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SUMMARY
Neisseria gonorrhoeae (GC) is the agent of one of the most common bacterial sexually transmitted infections worldwide. The possible development of ‘untreatable’ infections points out
the need for antibiotic-sparing methods to reduce the number of gonococcal infections. In this
context, fatty acids are interesting candidates as next-generation antibacterial agents.
The aim of this study was to investigate the bactericidal effects of selected fatty acids on GC
viability, as well as to observe their biological effects by means of transmission electron microscopy. The cytotoxicity of these compounds on human cervical cells (HeLa), chosen as a model
of genital mucosa, was assessed as well.
Lauric, myristic, and palmitic acid displayed high killing activity against GC in concentrations
ranging between 100 µM and 25 µM, whereas the antimicrobial effect of oleic and butyric acids
was present in concentrations between 1 mM and 0.25 mM.
Modifications induced by fatty acids on the GC cell included the disorganization of the cytoplasmic structure, the distortion of pili/fimbriae, and the separation of the inner and outer
membrane layers.
For concentrations active against GC, fatty acids were not toxic for cervical cells.
Our data can help in promoting innovative antibiotic-free compounds for the treatment of GC
infections.
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INTRODUCTION
Gonorrhoea is the second most common bacterial
sexually transmitted infection (STI) worldwide, with
a relevant clinic, economic and public health impact
(WHO, 2016).
The etiological agent is Neisseria gonorrhoeae (GC),
a Gram-negative coccoid bacterium that mainly affects the genital mucosa (i.e., urethra and cervix),
also being able to colonize the ocular, nasopharyngeal, and anal epithelial surface (Danby et al., 2016).
While in men gonococcal infections commonly manifest as a symptomatic purulent urethritis, in women
they are often asymptomatic. The absence of clearly
discernible symptoms results in undetected and untreated infections that may lead to several complica-
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tions, such as pelvic inflammatory disease, ectopic
pregnancy, and infertility (Mackenzie and Decker,
2016). Moreover, gonorrhoea has also been reported
to favour the transmission and acquisition of HIV infection (Johnson and Lewis, 2008).
Unfortunately, in recent decades, GC has developed
resistance to several antimicrobial compounds (e.g.,
penicillins, tetracyclines, and fluoroquinolones), even
with cases of treatment failures with extended-spectrum cephalosporins (Unemo, 2015).
In this context, the possible development of ‘untreatable’ infections, together with the absence of a
gonococcal vaccine, point out the need for antibiotic-sparing methods to reduce the number of gonococcal infections (Workowski and Bolan, 2015; Costa-Lourenço et al., 2017).
Fatty acids/lipids with antimicrobial properties are
interesting candidates to become next-generation
antibacterial agents. An attractive feature of antimicrobial lipids is the difficulty for bacteria to mutate
and become resistant to them (Jackman et al., 2016).
Several works assessed the in-vitro antimicrobial activity of various fatty acids against different types of
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bacteria, fungi, and viruses (Miller et al., 1977; Thormar et al., 1987; Bergsson et al., 1998; Bergsson et al.,
1999; Foschi et al., 2021).
Fatty acids and their derivatives have been reported
to target the cytoplasmic membrane, and the literature contains a large collection about the various
biological effects of fatty acids, including haemolytic
activity (Laser, 1950), inhibition of phosphate uptake
(Samson et al., 1955), selective inhibition of enzymes
involved in lipogenesis (Ferdinandus and Clark,
1969), and uncoupling of oxidative phosphorylation
(Sheu and Freese, 1972; Freese et al., 1973).
Data obtained from previous studies suggest that
fatty acids disrupt the gonococcal cell membrane
(Bergsson et al., 1999; Sheu and Freese, 1973). In addition, Miller and colleagues indicated uncoupling of
oxidative phosphorylation and blocking of electron
transport, or both, as the major mechanisms displayed by fatty acids against N. gonorrhoeae (Miller
et al., 1977).
Recently, it has been shown that monocaprin and
myristoleic acids possess high antimicrobial activity against GC, being suitable for the development of
a fatty acid-based prophylaxis for the prevention of
ophthalmia neonatorum (Churchward et al., 2017;
Churchward et al., 2020).
Nevertheless, the exact mechanisms of the killing activity displayed by fatty acids against N. gonorrhoeae
need to be fully understood.
In this context, the aim of the present study was to
assess the killing effects of selected fatty acids on GC
viability, as well as to observe their biological effects
on the bacterial cell by means of transmission electron microscopy (TEM).
Our data can contribute to unravelling the anti-gonococcal activity of fatty acids, in order to promote innovative antibiotic-free compounds for the prophylaxis and treatment of GC infection.

MATERIALS AND METHODS
Neisseria gonorrhoeae strains and culture
conditions
Bacterial cultures were prepared from frozen stocks
of Neisseria gonorrhoeae MS11 (ATCC BAA-1833)
cultivated on chocolate agar plates (MEUS SRL, Piove di Sacco, Padova, Italy) and incubated at 37°C
in an atmosphere of 5% CO2 for 24 h. Piliation was
checked by colony morphology under a stereomicroscope and only piliated variants were used (Swanson
et al., 1971).
Based on the results obtained using the reference GC
strain MS11 (see Results), we also performed ‘inhibition’ experiments with two piliated strains isolated
from urethral swabs of male patients with gonococcal urethritis; these strains were obtained from the
collection of the Microbiology Unit of S. Orsola-Malpighi University Hospital of Bologna (Italy). The clin-
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ically isolated strains displayed different resistance
patterns:
1) GC strain 1 was resistant to ciprofloxacin (MIC:
3 mg/L) and tetracycline (MIC: 12 mg/L) with an
MIC for azithromycin of 4 mg/L;
2) GC strain 2 was resistant to ciprofloxacin (MIC:
3 mg/L) and tetracycline (MIC: 16 mg/L) with an
MIC for azithromycin of 0.5 mg/L.
When these two gonococcal strains were employed
for the experiments, we found no significant differences compared to the MS11 strain; thus, we reported results regarding only the reference GC strain.

Preparation of fatty acids solutions
The following fatty acids, purchased from Carlo
Erba (Milano, Italy), were used: lauric, myristic, palmitic, stearic, succinic, butyric, and oleic acid. All
the fatty acids were solubilized in dimethyl sulfoxide
(DMSO) and serially diluted in saline solution. Based
on the results of cytotoxicity (see below), for lauric,
myristic, palmitic, stearic, and succinic acid, the
concentrations tested against GC ranged between
100 μM and 0.5 μM. Instead, for oleic and butyric
acid, the concentrations tested ranged from 1 mM to
0.06 mM.

Cytotoxicity of fatty acids
Fatty acids were analysed for their toxicity on cervical
epithelial cells (i.e., HeLa cells) by means of a colorimetric assay with 3-(45-dimethylthiazol-2-yl)-2,5-diphenyltetrazol (MTT) (Mosmann et al., 1983).
HeLa cells were maintained in Dulbecco’s minimal
essential medium (EuroClone, Pero, Italy), supplemented with 10% foetal bovine serum (EuroClone,
Pero, Italy) and 1% l-glutamine.
All the fatty acids tested were solubilized in DMSO
and diluted in DMEM complete medium. HeLa cells
were grown in 96-well plates to 70% confluence at
37°C with 5% CO2 and subsequently treated with fatty acids at concentrations ranging from 200 µM to
0.06 µM for lauric, myristic, palmitic and stearic
acid, and from 10 mM to 0.5 mM for oleic and butyric acid. The solubilizing agent (DMSO) was also tested at the same dilutions and used as control.
After 24 h of treatment, the medium was replaced
with 110 μL of MTT solution in DMEM (final concentration 0.5 mg/mL) and the plates were further
incubated for 4 h at 37°C, 5% CO2. At the end, isopropanol was added to dissolve formazan crystals
and quantified by optical density at 570 nm using a
Multiskan FC Microplate Photometer (Thermo Fisher Scientific Inc., Waltham, USA).

Anti-gonococcal effect of fatty acids
The antimicrobial activity of fatty acids against GC was
tested by in-vitro killing assays (Foschi et al., 2017).
In detail, 1×108 gonococcal cells (200 µL of a saline
stock solution with a concentration of 5×108 colony
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Figure 1 - Cytotoxic effect of fatty acids on HeLa cells. MTT assay of HeLa cells treated with different concentrations of fatty acids for 24 h. The concentrations tested ranged from 200 µM to 0.06 µM for lauric, myristic,
palmitic, succinic, and stearic acid, and from 10 mM to 0.5 mM for oleic and butyric acid. Cell viability was
expressed as % of control (untreated cells), taken as 100%. Asterisks indicate the concentration of fatty acids
significantly reducing cell viability.
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forming units-CFU/mL) were pelleted in an Eppendorf tube and the supernatant was removed.
Then, 200 µL of fatty acid solution was added and
the mixes were incubated for 60 min at 37°C in 5%
CO2 atmosphere.
At the end of the incubation time, the tubes were centrifuged at 20,000 × g for 10 min. Pellets were re-suspended in saline solution and serially diluted (1:50,
1:100, 1:200, 1:500). Subsequently, 10 µL of the diluted suspensions were seeded on chocolate agar plates.
After 48 h of incubation (37°C, 5% CO2), gonococcal
colonies were visually counted and expressed as number of gonococci/mL. Starting from average number
of gonococci/mL, results were expressed as the percentage of GC viability (% of gonococci survival).
The gonococcal growth in the presence of fatty acids was compared with the corresponding control
(gonococcal growth in the absence of fatty acids),
taken as 100%.
Each experiment was conducted in triplicate and a
control tube (108 gonococcal cells incubated with
200 µL of DMSO diluted in saline solution, without
fatty acids) was always included.

Transmission electron microscopy
Samples were prepared following the same protocol
described in the previous paragraph. At the end of
the incubation with fatty acids (or saline for controls), gonococcal cells were pelleted and fixed with
1 mL of 2.5% buffered glutaraldehyde. After washing
in phosphate buffer, samples were post-fixed in 1%
Osmium Tetroxide for 60 min at +4°C, rinsed and dehydrated with an increased scale of ethanol. Then,
pellets were subjected to resin infiltration followed
by embedding in pure resin and polymerized overnight at 60°C. After sectioning, ultrathin sections
were counterstained with uranyl acetate and lead
citrate, and viewed on a Philips CM100 (FEI Company, ThermoFisher, Waltham, MA, USA) Transmission
Electron Microscope taking digital images through
an Olympus camera.

Statistical Analysis
Statistical analyses were performed by using GraphPad Prism (version 8, www.graphpad.com).
A one-way analysis of variance (ANOVA) test followed
by Dunnett’s multiple comparison test was used to
assess the anti-GC and cytotoxic effect of fatty acids.
Results were expressed as mean ± standard error of
the mean (SEM).
Statistical significance was determined at *p <0.05,
**p <0.01, and ***p<0.0001.

RESULTS
Cytotoxicity of fatty acids
Before studying the potential antimicrobial role of
fatty acids against N. gonorrhoeae, we assessed if
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these compounds could interfere with the viability
of HeLa cells, chosen as a model of genital mucosa,
target of gonococcal infection.
HeLa cells were treated for 24 h with concentrations
of fatty acids ranging from 200 µM to 0.06 µM for
lauric, myristic, palmitic, succinic, and stearic acid,
and from 10 mM to 0.6 mM for oleic and butyric
acid. For concentrations of lauric, myristic and palmitic acid below 100 µM, no significant reduction of
HeLa cell viability was found (Figure 1).
Similarly, concentrations of oleic and butyric acid
below 1 mM were not toxic for HeLa cells (Figure
1). For higher concentrations of all these acids, a
significant dose-dependent reduction of cell viability
(p<0.01) was observed.
Finally, stearic and succinic acid did not display any
toxic effect on HeLa cells at any concentrations tested.

Anti-N. gonorrhoeae effect of fatty acids
The anti-GC effect of the different fatty acids was
evaluated by means of killing experiments, choosing the concentrations with no toxic activity against
HeLa cells.
Obtained results are shown in detail in Figure 2. Lauric,
myristic and palmitic acid displayed high killing activity against GC for concentrations ranging between 100
µM and 25 µM, in a dose dependent manner.
In particular, myristic acid showed the highest antimicrobial activity, completely abolishing GC viability
at 100 µM. On the other hand, stearic acid displayed
significant anti-GC activity only at 100 µM.
The antimicrobial effect of oleic and butyric acids
was present at concentrations ranging between 1
mM and 0.25 mM. In addition, butyric acid also significantly reduced gonococcal viability at a concentration of 0.12 mM.
Succinic acid was the only compound with no anti-GC activity for all the concentrations tested (data
not shown).

Transmission electron microscopy (TEM)
To understand the antimicrobial mechanisms of fatty acids and to better unravel their biological effects,
we used TEM to evaluate the ultrastructural changes
caused on gonococcal cells.
Figure 3 shows wide views of the effect of some fatty
acids on gonococcal cells. It is worth noting that the
percentage of cells demonstrating structural disruptions was in line with the rate of not-viable gonococci
obtained during ‘killing’ experiments.
As shown in Figure 4, treatment with fatty acids led
to significant changes in gonococcal cell shape and
structure. The most common modifications included
disorganization of the cytoplasmic structure (e.g., cytoplasmic vacuolization and clearing with remnants
of amorphous material), distortion of the normal
pili/fimbriae, separation of the inner and outer membrane layers, and the presence of large surface-asso-
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ciated blebs. In the most affected gonococcal cells,
the bacteria body appeared as an empty bag.
The most dramatic changes in cellular shape and
structure were seen after oleic and butyric acid treatment.

DISCUSSION
The implementation of effective antibiotic-free strategies against Neisseria gonorrhoeae is crucial in reducing the number of gonococcal infections and the
important burden of antimicrobial resistance (Rubin
et al., 2020).

Therefore, in this study we assessed the anti-gonococcal activity of various fatty acids to find innovative therapeutic approaches against GC infection.
It has long been hypothesized that the intact lipopolysaccharide layer (LPS) of Gram-negative bacteria
could apparently protect microbial cells against fatty
acids (Sheu and Freese, 1973). More recently, even
though the exact mechanisms remain unknown, it
has been demonstrated that fatty acids possess various antibacterial effects even against Gram-negative
bacteria. Presumably, their functional nature is related to permeability, membrane disruption, and fatal

Figure 2 - Anti-GC effect of fatty acids. Experiments were performed with different fatty acid concentrations
(concentrations ranging from 100 µM to 0.5 µM for lauric, myristic, palmitic, stearic, and succinic acids and
from 1 mM to 0.06 mM for oleic and butyric acids) added to N. gonorrhoeae at 60 minutes time point. GC viability was evaluated as number of gonococci/mL and expressed as % of gonococci survival compared to the
untreated control group (K+, taken as 100%). Statistical significance was determined at *p<0.05, **p<0.01, and
***p<0.0001.
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Figure 3 - Effects of fatty acids on gonococcal cells observed by TEM. (A) Control sample (gonococci without
fatty acids). (B) Gonococcal cells treated with 100 µM of lauric acid. (C) Gonococcal cells treated with 100 µM
of myristic acid. (D) Gonococcal cells treated with 1 mM of butyric acid. (E) Gonococcal cells treated with 1 mM
of oleic acid. Scale bars: 1 µm.
alterations in the cytoplasmic content of the bacterial cell (Ghavam et al., 2021).
A safety evaluation of fatty acids is a key preliminary element, in view of their potential application as innovative antimicrobial compounds. Therefore, in the present work, we investigated the cytotoxic effect of fatty
acids on human cervical cells (HeLa), to mimic the GC
infection target and its replication environment.
We demonstrated a compound-dependent toxicity of
fatty acids against HeLa cells. Lauric, myristic and
palmitic acids did not significantly reduce HeLa cells
viability up to concentrations of 100 µM, whereas for
oleic and butyric acids the highest concentration tolerated by HeLa cells was 1 mM. Stearic acid and succinic acid showed no cytotoxic effects at the highest
concentrations tested.
Although these data seem promising, the effect of fatty acids on eukaryotic cells should be further investigated, considering that some compounds can induce
mitochondrial damage and modulate the production
of reactive oxygen species (Schönfeld and Wojtczak,
2008; Ricchi et al., 2009).
Based on cytotoxicity results, we subsequently assessed the antimicrobial activity of fatty acids against
GC by means of in-vitro killing assays.
The antimicrobial activity of fatty acids has been
widely investigated, demonstrating that their spectrum of antifungal and antibacterial activity varies
strongly according to the degree of saturation, carbon-chain length, and orientation of the double bond
(Yoon et al., 2018).
At first, in line with previous findings, our results re-

inforced the idea of an inhibitory action of fatty acids
against GC viability (Miller et al., 1977; Bergsson et
al., 1999).
Atypical sensitivities to different compounds, such as
antibiotics, detergents, and steroid hormones, have
been reported for N. gonorrhoeae, being attributed
to increased permeability of the outer membrane
(Morse et al., 1974; Sarubbi et al., 1975).
Moreover, it has been hypothesized that the inhibition of gonococcal growth displayed by fatty acids
could lie in several mechanisms, including:
1) disruption of gonococcal cell membrane;
2) uncoupling of oxidative phosphorylation;
3) blocking of electron transport (Miller et al., 1977;
Bergsson et al., 1999).
In agreement with previous reports, in our experiments the most active anti-GC compounds were represented by lauric, myristic and palmitic acids, with
myristic acid showing the strongest killing activity. For
these fatty acids, in the presence of a dose-dependent
anti-gonococcal activity, the effective concentrations
ranged from 100 μM to 25 μM. On the other hand,
butyric acid was less active against GC, considering
that higher concentrations (1-0.12 mM) were needed
to observe a reduction of gonococcal viability.
Overall, our results confirm a strict correlation between length of fatty acid chain and antimicrobial
action: GC is more sensitive to long-chain fatty acids
(e.g., myristic and palmitic acids) than to the shortchain ones (e.g., butyric acid) (Walstad and Retiz,
1974; Miller et al., 1977; Jackman et al., 2016).
An exception is oleic acid, able to reduce GC viabil-
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ity only at higher concentrations compared to other long chain fatty acids. In line with our findings,
previous studies reported that oleic acid significantly
reduced bacterial viability at relatively high concentrations (Speert et al., 1979; Bergsson et al., 1999; Giacaman et al., 2015).

Finally, succinic acid did not show any anti-gonococcal effect. This result is not surprising, considering
that succinate is a common product of bacterial metabolism (Connors et al., 2018).
It should be noted that butyric acid is also a product
of bacterial metabolism, and this may be part of the

Figure 4 - Effects of fatty acids on the ultrastructure of N. gonorrhoeae observed by TEM. (A) Control sample
(gonococci without fatty acids). (B) Gonococcal cells treated with 100 µM of lauric acid. (C) Gonococcal cells
treated with 100 µM of myristic acid. (D, E) Gonococcal cells treated with 1 mM of butyric acid. (F) Gonococcal
cells treated with 1 mM of oleic acid. Scale bars: A, D, E and F=500 nm; B and C=1 µm
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reason why the inhibitory effect was visualized only
at higher concentrations (Wang et al., 2020).
To directly observe the morphological effects on
gonococcal cells, as well as to confirm the hypothesis
of modification of the GC membrane, we performed
additional experiments by using TEM. We evaluated
the ultrastructural changes that occur in gonococci
after 1h incubation with different fatty acids at the
highest active concentrations.
We can hypothesize that the antibacterial effect of
fatty acids is primarily due to modifications of the
bacterial membrane, reinforcing the idea that the
outer membrane of gonococcus is extremely permeable to fatty acids.
Indeed, treatment with fatty acids led to evident
changes in the GC membrane structure, with evident
dissociation between the inner and the outer layers
and prominent surface blebbing; these changes can alter membrane permeability and be at the origin of the
cytoplasm simplification described in this work and
in other experimental contexts (Morse and Fitzgerald
1974; Bergsson et al., 1998; Bergsson et al., 2001).
In conclusion, the present study confirms the wellknown antimicrobial effect of fatty acids, opening new
perspectives for the control of gonococcal infections.
Some fatty acids (e.g., myristic and palmitic) could
be considered as an antibiotic-sparing alternative for
the prevention and treatment of gonorrhoea, thanks
to their reduced cytotoxicity against epithelial cells.
In this context, we recently demonstrated that myristic acid also possesses significant antimicrobial activity against Chlamydia trachomatis elementary bodies
(Foschi et al., 2021).
Taken together, these observations are extremely
intriguing in view of the discovery of antimicrobial
compounds, able to simultaneously counteract several STI pathogens.
Further in-depth studies will be necessary to shed
light on the exact mechanisms displayed by fatty acids against GC, as well as to better understand the
modifications taking place on the GC membrane
after fatty acid interaction (e.g., measurements of
membrane permeability, and TEM time-course to
see the order in which the structural changes appear
after exposure to fatty acids).
Moreover, considering that gonococci possess multidrug efflux systems conferring high-level resistance
to lipophilic substances (e.g., some antibiotics, fatty
acids, bile salts) (Jerse et al., 2003), future investigations should also include strains showing multidrug
resistance pump overexpression.
Finally, additional experiments will be needed to
evaluate the efficacy and safety of fatty acids in in-vivo models of gonococcal infection.
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