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Abstract

Background and Aim: Streptococcus mutans (S. mutans), a primary
pathogen in dental caries, forms biofilm and is increasingly resistant to
antibiotics. This study aimed to assess the antimicrobial and antibiofilm
effects of acetaminophen on S. mutans clinical isolates and its impact
on vicK gene expression.

Materials and Methods: In this cross-sectional study, S. mutans was
isolated from dental carious lesions of 43 patients, characterized,
followed by antibiotic susceptibility testing. Acetaminophen's
antibacterial activity was evaluated through agar well diffusion,
minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC), and biofilm inhibition assays. vicK gene
expression was quantified by reverse-transcription polymerase chain
reaction (RT-PCR). Data were analyzed using Student's t-test
(alpha=0.05).

Results: S. mutans was isolated from 53.49% of patients, with 17.39%
exhibiting multidrug resistance. Acetaminophen showed significant
antimicrobial activity with a zone of inhibition of 21 £ 1.52 mm, and
MIC and MBC values of 250 pg/mL and 300 pg/mL, respectively.
Acetaminophen inhibited biofilm formation and reduced vicK gene
expression (fold change 0.668 vs. 1.018 in controls, P<0.05).
Conclusion: Acetaminophen demonstrated significant antimicrobial and
antibiofilm effects on S. mutans, along with a notable down-regulation
of the vicK gene, which is crucial for biofilm formation. These findings
suggest that acetaminophen could be repurposed as a potential
therapeutic agent for managing oral infections, particularly those
caused by resistant S. mutans strains. Further clinical trials are
warranted to explore its efficacy and safety in vivo.
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Introduction

Dental caries and periodontal diseases are
considered as the most frequent bacterial
infections in humans due to the rise of sedentary
lifestyles and unhealthy eating habits [1].
Pathogenic mechanisms behind these oro-dental
infections include the formation of biofilm on
dental surfaces and associated structures [2].
This enables the bacteria to survive in the harsh
oral niches and to further progress into caries.
Significant research conducted over the past few
decades has shed light on the association
between Streptococcus mutans (S. mutans) and
dental caries [3], in concert with the associated
host factors involved in caries progression [4].
Among many pathogenic mechanisms, the main
mechanism of action of S. mutans is due to its
ability to synthesize extracellular polysaccharide
matrix [5], which transforms the pathogen into a
primary colonizer. This will further aid the
secondary colonizers to adhere and strongly
build biofilm layers, making the lesions highly
invasive [6]. Apart from biofilm formation, the
propensity of antimicrobial resistance over the
past few years has also been steadily increasing,
complicating the treatment scenario [7]. The
drug resistance profile of S. mutans against
multiple classes of antibiotics has been widely
reported, warranting more evidence-based
studies on resistant profiles [8]. The main mode
of drug resistance in S. mutans arises from the
efflux pump-based mechanisms [9]. In oral
streptococci, resistance to penicillin is frequent,
with a prevalence of approximately 47.8%, while
multi-drug resistance has a prevalence of 31.9%
[10]. The vicK gene-based pathogenesis in S.
mutans has also sparked renewed interest in
recent decades. This gene contributes to the
modulation of biofilm adherence and disease
progression. VicRK, frequently referred to as
WalRK or YycFG, is a signaling system that is
conserved in low-GC Gram-positive bacteria, and
functions as a conductor, regulating essential

cellular processes such as cell division and cell
wall building, and maintaining a steady internal
environment [11]. The VicRKX system acts as a
medium for cellular communications, and vicK
acts as a sensor, picking up external and internal
cellular signals. These signals are further
forwarded to VicR, the

towards the quorum sensing effect of biofilms.

central regulator,
All these signaling processes are mediated by a
hypothetical enzyme VicX, which modifies the
cellular functions of S. mutans traits in the oral
cavity [12]. Thus, considering the pathogenesis
of S. mutans, there is a need of the hour to design
suitable alternative strategies to combat S.
mutans and its associated infections in the oral
cavity. In routine practice and other evidence-
based reports, various synthetic and natural
sources have been proposed to combat
cariogenic microorganisms [13]. In this line,
drug repurposing has recently evolved as a
unique paradigm to identify newer antibacterial
medicines as a result of failure of the
conventional antimicrobial agents of choice.
Various studies have been conducted on the
repurposing of drugs administered for cancer
[14], diabetes [15], or hypertension [16], among
others. In this line, acetaminophen, frequently
referred to as paracetamol or N-acetyl-p-
aminophenol, is a widely utilized medicine. It is
an effective pain reliever and an antipyretic
medication, and is compatible at therapeutic
doses for all age groups [17]. Earlier studies
evaluated repurposing acetaminophen for
treatment of COVID-19 [18], acute liver failure,
traumatic brain injury [19], and dengue virus
[20], and also as an antibacterial agent [21].
Furthermore, acetaminophen has demonstrated
antibacterial activity against various pathogens,
including Pseudomonas aeruginosa, Escherichia
and Klebsiella

pneumoniae [22]. Additionally, its antibacterial

coli, Staphylococcus aureus,

and antibiofilm efficacy against Pseudomonas
aeruginosa and Staphylococcus epidermidis have
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been documented [23]. These findings highlight
the potential of acetaminophen as a viable
candidate for repurposing in the management of
bacterial infections, including those caused by S.
mutans.

With this literature background, the present
study was undertaken as the first of its kind to
effect  of
acetaminophen against the clinical isolates of S.

evaluate the antimicrobial
mutans isolated from patients with dental caries.
Additionally, the frequency of the vicK gene
was analyzed with gene expression analysis
with
reverse-transcription polymerase chain reaction
(RT-PCR).

upon treatment acetaminophen by

Materials and Methods
Study setting and isolation of S. mutans from
carious lesions:

This cross-sectional experimental study
involved patients with dental caries (n=43)
presenting to the Department of Endodontics,
Saveetha Dental College and Hospitals, aged
between 21 to 56 years. The sample size (n = 43)
was determined based on patient recruitment
feasibility and resource availability. A post hoc
power analysis with an effect size of 0.5 and
significance level of 0.05 showed a study power
of 80%, indicating that the sample size was
adequate for the study. The clinical assessments,
grading, and the decayed, missing, and filled
teeth scores were evaluated by an endodontist.
Institutional ethical clearance and consents were
obtained prior to the onset of the study
(SRB/SDC/UG-2292/24/MICRO).

from the carious lesions were excavated using a

Scrapings

sterile excavator and collected in sterile
trypticase soy broth (Himedia Mumbai, India),
which was immediately transferred to a
microbiology laboratory according to the
protocol described by Tamanna et al [3]. The
samples were inoculated onto sterile mutans

sanguis agar (MSA; Himedia Mumbai, India) and

incubated at 37°C for 24-48 hours. After
incubation, the colonies were examined for their
morphology and further confirmed by Gram
staining. Phenotypic characterization assays
were performed, including catalase test, motility
test, hemolysis on sheep blood agar, Voges-
Proskauer test, and fermentation tests for

sucrose, maltose, lactose, mannose, ribose,
xylose, mannitol, and inositol. Additional assays
included esculin hydrolysis, arginine hydrolysis,
and alkaline phosphatase tests; all biochemicals
were procured from Himedia Mumbai, India.

antibiotic

Antibiogram  profiling:  The

susceptibility = profile for assessing the
susceptible and resistant strains was done using
the standard Kirby-Bauer method (disc diffusion
method) [24]. Fresh broth

(turbidity equivalent to 0.5 McFarland standard)

suspensions

were made as lawn cultures using sterile swabs
onto the sterile blood agar (Himedia Mumbai,
India). The selection of antibiotics was done as
per the CLSI guidelines (2023) [25] that included
10 units penicillin-G, 10 pg ampicillin, 30 pg
15 ug
tetracycline, 5 g

cefotaxime, erythromycin, 30 pg
levofloxacin, 30 pg
chloramphenicol, 2 pg clindamycin, 30 pg
linezolid, and 30 pg vancomycin (Himedia,
Mumbai, India). The plates were incubated for
24 hours at 37°C, and after incubation, the
antibiogram was evaluated based on the
measures of the zone of inhibition. The resistant
strains were labeled and further subjected for
the bioassays.

Antibacterial activity of acetaminophen for
repurposing against resistant S. mutans:
Acetaminophen purchased from Merck, India
was dissolved in sterile double-distilled water.
The antibacterial activity was evaluated using
the agar well diffusion method [26]. Briefly, 100
uL of fresh 4-hour broth suspension (adjusted to
0.5 McFarland Standard) containing 108 colony-
forming units/milliliter (CFUs/mL) of S. mutans

was made as lawn cultures onto the sterile MSA
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agar plates. Wells with a diameter of 5 mm were
made onto the surface of the agar plates using an
agar puncture, and 50 pL of the sample was
added using a micropipette. The plates were
incubated at 37°C for 24 hours, and the zone of
clearance was measured and recorded. The
bioassay was performed in triplicate for
statistical analysis of the mean values.
Determination  of minimum  inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC) values for acetaminophen
and MBC were

determined by the microbroth dilution method

against S. mutans: MIC

[27]. The bacterial suspension was adjusted to
approximately 108 CFUs/mL in sterile trypticase
soy broth. Acetaminophen was diluted in sterile
double-distilled water to achieve a final
concentration of 300, 250, 150, 75, and 37.5
mg/mL. Each well of a 96-well microtiter plate
received 100 uL of the sample with 100 pL of the
broth suspension, and the plate was incubated at
37°C for 24 hours. The MIC was identified as the
acetaminophen concentration that
growth after

incubation. The MBC value was determined by

lowest
showed the lowest bacterial

sub-culturing the samples from each well onto
sterile MSA agar plate and incubation for 24-48
hours. The dilution showing zero growth was
recorded as the MBC value.

Anti-biofilm  property of acetaminophen
against S. mutans: The inhibitory effect of
acetaminophen on S. mutans biofilm formation
was evaluated following the method reported by
Kannan and As [28]. Briefly, acetaminophen was
dissolved at a concentration of 600 mg in sterile
trypticase soy broth supplemented with 1%
(w/v) sucrose (Sigma-Aldrich, USA). Sterile teeth
were chosen for the biofilm model, where the
teeth (n=10) were exposed to S. mutans broth
for 72 diluted

acetaminophen solution with incubation at 37°C

hours along with the

in an incubator (treatment group). Control teeth
were prepared with only S. mutans and without

acetaminophen. After incubation, the loosely

adhered planktonic bacteria were gently
removed from the tooth surface by gentle
agitation in an ultrasonicator in both the control
and treatment groups. Swabs were taken from
each group and streaked onto MSA plates, which
were subsequently incubated aerobically at 37°C
for 18 to 24 hours, and the reduction in colonies
was enumerated and recorded as CFUs/mL.
Molecular characterization of vicK gene in S.
mutans:

Extraction of genomic DNA and PCR to detect
vicK gene: Genomic DNA was isolated from an
overnight culture of S. mutans grown in tryptic
soy broth as per the manufacturer’s instructions
(Qiagen DNA extraction kit). For the PCR
reaction, a 25 puL mixture was prepared for each
strain, which included 12.5 pL of Takara (2X)
master mix, 5.6 pL of double-distilled water, and
specific primers for the vicK gene obtained from
Eurofins Genomic India Pvt Ltd, Bangalore. The
PCR conditions are reported in Table 1, and the
resulting amplicons were identified through
electrophoresis using a 1.5% agarose gel in 0.5
Tris-borate-EDTA, stained with ethidium
bromide solution [29].

Gene expression analysis of vicK upon
treatment with acetaminophen:

Isolation of RNA: Total RNA was extracted
from bacterial broth samples using TRIzol™
(Thermo Fisher Scientificc USA) according to
standard procedures. The Ilysates were
incubated at room temperature to dissociate the
nucleoprotein complexes, and the RNA was
extracted using phenol-chloroform and was
centrifuged at 12,000 x g at 4°C to separate it
into three layers. The aqueous layer containing
RNA  was with
isopropanol, and centrifuged for 10 minutes at
12,000 x g at 4°C. The resulting RNA pellet was
washed with 70% ethanol, air-dried, and eluted
Total RNA was
quantified using a Nanodrop spectrophotometer

at A260/280 ratio[30].

collected, precipitated

with nuclease-free water.
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Table 1. PCR conditions and specific primer details for the molecular detection of vicK gene

Gene Sequence Annealing Amplicon size
vicK F ATGTAACGCGTGAGCAGGCA o
vicKR AAGCCACTTTCACGGCGGTT 95°C 178bp

cDNA Synthesis: Five micrograms of total RNA
were used for cDNA synthesis using the iScript™
cDNA Synthesis Kit (Bio-Rad). The RNA was
reverse-transcribed with reverse transcriptase
enzyme according to the Kkit's instructions,
including incubation at 25°C for 5 minutes, 46°C
for 20 minutes, and a final denaturation step at
95°C for 1 minute. The synthesized cDNA was
quantified using a Nanodrop spectrophotometer
[30].

Analysis of the vicK gene expression by RT-PCR:
Real-time PCR was performed using TB Green
gPCR premixes (Takara Biotechnology, China)
on the CFX Opus Real-Time PCR System (Bio-
Rad). Primers for vicK were: F:5
ATGTAACGCGTGAGCAGGCA-3’ and R:
5’AAGCCACTTTCACGGCGGTT-3’. The reaction
set up included 5 pL of TB Green, 10 uM of each
of the forward and reverse primers, 100 ng of
cDNA, and nuclease-free water to a total volume
of 10 pL. Thermal cycling conditions were set at
95°C for 3 minutes, followed by 40 cycles of 95°C
for 10 seconds and 59°C for 30 seconds for vickK.
The amplicon size of vicK was 178 bp. Gene
expression was calculated using the 2-AACt
method, with GAPDH as the internal control [31].

Results
Identification of S. mutans and resistant
traits:

Of 43 patients, S. mutans was isolated from
53.49% (n=23) with 17.39% (n=4) as resistant
traits. The colonies were observed as distinct,
smooth, raised, convex, undulate, opaque, pale-
yellow colonies with a jelly-like appearance on
MSA agar. Gram staining showed Gram-positive
cocci in short chains (Figure 1a, 1b, and 1c). The
resistant traits (n=4) showed resistance to

penicillin, ampicillin, erythromycin, tetracycline,
clindamycin, and levofloxacin (Figure 1d).

60

50

Susceptibility (%)
»
o

Figure 1. (A) Phenotypic characterization of S. mutans from
the carious scrapings of patients with dental caries. (B)
Colony morphology as observed on sterile mutans sanguis
agar. (C) Gram staining showing the Gram-positive cocci in
short chains. (D) Antibiogram profiling of the isolates
(n=23) showing resistant traits

Antimicrobial and antibiofilm effects of
acetaminophen against S. mutans:

The antimicrobial efficacy of acetaminophen
was highly promising for all the strains (100%;
n=23),

assessed by the agar well diffusion method. The

including the resistant strains, as
zone of inhibition was recorded as 21+1.52 mm
(Figure 2a). The MIC and MBC values were
determined as 250 mg/mL (Figure 2b) and 300
mg/mL (Figure 3a and 3b), respectively. The
biofilm inhibition property of acetaminophen as
evaluated by CFUs

difference between the control (untreated S.

showed a significant
mutans biofilm) and the treatment group
(biofilm treated with 250 mg of acetaminophen).
The reduction in the number of colonies on the
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tooth models upon treatment is reported in

Figure 4a.
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Figure 2. Antimicrobial property of acetaminophen against
S. mutans showing (A) zone of clearance against both
susceptible and resistant strains. (B) Graph depicting the
OD value for the MIC value at 250 mg/mL by microbroth
dilution method
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Figure 3. (A) Acetaminophen showing the MBC (300
mg/mL). (B) Reduction in colony count at varying
concentrations of acetaminophen

Frequency of vicK gene in S. mutans and its
expression profile:

The vicK gene was detected using PCR, and
the frequency of the gene in S. mutans was
86.96% (n=20), with all four resistant traits
possessing the gene (Figure 4b). To validate the
alterations in vicK gene expression, further
analysis was conducted using qPCR. The results
revealed a significant down-regulation of the

vicK gene following acetaminophen treatment,
as illustrated in Figure 4c. Conversely, the
control group exhibited an up-regulation of the
vicK gene. Specifically, the fold change value in
the control group was determined to be 1.018;
whereas, the fold change value in the
acetaminophen-treated group was significantly
at 0.668 (P<0.05). These

indicated that acetaminophen treatment exerted

lower findings

a distinct inhibitory effect on the vicK gene
expression in S. mutans.

A Antibiofilm Assay

Figure 4. A. Antibiofilm effect of acetaminophen as
evaluated on the tooth models and inhibition of biofilm
formation on the treated teeth in comparison with the
control as evaluated by the reduction in colony count as
determined by CFUs/mL. (B) Frequency of vicK gene and its
expression among the clinical isolates of S. mutans.
Electrophoretogram of vicK gene showing the amplicon at
178bp C. RT-PCR analysis showing the downregulation of
the vicK gene expression wupon treatment with
acetaminophen

Discussion

In routine dental practice, it is essential to use
various drugs with diverse biological functions
to manage orodental infections and alleviate
associated pain. Addressing microbial challenges
on tooth surfaces and gingival tissues remains a
significant task. Diclofenac, known for its anti-
inflammatory properties [32], and
acetaminophen, which offers analgesic and
antipyretic effects [33], are commonly utilized to
reduce pain from orodental infections.
Additionally,

highlighted the antimicrobial properties of these

previous investigations have
drugs against key bacterial pathogens, including
tuberculosis bacilli [34]. Thus, it is crucial to
assess their potential as antibacterial agents

through proper validation against various
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pathogens. This study aimed to provide evidence

by evaluating their antibacterial potential
specifically against the dental pathogen S.
mutans, representing a novel approach in dental
health research. The isolation of S. mutans from
53.49% of patients highlights its high prevalence
in oral infections, although lower than the
98.11% reported among caries-active children in
a previous study [35]. Notably, 17.39% of
exhibited

antibiotics, including penicillin and levofloxacin,

isolates resistance to multiple
likely due to mechanisms such as efflux pumps,
target-site mutations, and biofilm-mediated
protection [36]. Biofilms act as physical barriers
against antimicrobial agents, while the VicRK
two-component system enhances adaptability
and survival under stress [37]. These resistant
traits complicate treatment and contribute to the
persistence and virulence of S. mutans, playing a
key role in the progression of dental caries. The
investigation revealed significant antibacterial
activity of acetaminophen against S. mutans,
with inhibition zones comparable to previous
findings on other pathogens.

Alnaji et al. [38] demonstrated acetamino-
phen's efficacy against Escherichia coli and
Salmonella typhi, with inhibition zones of 16 mm
and 13 mm, respectively; while Salem-Milani et
al. [39]
activity against E. faecalis, although with a
of 9 mm. The

antibacterial effects of acetaminophen are likely

reported diclofenac's antibacterial

smaller zone observed

mediated through disruptions in bacterial
replication, DNA repair mechanisms, and cellular
division, as described by Zhang and Cheng [40].
These

integrity, rendering them unable to sustain

disruptions compromise bacterial
growth or form biofilm. The comparable efficacy
against diverse pathogens underscores the
broad-spectrum potential of acetaminophen as

an antimicrobial agent, although further studies

are needed to elucidate its precise molecular
mechanisms in S. mutans. In the present study,
both the MIC and MBC of the drug were
assessed. The results indicated that
acetaminophen was notably effective against S.
mutans, although the required concentrations
were relatively high. Previous research reported
a MIC of 1024 pg/mL for diclofenac against
Escherichia coli [41] and lower MIC values
for ibuprofen and acetaminophen against
Staphylococcus aureus and Paracoccus yeei [42],
with Enterobacter strains showing resistance. In
contrast, the present study determined the MIC
value for acetaminophen against S. mutans to be
250 pg/mL with MBC value of 300 pg/mlL.
Additionally, the differences in MIC and MBC
values across studies highlight the variable
susceptibility of different bacterial species and
strains to acetaminophen, emphasizing the need
for targeted optimization of therapeutic
strategies for S. mutans. Further investigations
are warranted to explore these mechanisms in
detail and develop more efficient approaches to
combat S. mutans infections. This study
demonstrated that acetaminophen significantly
inhibited S. mutans biofilm formation, as
evidenced by a marked reduction in CFUs on
treated tooth models compared to controls.
These findings align with previous reports on
which

disrupt biofilms through mechanisms such as

non-steroidal agents like diclofenac,
interference with quorum sensing and biofilm
matrix synthesis [39]. The observed activity may
be attributed to acetaminophen's potential to
disturb biofilm formation in S. mutans.
Compared to other agents requiring higher
concentrations, acetaminophen showed efficacy
at 250 pg/mL, making it a promising candidate
for addressing biofilm-associated dental caries.

The high frequency of the vicK gene (86.96%)
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among the isolates, including all resistant
strains, underscores its pivotal role in the
pathogenicity and survival strategies of S.
mutans. The vicK gene encodes a part of the two-
system (VicK/VicR),

implicated in

component
which has

virulence factors such as biofilm formation and

regulatory
been regulating
the ability to resist environmental stressors. The
presence of vicK in a significant proportion of
isolates suggests its involvement in enhancing
under hostile

the bacterium's survival

conditions, such as during dental plaque
formation, where acidic environments and
defenses are

immune prevalent.  This

observation aligns with previous studies,
including Zhuang et al. [43], who reported a high
prevalence of vicK and vicR among childhood
caries isolates. These findings suggest that S.
mutans utilizes the VicK/VicR system as a critical
mechanism for adapting to environmental
stresses in the oral cavity and contributing to its
pathogenic  potential. = Furthermore, the
widespread presence of vicK among resistant
strains might indicate that this gene also plays a
role in antimicrobial resistance, potentially by
modulating stress response pathways that
mitigate the effects of antimicrobial agents.
Acetaminophen treatment resulted in
significant down-regulation of the vicK gene,
with a fold change reduction by 0.668 in the
treated group compared to 1.018 in the control
group (P<0.05). This down-regulation likely
biofilm

mechanisms, reducing the virulence of S. mutans.

impairs formation and adaptive
Biofilms, being a critical survival strategy,
protect S. mutans from environmental stresses
and antimicrobial agents, facilitating persistence
in the oral cavity [44]. The inhibition of the
VicRK system by acetaminophen aligns with
of this

regulatory pathway weakened biofilm integrity

earlier reports where disruption

virulence [45, 46].

Mechanistically, acetaminophen may interfere

and reduced bacterial

with the VicRK signaling cascade, thereby
disrupting the regulation of genes responsible
for exopolysaccharide synthesis and biofilm
matrix formation. This finding is particularly
significant in the context of resistant strains, as
all resistant traits in this study harbored the vicK
gene, highlighting its role in mediating survival
under antimicrobial pressure. These results
suggest that acetaminophen's inhibitory effect
on the vicK gene represents a promising avenue
for targeting S. mutans virulence. By down-
regulating biofilm-associated pathways,
acetaminophen could reduce the pathogen's
capacity to colonize and persist in the oral
cavity, thereby mitigating its role in dental caries
progression. Further research involving in vivo
studies and molecular analyses is essential to
confirm these findings and explore the broader
potential of acetaminophen in dental health
management. The main limitation of this
evidence-based study was its small sample size,
and thus the frequency of the vicK gene and its
expression have to be documented in a larger
With the of the

property of acetaminophen

sample size. evidence
antimicrobial
against S. mutans, in vivo experimental research
in animal models is warranted to understand its
full efficacy against S. mutans and further its

molecular level of action.

Conclusion

The results of this study demonstrated that
exhibited
antimicrobial activity against S. mutans, includ-

acetaminophen significant
ing strains resistant to multiple antibiotics.
inhibit both
bacterial growth and biofilm formation, with a
MIC of 250 mg/mL and a MBC of 300 pg/mL.
Additionally, acetaminophen treatment led to

Acetaminophen was found to

significant downregulation of the vicK gene,
which plays a crucial role in biofilm formation
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and resistance to environmental stress. These
findings support the potential of acetaminophen
as a repurposed therapeutic agent against dental
caries and suggest further investigation into its
molecular mechanisms of action. The high
prevalence of the vicK gene among S. mutans
isolates, including resistant strains, highlights
the importance of targeting bacterial virulence
factors as part of novel treatment strategies.
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