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ABSTRACT

Background: The escalating dominance of resistant Pseudomonas
aeruginosa strains as infectious pathogen had urged the researchers to
look for alternative and complementary drugs. Objective: The objective of
this study is to address the biological targets and probable mechanisms of
action underlying the potent antibacterial effect of the isolated compounds
from Euphorbia hirta (L.) against P aeruginosa. Materials and Methods:
The action mechanisms of caffeic acid (CA) and epicatechin 3-gallate (ECG)
on P aeruginosa cells were investigated by several bacterial physiological
manifestations involving outer membrane permeabilization, intracellular
potassium ion efflux, and nucleotide leakage. Results: The findings revealed
that ECG and CA targeted both cell wall and cytoplasmic membrane of
P aeruginosa. The cellular membrane destruction and ensuing membrane
permeability perturbation of P aeruginosa had led to the ascending access
of hydrophobic antibiotics, release of potassium ions, and leakages of
nucleotides. Conclusion: The overall study concludes that ECG and CA
isolated from E. hirta possess remarkable anti-infective potentials which
can be exploited as drug template for the development of new antibacterial
agent against resistant P aeruginosa pathogen.

Key words: Erythromycin, Euphorbia hirta (L.), nucleotide leakage,
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SUMMARY

® Epicatechin 3-gallate (ECG) and caffeic acid (CA) exhibited remarkable
bactericidal abilities by increasing the outer membrane and plasma membrane
permeability of Pseudomonas aeruginosa pathogen

e ECG and CA had facilitated the entry of hydrophobic antibiotics into
P aeruginosa by disintegrating the lipopolysaccharides layer of the outer
membrane

e ECG-induced potassium efflux with efficiency close to that obtained with
cefepime suggesting mode of action through membrane disruption

e Both ECG and CA had caused consistent leakage of intracellular nucleotide
content with the increase in time.

INTRODUCTION

Pseudomonas aeruginosa is an opportunistic pathogen that instigates
severe illness in immunosuppressed hosts, especially patients in hardship
of cancer, AIDS, cystic fibrosis, severe burns, and individuals in Intensive
Care Unit.!"?! P. aeruginosa infections are accounted responsible for the
increasing percentage of morbidity and mortality rate ranging from
40% to 60% among immunocompromised patients.” Not long ago, this
nosocomial pathogen has become part of a “superbug” group as it is
often resistant to various antibiotics, host defenses, and possessed vast
competence to provoke resistance. Most antibiotics failed to eradicate
P aeruginosa infection owing to low outer membrane permeability
which linked to adaptive mechanisms and ultimately attained clinical
resistance.*!

Prospecting for new therapeutic agent to combat P aeruginosa
resistance, therefore, has encouraged research into natural products.
Antibacterial compounds isolated from plants are receiving immense
attention as alternatives to antibiotics. The reason for this is due to
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the very limited number of cases documented for the development
of bacterial resistance toward natural plant products.”) Even though
the mechanism of action for the antibacterial activity of natural plant
product is uncertain, cell membrane disruption by phenolics, flavonoids
and terpenoids, inhibition of protein synthesis by phenols and coumarin,
and interference with DNA/RNA function are thought to inhibit the
growth of the bacteria.l’! The antibacterial action of plant secondary
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metabolites includes the following sequence of cell membrane contact,
diffusion through the membrane to enter the interior of the cell, and
finally interaction with intracellular processes.” Earlier, we have reported
the isolation of caffeic acid (CA) and epicatechin 3-gallate (ECG) from
Euphorbia hirta (L.) using bioactivity-guided fractionation.”® These
antibacterial compounds exhibited remarkable bioactivity against the
resistant clinical isolate of P. aeruginosa. Prompted by the above findings,
the current study was embarked on in the effort to address the biological
targets and mechanisms of action of the isolated antibacterial compounds
from E. hirta against P. aeruginosa. The action mechanisms of CA and
ECG were investigated by several bacterial physiological manifestations
involving outer membrane permeabilization, intracellular potassium ion
efflux, and nucleotide leakage. Moreover, the present study is assumed the
initial to investigate the mechanism of action underlying the antibacterial
effect of isolated compounds from E. hirta against P. aeruginosa.

MATERIALS AND METHODS

Antibacterial agent

Laboratory-grade standard powder of cefepime (lot no: 341037;
International Laboratory, San Francisco, USA) was obtained and
reconstituted according to the manufacturer’s instruction. Stock solution
of cefepime was freshly prepared on the day of the experiments. The
stock solutions were stored under refrigeration until the time of use and
discarded after 24 h as recommended by the manufacturer. Cefepime
was required to pass quality control standard (P. aeruginosa; ATCC
27853) on the day of the experiment.”)

Bacterial strain

Isolates of P. aeruginosa were obtained from clinical specimens submitted
to the Department of Medical Microbiology and Parasitology (JTMP),
School of Medical Sciences, Universiti Sains Malaysia. Species
identification was confirmed by biochemical test using analytical profile
index system. Isolates were stored in tryptic soy broth containing 20%
glycerol and frozen at —80°C. Isolates were subcultured a minimum of
two times before mechanism studies.

Inoculum preparation

P aeruginosa culture was recovered on a fresh tryptic soy agar (Difco,
USA) plate, 24 h before action mechanism tests. To prepare the
standardized inoculum, four to five well-isolated colonies of P. aeruginosa
with similar morphological type were selected from an agar plate culture.
Each colony was transferred with sterile swab into a tube containing
5 mL of sterile cation-adjusted Mueller-Hinton broth (Hi-Media, India)
to obtain a liquid suspension that matches to McFarland 0.5 turbidity
standards. The resulting suspension in the tube contained about 1 x 10°
CFU/mL of microorganism. Subsequent proper dilution will result in
final inoculum or test concentration of bacteria to 5 x 10° CFU/mL.

Effects of the isolated antibacterial compounds on
outer membrane permeability

The hydrophobic antibiotics erythromycin and rifampicin were
tested in association with the isolated antibacterial compounds.'” An
overnight culture of P aeruginosa in logarithmic-phase was washed
and resuspended in fresh nutrient broth medium (1 x 10° CFU/mL)
containing isolated antibacterial compounds at the concentration
of half minimum inhibitory concentration (MIC) and hydrophobic
antibiotics of various concentration ranging from 0.5 ug/mL to
50.0 ug/mL (erythromycin) and 0.5-40.0 pg/mL (rifampicin) at 37°C for
12 h. Decrease of absorbance was monitored at 630 nm.
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Effects of the isolated antibacterial compounds on

inner membrane permeability
Measurement of potassium ion efflux

The inner membrane permeability of P aeruginosa was determined
by measuring the amount of potassium ion effluxed from the treated
cells.'! P aeruginosa cells were cultured overnight at 37°C. Cells of
P aeruginosa were resuspended in 30 mL of deionized water to obtain
cell density of 1 x 10° CFU/mL. The bacteria were treated with isolated
antibacterial compounds at the concentration of 2 x MIC and incubated
at 37°C. Samples (5 mL) of cell suspension were removed at various
times intervals of 30, 60, 90, 120, and 150 min and were centrifuged at
10,000 rpm for 10 min. The resulting supernatant was diluted at 100-fold
and filtered through a 0.2 pm pore size membrane (Sartorius, Germany)
to remove bacteria. Cefepime-treated cells were used as positive control,
whereas untreated cells as negative control. The amounts of released
K* were measured by atomic absorption spectrometer (AAS, Varian,
USA). A series of potassium standards (2-10 ppm) were prepared to
generate a calibration curve (y = 0.0287x; R* = 0.9957) which was used
to quantitatively measure the amount of potassium ion released from the
treated cells.

Measurement of nucleotide leakage

Theleakages of nucleotide from P. aeruginosa cells were determined.!"
The cells of P. aeruginosa in logarithmic-phase (1 x 10 CFU/mL) were
washed and resuspended in 10 mM PBS (pH 7.4). The suspension
was incubated with isolated antibacterial compounds at twice the
MICs for various times (0, 60, 120, 180, 240, and 600 min). The
untreated bacterial suspension was used as negative control, and
bacterial cells treated with cefepime was included as positive control.
The mixture was filtered through 0.22 pm to remove the bacterial
cells. The filtrate was then diluted appropriately, and the optical
density (OD) at 260 nm was recorded (Perkin-Elmer 45, USA) at
room temperature (25°C).

Statistical analysis

All the experiments were conducted in triplicate. The values are presented
as mean * standard deviation. The statistical analyses were done using
Statistical Package for the Social Sciences software version 17.0 (United
States). Statistical procedures were performed at a significance level of 95%.

RESULTS AND DISCUSSIONS

Outer membrane permeability

The antibacterial activity of hydrophobic antibiotics was significantly
improved after adding CA and ECG. Rifampicin and erythromycin
are distinctive embodies of hydrophobic antibacterial agents. The
outer membrane of Gram-negative cell wall is well acknowledged as an
effective permeability barrier against rifampicin and erythromycin. These
antibiotics are incapable to effectively permeate the intact outer membrane
of Gram-negative bacteria composed entirely of lipopolysaccharide
and protein."”! Rifampicin and erythromycin are usually used as probe
to evaluate the outer membrane permeability flow generated by other
antibacterial compounds. The previous results from the time-kill study
had confirmed that half MIC of the isolated antibacterial compounds
could not inhibit the growth of P aeruginosa.® Nevertheless, in the
presence of half MIC of isolated antibacterial compounds, particularly
ECG and CA had triggered P. aeruginosa to become more susceptible
to the probe antibiotics at each concentration. The growth inhibition
of P. aeruginosa even occurred at below MIC of rifampicin (10 ug/mL)
and erythromycin (1 ug/mL) [Figure 1]. In addition, both hydrophobic
antibiotics displayed more potent growth inhibition in association with
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ECG than CA. The growth inhibition induced by ECG was greater in
the presence of erythromycin. In the absence of ECG and CA, bacterial
cells of P aeruginosa were healthily proliferating as erythromycin and
rifampicin have no effect on Gram-negative bacteria (data not shown).

The findings revealed that ECG and CA possessed remarkable ability to
facilitate the entry of hydrophobic antibiotics into P. aeruginosa cells by
enhancing the permeability of intact OM. These compounds probably
operated as permeabilizers by disintegrating the lipopolysaccharides
layer of the OM.I"¥ These results are consistent with earlier work that
described the bacterial OM disruption which causes barrier function
detriment contributes to the mode of action of phytochemical compounds
such as phenolics and flavonoids." It is noteworthy that ECG is a type
of flavonoid and has been previously reported to possess antibacterial
activity  against  methicillin-resistant ~ Staphylococcus  aureus.!"!
Meanwhile, some phenolics such as CA, syringic acid, and p-coumaric
have been depicted as OM disintegrators and thereby increasing the
permeability of cytoplasmic component.'®!

Potassium ion efflux from Pseudomonas aeruginosa

Figure 2 had illustrated the amount of potassium ion that has effluxed
from P aeruginosa cells at different incubation time. The treated
P. aeruginosa cells released potassium at a time-dependent manner on

treatment. The permeability of the treated P. aeruginosa membrane
to intracellular potassium was compared with that from untreated
cells and cefepime-treated cells. According to the results obtained,
cefepime-treated cells induced immense effluxes of potassium from
the membrane compared to the isolated antibacterial compounds
treated cells. The relative amount of extracellular potassium reached the
maximum at 13.1 + 0.45 pg/mL after 150 min of contact with cefepime.
ECG showed more marked effect on potassium leakage contrasted to
CA. This compound induced a distinct leakage of intracellular potassium
from P. aeruginosa attaining 10.8 + 0.55 ug/mL after 150 min of treatment
with 2 x MIC. CA released moderate amount of potassium ion from the
bacterial cell achieving 6.1 + 0.42 ug/mL at 150 min.

The bacterial cytoplasmic membrane serves as a selective permeable
barrier, allowing only particular ions and molecules to diffuse into and
out of the cell. Compromised cytoplasmic membrane of bacteria will
emancipate intracellular components such as potassium ion which can
be experimentally quantified. Potassium ion is essential for numerous
important cellular functions and the most abundant intracellular
cation presents in bacteria.l'”! The leak of potassium ion gradient is a
consequence of breakdown of the permeability barrier across cell
membrane. Potassium leakage is known to be the first indication of
membrane damage in microorganisms.*!

The bacterial cell membrane is accountable for many vital functions
such as transport, respiration processes, and synthesis of lipids. Any
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Figure 1: Outer membrane permeabilization of Pseudomonas aeruginosa
induced by epicatechin 3-gallate and caffeic acid. Growth inhibition
assay in association with antibiotics erythromycin (a) and rifampin (b).
Antibiotic (m), half minimum inhibitory concentration of epicatechin
3-gallate (7.8 wg/mL) + antibiotic (¢), half minimum inhibitory
concentration of caffeic acid (15.6 wg/mL) + antibiotic (A). Each point
represents the mean values of three experiments (n = 3). No statistically
significant difference was found between data points (P < 0.05)
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Figure 2: Amount of potassium ions (K*) released from Pseudomonas
aeruginosa after being treated with epicatechin 3-gallate and caffeic
acid. (m) Cefepime (31.2 ug/mL), (#) 2 X minimum inhibitory concentration
of epicatechin 3-gallate (31.2 pg/mL), (A) 2 x minimum inhibitory
concentration of caffeic acid (62.6 ng/mL) and (e) untreated cells.
Cefepime works as a positive control. Each point represents the mean
values of three experiments (n = 3). No statistically significant difference
was found between data points (P < 0.05)
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is in agreement with the previous study reported on the mechanism
of antibacterial activity of polyphenols and its function on the plasma
membrane permeabilization of P aeruginosa.”® Phenolic acids are
partially lipophilic in character and able to enter the bacterial cell by
passive diffusion. They are capable to instigate disruption to the cell
membrane structure and generate immense intracellular acidification
in the bacteria.?!) Intracellular acidification alters bacterial membrane
permeabilization and causes severe membrane damages, leading to
cell death. This acidification effect could be the possible potential
mechanism to explain the K* efflux and bactericidal effect observed in
this study. Another previous study also had testified that a flavonoid
known as sophoraflavanone had induced membrane permeability to
cations such as K* thus caused destruction to the cytoplasmic membrane
of bacteria.?? Other authors similarly verified that epigallocatechin
gallate, a flavonoid-induced pore formation on the external monolayer
of the lipid membranes resulting in leakage of the intracellular
components.**! Therefore, it can be hypothesized that the antibacterial
activity of phenolic acid and flavonoid are associated with the affinity for
the lipid layers in the cell membrane. CA and ECG being phenolic acid
and flavonoid certainly had used this mode of action to permeabilize the
cytoplasmic membrane.

Effect of isolated antibacterial compounds on
nucleotide leakage

The impact of isolated antibacterial compounds on cell membrane
integrity can be assessed by measuring the leakages of intracellular
components such as nucleotides from the damaged bacterial cell
membrane. Leaked cellular components which absorb light at 260 nm
primarily represent nucleotide group. The results of total nucleotide
leakage from the cells of P. aeruginosa after being treated with isolated
antibacterial compounds from E. hirta are presented in Figure 3. The
results obtained were referred to two controls, one of untreated cells
signifying intact membrane and the other of cefepime-treated cells
representing permeabilized membrane. According to the results observed
in Figure 3, the treatment with 2 x MIC of ECG and CA had caused
consistent leakage of intracellular nucleotide content with time. Both the
compounds showed substantial release of cellular material (OD value in
the range of 0.181 nm to 0.380 nm at 600 min) compared to untreated
cells. Nevertheless, cefepime exhibited the maximum nucleotide leakage
with OD value of 0.450 nm at 600 min from the P. aeruginosa cells.

The results obtained exhibited that ECG and CA compromised the
integrity of the cytoplasmic membrane. These isolated antibacterial
compounds were capable of eliciting apparent nucleotide leakage
by enhancing cell membrane permeability of P aeruginosa. The
destabilization of bacterial plasma membrane had instigated the outflow
of low molecular weight compounds from the bacterial cells.””! The
results from this study are in accordance with previous works that
reported the capacity of flavonoid and phenolic compounds to induce
alteration to the bacterial cytoplasmic membrane.?*?” This alteration
eventually, led to the loss of membrane permeability thereby leading to
the loss of essential cytoplasmic components such as nucleotides. These
existing changes ultimately directed to the cell death.

CONCLUSION

The findings revealed that ECG and CA targeted both cell wall and
cytoplasmic membrane of P. aeruginosa. These phytocompounds showed
remarkable bactericidal abilities by increasing the outer membrane
and plasma membrane permeability of P. aeruginosa pathogen. The
cellular membrane destruction and ensuing membrane permeability
perturbation of P. aeruginosa had led to the ascending access of
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Figure 3: Nucleotide leakage from Pseudomonas aeruginosa

after being treated with epicatechin 3-gallate and caffeic acid. (m)
cefepime (31.2 pg/mL), (¢) 2 X minimum inhibitory concentration
of epicatechin 3-gallate (31.2 ug/mL), (A) 2 x minimum inhibitory
concentration of caffeic acid (62.6 ug/mL) and (e) untreated cells.
Cefepime works as a positive control. Each point represents the mean
values of three experiments (n = 3). No statistically significant difference
was found between data points (P < 0.05)

hydrophobic antibiotics, rapid release of potassium ions, and leakages of
nucleotides. These antibacterial molecules of clinical value await further
research and development as a new chemotherapeutic agent.
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