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Abstract

Background Clostridium perfringens (C. perfringens) is an important zoonotic pathogen. The diseases such as necrotic
enteritis (NE), enterotoxemia, gas gangrene and food poisoning caused by its infection seriously threaten the lives
of both humans and animals. However, under the severe situation of antibiotic resistance, the development of new

antibacterial strategies or drugs deserves great attention.

Results In this study, we selected the virulence factor Type IV pili (TFP) of C. perfringens as the target for drug screen-
ing. The gliding motility, biofilm formation, cell adhesion and antibacterial activity of the natural compound isoxan-
thohumol (IXN) against C. perfringens were determined. Transmission electron microscopy (TEM), TFP gene transcrip-
tion analysis and Western blot were used to detect the expression of PilA pilin. The therapeutic effect of IXN on C.
perfringens infection was demonstrated through a mouse gas gangrene model. It was confirmed that IXN inhibits
the function of TFP by down-regulating TFP-encoding genes and two-component regulatory genes.

Conclusions In conclusion, our study shows that IXN has the potential to inhibit the function of TFP in C. perfringens

and for anti-infection applications.
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Introduction

C. perfringens is a Gram-positive, anaerobic and aero-
tolerant rod-shaped bacterium, which is one of the most
common pathogens in nature. It can be isolated from
the gastrointestinal tracts of human and animals, and
widely distributed in soil, sewage and rotten organic
matter. The diseases caused by C. perfringens in humans
mainly include gas gangrene, food poisoning, necrotiz-
ing enterocolitis (NE), etc. Its harm to the livestock and
poultry breeding industry, as well as gas gangrene and
enterotoxemia in mammals such as sheep, goats, cattle
and horses [1-3]. The pathogenicity of C. perfringens is
related to the multiple extracellular toxins (13 different
toxins have been reported so far) [4]. It causes diseases by
secreting extracellular toxins to damage the small intesti-
nal mucosa of the host, and includes gas gangrene when
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invading muscle tissues or loose connective tissues [5].
Its characteristics are mainly manifested as tissue necro-
sis and gas production, and shock and organ failure are
also common late-stage complications, with a predicted
mortality rate of over 50% [6]. In humans, gas gangrene
is divided into spontaneous gangrene and traumatic gan-
grene. The former is usually caused by C. perfringens,
while the latter is mostly caused by open injuries, with a
mortality rate of about 80% [7].

Type IV pili (TEP) is one of the most important viru-
lence factors in the infection process of C. perfringens [8].
It has been reported that TFP mediates multiple biologi-
cal functions, such as gliding motility, adhesion to host
cells, DNA uptake and protein secretion [9]. The genome
of C. perfringens contains multiple gene clusters that
jointly encode TFP, such as pilA, pilD, pilB, pilC and pilT.
The main structure of TFP is composed of PilA pilin,
which are translated from several pilin genes (pilAl,
pilA2-1, pilA2-2) [10]. PilD is a peptidase that recog-
nizes PilA and modifies pili precursor protein. PilB is an
ATPase responsible for providing energy for pilus assem-
bly [11, 12]. PilC (described as the gene encoding the
inner membrane core protein) is usually paired with pilB
[11, 12]. It is speculated that there may be some unknown
interactions between PilC and pilB [10]. PilT is also an
ATPase that provides energy for pilus contraction. Adhe-
sion and colonization are the main prerequisites for C.
perfringens infection [10]. The process of adhesion pro-
motes pathogenic bacteria to resist the flushing of intes-
tinal mucus, the movement of cilia and the peristalsis of
the intestine, ensuring colony colonization. TFP modu-
lates adhesion and cell damage of C. perfringens, and pro-
vides assurance for the gliding motility of C. perfringens
on solid or culture medium surfaces. In addition, TFP is
one of the main prerequisites for biofilms formation, and
the ability to biofilms formation in mutant strains with
gene deletion of pili T and pili C is significantly reduced
[13, 14]. It has been confirmed that the mutants lacking
TEP or gliding motility have serious defects in adhesion,
resulting in significantly reduced for pathological dam-
age. Therefore, TEP can be used as a potential target for
the prevention and treatment of C. perfringens infection,
and targeting TFP and inhibiting the biological functions
may be an ideal choice for treating infections.

Traditional antibiotic research involves disrupting the
vitality through antibacterial or bactericidal molecules. It
should be noted that the virulence factors of C. perfrin-
gens, such as TFP and related coding and regulatory sys-
tems, are usually not essential components for bacterial
survival [9]. The key to developing strategies to replace or
supplement antibiotics targeting bacterial virulence fac-
tors is to seek potential drugs that can disrupt or reduce
bacterial virulence. More importantly, drugs targeting
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virulence factors exert extremely small selective pres-
sure on the emergence and evolution of bacterial resist-
ance and have little impact on the genetic evolution and
spread of resistance.

We screened traditional plant natural compounds
and successfully obtained a potential inhibitor of TFP.
We also characterized its pharmacological effects both
in vitro and in vivo. We identified an isoprenylated fla-
vonoid, isoxanthohumol (IXN), which is a natural com-
pound in the Humulus lupulus Linn plants growing in the
northwest and southwest regions of China. It has a wide
range of biological characteristics, such as anti-inflam-
matory, antioxidant stress, regulation lipid metabolism,
and ant-infection [15-18]. In this study, we investigated
the effects of IXN on gliding motility, biofilm forma-
tion and adherence to Caco-2 cells of C. perfringens. The
results showed that IXN down-regulated the expression
of TFP-encoding genes and two-component regulation
system genes, and it had a good therapeutic effect on gas
gangrene caused by C. perfringens in mouse. This study
demonstrated that TFP is an ideal target for combating
the pathogenicity of C. perfringens and drug develop-
ment, and it also indicated that IXN has good potential
for anti-infection.

Materials and methods

Strains, compounds and cultivating conditions
Isoxanthohumol (purity > 98%, IXN) was purchased from
Herbpurify CO. LTD (Chengdu, China) and dissolved
in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis,
USA) to prepare the standard solution. C. perfringens
strain ATCC13124 (a gas gangrene strain isolated from
human) was derived from the American Type Culture
Collection (ATCC) and stored in our laboratory. The bac-
teria were cultured in BHI (Hope Biol-Technology, Qing-
dao, China) broth at 37°C.

Gliding motility assay

0.7% agar BHI solid plate containing different final con-
centrations of IXN was prepared. Meanwhile, the control
groups were set up respectively with DMSO only and
without IXN. C. perfringens ATCC13124 was cultured
in an anaerobic environment at 37 °C in a 2.5 L vertical
anaerobic culture bag (Hope Biol-Technology, Qingdao,
China). 1 mL of the culture was incubated overnight
(ON) and then centrifugated at 12,000 rpm for 10 min.
After that, the supernatant was discarded, and the pellet
was re-suspended in 100 uL of BHI medium to prepare
the bacterial suspension. 10 pL of the bacterial suspen-
sion was added to the center of the plate and incubated
for 96 h at 37 °C. Subsequently, the diameter of the bacte-
ria gliding motility was measured.
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Antibacterial activity assays

The ON culture of C. perfringens ATCC13124 was
adjusted to an optical density (OD) of 600 nm equal to
0.1 using BHI medium. Subsequently, IXN was intro-
duced into the culture to achieve final concentrations
of 0, 4, 8, 16, 32, and 64 pg/mL respectively. The bacte-
ria were then cultivated in an anaerobic environment at
37 °C, and theOD600nm was measured at 1-h intervals
until the culture reached the stationary phase. The mini-
mum inhibitory concentrations (MICs) of IXN against C.
perfringens ATCC13124 were determined by referring to
the agar dilution method as described by the Clinical and
Laboratory Standards Institute (CLSI 2012) [19].

Biofilm formation assays

The ON culture of C. perfringens ATCC13124 was cen-
trifuged at 12,000 rpm for 10 min. Subsequently, the
supernatant was carefully removed, and the cell pellet
was washed thrice with phosphate-buffered saline (PBS,
pH=7.4). Following the washing procedure, the cells
were re-suspended in tryptic soy broth (TSB) to attain an
OD600nm of precisely 0.1. The re-suspended culture was
then aliquoted into 24-well plates, with each well con-
taining 400 pL of the culture. IXN was added to the wells
to achieve a range of concentrations from 0 to 16 pg/mL.
The plates were then placed in an anaerobic environment
and cultured at 30 °C for 120 h to facilitate biofilm for-
mation. Then the OD600nm of the culture supernatant
in each well of the 24-well plate was measured. Subse-
quently, the wells were gently washed with PBS for three
times and then allowed to dry at room temperature for
1 h. To visualize and quantify the formed biofilms, 400 puL
of a 0.1% crystal violet solution was added to each well,
and the biofilms were stained for a duration of 1 h. Fol-
lowing the staining process, the residual crystal violet
was removed by washing three times with PBS. Subse-
quently, an equal volume of a 33% glacial acetic acid solu-
tion was added to each well to dissolve the crystal violet.
Then, 100 pL of the dissolved crystal violet solution was
transferred from each well to a 96-well plate. Finally, the
quantification of the biofilms was accomplished by meas-
uring the absorbance at 570 nm using a microplate reader
(Tecan, Grodig, Austria).

Evaluation of the resistance of biofilm and planktonic
bacteria to oxidative stress

C. perfringens was prepared following the procedures
described previously. After a period of 5 days, the bio-
film and planktonic populations were quantified from a
designated set of tissue culture plates. For the biofilm, it
was washed with PBS containing 0.25% trypsin to effect
dissolution. Subsequently, both the supernatant and the
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biofilm dissolution solution were diluted using PBS and
then spread onto BHI plates for colony counting, thereby
determining the initial bacterial count. The second group
of samples was cultured in an anaerobic environment for
4 days and subsequently transferred to an aerobic envi-
ronment for a period of 24 h. Subsequently, colonies were
counted following the same method as described above.
The remaining two groups of samples were first exposed
to an aerobic environment for 24 h. Subsequently, they
were treated with 5 mM hydrogen peroxide (H,O,)
for a duration of 5 min. After treatment, colonies were
counted on BHI plates following the same procedure as
detailed above.

Cell culture and cytotoxicity assay

The human intestinal epithelial cell line Caco-2 was cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma Aldrich, St. Louis, USA), which was supplemented
with 10% fetal bovine serum (FBS, Biological Industries,
Kibbutz Beit-Haemek, Israel) and penicillin—strepto-
mycin (except for infection assays) at 37 °C in a 5% CO,
humidified atmosphere.

We assessed the cytotoxicity of IXN by determining
the release of lactate dehydrogenase (LDH) in the super-
natant [20]. Briefly, Caco-2 cells were seeded in 96-well
plates at a density of 2x10* in 200 pL. Subsequently, the
cells were incubated with different concentrations of IXN
(0, 4, 8, 16 and 32 pg/mL) for 24 h at 37 °C. The cytotox-
icity then quantified using the Cytotoxicity Detection kit
(Roche Diagnostics, Mannheim, Germany) with a micro-
plate reader (Tecan, Grodig, Austria) at a wavelength of
490 nm.

Adherence assays

Caco-2 cells were seeded in 24-well plates at a density of
1x10° and cultured overnight at 37 °C in an atmosphere
containing 5% CO,. Subsequently, the cells were gently
washed with PBS. Next, 1 mL of the ON culture of C.
perfringens was prepared and its OD600nm was adjusted
to 0.3. IXN or DMSO was then added to these cultures to
achieve final concentrations ranging from 0 to 32 pg/mL.
The cultures were then incubated anaerobically for 2 h at
37 °C. After incubation, the cells were washed three times
with PBS to remove the non-adhered bacteria. Subse-
quently, the cells were lysed using 0.2% (volume/volume)
Triton X-100. The resulting bacterial solution was then
diluted on BHI plates and enumerated after overnight
anaerobic culture at 37 °C.

Transmission electron microscopy (TEM)

and TFP-associated genes expression analysis

As previously described, the impact of IXN on the
pili morphology of C. perfringens ATCC13124 was
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examined through TEM [21]. Briefly, formvar carbon-
coated copper grids were utilized to coat the bacterial
precipitates. Subsequently, a drop of 2% sodium phos-
photungstate solution was added for fixation, which
lasted for 15 min. After being left at room temperature
for approximately 3—5 min, the excess water was care-
fully absorbed. Once dried, the samples were placed
under a TEM (Hitachi HT7800, Japan) to observe the
pili morphology.

RT-PCR was carried out to analyze the expression lev-
els of genes associated with TFP (pilA, pilA2, pilM, pilC,
pilD and pilT), two-comment regulation system genes
(virR/virS) and downstream gene (pfoA, plc, colA and
netB). The ON culture of C. perfringens ATCC13124
was adjusted to an OD600 nm equal to 0.3. The bacte-
rial culture was then co-cultured with different concen-
trations (0 pg/mL and 16 pug/mL) of IXN until it reached
the stationary phase, and a DMSO control group was
established. The bacteria were collected by centrifugation
at 12,000 rpm for 2 min. Next, the total RNA of C. per-
fringens was extracted using trizol reagent. Subsequently,
cDNA was synthesized using the One-Step gDNA
Removal and ¢cDNA Synthesis Super Mix (Transgene,
China). The expression of TFP-associated genes was
quantified by Applied Biosystems Real-Time PCR Sys-
tems (Applied biosystems, Carlsbad, USA). The house-
keeping gene 16S rRNA was employed as an internal
control, and the primers used were shown in Table 1.

Expression and purification of PilA

The pilA gene from the strain was amplified using spe-
cific primers. These primers were designed to add
BamH1 and Xhol restriction sites to the 5" and 3’ ends of
the gene, respectively. Additionally, extra codons encod-
ing glutathione S-transferase (GST) were appended to
the 3" end of the gene. The PCR product was then ligated
into the PCR cloning vector pGEX-6P-1. Subsequently,
this ligated vector was introduced into competent E. coli
BL21 cells. The E. coli BL21 (DE3) cells containing the
PilA-pGEX-6P-1 vector were cultured and expanded
in LB broth supplemented with kanamycin at a con-
centration of 50 pug/mL. When the OD600nm reached
0.6-0.8, the culture was transferred to an environment
maintained at 16 °C. The cells were continuously shaken
for a period of 15 h, during which isopropyl p-p-1-
thiogalactopyranoside (Sigma-Aldrich, St. Louis, USA)
was added to the culture to achieve a final concentration
of 0.5 mM. The bacteria were then harvested by cen-
trifugation and resuspended in PBS. Subsequently, the
resuspended bacteria were lysed using sonication. The
soluble GST-tagged proteins were finally purified using
the GSTRap system (Yease, Shanghai, China).
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Table 1 Primers used in this study
Target Primer sequence (5-3) Product
size (bp)
virR F: ACACAAGCTGTAACCTGCTCT 128
R: TGGGTGAGTTAACAGGAATGGA
virS F: TCCAAAACCTTCTCGTCCCC 92
R: TCGTGTAGATATTGGAAAGGGAGA
pilAT F: ACTTTTGCCTTAGCGCTATCC 102
R: TGTGGAAAAGGAAATGAAGGGA
pilC1 F: AGCCTTTGATAAAGCTTCTCCAT 82
R: GGAATGCCTATAGGACGATCATT
pilD F: TCTCCACTCCCCATAGCTCC 93
R: ACCCAGCTGTAATACTTGGGA
pilM F: TCCAAAGCGTCATTAATAGCCA 106
R: ACCAAGGTTGTTGTTGGGAGA
pilT F: GTTCCTGCTGATGTGGTGGA 109
R: ATAACAGCGGCAGAGACTGG
pilA2 F: TCAAATGCTAAAGACGACGTTACAG 104
R: TCTACTGCAAATACACCACCATCAA
netB F: GGAAGGCAACTTTAAGTGGAACA 139
R: TCAGGCCATTTCATTTTTCCGT
pfoA F: CTCAGTTGCTGCTGTTCACAA 110
R: CAAACTGTGCAACATAGGCTCC
plc F: TCTTGGAGAGGCTATGCACT 79
R: TGCGCTATCAACGGCAGTAA
colA F: AGTTCCTGGAATGTGGGGAC 85
R: TGCAAAGAACTCTGCTGTTCCT
165 rRNA F: GGGGGTTTCAACACCTCC 170

R: GCAAGGGATGTCAAGTGT

Preparation of mouse anti-PilA polyclonal antibody

Briefly, four healthy female KM mice (6—-8 weeks old)
were selected for immunization. On the first day, mice
were immunized via multipoint dorsal injection using
a 1:1 mixture of complete Freund’s adjuvant (Sigma-
Aldrich, St. Louis, USA) and PilA active protein with a
concentration of 1 mg/mL. On the 8th, 15th and 22nd
days, the immunizations were repeated using incom-
plete Freund’s adjuvant (Sigma-Aldrich, St. Louis, USA).
After continuous injection for 4 weeks, the mouse serum
was collected by aspiration. Subsequently, the aspi-
rated serum was incubated at a temperature of 56 °C for
a duration of 30 min. Finally, the serum was frozen and
stored at —80 °C. All the animal experiments were con-
ducted in accordance with the guidelines of the Animal
Care and Use Committee (ACUC) of Jilin University
(JLM 221407-2).

PilA expression determination

The overnight culture of C. perfringens ATCC13124
was subcultured at a dilution ratio of 1:100 in fresh BHI
medium supplemented with a series of concentrations
(0 pg/mL and 16 pg/mL) of IXN. The cultures were
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allowed to grow until they reached an OD 600 nm of 1.3.
DMSO was used as the solvent control. After centrifu-
gation at 12,000 rpm for 10 min, specific volumes of the
culture precipitates were suspended in SDS-PAGE load-
ing buffer with -mercaptoethanol (B-Me). The samples
were then boiled for 10 min at 95 °C. Subsequently, the
samples were separated by 12% SDS-PAGE and trans-
ferred onto a PVDF (polyvinylidene fluoride) membrane.
Following blocking of the PVDF membrane with 5% non-
fat dry milk, it was incubated with the pilA antibody that
we had produced at a dilution ratio of 1:1000. Addition-
ally, it was also incubated with horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (H+L) second-
ary antibodies at a dilution ratio of 1:1000 (Proteintech,
Rosemount, IL, USA). Then, the target blots were
detected using an ECL hypersensitive luminescent solu-
tion on an imager (Tanon, Shanghai, China). Finally, the
densitometry of the detected blots was quantified using
Image] software (NIH, Bethesda, USA).

Gas gangrene infection model in mice

The animal utilized were 6- to 8-week-old female BALB/c
mice (Changsheng Biotechnology, Liaoning, China). Ani-
mal experiments were conducted in accordance with
the guidelines of the Animal Care and Use Committee
(ACUC) of Jilin University (JLM 221407-4).

For the survival rate assay, the mice were infected via
intramuscular injection into the thigh muscle with a dose
of 2x10° cfus of C. perfringens ATCC13124. Meanwhile,
for the determination of bacteria load and histopathol-
ogy, a dose of 1x107 cfus was used for the infection.
The mice were randomly divided into two groups after
infection: the WT group and IXN treatment group.

HO

8 pg/mL Isoxanthohumol

WT +
16 pg/mL Isoxanthohumol
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Additionally, an untreated control group was also estab-
lished simultaneously. In the WT+IXN group, a dose
of 50 mg/kg body weight of the relevant substance was
administered at intervals of 8 h for a total period of 24 h
following the infection. In contrast, the WT group was
given the same volume of DMSO. Subsequently, the sur-
vival rate of the mice within 60 h was calculated. In other
assay, the mice were sacrificed by cervical dislocation at
24 h after the infection. The thigh muscle tissue was col-
lected to prepare hematoxylin—eosin (HE) staining sec-
tions for histopathology observation, while the other part
was homogenized for bacterial load measurement.

Statistical analysis

Statistical analyses were conducted using GraphPad
Prism (version 5.0) with independent Student’s ¢ test.
All the data are shown as the mean+SEM for at least
three replicates. The p-value less than 0.01 indicates that
the difference is highly significant; While p-value less
than 0.05 means the difference is significant; whereas a
p-value greater than 0.05 means there was no significant
difference.

Results

IXN inhibits TFP-mediated gliding motility

Previous studies have demonstrated that TFP play a cru-
cial role in mediating the gliding motility of C. perfringens
on BHI agar. We screened the natural compounds based
on the gliding motility of C. perfringens ATCC13124, and
found that IXN (Fig. 1A) inhibited the gliding motility
of C. perfringens at a concentration of 8 ug/mL (Fig. 1B).
Subsequently, the diameters of the gliding motility result-
ing from treatments with different concentrations of the

WT + DMSO C

&

1204

Gliding motility (%)

Fig. 1 IXN inhibits the gliding motility of C. perfringens. A The molecular formula of IXN. B The inhibitory effect of IXN on the gliding motility of C.
perfringens was evaluated. The gliding diameter of C. perfringens was measured using semi-solid agar supplemented with different concentrations
of IXN. C It was observed that the gliding motility of C. perfringens was significantly inhibited at a concentration of 16 pg/mL. All data are derived

from at least three independent experiments. *P<0.05; **P<0.01
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candidate compounds were measured. Which also con-
firmed that IXN significantly inhibited the gliding motil-
ity of C. perfringens (Fig. 1C).

IXN exerts no impact on the growth of C. perfringens

Both the measurement of the MIC and the growth curve
were utilized to explore the effect of IXN on the growth
of C. perfringens. As illustrated in Fig. 2A, it was evident
that IXN did not have a significant effect on the growth
of C. perfringens even when the concentration was as
high as 64 ug/mL. Concurrently, the MIC results dem-
onstrated that the MIC of IXN against C. perfringens
128 pg/mL (Fig. 2B). In conclusion, it can be concluded
that IXN inhibits the gliding motility of C. perfrin-
gens via non-bactericidal or non-bacteriostatic action
mechanisms.

IXN inhibits the TFP-dependent biofilm formation of C.
perfringens

It has been reported that the majority bacteria exist in
the form of biofilms within the natural environment, and
the TFP-mediated gliding motility serves as a favorable
condition for biofilm formation. Briefly, the biofilm for-
mation of C. perfringens upon treatment with IXN was
evaluated through crystal violet staining. As shown in
Fig. 3A, the biofilm formation rate of C. perfringens in
the control group was designated as 100%. The biofilm
formation was significantly suppressed by IXN at a con-
centration of 8 pg/mL. Moreover, at a concentration of
16 pg/mL, the biofilm formation rate decreased by 40%.
In addition, when the biofilm was diminished, the quan-
tity of planktonic bacteria in the supernatant increased

-~ 0 mg/ml -+ 4mg/ml -+ 8mg/ml

—— 16mg/ml == 32mg/ml -e= 64mg/ml

WT+DMSO

Page 6 of 11

(Fig. 3B). The ratio of A,,/ODg of the bacterial solution
(Fig. 3C) illustrates the relationship between the amount
of biofilm and planktonic bacteria. As shown in Fig. 3D,
the number of bacteria in supernatant and within the bio-
film was significantly reduced under the dual influence of
H,0, and IXN in comparison to the untreated group.

IXN inhibits TFP-mediated adherence of C. perfringens

to Caco-2 Cells

The ability of C. perfringens adhesion and invasion host
cells is mainly mediated by TFP [22]. Firstly, the cytotox-
icity of IXN to Caco-2 cells was examined by measuring
the LDH release in the co-culture system. The results
indicated that IXN did not exhibit significant cytotoxic-
ity to Caco-2 cells within the concentration of 4—64 ug/
mL (Fig. 4A). As shown in Fig. 4B, the adherence rate
reduced to 31% at the concentration of 16 pug/mL.

IXN down-regulates the transcription level of TFP related
genes

As shown in Fig. 5A, we obtained images of the pili of
C. perfringens ATCC13124 by using a TEM. The results
demonstrated that the surface of the bacteria in the con-
trol group was rough, with a significant number of pili.
The results demonstrated that the surface of the bacteria
in the control group was rough, with a significant number
of pili. Compared with the untreated group, IXN signifi-
cantly down-regulated the expression of related genes,
among which pilC genes had the most significant inhibi-
tory, while pilD gene expression was slightly up-regulated
(Fig. 5B, Fig. S1). IXN can also reduce the expression of
C. perfringens two-component regulatory genes and its

WT+16 pg/ml Isoxanthohumol WT+128 pg/ml Isoxanthohumol

Fig. 2 IXN has no effect on the growth of C. perfringens. A The growth curve of C. perfringens when co-cultured with different concentrations of IXN
is shown. B The MIC assays of C. perfringens against IXN were conducted. The MIC value was evaluated based on the colonies formed on the agar

plates
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Fig. 3 XN inhibits TFP-mediated biofilm formation of C. perfringens. A IXN inhibits the biofilm formation of C. perfringens. Bacterial cultures were
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oxidative stimulation (simulated with H,0,), the number of planktonic bacteria in the supernatant or biofilm was decreased, and the sensitivity
to H,0, increased in the IXN group. All data are derived from at least three independent experiments. *P < 0.05; **P < 0.01; NS indicates
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>

1204 NS

1004

oooooae

Cell viability (%)

4 8 16 32 64

Isoxanthohumol (pg/ml)

AN W = 0 B~ O

Adhesion rate (%)

N

=

150+

1204

90+

60+

304

Isoxanthohumol (pg/ml)

Fig.4 AThe cytotoxicity of IXN to Caco-2 cells was determined by LDH assay. The LDH assay was used to evaluate the cytotoxicity of IXN to Caco-2
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downstream genes (Fig. 5C). IXN can affect the activ-
ity of TFP by reducing the expression of PilA protein
(Fig. 5D-E).

IXN protects mice infected with C. perfringens
In the survival rate experiment, gas gangrene was
induced in the mice through intramuscular injection of

bacteria into the left leg. In the WT +IXN group, the sur-
vival rate reached 100% within 12 h and 40% within 24 h.
However, all the mice in this group eventually died within
60 h (Fig. 6A). Regarding the ocular pathological changes,
the left leg muscle of the WT group exhibited different
degrees of black necrosis. In contrast, the WT +IXN
group only presented with significant swelling, and no
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symptoms of black necrosis were observed (Fig. 6B). In
the histopathology assays, the WT group infected with C.
perfringens displayed typical pathological damage, with
a large number of leukocytes infiltrating the tissues [23].
Meanwhile, the IXN treatment group showed almost no
macroscopic pathological damage to the eyes (Fig. 6C). In
bacterial burden assays, the number of bacteria coloniz-
ing the tissues in the WT +IXN group was significantly
lower than that in the WT group. This finding demon-
strated that the survival of bacteria within the host tissue
was reduced by IXN (Fig. 6D).

Discussion and conclusion

In recent decades, antibiotics have been extensively uti-
lized in the realms of human and veterinary medicine.
Nevertheless, bacteria have managed to develop resist-
ance to nearly all the commonly available antibiotics.
Even in the future, humans may face no drug available

for bacterial infections [24]. Previous studies have dem-
onstrated that certain natural compounds possess the
ability to inhibit the virulence factors of bacteria, thereby
lessening the occurrence of pathogen infections [25,
26]. Numerous studies have indicated that IXN exhib-
its favorable antiviral activity against bovine viral diar-
rhea mucosal disease (BVDV) and herpes simplex virus
(HSV) [27]. Moreover, drug products based on IXN
might have unique effects on the treatment of hepatitis.
IXN has good preventive and therapeutic effects on can-
cer by inhibiting the function of endothelial cells [28].
Additionally, IXN also inhibits the synthesis and release
of pro-inflammatory mediators in human monocyte
line Mono-Mac-6, providing evidence that it may also
affect tumor host crosstalk [28]. Meanwhile, studies have
shown that some natural compounds can inhibit bacterial
virulence factors, thereby reducing pathogen infections.
Consequently, targeting bacterial virulence factors for



Song et al. Microbial Cell Factories (2025) 24:45

Page 9 of 11

8- sk
100 -~ —_—
—_ — Control o8 °
N — =t
< 80 — WT é °
s — WT+IXN o 64
; 60 —\— z
= [ ]

w»
Z 40 —=—
A g 4
£ 20 5
: 5

2

Control

Fig. 6 XN protective infected mice from gas gangrene. A IXN was found to significantly reduce the mortality of mice infected with C. perfringens.
B The ocular lesions of the mice left leg muscles in each group were observed. C Histopathological observations of the thigh muscle tissue were
conducted using hematoxylin & eosin staining (x200). D The bacterial load in the left leg muscles 24 h after infection was measured. *P < 0.05; **

P<0.01

the treatment of infectious diseases presents a promising
new approach in clinical treatment. Although numerous
studies have demonstrated that IXN has excellent anti-
inflammatory and antibacterial properties, its inhibitory
effect on the TFP of C. perfringens as well as the underly-
ing mechanism have not yet been reported.

We used C. perfringens ATCC13124 as a model strain
to screen TFP inhibitors and analyzing their action
mechanism. IXN, an important active ingredient
derived from Humulus lupulus Linn, exerts a significant
inhibitory effect on the transcription of TFP and related
genes in C. perfringens. Firstly, it was demonstrated
that IXN could inhibit TFP-mediated gliding motility
and the function of TFP without affecting the bacteria
growth. Previous studies have established that the main
components of the biofilms are pili. Consequently, the
inhibition of IXN on the biological functions of C. per-
fringens TFP was evaluated through biofilm formation

assays and Caco-2 cell adhesion assays. The results con-
firmed that IXN significantly reduced bacterial adhe-
sion and biofilm formation without cytotoxicity. In
addition, TEM images revealed that IXN inhibited the
morphology and synthesis of TFP on the surface of the
bacteria. The transcription levels of TFP related genes
(virR, virS, pilA, pilD, pilT, pilC, pilM) were detected
by RT-PCR. The results indicated that all TFP-related
encoding genes and two comment regulatory genes
were significantly down-regulated except pilD. The low
expression levels of the major pilA gene might lead to
a reduction or even deletion of pili, thereby resulting
in a decrease in biofilm formation. The reduced tran-
scription level of pilT could contribute to a decline in
bacterial gliding motility. Finally, the therapeutic effect
of IXN on mice with gas gangrene caused by C. per-
fringens was verified through animal experiments. The
results showed that IXN significantly could prolong the
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survival time, improve the survival rate, alleviate the
pathological damage to the thigh muscle tissue, and
reduced the bacteria colonization in the muscle.

In the research, it was observed that IXN inhibits the
functions mediated by TFP and exhibits favorable thera-
peutic effects on gas gangrene. This finding implies that
the inhibition of bacterial virulence factors can serve as
an effective means to combat drug-resistant bacterial
infections. However, the current research still has cer-
tain limitations. IXN has poor water solubility, and con-
tinuous improvement in solubility and dosage form is
needed in the future to enhance its absorption efficiency
and bioavailability. The reports regarding the pharmaco-
logical activity of IXN have predominantly centered on
its beneficial aspects, while the understanding of its side
effects and toxicity remains insufficient. The research
in this field is not yet comprehensive enough, and thus
future research endeavors should place emphasis on the
rational evaluation of such issues. In conclusion, IXN is a
widely sourced and stable natural compound with broad
application prospects in combating pathogenic bacterial
infections.
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