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Streptococcus mutans is a Gram-positive, facultative anaerobic bacterium,
which causes dental caries after forming biofilms on the tooth surface while
producing organic acids that demineralize enamel and dentin. We observed
that the polyunsaturated arachidonic acid (AA) (w-6; 20:4) had an anti-bacterial
activity against S. mutans, which prompted us to investigate its mechanism of
action. The minimum inhibitory concentration (MIC) of AA on S. mutans was
25pug/ml in the presence of 5% CO,, while it was reduced to 6.25-12.5 ug/ml
in the absence of CO, supplementation. The anti-bacterial action was due to
a combination of bactericidal and bacteriostatic effects. The minimum biofilm
inhibitory concentration (MBIC) was the same as the MIC, suggesting that part
of the anti-biofilm effect was due to the anti-bacterial activity. Gene expression
studies showed decreased expression of biofilm-related genes, suggesting
that AA also has a specific anti-biofilm effect. Flow cytometric analyses using
potentiometric DIOC2(3) dye, fluorescent efflux pump substrates, and live/
dead SYTO 9/propidium iodide staining showed that AA leads to immediate
membrane hyperpolarization, altered membrane transport and efflux pump
activities, and increased membrane permeability with subsequent membrane
perforation. High-resolution scanning electron microscopy (HR-SEM) showed
remnants of burst bacteria. Furthermore, flow cytometric analysis using the
redox probe 2’,7’-dichlorofluorescein diacetate (DCFHDA) showed that AA acts
as an antioxidant in a dose-dependent manner. a-Tocopherol, an antioxidant
that terminates the radical chain, counteracted the anti-bacterial activity of AA,
suggesting that oxidation of AA in bacteria leads to the production of cytotoxic
radicals that contribute to bacterial growth arrest and death. Importantly,
AA was not toxic to normal Vero epithelial cells even at 100 pg/ml, and it did
not cause hemolysis of erythrocytes. In conclusion, our study shows that AA
is a potentially safe drug that can be used to reduce the bacterial burden of
cariogenic S. mutans.
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1 Introduction

The oral cavity is in constant contact with the external
environment which leads to the flourishing of a complex microbiota
composed of hundreds of different bacterial and fungal species
(Dewhirst et al., 2010; Sharma et al., 2018; Deo and Deshmukh, 2019).
The oral environment provides ideal conditions for microbial growth
with a temperature of about 37°C, hydrated by saliva with a pH of
6.5-7 which sometimes drops to pH 4-5, and a humidified vapor of
exhalant that can reach up to 5% CO, (Sharma et al., 2018; Deo and
Deshmulkh, 2019). The microbes can colonize both the hard surfaces
of the teeth and the soft mucosal tissues (Sharma et al., 2018; Deo and
Deshmukh, 2019) where they participate in the development of caries,
gingivitis and periodontitis, which are among the most common
health problems in both young and elderly people (Abou Neel et al.,
2016; Wong et al., 2017). Maintaining a healthy oral condition is also
important for the overall well-being of the body, whose function is
influenced by the oral microbiome (Sharma et al., 2018; Deo and
Deshmukh, 2019).

One of the oral microbes involved in dental caries is the facultative
anaerobic Gram-positive Streptococcus mutans, which forms strong
biofilms on the tooth surface and oral mucosa especially in the
presence of sucrose (Forssten et al., 2010; Johansson et al., 2016;
Lemos et al., 2019). S. mutans can also adhere to the tooth surface
independently of sucrose through interaction of adhesion P1 (encoded
by spaP) with salivary agglutinin (Ahn et al., 2008). Sucrose induces
the expression of glycosyltransferases (Gtfs) responsible for the
production of exopolysaccharides (EPS) involved in biofilm formation
(Koo etal., 2010), but it is also metabolized by S. mutans into organic
acids such as lactic acid leading to demineralization of the tooth
surface and caries (Jijakli and Jensen, 2019; Lemos et al., 2019).
Protons expelled from S. mutans via the F,F,-ATPase pump can
be trapped by the EPS of biofilms, resulting in localized low pH at the
tooth surfaces, which further promotes enamel demineralization
(Krzyséciak et al., 2014; Guo et al., 2015). Besides being acidogenic,
S. mutans is acidophilic and has developed mechanisms that allow it
to survive under acidic conditions, resulting in a higher prevalence of
S. mutans and other acidophilic bacteria while preventing the growth
of acid-sensitive bacterial strains (Takahashi and Nyvad, 2011;
Abranches et al., 2018; Lemos et al., 2019). This vicious circle leads to
an imbalanced oral microbiota with further exacerbation of dental
caries and accompanying health problems (Abou Neel et al., 2016;
Wong et al., 2017; Sharma et al., 2018).

Over the years, various approaches have been used to reduce the
oral burden of cariogenic bacteria and to prevent plaque and caries
formation (Philip and Suneja, 2023). These include reduced sugar
consumption, mechanical removal of plaque, use of antiseptic agents
such as chlorhexidine, triclosan, and cetylpyridinium chloride (Marsh,
2010; Qiu et al., 2020; Yazicioglu et al., 2023), detergents such as
sodium lauryl sulfate (Yazicioglu et al., 2023), and compounds that
strengthen the enamel such as fluoride and casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP) (Gurunathan et al., 2012;

Abbreviations: AA, arachidonic acid; AEA, anandamide; CV, crystal violet; DAPI,
4,6-diamidino-2-phenylindole; HR-SEM, high-resolution scanning electron
microscopy; MBIC, minimum biofilm inhibitory concentration; MIC, minimum

inhibitory concentration; OD, optical density; RFI, relative fluorescence intensity.
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Giacaman et al., 2023; Philip and Suneja, 2023). In severe cases,
treatment with antibiotics is required (Qiu et al., 2020), but these
drugs should in general be avoided in order to prevent the
development of antibiotic-resistant strains. Various natural plant
compounds have also been examined for their usefulness in reducing
bacterial load, but their minimum inhibitory concentrations (MICs)
are often high, e.g., 1-4mg/ml for epigallocatechin gallate (EGCG)
(Schneider-Rayman et al., 2021; Aragdo et al., 2022) and 128-256 pg/
ml for curcumin (Song et al., 2012; Ehteshami et al., 2021). EGCG and
other polyphenols have the disadvantage of causing dehydration
(Oz, 2017), while chlorhexidine and curcumin cause undesirable
discoloration of teeth. Moreover, cetylpyridinium chloride,
chlorhexidine, triclosan, and amine fluorides can cause toxicities with
excessive uses (Dann and Hontela, 2011; Miiller et al., 2017; Nasila
etal, 2021) and bacteria can develop resistance (Liao et al., 2017; Mao
et al,, 2020; Huang et al., 2022). Chlorhexidine can cause allergic
reactions in rare cases (Fernandes et al., 2019). Therefore, there is still
a need to optimize the treatment.

In the course of studying the anti-bacterial and anti-biofilm
activities of various compounds against S. mutans, we observed that
the polyunsaturated arachidonic acid (AA) has anti-bacterial activity
against this bacterium. Previous studies have shown that AA has anti-
bacterial activity against Streptococcus pneumoniae by disrupting fatty
acid biosynthesis (Eijkelkamp et al., 2018) and anti-bacterial activity
against Staphylococcus aureus by causing lipid peroxidation (Beavers
et al,, 2019). AA also inhibits growth of the unicellular protozoan
parasites Plasmodium falciparum (Kumaratilake et al., 1992) and the
flatworm Schistosoma mansoni (Barakat et al., 2015). AA is a natural
polyunsaturated fatty acid (w-6; 20:4) that is ubiquitously present in
the human body and serves as a precursor of prostaglandins,
thromboxanes and leukotrienes (Tallima and El Ridi, 2018). Most of
the cell's AA is incorporated into membrane phospholipids with a
particularly high prevalence in the membranes of macrophages,
neutrophils and platelets (Tallima and El Ridi, 2018; Gil-de-Gémez
et al,, 2020). AA, which is released by activated macrophages upon
stimulation (Card et al., 1994; Gil-de-Goémez et al., 2020), is thought
to contribute to their anti-bacterial activities (Desbois and Smith,
2010; Das, 2018). Also other fatty acids and their metabolites have
been documented to exert anti-bacterial as well as anti-fungal
activities (Zheng et al., 2005; Ells et al., 2009; Desbois and Smith, 2010;
Huang et al., 2011; Das, 2018; Casillas-Vargas et al., 2021; Wang et al.,
2022; Maione et al., 2023), and they are involved in the natural anti-
bacterial defense of the skin to maintain a homeostatic skin microbiota
(Desbois and Smith, 2010). The anti-bacterial activities of free fatty
acids have been associated with altered membrane fluidity, pore
formation, impaired nutrient uptake, generation of free radicals, and
formation of lipid peroxides (Desbois and Smith, 2010; Das, 2018).

In this article, we have investigated the anti-bacterial and anti-
biofilm effects of AA on S. mutans and its mode of action, with the aim
of evaluating its potential use as a drug to prevent dental caries.
We observed that AA has both anti-bacterial and anti-biofilm
activities against S. mutans, where the minimum inhibitory
concentration (MIC) being affected by the environmental CO, levels.
We further showed that AA has both bacteriostatic and bactericidal
effects which are concentration dependent. AA leads to alterations in
the membrane properties, with increased membrane fluidity,
membrane perforation, and altered membrane transport of fluorescent
efflux pump substrates. AA acts as an antioxidant in S. mutans, and its
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anti-bacterial activity was abrogated by the lipid peroxyl radical
scavenger a-tocopherol. Gene expression studies showed that AA
reduces the expression of biofilm-related genes indicating a direct
anti-biofilm effect besides the anti-bacterial activity. Cytotoxicity
studies using normal Vero epithelial cells showed that AA was
non-toxic, and a hemolytic assay shows that AA at the concentrations
used did not lead to hemolysis. Thus, AA might be considered a safe
drug for reducing the oral load of S. mutans.

2 Materials and methods

2.1 Materials

Arachidonic acid (AA) (>99% purity) was purchased from
Nu-Check Prep (109 W Main St, Elysian, MN, USA) and dissolved in
ethanol (HPLC-grade, Baker, Gliwice, Poland) to a final concentration
of 50 mg/ml and stored at —20°C. a-Tocopherol (vitamin E, Sigma, St.
Louis, MO, USA), ascorbic acid (vitamin C, Fluka chemika AG,
Buchs, Switzerland) and acetyl-L-cysteine (Sigma, St. Louis, MO,
USA) solutions were prepared freshly just before use. a-Tocopherol
(20mM) was dissolved in ethanol, while vitamin C (20mM) and
acetyl-L-cysteine (20 mM) were dissolved in sterile double distilled
water (DDW). For the AA experiments, the highest concentration of
ethanol reached 0.2% and for the combined incubation with
a-tocopherol, the highest concentration of ethanol was 0.7%. For all
experiments, controls including the same ethanol concentrations
(0.03-0.2%) were included, with no significant effect on either
planktonic growth or biofilm formation.

2.2 Bacterial growth conditions

Streptococcus mutans UA159 (ATCC 700610), a clinical isolate
from a child with active caries, was cultivated in brain-heart infusion
(BHI) broth (HiMedia Laboratories Pvt. Ltd., Maharashtra, India) for
planktonic growth and in BHI supplemented with 2% sucrose (BHIS)
for biofilm formation (Wolfson et al., 2023). The day before the
experiment, 100 pl of a frozen bacterial stock was inoculated in 10 ml
BHI and cultured in a humidified incubator supplemented with 5%
CO,. The morphology of the bacteria was inspected under a light
microscope (AXIO Lab.1A, Carl Zeiss Microscopy GmbH. Jena,
Germany) at ax 1,000 magnification showing the classical ovoid
bacteria held in chains.

2.3 Determining the anti-bacterial activity
of arachidonic acid

To measure the effect of the compounds on planktonic bacterial
growth, an overnight S. mutans culture was diluted to an initial optical
density (ODgyonm) of 0.1 and incubated in the presence of various
concentrations of AA for 24 h in 200 pl medium in a 96 flat-bottomed
tissue culture grade plate (Corning Incorporation, Kennebunk, ME,
USA) at 37°C in a humidified incubator supplemented with 5% CO,
(Avraham et al., 2023). At the end of incubation, the OD at 600 nm
was measured in a M200 PRO infinite plate reader (Tecan Group Ltd.,
Minnedorf, Switzerland). The % viability was calculated by the
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following formula: (ODpie-ODpacrground)/ (OD controi~ODpackground) ¥ 100.
The minimum inhibitory concentration (MIC) was defined as the
lowest concentration of the compound required for no visible bacterial
growth after a 24 h incubation. For kinetic studies, the ODgyn,, Was
measured every 30 min at 37°C in a M200 infinite plate reader for 20h.
For checkerboard assay, the bacteria were incubated in various
combinations of the two compounds or equal amount of ethanol.
Colony forming units (CFUs) were determined at different time points
by taking 10 pl of each sample for 10-fold serial dilutions in BHI after
vigorous vortexing, and seeding 100 pl of the dilutions onto BHI agar
plates, which were incubated for 24h (Wolfson et al., 2023). The CFU
per ml was calculated by multiplying the number of colonies with the
dilution factor multiplied with 10 (as 100 pl was seeded out of 1 ml).
To measure the ATP content of the bacteria used for the CFU assay,
100 pl of each sample was mixed with 100 pl of BacTiter-Glo microbial
cell viability reagent (Promega, Madison, WI, USA) in a p-clear 96
flat-bottomed white Bio-One GmbH,
Frickenhausen, Germany), and after 5min the luminescence was

microplate (Greiner

measured in a M200 infinite plate reader (Avraham et al., 2023).

2.4 Determining the anti-biofilm activity of
arachidonic acid

For biofilm formation, S. mutans at an initial ODgg,,, of 0.1 was
incubated in 200 pl BHI with 2% sucrose (BHIS) in the presence of
various concentrations of AA for 24h in a 96 flat-bottomed tissue
culture grade plate at 37°C in a humidified incubator supplemented
with 5% CO,. At the end of incubation, the biofilms were washed
twice with phosphate buffered saline (PBS), and either stained with
0.25% crystal violet in ddw (diluted 1:4 from 1% Gram crystal violet
(CV) solution, Merck KGaH, Darmstadt, Germany) for 20 min at
room temperature, or the metabolic activity was measured by adding
50 pl of a 0.5 mg/ml MTT solution in PBS followed by a 1 h incubation
at 37°C as described (Wolfson et al., 2023). The CV stained biofilms
were washed twice with DDW, and the absorbance read at 595 nm in
a M200 infinite plate reader. The formazan formed by the enzymatic
reduction of MTT in the live bacteria was measured by the absorbance
at 570nm in a M200 infinite plate reader. The minimum biofilm
inhibitory concentration (BMIC) was defined as the lowest
concentration of the compound required for no visible biofilm after a
24h incubation. To determine the effect of AA on preformed biofilms,
S. mutans was incubated in BHIS for 6 and 24h, and the biofilms
formed were washed twice with 200 pl PBS and then exposed to AA
for 24h, and the remaining biofilm mass was determined by MTT
assay and CV staining as described above.

2.5 General description of assays analyzed
by flow cytometry

For all assays involving flow cytometry, S. mutans was incubated
in the absence or presence of various concentrations of AA for 2h in
1 ml BHI with an initial ODggqnm, of 0.3, followed by centrifugation at
5,000 g for 5min at 4°C, and resuspension in 1 ml of PBS containing
the respective probes as indicated below. Data acquisition was
performed with a Fortezza flow cytometer (BD Biosciences) using
FACSDiva software. Fifty thousand events were collected for each
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sample, and the collected data were analyzed using FCS Express 7
software. Unstained bacteria served as negative control. The geometric
mean of the relative fluorescence intensity (RFI) was calculated by the
FCS Express 7 software after setting the same marker for all samples,
covering the entire peak(s) of the histograms. Geometric mean is the
N* root of the product of N numbers, thus including all
collected events.

2.5.1 Membrane permeability assay (SYTO9/PI
staining)

For studying membrane permeability, the bacteria were
resuspended in 1 ml of PBS containing 3.3 pM SYTO 9 (Molecular
Probes, Life Technologies, Carlsbad, CA, USA) and 10pg/ml
propidium iodide (PI) (Sigma, St. Louis, MO, USA), and the
fluorescence intensities was measured in a Fortezza flow cytometer
using the excitation/emission of 488nm/520nm for SYTO 9 and
561 nm/586 nm for PI (Avraham et al., 2023). P1 is a positively charged
fluorescent dye that binds both DNA and RNA, and it can only
penetrate bacteria with damaged membranes. SYTO 9 is another
fluorescent dye that binds nucleic acids. In contrast to PL it can freely
enter both live and dead bacteria, and it can be lost from the bacteria
if cytoplasmic leakage occurs. Three bacterial populations can
be distinguished using this method. Namely, PI*&SYTO 9" (live
bacteria), PI"®'SYTO 9"#" (dying bacteria with damaged membrane)
and PI""SYTO 9" (dead bacteria with damaged membrane and
cytoplasmic leakage). The terms “low” and “high” refer to the
bacterial with  low and high

respective populations

fluorescence intensity.

2.5.2 Binding of anionic dextran 10,000 to
bacterial surface

The binding of the anionic polysaccharide dextran to control and
AA-treated bacteria was analyzed by incubating the bacteria in 1 ml
of PBS containing 10 pg/ml AlexaFluor®’-conjugated anionic Dextran
10,000 (Invitrogen, Thermo Fisher Scientific, Eugene, OR, USA) and
the fluorescence intensities were measured in a Fortezza flow
cytometer using the excitation/emission of 640 nm/670 nm. Dextrans
can bind to the bacterial surface (Wu-Yuan et al., 1979) among others
by interacting with glucan-binding protein C (Takashima et al., 2015)
and glucosyltransferase (Kaseda et al., 2000).

2.5.3 Membrane potential assay

For analyzing alterations in membrane potential, control and
AA-treated bacteria were resuspended in 1 ml of PBS containing
30 uM of the potentiometric dye DiOC2(3) (BacLight Membrane
Potential Kit, Molecular Probes, Life Technologies, Eugene, OR,
USA) (Wolfson et al., 2023). The fluorescence intensities were
measured in a Fortezza flow cytometer using the excitation/
emission of 488nm/530nm for green fluorescence and
488 nm/620 nm for red fluorescence. A relative increase in red
fluorescence in comparison to green fluorescence is a sign for
membrane hyperpolarization.

2.5.4 DAPI accumulation assay

DAPT accumulation assay was performed by resuspending control
and AA-treated bacteria in 1 ml of PBS containing 1 pg/ml of DAPI
(4',6-diamidino-2-phenylindole, Sigma, St. Louis, MO, USA). The
fluorescence intensities were measured in a Fortezza flow cytometer
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using the excitation/emission of 405nm/450nm (Banerjee et al.,
2021). Since the bacteria are alive, the DAPI staining is a combination
of DNA content and efflux pump activities (Button and Robertson,
2001; Kouidhi et al., 2011; Banerjee et al., 2021).

2.5.5 Determination of the DNA content per
bacteria

For analyzing the DNA content per bacterium, the control and
AA-treated bacteria were fixed in 100% methanol and kept overnight
at —20°C. Then the bacteria were rehydrated in PBS, and stained with
1 pg/ml of DAPI. The fluorescence intensities were measured in a
Fortezza flow cytometer using the excitation/emission of
405nm/450 nm (Banerjee et al., 2021). Since the bacteria are fixed, the
DAPI fluorescence intensity reflects the DNA content of the bacteria
(Button and Robertson, 2001). DAPI is a DNA-specific fluorescent
probe (Kapuscinski and Yanagi, 1979).

2.5.6 Accumulation assays for various efflux
pump substrates

To follow the intracellular dye levels in control and AA-treated
bacteria, they were resuspended in 1 ml of PBS containing either of the
following efflux pump substrates: 10 pg/ml Nile Red (APExBIO,
Houston, TX, USA), 10 pM Rhodamine 6G (Sigma, St. Louis, MO,
USA) or 2 pg/ml Ethidium bromide (EtBr, Sigma, St. Louis, MO, USA)
for 30 min in PBS. The bacteria were then washed in PBS, and the
fluorescence intensities were measured at various time points in a
Fortezza flow cytometer using the excitation/emission of
561 nm/635nm for Nile red, and 488 nm/620 nm for Rhodamine 6G
and Ethidium bromide (Banerjee et al., 2021). Nile Red emits red
fluorescence when integrated into the membrane, but it is also a
substrate for efflux pumps (Bohnert et al., 2010). Ethidium bromide
which binds to both DNA and RNA, and Rhodamine 6B which has
no known binding partners in bacteria, are fluorescent dyes that are
commonly used in measuring efflux pump activities (Paixdo et al,,
2009; Zeng et al., 2017; Whittle et al., 2019; Lu et al., 2020; Banerjee
etal., 2021).

2.5.7 Reactive oxygen species production

For analyzing the effect on ROS production, control and
AA-treated bacteria were resuspended in 1 ml of PBS containing
20pM of the redox probe 2’,7’-dichlorofluorescin diacetate
(DCFHDA) (Sigma, St. Louis, MO, USA) for 20min, and the
fluorescence intensities were measured in a Fortezza flow cytometer
using the excitation/emission of 488 nm/520 nm.

2.6 Morphological studies

To visualize the morphology of planktonic growing cells incubated
with AA for 2h, and biofilms formed in the presence of AA for 24h,
the samples were fixed with 4% glutaraldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA) in DDW for 2 h, then gently washed with
DDW, and dried before being coated with iridium and visualized by
an analytical high-resolution scanning electron microscope (HR-SEM)
(Apreo 2 S LoVac, ThermoScientific) at various magnifications. The
length of the bacteria was measured by Image J software. For dividing
bacteria with a clear septum, the length was measured until
the septum.
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2.7 Spinning disk confocal microscopy
(SDCM) of biofilms

Biofilms formed in the presence or absence of AA were stained
with 3.3uM SYTO 9 and 10 pg/ml PI in PBS for 20 min at room
temperature, washed in PBS and fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) for 30 min at room
temperature and then mounted with 50% glycerol before visualization
by a spinning disk confocal microscope (Nikon Corporation, Tokyo,
Japan) using the 50 pm pinhole, and the 488 nm filter for SYTO 9 and
the 561 nm filter for PI (Wolfson et al., 2023). Images were taken at
intervals of 2.5 pm from the bottom to the top of the biofilm. Analysis
of the relative fluorescence intensities (RFI) in each layer was
performed with the NIS-Element software.

2.8 Gene expression analysis

Streptococcus mutans that have been incubated in the absence or
presence of AA for 2h in 10 ml BHIS with an initial ODjggpm, of 0.1,
were centrifuged at 5,000¢ for 10 min at 4°C, resuspended in 1ml of
RNA Protect (Qiagen, GmbH, Hilden, Germany) and kept for 5min
on ice. After removing the RNA protect, the RNA was purified using
Tri-Reagent (Sigma, St. Louis, MO, USA) according to the
manufacturer’s instruction. The RNA pellet was washed twice with
70% ethanol. The quality of RNA was visualized in 1% agarose gel, and
the amount of RNA quantified in a nanodrop (Thermo Scientific)
where a ratio of 260/280 around 2 was used as a criterion to proceed
to the next steps. The RNA was subjected to DNase I digestion
(PerfeCTa DNase I, Quanta Biosciences, Beverly, MA, USA) followed
by ¢cDNA synthesis using the AB high-capacity cDNA reverse
transcription kit (Applied Biosystems, Life Technologies, Waltham,
MA, USA). Ten ng cDNA equivalents were used for each reaction
performed in triplicates for each sample. The real-time qPCR reaction
was performed with 300nM forward/reverse primer mix
(Supplementary Table S1) and using Power Sybr Green Master Mix
(Applied Biosystems, Life Technologies) and the following program:
2min at 50°C, initial hot start of 10 min at 95°C, and 40 cycles of 155
at 95°C, 1 min at 60°C, followed by a dissociation curve to ensure
uniform PCR product (Banerjee et al., 2021). The relative gene
expression was calculated according to the 244 method (Livak and
Schmittgen, 2001) and using gyrA as internal standard (Nakano et al.,
2007). Each gene of each sample was calculated against each of three
controls, and the average of three treated samples, each calculated
against the three controls, is presented.

2.9 Cytotoxicity assay using Vero epithelial
cells

Vero epithelial cells are considered the Gold standard for testing
drug cytotoxicity. 4 x 10° Vero cells were seeded in each well of a 96
flat-bottomed tissue-cultured plates in 200 ul DMEM supplemented
with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, sodium
pyruvate and penicillin/streptomycin. On the following day, when a
confluent monolayer had been formed, the medium was changed to
fresh medium containing different concentrations of AA and
incubated 24 h at 37°C in a humidified incubator containing 5% CO.,.
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The morphology of the cells was inspected by light microscopy, and
the relative number of cells was measured by either crystal violet (CV)
staining or metabolic MTT assay as described (Avraham et al., 2023).

2.10 Hemolytic assay

Defibrinated sheep blood (ThermoScientific, Oxoid Ltd.,
Hampshire, UK) was washed several times with sterile PBS (Sartorius)
until the supernatant became clear. The blood cells were centrifuged
at 1,700¢ for 10min between each wash. Approximately 10°
erythrocytes were incubated with 1ml of various concentrations of
AA in PBS supplemented with 1% bovine serum albumin (BSA, VWR
Chemicals, Solon, OH, USA) for 1h at 37°C. The color intensity of the
supernatant was determined at 405nm in a Multiskan SkyHigh
microplate reader (ThermoScientific, Life Technologies Holdings Pte
Ltd., Singapore). Percentage hemolysis was calculated in comparison
to ddw-exploded erythrocytes, which was set to 100% (Szbo
etal., 2023).

2.11 Statistical analysis

The experiments were performed in triplicates and the data are
presented as the average + standard deviation. Statistical analyses were
performed by Student’s T-test, and differences considered statistically
significant when the p-value was less than 0.05.

3 Results

3.1 Anti-bacterial and anti-biofilm activity
of arachidonic acid

Previous studies showed that arachidonoylethanolamine
(anandamide) has anti-bacterial and anti-biofilm activities against the
cariogenic S. mutans (Wolfson et al., 2023). In this context, we were
interested in studying whether the polyunsaturated (20:4) ®-6 fatty
acid arachidonic acid (AA), which forms the backbone of anandamide
(Piomelli, 2014), also possesses such effects. Indeed, we observed that
both the planktonic growth and biofilm formation of S. mutans were
inhibited by AA with the same MIC and MBIC values of 25 pug/ml
when incubated at 37°C in an atmosphere of 95% air/5% CO,
(Figures 1A, 2A). Equal dilutions of ethanol (0.03-0.2%) had no
significant effect on either bacterial growth or biofilm formation. AA
had, however, only a partial inhibitory effect (20-40% inhibition) on
preformed biofilms (Figures 2B,C), which may be due to the dense
biofilm matrix formed by S. mutans that prevents drug penetration.
The presence of 2% sucrose in the growth medium did not alter the
susceptibility of S. mutans to AA (Figure 1A). However, when the
bacteria were cultured in the absence of CO,, they become more
susceptible to AA with a MIC value reduced to 6.25-12.5pg/ml
(Figure 1B), suggesting that CO, promotes a salvage pathway that
overcomes the anti-bacterial actions of AA. A kinetic study performed
without CO, supplementation showed delayed log phase growth when
the bacteria were exposed to 1.56 and 3.125pg/ml AA, while at
6.25 pg/ml there was an initial growth, followed by reduced bacterial
density and regained growth after 12h (Figure 1C). At 12.5 ug/ml and
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FIGURE 1
Anti-bacterial activity of arachidonic acid (AA). (A) S. mutans was incubated with increasing concentrations of AA in BHI growth medium without
sucrose (BHI, green line) or BHI with 2% sucrose (BHIS, red line) and the viability was calculated according to the optical density at 600 nm (ODgog )
measured in the culture media after a 24 h incubation. N = 3. *p <0.05 compared to control. **p <0.001 compared to control. (B) The viability of S.
mutans after a 24 h incubation with various concentrations of AA in the presence (green line) or absence (blue line) of 5% CO,. N = 3. **p <0.001
compared to bacteria cultivated in the presence of 5% CO,. (C) Kinetic growth curve of S. mutans incubated with various concentrations of AA as
measured in an atmosphere without CO, supplementation. N = 3. *p <0.05 compared to control. **p <0.001 compared to control. It should be noted
that subfigures (A,B) are endpoint studies, while subfigure (C) is a kinetic study. Parallel incubation with equal dilutions of ethanol (0.03-0.2%) had no
effect on bacterial growth.

higher concentrations of AA, no growth was observed within the
tested period of 18h (Figure 1C), and even further incubation up to
48h showed no growth recovery (data not shown). When AA was
removed from the growth medium, surviving bacteria regained
growth, indicating that the growth inhibition is reversible.

3.2 Bactericidal activity of arachidonic acid

To study whether AA has a bacteriostatic or a bactericidal effect,
the number of colony forming units (CFUs) were counted at various
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time points. The control bacteria showed classical growth curve with
initial log phase growth at 2h, reaching a plateau at 8 h, followed by
the dead phase (Figure 3A). The dead phase is especially visible by
measuring the ATP content of the bacteria that is strongly reduced
after 24h (Figure 3B), despite still high OD (Figure 3C). Bacteria
treated with 12.5 pg/ml AA showed an initial doubling of cell number
up to 1 h, followed by a decline with a significant 2.5-fold reduction in
the cell number between 4 and 6 h, reaching a maximum reduction of
51.9+5.9% at 8h (Figure 3A). After 24h, the bacteria treated with
12.5pg/ml AA had regained growth reaching the number of cells
comparable to that observed for control bacteria at 6h (Figure 3A).
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FIGURE 2

Anti-biofilm activity of arachidonic acid (AA). (A) S. mutans was
incubated with various concentrations of AA in BHI growth medium
supplemented with 2% sucrose, and the biofilms formed on the
surface was measured after a 24 h incubation by crystal violet (CV)
staining (blue line) or MTT metabolic assay (green line). (B,C) S.
mutans was allowed to form biofilm on the surface for 6 h (B) and
24 h (C) in the presence of 2% sucrose, and then exposed to various
concentrations of AA for another 24 h. The resulting biofilms were
analyzed by crystal violet (CV) staining (blue line) or MTT metabolic
assay (green line). N = 3. *p <0.05 compared to control. **p <0.001
compared to control. Parallel incubation with equal dilutions of
ethanol (0.03-0.2%) had no effect on biofilm metabolic activity or
biomass.

This goes along with increased ATP content (Figure 3B) and OD
values (Figure 3C) at 24h. At 25pg/ml AA, there was a significant
reduction in the cell number between 2 and 4 h, reaching a maximum
reduction of 94.7+3.1% at 8h (Figure 3A). There was a small regain
of bacterial growth after 24h, reaching the initial cell number
(Figure 3A). The ATP content of 25 pug/ml AA-treated bacteria was
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also reduced during the first 8h (85.71+0.1% and 63.44+4.84%
reduction after 1h and 8h, respectively, in comparison to control at
time 0), with an increase after 24 h reaching 2.3-4.0 times the level of
the initial value (Figure 3B). The OD remained quite stable during the
entire incubation period of 24h (Figure 3C). These findings indicate
that AA has both bacteriostatic and bactericidal effects. The
bactericidal effect of AA is observed after a 2-4h incubation,
suggesting that AA does not have an immediate, non-specific
cytotoxic effect, but rather acts on essential survival pathways.

3.3 Arachidonic acid treatment leads to
membrane perforation

Next, we studied the effect of AA on the membrane properties of
S. mutans. Live/dead staining with SYTO 9/ propidium iodide (PI) of
2h-treated S. mutans showed a gradual increase in PI uptake with
increasing concentrations of AA, indicating that AA increases
membrane permeability (Figures 4A,D and Supplementary Figure S1B).
This was accompanied by an appearance of a PI"&" SYTO 9"V cell
population which represents dying bacteria, reaching cell death values
of 48.4+5.0% and 91.4+0.3% for 25 and 50 pg/ml AA, respectively
(Figures 4A,B). The SYTO 9" cell population, which is especially
observed at 25 AA  (Figures 4A,C and
Supplementary Figure S1A), is due to a leakage of SYTO 9 out of the

and 50pg/ml

perforated bacteria. Simultaneous staining of the bacteria with
fluorescent anionic Dextran 10,000 that binds to glucan-binding
protein C (Takashima et al., 2015) and glucosyltransferase (Kaseda
et al., 2000) as well as positive charged domains on the bacterial
surface, showed a bell-shaped dose-dependency, with increasing
Dextran 10,000 binding to 6.25-25 pg/ml AA-treated bacteria, while
50 pg/ml AA-treated bacteria showed similar affinity to dextran as
control bacteria (Figure 4E and Supplementary Figure S2).

3.4 Morphology of arachidonic
acid-treated Streptococcus mutans

HR-SEM images of planktonic growing bacteria that have been
exposed to AA for 2h showed a similar morphology as the control
bacteria (Figure 5 and Supplementary Figure S3A) with classical
ovococcoid appearance and double ring-formed structures in the
center of the bacteria that seem to represent the FtsZ and MapZ rings
of the division plane (Zamakhaeva et al., 2021). Dividing cells can also
be seen in bacteria treated with 50 ug/ml AA for 2 h, which frequently
appear with more ring-formed structures (Figure 5 and
Supplementary Figure S3E). The 50pg/ml AA-treated bacteria
appeared in general with a similar range of cell lengths as the control
bacteria with a median cell length of 0.797pm for 50pg/ml
0.845um  for
(Supplementary Figure S4A). Debris and remnants of exploded

AA-treated bacteria versus control bacteria
bacteria can be discerned in the images of 50 ug/ml AA-treated
bacteria, suggesting that the bacteria have burst and undergone
Figure S3).
Debris of disintegrated bacteria was also observed in HR-SEM images

disintegration (Figure 5 and Supplementary
of bacteria that have managed to adhere to the surface after
being exposed to 25 or 50pg/ml AA for 24h in growth
medium supplemented with 2%

sucrose (Figure 6 and
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FIGURE 3
Bacteriostatic and bactericidal effects of arachidonic acid (AA). (A—C)
Control and AA-treated S. mutans were analyzed for colony forming
units (CFUs) (A), ATP content (B), and optical density (C) at various
time points following incubation at 37°C in an atmosphere of 95%
air/5% CO,. The numbers in the Y-axis of subfigure (A) present the
number of CFU x 1077, N = 3. *p < 0.05 compared to control.
**p <(0.001 compared to control.

Supplementary Figures S5, S6D,E). As expected, the number of
bacteria adhered to the surface is strongly reduced when cultured in
the presence of 25 and 50 pg/ml AA and only scattered adherent
bacterial ~ clusters are  observed  (Figure 6  and
Supplementary Figures S5, S6D,E). While the control biofilms show
multilayers of bacteria appearing as hills and valleys filled with a
matrix of extracellular polymeric substances (EPS) (Figure 6 and
Supplementary Figures S5, S6A), the 25 and 50 pg/ml AA-treated
bacteria appear in small scattered monolayer clusters with no apparent
extracellular matrix surrounding the bacteria (Figure 6 and
Supplementary Figures S5, S6D,E).

The thickness of the biofilm formed in the presence of 12.5 pg/ml
AA was strongly reduced, although EPS was produced (Figure 6 and
Supplementary Figures S5, S6C). Only some subtle variance in the
bacterial lengths were observed between control and AA-treated

bacteria (Supplementary Figure S4B). Many of the adherent 25 and

Frontiers in Microbiology

10.3389/fmicb.2024.1333274

50 pug/ml AA-treated bacteria had pores and altered membrane
structures (Figure 6 and Supplementary Figures S6D,E, S7). Many of
the 50pg/ml AA-treated bacteria are held together by shared
membrane structures (Supplementary Figure S7).

Live/dead staining of biofilms with SYTO 9/PI confirms a strong
reduction (>99%) of biofilm mass when bacteria were cultured in the
presence of 25 and 50 pg/ml AA, and a partial reduction (72+3%) of
biofilm in the presence of 12.5pg/ml AA (Figure 7). Both SYTO 9
staining which represents live and dead bacteria, and PI staining that
represents dead bacteria, were reduced with increasing concentrations
of AA (Figure 7). The reduced PI staining goes along with the reduced
number of adherent bacteria in the AA-treated samples (Figure 7).
There was no increase in the PI/SYTO 9 ratio in biofilms formed in
the presence of AA, which may be due to the fact that only bacteria
that survived AA treatment can adhere to the surface.

3.5 Arachidonic acid induces immediate
membrane hyperpolarization in
Streptococcus mutans

Another parameter important for bacterial cell viability is the
maintenance of a dynamic and homeostatic membrane polarization
which is an important energy source for the bacteria (Benarroch
and Asally, 2020). We therefore studied the immediate effect of AA
on the membrane potential of S. mutans within 30min after
exposing the bacteria to AA, and the late effect after a 2 h incubation.
We observed that AA
hyperpolarization in a dose-dependent manner, that was still high
after a 2h incubation with the higher AA doses (25 and 50 pg/ml)
(Figure 8). The lower AA doses (6.25 and 12.5 ug/ml) also caused
an immediate membrane hyperpolarization, but it was normalized
after 2h (Figure 8), which goes along with the findings that the
bacteria regained growth at later time points at these AA

induced an immediate membrane

concentrations (Figure 1). Further studies showed that AA did not
have any significant effect on the membrane ATPase activity
(Supplementary Figure S8A), but increased the membrane fluidity
in a dose-dependent manner (Supplementary Figure S8B).

3.6 Arachidonic acid causes an
accumulation of
4,6-diamidino-2-phenylindole (DAPI) in
live, but not fixed bacteria

DAPI is a neutral molecule that can freely enter both live and dead
bacteria and fluoresces when binding to DNA. It has been used to
measure the DNA content of cells including bacteria, but it can also
be a substrate of efflux pumps (Kouidhi et al., 2011; Banerjee et al.,
2021) and thus be a measure for efflux pump activities. S. mutans that
have been treated with various concentrations of AA for 2h were
stained with both DAPI and the lipophilic dye Nile Red which emits
red fluorescence when integrated into the membrane. Surprisingly,
AA treatment resulted in a dose-dependent accumulation of DAPI,
while Nile Red fluorescence was reduced by AA doses of 6.25-25 ug/
ml AA, with a slight increase at 50pg/ml AA (Figure 9 and
Supplementary Figure S9). At the higher AA doses (25 and 50 pg/ml),
different DAPI intensities

there are two peaks of
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FIGURE 4
Arachidonic acid (AA) increases the membrane permeability of S. mutans. (A) Flow cytometry density plots of SYTO 9 and propidium iodide (PI) staining
of control bacteria and bacteria treated for 2 h with the indicated concentrations of AA. “a” represents PI"9" SYTO 9'°* perforated bacteria with
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relative fluorescence intensity (RFI) of SYTO 9 (C), PI (D), and Alexafluor®¥-labeled Dextran 10,000 (E). 50,000 events were collected per sample. N = 3.
*p <0.05 compared to control. **p <0.001 compared to control.

(Supplementary Figure S9), which might represent different amounts
of DNA or differential accumulation of DAPI. To distinguish between
these possibilities, the control group and AA-treated bacteria were

fixed with methanol prior to DAPI staining. The fixation prevents
bioactive efflux, while it preserves the DNA, such that the DNA
intensity of fixed bacteria reflects the DNA content (Pozarowski and
09
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FIGURE 5

HR-SEM images of control bacteria and bacteria exposed to various concentrations of arachidonic acid (AA) or 0.1% ethanol (negative control) for 2 h.
Red arrows point to debris of burst bacteria. Magnification: x20,000. Uncropped images are presented in Supplementary Figures S3A—F.
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Darzynkiewicz, 2004). After fixation, AA did not affect the mean
geometric fluorescence intensities (Figure 10), which is in contrast to
DAPI staining of live bacteria (Figure 9). This finding suggests that AA
may either prevent an efflux mechanism or increase an influx
transport system that uses DAPI as a substrate. Nile Red has also been
shown to serve as an efflux pump substrate (Bohnert et al., 2010). As
we have observed here, the effect of AA on DAPI and Nile Red influx/
efflux shows quite different patterns, suggesting an involvement of
different membrane transport mechanisms that are differentially
affected by AA.

Notably, DAPI staining of fixed AA-treated bacteria resulted in
the appearance of two DAPI®" subpopulations, that reached up to
40-45% of the cells at the higher AA doses (25-50 pg/ml) (Figure 10).
The DAPI®" population represents cells with lower DNA content,
which might be due to a growth arrest before initiation of DNA
replication. Notably, there was no general loss of DAPI staining, all
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being far above the threshold of unstained bacteria, indicating that the
DNA is retained within the bacteria.

3.7 Differential accumulation of efflux
pump substrates following arachidonic
acid treatment of Streptococcus mutans

In light of the observation that DAPI accumulates in S. mutans
following a 2 h treatment with AA, it was prompting to study whether
AA also affects the uptake of other efflux pump substrates. We chose
to use Rhodamine 6B and Ethidium bromide (EtBr), both being
fluorescent dyes frequently used to study efflux pump activities
(Paixdo et al., 2009; Zeng et al., 2017; Whittle et al., 2019; Lu et al.,
2020; Banerjee et al., 2021). Rhodamine 6G accumulation took a
pattern similar to Nile Red with less accumulation in bacteria treated
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FIGURE 6

HR-SEM images of biofilms formed by control bacteria and bacteria exposed to various concentrations of arachidonic acid (AA) or 0.1% ethanol
(negative control) for 24 h. Extracellular polymeric substances (EPS) appear as a grey diffuse mass that surrounds the bacteria. The EPS can be seen in
control, 0.1% ethanol, 6.25 and 12.5 pg/mL AA-treated samples, while absent in samples treated with 25 and 50 pg/mL AA. Red arrows point to swollen
bacteria and debris of disintegrated bacteria. Magnification: x20,000. Lower magnifications of panoramic images are presented in

Supplementary Figure S5. Uncropped images are presented in Supplementary Figure S6.

for 2h with 6.25, 12.5, and 25ug/ml AA, while an increased
accumulation in bacteria treated with 50 pg/ml AA (Figures 11A,B).
Studying the release of Rhodamine 6G after removing AA, the dye was
extruded from all samples, although much slower in 50pg/ml
AA-treated bacteria (Figure 11B). Ethidium bromide presented a quite
different pattern with an unexpectedly increased accumulation in the
6.25 pg/ml AA-treated bacteria, and a strong reduction of its uptake
in 25 and 50 pg/ml A A-treated bacteria (Figures 11C,D). Likewise, the
efflux was stronger in the 6.25 pg/ml AA-treated bacteria, while both
processes were less active in the 25 and 50 pg/ml AA-treated bacteria
(Figure 11D). In contrast to DAPI that stains only DNA, ethidium
bromide stains both DNA and RNA (Kapuécinski and Yanagi, 1979),
such that the reduced ethidium bromide staining could also reflect
reduced amount of RNA. Altogether, these data suggest that different
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efflux mechanisms are used for the different dyes, and these processes
are differentially regulated by AA in a dose-dependent manner.

3.8 Arachidonic acid acts as an antioxidant
in Streptococcus mutans

Since AA possesses a polyunsaturated alkyl chain, it was of
interest to investigate whether it acts as an antioxidant in S. mutans.
This is inquiring in view of the fact that several antioxidants have anti-
bacterial activities (Sendamangalam et al., 2011; Stagos et al., 2012;
Martelli and Giacomini, 2018; Schneider-Rayman et al., 2021). To this
end, control and AA-treated bacteria after a 2h incubation were
loaded with the redox probe 2’,7’-dichlorofluorescin diacetate
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FIGURE 7

(A) 3D Live/dead SYTO 9/PI merged images of S. mutans biofilms formed after a 24 h incubation with various concentrations of AA as observed by
spinning disk confocal microscopy (SDCM). (B) The relative fluorescence intensities (RFI) of SYTO 9 and PI of each biofilm layer of each sample. The
graphs represent the average measurements done on 10-13 images captured from each treatment group performed in triplicates. (C) The average
area under the curve (AUC) of the samples analyzed in (B). The numbers in the Y-axis of subfigures (B,C) present the relative fluorescence intensity
(RFI) x 1078, *p < 0.05 compared to control. **p < 0.001 compared to control.

(DCFHDA) and the fluorescence intensities were analyzed by flow  fluorescence intensity of DCFHDA was reduced by AA in a dose-
cytometry. Control bacteria were stained with DCFHDA, indicating ~ dependent manner (Figures 12A,B), indicating that it has antioxidant
that they produce reactive oxygen species (ROS) (Figures 12A,B). The  properties and reacts with the ROS produced by S. mutans.
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Arachidonic acid (AA) causes an immediate membrane hyperpolarization in S. mutans. (A,B) S. mutans was exposed to the indicated concentrations of
AA in PBS at room temperature, and the membrane potential was measured by exposing the bacteria to the potentiometric dye DIOC2(3). The green
fluorescence of DIOC2(3) is an indication of the amount of dye taken up by the bacteria, while a relative increase in red fluorescence indicates
membrane hyperpolarization. (C) The relative fluorescence intensities (RFls) of green and red fluorescence of samples from (A,B). N = 3. (D) The ratio of
red to green fluorescence intensities of samples from (A,B). N = 3. (E,F) S. mutans was incubated with the indicated concentrations of AA in BHI for 2h
at 37°C, and then the membrane potential was measured by DIOC2(3). (G) The relative fluorescence intensities (RFls) of green and red fluorescence of
samples from (E,F). N = 3. (H) The ratio of red to green fluorescence intensities of samples from (E,F). N = 3. *p <0.05 compared to control.

A previous work of Beavers et al. (2019) suggested that AA kills
Staphylococcus aureus by a mechanism involving lipid peroxidation.
The killing could be prevented by a-tocopherol (Vitamin E) (Beavers
et al., 2019) which acts as a lipid peroxyl radical scavanger (Liebler
etal., 1986; Lebold and Traber, 2014). To study whether this also holds
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true for S. mutans, we incubated the bacteria with different
concentrations (10-100 pM) of Vitamin E, the redox antioxidant agent
ascorbic acid (Vitamin C) (Gegotek and Skrzydlewska, 2022) or the
reducing antioxidant agent N-acetyl-L-cysteine (Aldini et al., 2018)
together with various concentrations of AA, and the resulting
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FIGURE 9
Treatment of S. mutans with arachidonic acid (AA) leads to an intracellular accumulation of DAPI. (A) Flow cytometry analysis of DAPI and Nile Red
staining of live S. mutans that have been treated with various concentrations of AA for 2 h. (B) The geometric mean of relative fluorescence intensities
(RFIs) of DAPI and Nile Red for the different treatment groups. N = 3. *p < 0.05 compared to control. **p <0.001 compared to control.

planktonic growth and biofilm formation were measured after 24 h.
a-Tocopherol antagonized the anti-bacterial and anti-biofilm activities
of AA at 50 and 100 pM (Figures 13A,B). Ten pM a-Tocopherol did
not change the MIC value of AA (Figure 13A), but increased the
MBIC value from 25 to 50 pg/mL AA (Figure 13B). Neither ascorbic
acid nor N-acetyl-L-cysteine had any effect on the anti-bacterial and
anti-biofilm activities of AA at the concentrations studied
(Supplementary Figures S10, S11). This might be due to the water-
soluble nature of ascorbic acid and N-acetyl-L-cysteine which do not
penetrate the hydrophobic membrane regions reached by
a-tocopherol and AA.
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3.9 Gene expression affected by
arachidonic acid in Streptococcus mutans

Besides the direct effects of AA on membrane properties, efflux
pumps and oxidation described above, it could be that AA also has an
effect on gene expression. We specifically looked at genes that are
related to biofilm formation (Figure 14A), redox and stress-regulated
genes (Figure 14B), acid tolerance (Figure 14C), efflux and cell
division (Figure 14D) after a 2h incubation with 12.5 or 25 pg/ml AA
in the presence of 2% sucrose. The 2h incubation period was chosen
in order to catch the early changes in gene expression caused by
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FIGURE 10
Fixation of the arachidonic acid (AA)-treated bacteria prior to DAPI staining did not lead to intracellular DAPI accumulation, but rather to the
appearance of DAPIY cell populations as indicated by black arrows. (A) Flow cytometry density plots of DAPI staining of fixed control and AA-treated
bacteria. The bacteria were incubated with AA for 2 h and fixed with methanol, rehydrated and stained with DAPI. (B) Histograms of DAPI staining of the
same samples as in (A). (C) The geometric mean of relative fluorescence intensities (RFIs) of DAPI stain fixed bacteria. N = 3. (D) The percentage of
DAPI®" cells of the samples in (A). N = 3. *p < 0.05 compared to control. SSC, side scatter on flow cytometry.

AA. All gene expression analyses were done against DNA gyrase  in the expression of glucosyltransferases gtfB and gtfC, and biofilm
subunit A (gyrA) which served as a house-keeping gene (Nakano  regulator protein A (brpA) involved in biofilm formation, while
etal, 2007). Both AA concentrations resulted in a 50-60% reduction  fructosyltransferase (ftf) and rgpG that catalyzes the first step of
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FIGURE 11
Accumulation and efflux of Rhodamine 6G and ethidium bromide (EtBr) of control S. mutans and bacteria treated with various concentrations of
arachidonic acid (AA) for 2 h. (A) After a 2 h incubation with or without AA, the bacteria were loaded with Rhodamine 6G, washed, and the fluorescence
intensity measured by flow cytometry after 30 min. (B) The geometric mean relative fluorescence intensity (RFl) of Rhnodamine 6G-loaded samples 30,
60, and 120 min after dye removal. (C) After a 2 h incubation with or without AA, the bacteria were loaded with Ethidium bromide (EtBr), washed, and
the fluorescence intensity measured by flow cytometry after 30 min. (D) The geometric mean of relative fluorescence intensity (RFI) of Ethidium
bromide (EtBr)-loaded samples 30, 60, and 120 min after dye removal. N = 3. *p <0.05 compared to control.

rhamnose-containing glucose polymers, were upregulated 1.5-2-fold
(Figure 14A). A 40-50% reduction of glucan binding protein B (gbpB),
the sucrose-independent adhesin spaB, and the autoinducer-2 synthase
IuxS was observed with the higher AA concentration of 25pg/ml
(Figure 14A). Both concentrations of AA increased the expression of
NADH oxidase (nox) which reduces oxygen to water, the stress-
response chaperones groEL and dnak, and the (p)ppGpp synthase
relA, but had no effect on superoxide dismutase (sodA) gene
expression (Figure 14B). AA had no effect on atpD expression which
is a subunit of ATP synthase important for acid adaptation, but
reduced the expression of fabM and fabD involved in fatty acid
homeostasis (Figure 14C). AA had no significant effect on the
expression of the cell division related gene ftsZ, the autolysin atlA, and
the ATPase clpX which regulates ClpP protease activity (Figure 14D).
Twenty-five pg/ml AA caused a small reduction in the expression of
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the multidrug efflux protein SMU_1286¢, but had no effect on the
expression of the efflux transporter ImrB (Figure 14D).

3.10 Arachidonic acid was non-toxic to
normal Vero epithelial cells and did not
cause hemolysis

It was important to study whether arachidonic acid is toxic to
normal mammalian cells. For this purpose, we used normal Vero
epithelial cells which is the gold standard for testing cytotoxicity (ISO
10993-5 (2009) recommendations; Standard, 2009), and exposed
them to increasing concentrations of AA up to 100 pg/ml which is far
above the MIC and MBIC against S. mutans. After a 24h incubation,
both the cell mass and metabolic activity were studied by crystal violet
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FIGURE 12
Arachidonic acid possesses anti-oxidative properties. S. mutans that
have been incubated in the absence or presence of various
concentrations of arachidonic acid (AA) for 2 h, were loaded with the
redox probe 2’,7’-dichlorofluorescin diacetate (DCFHDA) and the
fluorescence intensities were analyzed by flow cytometry. (A) The
histograms of DCFHDA-loaded control and AA-treated bacteria.

(B) The geometric mean of relative fluorescence intensities (RFls) of
the samples of (A). N = 3. *p <0.05 compared to control.

(CV) staining and MTT assay, respectively. Both assays showed that
AA has no significant cytotoxic effect against Vero cells, even at the
highest dose of 100 pg/ml (Figure 15A). Further studies with other cell
lines showed that the lethal concentration of AA for CAL27 oral
squamous carcinoma cells was 100 pg/ml, while it was 200 pg/ml for
MCEF-7 breast cancer cells and the HaCaT keratinocyte cell line (data
not shown).

Next, we studied whether AA causes hemolysis. To this end,
washed sheep erythrocytes were exposed to AA in PBS supplemented
with 1% BSA for 1h at 37°C, and the level of hemoglobin from
exploded erythrocytes was measured in the supernatant. AA did not
cause hemolysis under these conditions, even at a concentration of
200 pg/ml (Figures 15B,C). Thus, according to the above results, the
use of AA against S. mutans can be considered safe.

4 Discussion

Arachidonic acid is a natural polyunsaturated fatty acid found in
various food sources (e.g., eggs, fish, and poultry), and is integrated
into the membrane phospholipids where it is released as AA or
endocannabinoids such as anandamide and 2-AG upon various
stimuli (Tallima and El Ridi, 2018). Released AA is metabolized to
prostaglandins, thromboxanes and leukotrienes (Das, 2018; Tallima
and El Ridi, 2018), but it is also secreted from activated macrophages
where it is thought to enhance anti-bacterial activity (Das, 2018).
Moreover, AA increases the phagocytic activity of macrophages and
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increases the intracellular killing of ingested bacteria (Anes et al.,
2003; Adolph et al., 2012; Schumann, 2016; Eijkelkamp et al., 2018).
Several bacterial components including lipopolysaccharides from
Gram-negative bacteria, lipoteichoic acid (LTA) from Gram-positive
bacteria and insoluble glucans from S. mutans can stimulate
arachidonic acid mobilization in macrophages with concomitant
increased production of prostaglandin E, and thromboxane B2 (Abiko
et al., 1983; Shibata et al., 1989; Card et al., 1994).

Arachidonic acid has been shown to have anti-bacterial effects
against the Gram-positive bacteria S. pneumoniae (Eijkelkamp et al.,
2018) and S. aureus (Beavers et al., 2019, 2022). In our initial screening
for bacteria that respond to arachidonic acid, we observed that this
fatty acid has anti-bacterial activity against the Gram-positive bacteria:
S. mutans, S. sobrinus, methicillin-sensitive S. aureus (MSSA),
methicillin-resistant S. aureus (MRSA) and one multidrug-resistant
clinical S. aureus isolate (MDRSA), while no effect was observed on
the Gram-negative Pseudomonas aeruginosa (Figure 1 and
unpublished data). The anti-bacterial activities of AA together with its
low cytotoxicity makes AA an attractive compound to be used to
reduce bacterial burden of responding bacterial species and therefore
may be a potential alternative to antibiotics (Desbois and Smith, 2010;
Eijkelkamp et al., 2018; Beavers et al., 2019; Casillas-Vargas et al.,
2021; Figures 1, 15). It is worth mentioning that AA has been
administrated to children at a dose of 10 mg/kg for 15 days, resulting
in around 50% cure rate of Schistosoma mansoni-infected children
(Barakat et al., 2015). This and other studies showed that AA treatment
was safe (Barakat et al., 2015; Tallima et al., 2020).

In the present study, we focused on the anti-bacterial and anti-
biofilm activities of AA on the oral cariogenic S. mutans. We observed
that the MIC and MBIC of AA are the same, with a value of 25 pg/ml
when incubated in an atmosphere containing 5% CO, (Figures 1A,
2A). This concentration is below the documented AA serum levels in
humans (110-490 pg/ml) (Suwa et al., 2020). Interestingly, when
incubated in an atmosphere without CO, supplementation, the
bacteria became much more sensitive to AA, with a MIC value
reduced to 6.25-12.5 ug/ml (Figure 1B). The antagonistic effect of CO,
on the anti-bacterial effect of AA may be related to the ability of
S. mutans to use CO, as a carbon source. CO, is used in the conversion
of
phosphoenolpyruvate carboxykinase (Yamada and Carlsson, 1973;

phosphoenolpyruvate to  oxaloacetate catalyzed by
Franke and Deppenmeier, 2018). This process leads to generation of
ATP (Yamada and Carlsson, 1973; Franke and Deppenmeier, 2018).
It is likely that the conversion of phosphoenolpyruvate to oxalacetate
in the presence of CO, may competitively decrease the conversion of
phosphoenolpyruvate to pyruvate and consequent lactate production.
CO, is also important for cytoplasmic buffering in S. mutans (Lemos
etal., 2019).

The major energy source of S. mutans comes from glycolysis, as
these bacteria do not possess oxidative phosphorylation due to
incomplete electron transport chain system (Abranches et al., 2018;
Lemos et al., 2019). S. mutans undergoes metabolic remodeling when
the pH drops, resulting in increased glycolytic activity and increased
F,F,-ATPase activity (Baker et al., 2015; Jijakli and Jensen, 2019;
Lemos et al., 2019). We therefore wondered whether AA could affect
membrane ATPase activity. However, we found that AA did not alter
the ATPaseactivity of isolated membranes (Supplementary Figure S8A),
nor did it affect the atpD (ATP synthase subunit beta) gene expression
level (Figure 14). Instead, AA treatment induced membrane
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FIGURE 13
(A,B) a-Tocopherol antagonized the anti-bacterial (A) and anti-
biofilm (B) activities of arachidonic acid against S. mutans. S. mutans
was incubated with a-tocopherol in the absence or presence of
various concentrations of arachidonic acid for 24 h. The planktonic
growth was analyzed by OD at 600 nm. The metabolic activity of
biofilms formed in the presence of various combinations of
compounds was analyzed by MTT metabolic assay. N = 3. *p <0.05
compared to AA-treated samples. **p <0.001 compared to AA-
treated samples.

hyperpolarization in a dose-dependent manner (Figure 8), suggesting
an interruption of the proton motive force. The latter is important for
several vital bacterial processes (Benarroch and Asally, 2020), which
might be an underlying cause for the AA-induced growth inhibition.
Besides growth inhibition, AA also has a bactericidal effect on
S. mutans (Figure 2). The number of colony forming units was reduced
upon time in the presence of AA, which goes along with reduced ATP
content (Figure 2). AA increases membrane permeability as observed
by a dose-dependent increase in propidium iodide uptake, followed
by membrane leakage as shown by a dose-dependent reduction in
SYTO 9 fluorescence (Figure 4). HR-SEM images of AA-treated
bacteria showed the presence of cell debris and remnants of burst
bacteria (Figures 5, 6). This might be due to alterations in membrane
properties caused by AA.

At low pH, S. mutans incorporates a higher fraction of
monounsaturated fatty acids into the plasma membrane, which is
thought to be important for the adaptation to acidic stress (Fozo
et al, 2004; Fozo and Quivey, 2004). The production of
monounsaturated fatty acids is mediated by FabM encoding a
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trans-2-cis-3-decanoyl-ACP isomerase (Fozo and Quivey, 2004).
Gene expression analysis of AA-treated S. mutans showed only a
slight, but significant, reduction in the expression of fabM as well as
fabD encoding malonyl coenzyme A-acyl carrier protein transacylase
involved in fatty acid synthesis (Figure 14). Thus, AA might affect
fatty acid synthesis, which has also been suggested by Eijkelkamp
et al. (2018) as a mechanism for the anti-bacterial action of AA
against S. pneumoniae. It is likely that the inhibition of fatty acid
production by AA is a negative feedback mechanism (Lambert et al.,
2022). Since fatty acid synthesis is essential for bacterial survival
(Balemans et al., 2010), its inhibition may affect bacterial viability.

In analogy to the incorporation of monounsaturated fatty acids,
AA can be incorporated into the membrane of the bacteria
(Eijkelkamp et al., 2018). This is reflected by a higher membrane
fluidity observed in AA-treated bacteria (Supplementary Figure S8B
and Eijkelkamp et al., 2018). Within the membrane, the AA moiety
with four unsaturated carbon-carbon bonds can be oxidized by ROO-
radicals resulting in lipid peroxidation (Beavers et al., 2019), inhibition
of essential membrane protein activities (Beavers et al., 2019) and
collapse of the cell membrane (Stagos et al., 2012). We observed that
S. mutans constitutively produces reactive oxygen species (ROS) as
detected by the redox probe 2’,7’-dichlorofluorescin diacetate
(DCFHDA) (Figure 12). AA reduced the ROS levels in S. mutans in a
dose-dependent manner, indicating that AA acts as a potent
antioxidant (Figure 12). The reaction of AA with ROS causes a
concomitant oxidation of AA, which in turn leads to lipid peroxidation
as demonstrated by Beavers et al. (2019). This scenario is supported
by the antagonistic effect of a-tocopherol on the anti-bacterial and
anti-biofilm effect of AA on S. mutans (Figure 13). a-Tocopherol acts
as a peroxyl radical chain-terminating agent (Liebler et al., 1986), and
has also been shown by Beavers et al. (2019) to inhibit the
AA-mediated toxicities against S. pneumoniae. Another possible anti-
bacterial mechanism of AA could be an alteration of the redox balance
that affects bacterial survival (Reniere, 2018). This possibility is based
on findings implementing ROS species in both pro-survival signaling
and anti-bacterial activities (Paiva and Bozza, 2014; Zhao and Drlica,
2014; Hong et al,, 2019). This may also explain the anti-bacterial
activity of various antioxidants (e.g., Sendamangalam et al., 2011;
Stagos et al., 2012; Martelli and Giacomini, 2018; Schneider-Rayman
etal., 2021).

Several membrane proteins are involved in nutrient uptake,
transmembrane transport of enzymes such as Gtfs, and in the removal
of toxic metabolites. S. mutans harbors 14 phosphoenolpyruvate-
dependent sugar:phosphotransferase systems (PTSs) with specificities
for various mono- and di-saccharides, some efflux pumps, and several
ATP-binding cassette (ABC) transporters involved, among others, in
internalization of oligosaccharides and export of competence-
stimulating peptide (CSP) and mutacins (Hale et al, 2005;
Suntharalingam and Cvitkovitch, 2005; Abranches et al., 2006; Webb
and Hosie, 2006; Webb et al., 2008; Ahn et al., 2014; Nagayama et al.,
2014; Liu et al., 2017; Lemos et al., 2019). We used different fluorescent
efflux pump substrates to study the effect of AA on transmembrane
transport, and observed dose-dependent and dye-dependent patterns
of intracellular accumulation and export (Figures 9, 11). Notably,
there was a dose-dependent increase in DAPI accumulation with
increasing concentrations of AA (Figure 9), which resembled the
DAPI accumulation observed with anandamide (Banerjee et al., 2021;
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FIGURE 14

Effect of arachidonic acid on the expression of biofilm-related genes (A), redox and stress-related genes (B), acid tolerance-related genes (C) and
efflux and cell division-related genes (D). S. mutans was exposed to 12.5 and 25 pg/mL AA for 2 h, and then subjected to RNA isolation, cDNA
conversion and real-time quantitative PCR. Each treatment was performed in triplicates, and the fold changes were calculated for each treated
samples against each of 3 controls using the 224 method and gyrA as internal standard. The average of 9 calculations of each treatment group is
shown together with the standard deviation. *p < 0.05 compared to control.

atlA clpX

Wolfson et al., 2023) and thymoquinone (Kouidhi et al., 2011). On the
other hand, Nile Red and Rhodamine 6G showed a dose-dependent
bell-shaped pattern with increased export at lower AA concentrations
(6.25-25pug/ml) while increased accumulation at 50pg/ml AA
(Figures 9, 11). Further studies showed increased accumulation of
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ethidium bromide at 6.25ug/ml AA, with a gradual decrease upon
increasing concentrations of AA (Figure 11). The opposite effects of
dye uptake and dye release may be due to AA-induced alterations in
the activity of different transport systems. Since these transport
systems are also involved in nutrient uptake and excretion of toxic
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FIGURE 15

(A) Cytotoxicity assay of arachidonic acid (AA) on normal Vero
epithelial cells. Monolayers of Vero epithelial cells were exposed to
indicated concentrations of AA for 24 h and the cell mass was
determined by crystal violet (CV) staining, and the metabolic activity
determined by the MTT metabolic assay. (B) Hemolytic assay. Sheep
erythrocytes were exposed to indicated concentrations of AA in PBS
supplemented with 1% BSA for 1h at 37°C. Double distilled water
(ddw) was used as positive control for hemolysis. N = 3. (C) The
percentage hemolysis of samples presented in (B) in comparison to
ddw-induced hemolysis that was set to 1007%.

compounds, the interruption of which may lead to an imbalance of
intracellular nutrients and toxic compounds which may contribute to
the anti-bacterial effects of AA.

A major aim in caries prevention is to inhibit biofilm formation
of cariogenic bacteria such as S. mutans. Although the AA
concentration required for preventing biofilm formation was the
same as that of the anti-bacterial effect against planktonic growing
bacteria (Figure 2 versus Figure 1), gene expression studies suggest
that AA also may have a direct anti-biofilm effect (Figure 14). Several
of the biofilm-associated genes were down-regulated after a 2h
incubation with AA, including the glucosyltransferases gtfB and gtfC
involved in exopolysaccharide production (Koo et al., 2010), brpA
regulating biofilm formation and playing a role in acid and oxidative
stress tolerance (Bitoun et al., 2012), luxS involved in autoinducer-2
production (Wright and Ramachandra, 2022), gbpB which binds to
glucans (Mattos-Graner et al., 2006), and spaP which acts as an
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adhesin (Jarva et al., 2020; Figure 14). In contrast, rgpG that catalyzes
the first step of rhamnose-containing glucose polymers (Yamashita
et al., 1999) was upregulated (Figure 14). The rhamnose-glucose
polysaccharides have been shown to protect S. mutans from various
stress stimuli (Kovacs et al.,, 2019), such that the AA-mediated
upregulation of rgpG might be a feedback mechanism to the cellular
stress caused by AA. The latter is manifested by the upregulation of
the two stress-response chaperones groEL and dnaK (Figure 14). The
reduction of gtfB and gtfC genes which encode for the major
enzymes involved in EPS production (Koo et al, 2010), may
contribute to the reduced biofilm formation caused by AA. This
assumption is based on findings that have shown a link between gtf
gene expression and biofilm formation in S. mutans (He et al., 2019;
Schneider-Rayman et al., 2021; Chi et al., 2022; Zheng et al., 2023).
However, we cannot exclude the possibility that other mechanisms
are also involved in the anti-biofilm activity of AA. HR-SEM images
of biofilms showed the presence of EPS in samples exposed to 6.25
and 12.5pg/ml AA, while no EPS could be discerned around the
bacteria that had managed to adhere to plastic in the presence of 25
and 50 pg/ml AA (Figure 6). These data suggest that AA may impair
EPS production. The altered membrane transport caused by AA
(Figures 9, 11) may also contribute to the reduced EPS production
since the latter depends on the secretion of Gtfs (Zhang et al., 2021;
Zheng et al., 2023). Further studies are required to fully understand
the molecular mechanisms involved in the anti-biofilm
activity of AA.

In conclusion, we have shown here that arachidonic acid has
both anti-bacterial and anti-biofilm activities against the cariogenic
S. mutans. The anti-bacterial activity of AA is a combined effect of
bacterial growth arrest and bacterial cell death. Treatment of
S. mutans with AA leads to several changes in bacterial membrane
properties including membrane hyperpolarization, increased
membrane fluidity, changes in membrane transport, and membrane
perforation with consequent cytoplasmic leakage. One of the action
mechanisms is mediated by its anti-oxidant property, which leads to
lipid oxidation. This in turn impairs the activity of membrane
proteins that are, among others, involved in membrane transport,
membrane integrity and the maintenance of membrane potential.
Interference with these processes ultimately results in disruption of
the energy supply and to the loss of bacterial viability. The anti-
biofilm activity of AA is caused by a combination of its anti-bacterial
activity, reduced expression of biofilm-associated genes, altered
membrane transport, and reduced EPS production. The observation
that AA is not toxic to normal Vero epithelial cells and does not
cause hemolysis, even at concentrations well above the MIC and
MBIC for S. mutans, is important because it does not limit
therapeutic doses. This is actually not surprising given the many
natural sources of AA. Overall, arachidonic acid can be considered
a possible safe drug with potential benefits for dental caries
prevention and the promotion of global oral health, based on its
selective toxicity against cariogenic S. mutans. The abundant natural
sources of AA further support the feasibility of its application in the
clinical setting. The limitations of this study are that we only
investigated the mechanisms of action against one clinical strain of
S. mutans, and that it is an in vitro study. Further research should
focus on the in vivo implications of using AA as an anti-bacterial
agent to reduce dental caries.
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