibition = 1 — < 1 OF test samp e) % 100

OD570 nm of CTR -

The experiment was conducted under the same condi-
tions to evaluate the percentage of viable cells present in
the inhibited matrix using the MTT assay. After the tenipo-
side exposure time (2 and 24 h), the matrix was washed twice
in 1x PBS and treated with a 0.5 mg/mL MTT solution for
3h at 37°C. Then, the formed formazan crystals were solubi-
lized with 100% DMSO for 10 min. The absorbance read at
570 nm defined the percentage of metabolically active cells
according to the following formula:

(100 x OD 570 nm of test sample)
OD 570 nm of CTR -

%Metabolic activity =
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FIGURE 2: Continued.
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FIGURE 2: Antibacterial screening of teniposide (50 ug) against (a) E. faecalis, (b) S. aureus, (c) S. epidermidis, (d) E. coli, (e) K. pneumoniae,
and (f) S. enterica ser. Typhimurium. Linezolid (10 pg) and piperacillin (30 ug) represented the CTRL+ against Gram-positive and Gram-
negative bacteria, respectively. The solvent control was represented by a 100% DMSO-soaked disk (10 4L). (g) Antibacterial activity of
teniposide against selected bacteria by the broth microdilution method. Time-kill kinetics of teniposide against (h) S. epidermidis ATCC
12228 and (i) clinical isolate S;. The CTRL—- was represented by the solvent-treated cells used to dissolve the drug (2% DMSO);
ciprofloxacin (0.01 y#g/mL), ampicillin (20 yg/mL), and vancomycin (10.4 yg/mL) represented CTRL+ for Gram-negative and Gram-
positive bacteria. Dunnett’s multiple comparison test: ***pvalue <0.0003; **pvalue <0.0041; *pvalue <0.0364; ns pvalue > 0.05.

Ordinary one-way ANOVA: pvalue < 0.0005; R — squared = 0.9971.

2.11. Statistical Analysis. Each experiment conducted
included three technical replicas and two biological dupli-
cates. All the data collected were expressed as the mean +
standard deviation (SD). Minimal growth inhibition concen-
trations of 50% and 90% (MIC,, and MIC,,) and cytotoxic
and hemolysis concentrations of 50% (CCs, and HC;,)) were
calculated using the GraphPad Software Prism 9.0 (San
Diego, CA, United States). The significance of the difference
between treated- and CTRL--samples was obtained with

Dunnett’s test and ANOVA analysis. A p value < 0.05 was
considered significant.

3. Results

3.1. Cytotoxicity on Human Cells. The teniposide effect on
the HaCaT cell line and human red blood cells was evaluated
by MTT and hemolysis tests, respectively. After 24h of
exposure, cytotoxicity was established at the highest
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FiGUre 3: SEM analysis of (a-c) unexposed and (d-f) vancomycin (10.4 ug/mL) treated S. epidermidis ATCC 12228 planktonic cells.
Bacterial treatment with doses of (g-i) 1/2x MIC, (j-1) 1x MIC, and (m-o0) 2x MIC. For each sample, three different areas were
acquired, and for each area, three different magnifications were applied (10.000x, 20.000x, and 50.000x).

concentrations tested, recording mortality rates of 70% and
85% at 50 and 100 pg/mL, respectively. However, at concen-
trations below 12.5pug/mL, no relevant cytotoxicity was
detected. To support the results, the hemolysis test con-
firmed 38% and 25% red blood cell lysis at the same concen-
trations after 2h of exposure. For both assays, CTRL-
represented by cells exposed to the solvent used to dissolve
the drug (2% DMSO) did not undergo cellular alteration.
In comparison, CTRL+ (represented by 100% DMSO in
the MTT and 0.1% TritonX-100 in the hemolysis assay)
induced a 100% mortality rate (Figures 1(a) and 1(b)). The
CCy, CCqy, HC;(p, and HC,, values calculated according to
the dose-response curve were 33.63, 121.55, 44.32, and
161.44 pug/mL, respectively.

3.2. In Vitro Antibacterial Property. A Kirby-Bauer disk dif-
fusion test was performed to screen the antibacterial activity
against several Gram-positive and Gram-negative bacteria.
The inhibition area observed after exposure to 50 g of teni-
poside was 21+0.7, 22+0.2, and 25+ 0.1 mm against E.
faecalis, S. aureus, and S. epidermidis, respectively. About
Gram-negative bacteria, K. pneumoniae showed a slight sus-
ceptibility, registering an inhibition halo of 15+ 0.2mm,
while E. coli and S. enterica ser. Typhimurium were not
affected by growth. All strains were sensitive to CTRL+, with
an inhibition zone in the range of 34-35mm for linezolid
(10 ug) and 17-16 mm for piperacillin (30 ug). Conversely,
the solvent used to dissolve the compound (10uL 100%
DMSO) did not cause inhibition of bacterial growth
(Figures 2(a), 2(b), 2(c), 2(d), 2(e), and 2(f)). The antibacte-
rial efficacy of the drug was further investigated using the
broth microdilution method. A dose-response curve was
generated by exposing the selected bacteria to a 50-
1.56 ug/mL drug concentration scale. Teniposide exhibited

a minimum concentration inhibiting 90% of growth
(MIC,,) greater than 50 ug/mL for E. coli, S. enterica ser.
Typhimurium, and K. pneumoniae; 12.5 ug/mL against E.
faecalis; and 6.25 ug/mL against S. aureus and S. epidermidis
(Figure 2(g)). Due to the higher teniposide sensitivity of
S.epidermidis and its significant clinical impact, this strain
underwent extensive investigation. First, the antimicrobial
activity of teniposide was tested against 10 clinical isolates
with broad resistance profiles, revealing a MIC,, value of
6.25 ug/mL, against all strains tested (data not shown).

After that, the kinetic action of teniposide was evaluated
by performing a time-kill curve analysis against a reference
strain and a clinical isolate (S,). In both conditions, bacterial
exponential growth over time was detected for bacteria not
exposed to the compound. A feeble microbial growth
impairment for the reference strain after treatment with
3.12 yug/mL (1/2x MIC) compared to the CTRL- occurred.
Indeed, no growth alteration was reported in the clinical iso-
late at the same concentration. Conversely, 6h of exposure
to 6.25 ug/mL (1x MIC) and 12.5 yug/mL (2x MIC) induced
a gradual reduction of the bacterial load, and after 20 h, no
microbial growth was detected, indicating the bactericidal
action of teniposide (Figures 2(h) and 2(i)).

To evaluate the bacterial morphological effect, a micro-
scopic investigation was conducted on reference S. epidermi-
dis, in response to teniposide treatment. The acquired SEM
images indicated drug-induced surface differences. In detail,
the unexposed bacteria showed the expected smooth and
regular surfaces and spheroidal morphologies with an aver-
age diameter of ~1pum. Treatment with vancomycin
(CTRL+) induced complete cell lysis with widespread bacte-
rial debris, and residual cells showed irregular shapes. The
drug at a dose of 3.12 ug/mL (1/2x MIC) reduced the micro-
bial load, and the planktonic cells showed morphological
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FIGURE 4: BacLight LIVE/DEAD staining after treatment of S. epidermidis ATCC 12228 with teniposide analyzed under a fluorescence
microscope: (a—c) treatment with 12.5 ug/mL; (d-f) treatment with 6.25 ug/mL; (g-i) treatment with 3.12 yug/mL; (j-1) untreated bacteria;

(m-o) bacteria treated with vancomycin.

alterations, with protuberances on the surface appearing
rough for some cells, as indicated by the arrows. In support
of the time-killing data, a few areas of high bacterial density
and viable planktonic cells were highlighted after exposure
to the 6.25ug/mL (1x MIC) dose of the drug. Bacteria

showed indentation, collapse, lysis, and nonintact cell mor-
phology. Moreover, at double the MIC value (12.5 yug/mL),
no intact cells were detected (Figures 3(a), 3(b), 3(c), 3(d),
3(e), 3(f), 3(g), 3(h), 3(), 3(j), 3(k), 3(1), 3(m), 3(n), and
3(0)). To strengthen the evidence obtained, fluorescence
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FiGURE 5: The combinatorial effect between teniposide (50 #g) and (a) rifampicin (5 ug), (b) fosfomycin (200 ug), (c) gentamicin (10 ug),
(d) clarithromycin (15 ug), (e) linezolid (10 ug), (f) chloramphenicol (30 ug), (g) cefoxitin (30 ug), (h) ampicillin (2 ug), (i) ciprofloxacin
(5 ug), (j) tigecycline (15 pg), (k) norfloxacin (10 ug), and (1) meropenem (10 yg). The drug-drug interactions were qualitatively evaluated
after 20 h of incubation. (m) Fosfomycin and (n) gentamycin combinations were confirmed by checkerboard assays.

microscopy of LIVE/DEAD cells was conducted by staining
with PTand SYTO-9 S. epidermidis reference strain. The cells
permeable to PI and SYTO-9 are considered dead, while the
membrane-intact cells permeable to SYTO-9 are considered
viable. The cells were treated with a dose of 3.12 (1/2x MIC),
6.25 (1x MIC), and 12.5 ug/mL (2x MIC) of teniposide for
6h. The results indicated a uniform viable bacterial density
in the unexposed bacterial control, highlighted by the bright
green fluorescent background, with some red traces repre-
senting physiological death. Planktonic bacteria treated with
12.5-6.25 ug/mL showed a reduction in cell density and cell
damage, reflecting intense red staining. At the concentration
of 3.12 ug/mL, a higher bacterial density and a reduction of
dead cells were recorded by increasing the number of
green-stained live cells. Few nonviable cells were observed
after vancomycin treatment, accounting for CTRL+
(Figure 4(a), 4(b), 4(c), 4(d), 4(e), 4(f), 4(g), 4(h), 4(1), 4()),
4(k), 4(1), 4(m), 4(n), and 4(0)).

3.3. Teniposide/Antibiotic Combination Assay. To enhance
the effectiveness of the conventional antibiotics, rifampicin
(5ug), fosfomycin (200 ug), gentamicin (10 ug), clarithro-
mycin (15pug), linezolid (10 ug), chloramphenicol (30 ug),
cefoxitin (30 pg), ampicillin (2 pg), ciprofloxacin (5 ug), tige-
cycline (15 pg), norfloxacin (10 ug), and meropenem (10 pg)
were combined with teniposide (50 pg) at an exact distance of
2 cm. Double-disk synergy tests conducted on S. epidermidis
revealed that teniposide, when combined with rifampicin,
fosfomycin, gentamicin, clarithromycin, linezolid, chloram-

phenicol, cefoxitin, ciprofloxacin, and norfloxacin, exhibited
a potential additive/synergistic effect. Conversely, ampicillin,
tigecycline, and meropenem did not cooperate additively/
synergistically with the tested drug (Figures 5(a), 5(b), 5(c),
5(d), 5(e), 5(f), 5(g), 5(h), 5(i), 5(j), 5(k), and 5(1)). Based
on the promising inhibition halos and readily available anti-
biotics, the checkerboard method was employed to confirm
potential additivity/synergisms. Fosfomycin and teniposide
demonstrated efficient synergism against S. epidermidis,
proven by a FICI of 0.28. Similarly, gentamicin showed syn-
ergism with teniposide, corresponding to a FICI of 0.37
(Figures 5(m) and 5(n)). Otherwise, ciprofloxacin was associ-
ated with additivity, provided by a FICI of 0.52. Indeed, the
teniposide—clarithromycin combination had indifferent
behavior, with a FICI > 1 (data not shown).

3.4. Inhibition of Biofilm Matrix and Sessile Cell Metabolic
Activity. Biofilm formation represents one of the most con-
cerning virulence factors associated with S. epidermidis
catheter-related infections. Consequently, the impact of teni-
poside during the early (2h) and late (24 h) phases of biofilm
formation was investigated. Matrix biomass was quantified
by the CV method in treated samples ranging from 50 to
0.39 yug/mL. The most relevant data were represented by
the teniposide inhibitory capacity at 1/2x MIC concentra-
tions, which recorded 46-42-39% and 65-61-56.5% of
matrix inhibition for S. epidermidis ATCC, S, and S, after
2 and 24h, respectively. Considering the drug’s bactericidal
effect against planktonic cells, the ability of teniposide to
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FIGURE 6: Impact of teniposide on the S. epidermidis ATCC, S,, and S, biofilm matrix in the (a) early stages of attachment and (b) during the
maturation stage. Impaired metabolic activity of sessile cells in inhibited biofilm (c) during the early stages of attachment and (d) in the

maturation stage.

impair the metabolic activity of sessile cells was investigated
by the MTT assay. According to the effects on the biomass of
the biofilm, the same concentrations compromised the bac-
terial metabolism in a dose-dependent manner, showing
metabolic activity of 51-63-60% and 23-24-25% after 2
and 24 h at the 1/2x MIC against sensible strains and clinical
isolates, respectively (Figures 6(a), 6(b), 6(c), and 6(d)).

4. Discussion

S. epidermidis has garnered attention due to its emerging
threat to healthcare [1]. Although previously considered a
commensal bacterium, it has become necessary to categorize
it as an opportunistic pathogen [33]. Its ability to adhere to
medical devices and form biofilms has rendered it a chal-
lenging opponent of nosocomial infections [34]. Further-
more, S. epidermidis has demonstrated a remarkable
propensity to develop antibiotic resistance through intrinsic

and acquired mechanisms [35, 36]. This highlights the criti-
cal need for innovative therapeutic strategies beyond con-
ventional antibiotics to combat the growing threat posed
by MDR S. epidermidis. Drug repurposing offers attractive
advantages such as reduced development costs and shorter
lead times. Drug repurposing has significant benefits, includ-
ing reduced development costs and shorter timelines [37].
By taking advantage of the established safety profiles, phar-
macokinetics, and known mechanisms of action of existing
drugs, drug repurposing aims to evaluate their potential effi-
cacy against alternative diseases. Our study operates within
this framework, focusing on the antimicrobial properties of
teniposide, which have not been extensively studied or thor-
oughly investigated [38-40]. Therefore, our study delved
into the repurposing of FDA-approved teniposide as a
potential antibacterial agent. It is a semisynthetic derivative
of podophyllotoxin, a natural compound present in various
plant sources [41]. It belongs to the class of topoisomerase
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inhibitors and is mainly used as a chemotherapy drug to
treat different types of cancer, especially leukemia [42].
Although its primary mode of action is associated with its
antineoplastic properties, there is several evidences suggest-
ing potential antimicrobial activity. An antibacterial screen-
ing study conducted by Chan et al. [43] demonstrated the
inhibitory effects of teniposide against different strains, both
Gram-negative and Gram-positive bacteria. However, no
study to date has comprehensively elucidated the kinetics
of action, effects on planktonic cells and biofilms, or poten-
tial synergistic interactions with other drugs. Therefore, we
undertake a detailed exploration of the antibacterial proper-
ties of teniposide, starting with a broad-spectrum screening
against both Gram-negative and Gram-positive bacteria.
The drug, through diffusion in agar and the microdilution
method, did not show a relevant ability to inhibit the
growth of Gram-negative bacteria. However, its action was
evident against Gram-positive bacteria, including E. faecalis,
S. aureus, and S. epidermidis. The different activity observed
in the two bacterial populations could be attributed to
structural differences in their cell walls. Teniposide exhib-
ited a MIC,, value equal to 6.25ug/mL, consistent with a
previously mentioned study which reported a MIC value
of 8 ug/mL against S. aureus [43]. To confirm drug effec-
tiveness, it was tested on 10 S. epidermidis clinical isolates,
to demonstrate whether the drug acted independently of
the resistance profile. The drug’s activity over time and
the induced morphological changes were examined through
time-killing analysis and microscopic investigations. Teni-
poside induced a reduction in the bacterial load after 6h
of action, as evidenced by the high cellular permeability to
PI, an indicator of degradation of cell membranes. After
20h of pharmacological exposure, no viable cells were
counted in the time-killing assay. Likewise, SEM analyses
demonstrated the presence of residual bacterial populations
with completely damaged morphology. These evidences
irrefutably proved the bactericidal action of teniposide
against S. epidermidis. Moreover, a possible strategy to pre-
vent chronic infections is aimed at biofilm inhibition. Data
relating to CV and MTT assay indicated that teniposide was
able to inhibit biofilm formation in the early and matura-
tion stages in a concentration-dependent manner. To date,
no study has documented the ability of teniposide to coun-
teract biofilm formation. Similarly, hydroxyapatite synthe-
sized with etoposide showed a peculiar inhibition of
biofilm formation, as documented by laser scanning confo-
cal microscopy (CLSM) [44]. Although the cellular target of
the drug is not currently known in prokaryotic cells, the
mechanism of action of teniposide in eukaryotes involves
its interaction with DNA and the Topoisomerase II enzyme
[45]. As a result of the interaction between teniposide with
Topoisomerase II, the enzyme becomes trapped in the
DNA, forming the “cleavable complex” [46]. This complex
consists of the enzyme covalently linked to DNA, with the
broken DNA strands accumulating in cells. The latter trig-
gers break-repair mechanisms, which the drug counteracts.
DNA damage, replication, and transcription machinery
stalling result in the activation of cell death pathways,
mainly apoptosis. Topoisomerase II in bacteria is repre-
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sented by the DNA gyrase, a possible target of teniposide
in prokaryotes [47].

A study conducted on the drug etoposide (another semi-
synthetic derivative of podophyllotoxin) showed cocrystal-
line structure activity against S. aureus DNA gyrase. DNA
cleavage assay confirmed that etoposide stabilized both
single-stranded (SSB) and double-stranded (DSB) breaks,
demonstrating the inhibitory action of DNA gyrase. In addi-
tion, etoposide-stabilized SSB and DSB persisted over a wide
range of concentrations (800-12.5uM) of etoposide with
DNA gyrase [43]. In the second step of our study, the com-
binatorial effect of teniposide with different antibiotics was
evaluated. Among the selected antibiotics, the combinations
of teniposide/fosfomycin and teniposide/gentamicin were
explored as promising combination therapies to enhance
the efficacy of antimicrobial treatment (FICI < 0.37). This
could be attributable to the different mechanisms of action:
fosfomycin interferes with cell wall synthesis by inhibiting
the initial stages of peptidoglycan biosynthesis, while genta-
micin is an aminoglycoside antibiotic that impairs bacterial
protein synthesis [48, 49]. The different targets of the drugs
involved could explain the combined action of teniposide
with the two antibiotics.

Opverall, the reported evidence reinforces the idea that
drug repurposing represents a promising strategy in the
ongoing challenge against antimicrobial resistance. The wor-
rying increase in antibiotic-resistant bacterial strains and the
slow development of new antibiotics require advantageous
approaches for the discovery of new molecules with antimi-
crobial properties [50]. Reusing drugs originally designed for
different therapeutic purposes allows researchers to take
advantage of shorter development times, well-established
safety data, and well-understood pharmacokinetics [21].
However, the intricate mechanisms of microbial resistance
and the complexity of host-drug interactions require thor-
ough investigation to ensure the efficacy and safety of the
repurposed molecules [51]. Further studies will be necessary
to confirm the exact mechanism of action of teniposide,
strengthening its potential use as an antibacterial agent.
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