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Abstract: In this investigation, we assessed the antibacterial properties of menthol using Escherichia
coli strains, including a tetracycline-resistant (BN407) and a non-resistant reference (K12) strains. The
disc-diffusion assay indicated remarkable antibacterial activity of menthol, warranting further
exploration. The minimum inhibitory concentration (MIC) for menthol was determined to be 500 pg/ml
for both strains. Despite identical MIC values, menthol exhibited different effects on the colony-
forming units (CFUSs) of the strains, reducing CFUs by 55% in E. coli K12 and 40% in E. coli BN407.

Growth Kinetics studies revealed that menthol extended the Lag phase by 50% and decreased the
specific growth rate and mean generation time by nearly 50% for both strains. These findings illustrate
menthol’s significant impact on bacterial replication and adaptation processes. Additionally, menthol
disrupted membrane-associated properties, as evidenced by reduced H*-flux through bacterial
membranes, affecting both N,N-Dicyclohexylcarbodiimide (DCCD)-sensitive and non-sensitive
proton flux rates. This indicates that menthol compromises the proton motive force critical for ATP
synthesis and nutrient transport.

In summary, menthol demonstrates potent antibacterial activity, influencing bacterial growth and
survival. This activity is supposed to be due to the influence on membrane functionality. These effects
are consistent across both tetracycline-resistant and non-resistant E. coli strains.
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Abbreviations: EO: essential oil; CAGR: compound annual growth rate; SGR: Specific growth rate;
WT: wild type; SD: standard deviation; MIC: minimal inhibitory concentration; DCCD: N,N-
Dicyclohexylcarbodiimide; GS-MS: gas chromatography mass spectrometry

1. Introduction

The problem of bacterial resistance against antibiotics is a worldwide challenge for modern
medicine and veterinary. The issue is now under the focus of multiple researchers and research groups,
although no global solution has been suggested yet. Most antimicrobial substances are of microbial
origin (around 97%), and only around 3% of this kind of preparations are the products of plant
metabolism [1]. Although different plant species produce a vast number of biologically active
substances, they can act as antimicrobials or antibiotic-resistance modifiers among which are several
alkaloids, terpenoids, tannins, steroids, coumarins, and flavonoids [1-3].

In recent years, resistance has been reported to almost all antibacterial agents produced by
microorganisms. However, the complex composition of the plant's biologically active extracts interacts
with bacteria by multiple mechanisms instead of a particular single mode of action inhibiting the
proliferation of bacterial cells [4]. The influence mechanisms of plant metabolites on bacterial cells
are different: one of the most studied is related to triggering the ROS (Reactive Oxygen Species) and
overproduction of other reactive species in bacterial cells [5], redox transformations and changes in
intracellular pH. These factors are undoubtedly included in the activation or inhibition of other related
processes such as proton efflux pump action, changes in ATP-ases activity, deviations in H/K" ratio,
modulation of the synthesis and activity of different enzymes etc. [3,6].

The Lamiaceae family plants are among the most applicable plant species in preventive medicine
due to their expressed biological activity in vast number of test-systems [7,8]. The great part of the
representatives of this family are essential oil-producing plants, including those of Mentha genus. The
essential oil of Mentha genus plants contains menthol as the main component. Menthol can be
produced by Mentha piperita, M. arvensis, M. canadensis, M. rotundifolia, and other plants [9], but
also can be chemically synthesized. This monoterpenoid metabolite possesses expressed biological
activity in different test-systems, among which the most important is the antibacterial activity against
vast number of pathogenic and non-pathogenic, gram-positive and gram-negative bacteria, both
susceptible and resistant against different antibiotics [10].

Gram-negative bacteria are known for their ability to form biofilms, which contribute to their
resistance to antibiotics. Menthol has been shown to inhibit biofilm formation, making the bacteria
more susceptible to antimicrobial agents. Researchers also suggest that menthol can enhance the
efficacy of certain antibiotics against gram-negative bacteria by weakening the bacterial defenses [11].
This combination can be particularly useful against multidrug-resistant strains. Menthol has been
tested against various gram-negative bacteria, including different strains of E. coli, Pseudomonas
aeruginosa, and Salmonella typhimurium. The results typically show that menthol expresses a
bacteriostatic or bactericidal effect depending on the concentration and exposure time [10, 12—14].

Menthol exhibits significant antimicrobial activity against gram-negative bacteria through
mechanisms such as membrane disruption, inhibition of biofilm formation, and synergy with
antibiotics. Its application in various industries highlights its potential as a natural alternative to
synthetic antimicrobials.

Despite some available information on the mechanisms of action of menthol on bacterial cells [15],
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there is a need to deeply understand the influence mode of this metabolite, especially the action against
antibiotic-resistant bacteria.

2. Materials and methods
2.1. Investigation of antimicrobial activity by the agar diffusion method

The antibacterial activity of menthol (Carl Roth, Germany) was determined by the agar diffusion
method [16], using cellulose disks (6 mm in diameter). Tetracycline-resistant E. coli BN407 and E.
coli K12 (reference strain) were applied as test-organisms.

The test was performed using a solid peptone nutrient medium (peptone -2%, glucose -0.2%,
NaCl -0.5%, KoHPO4 -0.2%, agar -1.7%, pH = 7.5). 31.25—1000 pg/mL of menthol were applied in
the test. Ethanol (96%) and the antibiotic solution (tetracycline (15 pg/mL)) were used as negative
controls, kanamycin (15 pg/mL)—as positive control. Plates were incubated for 24 h at 37 °C, and
then antimicrobial activity of menthol was evaluated by the measurement of growth inhibition zone
diameter (mm). Data were expressed in minimal inhibitory concentration (MIC) values.

2.2. Investigated strains and growth conditions

Escherichia coli K12 (Wt, Keio collection) and E. coli BN407 containing plasmid ColV-K30 with
iucC: lacZ tusion [17] received from Dr. J. Imlay [18] and kindly provided by Dr. Prof. Oktyabrskiy
O.N. (Perm, RF).

Monoclonal cells from a single colony were transferred to the new liquid medium without agar
and grown aerobically overnight at 37 °C and 150 rpm rotary shaking conditions. A total of 1.5% of
the culture was inoculated in 200 mL liquid media and grown in the same conditions, aerobically. Mid-
logarithmic stage cells were used for further experiments.

2.3. Determination of growth parameters

The effect of menthol on specific growth rate (p), generation succeeding factor (G) of bacteria
and the cell doubling time was determined by growing bacteria in the liquid media and measuring the
density of a solution by DEN-1 McFarland Densitometer (Biosan, Latvia) as described. The specific
growth rate (SGR) was calculated as the ratio of the logarithmic difference of doubled optical reading
and doubling time when the bacteria growth curve was linear. The cell doubling time was calculated
as the In2/p ratio [19].

2.4. Determination of colony-forming units

Determination of the colony-forming units (CFU) was carried out under the influence of menthol
by the Koch's method [20]. The test was performed using a solid peptone nutrient medium (the medium
composition is described above). The control version was without menthol supplementation and the
experimental version contained menthol at a concentration of 125 pg/mL as this was the lowest acting
concentration in a broth-dilution assay.
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2.5. Determination of proton flux rate

Late logarithmic or early stationary growth phase cells were harvested by centrifugation (Sorvall
LYNX 6000 Superspeed Centrifuge, Thermo Scientific, USA) at 3500 g for 10 min; then, the pellet
was washed twice with distilled water. Pellet was resuspended in 150 mM Tris—HCI experimental
assay (containing 0.4 mM MgSO4, | mM NaCl, and 1 mM KCI). H" flux rate by whole cells was
determined as described [21] upon the addition of glucose (2 g/L) and menthol (125 pg/mL), by
registering the pH value changes using a pH-meter (Hanna Instruments /ORP/pH/TDS/EC Meter —
HI5522-01, Italy) equipped with a selective H" electrode (HI11310) [19]. The proton flux rate was
calculated as the negative logarithm of proton concentration in millimolar value. In whole cells
incubated with ATPase inhibitor (0.1 mM N, N' -dicyclohexylcarbodiimide (DCCD)), the same
principle was applied. Results were expressed in mmol H*/min per 108 cells in 1 unit of volume (mL).

2.6. Chemicals and statistical analysis

Chemicals: DL-Menthol (> 99 %, synth., CAS No. 89-78-1, Carl Roth GmbH Co. KG (Karlsruhe,
Germany), ethanol (POCH S. A., Lot no. 1156/11/21, Gliwice, Poland), kanamycin
sulfate(#066M4019V, Sigma-Aldrich, Taufkirchen, Germany), tetracyclin (Lot no. 60-54-8, Sigma-
Aldrich, Taufkirchen, Germany), dimethyl sulfoxide (DMSO) (#BCCJ0028, Sigma-Aldrich,
Taufkirchen, Germany), DCCD (CAS No. 538—75—0, Sigma-Aldrich, Taufkirchen, Germany).

All data presented represent averaged results of 3 independent biological replicates. The standard
deviation of the data was determined according to the student's t-test, and it was less than 5%. p values
were calculated by two-tail unpaired t-test using GraphPad Prism 8.0.2 (263) data analyzing tool.
Graph presentations were carried out by GraphPad and Microsoft Excel 10 programs.

3. Results and discussion

Our aim is to study some mechanisms of action of menthol on antibiotic-resistant bacterial cell
membrane.

Our investigation showed that according to the disc-diffusion assay, menthol suppresses the
growth of both tested bacterial strains.

According to our research data, the MIC values of menthol against both tested bacteria were 500
ug/ml. The action was evaluated as bacteriostatic at the tested concentrations. Further investigations
revealed that despite the same MIC values against tetracycline-resistant £. coli BN407 and the
reference E. coli K12 strains, the influence of menthol on CFU formation differs (Figure 1). This can
be explained by the low sensitivity of the disk-diffusion test as well as the volatile nature of the tested
metabolite.
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Figure 1. The colony forming units of tested bacterial strains under the treatment of
menthol at minimal inhibitory concentration (M- are the control cells without treatment
with menthol, M+ -cells treated with menthol). The results are means = SD of three
independent experiments carried out in triplicate (*p < 0.05; ***p < 0.001).

The CFU ability reduced in both strains under the influence of menthol. In the case of E. coli K 12,
it decreased by almost 55 %, while in the case of E. coli BN407, the ability of CFU decreased by
almost 40% (Figure 1).
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Figure 2. The growth kinetics of tested bacterial strains under the treatment of menthol at
minimal inhibitory concentration (M- are the control cells without treatment with menthol,
M-+ - are cells treated with menthol). The results are means + SD of three independent
experiments carried out in triplicate (***p < 0.0001).
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According to obtained data, the growth parameters of both bacterial strains changed under the
influence of menthol (Figure 2). The Lag phase duration of both reference and tested antibiotic-
resistant strain was extended by 50% (Figure 2a). Furthermore, the specific growth rate was decreased
by almost 50% in case of both strains (Figure 3b). The same tendency was observed with the mean
generation time (g), which was decreased by 50% in both E. coli strains (Figure 2b).
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Figure 3. The effect of menthol on H"-fluxes through the E. coli K12 and tetracycline-
resistant E. coli BN407 membranes. M-D- are the control cells without treatment with
menthol and DCCD, M-D+ are the cells treated only with DCCD, M+D- are the cells
treated only with menthol, and M+D+ are the cells treated with both menthol and DCCD.
The results are means = SD of three independent experiments carried out in triplicate (***p
<0.0001).

Menthol influences also membrane-associated properties of both bacterial strains (Figure 3). Both
DCCD-sensitive and non-sensitive proton flux rates were significantly decreased under the influence
of this metabolite in both tested bacterial strains (Figure 3). The DCCD-non-sensitive proton flux rate
decreased by 43% in the antibiotic-resistant strain. Moreover, in the E.coli K12 strain, this parameter
value decreased by 23% under the influence of menthol. The DCCD-sensitive proton flux rate
increased under the influence of menthol in E.coli BN407 strain almost twice, and in the reference
strain, the change was not very significant (approximately 12%).

The negative controls had no any effect on growth parameters of bacteria or proton flux rates
through their membranes. The positive control, kanamycin, influences the RNA synthesis [22]. This
feature allowed us to not consider this antibiotic in the tests revealing the influence on membrane-
associated properties of bacteria.

Plants can be applied as sources for valuable metabolites both for pharmaceutical and other
branches of industry [23,24]. As mentioned, one of the most studied plant family is the Lamiaceae,
which is known as a plant family widely applicable in preventive medicine, food and cosmetic industry
and produces a vast number of biologically active metabolites [25,8]. Menthol is among the
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biologically active substances produced by several members of this family [9]. It has been shown in
our and other investigations that there is a strong antibacterial effect of menthol-bearing plants against
several bacteria [26,16], including both the tetracycline-resistant E. coli BN407 and the non-resistant
E. coli K12 strains. The disk-diffusion assay showed the antibacterial effect, although the method's
limitations suggest further evaluation of the results. Moreover, the MIC values obtained indicated that
a concentration of 500 pg/mL of menthol was sufficient to inhibit the growth of both bacterial strains.
This consistency in MIC values across strains, despite their differing resistance profiles, underscores
possibly the same mechanism of action of menthol in both strains. However, the MIC value alone does
not fully encapsulate the antimicrobial efficacy or the differential impact. While the MIC values were
identical for both strains, the CFU assay demonstrated varied sensitivity to menthol in the tested
bacterial strains. In the case of the non-resistant E. coli K12 strain, menthol reduced CFU by
approximately 55% compared to a 40% reduction in the tetracycline-resistant E. coli BN407 strain.
This discrepancy highlights that although the disk-diffusion assay and MIC values indicate a strong
antibacterial effect, they may not fully reflect the differential impacts observed in other aspects of
bacterial growth and survival. The CFU assay, which measures the ability of bacteria to survive and
proliferate after exposure to antibacterial agents, provides insight into the bactericidal or bacteriostatic
nature of the compound. The action of this metabolite was bacteriostatic in both strains.

The growth kinetics of both E. coli strains under the influence of menthol at MIC were
significantly altered, as shown in Figure 3. Menthol extended the Lag phase duration by 50% in both
strains. This phase is critical as it represents the period of adaptation where bacteria adjust to new
conditions before commencing exponential growth [27]. An extended Lag phase indicates that menthol
disrupts bacterial adaptation processes, delaying the onset of active growth.

Moreover, the specific growth rate, which measures the rate at which bacteria reproduce during
the exponential phase, was reduced by nearly 50% in both strains. This significant decrease points to
menthol’s capacity to impede bacterial replication efficiently, regardless of the strain's resistance
profile.

The mean generation time (g), which is the time required for the bacterial population to double,
also saw a substantial increase by almost 50%. This prolongation suggests that menthol significantly
slows the bacterial cell division process, affecting both resistant and non-resistant strains similarly.

Menthol's influence extends beyond just inhibiting bacterial growth and CFU formation; it also
affects membrane-associated properties, as evidenced by the H'-flux assays in Figure 3. The membrane
potential and proton gradients are critical for various cellular processes, including ATP production and
nutrient transport [28,29].

The H'-flux through the bacterial membranes, both DCCD-sensitive and non-sensitive, was
markedly decreased under the influence of menthol. DCCD is an inhibitor of ATP synthase, and by
assessing the proton flux in the presence and absence of this inhibitor, we can infer the impact on
energy production pathways [30,31]. The reduction in proton fluxes indicates that menthol disrupts the
proton motive force, which is essential for ATP synthesis and other cellular processes [32]. This
disruption could be a key factor in the bacteriostatic or bactericidal activity of menthol. By impairing
the bacterial cell membrane's function, menthol likely compromises the cells' energy generation and
nutrient uptake, leading to the observed reductions in growth rate and CFU formation.

The observed differences in the impact of menthol on the tetracycline-resistant E. col/i BN407 and
the reference E. coli K12 highlight the complexity of antimicrobial action. The greater reduction in
CFU and growth rate for the non-resistant strain suggests that resistance mechanisms might afford
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some level of protection, albeit not enough to counteract the effects of menthol completely. One
hypothesis is that the structural or functional attributes conferred by antibiotic resistance mechanisms
in E. coli BN407 might mitigate some of the disruptive effects of menthol on cell membranes. This
could account for the slightly less pronounced decrease in CFU and growth rate compared to the non-
resistant strain.

Menthol’s ability to perturb membrane functions and proton gradients aligns with the known
mechanisms of action of various essential oils and their components, which often involve disrupting
membrane integrity and function. This disruption can lead to increased permeability, leakage of
cellular contents, and eventual cell death, which corroborates our observations of decreased CFU and
altered growth kinetics.

4, Conclusions

Menthol exhibits potent antibacterial activity against both tetracycline-resistant and non-resistant
E. coli strains, as evidenced by its consistent MIC values and significant impacts on CFU formation,
growth kinetics, and membrane-associated properties. The nuanced differences in how it affects
resistant and non-resistant strains underline the complexity of its action and potential for use against
bacterial pathogens.

Our findings underscore the importance of utilizing multiple assays to fully understand the
antibacterial potential and mechanisms of action of compounds like menthol. While disk-diffusion and
MIC provide initial insights, assays such as CFU, growth kinetics, and membrane-associated properties
offer deeper understanding and reveal the compound's broader impacts on bacterial physiology. Future
studies could explore the exact molecular interactions between menthol and bacterial membranes, and
its potential synergistic effects with other antibiotics, to enhance its efficacy and broaden its application
in antimicrobial treatments.
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