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Lipid Flip-Flop-Inducing Antimicrobial Phytochemicals from
Gymnema sylvestre are Bacterial Membrane Permeability Enhancers
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ABSTRACT: An amphiphilic phytochemical fraction isolated from
methanol extract of Gymmnema sylvestre leaf powder contained six
terpenoids, two flavonoids, and one alkaloid that induced rapid flip-flop
of fluorescent phospholipid analog in the phosphatidyl choline bilayer.
Lipid-flipping activity of the methanol-extracted fraction of G. sylvestre
(MEFGS) was dose-dependent and time-dependent with a rate constant k
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destabilizing activity. MEFGS exhibited antibacterial activity on Escherichia ‘<ZT-ZI_TI°27_/ é@
coli (MTCC-118), Staphylococcus aureus (MTCC-212), and Pseudomonas sl
aeruginosa (MTCC-1035) with ICyy values 0.5, 0.35, and 0.1 mg/mL,
respectively. Phytochemicals in MEFGS increased membrane permeabi-
lization in all three bacteria, as indicated by 23, 17, and 17% increase in the uptake of crystal violet, respectively. MEFGS enhanced
membrane damage, resulting in a 3—S fold increase in leakage of cytosolic ions, 0.5—2 fold increase in leakage of PO,", and 15—20%
increase in loss of cellular proteins. MEFGS synergistically increased the efficacy of curcumin, amoxillin, ampicillin, and cefotaxime
on S. aureus probably by enhancing their permeability into the bacterium. For the first time, our study reveals that phytochemicals
from G. sylvestre enhance the permeability of the bacterial plasma membrane by facilitating flip-flop of membrane lipids. Lipid-
flipping phytochemicals from G. sylvestre can be used as adjuvant therapeutics to enhance the efficacy of antibacterials by increasing
their bioavailability in the target bacteria.

Enhanced efficacy of

antimicrobials Lysis of membrane

1. INTRODUCTION

Increasing resistance of human pathogenic bacteria to existing
antimicrobials is a rapidly growing global health problem that
instigates repeated discovery of more efficient drugs. However,
limiting factors such as low pathogen specificity, high toxicity
toward host cells, insolubility in aqueous body fluid, poor
bioavailability in target pathogen, and multi-drug resistance are
the key bottlenecks of novel drug formulation." In bacteria, two
important multi-drug resistance mechanisms are (i) membrane

limited solubility in aqueous body fluid, those with lower
hydrophobic indices exhibit membrane impermeability, leading
to their poor bioavailability in target pathogens. Hence,
selective purification of amphiphilic phytochemicals with
enhanced membrane permeability and high solubility in
aqueous body fluid are the prerequisites for their efficient
therapeutic applications.’

Gymnema sylvestre (Retz.) R.Br. ex Sm, an ethno-medicinal
plant, widely distributed across Asia, Africa, and Australia is

impermeability and (ii) increased efflux, leading to reduced
drug bioavailability inside the target pathogen.” Hence,
bacterial membrane permeability enhancers and efflux pump
inhibitors are promising new generation drug candidates or
adjuvant therapeutics.” Phytochemicals constitute a natural
resource of structurally diverse compounds that are currently
being proposed as herbal drugs because of their low toxicity
and absence of deleterious side effects.” However, their poor
solubility and low membrane permeability are two major
drawbacks that hinder their drug formulation. While
phytochemicals with higher hydrophobic indices exhibit

© 2021 The Authors. Published by
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WACS Publications

traditionally used as a herbal remedy for type II diabetes.® Its
pharmacologically enriched phytochemical extract exhibits
hypoglycemic, anti-cancer, anti-inflammatory, and antimicro-
bial activities.” Most of its antimicrobial properties originate
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from the triterpenoid saponin “Gymnemic acid” and its
derivatives, 53 different variants of which have been identified.®
Terpenoids and flavonoids of G. sylvestre exhibit significant
variability in their specificity and efficacy, indicating their
differential antimicrobial mechanisms.” Although the mem-
branotropic flavonoids exhibit their cytotoxicity by increasing
rigidity of the bacterial plasma membrane, the mechanism of
terpenoid action on bacteria remains elusive.” Terpenoids from
G. sylvestre interact with the eukaryotic plasma membrane in a
sterol-dependent manner, leading to their lysis.'”'" However,
their mechanism of interactions with the bacterial plasma
membrane that exhibits significantly different lipid composi-
tions needs to be investigated.

Amphiphilic terpenoids and flavonoids are potent membrane
permeability enhancers that enhance the efficiency of anti-
biotics by increasing their bioavailability in target pathogens.'”
A recent investigation showed that antibacterial terpenoids
from G. sylvestre induced rapid flip-flop of fluorescent
phospholipid analogs in large unilamellar vesicles (LUVs)."?
Lipid flip-flop-inducing agents could perturb lipid organization,
leading to their altered packing in the membrane, resulting in
the increased permeability.'* In this study, we identified the
lipid flip-flop-inducing phytochemicals in the G. sylvestre leaf
extract and investigated their effect on the bacterial membrane
permeability.

2. RESULTS AND DISCUSSION

2.1. Purification and Characterization of Phytochem-
icals. Although it is cumbersome to purify a single plant
compound, use of phytochemical fractions containing a group
of compounds is more common because of their similar
solubility, membrane permeability, bioavailability, and activ-
ity."> The sequential Soxhlet extraction of 30 g of G. sylvestre
leaf powder in petroleum ether (polarity index = 0.1),
chloroform (polarity index = 4.1), and ethyl acetate (polarity
index = 4.4) removed most of the hydrophobic phytochemicals
such as fatty acids, alkaloids, hydrophobic terpenes, and oils.
Subsequent extraction of the residue with methanol (polarity
index = S.1)-extracted amphiphilic compounds such as
hydrophilic flavonoids, quinones, terpenoids, tannins, saponin,
and coumarins (Table 1). 30 g of leaf powder yielded ~4 g of
the crude methanol extract (CME) that constituted ~13% (w/
w) of the total dry weight of the leaf. Separation of the CME

Table 1. Phytochemical Screening of the Crude Extract and
MEFGS

CH;0H MEFGS
tests (crude) (purified)
terpenoid (Salkowski test) ++ +
glycoside (Keller Killiani test, Molisch’s test, - -
and conc. H,SO, test)
quinone (conc. H,SO, and conc. HCI) ++ -
carbohydrates (Fehling’s test and Molisch’s - -
test)
tannin (FeCl; test and alkaline regent test) + -
protein (Biuret test and ninhydrin test) - -
saponin (Shinoda test) - +
flavonoid (Jone’s test) + +
coumarin (NaOH test) + -

steroid

alkaloid (Mayer’s test, Wagner’s test, and tannic - -
acid test)

on the Silica-GF254 plate using CHCl;/methanol (1:1 by
volume) produced 4—S$ indistinct spots, possibly, because of
the trailing produced in the presence of acidic compounds
(Figure 1A). Acidification of the CME to pH ~ 1.0 with 2%
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Figure 1. Characterization of the MEFGS (A) TLC showing (a)
crude CH;OH extract (left) and (b) MEFGS fraction (right). “O”
denotes the point of sample application. (B) Fourier transform
infrared (FTIR) spectrum of the MEFGS. Arrows indicate the peaks
identified with their respective wavenumber. (C) High-performance
liquid chromatography (HPLC) chromatogram of MEFGS separated
using mobile phase H,0O/acetonitrile (80:20) in the C-18 column.

(w/v) H,SO, yielded 700 mg of the greenish white precipitate
that was pelleted down at 7000 rpm and 4 °C. This fraction
exhibited solubility in both methanol and HEPES buffer that
was termed as the methanol-extracted fraction of G. sylvestre
(MEFGS). Upon separation on the Silica-GF254 TLC plate
using CHCl;/methanol (1:1 by volume) MEFGS that
constituted 2.3% (w/w) of the total dry weight of G. sylvestre
leaves produced a single spot on the TLC plate.

Purification of a single plant compound is laborious and
time-consuming. Even the commercial gymnemic acid is a
mixture of 18 different analogs, exhibiting a high degree of
homology among themselves making their separation a
cumbersome procedure.'® Hence, use of phytochemical
mixtures that exhibit a defined bioactivity is more common
because of their similar solubility, permeability, and bioavail-
ability."”> Many phytochemicals with higher hydrophobic
indices exhibit elevated in vitro antimicrobial activity. However,
their in vivo therapeutic application becomes limited due to
poor solubility in blood. In contrast, aqueous phytochemicals
that exhibit higher solubility in blood show poor membrane
permeability, resulting in their reduced bioavailability in
pathogens. Hence, amphiphilic phytochemicals with high
solubility in aqueous solvents and enhanced membrane
permeability are more potent herbal therapeutics.'”

Our study revealed that the sequential extraction of
Gymnema leaf powder in the order petroleum ether —
CHCI; — ethyl acetate = methanol — precipitation at pH 1.0
is a more effective purification method for amphiphilic
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phytochemicals from G. sylvestre compared to the single-step
extraction by methanol, as described in many earlier studies."
1 kg of Gymnema leaf powder yielded 23 g of MEFGS which
exhibited >50 mg/mL solubility in aqueous buffer at neutral
pH.
MEEFGS tested positive for the Salkowski test, foam test and
Shinoda test, indicating the presence of terpenoids, saponins,
and flavonoids, respectively (Table 1). The FTIR trans-
mittance spectrum of MEFGS was similar to that of a
terpenoid fraction from G. sylvestre (Retz.) R.Br. ex Sm purified
in an earlier study.'” The prominent peaks at 1749—1716 cm™"
indicate the characteristic ester linkage in terpenoids® (Figure
1B). The broad and prominent peak between 3600 and 3400
cm™" that results from heavily hydrogen bonded —OH groups
with surrounding water molecules is absent from MEFGS.
However, a low intensity broad peak observed at 3700—3600
em™" indicates the presence of low-glycosylated terpenoids
(e.g,, mono-desmosidic triterpene saponins).'” The FTIR peak
at 1641 cm™, which Opresents —C=0 vibration, is observed
for many flavonoids.”® Upon separation in the C-18 column
using H,0/acetonitrile 80:20 (v/v), MEFGS produced a single
chromatogram peak with retention time 10.13 min, indicating
homogeneity of the fraction (Figure 1C).

2.2. Identification of Phytochemicals in MEFGS. Total
nine different bioactive compounds were identified in MEFGS
through a correlation of the molecular ions and the
fragmentation patterns produced in liquid chromatography—
mass spectrometry (LC—MS) analysis. The LC—MS data were
compared with the existing G. sylvestre phytochemicals for
identification (Table 2). Six terpenoids, two flavonoids, and 1
alkaloid were identified in MEFGS (Figure 2A,B).

Four gymnemic acids identified were gymnemic acid I, IV,
VII, and VIII that exhibit high structural homology among
themselves (Figure 2A). The major compounds identified in
MEFGS were gymnemic acid I, (R, = 25.17 min) at m/z = 791
and its other three isoforms: gymnemic acid IV (R, = 25.606
min) at m/z =7 91, gymnemic acid VII (R, = 1.877 min) at m/
z = 713, and gymnemic acid VIII (R, = 28.665 min) at m/z =
1017.5 (Table 2).>'~*° In addition, two more terpenoids found
were the parent compound gymnemagenin (m/z = 492.7) and
gymnemic acid derivative 21-O-tigloyl
(36,165,21,22a),3,16,22,23,28 pentahydroxyolean-12-ene-
21-yl (2E)-2-methylbut-2methylbut-23-enocate (m/z = 565).
All gymnemic acids were monodesmosidic triterpene saponins
with the oleane skeleton and single glycosyl group (glucoronic
acid) at the R, position. However, their biological activities
differ significantly depending upon the })osition of functional
groups and number of acyl chains.”> No higher order
glycosylated (di and tri-desmosidic) forms of gymnemic acid
were observed. The commercial ggmnemic acid is a mixture of
18 different analogs which are difficult to purify. They exhibit
high degree of similarity among themselves, making their
separation a cumbersome procedure.'® Monodesmosidic
saponins exhibit enhanced membranolytic potential compared
to di- and tri-desmosidic due to their stronger membrane
association.”®

Two flavonoids, hypolaetin (R, = 40.328 min) at m/z =
301.5 and aromadendrin (R, = 41.328 min) at m/z = 287.1,
were identified in MEFGS. 8-Hydroxy gymnamine (m/z =
297.2) is the only alkaloid observed in the MEFGS fraction.
Percentage of phytoconstituents in MEFGS ranged from 3 to
29%. Out of nine compounds identified from MEFGS,
gymnemic acid VIII was predominant at 29.5%. Gymnemic
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Table 2. MS Analysis of MEFGS

References

compounds

literature

CyHO,, 7126
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[M + H + 2Na]~

mass
(m/z)
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area
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RT
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21

1.877

1

gymenmic acid VII

[M + 2Na]*
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Figure 2. Identification of phytochemicals in MEFGS by mass
spectrometry. (A) LC—electrospray ionization (ESI)—MS chromato-
gram of the MEFGS showing peaks detected in the positive ionization
mode (B) Phytochemicals identified in MEFGS based on their charge
(z) to mass (m) ratio (m/z). Structures of the compounds were
drawn using ChemDraw.

acid I, gymnemagenin and 21-O-tigloyl
(36,16p,21,22a),3,16,22,23,28 pentahydroxyolean-12-ene-
21-yl(2E)-2-methylbut-2methylbut-23-enoate, acylated oleane
lupane triterpenes were found at 16.71, 13.07, and 12.74%,
respectively. The flavonoids, hypolaetin and aromadendrin,
were found at the concentration of 5.53 and 4.03%,
respectively. The 8-hydroxy gymnamine is a minor component
that constitutes 4.2 % of MEFGS. All nine phytochemicals
identified in MEFGS were amphiphilic with higher solubility in
aqueous buffer that increases their suitability for in vivo
therapeutic applications.

2.3. Lipid-Flipping Activity of MEFGS in LUVs. As
amphiphilic compounds exhibit an increased interaction with
biological membranes, LUVs were used as a model system for
the investigation of their membrane interaction.” Electro-
formation of LUVs on the copper electrode produced
unilamellar, mono-dispersed vesicles of 0.25—2.0 y diameter,
which are large enough to be visualized at 1500 X
magnification and had a vesicle count of ~3600/mL.>” (Figure
3A,B). Unilamellarity of the vesicles was determined by the
calculation of the unilamellarity index (I) that is defined by
the following formula

% of total vesicles
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Figure 3. Preparation and characterization of LUVs. (A) Phase
contrast image of LUVs at 400X magnification. Scale: 5 ym. (B) Size
distribution of LUVs determined by manual counting of 300 vesicles.
(C) Schematic diagram showing flippase assay. Normalized initial
fluorescence (F,) of both control (LUV-C) (—) and MEFGS-treated
LUVs (LUV-P) (...) is ~100% due to fluorescent NBD-PE (indicated
in the dark). Quenching of NBD-PE (indicated in white) by the
membrane impermeable dithionite on the outer leaflet decreases F;, by
(P, + P,), where P; indicates the fluorescence drop caused due to
NBD-fluorescence quenching in the outer leaflet, and P, indicates
additional fluorescence drop caused due to the flipping of the inner
leaflet NBD-PE to the outer membrane leaflet. However, addition of
triton-X-100 at 1 min lyses all LUVs, leading to almost complete
reduction of NBD fluorescence in LUVs. The residual fluorescence
after triton X-100 treatment represents unquenchable fluorescence

(Fy)-

I = fluorescence intensity of NBD-PE in the inner membrane leaflet (E)
=

total quenchable fluorescence (Fy)

X 100

where Fr = Fy — Fy, F; = initial fluorescence, Fy = the residual
unquenchable fluorescence left after the vesicles were treated
with triton X-100. F,, = (F, — Fy) — F,, where F, and F,, are
the NBD fluorescence contributed by the outer and inner
membrane of LUVs, respectively.

An I value of ~(50 + 5) % shows that the NBD-PE is
equally distributed on both inner and outer leaflets of LUVs,
indicating their unilamellar nature (Figure 3C). Induction of
lipid flip-flop by Gymnema terpenoids is one of the proposed
mechanism of their membrano-lytic activity."> Lipid flip-flop
across the lipid bilayer is a slow process due to the unfavorable
energy barrier that a lipid has to overcome when its polar head
group moves through the hydrophobic membrane core.”®
Amphiphilic phytochemicals in MEFGS exhibited lipid flippase
activity across LUV membranes that was measured by %
flipping of NBD-PE from the inner leaflet to the outer leaflet
and subsequently quenched by the dithionite. % NBD-PE
flipped across the LUV membrane increased linearly with
increased doses of MEFGS (Figure 4A). The presence of 100
to 600 ug/mL MEFGS in LUVs that had ~100 pg egg-PC/mL
increased the phospholipid/MEFGS (w/w) ratio from 1:1 to
1:6 that resulted in 25% increase in NBD-PE flipping (Figure
4A). This finding suggests that MEFGS phytochemicals
interact with LUVs, resulting in the perturbation of the lipid
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Figure 4. Flippase activity of MEFGS in LUVs. (A) Dose-dependence
of % NBD-PE flipping in LUVs by MEFGS. LUVs were incubated
with increasing doses of MEFGS at 25 °C for 15 min. (B) % NBD-PE
flipping when LUVs were treated with 75 pg MEFGS and incubated
for increasing time. (C) Interaction of MEFGS with LUVs led to their
distorted morphology, resulting in lysis. Images in the clockwise
direction are untreated control (C) (upper left), LUVs treated with
75 ug MEFGS and incubated for 1 min (upper right), S min (lower
left), and 10 min (lower right).

bilayer that induces flip-flop of NBD-PE across the membrane.
% NBD-PE flipping at an MEFGS/phospholipid (w/w) ratio
2.5 exhibited a sigmoidal relationship with incubation time
(Figure 4B).

NBD-PE flipping increased linearly with the MEFGS
concentration and exhibited a sigmoid relationship with time
that had a saturation rate constant k = (12.09 + 0.94) mg™'
min~'. At egg-PC/MEFGS (w/w) ratio 2.5, the flippase
activity was saturated at ~10 min with ~40% NBD-PE flipping
from the inner leaflet to the outer leaflet. An initial slow rate of
the interaction between MEFGS components with LUVs
increased exponentially with time, resulting in the saturation of
NBD-PE flipping. These results indicate that phytochemicals
in MEFGS cooperatively associate with the LUV lipid bilayer
in a concentration- and time-dependent manner that probably
results in the formation of lipid-flipping complexes (Figure $).
A variety of molecular species that induce defects in the lipid
bilayer could induce lipid flip-flop in the biological
membrane.””*’ Accordingly, proteins (e.g, GPCRs and
scramblases), peptides (e.g, gramicidin), and non-bilayer
forming lipids (e.g., ceramides and oxidized lipids) are
potential flippases.””"*> However, their kinetics and mecha-
nism of action differ significantly depending upon the nature of
the flippase molecule and its membrane association. Saponins

MEFGS Phyto:hent*ucal S ]
Phytochemicals aggregates p-Lop O
lipids
& l“?
1

Lysis of membrane

C

Figure S. Proposed mechanism of membrane association, lipid
flipping, and membrane lysis induced by MEFGS phytochemicals. (A)
Phytochemicals in MEFGS possess multiple polar groups attached to
a rigid planar ring. (B) Upon membrane association, the
phytochemicals possibly form aggregates with their rings stacked
together and polar groups projected outward. The polar functional
groups interact with the polar head group of membrane lipids. (C)
Phytochemical aggregates plausibly induce bilayer defects and form
polar surfaces to facilitate flipping of the polar lipid head group across
the membrane. Lipid flipping might lead to membrane destabilization
and lysis.

partially permeate into biomimmetic membranes beyond their
critical micelle concentrations with the hydrophilic moiety
protruding out of the membrane and hydrophobic tail
penetrating the bilayer.*

Protein flippases such as opsins form hydrophilic surfaces to
facilitate the movement of hydrophilic lipid head groups.**
However, individual phytochemicals are of insufficient
dimension to span the entire membrane bilayer that is required
to form a trans-membrane pathway for membrane lipid flipping
(Figure S). In contrast, the phytochemical aggregates in the
membrane bilayer plausibly provide the hydrophilic surfaces
that facilitate the transbilayer movement of the hydrophilic
lipid head group across the bilayer.'”*°~** Binding of MEFGS
components to LUVs altered their rounded morphology, as
detected by phase contrast microscopy (Figure 4C). The
untreated control LUVs are rounded in shape with smooth
surfaces, whereas treatment with MEFGS at an MEFGS/
phospholipid (w/w) ratio of 2.5 led to the time-dependent
change in vesicle shape, resulting in their irregular morphology.
This result confirms a time-dependent interaction of MEFGS
phytochemicals with the LUVs, leading to their destabilization,
probably resulting in their lysis.

2.4. MEFGS Enhances the Permeability of the
Bacterial Membrane. MEFGS treatment of bacteria
increased their permeability to crystal violet, leakage of
cytosolic phosphates, ions (P < 0.001), and proteins (P <
0.001) (Figure 6). Incubation of Escherichia coli, Staphylococcus
aureus, and Pseudomonas aeruginosa at increasing doses (0.1,
0.2, and 0.4 mg/mL) of MEFGS enhanced the entry of crystal
violet by 23, 17, and 17%, respectively, compared to their
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Figure 6. Increase in membrane permeability of bacteria when treated with increasing doses (mg/mL) of MEFGS for 30 min at 37 °C. (A) %
Uptake of crystal violet when E. coli (gray bars), S. aureus (white bars), and P. aeruginosa (black bars) were treated with increasing doses (0, 0.1, 0.2,
and 0.4 mg/mL) of MEFGS. (B) % increase in PO,>” leakage when E. coli, P. aeruginosa, and S. aureus were treated with increasing doses (0, 0.1,
0.2, and 0.4 mg/mL) of MEFGS. (C) Increase in electrical conductivity of the extracellular medium due to the leakage of cellular ions when E. colj,
P. aeruginosa, and S. aureus were treated with increasing doses (0, 0.1, 0.2, and 0.4 mg/mL) of MEFGS. Dose-dependent (D) and time-dependent
(E) increase in leakage of cellular proteins into the extracellular medium when E. coli (black), P. aeruginosa (white), and S. aureus (gray) were
treated with increasing doses of MEFGS. (F) Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) showing a dose-dependent
increase in the extracellular protein content when the bacteria were treated with increasing doses (0, 0.2, and 0.4 mg/mL) of MEFGS, as indicated

on top of the gel. “M” denotes a molecular-weight marker (Bio-Rad).

untreated controls (Figure 6A) (P < 0.0001). An increase in
crystal violet permeability into bacteria is an indicator of
phytochemical-induced membrane damage.”> Corilagin, a
polyphenolic tannin, enhances the permeability of crystal
violet into E. coli and Candida albicans.*® Essential oil from
Fructus forsythia shows antimicrobial activity against E. coli and
S. aureus by increasing their membrane permeability, as
indicated by 35 and 60% enhanced uptake of crystal violet.””
Our study shows that the flip-flop-inducing amphiphilic
molecules from G. sylvestre are milder membrane permeabiliz-
ing agents compared to essential oils that increases their
therapeutic potential. Leakage of cellular PO, and proteins
due to the increased membrane permeability is one of the
primary mechanisms of phytochemical induced anti-bacterial
activity.38
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Incubation of E. coli, S. aureus, and P. aeruginosa at increasing
doses (0.1, 0.2, and 0.4 mg/mL) of MEFGS proportionately
enhanced the PO,*” content of the extracellular medium up to
50, 117, and 205%, respectively, compared to the untreated
controls (P < 0.001) (Figure 6B). This leaked PO,’” content
represents the sum of organic (e.g., ATP) and inorganic PO,*",
indicating enhanced permeability of bacterial membranes to
phosphates. Leakage of organic phosphates such as ATP, ADP,
AMP and nucleotides into the extracellular medium is a major
contributor of extracellular phosphates. For example, essential
oil from black pepper enhanced ATP release from E. coli by 6—
13 times.”” Relative leakage of PO,>~ was in order P. aeruginosa
> 8. aureus > E. coli, indicating differences in their cytosolic
PO,*>” concentration or differential action of MEFGS
phytochemicals on their membranes due to different
membrane lipid compositions.”” Treatment of bacteria with
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Figure 7. Effect of MEFGS on the efficacy of antimicrobials on S. aureus. Dose—response curves showing growth (ODq) of S. aureus at 37 °C for
18 h when incubated directly with increasing doses of antimicrobials (circle) or after pretreatment with 0.2 mg/mL MEFGS (square): (A)
curcumin, (B) amoxicillin, (C) ampicillin, and (D) cefotaxime. At least three independent sets of data were analyzed using graph pad prism

(version 6).

Table 3. Effect of MEFGS on the Efficacy of Anti-S. aureus Compounds®

ICs
antimicrobial no. MEFGS +0.2 mg/mL MEFGS MEFGS (ug/mL) FICy, of antimicrobial FIC,, of MEFGS FIC;,L effect
curcumin 94.08 pug/mL 34.00 pug/mL 354.87 0.361 0.096 0.457 N
ampicillin 183.70 ng/mL 32.67 ng/mL 354.87 0.178 0.092 0.270 S
amoxillin 28.58 ng/mL 13.79 ng/mL 354.87 0.483 0.039 0.521 P
cefotaxime 124.70 ng/mL 30.51 ng/mL 354.87 0.245 0.086 0.331 N

“Effects of MEFGS on efficacy of antimicrobials in vitro were quantified by determining the fractional inhibitory concentration (FIC) for individual
antimicrobials. The FICy, index (FICgI) was calculated using the following formula: FICsI = FICsIA + FICgIB = [(ICso(a)/ICs (ass)) +
(ICso(a)/ICsp (a+))]- The effect was considered synergistic (S) when FICsI < 0.5 and partially synergistic (P) when FICsl is from 0.5—0.75.

increasing doses (0.1, 0.2, and 0.4 mg/mL) of MEFGS led to a
linear increase in ionic conductivity of the extracellular
medium of E. coli, S. aureus, and P. aeruginosa up to S.0-,
3.5-, and 3.0-fold, respectively, compared to the untreated
controls (P < 0.001) (Figure 6C). Phytochemical-mediated
membrane perturbation is the most accepted mechanism of
their cytosolic ion leakage inducing effects on bacteria. In
addition, inhibition of mechanosensitive ion channels, voltage-
gated K*-ion channels, and dissipation of membrane potential
together contribute to the leakage of cytosolic ions.*' This
finding indicates that the MEFGS phytochemicals increase
ionic permeability of bacterial membranes. The membrane
permeabilizing action of MEFGS on bacteria was further
confirmed by analysis of cytosolic protein leakage into the
extracellular medium. Incubation of E. coli, S. aureus, and P.
aeruginosa with MEFGS led to dose-dependent (P < 0.001)
and time-dependent (P < 0.001) enhancement in leakage of
cytosolic proteins into the extracellular medium (Figure 6D,E).
MEFGS-induced increased leakage of cellular proteins was
detected on 10% SDS-PAGE (Figure 6D). These findings
suggest that the flippase-inducing phytochemicals in MEFGS
disrupt bacterial membranes, leading to the leakage of cytosolic
proteins into the extracellular medium.

35673

2.5. MEFGS Phytochemicals Enhance the Efficacy of
Antimicrobials on S. aureus. MEFGS was bacteriostatic
with a growth inhibitory effect on three common human
pathogens, S. aureus (MTCC-212) (ICy, = 0.35S mg/mL), P.
aeruginosa (MTCC-1035) (ICs, = 0.1 mg/mL), and E. coli
(MTCC-118) (IC4 = 0.5 mg/mL), showing that the MEFGS
phytochemicals exhibit moderate anti-bacterial activity. How-
ever, MEFGS significantly enhanced the efficacy of common
antimicrobials on u probably by increasing their membrane
permeability. (Figure 7). Incubation of S. aureus with
curcumin, amoxillin, ampicillin, or cefotaxime in the presence
of 0.2 mg/mL MEFGS reduced their ICy, values by 3, 2, 6, and
4 fold, respectively (Table 3).

Calculation of FIC exhibited by each antimicrobial showed
synergistic action of MEFGS on curcumin, ampicillin, and
cefotaxime. However, MEFGS exhibited partial synergy with
amoxillin. Bacterial membranes act as barriers that inhibit entry
of antimicrobials to reach their cellular targets. Membrane
permeability enhancers increase the efficacy of antimicrobials
by facilitating their bioavailability inside the microbe.** (Figure
7). The enhanced antimicrobial efficacy could be explained by
their MEFGS-induced increase in permeability into S. aureus.
Similar activity enhancement was observed for aminoglyco-
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sides and f-lactam antibiotic activity when co-treated with
essential oil from Lippia sidoides and thymol.*

Natural outer membrane permeabilizers boost antibiotic
action against irradiation-resistant bacteria.”* Membranotropic
phytochemicals also enhance the antimicrobial efficacy through
inhibition of membrane-localized efflux pumps (e.g, MDR)
that reduces cytosolic accumulation of drugs to the lethal
concentration.” However, activities of MDR and other
membrane-associated resistance factors are dependent upon
the lipid microenvironment that is disrupted by the
phytochemical-membrane interaction that might account for
the observed antimicrobial efficacy. However, further studies
are required to determine any specific interaction of MEFGS
components with membrane proteins.

2.6. Hemolytic Effect of MEFGS. As the phytochemicals
in MEFGS exhibit membranotropic activity on bacteria, we
investigated its hemolytic effect on human erythrocytes.
MEFGS from 0.1 to 0.4 mg/mL exhibited less than 2%
hemolytic activity on human erythrocytes (Figure 8).
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Figure 8. Hemolytic activity of MEFGS. % hemolysis of human
erythrocytes induced by increasing doses of MEFGS. The lysis
induced by 1% Triton X-100 (TX-100) was 100%. TX-100 was used
as a positive control, and PBS was taken as a negative control.

Increasing doses (0.1—0.4 mg/mL) of MEFGS exhibited no
significant (P > 0.05) hemolytic effect on human erythrocytes.
These results indicate that MEFGS components exhibit
membranolytic activity on the bacterial membrane, however,
without any significant Iytic effect on human erythrocytes. The
absence of hemolytic activity of MEFGS components increases
their potential as therapeutic agents for human consumption.
Our study reveals that MEFGS, that is a mixture of
membranotropic terpenoids, flavonoids, and alkaloids, perturbs
bacterial membrane integrity by inducing flip-flop of
membrane lipids. However, the observed activity could have
originated from a single compound or from the combined
action of multiple phytochemicals in MEFGS. Flippase activity
is exhibited by the diverse variety of molecules such as
organelle extracts, proteins, lipids, and phytochemicals."****
In contrast to protein flippases, flip-flop-inducing phytochem-
icals lead to membrane destabilization that could be explored
further for the therapeutic application of these molecules.
However, purification of individual phytochemical constituents
in MEFGS and analysis of their flippase activity will reveal their
specific mechanism of membrane-destabilizing behavior.

3. CONCLUSIONS

In conclusion, our study identified amphiphilic phytochemicals
from the methanol-extracted fraction of G. sylvestre that
exhibited flip-flop of NBD-PE in LUVs. The flippase-inducing
phytochemicals exhibited concentration- and time-dependent

interactions with the lipid bilayer, resulting in membrane
perturbation. Lipid-flipping activity of MEFGS was accom-
panied by enhanced permeability of the bacterial membrane to
crystal violet, ions, phosphates, and proteins. MEFGS
synergistically enhanced the efficacy of antimicrobials against
S. aureus plausibly by increasing their permeability into the
bacterium. The phytochemicals exhibited high solubility in
aqueous medium and negligible hemolytic activity that
potentiates their therapeutic application. For the first time,
our study reveals that the flip-flop-inducing phytochemicals
from G. sylvestre enhance the permeability of bacterial plasma
membranes by facilitating trans-bilayer movement of lipids.

4. MATERIALS AND METHODS

4.1. Chemicals and Microbial Cultures. N-(7-Nitro-
benz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (NBD-PE)
(lyophilized powder) and egg-phosphatidylcholine (egg-PC)
(100 mg/mL in CHCl;) were purchased from Sigma (India).
LB medium and antibiotics were purchased from Himedia,
India. DMSO, KBr, silica GF-254, dithionite, ammonium
molybdate, ascorbic acid, crystal violet, all organic solvents,
ninhydrin reagents, and routine chemicals were purchased
from Merck (India).

4.2, Bacteria and Culture Condition. S. aureus (MTCC-
212), E. coli (MTCC-118), and P. aeruginosa (MTCC-103S)
were obtained from the Microbial Type Culture Collection
(MTCC), Institute of Microbial Technology (IMTECH),
Chandigarh, India. Bacteria were maintained in LB agar
medium and grown in liquid LB at 200 rpm and 25 °C

4.3. Isolation of MEFGS. Healthy leaves of G. sylvestre
(Retz.) RBr. ex Sm were collected from Similipal Biosphere
Reserve and identified at Regional Plant Research Center,
Bhubaneswar, Odisha. The plant was deposited in the
herbarium center with specimen voucher number 8386.
Phytochemical extraction was performed following the method
described earlier.*® Briefly, 30 g of leaf powder was sequentially
extracted at 45 °C in order petroleum ether — CHCI; —
CH;OH, for 35 cycles in each solvent using Soxhlet apparatus.
The CME (~300 mL) was dried in a rotary evaporator
(Bucchi, Japan, model R-300), and 300 mg was dissolved in
100 mL of methanol; pH was adjusted to 1.0 using
concentrated H,SO,. The greenish white precipitate was
collected by centrifugation at 12,000 rpm and 4 °C for 15 min
and washed twice with absolute ethanol. The precipitate was
air dried at 25 °C, dissolved at 10 mg/mL in resuspension
buffer (10 mM HEPES, 100 mM NaCl, pH 7.6), and stored at
4 °C for further analysis. This fraction was termed as MEFGS.
Purity of the fraction was analyzed on silica gel GF254 TLC
plates and HPLC.

4.4, Phytochemical and Spectroscopic Character-
ization. Phytochemical analysis of MEFGS was performed,
as described by Ejikeme.*” Chemical bonds associated with the
functional groups were determined by scanning the trans-
mittance of MEFGS using a FTIR spectrophotometer
(Shimadzu, IR Affinity 1, Japan).*® Briefly, 2 mg of the
purified fraction mixed with KBr at 2:98 (w/w) was prepared
as solid pellets and scanned from 4000 to 400 cm™" at 4 mm/s
and 2 cm resolution. Homogeneity of the MEFGS was
determined by HPLC (Shimadzu, Japan) using the C-18
column in H,0O/acetonitrile (80:20) (v/v).

4.5. LC-MS Analysis. Phytochemical constituents of
MEFGS was determined using a Shimadzu LC—MS 2020
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system equipped with a binary pump (LC-20ADXR).* The
chromatographic separation was performed using an AQUA-
SIL C18 analytical column (150 mm X 3 mm X 3 pm particle
size) using methanol/formic acid at a ratio 99.7:0.3 as the
mobile phase with a flow rate of 0.1 mL/min. The photodiode
array detector was set at 350 nm for acquiring chromatograms.
The injection volume was 20 yL, and peaks were monitored at
250 nm. The LC was interfaced with a Q-TOF mass
spectrometer fitted with an ESI source for the determination
of mass spectra. Mass spectra were recorded in the positive
jonization mode for the mass/charge (m/z) ratio range 50—
1500. The temperature of drying gas (N,) was 400 °C at a gas
flow rate of 12 mL/min and nebulizing gas (N,) pressure of 40
psi. The specific negative ionization modes (m/z [M—H]")
were used to analyze the compounds. The mass fragmentations
were identified using spectrum database for organic com-
pounds.

4.6. Determination of Antimicrobial Activity. Anti-
microbial activity of MEFGS was evaluated by determining its
ICs, values on S. aureus (MTCC-212), E. coli (MTCC-118),
and P. aeruginosa (MTCC-1035).%” Briefly, 10° colony forming
units of bacteria from fresh seed were added to each well.
MEFGS was added at the final concentrations 10, 5, 1, 0.5, 0.1,
and 0.01 mg/mL, and growth of bacteria was monitored for a
period of 24 h at 37 °C. Bacterial growth was determined by
measuring their ODgy, using a UV—visible spectrophotometer
(JENWAY 6850). The normalized ODygy, of bacteria was fitted
against log;[ concentration] of MEFGS using graph-pad Prism
(Version 6) to determine their ICy, values. The ICs, was
defined as the concentration of MEFGS required for 50%
growth inhibition.

4.7. Preparation and Characterization of LUVs. LUVs
were prepared following the electroformation method."’
Briefly, a mixture of 0.1 mg (~130 nmol) egg-PC and 1.5
mol % NBD-PE in CHCl; was deposited on a copper electrode
of the electroformation chamber and dried under a stream of
nitrogen so as to remove any trace of CHCl;. The chamber
was filled with low salt solution (LSS) (10 mM KCI and 100
mM sucrose), and LUVs were formed by passing alternating
current of 10 Hz and 1.5 V for 2 h at 25 °C using a
transformer. The LUVs were detached from the electrode by
changing the frequency of AC current to 5 V for 30 min. LUVs
were characterized by phase contrast imaging using a Nikon
inverted microscope (Eclipse Ti—U, Japan) at 1000X
magnification, and their mean diameter was determined
using NIS-Element software package (version 64 bit) provided
by Nikon. Unilamellarity of LUVs was determined by
calculating the unilamellarity index (I;) defined as Iy = (F,/
Fr)x100, where F; and Fp represent fluorescence signals
emanating from the NBD-PE localized to the inner leaflet and
total quenchable fluorescence in LUVs, respectively.

4.8. Lipid Flip-Flop Assay. MEFGS-induced lipid flip-flop
was quantitated by measuring the flipping of fluorescent
phospholipid analog NBD-PE in LUV membranes.”> A
schematic diagram of the lipid flip-flop assay is given in Figure
3C. Briefly, LUVs (~10 nmol PO,) were incubated at
increasing doses of MEFGS at 25 °C in 300 pL low salt
buffer. The stabilized initial fluorescence (F,) was recorded
using an Agillent JASCO FP-6500 spectrofluorimeter (Japan)
(refer to Figure 3C). At 1 min, 10 uL of 1 M sodium dithionite
in freshly prepared 1 M Tris-base (pH = 10.5) was added, and
the fluorescence signal was monitored for 2 min to quench the
dithionite-accessible NBD fluorescence (P; + P,) in intact

LUVs, where P, is the fluorescence drop in untreated controls
and P, is the additional fluorescence drop in MEFGS-treated
LUVs. This additional fluorescence drop (P,) is due to the
MEFGS-induced flipping of NBD-PE from the inner leaflet of
LUVs to the outer leaflet, which is measured using the formula

A = ([(B + P)yergs] = [(B + B)contol])/Fr X 100

where A is the flippase activity induced by MEFGS and Fp =
total quenchable fluorescence in the sample. Fr is determined
by adding 20 uL 1% (w/v) Triton-X-100 at 3 min to lyse the
LUVs that resulted in quenching of the residual NBD
fluorescence emanating from the inner leaflet. Fr = F, — Fy,
where F, and Fy represent the initial fluorescence and Fy =
residual fluorescence of LUVs after triton X-100 treatment.

4.9. Bacterial Membrane Permeability Assay. Mem-
brane permeability in bacteria was quantitated by crystal violet
permeability and leakage of cytosolic ions, phosphates, and
proteins. Crystal violet uptake assay was performed following
an earlier protocol.’’ Briefly, 1.6 X 107 bacterial cells were
mixed with increasing doses of MEFGS in 0.2 mL of
resuspension buffer (10 mM Tris—HCI, pH 7.6) and incubated
at 37 °C for 30 min. Cells were collected at 10,000 rpm for S
min at 25 °C, washed in resuspension buffer, and incubated
with 10 pg/mL crystal violet in same buffer for 10 min at 37
°C. Percentage crystal violet absorbed by the bacteria was
calculated from Agyy of the supernatant. Release of the total
cytosolic ion was quantitated by measuring electrical
conductivity of the supernatant.”” Briefly, 8 x 10" cells were
added with increasing doses of MEFGS in 1 mL of
resuspension buffer and incubated at 37 °C for 30 min. The
supernatant was collected by centrifugation at 10,000 rpm for §
min at 25 °C, and its ionic conductivity was measured using a
Systronics M371 conductivity meter. For phosphate estima-
tion, 100 uL of the supernatant was incubated with 400 uL
perchloric acid at 200 °C for 2 h to release the bound PO,.
Total released PO, was then added with 2.5% (w/v)
ammonium molybdate in the presence of 5% (w/v) ascorbic
acid and incubated at 100 °C. The PO, content was
quantitated from the KH,PO, standard curve by measuring
the absorbance of the blue colored ammonium phosphomo-
lybdate complex at 797 nm.>’ Dose-dependent and time-
dependent leakage of cytosolic proteins were quantitated using
the Lowry method and detected on SDS-PAGE.>* For dose-
dependent assay, 8 X 107 bacteria were treated with increasing
doses (0, 0.2, and 0.4 mg/mL) of MEFGS in 0.2 mL of PBS.
However, for time-dependent assay, the cells were treated with
0.4 mg/mL MEFGS in 0.2 mL of PBS for increasing (0, 30,
and 60 min) time. The bacteria-free supernatant from each
sample was precipitated with 100% (w/v) TCA, and the pellet
was collected by centrifugation at 12,000 rpm for 30 min at 4
°C. The precipitate was resuspended in 20 yL of PBS. Protein
estimation was performed the by Lowry method and
qualitatively analyzed on 10% SDS-PAGE.

4.10. Hemolysis Assay. Hemolytic activity of MEFGS was
determined by spectrophotometric assay.”® Briefly, 5 mL of
blood was drawn from a healthy individual and centrifuged at
3000 rpm for 3 min. Pellet containing erythrocytes were
washed three times with sterile PBS (pH 7.2) and re-
suspended with 20 packed cell volumes of 0.5% normal saline.
0.19 mL of resuspended erythrocytes was added with 10 uL of
MEFGS in PBS at the final concentrations 0, 50, 100, 150, 200
pug/mL and incubated at 37 °C for 30 min. The supernatant
was collected at 3000 rpm for 10 min at 25 °C, and relative
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hemolytic activity induced by MEFGS was calculated by
measuring its absorbance at 540 nm using a UV-—visible
spectrophotometer (JENWAY 6850). PBS and triton X-100
were used as negative and positive controls, respectively. The
study protocol was in compliance with the Helsinki
Declaration.

4.11. Effect of MEFGS on the Efficacy of Antimicro-
bials on S. aureus. The effect of MEFGS on anti-S. aureus
activities of curcumin, amoxillin, ampicillin, and cefotaxime was
determined by measuring their half maximal inhibitory
concentration (ICs,) in 96-well plates.’® Briefly, 10° CFU of
S. aureus was inoculated in 0.2 mL of LB containing increasing
doses of the above antimicrobials in the presence or absence of
0.2 mg/mL MEFGS. The cells were incubated for 18 h at 37
°C. To determine the anti-S. aureus effect of MEFGS alone,
cells were grown in the presence of 0.2 mg/mL MEFGS under
same culture condition in the absence of antimicrobials.
Bacteria were collected by centrifugation at 10,000 rpm for S
min at 25 °C, washed in distilled water to remove traces of LB,
and resuspended in 3 mL of distilled water. Bacterial growth
was determined by measuring their ODyy, using a UV—visible
spectrophotometer (JENWAY 6850). The normalized ODgy,
of S. aureus was fitted against log o[concentration] for each
antimicrobial activity using graph-pad Prism (Version 6) to
determine their ICs, values.

4.12. Statistical Analysis. All experiments were performed
at least three times (N > 3). Data are presented as mean + SD.
All statistical testing were performed using one-way analysis of
variance for multiple comparison analyses, whereas Student’s ¢
test was employed for direct comparison between two data sets
using graph pad prism (version 6). Data sets were considered
to be statistically significant when P < 0.5.
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