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Salmonella enterica serovar Typhimurium, an intracellular pathogen, evades the host
immune response mechanisms to cause gastroenteritis in animals and humans. After
invading the host cells, the bacteria proliferate in Salmonella-containing vacuole (SCV)
and escapes from antimicrobial therapy. Moreover, Salmonella Typhimurium develops
resistance to various antimicrobials including, fluoroquinolones. Treating intracellular
bacteria and combating drug resistance is essential to limit the infection rate. One way
of overcoming these challenges is through combination therapy. In this study, Pyrogallol
(PG), a polyphenal, is combined with marbofloxacin (MAR) to investigate its effect
on Salmonella Typhimurium invasion and intracellular survival inhibition. The Minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of PG
against Salmonella Typhimurium were 128 and 256 wg/mL, respectively. The lowest
fractional inhibitory concentration (FIC) index for a combination of PG and MAR was 0.5.
The gentamycin protection assay revealed that PG (30 wg/mL) alone and in combination
with sub-MIC of MAR inhibited 72.75 and 76.18% of the invading bacteria in Caco-
2 cells, respectively. Besides, the intracellular survival of Salmonella Typhimurium was
reduced by 7.69 and 74.36% in treatment with PG alone and combined with sub-
MIC of MAR, respectively, which was visualized by the confocal microscopy. PG has
also shown to increase the intracellular accumulation of fluoroquinolone by 15.2 and
34.9% at 30 and 100 pg/mL concentration, respectively. Quantitative real-time PCR
demonstrated PG suppressed the genetic expression of hilA, invF, sipB, and acrA by
14.6, 15.4, 13.6, and 36%, respectively. However, the downregulation of hilA, invF
sipB, and acrA increased to 80, 74.6, 78, and 70.1%, in combination with sub-MIC
of MAR, respectively. Similarly, PG combined with MAR inhibited the expression of sdiA,
srgE, and rck genes by 78.6, 62.8, and 61.8%, respectively. In conclusion, PG has
shown antimicrobial activity against Salmonella Typhimurium alone and in combination
with MAR. It also inhibited invasion and intracellular survival of the bacteria through
downregulation of quorum sensing, invading virulence, and efflux pump genes. Hence,
PG could be a potential antimicrobial candidate which could limit the intracellular survival
and replication of Salmonella Typhimurium.
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INTRODUCTION

Salmonella enterica subsp. enterica serovar Typhimurium,
an intracellular Gram-negative bacterium, is a non-typhoidal
Salmonella serotype known to cause diarrhea and intestinal
inflammation in humans and animals (Laupland et al., 2010).
Upon ingestion, salmonella adhere to epithelial lining of the ilium
and colon to cause gastrointestinal infection (Ribet and Cossart,
2015). In the small intestine, the bacteria invade specialized
epithelial cells called M cells. It triggers membrane ruffling
and actin rearrangement which leads to bacterial internalization
upon injecting its effector proteins (Patel and Galdn, 2005). The
T3SS-1 genes plays a significant role to invade the intestinal
epithelial cells and mediate bacterial entry and their persistence
in the host cells (Thiennimitr et al., 2012). Successful adherence
and invasion of the host cell are essential to cause infections.
Salmonella Typhimurium invades epithelial cells either through
cytoskeletal rearrangement known as the “Trigger” mechanism
or receptor-mediated entry “Zipper” mechanism (Velge et al,
2012). Internalization is facilitated by several Salmonella
secreted effector proteins (Agbor and Mccormick, 2011). After
internalization Salmonella resides in the Salmonella-containing
vacuoles to shield from host innate immune responses (Haraga
et al., 2008). Hence, inhibition of bacterial adhesion, invasion,
and intracellular survival is critical in controlling infections.
However, effective delivery of antimicrobial agents within the
host cells is the main challenge (Kamaruzzaman et al., 2017).
Hence, identifying natural compounds with a higher penetration
capacity has significant importance (Liu et al., 2020).

Besides, Salmonella Typhimurium developed resistance
against fluoroquinolones, including marbofloxacin (MAR),
which is a widely used antibacterial agent against intracellular
bacteria in veterinary medicine (de Jong et al, 2012).
Antimicrobial resistance has become a common trend
worldwide, and most of the bacteria have been developing
resistance to the commonly utilized antibacterial agents (Varma
et al., 2005). To worsen the situation, the introduction of newly
invented antimicrobials into the market is declining. Hence,
designing alternative methods to overcome these challenges
is critical. One means of tackling the alarmingly overgrowing
drug resistance is through a combination therapy of currently
available antimicrobials, either with other existing antimicrobials
or using natural compounds (Fischbach, 2011).

Polyphenols are phytochemicals found richly in natural,
edible plants. They are known for their antioxidant properties,
antibacterial activity, and prevention of non-communicable
diseases like cancer, cardiovascular, and neurodegenerative
diseases (Manach et al., 2004; Taguri et al., 2006). Furthermore,
polyphenols inhibit angiogenesis, and aging, maintains
blood pressure and sugar level, and have anti-inflammatory
properties, regulate enzyme function, and stimulate cell
receptors (Middleton et al., 2000; Pandey and Rizvi, 2009; Moyle
et al., 2015). Recently, polyphenols like methyl gallate showed
to prevent microbial adhesion, invasion, and intracellular
survival of microbial agents through inhibition of biofilm
formation and quorum sensing signals (Hossain et al., 2017;
Birhanu et al., 2018).

Pyrogallol (benzene-1,2,3-triol, PG) is a hydroxylated
polyphenol compound that contains three hydroxyl groups in
the ortho position of a benzene ring. It is also present in various
fruits and vegetables. PG is mostly used in pharmaceutical and
pesticide manufacturing companies for medicinal purposes
as a topical antipsoriatic (Ozturk Sarikaya, 2015). PG exhibits
both prooxidant and antioxidant activity. The earlier role of
PG involves generating reactive oxygen species and critical for
its antimicrobial activity (Baruah et al., 2015; Mendes et al,
2015). Besides, PG acts through enzymatic inhibition of oxidized
compounds (Mason and Bruce, 1987).

Previously PG showed to inhibit Helicobacter pylori urease
(Xiao et al., 2010) and Vibrio harveyi quorum sensing (Ni
et al., 2008). Its acethlycholinesterase inhibitory activity shows
its importance in treating Alzheimer’s disease (Ozturk Sarikaya,
2015). Moreover, PG prevents the HeLa cells cytotoxicity induced
by V. vulnificus and inhibits bacterial growth (Lim et al., 2016).
Furthermore, it showed a synergistic activity when combined
with norfloxacin and gentamicin against Staphylococcus aureus
(Lima et al., 2016).

However, to our understanding, there are no reports on
the effect of PG on bacterial intracellular survival and its
antiinvasive mechanism. Hence, in this study, we evaluated
the pharmacodynamics of PG and its inhibitory activity
against Salmonella Typhimurium invasion and intracellular
survival alone and in combination with MAR. Moreover, we have
studied the mechanisms of bacterial invasion and intracellular
survival inhibition.

MATERIALS AND METHODS

Bacterial and Cell Culture Conditions

Two field strains of Salmonella enterica serovar Typhimurium,
(KU325552 (S-2) and KU325565 (S-15), isolated from swine
clinical infections as described earlier (Lee et al., 2017), in which
one is susceptible while the other was intermediately resistant
to MAR (Fluka, Germany) and ATCC 14028 strain were used.
All the bacteria were cultured in Luria-Bertani (LB) broth or
agar (Difco, BD, MD, United States) unless otherwise stated, at
37°C for various time lengths according to the purpose of the
experiment. Two cell lines, RAW 264.7 and Caco-2 cells were
used for the bacterial invasion and intracellular survival assays.
RAW 264.7 cells were grown in RPMI 1640 medium (Sigma,
United Kingdom) supplemented with 10% fetal bovine serum
(FBS, Gibco, United States) and 1% penicillin-streptomycin
(P/S) whereas, the Caco-2 cell was grown in minimum essential
medium (MEM, Gibco, United States) supplemented with 1%
nonessential amino acids (Sigma-Aldrich, MO, United States),
20% FBS, and 1% P/S and both cell lines were incubated at 37°C
in a humidified atmosphere with 5% CO5.

Cell Viability Assay

The cell viability assay was performed using 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
Confluent cells (10° cells/mL) were cultured onto a 96-well plate
and incubated for 24 h at 37°C with 5% CO, The medium was
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substituted with a new medium containing twofold dilutions of
PG (Sigma, China) before incubated overnight at 37°C with 5%
CO,. Finally, 0.45% of MTT reagent in cell culture media was
substituted and incubated for 4 h before adding 100 L of 100 x
DMSO. The plate was read at 570 nm after 5 min using Versamax
(molecular devices, United States). The rate of cell viability was
calculated using the following formula:

(OD compound—OD blank)
(OD control — OD blank)

Rate of viability = 100

Minimum Inhibitory Concentration and
Minimum Bactericidal Concentration

Determination

The minimum inhibitory concentration (MIC) of MAR and PG
was done using the micro-broth dilution method as described
by the Clinical Laboratory and Standard Institute (CLSI)
(CLSI, 2017). A two-fold dilution of MAR and PG in Muller
Hinton broth II (MHBII, Difco, BD, United States) and RPMI
medium were added to 10° CFU/mL of the three strains of
S. Typhimurium. The bacteria were cultured for 24 h at 37°C
aerobically and the results were read using a plate reader at
600 nm. To determine the minimum bactericidal concentration
(MBC), 20 pL of the suspension from the microplate starting
from the MIC onwards were taken and plated to LB agar.
The plates were incubated at 37°C for 48 h to determine the
possible slowly growing bacteria. The test was conducted three
times in duplicate.

Fractional Inhibitory Concentration

Determination

The fractional inhibitory concentration (FIC) of the combination
of MAR with PG was conducted using a checkerboard method
(Leber, 2016). A final concentration of 10° CFU/mL of the
bacteria was added to the various fractional concentration of
MAR and PG. The dilution was made in a 96-well plate and
incubated aerobically overnight at 37°C. Finally, the results were
read both visually and on a plate reader at 600 nm.

Time-Kill Assay

A time-kill assay was done as previously described with
minor modifications (Sendi et al., 2015). An overnight grown
Salmonella Typhimurium was inoculated into a 5 mL LB broth
and incubated for 4 h at 37°C to obtain the logarithmic growing
phase of bacteria. The bacteria were added to MHBII containing
various concentrations of MAR and PG to make a final bacterial
concentration of 10° CFU/mL. The bacteria were cultured at
37°C and sampled at 0, 0.5, 1, 2, 4, 8, 12, and 24 h and cultured
on LB agar plates for 48 h after serially diluted. The results were
read and recorded after a bacterial count.

Bacterial Invasion and Intracellular
Inhibition Assay

For bacterial invasion inhibition experiments, the gentamicin
protection assay was performed as previously described with
minor modifications (Wu et al., 2014). Briefly, PG (30 pg/mL)

alone or with sub-MIC of MAR (0.015 pg/mL for susceptible and
0.25 pg/mL for MAR resistant bacteria) was added to the fully
confluent Caco-2 cells and RAW 264.7 cells (10° cells/mL) before
incubating for 30 min. Salmonella Typhimurium (107 CFU/mL)
was added and incubated for another 45 min after centrifuged
at 500 g for 5 min. Gentamicin (100 pwg/mL) was added and
incubated for 30 min before cells were lysed by 0.1% Triton® x-
100 (Sigma, United States) for 10 min. Cells were washed with
PBS at least three-times in each step. The solution was serially
diluted and cultured on a LB agar plate for a bacterial count after
overnight incubation.

For intracellular killing experiments, RAW 264.7 cells (10°
cells/mL) were grown on 24 well plates. The cells were infected
with Salmonella Typhimurium (107 CFU/mL) and incubated for
1 h after centrifugation at 500 g for 5 min. Then the cells were
washed, and PG (30 pg/mL) alone or combined with the sub-
MIC of MAR were added and incubated for 1 h at 37°C and 5%
CO5. Finally, the cells were treated with gentamicin (100 pg/mL)
for 1 h and lysed in 0.1% Triton® x-100 before serially diluted and
incubated on an agar plate overnight at 37°C for a bacterial count.

Confocal Microscopy

Caco-2 cells (10° cells/mL) were cultured on 12 mm glass
coverslips in 24-well plates as described Johnson and Criss (2013).
The cells were prepared and treated as mentioned above for
the bacterial intracellular inhibition assay. The cells were rinsed
gently in 0.1 M 3-(N-morpholino) propanesulfonic acid (MOPS),
pH 7.2, containing 1 mM MgCl, (MOPS/MgCl,). The rinsing
solution from the cells were aspirated, and 0.5 mL Live/Dead
Staining Solution containing 5 M SYTO9, 30 pM propidium
iodide (PI) (Invitrogen, United States), and 0.1% saponin in
MOPS/MgCl, were added. The cells incubated for 15 min at
room temperature in the dark and rinsed with MOPS/MgCl,.
The coverslips were inverted face down onto glass slides, and
images were acquired using a fluorescence microscope (Carl
Zeiss, LSM700, IL, United States) with excitation of 488 and
555 nm and emission range of 515-555 nm and 560-600 nm
for SYTO9 and propidium iodide, respectively. The thicknesses
of the optical sections of the confocal microscopy were 12.2 and
13.2 pm for PI and SYTO-9 fluorescence, respectively. Non-
treated cells were used as a negative control. Comparison was
made upon counting of green fluorescence.

Fluoroquinolone Accumulation in Intact
Bacteria

The accumulation of fluoroquinolone in intact bacteria was
determined as previously described (Vergalli et al., 2020) using
ciprofloxacin due to its increased yield of fluorescent signal
intensity. Salmonella Typhimurium was grown at 37°C in LB to
mid-exponential phase. The bacterial suspension was centrifuged
at 6,000 x g for 15 min and concentrated tenfold in 50 mM
sodium phosphate buffer at pH 7 supplemented with 5 mM
MgCl, (NaPi-MgCl, buffer) to obtain a density of 6 x 10° CFU/
mL. In glass culture tubes, 2.4 ml of the bacterial suspension was
incubated for 5 min at 37°C with ciprofloxacin at 10 pg/mL,
or 100 pg/mL (final volume 3 ml), in the absence or in the
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presence of PG and a positive control, the efflux inhibitor PABN
(Phenylalanine-arginine B-naphthylamide) used at 40 pg/mL.
Bacterial suspensions incubated without antibiotics was used as
negative controls. Suspensions (800 pl) were then transferred to
1,100 nL of NaPi-MgCl, buffer and centrifuged at 9,000 x g for
5 min at 4°C and the pelleted bacteria was collected. After
centrifugation, pellets corresponding to 800 pl of bacterial
suspensions were lysed with 500 pl of 0.1M Glycin-HCI pH 3
overnight at room temperature. After a centrifugation for 15 min
at 9,000 x g at 4°C, 400 w1 of lysates were mixed with 600 1
of Glycin-HCI buffer, and emission spectra were measured with
a spectrofluorimeter (F-2500 Fluorescence Spectrophotometer,
Hitachi, Japan). Excitation/emission range wavelengths (nm)
used for detection of ciprofloxacin fluorescence signal with
spectrofluorimetry was 275/435-450.

Total RNA Extraction and Virulence Gene

Expression

For virulence gene expression, Salmonella Typhimurium was
cultured in LB broth containing 3M of NaCl and incubated with
different concentrations of PG and sub-MIC of MAR at 37°C
for 13 h. The total RNA was extracted using Trizol® (Ambion®,
life technologies, United States) reagent. The RNA purity and
concentration were determined using Nanodrop measurement.
RT-PCR premix (pioneer, Korea) was used to synthesize bacterial
cDNA by adding random hexamers. Quantification of RNA was
performed on CEX96 Touch™ real-time PCR detection systems
(Biorad, United States) using IQ™ SYBR® Green supermix for
real-time PCR (Biorad, Singapore). The qRT-PCR condition was
set for 95°C for 3 min and 40 cycles of 95°C for 10 s, 58°C for
15 s, and 72°C for 30 s for hilA, invE, sipB, and acrA genes. The
primers used in the study are listed in Table 1.

Quorum Sensing Gene Inhibition

To determine the effect of PG on the genetic expression of
quorum sensing genes of Salmonella Typhimurium (Li et al,
2014), N-Acyl homoserine lactone (AHL, 1 pmol/mL) was added

TABLE 1 | Primers used to detect invasion virulence genes of
Salmonella Typhimurium.

Target gene Primers

hilA 5-CGGAAGCTTATTTGCGCCATGCTGAGGTAG-3'
5'-GCATGGATCCCCGCCGGCGAGATTGTG-3'

invF 5'-ACAGTGCTCGTTTACGACCTGAAT-3'
5-AGACGACTGGTACTGATCGATAAT-3'

sipB 5'-ACGCGCAAAGCCGAGGAAAC-3
5-CCCGTCGCCGCCTTCAC-3'

SdiA 5'- TTACATTGGGATGACGTGCT-3
5'- AACTGCTACGGGAGAACGAT-3'

acrA 5-CGCAGTACTATGTCGGTGAATTTACAGGCG-3

5'-CGCGGATCCGTCTTAACGGCTCCTGTTTAA-/,
rck 5'-GTTGTATCCCGGCATGCTGAT-3
5'-ATATGCCCAGAGCCGGATAGAG-3'
5-GTTACCCGCAGAAGAAGCAC-3'
5'- CACATCCGACTTGACAGACC &

rsG

to the LB broth containing bacteria and incubated with 30,
100 pg/mL of PG and in combination with sub-MIC of MAR for
8 h. Furanone at 10 pg/mL (Sigma, St. Louis, MO, United States)
was used as a positive control for quorum sensing inhibition.
Whereas bacteria exposed to AHL without treatment with PG
and MAR was used as a negative control. The suspension was
centrifuged, and the pellet was processed for RNA extraction
using Trizol reagent as described above. The qRT-PCR was set
at a denaturation temperature of 95°C for 30 s, followed by 40
cycles of 95°C for 5 s, 60°C for 30 s, and dissociation of 95°C for
15 s and 60°C for 30 s.

Prediction of Ligand-Protein Docking

The prediction of the binding and affinity of PG to the virulence
and quorum sensing proteins of Salmonella Typhimurium
was performed using iGEMDOCK (Version 2.1; NCTU,
Hsinchu City, Taiwan) a graphical environment for recognizing
pharmacological interactions and virtual screening (Yang and
Chen, 2004). The chemical structure depiction for PG was
retrieved from the PubChem database (Kim et al, 2019).
Whereas the sequences of the bacterial virulence proteins were
retrieved from the NCBI database. The protein structure was
retrieved from PDB database (Berman et al., 2000; Burley et al.,
2019) and predicted by RaptorX (Wang et al.,, 2017a,b, 2018;
Xu, 2019; Xu and Wang, 2019). In addition, for the interactive
visualization and analysis of molecular structures UCSF Chimera
(Chimera, version 1.15, RBVI, San Francisco, CA, United States)
was used (Pettersen et al., 2004).

Statistical Analysis

Graphpad prism 7 (GraphPad Software, La Jolla, CA,
United States) was used to analyze the data and one-way
analysis of variance (ANOVA) followed by Tukeys multiple
comparison test was used to compare between treatment groups
and compute the p-value. P-value was considered significant if
P <0.05.

RESULTS

To determine the effect of PG on mammalian cell growth,
cell viability was investigated using the MTT reagent. PG at
a concentration of 2,048 pwg/mL did not show any significant
cytotoxic activity on the viability of both Caco-2 and RAW 264.7
cells. The cell viability was more than 100% for concentrations
less than 256 pg/mL (Figure 1).

The MIC and MBC of PG for all three strains were 128 and
256 pg/mL, respectively. The MIC of MAR against Salmonella
Typhimurium ATTC 14028 and field isolate strain 2 (S-2) was
0.031 pg/mL, whereas it was 0.5 pg/mL for field isolate strain
15 (S-15). The MBC of MAR against ATTC 14028 and S-2 was
0.125 but 2 pg/mL for S-15. The log IC5p for MAR was —1.793,
—0.5955, and —1.478, whereas it was 1.82, 1.459, and 1.511
for PG against ATCC 14028, S-15, and S-2 strains, respectively.
The lowest FIC index results obtained for MAR in combination
with PG in all the three strains were 0.5 (Table 2). Thus, for
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FIGURE 1 | The effect of pyrogallol on the cell viability. The cells were treated
with different concentrations of PG and incubated overnight, and the cell
viability was determined using MTT reagent. Data is presented as

Mean + SEM.

the consecutive experiments, we selected a concentration of
30 pg/mL of PG, which showed no antibacterial activity.

The time-kill assay was performed to detect the combined
effect of sub_MIC of MAR with different concentrations of PG in
a dynamic model. The test was conducted for 24 h. The sub-MIC
of MAR in combination with 128 p.g/mL of PG reduce Salmonella
Typhimurium (ATCC 14028) CFU/mL by 2-log within 8 h.
Whereas, the 2-log reduction for the S-2 strain was achieved
after 4 h of incubation at all tested concentrations of PG except
the 64 pg/mL. The 2-log reduction for the S-15 strain was
observed after 12 h of incubation by the same concentration of
PG and MAR (Figure 2). In strain ATCC 14028 and S-15, the
combination of PG (256 pg/mL) and sub-MIC of MAR showed
early killing of the bacteria in comparison with PG (256 pg/mL)
used alone. However, PG (64 and 128 j1g/mL) alone did not show
to inhibit the growth of Salmonella Typhimurium strains tested.

For the bacterial invasion inhibition assay, PG at a
concentration of 30 pg/mL alone and in combination with sub-
MIC of MAR was used. PG (30 pg/mL) inhibited 72.75 and
44.8% of Salmonella Typhimurium invasion in Caco-2 and Raw
264.7 cells, respectively. Whereas, for the combination of PG
with sub-MIC of MAR, the inhibition percentage was increased
to 76.19 and 59.3% in Caco-2 and Raw 264.7 cells, respectively.
A significant difference (P < 0.05) was observed in the inhibition
of Salmonella Typhimurium invasion in both cell lines by PG
alone and combination with MAR. However, no significant

difference was observed between Caco-2 and Raw 264.7 cells
(Figures 3A,B).

Likewise, PG (30 pg/mL) inhibited 7.69% of
intracellular Salmonella Typhimurium in RAW264.7 cells.
Whereas in combination with sub-MIC of MAR, the suppression
of the intracellular survival of Salmonella Typhimurium
increased to 74.36%. A significant difference (P < 0.05) was
indicated in cells treated with the combination of PG with
sub-MIC of MAR (Figure 3C).

In compliance with the above findings, the confocal
microscopy had also revealed the percentage of intracellular
bacteria was significantly suppressed by the activity of PG alone
and its combination with sub-MIC of MAR (Figure 4).

The fluoroquinolone accumulation assay indicated that
PG (30 pg/mL) increased the accumulation of ciprofloxacin
by 15.2%. The accumulation was increased to 34.9% upon
increasing the concentration of PG to 100 pg/mL which
showed a significant difference in comparison with the negative
control (Figure 5).

The genetic expression level of different virulent invasion
genes of Salmonella Typhimurium was evaluated using qRT-PCR.
The result indicated that bacteria treated with PG (30 pg/mL)
have a reduction of gene expression of hilA, invF, sipB,
and acrA genes by 14.6, 15.4, 13.6, and 36%, respectively. The
suppression of the gene expression level was dose dependent.
At a higher concentration of PG (100 jg/mL), the inhibition
was increased significantly to 59.3, 78.1, 46.7, and 63.8%
for hilA, invF, sipB, and acrA genes, respectively. Whereas the
combination of PG with sub-MIC of MAR showed a significant
difference in suppressing the expression of hilA, invF, sipB,
and acrA genes by 80, 74.6, 78, and 70.1%, respectively
(Figures 6A-D).

The effect of PG on the quorum sensing genes of Salmonella
Typhimurium was evaluated using AHL as an inducer of
quorum sensing signaling. The genetic expression levels of sdiA,
srgE, and rck genes were reduced by 14.9, 31.6, and 41.2%
upon treatment with PG (30 pg/mL), respectively. However, the
inhibition was increased to 78.6, 62.8, and 61.8% for a higher
concentration of PG (100 pg/mL), respectively. Whereas the
combination of PG (30 pg/mL) with the sub-MIC of MAR
inhibited the expression level of sdiA, srgE, and rck genes by 55.5,
48.1, and 46.7%, respectively (Figures 6E-G).

The binding energy affinity of PG to the suppressed proteins
of acrA, hilA, invF, sdiA, sipB, and rck, proteins of Salmonella
Typhimurium is presented in Table 3. The binding of PG with
the amino acid residues showed a hydrogen bond linkage for of
acrA, hilA, invE sdiA, and rck, proteins (Figure 7).

TABLE 2 | MIC, MBC, and FICj,qex of pyrogallol and marbofloxacin.

Strain PG_MIC (rg/mL) MAR_MIC (rg/mL) PG_MBC (.g/mL) MAR_MBC (rg/mL) FICindex
S-2* 128 0.031 256 0.125 0.5
ATTC 14028 128 0.031 256 0.125 0.52
S-15* 128 05 256 2 0.75

*S-2 field strain of Salmonella Typhimurium susceptible to marbofloxacin. **S-15 field strain of Salmonella Typhimurium resistant to marbofloxacin. PG, pyrogallol; MAR,
marbofloxacin; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; FIC, fractional inhibitory concentration.
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FIGURE 3 | Percentage of inhibition of Saimonella Typhimurium invasion and intracellular survival by pyrogallol in Caco-2 and RAW 264.7 cells. (A) Inhibition of
Salmonella Typhimurium invasion in Caco-2 cells; (B) inhibition of Salmonella Typhimurium invasion in RAW 264.7 cells and (C) Inhibition of intracellular survival of
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with Salmonella Typhimurium and treated with sub-MIC of MAR alone; MIC — infected with Saimonella Typhimurium and treated with the MIC of MAR alone; PG —
infected with Salmonella Typhimurium and treated with 30 pg/mL of PG; PGM - infected with Salmonella Typhimurium and treated with a combination of 30 wg/mL
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DISCUSSION
Treatment of intracellular bacteria is a major health
challenge globally. Besides, these bacteria developed

strategies to evade the host defense mechanism, invade
the cells and reside intracellularly. Moreover, regardless
of the possibility of developing new antimicrobials,
microbial agents acquire resistance to various drugs
(Hrvatin, 2017). Even though quinolones are referred to
as the therapeutic options against intracellular pathogens,
multiple bacteria are developing resistance against these
conserved groups of antimicrobial agents (Van Bambeke
et al., 2005). Similarly, Salmonella Typhimurium developed
resistance  against fluoroquinolones (de Jong et al,
2012). Hence, searching for an active compound that

targets bacterial invasion and intracellular survival has
paramount significance. In  consequence, combination
therapies are emerging as an alternative for the treatment
of intracellular residing and multidrug-resistant microbes
(Worthington and Melander, 2013).

Polyphenols are characterized by the presence of multiple
hydroxyl groups in their benzene ring and are known for their
antioxidant properties and modulation of enzymatic and cell
receptors (Middleton et al., 2000). PG, a polyphenol, possesses
antioxidant, antimicrobial activity, quorum sensing inhibition,
and suppression of cytotoxicity properties (Ni et al., 2008; Baruah
et al, 2015; Mendes et al, 2015). Therefore, in this study,
we discovered the effect of PG alone or in combination with
MAR in the invasion and intracellular survival of Salmonella
Typhimurium isolated from pigs.
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FIGURE 4 | Confocal microscopy of invasion of Caco-2 cells by Salmonella Typhimurium (A) Uninfected cells, (B) cells infected with Salmonella Typhimurium but not
treated, (C) Infected cells and treated with sub_MIC of MAR. (D) Cells infected and treated with pyrogallol (30 wg/mL) and (E) cells infected and treated with
pyrogallol and sub-MIC of MAR. The top left panel is a SYTO-9 fluorescence; the top right panel is a propidium iodide fluorescence; the bottom left panel indicates
cell structure without fluorescent; the bottom right panel shows a merged image. (Red, dead bacteria; Green, live bacteria; image: x 1,000 magnification).

The determination of cytotoxicity is critical in detecting the
potential toxic effect of a given compound in mammalian cells.
In our findings, PG did not show any cytotoxic activity against
both Caco-2 and Raw 264.7 cells even at a more significant
concentration. In agreement with this, PG also did not show any
cytotoxicity on the growth of HeLa cells (Lim et al., 2016).

The anti-infective activity of polyphenols has been described
in various bacterial and fungal agents (Yanagawa et al,
2003; Friedman et al, 2006). They have indicated strong
inhibitory activity against both Gram-negative and positive
bacteria. In this study, we have indicated the antibacterial
activity of PG against two field strains of Salmonella
Typhimurium isolated from a clinical infection of pigs and
ATCC control strains. In all the cases, PG exhibited similar
antibacterial activity against Salmonella Typhimurium isolates
at the same concentration. In the same way, PG has shown
antibacterial activity against Pseudomonas putida, P. pyocyanea,
Corynebacterium xerosis, Vibrio parahaemolyticus, V. vulnificus,
and Staphylococcus aureus (Kocagaliskan et al., 2006; Lim et al,,
2016; Lima et al., 2016; Tinh et al., 2016). This indicated the
likelihood of PG in the making of a novel antibacterial agent
against infectious agents (Lim et al., 2016).

Moreover, in combination with the sub-MIC of MAR,
which remains a widely used drug in veterinary medicine,
PG resulted in the most substantial effect and presented self-
induced synergism. Our findings agree with previous reports
that PG has shown a synergistic effect with norfloxacin and
gentamicin against S. aureus (Lima et al., 2016). Currently,
there is a shortage of newly discovered antibiotics against
multidrug-resistant bacteria and to worsen the situation, bacteria,
particularly Gram-negative bacteria, develop resistance to most
of the currently available antimicrobials (Lee et al, 2009
Freire-Moran et al., 2011). Thus, to alleviate this challenge, a
combination of antimicrobial agents with other antimicrobials or
other compounds is critical (Worthington and Melander, 2013).
The potentiation effect of PG delivers a significant contribution
to overcoming antimicrobial resistance. Hence, the antimicrobial
activity observed by PG could have a significant contribution
to reducing drug resistance and become an alternative to the
currently available drugs (Worthington and Melander, 2013).

For successful treatment of intracellular bacteria, once the
antimicrobial agents traverse the host cell membrane, they must
be maintained and amass at adequate concentrations for a
specified time (Kamaruzzaman et al., 2017). The accumulation
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FIGURE 5 | Accumulation of fluoroquinolone by pyrogallol. (A) The graph showed the increase in the accumulation of ciprofloxacin by various concentration of
pyrogallol using PABN as a positive control. (B) Fluorescence microscopy showed increased accumulation of fluoroquinolone by pyrogallol (A, Ciprofloxacin; B,
Ciprofloxacin with PG 30 ng/mL; C, Ciprofloxacin with 100 pwg/mL pyrogallol; D, Ciprofloxacin with 40 j.g/mL of PABN). NC — bacteria exposed to ciprofloxacin only;
CPG-30 - bacteria exposed to ciprofloxacin and 30 pg/mL of pyrogallol; CPG-100 — bacteria exposed to ciprofloxacin and 100 wg/mL of pyrogallol; PABN — bacteria
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FIGURE 6 | Effect of pyrogallol on the expression of Salmonella invasion and quorum sensing virulence genes. (A) acrA (B) hilA (C) invF, (D) sipB, (E) sdiA (F) srgE,
and (G) rck gene. Salmonella — untreated culture; PG-100 — treated with 100 pg/mL of pyrogallol; PG-30 - treated with 30 jg/mL of pyrogallol; PGM — treated with a
combination of 30 wg/mL of pyrogallol and sub-MIC of marbofloxacin; sub-MIC — treated with sub-MIC of marbofloxacin alone. For the quorum sensing gene
expression assay all groups are treated with N-Acyl homoserine lactone (AHL, 1 wmol/mL). *P < 0.05; *p < 0.01; ***P < 0.001.
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of a drug is dependent on the suppression or expression of
acrAB (Vergalli et al., 2017). PG increased the accumulation of
fluoroquinolone in intact Salmonella Typhimurium cells. The
presence of a higher concentration of fluoroquinolone suggests
the inhibition of an active efflux pump (Okusu et al., 1996). This

could be due to the downregulation of an efflux inhibitor acrA
genes by PG. This indeed will increase the effectiveness of the
drug in killing intracellular bacteria.

In addition to its antibacterial activity, the in vitro cell
culture experiments demonstrated the potential of PG to

Frontiers in Microbiology | www.frontiersin.org 8

February 2021 | Volume 12 | Article 631426


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Birhanu et al.

Pyrogallol Inhibits Salmonella Typhimurium Pathogenicity

TABLE 3 | Binding affinity of pyrogallol to Salmonella Typhimurium
virulence proteins.

Proteins Binding energy (Kcal) Van der waals Hydrogen bond
acrA —67.2353 —41.2766 —25.9587
hilA —72.176 —62.6 —9.57602
invF —70.1798 —56.8533 —13.3265
sdiA —71.2049 —66.4945 —4.7104
rck —73.9291 —47.754 —26.1751
sipB —49.8305 —43.3426 —6.48786

inhibit Salmonella invasion and its intracellular survival. At
the lowest concentration (30 pg/mL), four times less than its
MIC, specifically in combination with sub-MIC of MAR, PG
inhibited about 70% of Salmonella Typhimurium invasion in
epithelial cells and intracellular survival in the macrophages.
Methyl gallate, which is a polyphenol also inhibited bacterial
adhesion, invasion and intracellular survival (Birhanu et al.,
2018). This also agrees with the works of Tsou et al. (2016) who
described the inhibition of Salmonella Typhimurium invasion
by flavonoids like baicalein and quercetin. This inhibition
targeted the SPI-1 T3SS substrates of the bacteria. This more
considerably extends the role of PG in the production of a potent
antimicrobial agent.

It is indicated that PG has downregulated the genetic
expression of hilA and invF genes, critical for invading host
cells and entering their cytoplasm. Salmonella Typhimurium
activates the SPI-1 T3SS for entering the intestinal epithelium
cells. HilA is the central regulator of invasion of epithelial cells
and a transcriptional activator of SPI-1 genes including invF
(Penheiter et al., 1997; Ellis et al., 2017). The most common
mechanisms of inhibition by polyphenols are downregulating
the genetic expression of virulence factors, quorum sensing
signal inhibition, biofilm formation, and decreasing bacterial
swarm motility (Kang-Mu et al.,, 2009; Daglia, 2012; Hossain
et al, 2017; Birhanu et al., 2018). InvF is essential for the
expression of the SPI-1 gene, which encodes effector proteins and

their translocation into the cytosol (Darwin and Miller, 2000).
Hence, the downregulation of these genes by PG could suppress
the activity of other SPI-1 genes of Salmonella Typhimurium
involved in cell invasion and intracellular survival and leads to
the killing of the bacteria.

Furthermore, PG suppressed the expression of the sipB
gene, which is critical for encoding and translocating other
SPI-1 T3SS Salmonella Typhimurium secreted effector proteins
and is essential for mammalian cell invasion (Hayward et al.,
2000). Furthermore, sipB expedite adherance of Salmonella
Typhimurium to target host cells (Lara-Tejero and Galan, 2009).
Hence, the downregulation of sipB by PG might play a significant
role in decreasing the invasion and intracellular bacteria.

PG also suppressed the level of expression of Salmonella
Typhimurium acrA gene which is a resistance nodulation
cell division gene (Guérin et al, 2016). It encodes for a
membrane fusion protein, which is an efflux pump responsible
for decreasing intracellular accumulation of drugs and results
in antimicrobial resistance (Nishino et al., 2006; Yamasaki
et al, 2011). The downregulation of acrA by PG will
further confirm its paramount importance in preventing
antimicrobial resistance and could be considered as an
efflux pump inhibitor.

Furthermore, PG suppressed the quorum sensing
related genes of Salmonella. SdiA, a LuxR homolog, is a
quorum-sensing signal detector and regulator in Salmonella
Typhimurium and activates srgE and rck genes (Dyszel
et al., 2010; Li et al, 2014). Rck confers adhesiveness and
invasiveness to intestinal epithelial cells (Cirillo et al,
1996; Michael et al., 2001). In addition, rck mediates the
zipper-like internalization of Salmonella into the host
cells (Rosselin et al., 2010). This further signifies the
potential of PG in inhibiting bacterial invasion and combat
clinical infections.

The decreased energy value of the protein-ligand interaction
showed the high binding affinity of PG to the virulence
and quorum sensing proteins of Salmonella Typhimurium.
Although PG did not show to totally block the expression

FIGURE 7 | Protein binding site of pyrogallol on (A) acrA, (B) hilA (C) invF, (D) sdiA, (E) sipB, and (F) rck proteins of Salmonella Typhimurium. The arrow indicates the
binding site of pyrogallol with the respective proteins and the hydrogen-bond formed between the protein and ligand.
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of virulence genes, it could have the potential to bind the
remaining translated Salmonella effector proteins. This also
indicates the likely chance of interfering with their activity and
limiting the pathogenicity of the bacteria. Which further inhibits
its invasion and intracellular survival.

CONCLUSION

In conclusion, in this study, we have indicated the antimicrobial
and anti-invasive activity of PG against Salmonella Typhimurium
in vitro study. PG is effective in killing intracellular bacteria alone
and in combination with MAR. Furthermore, it increased the
accumulation of fluoroquinolones. PG suppresses the virulence
and quorum sensing genes of Salmonella Typhimurium, which
are critical for invasion and intracellular survival of the bacteria
and subsequently establish infection in the host cells. PG showed
a self-induced potentiation effect to the most conserved drug of
veterinary importance, MAR, in which certain bacterial agents
are currently developing resistance against it. This suggests PG
could be a potential efflux pump inhibitor and a candidate
as an antimicrobial agent to prevent bacterial invasion, its
intracellular survival, and antimicrobial resistance. However,
further in vivo pharmacokinetic and pharmacodynamic studies
should be conducted for comprehensive understanding before its
preclinical trial.
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