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Staphylococcus xylosus (S. xylosus) has become an emerging opportunistic pathogen

due to its strong biofilm formation ability. Simultaneously, the biofilm of bacteria plays an

important role in antibiotic resistance and chronic infection. Here, we confirmed that rutin

can effectively inhibit biofilm formation in S. xylosus, of which the inhibition mechanism

involves its ability to interact with imidazole glycerol phosphate dehydratase (IGPD), a key

enzyme in the process of biofilm formation. We designed experiments to target IGPD and

inhibited its activities against S. xylosus. Our results indicated that the activity of IGPD and

the amount of histidine decreased significantly under the condition of 0.8 mg/ml rutin.

Moreover, the expression of IGPD mRNA (hisB) and IGPD protein was significantly down-

regulated. Meanwhile, the results from molecular dynamic simulation and Bio-layer

interferometry (BLI) technique showed that rutin could bind to IGPD strongly.

Additionally, in vivo studies demonstrated that rutin treatment reduced inflammation

and protect mice from acute mastitis caused by S. xylosus. In summary, our findings

provide new insights into the treatment of biofilm mediated persistent infections and

chronic bacterial infections. It could be helpful to design next generation antibiotics to

against resistant bacteria.
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INTRODUCTION

Staphylococcus xylosus (S. xylosus) is a coagulase-negative, Gram-positive coccoid organism that was
first identified in 1975 (Schleifer and Kloos, 1975). It is a common bacterium in the environment and
has been linked to opportunistic infections in both humans and animals. Although there are few
reports on the pathogenicity of S. xylosus, some cases of S. xylosus infection have been reported in
recent years, including erythema nodosumGiordano et al. (2016), pyelonephritis Tselenis-Kotsowilis
et al. (1982), mastitis Bochniarz et al. (2014) and corneal infections (Makki et al., 2011). In addition,
S. xylosus was also identified as one of the most abundant staphylococcus bacterial isolates on the
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post-male circumcision coronal sulcus (Liu et al., 2013). This has
drawn the attention of researchers and clinicians to the potential
public health threat of S. xylosus.

What is more serious is that S. xylosus has a strong ability to
form biofilm (Tremblay et al., 2014; Xu et al., 2017). Biofilm was
considered as a key virulence factor that may offer protection
against different antimicrobial strategies to develop recurrent
infections under physiological, metabolic and/or
immunological stress environments (Breser et al., 2018;
Conrad and Poling-Skutvik, 2018). Meanwhile, the biofilm
formation comprises of a number of well-organized steps
including adhere to a surface, formation of microcolonies,
formation of young biofilm, and subsequent dispersal of
mature biofilm (Yang et al., 2012). Adhesion stage plays a key
role in the formation of biofilm. Bacteria gather on adherent
surfaces by cilia or flagella. With the increase of aggregates, the
related components of bacterial biofilm, such as polysaccharides,
lipids, proteins and DNA, are gradually discharged from the body
to form extracellular matrix, which encapsulates the bacteria, and
then maintains the structure and function of bacterial biofilm
(Otero et al., 2013). Thus, it is urgent and critical to find novel
antibiotics with the ability to interfere with the process biofilm
formation in bacteria. This will help mitigate chronic and
persistent infections mediated by biofilm formed by bacteria
such as S. xylosus.

L-histidine synthesis, as one of the pathways of nitrogen
metabolism pathway, is related to biofilm formation. When the
nitrogen-deficient medium transitions to an L-histidine-rich
environment, the biofilm formation ability of Saccharomyces
cerevisiae is significantly reduced. The mechanism of action is
the result of the interaction between L-histidine and
glycosylated mucin on the cell wall. On the contrary,
adding L-histidine to the medium containing the nitrogen
source will promote the co-aggregation of Azotobacter
chroococcum and enhance its biofilm formation ability
(Zeidan et al., 2014; Velmourougane and Prasanna, 2017).
Furthermore, imidazole glycerol phosphate dehydratase
(IGPD) is a major enzyme in the pathway of histidine
biosynthesis in bacteria and plants (Alifano et al., 1996;
Rawson et al., 2018). IGPD catalyzes the sixth step of
histidine biosynthesis which involves a dehydration reaction
to produce imidazole acetol phosphate (IAP) from imidazole
glycerol phosphate (IGP) and a concomitant water molecule
(Carsiotis and Jones, 1974; Chiariotti et al., 1986; Gohda et al.,
1998; Bisson et al., 2015). IGPD is often used as a target for
herbicides because of its unique biological characteristics
(Hilton et al., 1965; Rawson et al., 2018). The presence of
two molecules of the metal ion (Mn2+) at the active center of
IGPD plays an important role in catalyzing substrate reaction
(Hilton et al., 1965). In a previous study, we have
demonstrated that IGPD plays an important regulatory role
in the biofilm formation of S. xylosus (Zhou et al., 2018).
Therefore, IGPD has been considered a potential target in
solving the menace of S. xylosus. Meanwhile, the spatial
structure of IGPD was predicted by homologous modeling,
and it was used as the basis for screening the enzyme inhibitor
(Chen et al., 2017).

Rutin, also known as vitamin p, is a major flavonoid. It has
been reported to possess antiplatelet, antiviral and
antihypertensive properties. It also enhances the functions of
blood capillaries because of its high cardioprotective and
antioxidant activity (Korkmaz and Kolankaya, 2010). In
addition, the antibiofilm activity of rutin has also been
reported. For example, data obtained from Metabolomics-
based screening revealed that burdock leaf significantly
inhibited the formation of biofilm by Pseudomonas aeruginosa
due to its high rutin content (Lou et al., 2015). This was further
corroborated by findings from other authors. It was observed that
rutin obtained from aqueous extract of syringa oblata lindl
inhibited the biofilm formation by S. suis Bai et al. (2017), S.
xylosus Chen et al. (2019), E. coli and S. aureus (Al-Shabib et al.,
2017). Although the effect of rutin on the biofilm of S. xylosus has
been investigated Al-Shabib et al. (2017), Chen et al. (2019), Liu
et al. (2019), however, the atomic mechanisms involved in this
progression have not been fully elucidated.

In addition, some recent reports have also described that rutin
was a protease inhibitor (Al-Harbi et al., 2019). Ragunathan and
Ravi have used molecular docking to suggest that rutin may be a
potential inhibitor of protein (Ragunathan and Ravi, 2015). So
far, there is no report on the inhibitory effect of rutin on the
proteins against biofilm formation. In this study, we
systematically evaluated the mechanism by which rutin
disrupts the formation of biofilm in S. xylosus. We predicted
the potential binding mode between rutin and IGPD by computer
calculations in combination of mutagenesis. Furthermore, a
mouse mastitis model was used to verify the anti-virulence
factor properties of rutin in vivo. The pathogenicity of S.
xylosus was significantly mitigated and all symptoms of
bacteremia corrected after rutin intervention.

MATERIALS AND METHODS

Bacterial Strain and Growth Conditions
The bacterial species and plasmids used in this study are listed in
Supplementary Table S1. S. xylosus was grown at 37°C in Tryptic
Soy Broth (TSB). The cultures were used for the biofilm assays
and other bacterial experiments. E. coli was grown in LB medium
at 37°C. The cultures were used to amplify plasmids and express
proteins. Dissolve 8 mg/ml rutin in 10% DMSO as a backup
solution.

Determination of Minimum Inhibitory
Concentration of Rutin
The effect of the minimum inhibitory concentration of rutin on
the growth of S. xylosus was repeated three times, but no
concentration of rutin significantly inhibited the growth of the
bacteria. The growth curve of bacteria was drawn to determine
whether rutin had an effect on the growth of S. xylosus. Overnight
culture of bacterial strains was grown at 37°C for 24 h. Then TSB
medium was used to dilute the bacterial cultures to 1×105 colony
forming units/mL. This was followed by the addition of 0.8 mg/
ml rutin. The mixture was grown in an incubator for 12 h at 37°C
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and the absorbance was read with a UV spectrophotometer
(Thermo Scientific™ Evolution 201, NY, United States) every
1 h at 600 nm wavelength. Finally, the growth curve of bacteria
was drawn using the values obtained from the UV
spectrophotometer.

Determining the Interference of Rutin on
Biofilm Formation
The procedure was done in line with an earlier procedure described
by Zhou (Zhou et al., 2018). S. xylosus and ΔhisB S. xylosus were
cultured at the mid-exponential growth phase to an optical density
of 0.1 at OD590. Cultures and different concentrations of rutin
(0.8 mg/ml,0.4 mg/ml and 0.2 mg/ml) were added to each well of a
96-well microplate or a 6-well microplate (Corning Costar® 3599
Corning, NY, United States). In addition, a negative control group
(bacterial culture without rutin) was setup. After incubated at 37°C
for 6, 12 and 24 h, crystal violet staining was performed and
followed by scanning electron microscopy analysis. The biofilms
were obtained from bacterial cells and prepared for analysis as
described by Zhou (Zhou et al., 2018).

Molecular Docking of Rutin and IGPD
Homology modeling of S. xylosus IGPD and model validation
have been described in our previous study (Chen et al., 2017). The
3D structures of rutin were downloaded from Pubchem Database
(https://pubchem.ncbi.nlm.nih.gov/). The Ligand model
obtained from the DS interface was used to optimize rutin to
generate different conformers for docking analysis in Discovery
Studio 3.0 (DS 3.0). We defined the two Mn2+ in IGPD as the
potential active pocket. Hence, other parameters were set to
default. The best binding mode obtained was analyzed and
visualized by PyMOL v2.3 software.

Molecular Dynamics (MD) Simulation
The long-time-scale MD simulations were performed in Desmond
Bowers et al. (2006) for the docked IGPD/rutin complex. The
Desmond force field parameters for among IGPD, rutin, andMn2+,
were described in previous article (Fu et al., 2018). We used 23 Na+

and 44 Cl− ions to make the system neutral and to set the ionic
strength to 0.15M. The total number of atoms in the investigated
system was approximately 50,000 including about 8,300 water
molecules. The periodic box dimensions were set to 7.0 nm ×
7.0 nm × 10.4 nm. The results obtained from the MD simulations
were analyzed and visualized in Maestro.

Expression and Purification of IGPD and Its
Site Directed Mutant Protein
Purified IGPD protein was obtained from our previous studies. At
the same time, the pET30a-hisBmutant was made by introducing
a point mutation (Arg7, His62, His63, Glu66, Asp97, Arg110,
His159, Glu162 and Lys166 to Ala) via overlap PCR and
subsequently verified by sequencing (BGI). The vectors were
subsequently cloned into a pET30a vector for protein
expression. For IGPD and pET30a-hisB mutant, insoluble
material was removed by centrifugation and cell-free extracts

were purified in a process involving affinity chromatography and
molecular sieve chromatography.

Interactions of rutin with IGPD and its site
directed mutant protein by Bio-layer
interferometry (BLI)
BLI experiments were performed using an Octet system (Forte
Bio) placed in PBS pH 7.4, 0.05% (v/v) Tween-20 and 1 mg/ml
BSA running buffer at room temperature (25°C). Freshly
prepared IGPD protein (50 μg/ml) was coupled to the tip of a
Forte Bio Octet NTA instrument. A dilution series of rutin
(500,000 nM to 7,813 nM) was used to measure a dose-
response curve of association and dissociation. The
dissociation period was set at 60 s. The brief experimental
process is shown in Supplementary Figure S1.

Effect of Rutin on IGPD Activity
S. xylosus was grown in TSB for 6, 12 and 24 h respectively with
0.8 mg/ml rutin, no rutin was added to the control groups. The
bacterial culture was centrifuged at 13,200 g for 5 min. The
supernatant was collected and centrifuged at 600 × g for
5 min, then the cells were sonicated on ice for 15 min. The
activity of the enzyme was determined using a previously
described stopped-assay protocol Wroe et al. (2020) with
minor modifications. The reaction mixture consisted of PBS
buffer pH 7.4, and IGPD. The reaction was carried out at 37°C
using IGP (Santa Cruz Biotechnology, United States). The
reaction was stopped by adding sodium hydroxide at the point
with an interval of 30 s. The mixture was then incubated at 37°C
for 20 min to convert the product imidazole acetol-phosphate
(IAP) into an enolized form, the absorbance was read at 280 nm
using a Shimadzu UV spectrophotometer against a blank. The
extinction coefficient of IAP formed under these conditions is as
reported previously (Martin and Goldberger, 1967).

Real Time RT-PCR
We investigated the effect of the 0.8 mg/ml rutin on the gene
expression of hisB in S. xylosus. Incubation was conducted at 37°C
for 6, 12 and 24 h respectively. Briefly, bacteria strains were
collected by centrifugation (10,000 g for 5 min) and treated
with an RNASE REMOVER (Huayueyang Ltd., Beijing,
China). Total RNA was extracted with a bacterial RNA
isolating kit (Omega, Beijing, China) and then, reverse
transcription of total RNA into cDNA was carried out using a
reverse transcription Kit. Relative copy numbers and expression
ratios of the selected genes were normalized to the expression of
house-keeping gene (16S-rRNA gene) (Woese, 1987; Attaran et
al., 2017). The specific primers (hisB gene: Forward: TACTTC
TGTATCACCATT, Reverse: ACTATCTATCTCACTTGC. 16S-
rRNA gene: Forward: CGGGCAATTTGTTTAGCA, Reverse:
ATTAGGTGGAGCAGGTCA) used for the quantitative RT-
PCR (Takara Biomedical Technology Co., Ltd. Beijing, China)
were purchased from Takara. The quantitative RT-PCR
procedure was performed as described by (Zhou et al., 2018).
In addition, gene expression was calculated by relative
quantitative method according to the following formula.
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2−(ΔCt(After dosing)−ΔCt(Before dosing))

Western Blot
Anti-IGPD polyclonal antibody was obtained from our previous
studies (Qu et al., 2019). The effect of 0.8 mg/ml rutin on the
expression of IGPD in S. xylosus was also investigated. Bacteria
were cultured in 0.8 mg/ml rutin solution at 37°C for 6, 12 and
24 h respectively. Cells without rutin served as control.
Appropriate amount of PBS buffer solution was added to the
harvested bacterial strains, and the solution was subjected to
ultrasonic screening. This was followed by the centrifugation
(10,000 g for 5 min) of the supernatants to obtain protein
samples. Finally, western blot analysis was performed
according to the standard procedure (Yang et al., 2007).

Determination of Histidine Content
S. xylosus and the ΔhisB S. xylosus were grown in 0.8 mg/ml rutin
at 37°C for 6, 12, and 24 h, respectively. The pellets were then
suspended in sterile double distilled water and the bacterial
culture was sonicated to release histidine. The mixture was
filtered using a 0.45 μm filter, and the histidine content in the
bacteria was determined by high performance liquid
chromatography (HPLC) on a Waters Alliance HPLC system
(Waters e2695, United States). Quantification of the histidine in
the sonicated treated bacteria was done in HPLC at 205 nm
against concentration using the external standard method. The
specific details of the complex system have been previously
described (Qu et al., 2019).

Animal Experiment
This experiment was conducted in line with the procedure
already established in our laboratory. All animal experiments
were conducted in accordance with the U.S. National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 80-23, revised in 1996). All animal
experiments involved in this experiment were approved by the
experimental animal research ethics committee of Northeast
Agricultural University (SRM-11). Lactating BALB/c mice
obtained from the Experimental Animal Center of the Second
Affiliated Hospital of HarbinMedical University were housed in a
controlled environment (specific pathogen-free conditions).
Briefly, aliquot obtained from overnight bacterial culture was
inoculated into fresh TSB broth (1:100) and incubated until the
OD600 reached 0.8. Cells were harvested by centrifugation
(10,000 g for 5 min), washed three times with PBS and diluted
to a bacterial count of 109 CFU/ml for mice mammary gland
infection. In order to establish a mastitis model of infection,
lactating BALB/c mice, 10–12 weeks of age and weighing 30–32 g,
were given sodium pentobarbital as anesthesia. They were then
infected by injecting the canal glands with 50 μl/kg of body weight
of S. xylosus suspension at the 4th breast (L4 and R4) on both
sides of the lower abdomen counting from the head. Before the
infection, the same method was used to administer 50 μL of rutin
(2 mg/kg) solution. The normal (uninfected) mice served as an
untreated control. All the mice were sacrificed through the
inhalation of CO2 at 48 h post-infection. Hereafter, tissues

from the mammary gland were isolated and fixed in 4%
paraformaldehyde, staining was done with hematoxylin and
eosin, and visualization was done using light microscopy. The
expression levels of the inflammatory cytokines, TNF-α and IL-6
in the supernatants were also quantified using ELISA kits.

Statistical Analysis
Assays were done three times. Data were subjected to statistical
analysis and the t test and two-way ANOVA test were conducted
by GraphPad Prism 8 software. The values were reported as
mean ± standard deviation (SD). p < 0.05 was considered to be
statistically significant.

RESULTS AND DISCUSSION

Determination of the Ability of Rutin to
Inhibit the Biofilm Formation of S. xylosus
In this study, it was observed that 0.8 mg/ml rutin could
effectively interfere with the formation of biofilm by S. xylosus
even as early as within 6 h of intervention (Figures 1A, C and E).
This may be due to rutin inhibiting bacterial adhesion. At the
same time, in order to exclude the decrease of biofilm formation
ability caused by the decrease of bacteria concentration not
caused by rutin, we measured the growth curve. The results
indicated that, 0.8 mg/ml rutin had no effect on the growth
rate of S. xylosus during a 0–12 h incubation at 37°C
(Figure 1B). According to earlier reports, rutin could interfere
with the adhesion phase of Streptococcus suis and then abrogate
the formation of its biofilm (Bai et al., 2017; Wang et al., 2017). In
addition, the bacterial quorum sensing system is also closely
related to the early adhesion of bacteria. At the same time, rutin
could interrupt the production of AI-2 to inhibit quorum sensing
system of Escherichia coli, reduce bacterial adhesion, and then
interfere with the formation of biofilm in E. coli (Szabados et al.,
2007). It was reported that in combination with gentamicin
sulfate, rutin significantly weakened the adhesion of
Pseudomonas aeruginosa and its ability to form biofilm (Lou
et al., 2015). Therefore, the interference effect of rutin on S.
xylosus biofilm at different time points (6, 12, and 24 h,
respectively) may be related to the inhibition of bacterial
adhesion. Interestingly, rutin also had an interference effect on
the biofilm formation of S. xylosus ΔhisB, as showed in Figures
1D, E. This indicates that rutin is an extremely effective drug
candidate to interfere with the biofilm formation of S. xylosus.

Interaction Between IGPD and Rutin
Previous studies have demonstrated that IGPD plays an
important regulatory role in the formation of biofilm in S.
xylosus (Zhou et al., 2018). Therefore, we carried out
molecular interaction test and enzyme activity analysis test to
verify this assumption. BLI analysis showed that rutin could
interact with IGPD. When the rutin was 7,813 nM, a binding
signal was observed on the surface of the sensor. In addition,
when the concentration of rutin was between 7,813 nm and
500,000 nm, the interaction intensity showed a dose-
dependent. When rutin was dissociated, the interaction
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FIGURE 1 | Interference effect of Rutin on the biofilm formation of S. xylosus ATCC700404. (A): Interference effect of rutin with different concentrations on the
biofilm formation of S. xylosus, 0.8 mg/ml rutin significantly inhibited the formation of biofilm, but the other two concentrations did not. (B): The effect of rutin on the
growth rate of S. xylosus. (C): The effect of 0.8 mg/ml rutin on the biofilm of S. xylosus at different growth stages. When the bacteria were incubated for 6, 12, and 24 h,
respectively, rutin significantly inhibited the formation of the biofilm. (D): Rutin inhibited the formation of the biofilm of ΔhisB S. xylosus at 24 h. E: The effect of rutin
on the biofilm morphology of S. xylosuswas observed by SEM. Scanning electron micrographs of S. xylosus biofilm following growth in TSB supplemented with 0.8 mg/
ml of rutin (II), or control (I). Controls refer to the cultures without rutin. Scanning electron micrographs of ΔhisB S. xylosus biofilm following growth in TSB supplemented
with 0.8 mg/ml of rutin (IV), or control (III). Controls refer to the cultures without rutin. The asterisk indicates statistical significance by t test and two-way ANOVA test with p < 0.05.
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disappeared (Figure 2C). Furthermore, we detected the binding
ability of the supernatant to the substrate IGP, and analyzed the
IGPD activity of S. xylosus. The bacteria strains were grown in
media with or without (control) 0.8 mg/ml rutin for 6, 12, and
24 h, respectively. The reaction was significantly reduced in
treated medium compared with the control (p < 0.05). The
results showed that rutin inhibited the enzyme activity of
IGPD (Figure 2E). Based on the above results, we speculate
that rutin is a potential IGPD inhibitor, occupying the catalytic
center of IGPD enzyme, preventing the binding of IGPD with its
substrate, thus affecting the enzyme activity of S. xylosus.

Meanwhile, molecular docking was applied to followed by the
MD simulation to illuminate the molecular mechanism between
IGPD and rutin. The results shown that their binding mode was
stable (Supplementary Figure S2), which was demonstrated by
the small changes in RMSD values (2–3 Å) of rutin along with
simulation time. Protein ligand interactions were monitored

throughout the simulation. These interactions were categorized
by type and summarized, in the plot above (Figure 2A). As
showed in Figure 2B, His62, Glu66, and His159 of IGPD form
coordination bonds with Mn2+, which helps stabilize the active
binding pocket. We also found that rutin formed coordination
bonds with the Mn2+, and formed H-bonds with Arg7, Arg88,
Arg110, Glu162. In addition, the phenolic hydroxyl group of
rutin also forms a very strong metal coordination bond with
Mn2+. This may be the key to the interaction between rutin
and IGPD.

Identification of Rutin Binding Sites to IGPD
According to the results of MD simulation, we constructed and
expressed nine mutated variance, the representative sequencing
map, expression and purification results of the mutant protein are
shown in supplementary Figures S3, S4 and S5. Meanwhile, we
analyzed the interaction between rutin and mutant proteins

FIGURE 2 | Verification of direct interaction between rutin and IGPD. (A): IGPD interactions with the rutin monitored throughout the simulation. (B): A schematic of
detailed ligand atom interactions with the protein residues. (C): Kinetic analysis by BLI of the binding of rutin to IGPD. The Rutin binds to the IGPDwith a high affinity (KD �
1,000 μM). (D): Kinetic analysis by BLI of the binding of rutin toΔHis62. The rutin binds to the ΔHis62 with a low affinity (KD � 1.5 M). Response units were plotted against
protein concentrations. The KD values were calculated by the ForteBio analysis software (ForteBio Data Analysis Version 11.0.2.3). (E): Determination of IGPD
activity. The asterisk indicates statistical significance by two-way ANOVA test with p < 0.05.
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(Supplementary Figures S6 A–H). As expected, the KD values of
rutin and IGPD only changed about 2 times after the mutations of
amino acids except for His62. And this change did not affect the
interaction between rutin and IGPD, indicating that these eight
amino acids are not the key amino acids in the interaction
between rutin and IGPD. Interestingly, when His62 was
mutated into Ala62 (ΔHis62), the KD value of rutin and
IGPD decreased 1,500 times (Figure 2D), indicating that the
affinity between ΔHis62 and rutin was very low, and there was
almost no interaction between them. We know that His62 plays
an important role in stabilizing Mn2+ (coordination bond) and
protein small molecule interactions (hydrogen bond).
Furthermore, IGPD is a kind of metal active enzyme, and its
active site is around its Mn2+. As long as it prevents the substrate
from contacting with Mn2+, it can inhibit the enzyme activity and
make it unable to play its role (Petersen et al., 1997). In this study,
the mutation of His62 resulted in the disappearance of the metal
coordination bond between Ala62 and Mn2+. This made rutin to
swing more freely in the active cavity, the instability of rutin in the
active cavity is not suitable for the interaction between rutin and
the surrounding amino acids, and cannot effectively occupy the
active sites, thus making the inhibition of IGPD impossible.
Furthermore, the mutation may result in a concomitant
change in the distribution of the electron cloud of the amino
acid residues in the active cavity to some extent, which may be
unfavorable for the binding of rutin or change the structure of the
active site, which may cause the radius of the active cavity to
expand beyond normal (Grossmann et al., 1996).

Regulation of Rutin on IGPD Expression
Our previous studies have shown that the deletion of the hisB
gene will lead to a significant decrease in the biofilm formation
ability of S. xylosus. Therefore, hisB plays an important role in the
biofilm formation in S. xylosus (Zhou et al., 2018). In this study,
we speculated that rutin may regulate the formation of biofilm in
S. xylosus by regulating the transcription and translation levels of
hisB gene leading to changes in the L-histidine content and
enzyme activity. In order to verify this speculation, we
measured the regulation of rutin on hisB mRNA expression at
different time points by RT-PCR. The results showed that rutin
significantly reduced the expression of hisB mRNA (Figure 3A).
In order to further confirm this effect, we detected the effect of
rutin on the expression of IGPD protein at different time points
by Western blot. The result proved that rutin significantly
reduced the expression of IGPD protein at 12 and 24 h, but
did not affect the expression of IGPD protein at 6 h after
treatment (Figure 3B). In addition, we observed that there
was a significant difference between the gene expression and
protein level at 6 h. The gene and protein expression levels
changed at different time points, which may be related to
differences in the gene levels caused by the different stages of
bacterial growth (Huang et al., 2004). Rutin could reduce gene
expression, but had no effect on the protein level at this stage.
This may be due to a variety of factors, including low level of
protein expression, sample processing, and the actual relationship
between transcript and protein abundance (Pascal et al., 2008;

FIGURE 3 | Regulation of rutin on IGPD of S. xylosus. (A): The effect of
rutin on the expression of hisB gene in S. xylosus at the 6, 12 and 24 h,
respectively. (B): The effect of rutin on the expression of IGPD protein in S.
xylosus at 6, 12, and 24 h, respectively. (C): Rutin significantly reduced
the histidine content of S. xylosus at 6, 12, and 24 h, respectively of bacterial
growth. (D): The effect of rutin on the histidine content of the ΔhisB S. xylosus
at the 24 h. The asterisk indicates statistical significance by two-way ANOVA
test with p < 0.05.
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Vogel and Marcotte, 2012; Schwanhaeusser et al., 2013; Cheng
et al., 2016; Chick et al., 2016; Liu et al., 2016; Lau et al., 2018).

Determination of Histidine Content
IGPD is one of the most important metalloenzymes in L-histidine
biosynthesis (Carsiotis and Jones, 1974; Chiariotti et al., 1986;
Gohda et al., 1998; Bisson et al., 2015).When IGPDwas inhibited,
its histidine content also decreased (Kulis-Horn et al., 2014; Zhou
et al., 2018). Consequently, we used HPLC to determine the effect
of rutin (0.8 mg/ml) on the histidine content of S. xylosus at 6, 12
and 24 h, respectively. Rutin significantly reduced the content of
L-histidine at different time points (Figure 3C). Similarly, we also
postulated that the content of L-histidine may also be affected by
the metabolic pathways. Again, to further substantiate this
hypothesis, we examined the effect of rutin (0.8 mg/ml) on the
content of L-histidine in the S. xylosus ΔhisB. The results showed
that there was no significant difference between the two groups
(Figure 3D). This indicated that the effect of rutin on the
L-histidine content of S. xylosus was only caused by its
interference with the activity of IGPD and thereby inhibiting
its biosynthesis.

As we have previously analyzed, rutin inhibited the activity of
IGPD by binding to its active site, leading to a decrease in
L-histidine biosynthesis, thereby interfering with the formation

of biofilm by S. xylosus. In addition, L-histidine also can negative
feedback regulation the expression of hisB gene. When bacteria
are deprived of L-histidine, their hisB gene level will rise to cope
with this change (Busch et al., 2001). However, our results suggest
that rutin simultaneously inhibited the activity of IGPD and the
expression of hisB gene. As a result of this, the bacteria could not
synthesize their L-histidine by themselves, thereby leading to a
significant reduction in their histidine content.

Protective Effect of Rutin on Mice Infected
With S. xylosus
In addition, we evaluated whether the presence of rutin
attenuated the virulence of S. xylosus in a mouse mastitis
model. After a careful investigation, it was observed that the
mammary glands in the infected group showed morphological
and pathological changes including inflammation and bleeding
(Figure 4A). This was similar to what was observed in previous
studies (Lai et al., 2017; Wang et al., 2018). Meanwhile, the
intervention of rutin resulted in the attenuation of the effect of
S. xylosus on the mammary tissues. Damaged tissues were
significantly remedied and revitalized, the epithelial cell
structures and morphology were completely restored, and the
inflammation and bleeding reduced. There was no observable

FIGURE 4 | In vivo determination of the effect of rutin on the virulence of S. xylosus. (A): The gross pathological changes (I) and histopathological analysis (II) of the
mammary gland tissues at 48 h post-infection (n � 5) (Magnification: ×600). The model group showed a large number of inflammatory factors and breast tissue
destruction (arrowheads). The addition of rutin significantly improved the symptoms. (B andC): The levels of cytokines, including IL-6, and TNF-α, in the mammary gland
tissues of infected mice were evaluated by ELISA (n � 5). The asterisk indicates statistical significance by t test with p < 0.05.
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change in the control group. As we know, bacterial biofilm is
closely related to its virulence Wroe et al. (2020), and 0.8 mg/ml
rutin can interfere with the formation of biofilm, thus effectively
reducing the damage of breast tissue caused by S. xylosus infection
and protecting mice from mastitis. At the same time, the
production of inflammation will cause immune response,
release a variety of inflammatory factors including IL-6 and
TNF - α, and cause damage to the body (Kanangat et al.,
2001; Burmanczuk et al., 2018). Therefore, inhibiting the
production of IL-6 and TNF - α will prevent inflammation at
the same time. Furthermore, IL-6 is a pleiotropic cytokine, which
is involved in the physiological activities of almost every organ in
the biological system (Kimura and Kishimoto, 2010). Recent
studies have shown that rutin can reduce the production of
IL-6 in keratinocytes (di Giacomo et al., 2021). Our study
showed that rutin significantly reduced the content of IL-6 in
mouse mammary gland (Figure 4B). This may be related to the
inhibition of Th2 mediated immune response (Zhao et al., 2015).
Interestingly, rutin could not reduce the level of TNF-α, which
may be the reason why rutin could not inhibit the growth of the
bacteria (Figure 4C). At the same time, TNF - α can also induce
neutrophils to chemotaxis, which may be one of the ways for
animals to protect themselves (Okuda et al., 1997).

CONCLUSION

S. xylosus isolated from some clinically infectious cases have
gained interest in recent years, such as erythema nodosum
Giordano et al. (2016), pyelonephritis Tselenis-Kotsowilis et al.
(1982) and corneal infections (Makki et al., 2011). Even if the role
of S. xylosus in these infections is uncertain, the biofilm formed by
S. xylosus makes these infections pathogenically more chronic
and difficult to cure because under such biofilm protection, the
bacteria have greater chance of prolong survival in the host, thus
rendering the intervention of therapeutic drugs insignificant.
Thus, there is an urgent need to find an alternative and more
effective strategy to interfere with the process of biofilm
formation in pathogenic bacteria such as S. xylosus so as to
abrogate their pathogenesis in living hosts. Here we discovered an
inhibitor against IGPD, that can directly bind to IGPD, which
makes it unable to dehydrate IGP to IAP. At the same time, it can
down regulate the expression of hisB mRNA and inhibit the
IGPD synthesis. Eventually, leading to the decrease of histidine
content, which interferes with the initial adhesion of the biofilm

of S. xylosus, thereby partially inhibiting the biofilm formation
in vitro and weakening its virulence in vivo. From the foregoing
therefore, the mechanism by which rutin interfered with the
formation of biofilm in S. xylosus was well elucidated, and novel
insights for controlling biofilm mediated persistent and chronic
bacterial infections were provided.
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