Tian et al. AMB Express (2026) 16:61 AMB Express
https://doi.org/10.1186/s13568-026-02055-z

: : e ®
Lactobacillus crispatus attenuates Escherichia ==
coli-induced inflammation and migration
of cervical cancer cells

Dongli Tian?, Lei Deng?, Enting Lu?, Huayang Li%, Fanyi Meng?, Xinyang Chen?, Yi Zhang® and Ye Sun'

Abstract

Comprehensive research has indicated that Lactobacillus, serving as the predominant bacterial genus in the
female reproductive tract, effectively restrains pathogenic microorganisms and plays a vital role in upholding
urogenital health. In the present study, Lactobacillus crispatus, a pivotal species within the Lactobacillus genus, was
chosen to explore its antibacterial mechanisms against Escherichia coli and the molecular pathways implicated

in alleviating the progression of cervical cancer complicated by Escherichia coli infection. Lactobacillus crispatus
manifested notable inhibitory effects on the growth of Escherichia coli, with an average inhibition zone diameter
of 23.86+0.41 mm. The principal active agents accountable for this antimicrobial activity were ascertained to be
viable Lactobacillus crispatus cells. Moreover, Lactobacillus crispatus significantly curbed the biofilm formation of
Escherichia coli. Remarkably, Escherichia coli infection induced ferroptosis, exacerbated inflammatory responses, and
promoted migratory capacity in human cervical cancer cell lines Hela and C-33A. In contrast, Lactobacillus crispatus
treatment effectively attenuated Escherichia coli-induced ferroptosis, inflammation, and cell migration in human
cervical cancer cell lines HeLa and C-33A. As a microbial homeostasis regulator, Lactobacillus crispatus not only
suppresses the growth of Escherichia coli but also improves the migratory potential of cervical cancer cells in the
context of Escherichia coli infection, thus contributing to the preservation of female reproductive system health.
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Introduction

There exists a diverse array of microbial communities
within the female vagina, collectively maintaining the
balance and stability of vaginal microecology (De et al,,
2022; Shen et al. 2022). However, any disruption to this
equilibrium may lead to gynecological diseases, includ-
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for the growth and survival of tumor cells. As a critical
anatomical structure connecting the vagina and uterus,
the cervix is also a region prone to colonization by Esch-
erichia coli, potentially leading to cervical epithelial dam-
age, inflammation, and even carcinogenesis (Lopez et al.
2021).

Ferroptosis is a newly identified form of programmed
cell death that distinctly differs from apoptosis, necrosis,
and autophagy. It is characterized by the iron-dependent
accumulation of lipid peroxidation to cytotoxic levels.
Recent studies have demonstrated a close association
between microbial infection, localization and metasta-
sis, ferroptosis, and the onset and progression of tumors.
Ferroptosis plays a crucial regulatory role in the host
immune response to infection and tumorigenesis. Patho-
gen invasion can trigger ferroptosis in host cells, leading
to the release of damage-associated molecular patterns
(DAMPs) and subsequent activation of innate immune
signaling pathways (Saavedra-Torres et al.,, 2025). How-
ever, certain pathogenic microorganisms manipulate host
iron homeostasis and suppress reactive oxygen species
(ROS) production to facilitate their survival (Wang et al.
2025). For instance, Salmonella exploits the host trans-
ferrin receptor-mediated iron uptake pathway to enhance
intracellular persistence and bolster its antioxidant
defense mechanisms (Hos et al. 2017). Meanwhile, malig-
nant tumor cells frequently exhibit dysregulated iron
metabolism and impaired antioxidant systems, including
altered glutathione peroxidase 4 (GPX4) activity. Within
the tumor microenvironment, immune cells can influ-
ence tumor progression by modulating ferroptotic pro-
cesses (Tong et al. 2022).

Lactobacillus crispatus serves as the dominant strain
in the female vagina, playing a pivotal role in preserving
the balance of vaginal microecology (Garza et al. 2021).
Bacterial vaginosis is a condition characterized by the
overgrowth of anaerobic bacteria, particularly Gard-
nerella species, and a concurrent reduction or deple-
tion of Lactobacillus crispatus (Méandar et al. 2023). The
administration of Lactobacillus crispatus lowers the pH
of the vaginal milieu through lactic acid production,
thereby inhibiting the proliferation of anaerobic patho-
gens (Marschalké et al. 2023). Additionally, Lactobacil-
lus crispatus can produce multiple antimicrobial agents,
including hydrogen peroxide and bacteriocins, which
contribute to its protective effect against microbial infec-
tions (Balkus et al. 2012; Nilsen et al. 2020). Lactobacillus
cristae reduces the risk of inflammation by maintaining
an acidic vaginal environment and generating hydrogen
peroxide, which inhibits the proliferation of pathogenic
and opportunistic microorganisms (Dricot et al. 2024).
Currently, the mechanism by which Lactobacillus cris-
patus mitigates cervical cancer through the inhibition
of Escherichia coli remains unclear. The objective of this
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study is to further investigate the role of Escherichia coli
in the onset of cervical cancer, which holds significant
implications for enhancing early prevention, improving
treatment efficacy, and reducing mortality rates. Addi-
tionally, the application of Lactobacillus crispatus-based
microecological therapy to control the occurrence and
progression of cervical cancer carries substantial practi-
cal significance.

Materials and methods

Strains and cell lines and their cultures

The freeze-dried powder of Lactobacillus crispatus was
obtained from the Chinese General Microbiological
Culture Collection Center (CGMCC, accession number
CGMCC 1.2743) and is a wild-type strain. An appropri-
ate volume of sterile water was added to reconstitute the
lyophilized powder, which was subsequently inoculated
into MRS liquid medium (Solarbio, Beijing, China). The
culture was maintained under controlled conditions at
37 °C with a shaking speed of 180x g for 18 h. Follow-
ing successful growth of the strain, an inoculation loop
was used to transfer the culture onto MRS solid medium,
which was then incubated at 37 °C for 18 to 24 h. Esch-
erichia coli ATCC25922 originates from the Laboratory
of Shenyang Medical College Affiliated Central Hospi-
tal and is cultured in broth medium (Solarbio, Beijing,
China) under conditions at 37 °C, 180 x g, for 8 h.

Human cervical cancer cell lines HeLa and C-33A
were obtained from the Cell Bank of the Typical Cul-
ture Preservation Committee, Chinese Academy of Sci-
ences. These cell lines were originally sourced from the
American Type Culture Collection (ATCC), with the
accession numbers CCL-2 for HelLa and HTB-31 for
C-33A (Macville et al. 1999; Hendricks et al. 1997). Both
Hela and C-33A cells were cultured in DMEM (Hyclone,
Logan, UT, USA) supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT, USA), along with 100 units/
mL of penicillin (Genview, Australia) and 100 units/mL
of streptomycin solution (Genview, Australia). The cul-
tures were maintained at 37 °C in a humidified atmo-
sphere containing 5% CO,.

Antibodies

The primary antibodies include mouse monoclonal anti-
NF-«B p65 (1:3000, Cat No. ab288751), rabbit polyclonal
anti-LOX (1:5000, Cat No. ab174316), rabbit monoclonal
anti-COX2 (1:3000, Cat No. ab179800), rabbit monoclo-
nal anti-N-cadherin (1:6000, Cat No. ab76011), rabbit
monoclonal anti-Vimentin (1:3000, Cat No. ab92547),
rabbit monoclonal anti-Snail (1:1000, Cat No. ab216347),
rabbit monoclonal anti-Slug (1:1000, Cat No. ab314086),
rabbit polyclonal anti-groEL antibody (1:1000, Cat No.
ab90522) were obtained from Abcam Biomedical Com-
pany (Cambridge, UK). The primary antibodies include
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mouse monoclonal anti-GPX4 (1:3000, Cat No. 67763—
1-Ig), rabbit polyclonal anti-SLC7A11 (1:1000, Cat No.
26864—1-AP), rabbit polyclonal anti-SLC3A2 (1:20,000,
Cat No. 15193-1-AP), rabbit polyclonal anti-Lipoprotein
Lpp (1:5000, Cat No. 25045—1-AP) were obtained from
Proteintech Company (Wuhan, Hubei, China). The pri-
mary antibodies include rabbit polyclonal anti-ompA
(1:2000, Cat No. PA5-117,575), rabbit polyclonal anti-
ompC (1:2000, Cat No. PA5-117,701), were obtained
from Thermo Fisher Scientific Company (Massachusetts,
USA). HRP-Goat anti-rabbit recombinant secondary
antibody (H+ L) and HRP-Goat anti-mouse recombinant
secondary antibody (H+L) were obtained from Protein-
tech Company (Wuhan, Hubei, China).

Bacteriostatic active ingredient detection

The Oxford cup assay was employed to determine active
ingredient. Briefly, single colonies of Escherichia coli
were inoculated into 5 mL of LB broth and incubated
aerobically at 37 °C with shaking (180 rpm) for 12 h. The
resulting culture was then diluted with fresh LB broth to
achieve a standardized inoculum density of 1 x10° CFU/
mL. Subsequently, 100 pL of this suspension was uni-
formly spread onto the surface of MRS agar plates using
a sterile glass spreader. Single colonies of Lactobacillus
crispatus were isolated and inoculated into MRS medium
(supplemented with 5 mL) under aseptic conditions. The
cultures were incubated at 37 °C for 18 h with shaking at
180x g to prepare the seed solution. Subsequently, the
fermentation broth was prepared by inoculating the seed
culture into MRS medium (50 mL, containing 1% inocu-
lum) and incubating it at 37 °C for 24 h with shaking at
180 x g. The fermentation broth of Lactobacillus crispa-
tus was divided into five experimental groups: the first
group consisted of untreated fermentation broth; the sec-
ond group involved filtration of the supernatant through
a 0.22 pm filter membrane to remove bacterial cells; the
third group involved centrifugation of the fermentation
broth at 18,000 x g for 10 min at 4 °C, followed by collec-
tion of the precipitated Lactobacillus crispatus cells and
their resuspension in saline; the fourth group was similar
to the third, except that the resuspended cells were sub-
jected to heat treatment at 62 °C for 30 min to achieve
bacterial inactivation; the fifth group served as a con-
trol and contained only saline. Sterile Oxford cups were
placed equidistantly on the inoculated agar surface, and
150 pL of the sample to be tested was added into each
cup. Plates were incubated at 37 °C for 24 h under aero-
bic conditions, after which zones of inhibition were mea-
sured to assess antibacterial activity.

Determination of inhibition threshold of strain co-culture
The concentration of Lactobacillus crispatus was adjusted
to 0x 10* CFU/mL, 0.125 x 10* CFU/mL, 0.25 x 10* CFU/
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mL, 0.5x10* CFU/mL and 1x10* CFU/mL using MRS
medium. Subsequently, 100 uL of Lactobacillus crispa-
tus bacterial suspensions at varying concentrations were
added to a 96-well plate, followed by the addition of 100
uL of Escherichia coli suspension (1x10° CFU/mL) into
each well. The 96-well plates were incubated aerobically
at 37 °C for 24 h. Bacterial viability was quantified via col-
ony-forming unit (CFU) enumeration, and colony PCR
was performed to determine the inhibitory concentration
threshold in the co-culture system.

Fermentation broth conditions determination

Single colonies of Lactobacillus crispatus were asepti-
cally picked and inoculated into 5 mL of MRS medium.
To investigate pH and temperature dependent growth
responses, cultures were incubated across a pH range of
1-12 (adjusted with sterile HCIl or NaOH) and at temper-
atures ranging from 28 to 43 °C for durations of 12—42 h.
At the conclusion of each incubation period, bacterial
cells were harvested by centrifugation at 18,000x g for
10 min at 4 °C, washed once with sterile PBS, and resus-
pended in fresh MRS medium (pH 6.5-7.0) to stan-
dardize the optical density. Antimicrobial efficacy was
evaluated using the Oxford cup assay according to the
standardized protocol described earlier.

Viable bacteria quantity detection

The viable bacterial count was quantified using the
standard plate count method. Briefly, test samples were
serially diluted tenfold in sterile physiological saline. Ali-
quots of 100 L from dilutions ranging from 10* to 10
were evenly spread onto LB or MRS agar plates. Plates
were incubated aerobically at 37 °C for 24 h. Following
incubation, visible colonies were enumerated, and the
viable bacterial concentration was calculated based on
the dilution factor and inoculum volume, and reported as
colony-forming units per milliliter (CFU/mL).

MOl assay

Hela and C-33A cells were seeded in DMEM medium
(contains 10% fetal bovine serum, and devoid of penicil-
lin and streptomycin) at density of 2 x 10* cells/mL (500
uL per well) into 24-well tissue culture plates and incu-
bated at 37 °C under 5% CO, for 18 h. Following incu-
bation, the culture medium was aspirated, and cells
were washed three times with PBS. Subsequently, the
MOI was determined as follows: for Escherichia coli, 500
uL of 1x10° CFU/mL was used at 4 h post-infection in
both HeLa and C-33A cells; for Lactobacillus crispatus,
500 pL of 1/16x10* CFU/mL, 1/8x10* CFU/mL and
1/4x10* CFU/mL were applied at 24 h post-infection
in HeLa and C-33A cells, respectively. Cell-free DMEM
medium for bacterial culture alone (contains 10% fetal
bovine serum, and devoid of penicillin and streptomycin)
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only group served as control. The MOI was deter-
mined using the viable plate count method. Calculation
MOI = number of bacteria/number of cells.

Cell viability assay

Hela and C-33A cells were seeded in DMEM medium
(contains 10% fetal bovine serum, and devoid of penicil-
lin and streptomycin) at a density of 2 x 10* cells/mL (500
uL per well) into 24-well tissue culture plates and incu-
bated at 37 °C under 5% CO, for 18 h. Following incu-
bation, the culture medium was aspirated, and cells were
washed three times with PBS. Hela and C-33A cells were
treated with either Escherichia coli or Lactobacillus cris-
patus. Following completion of the incubation period,
40 pL of cell counting kit-8 solution was added (Apex-
bio, USA) to each plate, and the plate was incubated for
4 h. The absorbance of each individual experiment at
460 nm was detected. Cell viability (%) = [(ODexperimen-
tal - ODblank) / (ODcontrol - ODblank)] x 100%

Bacterial identification

The bacteria were identified by colony PCR. The specific
method was as follows: single colony was selected, added
to the pre-mixed PCR reaction tube, and treated at 95 °C
for 10 min to decompress and release DNA. The univer-
sal primers of 16STRNA gene 27F (5'-AGAGTTTGATC
CTGGCTCAG-3') /1541R (5'-AAGGAGGTGATCCA
GCC-3’) were used for PCR amplification. The reaction
tube was placed in the PCR instrument, and the reaction
program was set as follows: the predenaturation stage
was 95 °C for 5 min; The denaturation stage was 95°C for
30 s. The annealing stage was 58 °C for 35 s. The exten-
sion phase was 72 °C for 80 s with 30 cycles to complete
the amplification. The PCR products were detected by
agarose gel electrophoresis, and the target bands were
obtained. The PCR products were sent to Shanghai San-
gon Company for sequencing. The sequencing results
were compared in Ezibiocloud (https://EzBioCloud.net).

Ferroptosis determination

The effects of Escherichia coli and Lactobacillus crispa-
tus on ferroptosis in Hela and C-33A cells were evaluated
using a green fluorescent probe assay. The experiments
were divided into DMEM medium (contains 10% fetal
bovine serum, and devoid of penicillin and streptomy-
cin) group containing Escherichia coli (1x10° CFU/mL,
MOI 20), DMEM medium (contains 10% fetal bovine
serum, and devoid of penicillin and streptomycin) group
containing Lactobacillus crispatus at different concen-
trations (1/16x10* CFU/mL MOI 35, 1/8x10* CFU/
mL MOI 35, and 1/4x10* CFU/mL MOI 35) and Esch-
erichia coli (1 x10° CFU/mL, MOI 20). DMEM medium
(contains 10% fetal bovine serum, and devoid of peni-
cillin and streptomycin) only group served as the blank
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control. The procedure was as follows: 500 pL of Hela or
C-33A cell suspension (2 x 10* cells/mL) was seeded into
each well of a 24-well plate and incubated at 37 °C under
5% CO, for 18 h. After incubation, the culture medium
was removed, and the cells were washed three times with
PBS. Subsequently, 500 pL of the respective test solution
for each experimental group was added and incubated for
4 h. The culture medium was subsequently replaced with
DMEM supplemented with 10% fetal bovine serum (FBS)
and devoid of penicillin and streptomycin, to which ferric
ammonium citrate (Sigma-Aldrich, Germany) was added
to a final concentration of 100 umol/L. Cells were then
incubated for 30 min under standard culture conditions.
Cells were washed again with PBS, fixed with 4% parafor-
maldehyde at room temperature for 30 min, and perme-
abilized with 1% Triton X-100 for 20 min. Following an
additional PBS wash, 500 pL of FerroBrite Green solution
(final concentration: 5 pmol/L; AAT Bioquest, USA) was
added to each well and incubated for 30 min under light-
protected conditions. Fluorescence signals were observed
and recorded using a fluorescence inverted microscope
(Zeiss, Germany) with excitation at 450 nm and emission
at 550 nm.

Glutathione (GSH) content detection

The level of GSH in cells was quantified using an GSH
assay kit (mlbio, Shanghai, China), which primarily con-
tained 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB),
glutathione reductase, and nicotinamide adenine dinu-
cleotide phosphate (NADPH). In this assay, GSH in the
samples reacted with DTNB to generate yellow-colored
5-thio-2-nitrobenzoic acid (TNB), and the absorbance
was measured at 450 nm using a microplate reader
(BioTek, USA) to determine GSH concentration. The
experimental groups consisted of DMEM medium (con-
tains 10% fetal bovine serum, and devoid of penicillin and
streptomycin) supplemented with Escherichia coli (1 x 10°
CFU/mL, MOI 20) and DMEM medium (contains 10%
fetal bovine serum, and devoid of penicillin and strepto-
mycin) alone as the blank control. The experimental pro-
cedure was as follows: Hela and C-33A cells were exposed
to each treatment group for 4 h. After washing the cells
with PBS, adherent cells were separated using trypsin and
centrifuged at 1000 x g for 10 min at 4 °C to collect the
resulting cell pellet. Harvested cells were resuspended in
PBS to a final concentration of 1x10’cells/mL. Subse-
quently, the cell suspension was transferred to a grinding
tube containing ceramic lysate beads and homogenized
using a multifunctional homogenizer (Bertin, France) for
30 s at 6500 rpm under continuous cooling at 4° C. After
lysis, samples were centrifuged at 12,000x g for 10 min
at 4° C, and supernatants were collected for subsequent
analysis. Subsequently, 150 pL of total glutathione assay
working solution was added to each sample, thoroughly
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mixed, and incubated for 5 min at room temperature.
Then, 50 pL of NADPH solution (0.5 mg/mL) was added,
mixed again, and incubated for 30 min at room tempera-
ture before assay.

Reactive oxygen species (ROS) content detection

The level of ROS in cells was quantified using an ROS
assay kit (mlbio, Shanghai, China). The assay kit pri-
marily contained the 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) probe. Upon intracellular reactive
oxygen species (ROS) generation, DCFH-DA is deacety-
lated and subsequently oxidized to the fluorescent com-
pound 2',7'-dichlorofluorescein (DCF). The ROS levels
were quantified by measuring the fluorescence intensity
using a fluorescence microplate reader. The experimental
groups consisted of DMEM medium (contains 10% fetal
bovine serum, and devoid of penicillin and streptomy-
cin) supplemented with Escherichia coli (1x10° CFU/
mL, MOI 20), while DMEM medium (contains 10% fetal
bovine serum, and devoid of penicillin and streptomycin)
alone served as the blank control. The procedures were as
follows: Hela and C-33A cells were exposed to each treat-
ment groups for 4 h. Following washing of the cells with
PBS, adherent cells were detached using trypsin, centri-
fuged at 1000 x g for 10 min at 4 °C, and the resulting cell
pellets were collected. For the preparation of the DCFH-
DA working solution, a 10 mM DCFH-DA stock solution
in DMSO was diluted in serum-free DMEM medium at a
ratio of 1:1000 to achieve a final concentration of 10 pM.
The cell concentration was adjusted to 1x10” cells/mL
in DCFH-DA working solution. Cells were then incu-
bated at 37 °C for 20 min, followed by three washes with
serum-free culture medium to ensure complete removal
of extracellular DCFH-DA. The harvested cells were
resuspended in PBS to a final concentration of 1x10’
cells/mL. Subsequently, the cell suspension was trans-
ferred to a grinding tube containing ceramic lysis beads
and homogenized using a multifunctional homogenizer
(Bertin, France) at 6500 rpm for 30 s under continuous
cooling at 4 °C. Following lysis, the sample was cen-
trifuged at 12,000 x g for 10 min at 4 °C, and the result-
ing supernatant was collected for downstream analysis.
Fluorescence intensity was measured using a fluorescent
microplate reader (Biotek, USA) with excitation set at
502 nm and emission at 530 nm.

Biofilm formation determination

To accurately assess the inhibitory effect of Lactoba-
cillus crispatus on Escherichia coli biofilm formation,
potential auto-biofilm formation by Lactobacillus crispa-
tus itself must be rigorously excluded. Accordingly, the
biofilm-forming capacity of Lactobacillus crispatus was
first evaluated in both LB and MRS media under identi-
cal incubation conditions (37 °C, 24 h) and in the absence
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of Escherichia coli. Three serial dilutions of Lactobacil-
lus crispatus 1/16 x 10* CFU/mL, 1/8 x 10* CFU/mL, and
1/4x10* CFU/mL were independently cultured in each
medium. Only upon confirmation that Lactobacillus
crispatus did not form detectable biofilms under these
conditions was co-culture with Escherichia coli initiated.
For co-culture experiments, a standardized suspension of
Escherichia coli (1x10° CFU/mL, MOI 20) was seeded
into 48-well microtiter plates, followed by addition of the
aforementioned Lactobacillus crispatus dilutions pre-
pared in either LB or MRS medium. Uninoculated LB
and MRS media served as negative controls. All experi-
mental groups were incubated at 37 °C for 24 h prior to
biofilm quantification. After incubation, the medium and
non-adherent bacteria were removed, and the wells were
washed with PBS buffer. The adherent bacteria were fixed
with methanol for 20 min, stained with a 2% crystal vio-
let solution for 15 min, and decolorized with 33% glacial
acetic acid. Finally, the absorbance value was measured at
630 nm using a microplate reader and the optical micro-
scope was used for observation using a 10 x eyepiece and
a 40 x objective lens (total magnification: 400 x).

Cell scratch assay

Briefly, 2x10° cells/well Hela and C-33A cells were
seeded in 6-well plates and incubated at 37 °C under 5%
CO, for 24 h to achieve approximately 90% confluence.
The experiments were divided into DMEM medium (con-
tains 10% fetal bovine serum, and devoid of penicillin and
streptomycin) group containing Escherichia coli (1x10°
CFU/mL, MOI 20), DMEM medium (contains 10% fetal
bovine serum, and devoid of penicillin and streptomy-
cin) group containing Lactobacillus crispatus at different
concentrations (1/16 x 10* MOI 35, 1/8 x 10* MOI 35, and
1x10* CFU/mL MOI 35) and Escherichia coli (1x10°
CFU/mL MOI 20). DMEM medium (contains 10% fetal
bovine serum, and devoid of penicillin and streptomy-
cin) only group served as the blank control. Following
treatment, a uniform scratch was created in each well
using a 200 pL pipette tip, after which the monolayers
were washed once with PBS. Subsequently, 2 mL of the
respective treatment DMEM medium (contains 10% fetal
bovine serum, and devoid of penicillin and streptomycin)
was added to each well and maintained at 37 °C under 5%
CO, for 24 h. The experiment was performed in tripli-
cate, and wound healing was assessed by measuring the
remaining scratch area using Image]J software1.8.0.

Adhesion ability determination

500 pL of Hela and C-33A cells, suspended at a con-
centration of 2x10° cells/mL, were seeded into 6-well
plates and incubated overnight under standard cell cul-
ture conditions (37 °C, 5% CO,). Subsequently, the cells
were cultured in DMEM medium (contains 10% fetal
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bovine serum, and devoid of penicillin and streptomycin)
supplemented with serum for 3 days, followed by serum-
free DMEM medium (contains no penicillin and strepto-
mycin) for 12 h. After removing the culture medium and
washing the wells twice with PBS, the following treat-
ments were added to each well: 1 mL of Escherichia coli
suspension (MOI 20), 1 mL of Escherichia coli suspen-
sion (MOI 20) combined with 1/16 x 10* CFU/mL (MOI
35) Lactobacillus crispatus mixture, 1 mL of Escherichia
coli suspension (MOI 20) combined with 1/8 x 10* CFU/
mL (MOI 35) Lactobacillus crispatus mixture, 1 mL of
Escherichia coli suspension (MOI 20) combined with
1x10* CFU/mL (MOI 35) Lactobacillus crispatus mix-
ture, and 1 mL of DMEM medium (contains no fetal
bovine serum, penicillin, and streptomycin) as a control.
The contents were mixed thoroughly and co-incubated
for 4 h. Following incubation, the cells were washed
with PBS and fixed with 4% paraformaldehyde for 1 h.
Cells were stained with crystal violet for 1 min, followed
by gentle rinsing with phosphate-buffered saline (PBS).
Subsequently, excess dye was removed by decolorization
with 95% ethanol for 30 s, and the monolayer was washed
again with PBS. Thereafter, cells were counterstained
with diluted basic fuchsin for 1 min and thoroughly
rinsed with PBS. Bacterial adherence was quantified by
counting the number of bacteria associated with indi-
vidual host cells at five standardized positions—upper,
lower, left, right, and central—within each microscopic
field. Counts from all five positions were averaged to
yield a representative value per field. Imaging and enu-
meration were performed under bright-field microscopy
using a 10 x eyepiece and a 40 x objective lens (total mag-
nification: 400 x).

Inflammatory cytokines detection

The levels of inflammatory factors in cells were quanti-
fied using the Enzyme-Linked Immunosorbent Assay
(ELISA). Hela and C-33A cells, treated with Escherichia
coli or a combination of Escherichia coli and Lactobacil-
lus crispatus, were centrifuged at 1000 g for 20 min at
4 °C to collect the supernatant. According to the manu-
facturer's instructions (Mibio, Shanghai, China), standard
wells and sample wells were prepared for TNF-a, IL-6,
and IL-8 detection. Fifty microliters (50 pL) of standards
at varying concentrations were added to the standard
wells, while 50 pL of samples were added to the sample
wells. Each well was subsequently incubated with 100
pL of horseradish peroxidase (HRP)-conjugated detec-
tion antibody for 60 min at 37 °C. Following this, each
well was washed five times with 300 puL of washing buf-
fer. Substrate A and substrate B (50 puL each) were then
added to each well and incubated for 15 min at 37 °C
in the dark. Finally, 50 pL of stop solution was added to
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each well, and the absorbance was measured at a wave-
length of 450 nm.

Western blot

Hela and C-33A cells were treated with Escherichia coli
or a combination of Escherichia coli and Lactobacillus
crispatus. The cells were subsequently lysed using RIPA
lysate(Beyotime Biotechnology, Shanghai, China) con-
taining 1 mM PMSF(Beyotime Biotechnology, Shang-
hai, China), and total protein extracts were prepared.
Equal quantities of protein samples from each experi-
mental group were resolved by SDS-PAGE at 80 V for
25 min and then at 120 V for an additional 50 min. The
separated proteins were transferred onto PVDF mem-
branes (Millipore, Boston, MA, USA) under constant
conditions of 15 V and 1.0 A for 18 min. The membranes
were extensively washed with TBST, blocked overnight
at 4 °C with 5% skim milk (Sigma, Louis, MO, USA) in
TBST, and incubated with the primary antibody for 2 h
at room temperature. This was followed by incubation
with the secondary antibody for 1 h under the same con-
ditions. Protein bands were visualized using ECL reagent
(Vazyme, Shanghai, China), and the gray values of the
protein bands were calculated by Image ] software.

Statistical analysis

All experiments were performed with 3-5 indepen-
dent biological replicates. Data are presented as the
mean + standard deviation. Prior to conducting statistical
analyses, the Shapiro—Wilk test was employed to assess
the assumption of normality, and Levene’s test was used
to evaluate the homogeneity of variances. To compare
the cell ferroptosis level, inflammatory factors, migration
level with or without Escherichia coli intervention, using
unpaired Student’s t-test (for normal data) or the Mann—
Whitney U test (for non-normal data). The impacts of
Escherichia coli in combination with Lactobacillus cris-
patus at diverse concentrations on ferroptosis, inflam-
matory factors, and migration of human cervical cancer
cells were evaluated via one—way analysis of variance
(ANOVA). Subsequently, if the ANOVA results were sig-
nificant, post—hoc analysis was carried out using Tukey's
test. If assumptions were violated, the nonparametric
Kruskal-Wallis test and Dunn's post hoc test were used.
Significance levels were set as follows: *<0.05, **<0.01
and ***<0.001. Statistical analysis of all data was per-
formed using SPSS 22.0 software.

Results

Escherichia coli induces expression of inflammatory factors
in cervical cancer cells through ferroptosis

Human cervical cancer cells Hela and C-33A were
infected with Escherichia coli. As shown in Fig. 1-A, using
fluorescence microscopy, the intracellular ferroptosis
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fluorescence signal was significantly increased in Hela
and C-33A cells infected with Escherichia coli compared
with those not infected with Escherichia coli. As shown in
Fig. 1-B, the expression of SLC7A11 and SLC3A2 in Hela
cells was extremely significantly decreased after Esche-
richia coli infection (p <0.01). The expression of GPX4 in
C-33A cells was significantly decreased, and the expres-
sion of SLC7A11 and SLC3A2 was extremely signifi-
cantly decreased (p<0.01). Glutathione (GSH) functions
as a scavenger of reactive oxygen species (ROS) through
the catalytic action of GPX4. The enzymatic activity of
ferroptosis-regulatory proteins was assessed by quanti-
fying GSH and ROS levels. Following infection with Esch-
erichia coli, a significant decrease in GSH content was
observed in both Hela and C-33A cells (p<0.05). Addi-
tionally, Escherichia coli infection led to a marked signifi-
cant in ROS levels in both Hela and C-33A cells (p <0.05)
(Fig. 1-C and D). Studies have confirmed that ferropto-
sis is closely related to inflammatory injury. The results
showed that the expression of TNF-q, IL-6 and IL-8 in
Hela and C-33A cells after Escherichia coli infection was
extremely significantly increased (p <0.001) (Fig. 1-E).

Escherichia coli promotes the migration of cervical cancer
cells

We investigated the impact of Escherichia coli on the
migratory capacity of cervical cancer Hela and C-33A
cells. As shown in Fig. 2-A, the migratory ability of cervi-
cal cancer Hela and C-33A cells infected with Escherichia
coli was extremely significantly enhanced compared to
that of uninfected cells (p<0.001). Western blot analysis
revealed that the expression levels of adhesion-related
proteins N-cadherin, Vimentin, Snail, and Slug were sig-
nificantly upregulated in Escherichia coli-infected cervi-
cal cancer Hela and C-33A cells relative to uninfected
cells (p <0.05) (Fig. 2-B).

Lactobacillus crispatus inhibited the growth of Escherichia
coli

As shown in Fig. 3-A, we divided the cultured Lactoba-
cillus crispatus bacterial solution into five groups: whole
bacterial solution (a), sterile supernatant (b), active bacte-
rial (c), inactivated bacterial (d), and saline (e). The whole
solution of Lactobacillus crispatus and the active strain
could inhibit the growth of Escherichia coli, but neither
the supernatant nor the inactivated strain could inhibit
the growth of Escherichia coli. The inhibitory diam-
eters of the whole fermentation solution and the active



Tian et al. AMB Express (2026) 16:61 Page 8 of 17

A Hela C-33A

Escherichia coli — +
80+
Kk Kk
Kk
g
= 60
S
E =1 Hela
3 40- 3 C-33A
o
)
2
S 20+
=
0 T
Escherichia coli = +
B
& ﬂ N-cadherin
i 1.5+
>
-; 1.2
5 0.94
3
£
s [ .| [ 000§
Q
s
e T 0.0
B-Actin e 42 kDa Escherichia coli - +
Escherichia coli — A — +
Vimentin Snail Slug
1.0 1.5 0.8 %
3 3 -
2 B ) 3
s 0.8 5 1.2 Y
§ g g
5 0.6 5 0.94 £ =3 Hela
3 3 3 044 3 C-33A
£ £ ke
g 0.4 g 0.6 g
=S Q Q
2 2 £ 0.2
§ 0.2 T 0.3 k]
3 @ [
3 '3 ['4
0.0 0.0 0.0
Escherichia coli - + Escherichia coli - + Escherichia coli - +

Fig. 2 Escherichia coli promotes the migration of cervical cancer Hela cells and C-33A cells. (A) The effect of Escherichia coli on the migration of cervical
cancer Hela cells and C-33A cells was detected by scratch assay. (B) The effect of Escherichia coli on the expression of migration-related proteins in Hela
cells and C-33A cells of cervical cancer was detected by Western blot. NS, not significant; *P < 0.05; **P<0.01; ***P<0.001. Full-length gels are presented
in supplementary figure S1



Tian et al. AMB Express (2026) 16:61

(Tw/N42,401x) JuNod |eli8)oeq BlqRIA

Temperature (°C)

Page 9 of 17

)
s W

80

N
o
1

(TW/N40404x) 3uN0 [eLL}oRq dIqeIA

Antibacterial diameter (MeanSD mm)

N N w
o o =)
1 L ]

-
o
1

(Tw/n49401x) UN0J [elIB)OE] J|qEIA

Antibacterial diameter (MeanzSD mm)

Time (h)

o Lactobacillus crispatus (0x10* CFU/mL)
Lactobacillus crispatus (0.125x10° CFU/mL)

& Lactobacillus crispatus (0.25%10" CFU/mL)

Lactobacillus crispatus (O.SX10" CFU/mL)

o Lactobacillus crispatus (1x10* CFU'mL)

R

2.0 60+
=8 3
- Rt
+ ¢ fjj!w 3 e SE 50
1.54 A ] 5
. " - D 401
E 4 X
§ 1.0 4 v,! o Escherichia coli { LB medium) = 304
g j'/ & Lactobacillus crispatus ( MRS medium) E
‘ 5 20
0.5 L E
» Y 310.
Fr'. 1z
0 +—T—T—T—T—T—TTTTT1 v
0 3 6 9 12 15 18 21 24 27 30 33 0
hours

© =t Qs

t—t—t—t—t—+
9 12 15 18 21 24
hours

27

o -4

Fig. 3 Viable Lactobacillus crispatus could inhibit the growth of Escherichia coli. (A) The active components of Lactobacillus crispatus inhibiting the growth
of Escherichia coli were detected by Oxford cup assay. (B) Effect of culture medium pH on inhibition of Escherichia coli growth by Lactobacillus crispatus.
(C) Effect of incubation temperature on the inhibition of Escherichia coli growth by Lactobacillus crispatus. (D) Effect of incubation time on the inhibition
of Escherichia coli growth by Lactobacillus crispatus. (E) Growth curves of Escherichia coli and Lactobacillus crispatus in LB broth or MRS broth. (F) The effect
of Lactobacillus crispatus on the growth of Escherichia coli was detected in MRS broth. NS, not significant; *P < 0.05; **P < 0.01; ***P<0.001. a, whole culture
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strain against Escherichia coli were 18.45+0.24 mm and
19.65 +0.32 mm, respectively. The culture medium’s ini-
tial pH, incubation temperature, and incubation duration
were systematically optimized. As illustrated in Fig. 3-B
to D, the viable cell count of Lactobacillus crispatus cor-
related closely with the magnitude of its antibacterial
activity. Under the optimized conditions, Lactobacil-
lus crispatus exhibited an inhibition zone diameter of
23.86+0.41 mm against Escherichia coli. As shown in
Fig. 3-E, the growth curves of Escherichia coli and Lac-
tobacillus crispatus are presented. When co-cultured in

MRS medium, the inhibition threshold of Lactobacillus
crispatus against Escherichia coli was 1x10* CFU/mL
(Fig. 3-F).

Inhibitory mechanism analysis of Lactobacillus crispatus
against Escherichia coli

We selected 4 concentrations of Lactobacillus crispatus
viable bacteria to analyze the bacteriostatic mechanism,
and the 4 concentrations were divided into 0x 10* CFU/
mL, 1/16x10* CFU/mL, 1/8x10* CFU/mL, and
1/4x10* CFU/mL. As shown in Figs. 4-D, Lactobacillus
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Full-length gels are presented in supplementary figure S2

crispatus at different concentrations in MRS medium
and LB medium almost did not form biofilm. LB
medium was not suitable for the growth of Lactobacil-
lus crispatus, while MRS medium showed rapid prolif-
eration and almost no biofilm formation within 24 h.
As shown in Figs. 4-A to C, Lactobacillus crispatus and

Escherichia coli exhibited no cytotoxic effects on HeLa
and C-33A cells under the experimental conditions.
Furthermore, at concentrations of Lactobacillus crispa-
tus>1/8 x 10* CFU/mL, biofilm formation by Escherichia
coli was significantly inhibited (p <0.05). The protein gel
imaging system showed that when the concentration
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Fig. 5 Lactobacillus reverses the inflammatory injury of cervical cancer cells induced by Escherichia coli through ferroptosis pathway. (A) The effect of
Lactobacillus crispatus monotherapy on ferroptosis in cervical cancer cells was detected by fluorescence method. (B) The effect of Lactobacillus crispatus
at different concentrations on the ferroptosis of cervical cancer cells induced by Escherichia coli was detected by fluorescence method. (C) The effect of
Lactobacillus crispatus at different concentrations on the expression of ferroptosis related proteins in cervical cancer cells induced by Escherichia coli were
detected by Western blot. (D) The effect of Lactobacillus crispatus at different concentrations on the expression of proteins related to the regulation of
inflammation in cervical cancer cells induced by Escherichia coli was detected by Western blot. The effect of Lactobacillus crispatus at different concentra-

tions on the expression of inflammatory factors TNF-a (E)+

IL-6 (F)« IL-8 (@) in cervical cancer cells induced by Escherichia coli was detected by Elisa. NS,

not significant; *P < 0.05; **P<0.01; ***P<0.001. Full-length gels are presented in supplementary figure S3

of Lactobacillus crispatus was>1/8x10* CFU/mL, the
expression level of soluble protein in Escherichia coli cells
decreased (Fig. 4-C). Subsequently, we conducted a more
in-depth analysis of the expression of biofilm-related
proteins and key regulatory proteins involved in adhe-
sion. The results demonstrated that the expression levels
of Escherichia coli Outer membrane protein A (OmpA),
Outer membrane protein C (OmpC), and Lipoprotein
Lpp could be significantly suppressed when the Lacto-
bacillus crispatus concentration was>1/8 x 10* CFU/mL
(p<0.05) (Fig. 4-F).

Lactobacillus crispatus reversed the inflammatory injury
induced by Escherichia coli in cervical cancer cells

We investigated the impact of Lactobacillus crispa-
tus on the inflammatory response triggered by ferrop-
tosis induced by Escherichia coli in Hela and C-33A
cells through the addition of Lactobacillus crispatus.
As shown in Fig. 5-B, Lactobacillus crispatus (with-
out Escherichia coli) at different concentrations did
not activate ferroptosis in Hela and C-33A cells. As
shown in Fig. 5-B, fluorescence roscopy results demon-
strated that when the concentration of Lactobacillus
crispatus was>1/8x10* CFU/mL, the intensity of the
ferroptosis-related fluorescence signal in Escherichia
coli-infected Hela and C-33A cells was significantly
reduced. Additionally, at a concentration of Lactobacil-
lus crispatus>1/16 x 10* CFU/mL, the expression lev-
els of ferroptosis-associated regulatory proteins GPX4,
SLC7A11, and SLC3A2 were significantly increased
(p<0.05) (Fig. 5-C). Moreover, when the concentration
of Lactobacillus crispatus was>1/8x10* CFU/mL, the
expression levels of key proteins involved in the inflam-
mation-migration signaling pathway including NF-«xB (a
master regulator of inflammatory activation), COX2 (a
pro-inflammatory enzyme), and LOX (a critical media-
tor of cell migration) were significantly downregulated in
both HeLa and C-33A cervical cancer cell lines (p <0.05)
(Fig. 5-D). The expression levels of TNF-a, IL-6, and IL-8
were significantly inhibited under the same conditions
(p<0.05) (Fig. 5-E to Q).

Lactobacillus crispatus inhibits Escherichia coli-induced
migration of cervical cancer cells

As shown in Fig. 6-A, Lactobacillus crispatus (without
Escherichia coli) at different concentrations had no effect

on the migration of Hela and C-33A cells. As shown in
Fig. 6-B, Escherichia coli infected Hela and C-33A cells
were able to significantly inhibit the migration of Hela
and C-33A cells when Lactobacillus crispatus was added
at a concentration>1/8 x 10* CFU/mL (p <0.05). In addi-
tion, Western blot results showed that the expression
levels of migration-related proteins N-cadherin, vimen-
tin, Snail, Slug were significantly decreased at the con-
centration of Lactobacillus crispatus>1/8 x 10* CFU/mL
(p<0.05) (Fig. 6-C).

Discussion

Escherichia coli, a prevalent bacterium in the intestinal
and vaginal microbial communities, typically maintains a
balanced population and species diversity within the vag-
inal microbiota of healthy women. However, an abnormal
increase in bacterial load or alterations in the composi-
tion and structure of the vaginal microecosystem may
disrupt this balance, potentially leading to gynecological
inflammation and even tumor development (Farid et al.,
2023). Recent evidence suggests that Escherichia coli may
serve as a potential risk factor for the onset and progres-
sion of various cancers. colibactin, a genotoxin produced
by Escherichia coli harboring the polyketide synthase
(PKS) island, has been shown to induce DNA double-
strand breaks, contributing to colon cancer progres-
sion (Oliero et al. 2021). Studies have demonstrated that
cathepsin K (CTSK), a protein secreted by colon cancer
cells stimulated by Escherichia coli-derived lipopolysac-
charide (LPS), can bind to Toll-like receptor 4 (TLR4)
via the mTOR signaling pathway, thereby promoting M2
polarization of tumor-associated macrophages (TAMs)
and enhancing the migration and motility of colon can-
cer cells (Li et al. 2019). Additionally, reports indicate a
significantly higher detection rate of Escherichia coli
in patients with HPV16-positive cervical cancer. Esch-
erichia coli induces upregulation of Foxp3 and promotes
IL-10 expression in cervical cancer, exacerbating cervi-
cal intraepithelial neoplasia and enhancing the adhesion
and invasion capabilities of cervical cancer cells (Zou et
al. 2024). As a novel form of programmed cell death, fer-
roptosis plays a crucial role in the onset and progression
of various diseases. Notably, the mechanism underlying
ferroptosis offers a promising target for the development
of novel anti-tumor drugs. Inducing ferroptosis in tumor
cells can effectively achieve tumor suppression. However,
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Fig. 6 Lactobacillus crispatus inhibits the migration of cervical cancer cells induced by Escherichia coli. (A) The effect of Lactobacillus crispatus mono-
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certain studies have demonstrated that the regulatory
influence of ferroptosis on tumor development might be
bidirectional (Ebrahimi et al. 2022; Vucetic et al. 2020).
For instance, ferroptosis not only promotes EMT but also
inhibits the MET of cancer cells during the terminal colo-
nization phase (Guan et al. 2022). In this study, we inves-
tigated the effects of Escherichia coli on cervical cancer
cells in vitro. Our results demonstrated that the expres-
sion levels of ferroptosis regulatory proteins in the cervi-
cal cancer cell model were reduced following Escherichia
coli treatment, accompanied by an increased intracellu-
lar ferroptosis fluorescence signal. Zhuang et al. reported

that the protein expression levels of GPX4, SLC7A11,
and SLC3A2 were down-regulated in bovine mammary
epithelial cells infected with Escherichia coli, which is
consistent with our experimental results (Zhuang et al.
2024). We subsequently refined the relevant assays and
conducted a detailed analysis of GSH and ROS content.
Extensive literature has demonstrated that GSH effec-
tively scavenges ROS through GPX4 catalysis, and that
GSH and ROS levels are closely associated with ferrop-
tosis. Our results revealed a decrease in GSH content
and an increase in ROS levels following Escherichia coli
intervention in Hela and C-33A cells, suggesting reduced
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GPX4 activity. We also assessed the expression of TNF-
a, IL-6, and IL-8 in Hela and C-33A cervical cancer cells
post-treatment with Escherichia coli. Our results are
similar to those of other research results. Yang et al. dem-
onstrated that Escherichia coli could increase the iron
content in teleost erythrocytes, induce the Fenton reac-
tion to release reactive oxygen species (ROS), increase
the expression of inflammatory factors, and activate the
ferroptosis signaling pathway (Yang et al. 2021). Exten-
sive research has established that inflammatory injury
can facilitate tumor cell migration. The expression pro-
file of cell adhesion molecules changes significantly dur-
ing tumor migration. The expression level of N-cadherin
is significantly up-regulated. The switch of E-cadherin to
N-cadherin expression (an important molecular event in
the process of epithelial-mesenchymal transition) leads
to the loss of intercellular adhesion and cell polarity, and
enhances cell motility and invasiveness, making it easier
for tumor cells to escape from the primary tumor, pen-
etrate the basement membrane, and migrate and colo-
nize the surrounding tissues or distant organs (Moori et
al. 2024; Lee et al. 2024). It is a key link in the cascade
of tumor metastasis. Following Escherichia coli treat-
ment, we observed increased expression of N-cadherin,
Vimentin, Snail, and Slug, which promoted the migra-
tion of Hela and C-33A cells. Based on a comprehensive
review of the current literature and our team’s experi-
mental findings, we propose that Escherichia coli may
induce ferroptosis in cervical cancer cells, thereby trig-
gering inflammatory responses and enhancing cellular
migration. These results contribute novel insights into
the intersection of microbial modulation, ferroptosis, and
cancer progression, underscoring the need for rigorous
mechanistic investigation of this pathway. Nevertheless,
the present study lacks validation via ferroptosis-specific
inhibitors or functional rescue experiments constitut-
ing a key methodological limitation. Future work will
focus on elucidating the precise molecular mechanisms
underlying Escherichia coli mediated inflammation and
migration in cervical cancer, including identification of
upstream regulators and downstream effectors.
Lactobacillus crispatus is the predominant micro-
flora in the genital tract of healthy women and serves
as a key indicator reflecting the vaginal microenviron-
ment's health status (Vitale et al. 2021). Research has
demonstrated that Lactobacillus crispatus maintains the
vagina's mildly acidic environment through lactic acid
secretion and produces antimicrobial substances such as
hydrogen peroxide and bacteriocins, effectively inhibit-
ing pathogenic bacterial growth and preventing genital
infections (Breshears et al. 2015; Ding et al. 2022). In
recent years, it has been increasingly reported that Lac-
tobacillus crispatus inhibits Escherichia coli infection
through the secretion of antibacterial substances and
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modulation of immune responses (Santarelli et al. 2025;
Song et al. 2022). In this study, we provide the first evi-
dence that Lactobacillus crispatus can inhibit Escherichia
coli growth, with its active component being viable bac-
teria. At temperatures of 4 °C and 25 °C, the bacterio-
static activity of the viable strain persists for up to 42 days
and 7 days, respectively. Our results indicate that con-
centrations of Lactobacillus crispatus=>1/8x10* CFU/
mL inhibit Escherichia coli biofilm formation. We fur-
ther analyzed the bacteriostasis mechanism and found
that Lactobacillus crispatus could inhibit the expres-
sion levels of Escherichia coli Outer membrane protein
A (OmpA), Outer membrane protein C (OmpC) and
Lipoprotein Lpp. In earlier phases of this study, Our find-
ings demonstrate that Escherichia coli infection induces
ferroptosis in cervical cancer cells and concurrently
enhances pro-inflammatory cytokine production and
cellular migration. Consequently, we investigated Lacto-
bacillus crispatus's impact on Escherichia coli's tumori-
genic function. We found that Lactobacillus crispatus
reverses Escherichia coli-induced ferroptosis in Hela and
C-33A cells, significantly increased GPX4, SLC7A11, and
SLC3A2 expression levels while markedly diminishing
intracellular ferroptosis fluorescence signals. NF-kB is
involved in many biological processes such as immune
response, cell proliferation, differentiation and survival
(Mao et al. 2025). Under normal conditions, NF-«B exists
in the cytoplasm in an inactive state and can activate the
expression of inflammatory factors when stimulated.
COX2 is an important indicator of inflammation (Li et al.
2025). Lysyl oxidase (LOX) promotes tumor cell migra-
tion by promoting Epithelial-Mesenchymal Transition
(EMT) and participating in the formation of premeta-
static microenvironment (Tzeng et al. 2021). Therefore,
the exploration of NF-kB /COX2/ LOX signaling pathway
in this study plays a key role in elucidating the ferropto-
sis-inflammation-migration mechanism of Lactobacillus
crispatus. Furthermore, Lactobacillus crispatus signifi-
cantly suppressed the expression of including NF-«kB,
COX2, LOX, TNF-aq, IL-6, and IL-8 as well as inhibited
the migratory capacity of HeLa and C-33A cells follow-
ing Escherichia coli infection. Studies have shown that
ferroptosis-related genes in cervical cancer can be used
as biomarkers to predict the prognosis of gynecological
tumors (Han et al. 2023). This suggests that ferroptosis
based prognostic models are associated with enhanced
immune checkpoint expression in low-risk populations,
providing further evidence for the interplay between
ferroptosis and the immune microenvironment. Recent
studies have demonstrated the inhibitory effect of Lac-
tobacillus crispatus on cervical cancer through metabo-
lomic and proteomic analyses (Zhong et al. 2025). The
current findings indicate that Lactobacillus crispatus
activates ferroptosis-related pathways in cervical cancer
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cells, a mechanism that aligns with the hypothesis pro-
posed in our research. These results highlight the poten-
tial of Lactobacillus crispatus as a therapeutic agent
targeting the ferroptosis pathway in cervical cancer,
thereby providing new insights for future research and
therapeutic development.

Despite the scientific findings, this study has several
limitations that merit attention. First, the human gut
contains multiple Escherichia coli strains, and genetic
variation and phenotypic changes due to factors such
as route of infection or antibiotic use complicate the
selection of a single strain in studies. Escherichia coli
ATCC25922 was selected because it is a reference strain
for clinical microbiological quality control. It has clear
genetic background, stable drug susceptibility phenotype
and biochemical characteristics, no pathogenicity, and
belongs to the normal flora of human gut. In this study,
we focused on the role of non-pathogenic Escherichia
coli in the pathogenesis of cervical cancer through ecto-
pic growth in women. The experimental design of Esch-
erichia coli ATCC25922 is suitable for our design. In the
future, we will continue to select clinical Escherichia coli
isolates and even drug-resistant strains to fully elaborate
the scientific questions raised by this study. Second, all
results were obtained from in vitro cell models, specifi-
cally focusing on the anti-inflammatory and anti-tumor
effects of Lactobacillus crispatus mediated through the
ferroptosis pathway at the cellular level. Future studies
should further investigate the influence of diverse patho-
genic bacteria on the gynecological tumor microenviron-
ment and validate the role of Lactobacillus crispatus in
modulating ferroptosis in cervical cancer using animal
models or clinical specimens, thereby strengthening the
translational potential of these findings.

Conclusions

Escherichia coli is a predominant microorganism in
intestinal microecology; however, its impact on the
health of the female reproductive system remains under-
investigated. In this study, we demonstrate that Esche-
richia coli infection induces ferroptosis in cervical cancer
cells, concomitant with elevated inflammatory injury and
enhanced migratory capacity. Additionally, Lactobacil-
lus crispatus, as a key probiotic strain, plays an essential
role in maintaining microecological balance. Our find-
ings revealed that Lactobacillus crispatus significantly
inhibits the growth of Escherichia coli, thus alleviating
Escherichia coli-induced inflammatory damage and sup-
pressing the migration of cervical cancer cells. These
results provide compelling evidence for the theoretical
basis of employing Lactobacillus crispatus as a potential
anti-infective and anti-tumor microecological agent in
clinical applications, underscoring its promising pros-
pects in gynecological health.
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pH Potential of hydrogen

OmpA Outer membrane protein A
OmpC Outer membrane protein C

MOI Multiplicity of infection

NF-kB Nuclear factor kappa-B

COX2 Cyclooxygenase-2

LOX Lysyl oxidase

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis
PBS Phosphate-buffered saline

GSH Glutathione

ROS Reactive oxygen species

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/513568-026-02055-Z.

[ Supplementary Material 1 J

Acknowledgements

The author thanks the Science and Technology Department of Liaoning
Province and Science and Technology Bureau of Shenyang City for funding
this study.

Author contributions

YZ: Experimental design (lead); funding support (lead).YS: Experimental
operation (lead); data analysis (lead); article writing (lead).LD: Experimental
operation; data analysis.DT: Experimental design.EL: Experimental operation.
HL: Experimental design.FM and XC: Data analysis.

Funding

This work was financially supported by Key Research and Development
Project of Liaoning Province (Grant No.2024JH2/102500019), Shenyang
Science and Technology Plan (Grant No.22-321-33-08), and Shenyang Bureau
of Science and Technology (2023 Special Project to Assist China Medical
University in high-quality development, Grant No.23-506-3-01-10).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

This study was conducted at the School of Life Sciences and Health at
Northeastern University in accordance with the Declaration of Helsinki and
approved by the local Council of Governance (no. NEU-EC-2023A0795S).

Consent for publication
Not applicable.

Informed consent
Written informed consent was obtained from individual or
guardianparticipants.

Clinical trial number
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 21 January 2026 / Accepted: 3 April 2026
Published online: 16 April 2026


https://doi.org/10.1186/s13568-026-02055-z
https://doi.org/10.1186/s13568-026-02055-z

Tian et al. AMB Express (2026) 16:61

References

Balkus JE, Mitchell C, Agnew K, Liu C, Fiedler T, Cohn SE, Luque A, Coombs R,
Fredricks DN, Hitti J (2012) Detection of hydrogen peroxide-producing
Lactobacillus species in the vagina: a comparison of culture and quantitative
PCR among HIV-1 seropositive women. BMC Infect Dis 12:1-5. https://doi.org
/10.1186/1471-2334-12-188

Breshears LM, Edwards VL, Ravel J, Peterson ML (2015) Lactobacillus crispatus inhib-
its growth of Gardnerella vaginalis and Neisseria gonorrhoeae on a porcine
vaginal mucosa model. BMC Microbiol 15(276):1-12. https://doi.org/10.1186
/512866-015-0608-0

De Sire. A, De Sire. R, Curci. C, Castiglione. F, Wahli. W (2022) Role of dietary supple-
ments and probiotics in modulating microbiota and bone health: the gut-
bone axis. Cells 11(4):743-763. https://doi.org/10.3390/cells 11040743

Ding C, Wu H, Cao X, Gao Z, Tang Z, Fan W, Yan L, Liu B, Lin H, Song S (2022)
Lactobacillus crispatus-derived exopolysaccharides with antibacterial activity
limit Salmonella typhimurium invasion by inhibiting inflammasome-mediated
pyroptosis. Food Funct 13(20):10501-10515. https://doi.org/10.1039/d2fo0
2125k

Dricot. CEMK, Erreygers. |, Cauwenberghs. E, De Paz. J, Spacova. |, Verhoeven.V,
Ahannach. S, Lebeer. S (2024) Riboflavin for women’s health and emerging
microbiome strategies. NPJ Biofilms Microbiomes 1(107):1-14. https://doi.org
/10.1038/541522-024-00579-5

Ebrahimi N, Adelian S, Shakerian S, Afshinpour M, Chaleshtori SR, Rostami N,
Rezaei-Tazangi F, Beiranvand S, Hamblin MR, Aref AR (2022) Crosstalk
between ferroptosis and the epithelial-mesenchymal transition: implications
for inflammation and cancer therapy. Cytokine Growth Factor Rev 64:33-45.
https://doi.org/10.1016/j.cytogfr.2022.01.006

Garza J, Gandhi K, Choi S, Sanchez A, Ventolini G (2021) Cytokine profiles and
Lactobacillus species presence in pre-menopausal subjects with genital
Mycoplasma genitalium or Ureaplasma urealyticum colonization. Womens
Health (Lond) 17(17455065211009180):1-10. https://doi.org/10.1177/17455
065211009181

Guan. D, Zhou. W, Wei. H, Wang. T, Zheng. K, Yang. C, Feng. R, Xu. R, Fu. Y, Li. C, Li.
Y, Li. C (2022) Ferritinophagy-mediated ferroptosis and activation of Keap1/
Nrf2/HO-1 pathway were conducive to EMT inhibition of gastric cancer cells
in action of 2,2"-Di-pyridineketone hydrazone dithiocarbamate butyric acid
ester. Oxid Med Cell Longev. https://doi.org/10.1155/2022/3920664

Han 'S, Wang S, Lv X, Li D, Feng Y (2023) Ferroptosis-related genes in cervical cancer
as biomarkers for predicting the prognosis of gynecological tumors. Front
Mol Biosci 10(1188027):1-13. https://doi.org/10.3389/fmolb.2023.1188027

Hendricks. DT, Taylor. R, Reed. M, Birrer. MJ (1997) FHIT gene expression in
human ovarian, endometrial, and cervical cancer cell lines. Cancer Res
57(11)2112-2115

Hos NJ, Ganesan R, Gutiérrez S, Hos D, Klimek J, Abdullah Z, Kronke M, Robinson
N (2017) Type | interferon enhances necroptosis of Salmonella Typhimurium-
infected macrophages by impairing antioxidative stress responses. J Cell Biol
216(12):4107-4121. https://doi.org/10.1083/jcb.201701107

Lee G, Wong C, Cho A, West JJ, Crawford AJ, Russo GG, Si BR, Kim J, Hoffner L, Jang
C, Jung M, Leone RD, Konstantopoulos K, Ewald AJ, Wirtz D, Jeong S (2024)
E-Cadherin induces serine synthesis to support progression and metastasis of
breast cancer. Cancer Res 84(17):2820-2835. https://doi.org/10.1158/0008-5
472.CAN-23-3082

Li R, Zhou R, Wang H, LiW, Pan M, Yao X, Zhan W, Yang S, Xu L, Ding Y, Zhao L
(2019) Gut microbiota-stimulated cathepsin K secretion mediates TLR4-
dependent M2 macrophage polarization and promotes tumor metastasis in
colorectal cancer. Cell Death Differ 26(11):2447-2463. https://doi.org/10.103
8/541418-019-0312-y

Li X, Zhu X, Diba P, Shi X, Vrieling F, Jansen FAC, Balvers MGJ, de Bus |, Levasseur PR,
Sattler A, Arneson-Wissink PC, Poland M, Witkamp RF, van Norren K, Marks DL
(2025) Tumor-derived cyclooxygenase-2 fuels hypothalamic inflammation.
Brain Behav Immun 123:886-902. https://doi.org/10.1016/j.bbi.2024.11.002

Lopez LR, Bleich RM, Arthur JC (2021) Microbiota effects on carcinogenesis: initia-
tion, promotion, and progression. Annu Rev Med 27:243-261. https://doi.org
/10.1146/annurev-med-080719-091604

Macville. M, Schrock. E, Padilla-Nash. H, Keck. C, Ghadimi. BM, Zimonjic. D, Popescu.
N, Ried. T (1999) Comprehensive and definitive molecular cytogenetic char-
acterization of Hela cells by spectral karyotyping. Cancer Res 59(1):141-150

Mandar R, Séerunurk G, Stsepetova J, Smidt |, Réép T, Kodljalg S, Saare M, Ausmees
K, Le DD, Jaagura M, Piiskop S, Tamm H, Salumets A (2023) Impact of Lacto-
bacillus crispatus-containing oral and vaginal probiotics on vaginal health: a
randomised double-blind placebo controlled clinical trial. Benef Microbes
14(2):143-152. https://doi.org/10.3920/BM2022.0091

Page 16 of 17

Mao H, Zhao X, Sun SC (2025) NF-kB in inflammation and cancer. Cell Mol Immu-
nol 22(8):811-839. https://doi.org/10.1038/s41423-025-01310-w

Marschalké M, Ambrus L (2023) A néi alsé genitalis traktus mikrobiom tulajdon-
sagai és szerepe [Characteristics and physiologic role of female lower genital
microbiome]. Orv Hetil 164(24):923-930. https://doi.org/10.1556/650.2023.
32791

Mojtahedi. FM, Sepidarkish. M, Aimukhtar. M, Eslami. Y, Mohammadianamiri. F,
Moghadam. BK, Rouholamin. S, Razavi. M, Tadi. JM, Fazlollahpour-Naghibi. A,
Rostami. Z, Rostami. A, Rezaeinejad. M (2023) Global incidence of surgical site
infections following caesarean section: a systematic review and meta-analy-
sis. J Hosp Infect 139:82-92. https://doi.org/10.1016/jjhin.2023.05.019

Moori M, Norouzian D, Yaghmaei P, Farahmand L (2024) Electromagnetic field as
a possible inhibitor of tumor invasion by declining E-cadherin/N-cadherin
switching in triple negative breast cancer. Electromagn Biol Med 43(4):236-
245, https://doi.org/10.1080/15368378.2024.2381575

Nilsen T, Swedek I, Lagenaur LA, Parks TP (2020) Novel selective inhibition of Lac-
tobacillus iners by Lactobacillus-derived bacteriocins. Appl Environ Microbiol
86(20):e01594-20. https://doi.org/10.1128/AEM.01594-20

Oliero. M, Calvé. A, Fragoso. G, Cuisiniere. T, Hajjar. R, Dobrindt. U, Santos. MM
(2021) Oligosaccharides increase the genotoxic effect of colibactin produced
by pks+ Escherichia coli strains. BMC Cancer 21(1):172:1-10. https://doi.org/10.
1186/512885-021-07876-8

Saavedra-Torres. JS, Pinzon-Ferndndez. MV, Ocampo-Posada. M, Nati-Castillo. HA,
Jiménez-Hincapie. LA, Cadrazo-Gil. EJ, Arias-Intriago. M, Rojas-Cadena. M,
Tello-De-la-Torre. A, Osejos. W, Izquierdo-Condoy. JS (2025) Inflammasomes
and signaling pathways: key mechanisms in the pathophysiology of sepsis.
Cells 14(12):930:1-25. https://doi.org/10.3390/cells 14120930

Santarelli G, Rosato R, Cicchinelli M, lavarone F, Urbani A, Sanguinetti M, Delogu G,
De Maio F (2025) The activity of cell-free supernatant of Lactobacillus crispa-
tus M247: a promising treatment against vaginal infections. Front Cell Infect
Microbiol 15(1586442):1-20. https://doi.org/10.3389/fcimb.2025.1586442

Shen L, Zhang W, Yuan Y, Zhu W, Shang A (2022) Vaginal microecological character-
istics of women in different physiological and pathological period. Front Cell
Infect Microbiol 12(959793):1-11. https://doi.org/10.3389/fcimb.2022.959793

Song CH, Kim YH, Naskar M, Hayes BW, Abraham MA, Noh JH, Suk G, Kim MJ, Cho
KS, Shin M, Lee EJ, Abraham SN, Choi HW (2022) Lactobacillus crispatus limits
bladder uropathogenic Escherichia coli infection by triggering a host Type |
Interferon Response. Proc Natl Acad Sci U S A 119(33):2117904119. https://d
0i.org/10.1073/pnas.2117904119

Tong X, Tang R, Xiao M, Xu J, Wang W, Zhang B, Liu J, Yu X, Shi S (2022) Targeting
cell death pathways for cancer therapy: recent developments in necrop-
tosis, pyroptosis, ferroptosis, and cuproptosis research. J Hematol Oncol
15(1):174-205. https://doi.org/10.1186/513045-022-01392-3

Tzeng HE, Lin SL, Thadevoos LA, Lien MY, Yang WH, Ko CY, Lin CY, Huang YW, Liu
JF, Fong YC, Chen HT, Tang CH (2021) Nerve growth factor promotes lysyl
oxidase-dependent chondrosarcoma cell metastasis by suppressing miR-
149-5p synthesis. Cell Death Dis 12(12):1101-1123. https://doi.org/10.1038/s
41419-021-04392-2

Vitale SG, Ferrari F, Ciebiera M, Zgliczyriska M, Rapisarda AMC, Vecchio GM, Pino
A, Angelico G, Knafel A, Riemma G, De Franciscis P, Cianci S (2021) The role
of genital tract microbiome in fertility: a systematic review. Int J Mol Sci
23(1):180:1:25. https://doi.org/10.3390/ijms23010180

Vucetic. M, Daher. B, Cassim. S, Meira. W, Pouyssegur. J (2020) Together we stand,
apart we fall: how cell-to-cell contact/interplay provides resistance to fer-
roptosis. Cell Death Dis 11(9):789:1-13. https://doi.org/10.1038/541419-020-0
2994-w

Wang H, Chen B, Xiao P, Han D, Gao B, Yan Y, Zhao R, Pan T, Zhang J, Zhou M, Lv L,
Gao H (2025) Yersiniabactin produced by Escherichia coli promotes intestinal
inflammation through lipid peroxidation and ferroptosis. Front Microbiol
16(1542801):1-15. https://doi.org/10.3389/fmicb.2025.1542801

Yang M, Lu Z, Li F, Shi F, Zhan F, Zhao L, LiY, Li J, Lin L, Qin Z (2021) Escherichia coli
induced ferroptosis in red blood cells of grass carp (Ctenopharyngodon idella).
Fish Shellfish Immunol 112:159-167. https://doi.org/10.1016/jsi.2020.09.036

Zhong L, Zheng J, Wang Z, Lin L, Cong Q, Qiao L (2025) Metabolomics and
proteomics reveal the inhibitory effect of Lactobacillus crispatus on cervical
cancer. Talanta 281(126839):1-11. https://doi.org/10.1016/j.talanta.2024.12
6839

Zhuang C, LiuY, Barkema HW, Deng Z, Gao J, Kastelic JB, Han B, Zhang J (2024)
Escherichia coli infection induces ferroptosis in bovine mammary epithelial
cells by activating the Wnt/B-catenin pathway-mediated mitophagy. Mito-
chondrion 78(101921):1-11. https://doi.org/10.1016/j.mit0.2024.101921


https://doi.org/10.1186/1471-2334-12-188
https://doi.org/10.1186/1471-2334-12-188
https://doi.org/10.1186/s12866-015-0608-0
https://doi.org/10.1186/s12866-015-0608-0
https://doi.org/10.3390/cells11040743
https://doi.org/10.1039/d2fo02125k
https://doi.org/10.1039/d2fo02125k
https://doi.org/10.1038/s41522-024-00579-5
https://doi.org/10.1038/s41522-024-00579-5
https://doi.org/10.1016/j.cytogfr.2022.01.006
https://doi.org/10.1016/j.cytogfr.2022.01.006
https://doi.org/10.1177/17455065211009181
https://doi.org/10.1177/17455065211009181
https://doi.org/10.1155/2022/3920664
https://doi.org/10.3389/fmolb.2023.1188027
https://doi.org/10.1083/jcb.201701107
https://doi.org/10.1158/0008-5472.CAN-23-3082
https://doi.org/10.1158/0008-5472.CAN-23-3082
https://doi.org/10.1038/s41418-019-0312-y
https://doi.org/10.1038/s41418-019-0312-y
https://doi.org/10.1016/j.bbi.2024.11.002
https://doi.org/10.1146/annurev-med-080719-091604
https://doi.org/10.1146/annurev-med-080719-091604
https://doi.org/10.3920/BM2022.0091
https://doi.org/10.1038/s41423-025-01310-w
https://doi.org/10.1556/650.2023.32791
https://doi.org/10.1556/650.2023.32791
https://doi.org/10.1016/j.jhin.2023.05.019
https://doi.org/10.1080/15368378.2024.2381575
https://doi.org/10.1128/AEM.01594-20
https://doi.org/10.1186/s12885-021-07876-8
https://doi.org/10.1186/s12885-021-07876-8
https://doi.org/10.3390/cells14120930
https://doi.org/10.3389/fcimb.2025.1586442
https://doi.org/10.3389/fcimb.2022.959793
https://doi.org/10.1073/pnas.2117904119
https://doi.org/10.1073/pnas.2117904119
https://doi.org/10.1186/s13045-022-01392-3
https://doi.org/10.1038/s41419-021-04392-2
https://doi.org/10.1038/s41419-021-04392-2
https://doi.org/10.3390/ijms23010180
https://doi.org/10.1038/s41419-020-02994-w
https://doi.org/10.1038/s41419-020-02994-w
https://doi.org/10.3389/fmicb.2025.1542801
https://doi.org/10.1016/j.fsi.2020.09.036
https://doi.org/10.1016/j.talanta.2024.126839
https://doi.org/10.1016/j.talanta.2024.126839
https://doi.org/10.1016/j.mito.2024.101921

Tian et al. AMB Express (2026) 16:61 Page 17 of 17

Zou. Q,Wu.Y, Zhang. S, Li. S, Li. S, Su. Y, Zhang. L, Li. Q, Zou. H, Zhang. X, Wang. . )
T, Liang. S, Yang. J, Li. C (2024) Escherichia coli and HPV16 coinfection may quHSher s note ) ) ] )
contribute to the development of cervical cancer. Virulence 15(1):2319962:1- Springer Nature remains neutral with regard to jurisdictional claims in
12. https//doi.org/10.1080/21505594.2024.2319962 published maps and institutional affiliations.


https://doi.org/10.1080/21505594.2024.2319962

	﻿﻿Lactobacillus crispatus﻿ attenuates ﻿Escherichia coli﻿-induced inflammation and migration of cervical cancer cells
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Strains and cell lines and their cultures
	﻿Antibodies
	﻿Bacteriostatic active ingredient detection
	﻿Determination of inhibition threshold of strain co-culture
	﻿Fermentation broth conditions determination
	﻿Viable bacteria quantity detection
	﻿MOI assay
	﻿Cell viability assay
	﻿Bacterial identification
	﻿Ferroptosis determination
	﻿Glutathione (GSH) content detection
	﻿Reactive oxygen species (ROS) content detection
	﻿Biofilm formation determination
	﻿Cell scratch assay
	﻿Adhesion ability determination
	﻿Inflammatory cytokines detection
	﻿Western blot
	﻿Statistical analysis

	﻿Results
	﻿﻿Escherichia coli﻿ induces expression of inflammatory factors in cervical cancer cells through ferroptosis
	﻿﻿Escherichia coli﻿ promotes the migration of cervical cancer cells
	﻿﻿Lactobacillus crispatus﻿ inhibited the growth of ﻿Escherichia coli﻿
	﻿Inhibitory mechanism analysis of ﻿Lactobacillus crispatus﻿ against ﻿Escherichia coli﻿
	﻿﻿Lactobacillus crispatus﻿ reversed the inflammatory injury induced by ﻿Escherichia coli﻿ in cervical cancer cells
	﻿﻿Lactobacillus crispatus﻿ inhibits ﻿Escherichia coli﻿-induced migration of cervical cancer cells

	﻿Discussion
	﻿Conclusions
	﻿References


