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Infections caused by antibiotic-resistant strains of Staphylococcus aureus have reached epidemic
proportions globally. Staphylococcal biofilms are associated with increased antimicrobial resistance and
are generally less affected by host immune factors. Therefore, there is an urgent need for novel agents
that not only aim at multidrug-resistant pathogens, but also ones that will act as anti biofilms. In the
present study, we investigated the antimicrobial activity of the endocannabinoid (EC) anandamide
(AEA) and the endocannabinoid-like (EC-like), arachidonoyl serine (AraS) against methicillin resistant

S. aureus strains (MRSA). We observed a strong inhibition of biofilm formation of all tested MRSA
strains as well as a notable reduction of metabolic activity of pre-formed MRSA biofilms by both

agents. Moreover, staphylococcal biofilm-associated virulence determinants such as hydrophobicity,
cell aggregation and spreading ability were altered by AEA and AraS. In addition, the agents were able
to modify bacterial membrane potential. Importantly, both compounds prevent biofilm formation by
altering the surface of the cell without killing the bacteria. Therefore, we propose that EC and EC-like
compounds may act as a natural line of defence against MRSA or other antibiotic resistant bacteria. Due
to their anti biofilm action these agents could also be a promising alternative to antibiotic therapeutics
against biofilm-associated MRSA infections.

Infectious diseases have been associated with morbidity and mortality throughout the history of mankind.
Antibiotics were considered the ultimate weapon against bacteria. However, over time, bacteria have developed
mechanisms to overcome the killing effect of antibiotics. Moreover, the bacterial pathogens’ ability to adapt to
and overcome the challenges of antibiotics has been dramatically enhanced of late. Not only are rates of bacterial
resistance to individual drugs or drug classes a concern, but the prevalence of multidrug-resistant strains (resist-
ant to three or more drug classes) is an even more serious therapeutic challenge'.
Some of the more problematic drug-resistant pathogens encountered today include methicillin-resistant
Staphylococcus aureus (MRSA), multidrug-resistant Streptococcus pneumoniae, and vancomycin-resistant
. Enterococcus spp. among the gram-positive bacteria, and multidrug-resistant Acinetobacter baumannii, Klebsiella
. pneumoniae, Escherichia coli, and Pseudomonas aeruginosa among the gram-negative bacteria®.
A multidrug-resistant phenotype can arise in bacteria through the acquisition of multiple acquired resistance
mechanisms due to environmental pressure. These resistance factors can stem from mobile genetic elements,
a combination of acquired and chromosomally encoded resistance mechanisms, or accumulation of multiple
chromosomal changes over time. Another means for bacteria to evolve resistance to antibiotics is a single or
poly-mutational event leading to overexpression of a multidrug-resistance mechanism, i.e., an efflux pump, or
genes encoding a specific drug-deactivating enzyme®.
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MRSA 33592 MRSA CI MRSA 43300
AEA >256 >256 >256
AraS 32 >256 128

Table 1. MICs of the agents (ug/ml) toward MRSA strains.

S. aureus are not naturally pathogenic and commonly colonize human epithelia. However, infections can
occur on epithelial surfaces, ranging from pimples and impetigo to pneumonia and meningitis*. Furthermore,
pathogenicity can develop through infection of S. aureus in the bloodstream, and these infections are of great
medical importance due to their prevalence and virulence®®.

Infections caused by antibiotic-resistant strains of S. aureus have spread globally and reached epidemic
proportions worldwide’. In addition to the increasing prevalence and incidence of community-associated
methicillin-resistant S. aureus (CA-MRSA), the strains appear to be especially virulent®. Overwhelming and
tissue-destructive infections, such as necrotizing fasciitis and fulminant, necrotizing pneumonia, have been asso-
ciated with CA-MRSA strains’. Moreover, MRSA can colonize the health care units of hospitals and clinics'*-'?
and therefore are of specific public danger.

All implanted medical devices are susceptible to colonization by staphylococci and staphylococcal
biofilm-associated infections, from indwelling catheters to prosthetic heart valves, cardiac pacemakers, contact
lenses, cerebrospinal fluid shunts, joint replacements and intravascular lines'®. Damaged host tissue is also a risk
factor for developing biofilm-associated infection'*.

Biofilms are highly structured surface-associated communities of microorganisms that are enclosed in a
self-produced protective extracellular matrix'>-'”. Typically, these biofilms are associated with increased resist-
ance to antimicrobial compounds!” and are generally less affected by host immune factors. Bacterial biofilms are
known to cause more than 75% of microbial infections in humans'®. Therefore, there is an urgent need for anti-
bacterial agents that not only target multidrug-resistant pathogens, thereby decreasing the use of antibiotics and
hence their side effects, but also eliminate biofilms. An important potential strategy to help combat the resistance
problem involves the discovery and development of new active agents capable of partly or completely suppressing
bacterial resistance mechanisms'’.

The endocannabinoid system (ECS) is composed of endocannabinoids (ECs) and enzymes for their synthe-
sis and degradation, as well as the cannabinoid receptors CB1 and CB2, which are widely distributed through-
out the body. Cannabinoid receptors are activated by different ligands that are either endogenous, such as the
ECs, or exogenous, such as delta-9-tetrahydrocannabinol (THC) present in Cannabis sativa and synthetic
cannabinoid-like compounds®*?!. The ECS has been shown to affect numerous physiological processes, including
appetite, the immune response, sleep, bone density, and neuroprotection. The ECS is thought to be a neuromod-
ulator’®* and an immunomodulator?. Functionally, the activation of cannabinoid receptors has been shown to
play a role in the activation of GTPases in macrophages and neutrophils. These receptors have also been impli-
cated in the proper migration of B cells into the marginal zone and the regulation of healthy IgM levels*. The EC
anandamide (AEA) and EC-like arachidonoyl serine (AraS) are endogenous constituents in mammals and some
other animal species®*?’. AEA binds to both cannabinoid receptors; AraS does not bind to the receptors, but its
neuroprotective activity can be blocked by CB2 receptor antagonists, indicating that it is part of the ECS?.

There is limited information concerning the role of the ECS during infection, particularly against invading
bacteria. A previous study showed antimicrobial effects of C. sativa extracts on different pathogens®. Another
work demonstrated strong antibacterial activity of selected cannabinoids against MRSA strains, indicating the
therapeutic potential of some cannabinoids for the treatment of antibiotic-resistant S. aureus®. We have previ-
ously shown that the potent synthetic cannabinoid receptor agonist HU-210 reduces biofilm formation in a strain
of Vibrio harveyi®'. As biofilm formation is one of the routes of bacterial resistance to antibiotics, we posited that
EC and EC-like compounds may also show antibacterial/antibiofilm activity and may represent one of the body’s
reactions to invasion of bacteria and to bacteria which are resistant to antibiotics.

Results

Effect of AEA and AraS on bacterial growth.  Using the standard broth microdilution methods, we eval-
uated the MICs of the tested compounds. The EC AEA did not exhibit inhibitory effect on any of the tested MRSA
strains’ growth up to a concentration of 256 ug/ml (Table 1). In contrast, MICs of EC-like AraS$ varied with dif-
ferent strains. MICs of >256 ug/ml, 32 ug/ml and 128 ug/ml were detected against MRSAs 33592, CI and 43300,
respectively (Table 1). The MIC of the antibiotic gentamycin, as a control, was 256 ug/ml for the CI and 43300
strains, and 128 pg/ml for the 33592 strain.

Effect of AEA and AraS on biofilm formation. Both, AEA and Ara$ exhibited pronounced
dose-dependent inhibitory effects on biofilm formation of all tested MRSA strains (Fig. 1). Total biofilm inhibi-
tion of MRSA strains CI and 33592 was detected at a dose of 32 ug/ml AEA, which is more than 8-fold lower than
its MIC against these strains (Fig. 1A,B). The biofilm formation of strain MRSA 43300 was also affected by AEA,
but to a lesser extent. Although no MBIC was detected, AEA at doses of 8 ug/ml, 16 ug/ml, 32 ug/ml and 64 ng/
ml was able to reduce the biomass of these bacteria in a dose-dependent manner by 44%, 64%, 68%, and 75%,
respectively, as compared to the untreated control (Fig. 1C). AraS demonstrated MBIC = 32 ug/ml for all strains
(Fig. 1A-C), while at the lower concentration of 16 ug/ml it was already capable of dramatically decreasing the
biomass of MRSA 33592 and 43300 by almost 80% as compared to the untreated control (Fig. 1A-C). The MBIC
of the antibiotic gentamycin, as a control, was 256 ug/ml for the CI and 43300 strains, and 128 ug/ml for the 33592
strain.
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Figure 1. Effect of the agents on biofilm formation. Biofilms of MRSA 33592 (A); MRSA CI (B); MRSA 43300
(C) were grown with the presence of AEA or Ara$ at concentrations of 0-64 ug/ml. Quantification of the
biofilm formation was conducted by crystal violet staining. Minimal Biofilm Inhibitory Concentration (MBIC)
was determined as the lowest concentration of the tested compounds showing biofilm inhibition by 90% as
compared to untreated control. *Significantly lower than the value for the untreated control (P < 0.05).

MRSA strain | Compound
Ara$, 16ug/ml | AraS, 64ug/ml | AEA, 16ug/ml | AEA, 64ug/ml
< 29+4.1% 6142.3% 2340.1% 51£2.7%
AraS,4pg/ml | AraS, 16ug/ml | AEA, 16pg/ml | AEA, 64 ug/ml
33592 21+1.4 33£2.1% 20473 64+2.2%
43300 AraS, 8ug/ml | AraS, 32ug/ml | AEA, 16ug/ml | AEA, 64 ug/ml
9+1.0 52£0.1% 2042.2% 58 £4.2%

Table 2. Biofilm eradication (in %) by the agents as compared to untreated controls (100%). *Significantly
lower than the untreated control (P < 0.05).

Effect of AEA and AraS on pre-formed biofilm. In addition to the inhibitory effect of the tested com-
pounds on bacterial biofilm formation, both ECs demonstrated strong attenuation of mature biofilm (Table 2).
Metabolic activity of pre-formed biofilms of all tested MRSA strains was reduced dose-dependently by AEA and
AraS$ at sub-MICs. Metabolic activity of staphylococcal mature biofilms was reduced by 20%-23% by 16 pug/ml
AEA (Table 2), while an increased dose of AEA (64 ug/ml) caused more than 50% reduction of metabolic activity
as compared to untreated biofilms (Table 2). AraS also exhibited high potency for pre-formed biofilm alteration
of two of the tested MRSA strains, CI and 43300 compared to their untreated controls (Table 2). MRSA 33592 was
more tolerant to AraS compared to its untreated control (Table 2). A concentration of 4-fold less than the minimal
tested dose did not exhibit an effect on the pre-formed biofilm of all tested bacterial strains (data not shown).

Effect of AEA and AraS on cell-surface hydrophobicity. Both, AEA and AraS$ at sub-MICs altered the
cell-surface characteristics of all tested MRSA strains. AEA at 16 ug/ml dramatically reduced the HI of CI, 33592
and 43300 strains by 4-fold, 3-fold and almost 5-fold, respectively (Table 3). AraS was less potent, but at sub-MICs
still showed decreases in HI of MRSA 33592 and 43300 by 3-fold, and MRSA CI by less than 3-fold (Table 3).

Effect of AEA and Ara$S on spreading ability of MRSA.  All tested MRSA strains demonstrated strong
ability to spread on the agar (Fig. 2A,D,G). Both agents, AEA and, with less impact, AraS—were able to inhibit
colony spread. AEA at 64 ug/ml reduced the colony diameters of CI, 33592 and 43000 strains by 88% (Fig. 2B,
Table 4), 84% (Fig. 2E, Table 4), and 73% (Fig. 3H, Table 4), respectively, as compared to untreated controls
(Fig. 2A,D,G). Ara$ at sub-MICs was able to inhibit colony spread of CI, 33592 and 43000 strains by 64% (Fig. 2C,
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HI,% 87+3 22+0.6 38+2
33592 AEA, 16 ug/ml AraS$, 4ug/ml
HI,% 9243 31425 29+1.6
43300 AEA, 16 ug/ml AraS$, 32 ug/ml
HIL% 90+2.7 194+0.74 29+3.6

Table 3. Effect of the agents on cell-surface hydrophobicity. The hydrophobicity index (HI) of MRSA cells
incubated for 20 min with AEA or AraS.

Figure 2. Spreading ability of MRSA in the presence of the agents. The assay was performed in a petri dish, on
TSB containing 0.3% (w/v) agar-agar powder and sub-MIC of the tested compounds. The overnight culture of
MRSA strains was point inoculated at the center of the agar medium and incubated for 24 h at 37 °C. Panels A,
D, G-MRSA CI, MRSA 33592, MRSA 43300 untreated controls; Panels B, E, H- MRSA CI, MRSA 33592, MRSA
43300 treated with AEA at 64 pg/ml; Panels C, F, I- MRSA CI, MRSA 33592, MRSA 43300 treated with AraS at
64 pg/ml, 16 ug/ml, 32 pg/ml.

Table 4), 65% (Fig. 2F, Table 4), and 46% (Fig. 21, Table 4), respectively, as compared to untreated controls
(Fig. 2A,D,G).

Effect of AEA and Ara$S on cell aggregation. AEA dose-dependently reduced the formation of bacterial
aggregates at 16 and 64 pug/ml by 32% and 62%, respectively, as compared to untreated control (Fig. 3). AraS also
demonstrated significant inhibitory activity on MRSA aggregation, but to a lesser extent. It decreased bacterial
aggregation at 16 and 64 pg/ml by approximately 20%, as compared to untreated control (Fig. 3).

Effect of AEA and AraS on membrane potential (MP). Both agents at sub-MICs affected the MP of
MRSA Cl in a dose-dependent manner, but their effects differed. AEA at 16 ug/ml and 64 pg/ml decreased staph-
ylococcal MP by 24% and 43%, respectively, as compared to the untreated control, thus causing bacterial mem-
brane depolarization. As expected, MP was dramatically lowered by the known proton ionophore, CCCP, by 80%
as compared to the untreated control (Fig. 4). In contrast to the depolarizing activity of AEA, bacterial exposure
to Ara$ led to hyperpolarization of the MRSA membrane. This agent increased MP at 16 ug/ml and 64 ug/ml by
36% and 49%, respectively, as compared to the untreated control (Fig. 4).
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a AEA, 64ug/ml AraS, 64ug/ml
88+ 1.9% 64 +2.5%
AEA, 64ug/ml Ara$, 16 ug/ml
33592 i He
84 +1.8% 65+ 3.4*
AEA, 64 pg/ml Ara$, 32 ug/ml
43300 il il
73 +£2.6*% 46+2.8%

Table 4. Percent inhibition of spreading ability. Levels of the spreading ability were determined by measuring
diameters of the spreading and then compared to untreated control. *Significantly lower than the untreated
control (P < 0.05).
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Figure 3. Cell aggregation of MRSA ClI strain in the presence of the agents. MRSA cells (CI strain) were
inoculated with the tested agents for 24 h. After centrifugation, cells were resuspended in PBS in clean

glass tubes and allowed to stand for 24 h at room temperature. Next, supernatants were gently aspirated

and aggregated pellets were resuspended in PBS. Turbidity of aggregates was measured at ODsy; using
spectrophotometer. The relative aggregation of the treated samples was presented as a percentage compared to
untreated control (100%). *Significantly lower than the value for the untreated control (P < 0.05).
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Figure 4. The effect of the agents on MP. Overnight grown MRSA CI cells were incubated with DiOC,(3).
From this mixture, 10 pl were added to 40 pl reaction containing agents at sub-MIC or PBS (untreated control)
and read immediately in fluorimeter. Excitation was read at 450 nm and emission at 690 nm. The difference

in fluorescence between tested compounds treated and untreated control cells was detected at 690 nm and
calculated as a percentage compared to untreated control (100%). *Significantly lower than the value for the
untreated control (P < 0.05).

Discussion

Bacterial infections, particularly those related to biofilm-associated antibiotic resistance, are a serious clinical
problem world-wide. EC are endogenous compounds known to affect physiological pathways in the body. In the
current study, both the EC, AEA and the EC-like compound Ara$ were found to exhibit also anti microbial effect
as anti-MRSA biofilm activity. However, AEA but not Ara$ had no inhibitory effect on any of the tested MRSA
strains. Further, both compounds were able to impair already established staphylococcal biofilm at sub-MICs.
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Mature biofilms are generally difficult to disrupt and established MRSA biofilms are much more resistant to anti-
microbial agents than planktonic MRSA?>%,

Colony spreading ability, an essential virulence determinant of S. aureus, was strongly affected by both agents
at sub-MICs. AEA notably reduced the spread of all tested MRSA isolates by 73%-88%, whereas AraS was less
effective, decreasing spread by 46%-65%. Motility mechanisms have previously been shown to play an impor-
tant role in bacterial virulence and colonization*-*¢. Indeed, colony spreading ability of S. aureus on soft agar
increases with increasing biofilm-forming activity”’, suggesting that the spreading ability of S. aureus is an impor-
tant factor for host and prosthetic material colonization. Interestingly, both tested compounds were able to inhibit
colony spread without impairing bacterial viability.

In the absence of host factors, staphylococci can form multicellular clusters, known as aggregation. Bacterial
cell aggregation is one of prerequisites for biofilm development®®. In Staphylococcus spp., this process is associ-
ated with the production of extracellular polysaccharide intercellular adhesin, a compound that is important for
intercellular adhesion; this is a necessary step for the accumulation phase of biofilm formation following initial
attachment to a surface®-*!. Moreover, protein A, which is responsible for the aggregative S. aureus phenotype,
has been shown to induce biofilm formation under static and flow conditions*?. We showed that the EC AEA
dose-dependently inhibits aggregation of the MRSA CI strain, whereas EC-like Ara$S had no effect.

Microbial cell surface properties such as hydrophobicity play a crucial role in bacterium-host cell interactions,
as well as in bacterial adhesion as an initial and critical step in biofilm development*-*. Various agents inhibit
biofilm formation by interfering with bacterial cell-surface hydrophobicity*-*°. In the present study, both ECs
at sub-MICs were able to significantly modify the cell-surface properties of all tested MRSA strains, decreasing
their hydrophobicity 3- to 5-fold compared to that of untreated controls and thereby significantly contributing to
antibiofilm activity. Indeed, a positive correlation has been shown between cell-surface hydrophobicity and levels
of biofilm formation®.

Our data demonstrate that the tested agents, and especially AEA, have a notably more pronounced effect on
bacteria embedded in biofilm than on planktonic bacteria. This can be attributed to the specific non-bactericidal
activity of the ECs, which modify the bacterial cell surface rather than destroying the bacterial cell. Indeed, both
compounds are amphiphilic molecules, and AEA has been shown to interact with mammalian cell membranes
via a non-specific receptor-independent mechanism®.. It has been proposed that ECs can modify the lipid bilay-
er’s fluidity®>>* and elastic properties®'. Since ECs non-specifically modify the eukaryotic membrane lipid bilayer,
we hypothesized that these amphiphilic compounds would act similarly on the prokaryotic cell membrane lipid
bilayer. It has been reported that small amphiphilic molecules can disturb established biofilms and affect bacteria
by disrupting membrane integrity>*. We found that AEA can lower the MP, causing membrane depolarization,
albeit with much less impact than the proton ionophore CCCP, a depolarizing agent that destroys MP by elimi-
nating the proton gradient. Intriguingly, in contrast to AEA, AraS caused hyperpolarization of the staphylococcal
membrane by elevating MP. In addition to depolarization, hyperpolarization has also been documented to affect
bacterial viability®>>°. It seems that Ara$ at sub-MICs caused short-duration hyperpolarization of the MRSA
CI strain membrane, which did not affect bacterial cell viability. Similarly, the antimicrobial peptide Bac8c at
sub-killing concentrations has been shown to non-lethally destabilize the cytoplasmic membrane, resulting in at
least transient hyperpolarization of the cytoplasmic membrane®.

A non-disruptive effect of the agents on MP indicates that they do not impair cell integrity, which clearly
corresponds to their antibiofilm activity at sub-MICs. Moreover, we suggest that mechanism of anti-MRSA
action of the tested compounds is attributed to modification of bacterial MP and subsequently alteration of
biofilm-associated properties of MRSA, such as hydrophobicity and cell aggregation.

Taken together, our results demonstrate that the tested compounds (AEA in particular) are able to impair
pathogenicity of MRSA by inhibiting biofilm formation, reducing metabolic activity of mature biofilm and mod-
ifying bacterial cell-surface characteristics without killing the bacteria.

Today, biofilm-associated staphylococcal infections are widespread. Beyond offering an environmental niche,
biofilms also play an important role in the progression of chronic diseases. Recently utilized antibacterial agents
aimed at treating bacterial infections are not capable of eradicating biofilms. Furthermore, the ability of bacterial
pathogens to adapt to and overcome the challenges of antibiotics in their environment has been dramatically
enhanced.

Therefore, we propose that ECs and EC-like compounds may serve as a natural line of defence against MRSA
or other antibiotic-resistant bacteria. Due to their antibiofilm action, these agents could be a promising alternative
to antibiotic therapeutics against biofilm-associated MRSA infections.

Materials and Methods
The tested compounds. AEA was synthesized following the procedure described by Devane et al.2® and
Ara$ was prepared following the procedure described by Milman et al.?’ (Fig. 5).

Preparation of bacterial inoculum. The bacteria used in this study were methicillin-resistant
Staphylococcus aureus (MRSA) strains ATCC 33592, ATCC 43300, and a clinical isolate (CI). All bacterial strains
were cultured from frozen stock in tryptic soy broth (TSB; Neogen, Lansing, MI, USA) and incubated at 37°C
for 24h.

Determination of minimal inhibitory concentration (MIC). The MIC values of AEA and AraS$ against
MRSA were determined using the twofold serial microdilution method based on the CLSI protocol®’. The tested
compounds were added to a 96-well plate containing sterile TSB medium. The range of final concentrations
of all tested compounds was 4 ug/ml-256 ug/ml. Bacterial inoculum in the medium without the tested com-
pound served as a positive control, whereas the tested compounds in medium without bacteria served as negative
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Figure 5. Structure of the compounds.

controls. The 96-well plate was then incubated at 37 °C for 24 h. The MIC was determined as the lowest concentra-
tion of the tested compound showing no turbidity after 24 h, where turbidity was interpreted as visible bacterial
growth. The antibiotic gentamycin served as a control. The assay was performed in triplicate.

Determination of minimal biofilm inhibitory concentration (MBIC). The assay was performed as
for the MIC evaluation except that the conditions were changed to a biofilm-formation-inducing environment by
the addition of 1% glucose to the TSB medium. The antibiotic gentamycin served as a control. After incubation of
bacteria with the tested compounds for 24 h, spent media and free-floating bacteria were removed by aspiration
and the wells were carefully rinsed twice with phosphate-buffered saline (PBS, pH 7.4). Biofilm formation was
quantified by crystal violet staining*®*®. Briefly, 0.02% crystal violet was added to the wells and left for 45 min,
and then the wells were washed twice with DDW to remove unbound dye. After adding 200 pl of 30% acetic acid
to each well, the plate was shaken for 10 min to release the dye and the biofilm was quantified by measuring the
absorbance at 595 nm using a Genios plate-reading spectrophotometer (Tecan, Salzburg, Austria). MBIC was
determined as the lowest concentration of the tested compounds showing 90% biofilm inhibition compared to
the untreated control. The assay was performed in triplicate.

Effect of AEA and Ara$S on pre-formed biofilms. MRSA biofilms were allowed to mature in TSB+ 1%
glucose for 24 h at 37°C in a 6-well plate. The biofilms were washed twice with PBS. AEA and AraS$ at two previ-
ously determined sub-MICs were then applied in TSB + 1% glucose to the mature biofilms. The plates were fur-
ther incubated for 24 h at 37°C. The amounts of MRSA biofilm were determined quantitatively using a standard
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reduction assay as described previ-
ously®-¢. Briefly, biofilm was overlaid with 100mM MTT and incubated for 2h at 37 °C. Under these conditions,
the lightly yellowish MTT was reduced to a blue tetrazolium salt accumulating within the metabolically active
biofilms. The stain was then dissolved in DMSO and the absorbance was measured at 570 nm. The accumulation
of tetrazolium salt via the reduction of MTT is proportional to the number of metabolically active cells growing
in the biofilm. The assay was performed in triplicate.

Effect of AEA and AraS on MRSA spreading ability. The assay was performed as described previ-
ously®? in a 3-cm petri dish, on TSB containing 0.3% agar-agar powder and sub-MICs of the tested compounds.
Dishes without tested compounds served as a control. Overnight cultures of the MRSA strains (ODgy, = 0.6) were
point-inoculated at the centre of the agar medium and incubated for 24 h at 37 °C. Spreading ability was deter-
mined by measuring the diameters of the spread and then comparing with the control. The assay was performed
in triplicate.

Effect of AEA and AraS on cell-surface hydrophobicity. Microbial surface hydrophobicity was
assessed based on microbial adhesion to hydrocarbon using a previously described method**®, in hexadecane
as the organic solvent. Briefly, MRSA at a concentration of 107 cell/ml was incubated for 30 min at 37° with or
without the compounds at sub-MICs. Bacterial cells were then washed with PBS, suspended in the same buffer,
and their ODg, determined. The cells were mixed with hexadecane (2.5:1), shaken for 2 min, and the tube was
left for 20 min at room temperature for phase separation. The turbidity of the aqueous phase was read at 660 nm.
The hydrophobicity index (HI) was calculated in percentage as HI = (OD ;01 — OD\eq) X 100/OD 01, Where
OD 1ol = Optical density at 660 nm before hexadecane treatment and OD,. = optical density at 660 nm after
hexadecane treatment. The assay was performed in triplicate.

Cell aggregation assay. Cell aggregation was analyzed as previously reported® with some modifications.
Briefly, MRSA cells (CI strain) were inoculated into 2 ml of TSB medium in 14-ml test tubes with sub-MICs of
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the tested compounds for 24 h with shaking at 250 rpm. Untreated sample served as a control. Cell cultures (1 ml)
were then collected by centrifugation at 16,600 g for 2 min and cells were washed three times with PBS. Washed
cells were resuspended in 3 ml PBS to ODsg5= 1.5 (OD ;1) in clean glass tubes and allowed to stand for 24 h at
room temperature. Next, supernatants were gently aspirated and aggregated pellets were resuspended in 3 ml of
PBS. Turbidity of aggregates was measured at ODsy5 (ODg,,) using the Genios plate-reading spectrophotom-
eter. The percentage of aggregation was determined as: ODg,, )/ OD50 X 100%. The relative aggregation of the
treated samples was presented as percentage of that of the untreated control (100%). The assay was performed in
triplicate.

Effect of AEA and AraS on membrane potential (MP). The ability of the tested compounds to affect
the MP of the MRSA CI strain using the cationic dye 3,3’-diethyloxacarbocyanine iodide (DiOC,(3); Molecular
Probes, Eugene, OR, USA) in a microtiter well-based assay was determined as described previously®® with some
modifications. DiOC,(3) exhibits a shift in fluorescence from 500-575 nm (green) to >600nm (red) in bacterial
cells with an intact membrane. This red shift disappears when the bacterial membrane is damaged. Briefly, an
overnight culture of MRSA was centrifuged, washed with PBS three times and further resuspended in PBS to a
final concentration of ODs,; = 3. Bacterial cells were incubated with DiOC,(3) at room temperature in the dark
for 5min. A 10-ul aliquot of this mixture was added to 40 pl reaction solution containing the tested compounds
at sub-MICs or PBS (untreated control) and read immediately in an Infinite M200 Pro plate reader (Tecan).
Excitation was read at 450 nm and emission at 690 nm. The difference in fluorescence between the tested com-
pounds in treated and untreated control cells was detected at 690 nm and calculated as percentage of the untreated
control (100%). The assay was performed in triplicate.

Statistical analysis. Means of three independent experiments were calculated. The statistical analysis was
performed using Student’s t-test with a significance level of P < 0.05 as compared to controls.

References

1. Magiorakos, A. P. et al. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: an international expert
proposal for interim standard definitions for acquired resistance. Clinical microbiology and infection 18, 268-281 (2012).

2. Fair, R. ]. & Tor, Y. Antibiotics and bacterial resistance in the 21st century. Perspectives in medicinal chemistry 6, PMC. S14459 (2014).

3. Lister, P. D., Wolter, D. J. & Hanson, N. D. Antibacterial-resistant Pseudomonas aeruginosa: clinical impact and complex regulation
of chromosomally encoded resistance mechanisms. Clin Microbiol Rev 22, 582-610, https://doi.org/10.1128/ CMR.00040-09 (2009).

4. Yarwood, J. M. & Schlievert, P. M. Quorum sensing in Staphylococcus infections. J Clin Invest 112, 1620-1625, https://doi.
org/10.1172/JCI20442 (2003).

5. Naber, C. K. Staphylococcus aureus bacteremia: epidemiology, pathophysiology, and management strategies. Clinical infectious
diseases 48, S231-S237 (2009).

6. Corey, G. R. Staphylococcus aureus bloodstream infections: definitions and treatment. Clinical Infectious Diseases 48, S254-S259
(2009).

7. Grundmann, H., Aires-de-Sousa, M., Boyce, J. & Tiemersma, E. Emergence and resurgence of meticillin-resistant Staphylococcus
aureus as a public-health threat. Lancet 368, 874-885, https://doi.org/10.1016/S0140-6736(06)68853-3 (2006).

8. Bonesso, M., Marques, S. A. & Cunha, M. Community-acquired methicillin-resistant Staphylococcus aureus (CA-MRSA):
molecular background, virulence, and relevance for public health. Journal of Venomous Animals and Toxins including Tropical
Diseases 17, 378-386 (2011).

9. Francis, J. S. et al. Severe community-onset pneumonia in healthy adults caused by methicillin-resistant Staphylococcus aureus
carrying the Panton-Valentine leukocidin genes. Clinical Infectious Diseases 40, 100-107 (2005).

10. Milstone, A. M. et al. Methicillin-resistant Staphylococcus aureus colonization and risk of subsequent infection in critically ill
children: importance of preventing nosocomial methicillin-resistant Staphylococcus aureus transmission. Clinical infectious diseases
53, 853-859 (2011).

11. Sassmannshausen, R. et al. MRSA prevalence and associated risk factors among health-care workers in non-outbreak situations in
the Dutch-German EUREGIO. Frontiers in microbiology 7, 1273 (2016).

12. Haley, C. C. et al. Methicillin-resistant Staphylococcus aureus infection or colonization present at hospital admission: multivariable
risk factor screening to increase efficiency of surveillance culturing. Journal of clinical microbiology 45, 3031-3038 (2007).

13. Donlan, R. M. & Costerton, . W. Biofilms: survival mechanisms of clinically relevant microorganisms. Clinical microbiology reviews
15, 167-193 (2002).

14. McCarthy, H. et al. Methicillin resistance and the biofilm phenotype in Staphylococcus aureus. Frontiers in cellular and infection
microbiology 5,1 (2015).

15. Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R. & Lappin-Scott, H. M. Microbial biofilms. Annual Reviews in
Microbiology 49, 711-745 (1995).

16. Wilson, M. Microbial inhabitants of humans: their ecology and role in health and disease. (Cambridge University Press, 2005).

17. Brandwein, M., Steinberg, D. & Meshner, S. Microbial biofilms and the human skin microbiome. NPJ biofilms and microbiomes 2, 3
(2016).

18. Costerton, J. W, Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: a common cause of persistent infections. Science 284, 1318-1322
(1999).

19. Malléa, M. et al. Alkylaminoquinolines inhibit the bacterial antibiotic efflux pump in multidrug-resistant clinical isolates.
Biochemical Journal 376, 801 (2003).

20. Herndndez-Cervantes, R., Méndez-Diaz, M., Prospéro-Garcia, O. & Morales-Montor, J. Immunoregulatory Role of Cannabinoids
during Infectious Disease. Neuroimmunomodulation (2017).

21. Mechoulam, R, Hanus, L. O., Pertwee, R. & Howlett, A. C. Early phytocannabinoid chemistry to endocannabinoids and beyond.
Nature Reviews Neuroscience 15,757 (2014).

22. Marsicano, G. & Lutz, B. Neuromodulatory functions of the endocannabinoid system. Journal of endocrinological investigation 29,
27 (2006).

23. Vaughan, C. & Christie, M. Retrograde signalling by endocannabinoids in Cannabinoids (ed. Pertwee, R.) 367-383 (Springer, 2005).

24. Klein, T. W. Cannabinoid-based drugs as anti-inflammatory therapeutics. Nature Reviews Immunology 5, 400 (2005).

25. Basu, S., Ray, A. & Dittel, B. N. Cannabinoid receptor 2 is critical for the homing and retention of marginal zone B lineage cells and
for efficient T-independent immune responses. The Journal of Immunology 187, 5720-5732 (2011).

26. Devane, W. A. et al. Isolation and structure of a brain constituent that binds to the cannabinoid receptor. Science 258, 1946-1949
(1992).

SCIENTIFIC REPORTS |

(2018) 8:17696 | DOI:10.1038/s41598-018-35793-7 8


http://dx.doi.org/10.1128/CMR.00040-09
http://dx.doi.org/10.1172/JCI20442
http://dx.doi.org/10.1172/JCI20442
http://dx.doi.org/10.1016/S0140-6736(06)68853-3

www.nature.com/scientificreports/

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

61.

62.

63.

64.

65.

Milman, G. et al. N-arachidonoyl L-serine, an endocannabinoid-like brain constituent with vasodilatory properties. Proceedings of
the National Academy of Sciences of the United States of America 103, 2428-2433 (2006).

Mann, A., Cohen-Yeshurun, A., Trembovler, V., Mechoulam, R. & Shohami, E. Are the endocannabinoid-like compounds N-acyl
aminoacids neuroprotective after traumatic brain injury? Journal of basic and clinical physiology and pharmacology 27, 209-216
(2016).

Wasim, K., Haq, I. & Ashraf, M. Antimicrobial studies of the leaf of cannabis sativa L. Pakistan journal of pharmaceutical sciences 8,
29-38 (1995).

Appendino, G. et al. Antibacterial cannabinoids from Cannabis sativa: a structure— activity study. Journal of natural products 71,
1427-1430 (2008).

Soni, D., Smoum, R,, Breuer, A., Mechoulam, R. & Steinberg, D. Effect of the synthetic cannabinoid HU-210 on quorum sensing and
on the production of quorum sensing-mediated virulence factors by Vibrio harveyi. BMC microbiology 15, 159 (2015).

Smith, K. & Hunter, I. S. Efficacy of common hospital biocides with biofilms of multi-drug resistant clinical isolates. Journal of
medical microbiology 57, 966-973 (2008).

DeBaun, B. Evaluation of the antimicrobial properties of an alcohol-free 2% chlorhexidine gluconate solution. AORN journal 87,
925-933 (2008).

Josenhans, C. & Suerbaum, S. The role of motility as a virulence factor in bacteria. International Journal of Medical Microbiology 291,
605-614 (2002).

Laanto, E., Bamford, J. K., Laakso, J. & Sundberg, L.-R. Phage-driven loss of virulence in a fish pathogenic bacterium. PLoS One 7,
53157 (2012).

Bieber, D. et al. Type IV pili, transient bacterial aggregates, and virulence of enteropathogenic Escherichia coli. Science 280,
2114-2118 (1998).

Kim, B.-R,, Bae, Y.-M., Hwang, J.-H. & Lee, S.-Y. Biofilm formation and cell surface properties of Staphylococcus aureus isolates
from various sources. Food Science and Biotechnology 25, 643-648 (2016).

Arciola, C. R., Campoccia, D., Speziale, P., Montanaro, L. & Costerton, J. W. Biofilm formation in Staphylococcus implant infections.
A review of molecular mechanisms and implications for biofilm-resistant materials. Biomaterials 33, 5967-5982 (2012).
Heilmann, C., Gerke, C., Perdreau-Remington, F. & Gotz, F. Characterization of Tn917 insertion mutants of Staphylococcus
epidermidis affected in biofilm formation. Infection and immunity 64, 277-282 (1996).

Heilmann, C. et al. Molecular basis of intercellular adhesion in the biofilm-forming Staphylococcus epidermidis. Molecular
microbiology 20, 1083-1091 (1996).

Mack, D. et al. Characterization of transposon mutants of biofilm-producing Staphylococcus epidermidis impaired in the
accumulative phase of biofilm production: genetic identification of a hexosamine-containing polysaccharide intercellular adhesin.
Infection and immunity 62, 3244-3253 (1994).

Merino, N. et al. Protein A-mediated multicellular behavior in Staphylococcus aureus. Journal of bacteriology 191, 832-843 (2009).
Swiatlo, E., Champlin, E. R., Holman, S. C., Wilson, W. W. & Watt, J. M. Contribution of choline-binding proteins to cell surface
properties of Streptococcus pneumoniae. Infection and immunity 70, 412-415 (2002).

Hall-Stoodley, L., Costerton, J. W. & Stoodley, P. Bacterial biofilms: from the natural environment to infectious diseases. Nature
reviews microbiology 2, 95 (2004).

Van Loosdrecht, M., Lyklema, J., Norde, W,, Schraa, G. & Zehnder, A. The role of bacterial cell wall hydrophobicity in adhesion.
Applied and environmental microbiology 53, 1893-1897 (1987).

Feldman, M., Tanabe, S., Howell, A. & Grenier, D. Cranberry proanthocyanidins inhibit the adherence properties of Candida
albicans and cytokine secretion by oral epithelial cells. BMC complementary and alternative medicine 12, 6 (2012).

Annuk, H. et al. Effect on cell surface hydrophobicity and susceptibility of Helicobacter pylori to medicinal plant extracts. FEMS
Microbiology Letters 172, 41-45 (1999).

Nostro, A. et al. Modifications of hydrophobicity, in vitro adherence and cellular aggregation of Streptococcus mutans by
Helichrysum italicum extract. Letters in applied microbiology 38, 423-427 (2004).

Razak, F. A., Othman, R. Y. & Rahim, Z. H. A. The effect of Piper betle and Psidium guajava extracts on the cell-surface
hydrophobicity of selected early settlers of dental plaque. Journal of oral science 48, 71-75 (2006).

Feldman, M., Al-Quntar, A., Polacheck, I., Friedman, M. & Steinberg, D. Therapeutic potential of thiazolidinedione-8 as an
antibiofilm agent against Candida albicans. PloS one 9, €93225 (2014).

Medeiros, D. et al. Membrane-mediated action of the endocannabinoid anandamide on membrane proteins: implications for
understanding the receptor-independent mechanism. Scientific Reports 7, 41362 (2017).

Di Pasquale, E., Chahinian, H., Sanchez, P. & Fantini, ]. The insertion and transport of anandamide in synthetic lipid membranes are
both cholesterol-dependent. PLoS One 4, 4989 (2009).

Dainese, E. et al. Impact of embedded endocannabinoids and their oxygenation by lipoxygenase on membrane properties. ACS
chemical neuroscience 3, 386-392 (2012).

Hoque, J. et al. Selective and broad spectrum amphiphilic small molecules to combat bacterial resistance and eradicate biofilms.
Chemical Communications 51, 13670-13673 (2015).

Vanhauteghem, D. et al. Exposure to the proton scavenger glycine under alkaline conditions induces Escherichia coli viability loss.
PLoS one 8, 60328 (2013).

Spindler, E., Hale, J., Giddings, T., Hancock, R. & Gill, R. Deciphering the mode of action of the synthetic antimicrobial peptide
Bac8c. Antimicrobial agents and chemotherapy 55, 1706-1716 (2011).

. Schwalbe, R,, Steele-Moore, L. & Goodwin, A. C. Antimicrobial susceptibility testing protocols. (Crc Press, 2007).
. O’Toole, G. A. Microtiter dish biofilm formation assay. Journal of visualized experiments: JoVE (2011).
. Feldman, M., Ginsburg, I., Al-Quntar, A. & Steinberg, D. Thiazolidinedione-8 alters symbiotic relationship in C. albicans-S. mutans

dual species biofilm. Frontiers in microbiology 7, 140 (2016).

. Hahnel, S. et al. Streptococcus mutans and Streptococcus sobrinus biofilm formation and metabolic activity on dental materials.

Acta Odontologica Scandinavica 70, 114-121 (2012).

Feldman, M., Shenderovich, J., Lavy, E., Friedman, M. & Steinberg, D. A Sustained-Release Membrane of Thiazolidinedione-8: Effect
on Formation of a Candida/Bacteria Mixed Biofilm on Hydroxyapatite in a Continuous Flow Model. BioMed research international
2017 (2017).

Srivastava, A., Singh, B., Deepak, D., Rawat, A. K. & Singh, B. Colostrum hexasaccharide, a novel Staphylococcus aureus quorum-
sensing inhibitor. Antimicrobial agents and chemotherapy 59, 2169-2178 (2015).

Rosenberg, M., Gutnick, D. & Rosenberg, E. Adherence of bacteria to hydrocarbons: a simple method for measuring cell-surface
hydrophobicity. FEMS microbiology letters 9, 29-33 (1980).

Lee, J.-H., Kim, Y.-G., Ryu, S. Y. & Lee, J. Calcium-chelating alizarin and other anthraquinones inhibit biofilm formation and the
hemolytic activity of Staphylococcus aureus. Scientific reports 6, 19267 (2016).

Gentry, D. R. et al. A rapid microtiter plate assay for measuring the effect of compounds on Staphylococcus aureus membrane
potential. Journal of microbiological methods 83, 254-256 (2010).

SCIENTIFIC REPORTS |

(2018) 8:17696 | DOI:10.1038/s41598-018-35793-7 9



www.nature.com/scientificreports/

Acknowledgements
Partially supported by the chief scientist office of the ministry of agriculture.

Author Contributions

M.E. designed the experiments. M.E. performed data analysis. M.E. performed the experiments. R.S performed
agents’ synthesis. M.E, R.S, R.M. and D.S. critically revised the paper. D.S. and R.M. supervised the project. M.E
and R.S. prepared the figures. M.E. wrote the manuscript. All authors approved the final manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

SE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018)8:17696 | DOI:10.1038/s41598-018-35793-7 10


http://creativecommons.org/licenses/by/4.0/

	Antimicrobial potential of endocannabinoid and endocannabinoid-like compounds against methicillin-resistant Staphylococcus  ...
	Results

	Effect of AEA and AraS on bacterial growth. 
	Effect of AEA and AraS on biofilm formation. 
	Effect of AEA and AraS on pre-formed biofilm. 
	Effect of AEA and AraS on cell-surface hydrophobicity. 
	Effect of AEA and AraS on spreading ability of MRSA. 
	Effect of AEA and AraS on cell aggregation. 
	Effect of AEA and AraS on membrane potential (MP). 

	Discussion

	Materials and Methods

	The tested compounds. 
	Preparation of bacterial inoculum. 
	Determination of minimal inhibitory concentration (MIC). 
	Determination of minimal biofilm inhibitory concentration (MBIC). 
	Effect of AEA and AraS on pre-formed biofilms. 
	Effect of AEA and AraS on MRSA spreading ability. 
	Effect of AEA and AraS on cell-surface hydrophobicity. 
	Cell aggregation assay. 
	Effect of AEA and AraS on membrane potential (MP). 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Effect of the agents on biofilm formation.
	Figure 2 Spreading ability of MRSA in the presence of the agents.
	Figure 3 Cell aggregation of MRSA CI strain in the presence of the agents.
	Figure 4 The effect of the agents on MP.
	Figure 5 Structure of the compounds.
	Table 1 MICs of the agents (µg/ml) toward MRSA strains.
	Table 2 Biofilm eradication (in %) by the agents as compared to untreated controls (100%).
	Table 3 Effect of the agents on cell-surface hydrophobicity.
	Table 4 Percent inhibition of spreading ability.




