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Abstract

Background: Helicobacter pylori (H. pylori) infection has become an international public health problem, and anti-
biotic-based triple or quadruple therapy is currently the mainstay of treatment. However, the effectiveness of these
therapies decreases due to resistance to multiple commonly used antibiotics. Sanguisorba officinalis L. (S. officinalis),
a traditional Chinese medicine clinically used for hemostasis and treatment of diarrhea, has various pharmacologi-
cal activities. In this study, in vitro antimicrobial activity was used for the preliminary evaluation of S. officinalis against
H. pylori. And a pharmacology analysis approach was also utilized to elucidate its underlying mechanisms against H.
pylori infection.

Methods: Micro-broth dilution method, agar dilution method, checkerboard assay, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were used for the assessment of anti-bacterial activity. Active
ingredients screening, GO analysis, KEGG analysis, construction of PPI network, molecular docking, and RT-gPCR were
used to elucidate the underlying pharmacological mechanisms of S. officinalis against H. pylori infection.

Results: The minimum inhibitory concentration (MIC) values of S. officinalis against multiple H. pylori strains includ-
ing clinically isolated multi-drug resistant (MDR) strains were ranging from 160 to 320 ug/ml. These results showed
that S. officinalis had additive interaction with four commonly used antibiotics and could exert antibacterial effect by
changing the morphology of bacteria without developing drug resistance. Through network pharmacology analy-
sis, 8 active ingredients in S. officinalis were screened out for subsequent studies. Among 222 putative targets of S.
officinalis, 49 targets were identified as potential targets for treatment of H. pylori infection. And these 49 targets were
significantly enriched in GO processes such as protein kinase B signaling, protein kinase activity, protein kinase bind-
ing, and KEGG pathways such as Pathways in cancer, MicroRNAs in cancer, and TNF signaling pathway. Protein-protein
interaction analysis yielded 5 core targets (AKT1, VEGFA, EGFR, SRC, CCND1), which were validated by molecular dock-
ing and RT-gPCR.

Conclusions: Overall, this study confirmed the in vitro inhibitory activity of S. officinalis against H. pylori and explored
the possible pharmacological mechanisms, laying the foundation for further research and clinical application.
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Background

Helicobacter pylori (H. pylori) is a heliciform, fusiform,
or short rod-shaped gram-negative bacterium that
specifically colonizes the human stomach and infects
approximately half of the world’s population [1, 2]. It
has been demonstrated to be associated with various
diseases such as gastritis, gastric ulcer, mucosa-associ-
ated lymphoid tissue lymphoma, and gastric cancer [3]
and has been categorized as a Class I carcinogen by the
World Health Organization (WHO) as early as 1994.
The current treatment for the eradication of H. pylori
infection is antibiotic-based therapy, including stand-
ard triple therapy, a combination of a proton pump
inhibitor plus two broad-spectrum antibiotics, and
quadruple therapy, which is a bismuth agent combined
with the former[3, 4]. The effectiveness of this antibi-
otic therapy has been recognized for decades, but in
recent years, its effectiveness has diminished, especially
for the standard triple therapy with clarithromycin as
the core drug because bacterial resistance has increased
[3]. A meta-analysis of H. pylori antibiotic resistance
rates announced that primary and secondary resist-
ance rates to clarithromycin, metronidazole, and levo-
floxacin exceeded 15% in 65 countries and this could
also directly led to a reduction in the efficacy of stand-
ard triple therapy [5]. In 2017, WHO listed 12 bacteria
that threaten human health the greatest, among which
clarithromycin-resistant H. pylori was considered to be
one of the high priorities [6]. Therefore, there is a great
need to develop new antibiotics or to find better meth-
ods from complementary and alternative therapies, for
the treatment of H. pylori infection. Sanguisorba offici-
nalis L. (S. officinalis) is one of the promising thera-
peutic herbs that we have screened from traditional
Chinese medicine.

S. officinalis, known as Zi-Yu in Korea, Di-Yu in
China, and burnet in Western countries [7], has already
been established as an herbal plant with medicinal
usage for a long time. S. officinalis is often used to stop
bleeding and treat diarrhea in traditional uses [8]. Stud-
ies have proved that S. officinalis has a variety of phar-
macological activities involving anti-inflammatory and
anti-oxidant [9-12], anti-tumor [13, 14], anti-viral [15]
and anti-bacterial [12, 16—18], etc. In terms of anti-
bacterial activity, S. officinalis showed inhibitory effect
toward several bacteria such as Bacillus subtilis [16],
Vibrio vulnificus [17], Methicillin-resistant Staphylo-
coccus aureus [18], and S. officinalis could significantly

inhibit the growth of sensitive or resistant bacterial
strains. However, there are few studies on S. offici-
nalis against H. pylori, especially the resistant H. pylori
strains. As a chronic infectious disease, H. pylori infec-
tion could result in the immune evasion, inflammatory
response, oxidative damage, and abnormal regulation
of multiple signaling pathways [19]. It has different
treatment strategies from other diseases. The primary
treatment strategy tries to inhibit or kill the bacte-
ria and the complementary treatment strategy tries to
relieve symptoms [20, 21]. Therefore, it is meaningful
to study the anti-bacterial activity and pharmacological
effects of S. officinalis on H. pylori infection.

For reasons of the foregoing, this study aimed to
provide a preliminary assessment of the antimicrobial
activity of S. officinalis against multiple strains of H.
pylori, including standard strains and clinical multid-
rug-resistant (MDR) strains. Then the approach of net-
work pharmacology was utilized to analyze the possible
pharmacological mechanisms of S. officinalis on H.
pylori infection, including possible target proteins and
signaling pathways. This study could accelerate follow-
up research and clinical use of S. officinalis as an alter-
native or complementary therapy for the treatment of
H. pylori infection.

Methods

Chemicals and reagents

Columbia agar base, brain heart infusion (BHI), Muel-
ler-Hinton (MH) agar were obtained from Oxiod Ltd.
(Basingstoke, Hants, UK). Sterile defibrinated sheep
blood was procured from Hongquan Biotechnology
Co., Ltd. (Guangzhou, Guangdong, China). Fetal bovine
serum (FBS), Roswell Park Memorial Institute (RPMI)
1640 were obtained from Gibco-Life Technologies
LLC. (Rockville, MD, USA). Clarithromycin and met-
ronidazole were purchased from Sigma-Aldrich LLC.
(St. Louis, MO, USA). Amoxicillin and levofloxacin
were obtained from Target Molecule Corp. (Boston,
MA, USA). Folin-Ciocalteu’s reagent was purchased
from Solarbio Co., Ltd. (Beijing, China). The powder
of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide (MTT) was purchased from MP Bio-
medicals LLC. (Solon, Ohio, USA). TRIzol reagent was
purchased from Life Technologies LLC. (Carlsbad, CA,
USA). PrimeSCript”™ RT reagent kit with gDNA Eraser
and SYBR® Premix Ex Taq"" II (Tli RNaseH Plus) were
purchased from Takara Bio Inc (Kusatsu, Shiga, Japan).
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Preparation and total phenolic content assay of aqueous
extract of S. officinalis

The medicine materials of S. officinalis were acquired
from Qingyuan Hospital of traditional Chinese Medi-
cine (Guangzhou, China) and authenticated by Weix-
ing Zhu, chief pharmacist at Qingyuan Hospital of
traditional Chinese Medicine. A specimen was depos-
ited (voucher name 20,181,127). Aqueous extract of S.
officinalis was extracted as previously described [13]. In
detail, the dried root of S. officinalis was crushed and
immersed in hot water (80-90 °C) for about 1 h. This
extraction process was repeated 3 times, and the super-
natant was collected and concentrated using vacuum
rotary evaporation apparatus (EYELA, N-1300). Then,
the concentrate was freeze-dried to obtain an aque-
ous extract of S. officinalis. The dried extract was kept
at —20 °C until use. The total phenolic content of the
extract was determined according to Folin-Ciocal-
teu’s method [22]. Briefly, 10 ul of the extract, 230 pl
of ultrapure water, and 15 pl Folin-Ciocalteu’s reagent
(1 M) were mixed at room temperature for 3 min. Then,
45 pl of 35% sodium carbonate solution was added and
left to rest for 1 h at room temperature protected from
light. The absorbance was read at 765 nm in a micro-
plate reader (SynergyHT, Biotek). Gallic acid was used
for quantification and the results were expressed in
terms of Gallic acid equivalent (mg GAE/g extracts).
All measurements were performed in triplicate for each
sample.

Helicobacterpylori strains and growth condition

Helicobacter pylori strain ATCC 43,504 was purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA), ATCC 700,392 was gifted by profes-
sor Hongkai Bi (Nanjing Medical University, China),
ICDC11101 was granted by professor Ping Huang
(Guangzhou University of Chinese Medicine, China),
LQ2# was granted by Bolaote Biotechnology (Shenzhen,
China), SS1 and CSO1 were granted by professor Jing
Liu (University of Shanghai for Science and Technology,
China). QYZ-001, QYZ-002 and QYZ-003 were obtained
from Qingyuan Hospital of Traditional Chinese Medi-
cine (Guangzhou, China). All strains used in this study
were authenticated by the providers and the purity of the
strain was ensured by regular morphological observation,
gram staining, and biochemical reaction, and were stored
at — 80 °C in 65 % BHI/ 25 % glycerol/ 10 % FBS (v/v/v). In
this research, H. pylori strains were cultured in Colum-
bia agar base supplemented with 5% sheep blood at 37 °C
in a tri-gas incubator (ESCO, Singapore) containing 10 %
CO,, 5% O,, and 85% N, for 48 to 72 h. For liquid pro-
liferation, strains were inoculated in BHI supplemented
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with 10% FBS, vibrated at 150 rpm, under the same air
environment as described above.

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) assay

Micro-broth dilution method is the most common
method of MIC measurement. At the same time, agar
dilution method is recommended by the Clinical and
Laboratory Standards Institute (NCCLS, Table 2 J),
which is special for the measurement of H. pylori’s MIC
value. Thus, MIC was determined by micro-broth dilu-
tion method and agar dilution method simultaneously in
this study. As for micro-broth dilution method, twofold
serial dilutions of the test compounds were prepared in
a 96-well microtiter plate, 50 ul per well. A 2-day-old H.
pylori solid culture was harvested in BHI with 20% FBS
and inoculated into 96-well microtiter plate, 50 pl per
well, to give a final concentration of 1x10® CFU/ml. The
plates were incubated for 3 days in a microaerophilic
atmosphere at 37 °C with continuous shaking at 150 rpm.
After incubation, the plates were examined visually, and
the MIC was determined to be the lowest concentra-
tion which resulted in no turbidity. For quality control,
the antibiotic clarithromycin was also tested with each
batch of S. officinalis. Meanwhile, negative control that
S. officinalis dissolved in blank medium without micro-
organisms and growth control that without any test com-
pounds were also needed. As for agar dilution method, a
100 pl H. pylori standard suspension (2.0 McFarland) was
inoculated and flooded on the S. officinalis-containing
or water-containing (control) MH agar plate. After 72 h,
the MIC was determined as the lowest concentration
at which no strain growth could be observed by visual
examination. The above experiments were repeated three
times.

The minimum bactericidal concentration (MBC) was
determined through broth dilution method. In brief,
After MIC values’ measurement, 100 pl solution that
contains 2, 4, 8 times the MIC concentration S. offici-
nalis were removed from the 96-well microtiter plate and
cultured in Columbia agar base supplemented with 5%
sheep blood, 37 °C, microaerophilic atmosphere, 3 days.
MBC value was defined as a 99.9% decrease in viability
compared with the untreated control. This experiment
was repeated twice.

Inhibiting kinetics and killing kinetics assay

Inhibiting kinetics curves of S. officinalis were measured
by exposing H. pylori to sub-bacteriostatic and bacte-
riostatic concentration of S. officinalis (0.25 to 1 times
the MIC). In brief, H. pylori 43,504 and 700,392 were
exposed to water (control) and 0.25, 0.5, 1 times the MIC
concentration S. officinalis in BHI broth containing 10 %
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FBS. Shaking at 150 rpm in the tri-gas incubator. Then,
at 0, 8, 12, 24, 28, 32, 36, 48 h, 100 pl of each sample was
pipetted for absorbance measurement at 600nm. This
experiment was repeated three times.

Killing kinetics curves of S. officinalis were measured
by exposing H. pylori to high concentrations of S. offici-
nalis (2, 4, 8 times the MIC). In brief, H. pylori 43,504 and
700,392 were inoculated in BHI broth supplemented with
10% FBS. After treatment with water (control) or vari-
ous concentrations of S. officinalis for 0, 12, 24, 36, 48,
60, 72 h, 50 pl of each sample was removed for a series of
10-fold dilutions. Then, 100 pl dilutions were plated on
solid agar for 3 days to form single colonies. The colonies
were counted, and results were expressed as the number
of Log (CFU/ml).

Combination with antibiotics

The activity of S. officinalis combined with antibiotics was
evaluated by published assay method [23, 24] with mild
modification. Six serial, two-fold dilutions of S. officinalis
and 4 antibiotics (clarithromycin, metronidazole, amoxi-
cillin, and levofloxacin) were prepared to determine the
combinatory effects between S. officinalis and antibi-
otics. In a 96-well plate, each well contained 30 pl of S.
officinalis and 30 pl of antibiotic inoculated with 60 pl
of bacterial suspension to make a final concentration
of approximately 1x10® CFU/ml. The plates were then
incubated at 37 °C, in a microaerophilic environment,
with shaking at 150 rpm for 3 days. This experiment was
repeated at least three times.

Drug resistance study

The drug resistance study was performed as detailed
by Yangiang Huang et al. [25] with minor modification.
Briefly, according to micro-broth dilution method to
determine the MIC value. After 3 days incubation, took
out the 96-well plate, pipetted 100 pl dilutions from
sub-inhibitory concentration drug wells, and spread on
Columbia agar base supplemented with 5% sheep blood,
cultured for 2 days. Then the 2-day-old H. pylori solid
cultures were harvested and used for the next MIC value
determination. Therefore, every cycle of the drug resist-
ance study consists of sub-inhibitory incubation for 3
days (the MIC value was obtained simultaneously) and
bacterial proliferation for 2 days. This procedure was
repeated for up to 9 cycles (45 days) and MICs of every
cycle during continued exposure were determined.

Assay of S. officinalis effect on H. pylori ultrastructure

The effects of S. officinalis on H. pylori ultrastructure
were assessed using scanning electron microscope (SEM)
and transmission electron microscopy (TEM). H. pylori,
43,504 was re-suspended in BHI supplemented with 10%
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FBS and treated with or without S. officinalis at the con-
centration of 2 MIC or 4 MIC for 12 h. The bacteria were
obtained by centrifugation at 6000 rpm for 3 min. Then,
samples were washed twice with PBS and then fixed
with 2.5% glutaraldehyde overnight at 4 °C. For SEM,
the specimens were dehydrated through a graduated
ethanol series, and then lyophilized, fixed. Finally, after
metal spraying, observed using a SU8020 scanning elec-
tron microscope (HITACH]I, Japan). For TEM, the speci-
mens were fixed with 1% osmium tetroxide, dehydrated
through a graduated ethanol series, and then embedded
in Epon 812. Ultraslices with a thickness of 50 to 70 nm
were obtained and then subsequently examined using a
JEM-1200 EX transmission electron microscope (JEOL
Ltd., Japan).

Network pharmacological analysis

Ingredients screening and putative targets prediction of S.
officinalis

The chemical ingredients of S. officinalis were collected
from the Traditional Chinese Medicine Systems Phar-
macology Database (TCMSP, http://Isp.nwu.edu.cn/
tcmsp.php) and kinds of literature [7, 8]. The bioactive
compounds were selected according to following cri-
terions: Oral bioavailability (OB)>30%, drug-likeness
(DL)>0.18 [26]. Then, the SDF structure files of selected
bioactive compounds were acquired from the PubChem
Compound Database (https://www.ncbi.nlm.nih.gov/
pccompound). Finally, the Swiss Target Prediction Data-
base (http://www.swisstargetprediction.ch/) was used to
obtain putative targets [27].

Helicobacter pylori infection targets screening

GeneCards  database  (https://www.genecards.org/),
OMIM database (https://www.omim.org/), and Dis-
GeNET database (http://www.disgenet.org/) [27] were
searched to identify targets related to Helicobacter pylori
infection by the name of the disease or corresponding
disease number.

Identification of the potential targets of S. officinalis
against H. pylori infection and construction

of the drug-disease-target network

The common targets between S. officinalis and Heli-
cobacter pylori infection were considered as potential
therapeutic targets of S. officinalis against H. pylori infec-
tion. Cytoscape3.7.2 software was used to construct the
“drug- disease-target” network, with nodes representing
drugs, active components, and potential targets against
H .pylori infection. Edge is used to connect the drug to
components or components to targets.
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Gene ontology and pathway enrichment analyses

for potential targets

The potential target genes were uploaded to Metascape
[28], and the selection of species was “Homo sapiens”
for GO function analysis of Molecular function (MF),
Biological Process (BP), Cellular component (CC), and
KEGG pathway enrichment analysis, respectively. The
online platform (http://www.bioinformatics.com.cn) and
ggplot 2 package of R 3.6.2 software were used for data
analysis and visualization.

Construction of protein-protein interaction (PPI) network
of S. officinalis against H. pylori infection

Taking the String database (https://string-db.org/) [27]
as the background network database, the potential tar-
gets of S. officinalis against H. pylori infection were
uploaded. And selecting the “Homo sapiens” as study
species, obtained the target protein-protein interaction
and saved it as a TSV format file. Imported TSV file into
Cytoscape3.7.2 software to make a network diagram and
calculated the Degree value (connectivity). Adjusted the
size and color of the nodes to present the interaction
between the targets in a more intuitive way.

Screening of the core targets and molecular docking
simulation verification

The top 5 targets with degree value were core targets and
used for next molecular docking simulation verification.
Downloading the 3D structure SDF files of every com-
pound from the PubChem database (https://www.ncbi.
nlm.nih.gov/pccompound) and using Chem3D 18.1 soft-
ware for conformational optimization and saved as PDB
files. The crystal structure PDB file of every target protein
was downloaded from the PDB website (http://wwwl.
rcsb.org/), and DS Visualizer 2016 software was used
to extract the ligand structure and target protein. The
removal of water molecules, hydrogenation, and charge
was implemented by Auto Dock Tools (ADT 1.5.6).
AutoDock 4.2.6 software was used for molecular dock-
ing research. The size and center of the grid had been
determined according to the position of amino acid resi-
dues that interact with the ligand. The spacing between
grid points was the default value of 0.375 A. As described
above, a docking activity pocket was formed to output
the docking results by Lamarckian genetic algorithm.
Cluster analysis tool was used to select the optimal dock-
ing model for analysis, and DS Visualizer 2016 software
was used for visual analysis of docking results [29, 30].

Cell culture and cytotoxicity test

Gastric adenocarcinoma cells (AGS) were kindly pro-
vided by Professor Xiaolei Zhang (Sun Yat-sen Uni-
versity, China). The cells were cultured in RPMI 1640
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supplemented with 10% FBS at 37 °C, in a 5% CO2
humidified incubator and were passaged when they
spread to more than 80% of the bottom of the culture
bottle. In the cytotoxicity test, AGS cells were plated in
96-well plates at a concentration of 6000 cells/well for
24 h. Then cells were treated with a culture medium sup-
plemented with different concentrations of S. officinalis.
After 24 h, the powder of MTT was added to evaluate the
viability of cells. The absorbance was measured at 570 nm
and ICg, values were calculated by the software.

Total RNA extraction and RT-qPCR

AGS cells (6-well plate, 4 x 10° cells per well) were
infected by H. pylori at a bacterium/cell ratio of 100:1
and treated with or without S. officinalis for 10 h, 24 h,
48 h. After treatment, total RNAs from cell samples were
extracted. Each sample was first lysed by 0.5 ml Trizol
reagent (Invitrogen, USA), and then 100 ul chloroform
was added followed by a one-minute vortex. Collected
the 200 pl supernatants after 10 minutes of centrifuga-
tion at 4 °C, 12 000 rpm and mixed with the equal vol-
ume isopropanol followed by 10 minutes centrifugation.
Discarded the supernatants and added 1 ml pre-cooling
75% ethanol to wash the precipitation, which was then
dissolved in 20 pl DEPC water. Their concentrations were
measured by NANODROP 2000 Spectrophotometer
(Thermo scientific) at 260/280 nm. Subsequently, lug
total RNA was used to synthesize the complementary
DNA (cDNA) based on the manufacturer’s instructions
of PrimeScript’" RT reagent Kit. The primers sequences
used were: GAPDH, forward, 5-CAAGGCTGTGGG
CAAGGTCATC-3; and reverse, 5-GTGTCGCTGTTG
AAGTCAGAGGAG-3; VEGFA, forward, 5-ATCGAG
TACATCTTCAAGCCAT -3, and reverse, 5- GTG
AGGTTTGATCCGCATAATC—-3; CCNDI, forward,
5- GTCCTACTTCAAATGTGTGCAG-3; and reverse,
5- GGGATGGTCTCCTTCATCTTAG-3.

Statistics analysis

Results were expressed as meantstandard error (SD) and
analyzed using SPSS 21.0 and GraphPad 8.0.1 software.
For statistical analysis, one-way ANOVA approach was
performed based on Kruskal-Wallis test, which was fol-
lowed by post-hoc test. P<0.05 demonstrated a statisti-
cally significant difference.

Results

Total phenolic content assay of aqueous extracts of S.
officinalis

In our previous HPLC analysis, ellagic acid, (+)-cat-
echin, and Gallic acid were representative polyphenolic
components in S. officinalis [13]. In this study, total phe-
nolic content (TPC) of three batches of aqueous extracts
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of S. officinalis were measured. The results showed that
extraction rates of aqueous extracts of S. officinalis were
between 21.6%~22.1% and total phenolic contents
were between 366.40 ~402.83 (mg GAE/g extracts) or
80.97 ~87.01 (mg GAE/g herbs), which were listed in
Table 1.

MIC and MBC

The anti-bacterial activities of S. officinalis against multi-
ple H. pylori strains were evaluated by determining their
MICs and MBCs. The MICs of S. officinalis against three
standard H. pylori strains (No.1l to No.3) and six clini-
cal isolated strains (No.4 to No.9) were 160 to 320 pg/
ml (Table 2). Importantly, similar results were obtained
by using two different methods (agar dilution method
and micro-broth dilution method). MBCs of S. officinalis
against multiple H. pylori stains were 320 to 640 pg/ml
and the ratios of MBC/MIC were 2 to 4, which indicated
S. officinalis was not only bacteriostatic but also bacteri-
cide. In conclusion, the results ascertained that S. offici-
nalis could inhibit a variety of clinically isolated H. pylori
strains regardless of antibiotic resistance.

Inhibiting kinetics and killing kinetics
As shown in Fig. 1, time- and dose-dependent manners
were observed in inhibiting and killing kinetics in two
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standard H. pylori strains (ATCC43504 and 700,392). S.
officinalis inhibited H. pylori 43,504 strain growth at a
concentration of 40 pg/ml (1/4 MIC) but 80 pg/ml (1/2
MIC) for H. pylori 700,392. And S. officinalis killed bacte-
ria at 640 to 1280 ug/ml (4 MIC to 8 MIC), which meant
a 1000-fold reduction of the number of bacteria com-
pared with the initial inoculation.

Combination with antibiotics

Table 3 exhibit the interactions of S. officinalis with four
antibiotics, which are the most commonly used antibiotic
for the treatment of H. pylori infection. Although S. offic-
inalis had no synergistic effect with any antibiotic used
in this study, S. officinalis show addictive effects. These
results indicated that S. officinalis could be used in com-
bination with the four antibiotics without antagonistic
effect.

Drug resistance study

Resistance to antibiotics is the major cause of clinical fail-
ure to eradicate H. pylori [3]. Therefore, it is necessary to
evaluate the possibility of drug resistance occurring in S.
officinalis. After continuous serial passaging in the pres-
ence of sub-inhibiting concentrations of S. officinalis over
45 days, no obvious development of drug resistance of S.
officinalis was observed (Fig. 2). On the contrary, bacteria

Table 1 Total phenolic content (TPC) in the aqueous extracts of S. officinalis

Batch number Extraction rate (%) TPC (mg GAE/g extracts) TPC (mg GAE/g herbs)

20,191,106 216 402.83+10.24 87.0142.21

20,200,109 237 375.5346.21 89.00£1.47

20,200,112 221 366.40+14.78 80.97+3.27

Average value 22.5+1.1 402.83+6.50 85.664+0.90

GAE gallic acid equivalent

Table 2 MIC and MBC of S. officinalis against multiple H. pylori strains

No. Strains Drug sensitivity ® MIC ® MIC “(ug/ml) MBC (ug/ml) MBC/MIC
(ug/ml)

1 ATCC43504 RIMTZ) 160 160 640 4

2 ATCC700392 S 160 160 640 4

3 SS1 S 160 160 640 4

4 CSO1 R(CLR) 320 320 640 2

5 LQ2# R(CLR, AMO, LEF) 320 320 640 2

6 ICDC11101 R(MET, LEF) 160 80 640 2

7 QYZ-001 RIMTZ) 320 / 640 2

8 QYZ-003 R(CLR, MTZ, LEF) 160 / 320 2

9 QYZ-004 R(CLR, MTZ, LEF, AMO) 160 / 320 2

2 Sdrug sensitive, R drug resistant, CLR clarithromycin, MTZ metronidazole, LEF levofloxacin, AMO amoxicin. The breakpoint values of drug resistance were determined
according to EUCAST 2019 (European Committee on Antimicrobial Susceptibility Testing). Presults of using micro-broth dilution method; ‘results of agar dilution

method
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Fig. 1 Inhibiting kinetic curves and killing kinetic curves. a Inhibiting kinetic curve of S. officinalis against H. pylori 43,504 strain; b Inhibiting
kinetic curve of S. officinalis against H. pylori 700,392 strain. Data represent medians = standard deviation of the results from three independent
experiments. ¢ Killing kinetic curve of S. officinalis against H. pylori 43,504 strain; d Killing kinetic curve of S. officinalis against H. pylori 700,392 strain.
The dotted line represents a 1,000-fold reduction in the number of bacteria compared to the initial inoculation

Table 3 MICs of S. officinalis used alone and in combination with four antibiotics

Antibiotics Strains MIC (ug/ml) FICl @ Interaction ®
S.officinalis Antibiotic S. officinalis 4+ Antibiotic

CLR SS1 160 0.016 160+ 0.001/104+0.016 1.0625 Additive
LQ2# 320 6.4 160+ 1.6/10+6.4 0.75/1.031 Additive

LEF SS1 160 16 160+ 0.05 1.0625 Additive
700,392 160 0.8 160+ 0.05/10+0.8 1.0625 Additive

MTZ SS1 160 16 804038 1.0 Additive
700,392 160 16 160+0.1/104+ 1.6 1.0625 Additive
LQ2# 320 6.4 160+3.2 1.0 additive

AMO SS1 160 04 160+ 0.025/10+ 0.4 1.0625 Additive
700,392 160 0.1 1604-0.006 1.0625 Additive
LQ2# 320 32 160+ 1.6 1.0 Additive

2 Fractional inhibitory concentration index, FICI = (MIC of S. officinalis in combination/MIC of S. officinalis alone + MIC of Antibiotic in combination/MIC of Antibiotic
alone). PInteraction between S. officinalis and every antibiotic was defined according to the following principle: FICI < 0.5, synergistic; 0.5 < FIC| < 4, additive; FICI > 4,

antagonistic

exposed to metronidazole had rapidly developed drug
resistance, with MIC increasing almost 64-fold (Fig. 2).

Effect of S. officinalis on H. pylori morphology

and ultrastructure

The effects of S. officinalis on H. pylori ultrastructure
were further investigated via scanning electron micro-
scope (SEM) and transmission electron microscopy

(TEM). In the SEM images, after S. officinalis treatment,
the surface of the cells crumpled in a dose-dependent
manner (Fig. 3a-c). Besides, there occurred significant
cell membrane damage at the concentration of 4 MIC
(Fig. 3c). In the TEM images, treatment of S. officinalis
induced separation between the cell wall and inner
membrane, bleb formation in a dose-dependent manner
(Fig. 3d-f). Besides, there also appeared cell wall damage
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Fig. 2 Development of resistance to S. officinalis and metronidazole
(MTZ) in 700,392. The fold change is the normalized ratio of the MIC
obtained for a continuous subculture of sub-inhibitory concentration
exposure to that MIC obtained for first-time exposure

accompanied by leakage of cytoplasmic contents and
bacterial lysis at the concentration of 4 MIC (Fig. 3f).
Combination of the results of SEM and TEM demon-
strated that S. officinalis could alter the morphology of
H. pylori, especially the membrane, which may causing
alternations of osmotic pressure and thus bleb formation
and cell lysis [31].

Network pharmacological analysis

Ingredients screening and putative targets prediction of S.
officinalis

After ADME screening referring to the following criteria
of OB>30% and DL >0.18, 11 compounds were selected,
but alexandrine_qt (MOL005399) and daucostero_qt
(MOL005869) were excluded because of disability to
trace to PubChem CID, finally 9 candidate compounds
were collected (Table 4). And 222 putative targets, cor-
responding to every component, were obtained after fil-
tering with probability >0 and removing repeats, except
for (+)-catechin which didn’t match any putative targets
using the Swiss Target Prediction Database.

Screening of H. pylori infection targets

Using “Helicobacter pylori infection” as a retrieval key-
word, 468 disease targets were obtained through once
median value filter of Relevance Score in GeneCards
database. Searching with the same keywords, 108 targets
were obtained in OMIM database. Inputting the “Name:
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Infection caused by Helicobacter pylori and UMLS CUL
C0850666” in the website of DisGeNET database, 278
targets were retrieved according to the rule of Score_
gda>0.05. Totally, 854 targets were obtained from the
above three databases. After removing the repeated tar-
gets, 596 targets were finally collected and then used in
the next step.

Identification of the potential targets of S. officinalis
against H. pylori infection and the construction

of drug-disease-target network

To identify the potential targets of S. officinalis against H.
pylori infection, 222 targets of S. officinalis were mapped
to 596 H. pylori infection targets. Then the common tar-
gets were screened and 49 targets were collected as the
potential targets of S. officinalis against H. pylori infection
(Fig. 4a). According to the above results, a drug-disease-
target network was constructed, which was comprised of
59 nodes (1 S. officinalis nodes, 8 compound nodes, 1 H.
pylori infection node, and 49 target nodes) and 220 edges
(Fig. 4b). Among all of these compound nodes, 3, 7, 8-Tri-
O-methylellagic acid connected with all 49 potential tar-
gets, beta-sitosterol connected with 42 potential targets,
methyl-6-O-galloyl-B-D-glucopyranoside connected
with 42 targets. In addition, ellagic acid, kaempferol,
and Marin connected with fewer targets, 32, 24, and 22
targets respectively. However, quercetin only connected
with 9 targets. See Additional file 1 for more information
about the corresponding targets of each active ingredi-
ents (Additional file 1, Table S1).

GO and KEGG pathway enrichment analyses for potential
targets

After obtaining the 49 potential targets, GO and KEGG
pathway enrichment analyses were executed to illumi-
nate the underlying mechanism of S. officinalis against H.
pylori infection. The GO analysis demonstrated that the
potential targets were mainly related to the protein kinase
B signaling, positive regulation of transferase activity,
peptidyl-serine phosphorylation, epithelial cell migra-
tion, and cellular response to reactive oxygen species in
Biological Process (BP), membrane raft, and basal plasma
membrane in Cellular Component (CC), protein kinase
activity, protein kinase binding, and protein phosphatase

(See figure on next page.)

Fig. 3 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images. a-¢ Morphological images of H. pylori cells on
SEM after exposure to water, 2 MIC S. officinalis, and 4 MIC S. officinalis for 12 h. Each result is shown at three different scales. These results indicate
that treatment of S. officinalis can result in cell shrinkage and cell wall damage in a dose-dependent manner. d-f Morphological images of H. pylori
cells on TEM after exposure to water, 2 MIC S. officinalis, and 4 MIC S. officinalis for 12 h. Each result is shown at three different scales. Red arrows
indicate separation between the cell wall and inner membrane, bleb formation, cell wall damage, and cell lysis. There only existed mild cellular
damage at the concentration of 2 MIC S. officinalis, mainly separation between the cell wall and inner membrane and bleb formation. There appear
significant cell wall damages and cell lysis at the concentration of 4 MIC S. officinalis
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Table 4 Active ingredients of S. officinalis
No Active ingredients PubChem CID Molecular formula MW OB (%) DL Structure
1 Mairin 64,971 C50Hus05 456.7 55.38 0.78 {
1 oo
2 Beta-sitosterol 222,284 CyoHs500 414.7 3691 0.75
g x A
JUF
3 Kaempferol 5,280,863 Ci5H100s 28624 4188 0.24
4 Methyl-2,3,6-tri-O-galloyl-B-p-glucopyranoside 78,407,221 CogHyOsg 650.5 4495 0.67 9
¢
P
[l
oo
1
‘(\""
5 3,7,8-Tri-O-methylellagic acid 5,281,860 Ci7H1,04 3443 37.54 0.57
6 Methyl-6-O-galloyl-B-p-glucopyranoside 78,385,296 CisH1040 346.29 4485 0.29
7 Quercetin 5,280,343 CisHi005 302.23 4643 0.28 T
| L
? i
e
8 Ellagic acid 5,281,855 C,4HsOg 30219 4306 043 ;
e
I ]
I o
"l
9 (+)-Catechin 9064 Ci5H1404 290.27 54.83 0.24
0 N

binding in Molecular Function (MF) (Fig. 4c). The KEGG
pathway enrichment analyses displayed that the potential
targets were significantly enriched in Pathways in can-
cer, MicroRNAs in cancer, TNF signaling pathway, and
Epithelial cell signaling in Helicobacter pylori infection,
etc. (Fig. 4d). Under the clustering term of pathways in
cancer, 49 potential target genes were also significantly
enriched in the signaling pathways of gastric cancer,
PI3K-Akt signaling pathway, VEGF signaling pathway,
and MAPK signaling pathway (Log P value < —10, Addi-
tional file 1: Table S3).

Protein-protein interaction (PPI) network assay and core
targets screening

PPI network was established in the string database to
explore the interactions among 49 common targets.
The network included 49 nodes, 413 edges, and 16.9
for the average node degree value (Fig. 4a). Every node
corresponds to a protein of a target gene. Edges repre-
sent protein-protein associations, which are meant to
be specific and meaningful, i.e. proteins jointly contrib-
ute to a shared function, but this does not necessarily
mean they are physically binding each other. The degree
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value represents the connectivity of the target. The top
5 targets with degree value were core targets containing
AKT1, VEGFA, EGFR, SRC, and CCND1. The specific
target information was exhibited in Table 5.

Molecular docking simulation verification

Among the 5 core target genes, the active pockets of
AKT1, EGFR and SRC could be derived from their crys-
tal structures containing small-molecule ligands. The
binding capacity of the corresponding components in S.
officinalis can be predicted using molecular docking, and
the small molecule ligands in the original protein crys-
tal structure can be used as a positive control to infer
the binding capacity of S. officinalis’ components to the
target proteins. The RMSDs (root-mean-square devia-
tion) of AKT1, EGFR, and SRC after docking with their
original ligands were 0.52 A, 0.43 A, and 0.77 A, respec-
tively. Less than 2A, indicated that the docking method
used in this study can reproduce the binding mode of
the original ligands and proteins, and the docking results

Table 5 Core targets of S. officinalis against H. pylori infection
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were reliable. The detailed docking information was
listed in Table 6, the binding energy values of the active
ingredients in S. officinalis with the three core target pro-
teins ranged from —5.27 to —9.49 kcal/mol. Previous
studies had proved that a binding energy < —5.0 kcal/
mol implies a feasible binding capacity between the
ligand and the receptor [32]. Compared with the origi-
nal ligands, 3, 7, 8-Tri-O-methylellagic acid, Mairin,
kaempferol, and quercetin had similar binding abilities
to the target protein (binding €Nergy ,ctive ingredients — ligand
< 1 kcal/mol). And beta-sitosterol combined with EGFR
protein, ellagic acid combined with SRC protein possibly
had better binding activity (binding energy e ingredients —
ligand =—1.69 keal/mol and —1.06 kcal/mol, respectively).
The information on the spatial location of molecular
docking was displayed in Fig. 5, which showed that active
ingredients form active cavities at the same position as
the target protein pro-ligand, and the closer the active
cavity shape and size, the closer the binding energy.
Taken together, these docking results supported that the

Uniprot ID Gene Protein Degree value
P31749 AKT1 RAC-alpha serine/threonine-protein kinase 36
P15692 VEGFA Vascular endothelial growth factor A 36
P00533 EGFR Epidermal growth factor receptor 34
P12931 SRC Proto-oncogene tyrosine-protein kinase Src 33
p24385 CCND1 G1/S-specific cyclin-D1 32

Table 6 Molecular docking information of the active ingredients and the core targets

NO. Gene ID Protein ID Active ingredients® PubChem CID Binding energy®  Binding energy ,.ive

(kcal/mol) ingredients — ligand (KCal/
mol)

1 AKT1 3096 AKT1_ligand - —11.85 -

2 AKT1 3096 3,7,8-Tri-O-methylellagic acid 5,281,860 — 8.09 3.66

3 EGFR 4WKQ EGFR_ligand - —7.88 -

4 EGFR 4WKQ Beta-sitosterol 222,284 — 949 — 169

5 EGFR 4WKQ 3,7,8-Tri-O-methylellagic acid 5,281,860 —7.06 0.82

6 SRC 4MXO SRC_ligand - — 749 -

7 SRC 4MXO Mairin 64,971 —7.00 049

8 SRC 4MXO Beta-sitosterol 222,284 — 8385 1.36

9 SRC 4AMXO Kaempferol 5,280,863 —6.78 0.71

10 SRC 4MXO Methyl-2,3,6-tri-O-galloyl-3-p-glucopyranoside 78,407,221 —527 222

1 SRC AMXO 3,7,8-Tri-O-methylellagic acid 5,281,860 —6.16 133

12 SRC 4MXO Methyl-6-O-galloyl-B-p-glucopyranoside 78,385,296 —572 1.77

13 SRC 4MXO Quercetin 5,280,343 —7.18 031

14 SRC 4MXO Ellagic acid 5,281,855 — 855 —1.06

2 The protein analysis method is X-RAY DIFFRACTION; °In this column, “ligand” refers to a small molecule compound bound in the crystal structure of the original
protein, usually as an inhibitor or activator of the protein; “The value of Binding energy is generally negative, the lower the value, the more stable the complex formed

by the small molecule ligand and the protein
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Fig. 5 Molecular docking results of three core targets with active ingredients of S. Officinalis. Active ingredients are represented by the
ball-and-stick model, the secondary structure of the protein was represented by ribbon. The blue areas represent active pocket of the proteins. The
serial numbers in the figure represent those in Table 6
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Fig. 6 Cell viability (%) of AGS after 24 h treatment with S. officinalis
aqueous extracts. ICs, half-inhibitory concentration
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active ingredients of S. Officinalis have a potential bind-
ing activity to core targets related to H. pylori infection,
which provided a rationale for the clinical use of S. offici-
nalis in the treatment of H. pylori infection.

Cytotoxicity and gene expression analysis

As represented in Fig. 6, the half-inhibitory concentra-
tion (ICs,) of S. officinalis on AGS cells was 141.6 pg/
mL, which was close to the MIC value, and the cell sur-
vival rate was about 100 % at 80 pug/mL, so 80 pug/mL was
chosen for further study. RT-qPCR had been applied to
investigate the impact of S. officinalis on VEGFA and
CCND1 genes because these two core target proteins
containing small molecule ligands could not be found in
the PDB database. Compared with the control group, H.
pylori significantly up-regulated the expression of VEGFA
gene and CCNDI gene in AGS cells, while the up-regula-
tion of VEGFA was weakened with time (Fig. 7a) and the
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Fig. 7 Gene expression of the core target genes VEGFA and CCDNT under different conditions. Including the control group without any treatment,
the group treated with S. officinalis alone (80 pg/ml), the group treated with H. pylori alone, and the group treated with both S. officinalis and H.
pylori, were examined for 10 h, 24 and 48 h treatment times. *P <0.05, **P <0.01, ***P <0.001, vs. control group; # P <0.05, ## P <0.01, #i## P <0.001,

(S. officinalis 4+ H. pylori) group vs. H. pylori group
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up-regulation of CCNDI was stronger at 48 h (Fig. 7b).
The aqueous extracts of S. officinalis significantly down-
regulated the up-regulations of VEGFA gene and CCNDI
gene caused by H. pylori stimulation at 10 h, 24 h, and
48 h, and the down-regulation effects were most signifi-
cant at 48 h (Fig. 7).

Discussion

Studies had confirmed that the polyphenols of S. offici-
nalis are its main antibacterial active ingredients [12,
16], and other botanical studies also approved that poly-
phenols do have antibacterial effects [33]. Therefore, we
measured the content of total polyphenols to ensure the
stability and repeatability of subsequent experiments.
The total polyphenol content measured in our article
was about 402.83+6.50 mg GAE/g extracts, which was
slightly higher than that reported [12].

In the study of antibacterial activity, we found that S.
officinalis had similar inhibitory effects on several stand-
ard and resistant strains of bacteria. MIC values (100 %
inhibition of bacterial growth) ranged from 160 pg/ml to
320 pg/ml, with MBC/MIC values of 2 or 4. In the fol-
lowing inhibiting kinetics and killing kinetics studies, we
found that S. officinalis could exert a certain degree of
bacterial inhibition at 40 or 80 pg/ml, but its bactericidal
effect required at least 48 h of action. Although anti-
microbial drugs of plant origin were less effective than
classical antibiotics of microbial origin, they were still
able to fight against infections in many cases [34]. The
crude plant extract might be clinically relevant when the
IC;, (half effective concentration of inhibition) was below
100 pg/ml [35], which suggested the potential of S. offici-
nalis for the clinical treatment of H. pylori.

Then the checkerboard dilution method was used
to study the interaction between S. officinalis and four
commonly used antibiotics. Although the S. officinalis
is addictive to all four antibiotics, that is, no interaction,
this does not mean that the interaction between S. offici-
nalis and the four antibiotics is completely unrelated.
This so-called no interaction is a conservative expression,
in order to avoid exaggerating the drug effect [36]. This
method may overlook some subtle interactions between
two drugs because of the large errors associated with the
two-fold dilution method for measuring interactions, the
lack of continuity in judging turbidity, and non-linear
drug inhibition of bacteria. Subsequent corroboration
might be possible using accurate models such as Bliss
independence and Loewe additivity derived from mecha-
nistic multi-hit models [37], in which continuous evalua-
tion metrics will be used while fitting the data with better
discriminatory power for those more subtle interactions.

For morphological observations, 4 MIC (MBC) con-
centration of S. officinalis extracts significantly altered
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the cell morphology of H. pylori and interfered with
the integrity of the cell membrane. Previous study had
revealed that polyphenol extracts of S. officinalis alter the
cell membrane properties of Bacillus subtilis, increase
cell membrane permeability and change the composition
of phospholipid fatty acids of cell membrane [16], and
similar effects on the cell membrane had been found in
other plant extracts [38, 39]. In the drug resistance study,
S. officinalis displayed no significant change in MIC
value compared to the antibiotic metronidazole, which
increased the MIC value by 64-fold after 45 days. This
might be the result of the multi-targeted action of mul-
tiple components in the plant extract, which provided a
therapeutic idea that could be less likely to generate drug
resistance. To further investigate the pharmacological
mechanism of S. officinalis on H. pylori infection, a net-
work pharmacology analysis was conducted. In the pre-
sent study, 9 compounds in S. officinalis were screened by
ADME criteria, of which Mairin, beta-sitosterol, kaemp-
ferol, methyl-2,3,6-tri-O-galloyl-beta-D-glucopyranoside,
3,7,8- Tri-O-methylellagic acid, methyl-6-O-galloyl-beta-
D-glucopyranoside, quercetin, and ellagic acid were 8
compounds that shared common targets with H. pylori
infection. Mairin was a phytogenic antineoplastic agent,
which was also named Betulinic acid, besides anti-tumor,
it also had anti-HIV, antimalarial, anti-inflammatory
pharmacological activity [40]. Its anti-tumor activity was
related to the regulation of protein kinase B/Akt signal-
ing pathway [41] and targeted mitochondria to promote
apoptosis [42]. Beta-sitosterol was a bioactive phytos-
terol that was naturally presented in plant cell mem-
branes with chemical structure similar to the mammalian
cell-derived cholesterol. Many scientific reports recog-
nized that it possessed immunomodulatory [43], anti-
microbial [44], anticancer [45], anti-inflammatory [46].
Kaempferol and quercetin were both widely distributed
bioflavonoids. The anti-inflammatory effect of kaemp-
ferol had been demonstrated in several in vivo/in vitro
assays [47]. It had been confirmed that kaempferol could
reduce the expression of cytokines such as IL-8, TNF-a,
and IL-1PB in H. pylori induced AGS cells by inhibiting
the translocation of the H. pylori virulence protein CagA
[48]. Quercetin could protect against gastric inflamma-
tion and apoptosis associated with H. pylori infection by
affecting the levels of p38MAPK, BCL-2, and BAX [49].
Ellagic acid was one of the most common structural units
among the polyphenolic components of S. officinalis. 1t
was found that ellagic acid had inhibitory effect on sev-
eral H. pylori strains, and the minimum inhibitory con-
centration was 5 to 30 pg/ml in vitro experiments, and in
vivo experiments could effectively reduce the gastric load
of H. pylori infected mice and repair the gastric mucosal
damage caused by H. pylori infection [50]. However,
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methyl-2, 3, 6-tri-O-galloyl-beta-D-glucopyranoside,
3, 7 ,8- Tri-O-methylellagic acid and methyl-6-O-gal-
loyl-beta-D-glucopyranoside have few literatures about
their pharmacological activities. Overall, in the case of H.
pylori infection, the 8 active ingredients in S. officinalis
have multiple pharmacological activities, and in addition
to their antibacterial effects, they also have various phar-
macological activities such as anti-inflammatory, immu-
nomodulatory, and anti-tumor, which may have more
potential in the alleviation of disease symptoms than
antibiotic therapy.

According to the GO analysis, potential targets for S.
officinalis against H. pylori infection involved in mul-
tiple GO processes, including positive regulation of
transferase activity, epithelial cell migration and cellular
response to reactive oxygen species in Biological Process,
membrane raft, and basal plasma membrane in Cellular
Component, protein kinase activity, protein kinase bind-
ing, and protein phosphatase binding in Molecular Func-
tion. CagA, a key virulence protein encoded and secreted
by H. pylori Cag-Pathogenicity Island (Cag PAI), was
injected into target cells via the H. pylori-specific type IV
secretion system (T4SS) and was subsequently phospho-
rylated by Src family kinases and bind to Src homology
2 phosphatase (SHP2) to form a complex in AGS cells,
which activated several signaling pathways [51], such as
Ras-ERK MAP kinases, Wnt-[3-signaling, YAP signaling
pathway, and PI3/Akt signaling pathway, etc. [52] This
process involved several biological processes dominated
by phosphatases and transferases as well as molecular
functions such as protein kinase activity, protein kinase
binding, and protein phosphatase binding, and the reac-
tions occurred at multiple locations such as the cell mem-
brane and cytoplasm. This correlated with the results
obtained from GO analysis in this study, suggesting that
S. officinalis active ingredients might have an impact on
these processes. In addition, H. pylori had been sure to
stimulate the generation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) by host gastric epi-
thelial cells and inflammatory cells (e.g., neutrophils)
[53], and the associated oxidative stress and DNA dam-
age to the key tumor suppressor genes such as p53 had
been linked to the pathogenesis of H. pylori-associated
gastric carcinogenesis [54].

The KEGG pathways analysis suggested that potential
targets of S. officinalis against H. pylori infection signifi-
cantly enriched in the pathways of Pathways in cancer,
MicroRNAs in cancer, TNF signaling pathway, and Epi-
thelial cell signaling in Helicobacter pylori infection, etc.
At least 90% of non-cardia gastric cancers are associated
with H. pylori infection, and H. pylori was classified as a
group I carcinogen for gastric cancer by the International
Agency for Research on Cancer (IARC). Previous studies
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also attested that S. officinalis had anti-cancer effects
against a variety of cancers [7, 8], and the results of the
present KEGG pathway enrichment analysis indicated
that the cancer pathway was also the main pathway of
action of S. officinalis against H. pylori infection. A study
illuminated that among the H. pylori-positive mucosa,
17 out of 29 miRNAs had significant correlations with
at least one of the four pro-inflammatory cytokines in
expression, which included IL-1f, IL-6, IL-8, and tumor
necrosis factor-alpha (TNF-«) and it also underscored
the causal association between miRNAs and pro-inflam-
matory cytokines might provide insights into the patho-
genesis of H. pylori-associated gastritis linking to gastric
carcinogenesis [55]. Tumor necrosis factor (TNF), as
a critical cytokine, can induce a wide range of intracel-
lular signal pathways including apoptosis and cell sur-
vival as well as inflammation and immunity. Studies had
proved that H. pylori infection promoted the expression
of TNF-a and the development of cancers caused by H.
pylori infection [56, 57].

Through PPI network analysis, 5 core targets includ-
ing AKT1, VEGFA, EGFR, SRC, CCNDI1 for S. Officinalis
against H. pylori infection were screened out. AKT1 is
one of 3 closely related serine/threonine-protein kinases
(AKT1, AKT2 and AKT3) called the AKT kinase, and
which regulate many processes including metabolism,
proliferation, cell survival, growth, and angiogenesis.
Studies had pinpointed that H. pylori promotes gastric
epithelial cell survival through the PLK1/PI3K/Akt path-
way and participate in early tumorigenesis [58]. VEGFA,
vascular endothelial growth factor A is a key regulator
of inflammatory and tumor-associated angiogenesis. H.
pylori could stimulate host VEGFA gene expression via
MEK/ERK-dependent activation of Sp1 and Sp3 [59] and
the expression level was related with COX-2 [60]. EGFR,
epidermal growth factor receptor, is receptor tyrosine
kinase binding ligands of the EGF family and activat-
ing several signaling cascades to convert extracellular
cues into appropriate cellular responses. H. pylori medi-
ated the activation of EGFR and stabilization on the cell
surface by inhibiting its endocytosis and proteasomal
degradation, which enhanced the cell proliferation and
survival in cooperation with ¢-MET downstream sig-
nals [61]. SRC, proto-oncogene tyrosine-protein kinase
Src, was involved in the phosphorylation of Glu-Pro-
Ile-Tyr-Ala (EPIYA) motifs after translocation of CagA
into the cell, which was closely related to the patho-
genicity of H. pylori[62]. CCND1, G1/S-specific cyclin-
D1, it had been verified that H. pylori infection led to a
decrease in the cell cycle protein Cyclin D1, resulting in
GO/GL1 cell cycle arrest, which was accompanied by an
increase in Cyclin D1 gene expression, suggesting that H.
pylori infection regulated the cell cycle mainly through
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post-transcriptional modifications [63]. Overall, the
active ingredients in S. officinalis showed possible bind-
ing activity with three target proteins, AKT1, EGFR and
SRC, and significantly regulated VEGFA and CCDNI
gene expression, thus S. officinalis might regulate multi-
ple signaling pathways and exerted multiple pharmaco-
logical effects through five core target genes when used
for the treatment of H. pylori infection.

Conclusions

In this study, the anti-bacterial activities and pharmaco-
logical action of S. officinalis against H. pylori infection
were explored tentatively. In vitro study, aqueous extracts
of S. officinalis have certain antibacterial activities against
multiple H. pylori strains without developing drug resist-
ance. And network pharmacology analysis results reveal
that S. officinalis can target multiple proteins and regu-
late multiple signaling pathways induced by H. pylori
infection, which indicates S. officinalis has a regulatory
effect on gastric cancer and inflammation caused by H.
pylori. These results lay the foundation for further studies
and provide an alternative or complementary therapy for
the clinical treatment of H. pylori infection.

Abbreviations

HPLC: High Performance Liquid Chromatography; GO: Genome ontology;
KEGG: Kyoto encyclopedia of genes and genomes; RT-qPCR: Reverse-tran-
scription quantitative polymerase chain reaction.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513020-021-00442-1.

Additional file 1: Table S1. Corresponding targets of 8 active ingredients
in S. officinalis. Table S2. GO analysis for potential targets, BP, Biological
process, CC, Cellular components, MF, Molecular function. Table S3. KEGG
pathway enrichment analysis.

Acknowledgements

Thanks to all the strain and cell providers, including Prof. Hongkai Bi, Prof. Ping
Huang, Prof. Jing Liu, Prof. Xiaolei Zhang, Bolaote Biotechnology and Qingyuan
Hospital of Traditional Chinese Medicine.

Authors’ contributions

XS, WXZ, MCY proposed the conception; XS, WJZ designed and implemented
the experiments; JHY, PTC, DLC participated in the determination of antimi-
crobial activity; XS, CP performed data processing and statistical analysis; YMY,
CJ purchased most of the materials; XS, WJZ, CP, MCY wrote and revised the
article. All authors read and approved the final manuscript.

Funding
This research was funded by National Natural Science Foundation of China,
Grant Number 81973552.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Page 17 of 19

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! School of Pharmaceutical Science, Sun Yat-Sen University, Guang-

zhou 510006, China. % School of Pharmaceutical Science (Shenzhen), Sun
Yat-Sen University, Guangzhou 510006, China. * School of Ecology, Sun Yat-Sen
University, Guangzhou 510006, China. * Qingyuan Hospital of Traditional
Chinese Medicine, Qingyuan 511500, China.

Received: 8 January 2021 Accepted: 8 April 2021
Published online: 17 April 2021

References

1. Fock KM, Graham DY, Malfertheiner P. Helicobacter pylori research:
historical insights and future directions. Nat Rev Gastroenterol Hepatol.
2013;10(8):495-500.

2. Zamani M, Ebrahimtabar F, Zamani V, Miller WH, Alizadeh-Navaei R,
Shokri-Shirvani J, et al. Systematic review with meta-analysis: the world-
wide prevalence of Helicobacter pylori infection. Aliment Pharmacol Ther.
2018;47(7):868-76.

3. Malfertheiner P Megraud F, O'Morain CA, Gisbert JP, Kuipers EJ, Axon AT,
et al. Management of Helicobacter pylori infection-the Maastricht V/Flor-
ence Consensus Report. Gut. 2017;66(1):6-30.

4. LiuWzZ XieY, Lu H, Cheng H, Zeng ZR, Zhou LY, et al. Fifth Chinese
National Consensus Report on the management of Helicobacter pylori
infection. Helicobacter. 2018;23(2):e12475.

5. Savoldi A, Carrara E, Graham DY, Conti M, Tacconelli E. Prevalence of
antibiotic resistance in Helicobacter pylori: A systematic review and
meta-analysis in World Health Organization Regions. Gastroenterology.
2018;155(5):1372-82.e17.

6. WHO Publishes List of Bacteria for Which New Antibiotics Are Urgently
Needed. http://www.who.int/mediacentre/news/releases/2017/bacteria-
antibiotics-needed/en/. Accessed 27 February 2017.

7. Jang E, InnKS, Jang YP, Lee KT, Lee JH. Phytotherapeutic activities of
Sanguisorba officinalis and its chemical constituents: A review. Am J Chin
Med. 2018;46(2):299-318.

8. Zhao Z, He X, Zhang Q, Wei X, Huang L, Fang JC, et al. Traditional uses,
chemical constituents and biological activities of plants from the genus
Sanguisorba L. Am J Chin Med. 2017;45(02):199-224.

9. Chen JF Tan L, Ju F, Kuang QX, Yang TL, Deng F, et al. Phenolic glycosides
from Sanguisorba officinalis and their anti-inflammatory effects. Nat Prod
Res. 2020:1-8.

10. Su XD, Guo RH, Li HX, Ma JY, Kim YR, Kim YH, et al. Anti-allergic inflamma-
tory components from Sanguisorba officinalis L. Bioorg Med Chem Lett.
2018;28(12):2210-6.

11. Yang JH, Hwang YH, Gu MJ, Cho WK, Ma JY. Ethanol extracts of
Sanguisorba officinalis L. suppress TNF-a/IFN-y-induced pro-
inflammatory chemokine production in HaCaT cells. Phytomedicine.
2015;22(14):1262-8.

12. Kim S, Oh S, Noh HB, Ji S, Lee SH, Koo JM, et al. In Vitro Antioxidant and
Anti-Propionibacterium acnes Activities of Cold Water, Hot Water, and
Methanol Extracts, and Their Respective Ethyl Acetate Fractions, from
Sanguisorba officinalis L. Roots. Molecules. 2018;23(11).

13. Liu MP, Liao M, Dai C, Chen JF, Yang CJ, Liu M, et al. Sanguisorba officinalis
L synergistically enhanced 5-fluorouracil cytotoxicity in colorectal cancer
cells by promoting a reactive oxygen species-mediated, mitochondria-
caspase-dependent apoptotic pathway. Sci Rep. 2016;6:34245.


https://doi.org/10.1186/s13020-021-00442-1
https://doi.org/10.1186/s13020-021-00442-1
http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/
http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/

Shen et al. Chin Med

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

(2021) 16:33

Shin JA, Kim JS, Kwon KH, Nam JS, Jung JY, Cho NP, et al. Apoptotic effect
of hot water extract of Sanguisorba officinalis L. in human oral cancer
cells. Oncol Lett. 2012;4(3):489-94.

Liu J, Zu M, Chen K, Gao L, Min H, Zhuo W, et al. Screening of neu-
raminidase inhibitory activities of some medicinal plants traditionally
used in Lingnan Chinese medicines. BMC Complement Altern Med.
2018;18(1):102.

Zhu HL, Chen G, Chen SN, Wang RQ, Chen L, Xue H, et al. Changes in cell
membrane properties and phospholipid fatty acids of Bacillus subtilis
induced by polyphenolic extract of Sanguisorba officinalis L. J Food Sci.
2020;85(7):2164-70.

Su XD, Guo RH, Yang SY, Kim YH, Kim YR. Anti-bacterial effects of compo-
nents from Sanguisorba officinalis L. on Vibrio vulnificus and their soluble
epoxide hydrolase inhibitory activity. Nat Prod Res. 2019;33(23):3445-9.
Chen X, Shang F, Meng Y, Li L, Cui Y, Zhang M, et al. Ethanol extract

of Sanguisorba officinalis L. inhibits biofilm formation of methicillin-
resistant Staphylococcus aureus in an ica-dependent manner. J Dairy Sci.
2015;98(12):8486-91.

Ito N, Tsujimoto H, Ueno H, Xie Q, Shinomiya N. Helicobacter pylori-medi-
ated immunity and signaling transduction in gastric cancer. J Clin Med.
2020,9(11).

Testerman TL, Morris J. Beyond the stomach: an updated view of Helico-
bacter pylori pathogenesis, diagnosis, and treatment; World J Gastroen-
terol. 2014,20:12781-808.

Wang YC. Medicinal plant activity on Helicobacter pylori related
diseases&nbsp; World J Gastroenterol. 2014;20:10368-82.

Ayouaz S, Oliveira-Alves SC, Lefsih K, Serra AT, Bento da Silva A, Samah

M, et al. Phenolic compounds from Nerium oleander leaves: microwave
assisted extraction, characterization, antiproliferative and cytotoxic activi-
ties. Food Funct. 2020;11(7):6319-31.

Zuo GY, Zhang XJ, Han J, Li YQ Wang GC. In vitro synergism of magnolol
and honokiol in combination with antibacterial agents against clinical
isolates of methicillin-resistant Staphylococcus aureus (MRSA). BMC Com-
plement Altern Med. 2015;15:425.

Zhou XY, Ye XG, He LT, Zhang SR, Wang RL, Zhou J, et al. In vitro charac-
terization and inhibition of the interaction between ciprofloxacin and
berberine against multidrug-resistant Klebsiella pneumoniae. J Antibiot
(Tokyo). 2016;69(10):741-6.

Huang Y, Hang X, Jiang X, Zeng L, Jia J, Xie Y, et al. In Vitro and In Vivo
Activities of Zinc Linolenate, a Selective Antibacterial Agent against
Helicobacter pylori. Antimicrob Agents Chemother. 2019,63(6).

Wang L, Li H, Shen X, Zeng J, Yue L, Lin J, et al. Elucidation of the molecu-
lar mechanism of Sanguisorba Officinalis L. against leukopenia based on
network pharmacology. Biomed Pharmacother. 2020;132:110934.

Song Y, Yang J, Jing W, Wang Q, Liu Y, Cheng X, et al. Systemic elucidation
on the potential bioactive compounds and hypoglycemic mechanism
of Polygonum multiflorum based on network pharmacology. Chin Med.
2020;15(1):121.

Zhou'Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O,

et al. Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun. 2019;10(1):1523.

Mohapatra RK, Perekhoda L, Azam M, Suleiman M, Sarangi AK, Semenets
A, et al. Computational investigations of three main drugs and its com-
parison with synthesized compounds as potent inhibitors of SARS-CoV-2
main protease (M(pro)): DFT, QSAR, molecular docking, and in silico toxic-
ity analysis. J King Saud Univ Sci. 2020;33(2):101315.

Mohapatra RK, El-ajaily MM, Alassbaly FS, Sarangi AK, Das D, Maihub AA,
et al. DFT, anticancer, antioxidant and molecular docking investigations
of some ternary Ni(ll) complexes with 2-[(E)-[4-(dimethylamino)phenyl]
methyleneamino]phenol. Chemical Papers. 2020.

Xu YF, Lian DW, Chen YQ, et al. In Vitro and In Vivo Antibacterial Activi-
ties of Patchouli Alcohol, a Naturally Occurring Tricyclic Sesquiterpene,
against Helicobacter pylori Infection. Antimicrob Agents Chemother,
2017,61.

Zhou W, Wang J, Wu Z, Huang C, Lu A, Wang Y. Systems pharmacology
exploration of botanic drug pairs reveals the mechanism for treating dif-
ferent diseases. Sci Rep. 2016;6:36985.

El Moussaoui A, Jawhari FZ, Aimehdi AM, Elmsellem H, Fikri Benbrahim K,
Bousta D, et al. Antibacterial, antifungal and antioxidant activity of total
polyphenols of Withania frutescens.L. Bioorg Chem. 2019;93:103337.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

53.

Page 18 of 19

Ginovyan M, Trchounian A. Novel approach to combat antibiotic
resistance: evaluation of some Armenian herb crude extracts for

their antibiotic modulatory and antiviral properties. J Appl Microbiol.
2019;127(2):472-80.

Cos P, Vlietinck AJ, Berghe DV, Maes L. Anti-infective potential of natural
products: How to develop a stronger in vitro ‘proof-of-concept!J Ethnop-
harmacol. 2006;106(3):290-302.

Odds FC. Synergy, antagonism, and what the chequerboard puts
between them. J Antimicrob Chemother. 2003;52(1):1.

Baeder DY, Yu G, Hozé N, et al. Antimicrobial combinations: Bliss
independence and Loewe additivity derived from mechanistic multi-
hit models. Philosophical transactions of the Royal Society of London
Series B, Biological sciences, 2016, 371.

Albano M, Alves FCB, Andrade BFMT, Barbosa LN, Pereira AFM, Cunha,
MdLRdSd, et al. Antibacterial and anti-staphylococcal enterotoxin
activities of phenolic compounds. Innovative Food Sci Emerg&nbsp;
Technol. 2016;38:83-90.

Chen J,Tang C, Zhang R, Ye S, Zhao Z, Huang Y, et al. Metabolomics
analysis to evaluate the antibacterial activity of the essential oil from
the leaves of Cinnamomum camphora (Linn.) Presl. J Ethnopharmacol.
2020;253:112652.

Bildziukevich U, Ozdemir Z, Wimmer Z. Recent achievements in
medicinal and supramolecular chemistry of Betulinic acid and Its
derivatives&nbsp; Molecules. 2019;24:19.

Selzer E, Thallinger C, Hoeller C, Oberkleiner P, Wacheck V, Peham-
berger H, et al. Betulinic acid-induced Mcl-1 expression in human
melanoma-mode of action and functional significance. Mol Med.
2002;8(12):877-84.

Ali-Seyed M, Jantan |, Vijayaraghavan K, Bukhari SN. Betulinic acid:
recent advances in chemical modifications, effective delivery, and
molecular mechanisms of a promising anticancer therapy. Chem Biol
Drug Des. 2016;87(4):517-36.

Fraile L, Crisci E, Cérdoba L, Navarro MA, Osada J, Montoya M. Immu-
nomodulatory properties of Beta-sitosterol in pig immune responses.
Int Immunopharmacol. 2012;13(3):316-21.

Ododo MM, Choudhury MK, Dekebo AH. Structure elucidation of
B-sitosterol with antibacterial activity from the root bark of Malva
parviflora. SpringerPlus. 2016;5(1):1210.

Sharmila R, Sindhu G. Evaluate the antigenotoxicity and anticancer
role of B-sitosterol by determining oxidative DNA damage and the
expression of phosphorylated mitogen-activated protein kinases,
C-fos, C-jun, and endothelial growth factor receptor. Pharmacognosy
Magazine. 2017;13:95-101.

Paniagua-Perez R, Flores-Mondragon G, Reyes-Legorreta C, Herrera-
Lopez B, Cervantes-Hernandez |, Madrigal-Santillan O, et al. Evaluation
of the anti-inflammatory capacity of beta-sitosterol in rodent assays.
Afr J Tradit Complement Altern Med. 2017;14(1):123-30.

Alam W, Khan H, Shah MA, Cauli O, Saso L. Kaempferol as a dietary
anti-inflammatory agent: current therapeutic standing. Molecules.
2020;25:18.

Yeon MJ, Lee MH, Kim DH, Yang JY, Woo HJ, Kwon HJ, et al. Anti-inflamma-
tory effects of Kaempferol on Helicobacter pylori-induced inflammation.
Biosci Biotechnol Biochem. 2019;83(1):166-73.

Zhang S, Huang J, Xie X, He Y, Mo F, Luo Z. Quercetin from Polygo-

num capitatum Protects against Gastric Inflammation and Apoptosis
Associated with Helicobacter pylori Infection by Affecting the Levels of
p38MAPK, BCL-2 and BAX. Molecules. 2017;22(5).

De R, Sarkar A, Ghosh P, Ganguly M, Karmakar BC, Saha DR, et al.
Antimicrobial activity of ellagic acid against Helicobacter pylori isolates
from India and during infections in mice. J Antimicrob Chemother.
2018;73(6):1595-603.

Higashi H, Tsutsumi R, Muto S, et al. SHP-2 tyrosine phosphatase as

an intracellular target of Helicobacter pylori CagA protein. Science.
2002;295:683-6.

Ansari S, Yamaoka Y. Helicobacter pylori Virulence Factors Exploiting
Gastric Colonization and its Pathogenicity. Toxins (Basel). 2019;11(11).
Tsugawa H, Suzuki H, Saya H, Hatakeyama M, Hirayama T, Hirata K, et al.
Reactive oxygen species-induced autophagic degradation of Helicobacter
pylori CagA Is specifically suppressed in cancer stem-like cells. Cell Host
Microbe. 2012;12(6):764-77.



Shen et al. Chin Med

54.

55.

56.

57.

58.

59.

(2021) 16:33

Wei J, Nagy TA, Vilgelm A, Zaika E, Ogden SR, Romero-Gallo J, et al. Regu-
lation of p53 tumor suppressor by Helicobacter pylori in gastric epithelial
cells. Gastroenterology. 2010;139(4):1333-43.e4.

Isomoto H, Matsushima K, Inoue N, Hayashi T, Nakayama T, Kunizaki

M, et al. Interweaving MicroRNAs and proinflammatory cytokines in
gastric mucosa with reference to H. pylori Infection. J Clin Immunol.
2012;32(2):290-9.

Xia HH, Talley NJ. Apoptosis in gastric epithelium induced by Helicobacter

pylori infection: implications in gastric carcinogenesis. Am J Gastroenterol.

2001;96(1):16-26.

Suganuma M, Watanabe T, Yamaguchi K, Takahashi A, Fujiki H. Human
gastric cancer development with TNF-a-inducing protein secreted from
Helicobacter pylori. Cancer Lett. 2012,322(2):133-8.

XuW, Huang Y, Yang Z, Hu Y, Shu X, Xie C, et al. Helicobacter pylori pro-
motes gastric epithelial cell survival through the PLK1/PI3K/Akt pathway.
OncoTargets Ther. 2018;11:5703-13.

Strowski MZ, Cramer T, Schéfer G, Juttner S, Walduck A, Schipani E, et al.
Helicobacter pylori stimulates host vascular endothelial growth factor-A
(vegf-A) gene expression via MEK/ERK-dependent activation of Sp1 and
Sp3. Faseb j. 2004;18(1):218-20.

60.

61.

62.

63.

Page 19 of 19

Liu D, He Q, Liu C. Correlations among Helicobacter pylori infection and
the expression of cyclooxygenase-2 and vascular endothelial growth fac-
tor in gastric mucosa with intestinal metaplasia or dysplasia. J Gastroen-
terol Hepatol. 2010;25(4):795-9.

Chichirau BE, Diechler S, Posselt G, Wessler S. Tyrosine Kinases in Helico-
bacter pylori Infections and Gastric Cancer. Toxins (Basel). 2019;11(10).
Mueller D, Tegtmeyer N, Brandt S, Yamaoka Y, De Poire E, Sgouras D, et al.
c-Src and c-Abl kinases control hierarchic phosphorylation and function
of the CagA effector protein in Western and East Asian Helicobacter pylori
strains. J Clin Invest. 2012;122(4):1553-66.

Canales J, Valenzuela M, Bravo J, Cerda-Opazo P, Jorquera C, Toledo H,

et al. Helicobacter pylori induced phosphatidylinositol-3-OH Kinase/mTOR
activation increases hypoxia inducible factor-1a to promote loss of cyclin
D1 and GO/G1 cell cycle arrest in human gastric cells. Front Cell Infect
Microbiol. 2017;7:92.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	In vitro anti‐bacterial activity and network pharmacology analysis of Sanguisorba officinalis L. against Helicobacter pylori infection
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Chemicals and reagents
	Preparation and total phenolic content assay of aqueous extract of S. officinalis
	Helicobacterpylori strains and growth condition
	Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) assay
	Inhibiting kinetics and killing kinetics assay
	Combination with antibiotics
	Drug resistance study
	Assay of S. officinalis effect on H. pylori ultrastructure
	Network pharmacological analysis
	Ingredients screening and putative targets prediction of S. officinalis

	Helicobacter pylori infection targets screening
	Identification of the potential targets of S. officinalis against H. pylori infection and construction of the drug-disease-target network
	Gene ontology and pathway enrichment analyses for potential targets
	Construction of protein-protein interaction (PPI) network of S. officinalis against H. pylori infection
	Screening of the core targets and molecular docking simulation verification
	Cell culture and cytotoxicity test
	Total RNA extraction and RT-qPCR
	Statistics analysis

	Results
	Total phenolic content assay of aqueous extracts of S. officinalis
	MIC and MBC
	Inhibiting kinetics and killing kinetics
	Combination with antibiotics
	Drug resistance study
	Effect of S. officinalis on H. pylori morphology and ultrastructure
	Network pharmacological analysis
	Ingredients screening and putative targets prediction of S. officinalis

	Screening of H. pylori infection targets
	Identification of the potential targets of S. officinalis against H. pylori infection and the construction of drug-disease-target network
	GO and KEGG pathway enrichment analyses for potential targets
	Protein‐protein interaction (PPI) network assay and core targets screening
	Molecular docking simulation verification
	Cytotoxicity and gene expression analysis

	Discussion
	Conclusions
	Acknowledgements
	References




