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Staphylococcus aureus (S. aureus) is a typical kind of symbiotic bacteria, which can cause human pneumonia, food poisoning, and
other health problems. Nowadays, the corresponding prevention and treatment have been a hot issue of general concern in related
research areas. However, the mechanism of action against S. aureus is not well understood. In order to tackle such problem, we
used broth microdilution to discuss the antibacterial effect of 5-methyl-2-isopropylphenol and determine inhibitory concen-
tration. In addition, membrane potential and lipid peroxidation levels were also measured under experimental conditions. The
experimental results suggested that 300 yg/mL thymol might cause cell membrane damage and decrease of NADPH concentration
and increase of NADP" and lipid peroxidation level. In such condition, thymol has the potential to result in membrane rupture
and disruption of cellular homeostasis. Furthermore, we also found that NOX, is involved in maintaining the balance of NADPH/
NADP™ in cells. Finally, our work confirms that NOX, is a potential downstream target for thymol in the cell. Such target can
provide specific guidance and recommendations for its application in antifungal activity. Meanwhile, our study also provides a

new inspiration for the molecular mechanism of thymol’s bacteriostatic action.

1. Introduction

Staphylococcus aureus (S. aureus) is both a commensal and
opportunistic bacterium, causing a variety of infections in
humans, such as bacteremia, pneumonia, skin and soft tissue
infections, and food poisoning [1-4]. It was recently sug-
gested to be the major cause of late-onset sepsis in very-low
birth weight infants admitted to neonatal intensive care units
in the USA and UK [5-7]. Data from 2005 to 2018 suggested
that up to 4.4% of very-low birth weight infants in China
developed S. aureus bacteremia or meningitis and osteo-
myelitis, with an overall mortality of 19% to 30.5% [8-12].
Moreover, a recent meta-analysis showed that the risk of
S. aureus colonization and infection in infants was 24.2 times
higher than that in adults, indicating that infants were at

high risk for S. aureus colonization [10, 13]. At the same
time, a number of factors, including the mechanisms by
which traditional antibiotics work, the misuse of antibiotics,
and the lack of new targeted antibiotics, have led to an
alarming rate of drug resistance and tolerance [14-16].
Therefore, the development of new prevention and treat-
ment measures, including the identification of new targets
for small molecule inhibitors, enzymes, and immunological
drugs, to meet the growing challenge of S. aureus is our most
urgent task at present.

5-Methyl-2-isopropylphenol (thymol) is a monoterpene
phenol, which is mainly isolated from plants belonging to
the Lamiaceae family including Thymus, Ocimum, Origa-
num, and Monardagenera [17-21]. thymol has been shown
to possess antiseptic, antibacterial, antifungal, anthelmintic,
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antiviral, antioxidant, expectorant, antispasmodic, carmi-
native, diaphoretic, sedative, antirheumatic, and even an-
ticancer, antihyperlipidemic, and antihyperglycemic action
[16, 22-26]. Coppo and Marchese [27] revealed that the
antibacterial activity of essential oil containing thymol
(32.55%) showed antibacterial activity against most Gram-
positive and Gram-negative bacteria [27-29]. Reports from
Olasupo summarized that the minimum inhibitory con-
centrations (MIC) of thymol were 1.0uymol/L for
S. typhimurium (0.15mg/mL), 1.2 umol/L for Escherichia
(0.18 mg/mL), 2.0 ymol/L for S. aureus (0.31 mg/mL), and
33 umol/L for E. coli (5.00 mg/mL), respectively [30-32]. The
most commonly accepted explanation for the antimicrobial
mechanism of thymol is that the changes in membrane
tension caused by thymol destabilize membrane structure.
The antibacterial mechanism of thymol showed that its
ability to bind to the lipid layer of cell membrane increased
its surface curvature. The hydrophilic part of the molecule
interacts with the polar part of the membrane, while the
hydrophobic benzene ring and lipid side chains sink into the
inner layer of the biofilm. This has led to a dramatic change
in membrane structure through the instability of the lipid
layer, decreased elasticity, and increased fluidity [25, 33-35].
Several studies have currently shown that thymol can lead to
the breakdown of adenosine triphosphate (ATP) synthesis,
which disrupts the bioenergy balance and damages mito-
chondrial energy production. It may also cause metabolic
disorders of Na* and Ca®*' in cells to produce excessive
oxygen free radicals, leading to cell death [36-38]. Therefore,
application of thymol is considered as an efficient treatment
for food preservation and control of microbial growth and
infection [16, 39, 40]. Lin et al. [12] suggest that thymol/
cyclodextrin-inclusion (CD-IC) can be used in the food
industry as a food packaging and antibacterial agent [22];
Serna-Escolano et al. [41] found that 2-hydroxylpropyl-
betacyclodextrin-thymol encapsulated by MW could be a
promising alternative to synthetic fungicides for controlling
G. citri-aurantii, the causal agent of citrus sour rot [41].

In this study, the antimicrobial effects of thymol against
S. aureus were explored to elucidate its potential mechanism.
Thymol related biofilm dysfunctions were studied by using
Scanning Electron Microscopy (SEM) to detect the changes
in cell membrane potential, intracellular NADPH/NADP?,
ATP concentrations, and membrane integrity. Moreover,
the MDA concentration is also discovered as an indicator to
track the oxidation level of cell membranes. This study will
encourage people to use thymol as a natural antibacterial
agent in their daily life.

2. Materials and Methods

2.1. Reagents. The stock solution of thymol (T118449,
>99.9% (GC)) was purchased from the Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). Unless otherwise
noted, thymol solutions in different concentrations used
under all conditions were prepared by mixing medium
(Cation-Adjusted Mueller-Hinton II Broth (CA-MHII) or
Tryptone Soya Broth (TSB)), PBS, and 2.5% (v/v) ethanol.
Propidium iodide (PI) staining solution (1 mg/mL; Yeasen,
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Shanghai, China) was used to measure membrane de-
struction. These solutions were sterilized using a 0.22 ym
filter and were stored at —20°C until analysis. Lipid Per-
oxidation (MDA) Assay Kit (ab118970) and Cellular
Membrane Potential Assay Kit (ab176765) were purchased
from Abcam Co., Ltd. All other chemicals used to configure
various buffers were maintained in the analytical grade and
purchased from the Aladdin Biochemical Technology Co.,
Ltd (Shanghai, China).

2.2. Bacterial Strain and Culture Conditions. S. aureus
ATCC25923 and ATCC43300 were purchased from
American Type Culture Collection (ATCC; Manassas, VA,
USA). S. aureus RN4220 was purchased from Huayueyang
biotech co. Itd (Beijing, China). To activate the strain, all
purchased strains were activated for three generations before
use to maintain good physiological status. During the ac-
tivation process, all strains were inoculated into fresh TSB
and replaced medium every 12 hours. After 36h of incu-
bation at 37°C, the bacteria grow to the logarithmic growth
phase or kept stable at the stable phase. The strains used in
the experiment were activated strains.

2.3. Inhibitory Concentration Determination. The inhibitory
concentration of thymol against S. aureus was determined
using broth microdilution method as described elsewhere
[42]. Activated S. aureus ATCC25923 and ATCC43300 cells
were obtained until ODgg=0.5 (approximately 10® CFU/
mL) by using the method described in Section 2.2. The
thymol solution was prepared at a concentration of 2.4 mg/
mL and then diluted into ideal concentrations in CA-MHII
medium at 0, 50, 100, 150, 200, 300, 400, 600, 800, and
1200 ug/mL. The electron carrier solution was diluted 8-fold
with sterile water, and the WST solution and the diluted
electron carrier solution were prepared in a ratio of 9: 1. The
cell suspension was diluted with sterile water to adjust the
cell concentration to about 10" CFU/mL. 10 yl cell suspen-
sion and 180 ul thymol solutions at different concentrations
were added into each well to maintain a final cell density of
10* CFU/ml. After incubation for 6h, 10 uL working solu-
tion was added to each well and incubated at 37°C for 2 h.
For each concentration, microbial growth was determined
by microplate reader at 600 nm.

2.4. Growth Curves. The optical density at 600nm was
measured every 1.0 hour using a full-wavelength scanning
multifunction reader (Thermo Fisher, Finland) to monitor
cell growth. Specifically, S. aureus ATCC25923 was grown to
an OD600 value of 0.5 in TSB, and 10 ul cell suspension
(~10* CFU/ml) was added to 96-well plates. 180 pl TSB
containing thymol solution was also added to each well to
obtain final concentrations of 0, 9.4, 37.5, 75.0, and 150 ug/
mL. All plates were placed in a humidified incubator at 37°C
for 24/48 hours. Centrifugal 96-well plate and lower ambient
temperature are helpful in eliminating steam influence on
test results before test [43].
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2.5.  Determination of Membrane Destruction and
Depolarization. PI staining was used to indicate damage to
the cytoplasmic membrane, which penetrates only when
there is significant damage to membrane. S. aureus cultures
at mid-exponential phase were collected by centrifugation
and suspended in PBS to the final concentration of
~10° CFU/mL. PI staining solution was added to the cell
suspension, and the final concentration is 1ug/mL. The
mixtures were incubated in darkness at 37°C for 10 min and
then divided into the wells of a 96-well plate. Thymol in
different concentrations with PBS containing 2.5% ethanol
was added to the wells and incubated for 30 min at 37°C. The
fluorescence values of cell samples were measured every 60 s
for 10min by using a microreader with the excitation
wavelength 536 nm and emission wavelength 617 nm. At the
same time, cells with cytoplasmic membrane lesion were also
evaluated by using a flow cytometer (Beckman Cyto-FLEX
FCM) with a blue argon laser at 488 nm. A control group
without thymol treatment was also labeled with PI, and a
similar test was performed.

Abcam’s Cellular Membrane Potential Assay Kit
(Fluorometric-Orange) (ab176764) is a homogeneous assay
with fast read time and uses a proprietary membrane po-
tential indicator to detect the membrane potential change
that is caused by the opening and closing of the ion channels.
These cells were obtained in accordance with the method
described in Section 2.2, then evenly mixed with the pre-
pared MP Sensor Dye-loading solution in the 96-well plate,
and incubated at room temperature for 45 min. Finally, the
96-well plate was placed in a multiwell spectrophotometer to
detect the fluorescence intensity at the wavelength of E,/
E,,=530/570 nm.

2.6. Determination of Intracellular NADP'/NADPH.
Intracellular NADPH was detected using an NADP+/
NADPH assay kits (MAK038-1 KT, Merck KGaA, Darm-
stadt, Germany). According to the protocol for collection of
S. aureus ATCC25923, and five titers of thymol solution
addition (0, 0.5MIC, 1.0MIC, 1.5MIC, and 2.0MIC) with
PBS containing 2% ethanol, homogeneous samples were
obtained by washing, precipitation, preliminary extraction,
and other multistep treatment and then treated with either
100 uL of NADP" extraction buffer for NADP" determi-
nation or 100 uL of NADPH extraction buffer for NADPH
determination. Finally, read fluorescence intensity at
Aex =530 nm/A, =585 nm for time “zero” and after a 30-
minute incubation at room temperature and plate was
protected from light during this incubation.

2.7. Scanning Electron Microscopy Analysis. Scanning elec-
tron microscopy (SEM) analysis was performed to deter-
mine the mode of action of thymol on S. aureus ATCC25923
as described in Zhou et al. (2019) [44]. After 6.0 h treatment
with different concentration of thymol, the S. aureus strains
were harvested by centrifugation for 10 min at 500 g, washed
twice with phosphate buffered saline (1XPBS), and resus-
pended in PBS containing 2.0% glutaraldehyde to fix the
cells. After 1.5h fixation at 4°C, the cells were washed with

Milli Q water and then dehydrated in a gradient alcohol
concentration (25%, 50%, 75%, 90%, and 100%) for 10 min
at each concentration. Finally, the dehydrated samples were
sputter coated with gold under vacuum and then observed
under a Quanta 200 scanning electron microscope (FEI,
USA), at an accelerating voltage of 15KV and a magnifi-
cation of 8000x. Control samples without thymol treatment
were also prepared and examined as mentioned above.

2.8. Determination of Lipid Peroxidation. We harvested the
number of cells needed for each assay (~2x 10° cells) and
washed cells with cold PBS after we mixed 300 uL of MDA
Lysis Buffer with 3 yL BHT (100X). Then, homogenized cells
were put in 303 uL Lysis Solution (Buffer + BHT) using a
Dounce homogenizer (10-50 passes) on ice. When 70-80%
of the nuclei do not have the shiny ring, centrifuge at
13,000x g for 10 minutes to remove insoluble material and
collect supernatant into 1.5 ml centrifuge tubes. Next, 600 yL
of TBA reagent was added into each well containing 200 yL
standard and 200 yL sample and incubated at 95°C for 60
minutes. Finally, cool to room temperature in an ice bath for
10 minutes, measuring absorbance immediately on a
microplate reader at OD 532 nm for colorimetric assay and
RFU at E,/E,, =532/553 nm for fluorometric assay.

Concentration of MDA in the test samples is calculated
as

, (D)

A
MDA Concentration = (—) *BxC =
mL

where A = Amount of MDA in sample calculated from the
standard curve (nmol); mL = Original plasma volume used
(0.020mL); B=Correction for using 200 yL of the 800 uL
Reaction Mix; C=Sample dilution factor.

2.9. Statistical Analysis. All experiments were done in
triplicate and repeated at least twice to ensure data credi-
bility. The software R-4.1.0 was used for data analysis. Data
were presented as the mean value+standard deviation
(n=3), and differences between groups were tested by
Student’s t-test.

3. Results and Discussion

3.1. Inhibition Effect of Thymol against S. aureus. Thymol, a
noncolor and crystalline monoterpene phenol, is a terpenoid
with a hydroxyl group on the phenolic ring (Figure 1(a)).
Various pharmacological functions, such as antioxidant,
anti-inflammatory, and effective against bacterial and fungal
species, were reported in previous studies. Many researchers
have shown the antibacterial action of this phenolic com-
pound due to its ability to cause structural and functional
damage to the cytoplasmic membrane [44]. However, the
exact mechanism of its bactericidal activity is not known. To
identify the potential roles of thymol, we firstly explored
inhibitory effect of thymol against S. aureus. As shown in
Figure 1(b), thymol at a concentration of 300 yg/mL showed
an effective inhibitory effect on S. aureus ATCC25923.
Consistently, previous studies reported that the min
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FiGure 1: Thymol inhibits the growth of S. aureus . (a) Chemical structure of thymol. The main structure is a benzene ring, containing three
methyl groups (CH3) and one hydroxyl group (OH). (b) Inhibitory effect of thymol against S. aureus. The standard concentration of thymol
(1200 ug/mL) was prepared firstly, and then we used progressive dilution method to get culture medium with the final concentrations of 50,
100, 150, 200, 300, 400, 600, and 800 ug/mL, respectively. (c) The growth inhibition of thymol against S. aureus. The strain was cultured for 6
hours in the medium containing 0, 9.4, 37.5, 75.0, and 150 yg/mL thymol, and the OD600 values were determined by microplate reader.

inhibitory concentration of thymol against S. aureus
ATCC25923 was 0.2mg/mL [44]. To further explore the
inhibitory effect of thymol against the growth of S. aureus
ATCC25923, we just cultured the S. aureus with thymol at
the concentrations of 9.4, 37.5, 75.0, and 150.0 ug/mL in the
growth curve assays. Atcc43300+ is relatively stable at dif-
ferent concentrations, which is attributed to the fact of being
the standard strain of methicillin resistance. Such charac-
teristic makes it perform better than the other three flora. As
shown in Figure 1(c), during the 48-hour cultivation pro-
cess, thymol at the concentration 150 yg/mL inhibited the
growth of S. aureus within 48 h, while thymol at the con-
centration 75 pg/mL also revealed a certain inhibitory effect.

And we found that, after reducing the concentration of
thymol, the time for S. aureus to reach the stationary phase
was also shortened by 1-4 hours. Those results suggested
that thymol can inhibit the growth of S. aureus ATCC25923
at low concentrations.

3.2. Cell Membrane Damage in S. aureus. It was previously
reported that thymol is effective against Xanthomonas and
has been demonstrated due to increased ROS and activation
of apoptosis related proteins [45]. Tian et al. [46] had re-
ported that thymol broke the cell membranes and disrupted
intracellular homeostasis in E. sakazakii [46]. Therefore,
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F1GURre 2: Thymol treatment resulted in cell membrane destruction. (a)-(b) S. aureus were first collected into a 15 mL centrifuge tube and
then washed twice with precooled 1 x PBS solution. After centrifugation at 500x g for 3 minutes, the supernatant was discarded to collect the
cells, and 300 L binding buffer was added to adjust the cell concentration to 106. Gently mix it with 5.0 yL Annexin-V and 10 L PI,
incubate it at 37°C for 15 min, and protect it from light. The selected detection channel is 488 nm, the acquisition band is 530 nm/30 nm, PI:
561 nm, and the acquisition band is 610 nm/20 nm. (¢) Scanning electron microscope pictures of S. aureus without thymol treatment (left)
and thymol treatment (right). (d) The number of cells with normal cell membrane morphology and the number of cells with damaged cell
membrane morphology in the field of the scanning electron microscope; each experiment was repeated three times.

Flow Cytometry and Scanning Electron Microscopy were
employed to study whether thymol can also cause damage to
the cell membrane of S. aureus to achieve its antibacterial
activity. The supernatant was stained and analyzed with the
PI kit. Obviously, the cell membrane of S. aureus was
damaged after being treated with thymol for 6 hours (shown
in Figure 2(a)). Compared with the control group, the rate of
cell membrane damage increased from 0.26% to 7.82% with
500 pug/mL. In order to further verify such phenomenon, we
used Scanning Electron Microscopy to analyze the cell
membrane damage before and after thymol treatment. As
shown in Figure 2(b), after thymol treatment within 6 hours,
the cell membrane of S. aureus developed an inward trap,
and some of the cell membranes were even completely
damaged. In Figure 2(a), cells were alive in some extent.
Hence, the distribution of such cells was more concentrated

than that in Figure 2(b). The number of cells with membrane
damage is almost half of the total cells (Figures 2(b) and
2(c)). Membrane potential depolarization is a sign of
membrane damage. This means that the polarized cells
without drug treatment produce low signals, while the
depolarized cells exhibit enhanced fluorescence [46].
Abcam’s cell Membrane Potential Assay Kit was used to
follow the membrane potential change when thymol is
administered. The result in Figure 2(d) showed that when
the concentration of thymol reached 500ug/mL, the
membrane potential increased significantly (p < 0.005), and
the concentration of thymol at 300 yg/mL and 200 yg/mL
also revealed a noticeable increase. These results suggested
that this mechanism of action of thymol might lead to
membrane potential depolarization in S. aureus, resulting in
membrane damage and bacterial cell death.
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Ficure 3: Thymol disrupted intracellular homeostasis. (a) Changes in cell membrane potentials of S. aureus treated with different
concentrations of thymol. (b)-(c) The concentration of soluble NADPH (b) and NADP™ (¢) in the cytoplasm was tested by the kit, and
samples of S. aureus treated with thymol for 6 hours and control samples were obtained by centrifugation. These samples were then
measured according to the method described in Section 2.6. (*** p < 0.001). (d) The intracellular ATP concentrations in S. aureus decreased
after 300 yg/mL and 500 pg/mL thymol treatment. All experiments were repeated three times.

3.3. Thymol Disrupted Intracellular Homeostasis. The
NADP*/NADPH and ATP levels in intact cells are in a stable
state. However, the destruction of cell homeostasis and
integrity may cause changes in intracellular NADP"/
NADPH and ATP under stress [47-50]. We have previously
shown that thymol can cause cell membrane damage in
S. aureus, but why thymol has such a strong membrane
damage ability was not clear. Therefore, it is worthwhile to
further study the depolarization and damage effects of
thymol. First, we used the NADP"/NADPH detection kit to
follow the changes in the concentration of NADPH in
S. aureus cells after thymol treatment for 6 hours. As shown
in Figures 3(a) and 3(b), when S. aureus was treated with
thymol for 6 hours, the concentration of NADPH in the
cytoplasm was greatly reduced. But compared with the
original level, the concentration of NADP" was increased by
1.5 times. When the value of thymol concentration is 0, the
cells are survived as usual. It has the weakest signal strength.
And in the condition of 500 ug/ml, the intracellular ho-
meostasis is destroyed seriously. So, it has the largest volume
of expansion and production increase. The difference of axis
0 and 500 is the largest. The ATP bioluminescence method
was designed to assessed the effect of thymol on intracellular
ATP concentrations. The intracellular ATP concentrations

in S. aureus decreased after 300ug/mL and 500 ug/mL
thymol treatment compared with the control group, while
no conspicuous variation was found in 50 yg/mL and 100 ug/
mL thymol treated cells. In summary, our result demon-
strates that 300 ug/mL and 500 ug/mL thymol cause an
increase in NADP" and a decrease in cytoplasmic NADPH
and ATP concentration in S. aureus, which indicated the
possible leakage of intracellular components induced by the
thymol and the disruption of the physiologically NADP"/
NADPH balance.

3.4. Loss of NADPH Is Major Cause of Cell Death.
NADPH is essential in unremitting flux of energy process
due to its ability to serve as electron carriers for a large subset
of oxidoreductases [51]. For example, in fed rat livers, the
cytosolic free NADP*/NADPH ratio is about 0.01, which is
mostly in the reduced form to drive reductive biosynthesis
reactions [52]. NADPH plays a key role in cellular anti-
oxidation systems by providing reducing equivalents to
generate reduced forms of antioxidant molecules to over-
come the cytotoxicity and lead to DNA damage and cell
apoptosis [53]. S. aureus cells were cultured in the TSB
culture medium containing thymol with 150 pmol of
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FIGURE 4: The increase in cell viability is due to NADPH administration. The cells were incubated with thymol and NADPH/ATP for 6
hours, and the changes of cell viability were determined by using a dedicated cell activity detection kit. All tests were performed according to
the instructions in the kit. Results of cellular viability of wild-type normal cells without any treatment (a) and heat-treated cells (b). (c)
Growth curves for S. aureus cultured in TSB containing 100/200 ug/mL thymol and 150 pmol NADPH. NADPH partially dissolves the

inhibitory effect of thymol on bacterial growth.

NADPH or ATP to study the effect of thymol on cell via-
bility. Compared with the control group, normal cells in-
cubated with NADPH and thymol showed a significant
increase in cell viability, while cell viability did not change in
the ATP and thymol groups. More importantly, we found
that NADPH did not completely remove the bacteriostatic
effect of thymol but effectively alleviated this role
(Figure 4(a)). The heat-treated cells have lost their original
cell viability. No matter how thymol is mixed with ATP or
NADPH, the biological viability of the cells cannot be re-
stored (Figure 4(b)). We also found that the addition of
NADPH only alleviated but did not remove the inhibitory
effect of thymol (Figures 4(a) and 4(b)). There are two factors
that we think are worth considering: the first is that the

effective concentration of NADPH decreases after a period
of time due to the continuous consumption of NADPH, and
the other is that thymol may exert its antimicrobial effect
through other pathways. In a subsequent work, we tracked
the changes in the growth curve of S. aureus within 24 hours
after administration of NADPH and measured the contri-
bution of NADPH in the antibacterial effect of thymol. In
keeping with the results of previous studies, when thymol
and NADPH are cocultured at the same time, the addition of
NADPH can ease cell growth stress and improve cell growth
state regardless of the concentration of thymol at 100 or
200 yg/mL. In summary, our results showed that thymol
administration process will make the cells lose large amounts
of NADPH, which is the cause rather than the result of cell
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membrane polarization and cell death. Although the con-
centration of ATP has decreased, ATP cannot effectively
alleviate the loss of cell viability caused by thymol. This
phenomenon indicates that ATP concentration balance may
play an important role in other processes such as mainte-
nance of cell membrane potential and energy supply
[46, 54, 55].

3.5. NADPH Reduces the Oxidation of Membrane Lipids
Caused by Thymol. Lipid peroxidation and leakage of cy-
totoxic enzymes from lysosomes are important intracellular
sources of plasma membrane damage in physiological states,
and lipid peroxidation is further exacerbated upon reox-
ygenation [56]. Thymol disturbs the balance of the impor-
tant reducing power NADPH concentration in cells, and
what confuses us is that there is no direct evidence that
NADPH depletion causes lipid peroxidation. To find out

whether thymol caused the oxygenation of cell membrane
lipids, according to the principle that the higher the degree of
lipid oxidation is, the higher the concentration of malon-
dialdehyde (MDA) is generated, the change of MDA con-
centration is used as an indicator to track the oxidation level
of cell membranes. Consistent with our conjecture, when the
concentration of thymol reached 300 yg/mL or 500 yg/mL,
the soluble MDA concentration reached 0.4 nmol/mL and
0.5nmol/mL respectively, and there was a significantly in-
creased difference compared with 0.1 nmol/mL in the
control group. It is worth noting that, within the 100 yg/mL
concentration range, the observed upward trend is not very
prominent (Figure 5(a)). For further administration of
150 pmol of NADPH into TSB containing thymol to reduce
the cell membrane oxidation level, we were pleasantly
surprised to find that 150 pmol NADPH was fully sufficient
to recover the cell membrane peroxidation caused by 200
and 300 concentrations of thymol. However, this recovery
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FIGURE 7: Graphic abstract.

failed to adjust the normal physiological level, which may be
due to the decreased physiological activity of the cell after the
damage of the cell membrane. Another possible reason is
that the repair pathway equipped with the cell did not restore
the integrity of the membrane.

In this part, we subsequently employed the Scanning
Electron Microscopy to detect the effect of NADPH on cell
membrane trap generation and development. The S. aureus

strains were firstly treated with 300 yg/mL of thymol at 37°C
and then were collected by centrifugation for 10 min at
4000 g. The collected cells were fixed and dehydrated in the
process described in Section 2.7. Finally, the samples were
analyzed under scanning electron microscope. As shown in
Figure 5(c), the number of cell membrane traps formed on
membrane of S. aureus after the addition of NADPH and
thymol was fewer, and the diameter of the traps also showed
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a visible decrease compared with that treated with thymol
alone (Figures 2(c)-2(d) and 5(c)-5(d). To sum up, our in
vitro experiment and SEM results suggested that NADPH
was depleted as a result of the cell membrane lipid oxidation
levels increase. However, a certain amount of NADPH
supplementation does not completely alleviate the perox-
idation reaction, nor does it completely reduce the number
and size of cell membrane traps.

3.6. NOX, Is Involved in Cell Membrane Damage Induced by
Thymol. Although it has been previously stated that thymol
induces cell membrane damage because of NADPH de-
pletion, how NADPH in cells transfers to NADP" is still
unknown. In order to more clearly explore the antibacterial
effect of thymol, we further analyzed whether several
NADPH-related kinases were involved in thymol-induced
cell membrane damage. Our unpublished results and other
published papers suggest that NOX,-catalyzed oxidation of
NADPH to form peroxide free radicals is a possible factor in
NADPH depletion. We then used Western blot to detect the
expression level of NOX, when the S. aureus was treated
within thymol. After thymol treatment for 6 hours, the
expression level of NOX, shows a positive correlation with
the concentration of thymol [57, 58]. As shown in
Figure 6(a), NOX, expression increased nearly fourfold after
treatment with 300 yg/mL thymol compared with 100 yg/mL
sample. Next, we used si-RNA silencing to knock down the
expression of NOX, in S. aureus to observe the effect of
NOX, on cytoplasmic NADPH and NADP * concentration.
We were pleasantly surprised to find that when NOX, was
knocked down, and S. aureus was treated with thymol, the
concentration of soluble NAPH in the cytoplasm was sig-
nificantly increased compared to the control (Figure 6(c)).
And we also found that there was a significant decrease in the
concentration of NADP™. These results directly indicate that
thymol can change or destroy the morphology of the cell
membrane by changing the concentration of NADPH/
NADP" in the cytoplasm, thereby mediating the death of
S. aureus. And Figure 7 is the Graphic abstract of this paper.

4. Conclusion

The growth of S. aureus can be effectively inhibited by thymol,
which is firstly confirmed in this paper. Furthermore, the
inhibitory concentration of thymol is also measured by Broth
Micro-Dilution method. Thymol might lead to membrane
potential depolarization in S. aureus, resulting in membrane
damage and cell death. In order to further understand the
corresponding antibacterial mechanism, the concentration of
soluble NADP*/NADPH and ATP in the cytoplasm is de-
tected. Thereafter, an increase in NADP* and a decrease in
cytoplasmic NADPH and ATP are caused by thymol. Such
phenomenon indicated the possible leakage of intracellular
components and the disruption of the physiologically NADP"/
NADPH balance. Then, the biochemical experiments and SEM
results suggested that the cell membrane lipid oxidation levels
are significantly increased by using thymol treatment. Besides,
a certain amount of NADPH supplementation can not

Contrast Media & Molecular Imaging

completely alleviate the peroxidation reaction and reduce the
number and size of cell membrane traps. The restricted cat-
alytic enzyme NOX, can regulate the balance of NADPH/
NADP". So, NOX, can be a potential downstream target of
thymol in the cell. Finally, a specific guidance is provided in
food preservation and storage about the use of thymol.

Data Availability

The experimental data used to support the findings of this
study are available from the corresponding author upon
request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] M. A. Argudin, M. C. Mendoza, and M. R. Rodicio, “Food
poisoning and Staphylococcus aureus enterotoxins,” Toxins,
vol. 2, no. 7, pp. 1751-1773, 2010.

[2] A. P. Kourtis, K. Hatfield, J. Baggs et al., “Vital signs: epi-
demiology and recent trends in methicillin-resistant and in
methicillin-susceptible Staphylococcus aureus bloodstream
infections - United States,” MMWR Morb Mortal Wkly Rep,
vol. 68, no. 9, pp. 214-219, 2019.

[3] E. D. Lowy, “Staphylococcus aureus infections,” New England
Journal of Medicine, vol. 339, no. 8, pp. 520-532, 1998.

[4] S. Y. C. Tong,J. S. Davis, E. Eichenberger, T. L. Holland, and
V. G. Fowler Jr., “Staphylococcus aureus infections: epide-
miology, pathophysiology, clinical manifestations, and
management,” Clinical Microbiology Reviews, vol. 28, no. 3,
pp. 603-661, 2015.

[5] M. K. Banbury, “Experience in prevention of sternal wound
infections in nasal carriers of Staphylococcus aureus,” Surgery,
vol. 134, no. 5, pp. S18-S22, 2003.

[6] C.P.Hornik, P. Fort, R. H. Clark et al., “Early and late onset
sepsis in very-low-birth-weight infants from a large group of
neonatal intensive care units,” Early Human Development,
vol. 88, no. 2, pp. S69-S74, 2012.

[7] M. C. Loiselle, C. Ster, B. G. Talbot et al., “Impact of post-
partum milking frequency on the immune system and the
blood metabolite concentration of dairy cows,” Journal of
Dairy Science, vol. 92, no. 5, pp. 1900-1912, 2009.

[8] K. M. Al-Salem, F. A. Alsarayra, and A. R. Somkawar,
“Neonatal orbital abscess,” Indian Journal of Ophthalmology,
vol. 62, no. 3, pp. 354-357, 2014.

[9] O. Dolapo, R. Dhanireddy, and A. J. Talati, “Trends of
Staphylococcus aureus bloodstream infections in a neonatal
intensive care unit from 2000-2009,” BMC Pediatrics, vol. 14,
no. 1, p. 121, 2014.

[10] W. Geng, Y. Qi, W. Li et al., “Epidemiology of Staphylococcus
aureus in neonates on admission to a Chinese neonatal in-
tensive care unit,” PLoS One, vol. 15, no. 2, Article ID
e0211845, 2020.

[11] J. Le, Q. Dam, T. Tran et al, “Epidemiology and hospital
readmission associated with complications of Staphylococcus
aureus bacteremia in pediatrics over a 25-year period,” Epi-
demiology and Infection, vol. 145, no. 12, pp. 2631-2639, 2017.

[12] C.Y. Lin, N. C. Chiu, K. S. Lee, F. Y. Huang, and C. H. Hsu,
“Neonatal orbital abscess,” Pediatrics International, vol. 55,
no. 3, pp. €63-66, 2013.



Contrast Media & Molecular Imaging

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22

(23]

(24]

[25]

(26]

F. N. Zervou, I. M. Zacharioudakis, P. D. Ziakas, and
E. Mylonakis, “MRSA colonization and risk of infection in the
neonatal and pediatric ICU: a meta-analysis,” Pediatrics,
vol. 133, no. 4, pp. e1015-1023, 2014.

E. Kwapisz, K. Garbacz, M. Kosecka-Strojek, J. Schubert,
J. Bania, and J. Miedzobrodzki, “Presence of egc-positive
major clones ST 45, 30 and 22 among methicillin-resistant
and methicillin-susceptible oral Staphylococcus aureus
strains,” Scientific Reports, vol. 10, no. 1, Article ID 18889,
2020.

S. Oliveira Ribeiro, V. Fontaine, V. Mathieu et al., “Anti-
bacterial activities of homemade matrices miming essential
oils compared to commercial ones,” Antibiotics, vol. 10, no. 5,
p. 584, 2021.

B. Salehi, A. P. Mishra, I. Shukla et al., “thymol, thyme, and
other plant sources: health and potential uses,” Phytotherapy
Research, vol. 32, no. 9, pp. 1688-1706, 2018.

L. Ghaderi, R. Moghimi, A. Aliahmadji, D. J. McClements, and
H. Rafati, “Development of antimicrobial nanoemulsion-
based delivery systems against selected pathogenic bacteria
using a thymol-rich Thymus daenensis essential oil,” Journal
of Applied Microbiology, vol. 123, no. 4, pp. 832-840, 2017.
H. Li, T. Yang, F. Y. Li, Y. Yao, and Z. M. Sun, “Antibacterial
activity and mechanism of action of Monarda punctata es-
sential oil and its main components against common bacterial
pathogens in respiratory tract,” International Journal of
Clinical and Experimental Pathology, vol. 7, no. 11,
pp. 7389-7398, 2014.

A. Marchese, I. E. Orhan, M. Daglia et al., “Antibacterial and
antifungal activities of thymol: a brief review of the literature,”
Food Chemistry, vol. 210, pp. 402-414, 2016.

S. Tariq, S. Wani, W. Rasool et al., “A comprehensive review of
the antibacterial, antifungal and antiviral potential of essential
oils and their chemical constituents against drug-resistant
microbial pathogens,” Microbial Pathogenesis, vol. 134, Article
ID 103580, 2019.

B. Tohidi, M. Rahimmalek, A. Arzani, and H. Trindade,
“Sequencing and variation of terpene synthase gene (TPS2) as
the major gene in biosynthesis of thymol in different Thymus
species,” Phytochemistry, vol. 169, Article ID 112126, 2020.
R. Aeschbach, J. Loliger, B. C. Scott et al., “Antioxidant actions
of thymol, carvacrol, 6-gingerol, zingerone and hydroxytyr-
osol,” Food and Chemical Toxicology, vol. 32, no. 1, pp. 31-36,
1994.

F. Fratini, S. Casella, M. Leonardi et al., “Antibacterial activity
of essential oils, their blends and mixtures of their main
constituents against some strains supporting livestock mas-
titis,” Fitoterapia, vol. 96, pp. 1-7, 2014.

L. Rivas, M. J. McDonnell, C. M. Burgess et al., “Inhibition of
verocytotoxigenic Escherichia coli in model broth and rumen
systems by carvacrol and thymol,” International Journal of
Food Microbiology, vol. 139, no. 1-2, pp. 70-78, 2010.

Z. Yuan, Y. Dai, P. Ouyang et al., “thymol inhibits biofilm
formation, eliminates pre-existing biofilms, and enhances
clearance of methicillin-resistant Staphylococcus aureus
(MRSA) in a mouse peritoneal implant infection model,”
Microorganisms, vol. 8, no. 1, p. 99, 2020.

Y. Zhang, Y. Zhang, Z. Zhu, X. Jiao, Y. Shang, and Y. Wen,
“Encapsulation of thymol in biodegradable nanofiber via
coaxial eletrospinning and applications in fruit preservation,”
Journal of Agricultural and Food Chemistry, vol. 67, no. 6,
pp. 1736-1741, 2019.

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

11

E. Coppo and A. Marchese, “Antibacterial activity of poly-
phenols,” Current Pharmaceutical Biotechnology, vol. 15,
no. 4, pp. 380-390, 2014.

A. Marchese, R. Barbieri, E. Coppo et al, “Antimicrobial
activity of eugenol and essential oils containing eugenol: a
mechanistic viewpoint,” Critical Reviews in Microbiology,
vol. 43, no. 6, pp. 668-689, 2017.

A. Marchese, E. Coppo, R. Barbieri et al., “Characterization of
fluoroquinolone-resistant Escherichia coli causing septicemic
colibacillosis in calves in Italy: emergence of a multiresistant
078 clonal group,” Microbial Drug Resistance, vol. 18, no. 1,
pp. 94-99, 2012.

O. O. Ayepola, N. A. Olasupo, L. O. Egwari, K. Becker, and
F. Schaumburg, “Molecular characterization and antimicro-
bial susceptibility of Staphylococcus aureus isolates from
clinical infection and asymptomatic carriers in southwest
Nigeria,” PLoS One, vol. 10, no. 9, Article ID e0137531, 2015.
O. O. Ayepola, N. A. Olasupo, L. O. Egwari, and
F. Schaumburg, “Antibiotic susceptibility pattern and biofilm
formation in coagulase negative staphylococci,” J Infect Dev
Ctries, vol. 8, no. 12, pp. 1643-1645, 2014.

N. A. Olasupo, D. J. Fitzgerald, M. J. Gasson, and A. Narbad,
“Activity of natural antimicrobial compounds against
Escherichia coli and Salmonella enterica serovar Typhimu-
rium,” Letters in Applied Microbiology, vol. 37, no. 6,
pp. 448-451, 2003.

A. Ahmad, A. Khan, F. Akhtar et al., “Fungicidal activity of
thymol and carvacrol by disrupting ergosterol biosynthesis
and membrane integrity against Candida,” European Journal
of Clinical Microbiology & Infectious Diseases, vol. 30, no. 1,
pp. 41-50, 2011.

F. N. Nazar, E. A. Videla, and R. H. Marin, “thymol sup-
plementation effects on adrenocortical, immune and bio-
chemical variables recovery in Japanese quail after exposure to
chronic heat stress,” Animal, vol. 13, no. 2, pp. 318-325, 2019.
A. Tohidpour, M. Sattari, R. Omidbaigi, A. Yadegar, and
J. Nazemi, “Antibacterial effect of essential oils from two
medicinal plants against Methicillin-resistant Staphylococcus
aureus (MRSA),” Phytomedicine, vol. 17, no. 2, pp. 142-145,
2010.

M. D. Baldissera, C. F. Souza, A. F. I. M. De Matos et al.,
“Blood-brain barrier breakdown, memory impairment and
neurotoxicity caused in mice submitted to orally treatment
with thymol,” Environmental Toxicology and Pharmacology,
vol. 62, pp. 114-119, 2018.

Y. W. Cheng, X. W. Kong, N. Wang, T. T. Wang, J. Chen, and
Z. Q. Shi, “thymol confers tolerance to salt stress by activating
anti-oxidative defense and modulating Na(+) homeostasis in
rice root,” Ecotoxicology and Environmental Safety, vol. 188,
Article ID 109894, 2020.

J. Rosendahl, H. S. Braun, K. T. Schrapers, H. Martens, and
F. Stumpff, “Evidence for the functional involvement of
members of the TRP channel family in the uptake of Na(+)
and NH4 (+) by the ruminal epithelium,” Pfluegers Archiv
European Journal of Physiology, vol. 468, no. 8, pp. 1333-1352,
2016.

C. O. Perez-Alfonso, D. Martinez-Romero, P. J. Zapata,
M. Serrano, D. Valero, and S. Castillo, “The effects of essential
oils carvacrol and thymol on growth of Penicillium digitatum
and P. italicum involved in lemon decay,” International
Journal of Food Microbiology, vol. 158, no. 2, pp. 101-106,
2012.

J. M. Valverde, F. Guillen, D. Martinez-Romero, S. Castillo,
M. Serrano, and D. Valero, “Improvement of table grapes



12

quality and safety by the combination of modified atmosphere
packaging (MAP) and eugenol, menthol, or thymol,” Journal
of Agricultural and Food Chemistry, vol. 53, mno. 19,
pp. 7458-7464, 2005.

[41] V. Serna-Escolano, M. Serrano, D. Valero et al., “Effect of
thymol and carvacrol encapsulated in hp-beta-cyclodextrin by
two inclusion methods against geotrichum citri-aurantii,”
Journal of Food Science, vol. 84, no. 6, pp. 1513-1521, 2019.

[42] J. Coronel-Ledn, A. Lopez, M. J. Espuny et al., “Assessment of
antimicrobial activity of Na -lauroyl arginate ethylester
(LAE®) against Yersinia enterocolitica and Lactobacillus
plantarum by flow cytometry and transmission electron
microscopy,” Food Control, vol. 63, pp. 1-10, 2016.

[43] M. Houdkova, G. Albarico, I. Doskocil et al., “Vapors of
volatile plant-derived products significantly affect the results
of antimicrobial, antioxidative and cytotoxicity microplate-
based assays,” Molecules, vol. 25, no. 24, p. 6004, 2020.

[44] W. Zhou, Z. Wang, H. Mo et al,, “thymol mediates bacteri-
cidal activity against Staphylococcus aureus by targeting an
aldo-keto reductase and consequent depletion of NADPH,”
Journal of Agricultural and Food Chemistry, vol. 67, no. 30,
pp. 8382-8392, 2019.

[45] R. S. da Silva, M. M. G. de Oliveira, J. O. de Melo et al,,

“Antimicrobial activity of Lippia gracilis essential oils on the

plant pathogen Xanthomonas campestris pv. campestris and

their effect on membrane integrity,” Pesticide Biochemistry

and Physiology, vol. 160, pp. 40-48, 2019.

L. Tian, X. Wang, R. Liu et al., “Antibacterial mechanism of

thymol against Enterobacter sakazakii,” Food Control,

vol. 123, p. 107716, 2021.

[47] A. V. Dmitriev, A. A. Dmitriev, and R. A. Linsenmeier, “The

logic of ionic homeostasis: cations are for voltage, but not for

volume,” PLoS Computational Biology, vol. 15, no. 3, Article

ID 1006894, 2019.

M. Itsumi, S. Inoue, A. J. Elia et al,, “Idhl protects murine

hepatocytes from endotoxin-induced oxidative stress by

regulating the intracellular NADP(+)/NADPH ratio,” Cell

Death & Differentiation, vol. 22, no. 11, pp. 1837-1845, 2015.

[49] K. i. Okuda, T. Zendo, S. Sugimoto et al., “Effects of bacte-
riocins on methicillin-resistant Staphylococcus aureus bio-
film,” Antimicrobial Agents and Chemotherapy, vol. 57, no. 11,
pp. 5572-5579, 2013.

[50] J. Radons, “The human HSP70 family of chaperones: where do
we stand?” Cell Stress & Chaperones, vol. 21, no. 3,
pp. 379-404, 2016.

[51] V. Cracan, D. V. Titov, H. Shen, Z. Grabarek, and

V. K. Mootha, “A genetically encoded tool for manipulation of

NADP(+)/NADPH in living cells,” Nature Chemical Biology,

vol. 13, no. 10, pp. 1088-1095, 2017.

M. Klingenberg and T. Bucher, “Biological oxidations,” An-

nual Review of Biochemistry, vol. 29, no. 1, pp. 669-708, 1960.

[53] H. Q. Ju, J. F. Lin, T. Tian, D. Xie, and R. H. Xu, “NADPH
homeostasis in cancer: functions, mechanisms and thera-
peutic implications,” Signal Transduction and Targeted
Therapy, vol. 5, no. 1, p. 231, 2020.

[54] A. Bennun, “Hypothesis for coupling energy transduction
with ATP synthesis or ATP hydrolysis,” Nature New Biology,
vol. 233, no. 35, pp. 5-8, 1971.

[55] D. Zala, U. Schlattner, T. Desvignes et al., “The advantage of
channeling nucleotides for very processive functions,”
FI1000Res, vol. 6, p. 724, 2017.

[56] D. A. Ammendolia, W. M. Bement, and J. H. Brumell,
“Plasma membrane integrity: implications for health and
disease,” BMC Biology, vol. 19, no. 1, p. 71, 2021.

(46

(48

[52

Contrast Media & Molecular Imaging

[57] W. C. Lu, C. Y. Chen, C. J. Cho et al., “Antibacterial activity
and protection efficiency of polyvinyl butyral nanofibrous
membrane containing thymol prepared through vertical
electrospinning,” Polymers, vol. 13, no. 7, p. 1122, 2021.

[58] Y. Chen, A. Mensah, Q. Wang, D. Li, Y. Qiu, and Q. Wei,
“Hierarchical porous nanofibers containing thymol/beta-cy-
clodextrin: physico-chemical characterization and potential
biomedical applications,” Materials Science and Engineering:
C, vol. 115, Article ID 111155, 2020.



