He et al. BMC Complementary and Alternative Medicine (2018) 18:261
https://doi.org/10.1186/512906-018-2317-3

BMC Complementary and
Alternative Medicine

RESEARCH ARTICLE Open Access
@CrossMark

Antibacterial mechanism of chelerythrine

isolated from root of Toddalia asiatica

(Linn) Lam

Nan He', Peiging Wang", Pengyu Wang', Changyang Ma'?" and Wenyi Kang'*"

Abstract

medicine and studied its action.

Background: Antimicrobial resistance was one of serious worldwide problems confused many researchers. To solve
this problem, we explored the antibacterial effect of chelerythrine, a natural compound from traditional Chinese

Methods: The contents of chelerythrine from different fractions of Toddalia asiatica (Linn) Lam (T. asiatica) were
determined. The anti-bacterial activities of chelerythrine were tested by disc diffusion method (K-B method). Scanning
electron microscopy (SEM), alkaline phosphatase (AKP), bacterial extracellular protein leakage and SDS-PAGE analysis
were also used to investigate the antibacterial mechanism of chelerythrine.

Results: Analytic results of High Performance Liquid Chromatography showed that the content of chelerythrine (1.
97 mg/q) in the ethyl acetate fraction was the highest, followed by those of methanol fraction and petroleum ether
fraction. The in vitro anti-bacterial mechanisms of chelerythrine from T. asiatica were assessed. Chelerythrine showed
strong antibacterial activities against Gram-positive bacteria, Staphylococcus aureus (SA), Methicillin-resistant S. aureus
(MRSA), and extended spectrum -lactamase S. aureus (ESBLs-SA). The minimum inhibitory concentrations (MICs) of
chelerythrine on three bacteria were all 0.156 mg/mL. Furthermore, results suggested that the primary anti-bacterial
mechanism of chelerythrine may be attributed to its destruction of the channels across the bacterial cell membranes,
causing protein leakage to the outside of the cell, and to its inhibition on protein biosynthesis. Images of scanning
electron microscope revealed severe morphological changes in chelerythrine-treated bacteria except control, damage
of parts of the cell wall and cell membrane as well as the leakage of some substances.

Conclusions: Chelerythrine isolated from root of Toddalia asiatica (Linn) Lam possesses antibacterial activities through
destruction of bacterial cell wall and cell membrance and inhibition of protein biosynthesis.
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Background

With the increasing and widespread use of antibiotics, a
large percentage of microorganisms have developed anti-
microbial resistance, causing economic loss and even
death. Thus, searching new class of effective antimicrobial
agents is essential to cope with the continuous emergence
of multi-drug-resistance of bacteria, especially resistance to
anti-staphylococcal drugs. More and more phytochemicals
derived from plants have been considered as a potential
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source of promising antibacterial agents [1]. Some compo-
nents extracted from natural plants showed inhibitory ef-
fects against Staphylococcus aureus (SA) at low dose.
However, the underlying antimicrobial action mechanisms
of most natural components are currently unknown [2]. It
is quite possible that promising natural compounds can be
discovered as the new antibiotic drugs [3].

T. asiatica, belonging to the family Rutaceae, distrib-
utes in the dry areas full of hedges and bushes [4]. The
root and bark of T. asiatica have been used in traditional
medicine to treat malaria, diarrhea, cholera and cough
[5]. Its leaves have been used to treat lung and skin dis-
eases, and rheumatism [6]. Moreover, the plant also
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possesses antimicrobial, larvicidal, antidiabetic, anti-
oxidant, antinocieptive and anti-inflammatory activ-
ities [7-9]. It has been reported that the root and
duramen of T. asiatica are mainly rich in coumarins, triter-
penoids and alkaloids [10-12]. In our previous research,
we isolated thirteen compounds from the petroleum frac-
tion and the ethyl acetate fraction of roots of T. asiatica
and identified them [13, 14]. These compounds were
screened out based on anti-bacterial activities. Among
them, chelerythrine showed more effective and potent anti-
bacterial activity. Chelerythrine is a kind of benzo [c] phen-
anthridine alkaloids with many pharmacological activities,
such as anti-cancer, anti-bacterial, anti-inflammatory, in-
secticide, anti-fibrosis activities, etc. [15-19]. In past de-
cades, a majority of studies were focused on its anti-cancer
and anti-bacterial activities. It has been suggested by a pre-
vious study that chelerythrine may possess antibacterial
activities and its antibacterial action mechanisms of
chelerythrine against bacterium may be related to its
inhibitory effects on DNA synthesis, proteinase synthe-
sis and membrane permeability of bacterium [20].
However, its exact action mechanisms against bacteria
are currently unclear and need be further elucidated.
Therefore, in this paper, we focused on elucidating its
antibacterial mechanisms by detecting the changes in
cell wall and cell membrane electrical conductivity,
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alkaline phosphatase (AKP), extracellular proteins, elec-
trophoresis protein bands with SEM and TEM.

Methods
Bacterial strains and bacterial culture
Staphylococcus aureus (SA) 25,923 was purchased from
Shanghai Tiancheng Bio-information and Technology Co.,
Ltd., (Shanghai, China). MRSA and ESBLs-SA were pro-
vided by Huaihe Hospital (Kaifeng, Henan, China), and
identified by Vitek-AMS (Automated Microbic System).
The three S. aureuss trains were activated and inocu-
lated into Broth Agar Medium at 37 °C for 24 h in a
thermostat, and then bacterial concentration was diluted
with sterile broth agar to 10° CFU/mL.

Preparation of extracts and drugs

The roots of T. asiatica (200801) were collected from
Guizhou province, China, in September 2008 and identi-
fied by Professor Zhiyou Guo, Qian Nan Normal College
for Nationalities, Guizhou, China. The voucher specimen
was stored at the Institute of Chinese Materia Medica,
Henan University (Kaifeng, Henan, China).

Root powder of T. asiatica (1.3 kg) was extracted three
times with methanol for 7 days each time. Then the ex-
tracts were evaporated and dried under reduced pressure.
The concentrated extract was mixed with silica gel, and
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Table 1 Contents (mg/q) of chelerythrine in different fractions
extracted from roots of T. asiatica

Standard Petroleum Ethyl acetate  Methanol  Methanol
ether fraction  fraction fraction extract
Chelerythrine ND 197 1.19 0.66

ND not detected

eluted successively with petroleum ether, ethyl acetate and
methanol to obtain petroleum ether fraction, ethyl acetate
fraction and methanol fraction, respectively.

Ethyl acetate fraction was loaded to silica gel column
and eluted with CH,Cl,: MeOH (v:v =100:1~ 8:2). Ten
sub-fractions were obtained. After the sixth subfraction
was repeatly subjected to silica gel column and Sephadex
LH-20, chelerythrine (24.5 mg) was obtained. The purity
of chelerythrine was higher than 98%. The NMR data of
chelerythrine were published on China Pharmacist [14].

Analysis of chelerythrine by HPLC

The HPLC analysis was carried out in an Agilent 1260. Agi-
lent TC-C;g column (250 mm x 4.6 mm, 5 pm) with aceto-
nitrile and water containing 0.4% phosphoric acid (30:70)
as mobile phase were used. The column temperature was
set at 30 °C. The detection wavelength was at 258 nm,
the flow rate was 1.0 mL/min and the injection volume
was 10 pL.

Antibacterial activity
Antibacterial activity of chelerythrine was tested by disc
diffusion test. Sample solution was obtained after dis-
solving chelerythrine (50 pg) with DMSO (1 mL). Filter
paper discs of 6 mm diameter were impregnated with
5 pL of sample solution. A disc prepared with corre-
sponding volume of DMSO was used as negative control
and that prepared with berberine was used as the posi-
tive control. The plates were incubated at 37 °C for 24 h.
Antimicrobial activity was evaluated by measuring the
diameter of the inhibition zone (I1Z) [21].

According to the results of IZ method, bacteriostatic ring
was >8 mm, then its minimum inhibitory concentration
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(MIC) was determined in triplicate by the tube doubling
dilution method, and the test sample was serially obtained
a series of concentration. MICs were defined as the lowest
sample concentration that exhibited IZ.

Inhibitory effects on the bacterial cell wall

Chelerythrine at MIC and 3 x MIC were mixed with bac-
terial suspension (5 x 10° CFU). Sterile water was used
as negative control group. All the groups were cultured
in incubator at 37 °C and time sampling method (0 h,
0.17 h, 033 h,05h, 1 h,2h,3h,4h,5h,7h,and 9 h)
was adopted. Then the testing objects were centrifuged
at 3500 rpm for 10 min, the content of AKP in super-
natant was measured by the AKP kit assay with time.

Determination of soluble protein

Coomassie brilliant blue method was used to determine
the concentration of soluble protein in bacterial suspen-
sion treated with chelerythrine (MIC and 3 x MIC) and
the control groups, respectively. After resting for
10 min, OD values of all groups were measured with
spectrophotometer at 595 nm.

SDS-page

The chelerythrine solution at MIC was added to bacter-
ial suspension and the mixed suspension was cultivated
at 37 °C for 24 h. Sterile water was used as negative con-
trol. Mixed solution (12 mL) was sampled at 3, 6 and
9 h, respectively. After the samples were diluted and ad-
justed into the same OD value, the precipitations were
obtained by centrifuge, and then 80 pL of sterile water
and 20 pL of 5x SDS sample buffer precipitation were
added, mixed thoroughly and boiled in a water bath at
100 °C for 5 min, the solution was centrifuged again and
supernatant on standby was collected and used as pro-
tein extracts.

The vertical slab gel electrophoresis made from 8% of
separating gel and 5% of stacking gel was used to separate
proteins. 5 pL of protein maker and 15 pL of each sample
were drawn with micro pipette tips. At first, the voltage

Table 2 Inhibition zones of antimicrobial activity of T. asiatica fractions and Chelerythrine

Samples Concentration(mg/mL) Inhibition zones(mm)
SA MRSA ESBLs-SA

Petroleum ether fraction 50 8.13+£0.18 9.21+0.18 -

Ethyl acetate fraction 50 806+0.13 800+0.18 -

Methanol fraction 50 795+0.28 - -
Chelerythrine 10 19.07£0.19 18.12+£0.14 16.93+0.23
Blank - - -

DMSO - - -

Berberine 25 15.04 £ 031 1589+ 0.24 16.27 £0.19

(=) no activity; Berberine-positive control
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Table 3 MICs of T. asiatica fractions and chelerythrine against
SA, MRSA and ESBLs-SA

Tested bacteria MIC(mg/mL)

Pe Ea Me Che Ber
Staphylococcus aureus 50 50 50 0.156 00312
Methicillin-resistant S.aureus 25 50 NT 0156 00312
Extended spectrum B-lactamases S.aureus NT NT NT 0.156 0.0312

NT not test, Pe Petroleum ether fraction, Ea Ethyl acetate fraction, Me
Methanol fraction, Che Chelerythrine, and Ber Berberine

was set at 60 V and electrophoresis was run, when the
bands of samples passed into separating gel, the voltage
was adjusted to 120 V and electrophoresis was continu-
ously run until the blue ribbons was one or two centime-
ters distant from the bottom edge of the gel. The power
was turned off and rubber blocks were taken out and
stained with Coomassie brilliant blue for 3 h. Thereafter,
the stained rubber blocks were de-stained with destainer
in a shaking table up to appearing clear bands.

Scanning electron microscope (SEM) and transmission
electron microscope (TEM)

Chelerythrine (1 x MIC) was added with bacteria at the
concentration of 10° CFU/mL for a shaking Table (150 r/
min) for 1.5 h and 6 h at 37 °C, respectively. Distilled water
was used as control. The depositions were collected by
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centrifugation and fixed with 2.5% glutaraldehyde at 4 °C
overnight, and washed three times with 0.1 M phosphate
buffer solution (PBS, PH 7.2). The samples were dehy-
drated in a graded series of alcohols (30, 50, 70, 85, 90 and
100%). Tert-butanol was used to replace the ethanol twice
before coating onto the metal foil. Eventually, the cells
were dried by freeze-drying apparatus (ALPHA1-4, Christ,
Germany), and visualized under a scanning electron mi-
croscopy (SEM, JSM-5600LV, JEOL, Japan) and a transmis-
sion electron microscopy (TEM, JEM-2010, JEOL, Japan),
respectively.

Results

Determination of Chelerythrine in T. asiatica

The typical chromatograms were showed in Fig. 1. The
contents of each sample were presented in Table 1. There
content of chelerythrine (1.97 mg/g) in ethyl acetate frac-
tion was the highest among all the samples, while no che-
lerythrine was detected in petroleum ether fraction.

Antibacterial activity in vitro

In Table 2 and Table 3, petroleum ether fraction and
ethyl acetate fraction of roots of T. asiatica inhibited the
S. aureus and the Methicillin-resistant S. aureus at the
same concentration (50 mg/mL). The IZs of chelerythrine
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Fig. 3 Changesinthe soluble protein concentration against SA (a),
MRSA (b) and ESBLs-SA(c)
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(10 mg/mL) against SA, MRSA and ESBLs-SA were 19.07
+0.19 mm, 18.12 + 0.14 mm and 16.93 + 0.23 mm, respect-
ively, and its MICs against three bacteria were 0.156 mg/
mL, 0.156 mg/mL and 0.156 mg/mL, respectively.

Antibacterial mechanisms of chelerythrine

Effects on the cell wall of SA, MRSA and ESBLs-SA

Fig. 2 showed that after chelerythrine was added to bac-
teria, the contents of AKP were increased rapidly and
reached the highest level in 1 h as compared to those of
the control group. There was a positive correlation be-
tween the concentration of chelerythrine and AKP leak-
age, suggesting that chelerythrine can destroy cell wall of
bacteria and lead to the increased AKP leakage for a
short period of time.

Effects on the contents of extracellular proteins of SA, MRSA
and ESBLs-SA

Fig. 3 showed that concentrations of soluble proteins
were increased with increasing the concentrations of
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chelerythrine, demonstrating that chelerythrine may cause
damage to bacteria and lead to exclusion of soluble pro-
teins, which can, in turn, result in offsetting parts of the
proteins consumed by bacteria. The concentrations
reached a maximum for SA at 2 h and for MRSA and
ESBLs-SA at 2.5 h.

Changes in levels of six bacterial proteins reavealed by SDS-
PAGE analysis

In Fig. 44, six bands (a, b, ¢, d, e, and f) in map of SA ex-
hibited more obvious changes.

In Fig. 4b, the g-band (72KDa-95KDa) became shallower
while h-band (43KDa-55KDa), i-band (34KDa-43KDa)
and j-band (34KDa) disappeared at 3 h.

In Fig. 4¢, k-band (72KDa-95KDa), l-band (43KDa-55KDa),
m-band (43KDa-55KDa), n-band (43KDa) and o-band
(34KDa) were becoming shallower or even disappeared
as compared with those of the corresponding control
groups at 3 h, 6 h and 9 h, respectively, suggesting that

-
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chelerythrine inhibits the expression of these proteins
and synthesis of ESBLs-SA.

Ultrastructural changes

The morphology of bacterial cells was examined by
transmission electron microscopy (TEM) (Fig. 5). The
bacteria of control group (Fig. 5a, d and g) displayed
a spherical cell morphology that had a round and
plump form without damaged surface. However, the
external parts of the bacteria treated with chelerythr-
ine adhered floc and a few cells became smaller or
broken.

In Fig. 6, TEM images showed that severe morphological
changes were visualized in these chelerythrine-treated
bacteria but such changes were not seen in control group
(Fig. 6a, d and g), parts of the cell wall and cell membrane
were damaged and some substances were leaked.
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Discussion

The present study showed that chelerythrine exhibited
strong antibacterial effect. Results of HPLC suggested
that chelerythrine in ethyl acetate fraction was highest
and chelerythrine in petroleum ether fraction was lowest
among four samples examined. However, the antibacter-
ial activity of petroleum ether fraction was higher than
that of ethyl acetate fraction, which might be due to the
reason that other constituent of fractions also contribute
to antibacterial functions [22] and the exact reasons
need be further studied.

We valued the integrity of the bacterial cell wall by
measuring contents of AKP. AKP in bacteria mainly ex-
ists between the cell wall and cell membrane of the
bacteria. AKP will be leaked into the extracellular by in-
creasing the permeability of bacterial cell wall. The re-
sults of AKP can reflect the integrity of the bacterial
cell wall indirectly [23, 24]. The results in our study

control (a, d and g)

Fig. 5 SEM images of SA (a, b and c), MRSA (d, e and f) and ESBLs-SA (g, h and i) treated by chelerythrine for 1.5 h (b, e and h), 6 h (c, f, i); and
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500 nm

and control (a, d and g)

Fig. 6 TEM images of SA (a, b and c), MRSA (d, e and f) and ESBLs-SA (g, h and i) treated by chelerythrine for 1.5 h (b, e and h), 6 h (¢, f and i);

showed the permeability of cell walls of three bacterial
strains could be increased by chelerythrine in a short-
period of time.

Effects on cell membrane were also tested by measur-
ing the leakage of intracellular soluble protein and the
electrical conductivity of the bacteria solution [25]. We
observed that chelerythrine imposed certain effects on
the cell membrane of three strains of bacteria. There are
positive correlations between protein leakage of proteins
and chelerythrine concentration. It is suggested that the
permeability of cell membrane of three bacteria was in-
creased. 2.5 h later the bacterial protein concentrations
were decreased gradually. This may be due to the reason
that the effect of chelerythrine is decreased with time
and the remaining bacteria still grow and consume the
soluble proteins in the bacterial fluid. It also may be due
to the reason that bacteria have been infringed and acti-
vated the self-healing mechanism, which directly caused

a reduction of protein leakage. Therefore, the leaked
proteins were not sufficient to offset the consumption of
proteins.

SDS-PAGE electrophoresis bands protein were clearly
changed when bacteria were treated with Chelerythrine
(I1xMIC). In Fig. 4a, the protein bands of treatment
groups were darker than the corresponding bands of con-
trol groups at 3 h because of the self-repairing mechanism
of SA after being treated with chelerythrine and the syn-
thesis of these proteins was accelerated to meet the needs
of self-repairing cells. The six bands became shallower or
even disappeared as compared with the corresponding
bands of the control groups at 6 h and 9 h, which illus-
trated that there was certain suppression on normal me-
tabolism of proteins. In brief, chelerythrine showed the
inhibitory activity on SA by decreasing expression of the
bacterial proteins. In Fig. 4b, the disappeared bands
[h-band (43KDa-55KDa), i-band (34KDa-43KDa) and
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j-band (34KDa)] reappeared at 6 h and 9 h but were thin-
ner than those of the control. Results showed that cheler-
ythrine effectively inhibited the expression of such
proteins in 3 h, the longer the MRSA were treated, the less
effect the chelerythrine caused. On the other hand, the
remaining MRSA continued to grow and the synthesis of
these proteins was increased, indicating that chelerythrine
can hinder protein expression of MRSA.

The morphology of bacterial cells was examined by
transmission electron microscopy and results showed
that parts but not all of cell membrane and cell wall of
bacteria were broken, which this needs further explore.

Conclusions

Chelerythrine is one of the major antibacterial ingredi-
ents in T. asiatica. The results obtained in this paper in-
dicate that chelerythrine may be capable of destroying
the cell wall and membrane of bacterial cells, leading to
the increased membrane permeability, thereby causing
the cellular contents to leak extracellularly. Meanwhile,
chelerythrine could affect and hinder the bacterial pro-
tein expression and synthesis, eventually leading to cell
death. Together, these results provide additional sup-
porting evidence that chelerythrine can be a natural
bactericide.
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