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A B S T R A C T

This study explores an adaptation mechanism of Bacteroides fragilis to subinhibitory concentrations of mer
openem, characterized by an alteration in the production of membrane vesicles (MVs) and modulation of the host 
inflammatory response. Using a rat model of infection, we demonstrated a significant increase in the size of MVs 
accompanied by a nonsignificant increase in their number in the meropenem-treated group compared to the 
infected control. Both infected groups showed significantly altered hematological parameters and shifts in 
monocyte on day 8 (average increase of 21.5 %). At the same time, significant changes in neutrophils (decrease 
by 26 %) and eosinophils (increase by 3 %) were observed only in the infected group but not in the infected 
meropenem-treated group. On day 16, increased macrophage activation, neovascularization, and fibrosis were 
observed in the tissues of the antibiotic-treated group. Immunological profile analysis revealed a slight increase 
in the levels of pro-inflammatory cytokines (IL-5, IL-6, IFN-γ and G-CSF) on day 8 of the experiment, followed by 
a sharp decrease on day 16 in both infected groups compared to the negative control. At the same time, network 
analysis of correlations between these immunological factors showed complex changes in response to subin
hibitory concentrations of meropenem. The bacterial load did not differ between the infected groups on days 8 
and 16, but only in the meropenem-free group a significant decrease in the number of bacteria was observed on 
day 16 in all samples. These findings suggest that subinhibitory antibiotic concentrations can influence the 
pathophysiological progression of B. fragilis infection, modulating both the bacterial response and the host im
mune reaction, potentially leading to a more complex and chronic disease course.

1. Introduction

Bacteroides fragilis, a commensal intestinal symbiotic bacterium, 
produces membrane vesicles (MVs) that play a crucial role in host- 
microbe interactions. These MVs can carry diverse contents from their 
parent microorganisms and transport various inflammatory substances, 
including lipopolysaccharides, phospholipids, outer membrane pro
teins, periplasmic components, DNA, RNA, and virulence factors such as 
enzymes and toxins (Toyofuku et al., 2019; Toyofuku et al., 2023). 
B. fragilis exhibits both intrinsic and acquired resistance to various an
tibiotics. Intrinsic resistance mechanisms in B. fragilis include efflux 
pumps and β-lactamases, conferring resistance to many β-lactams. 
Additionally, B. fragilis can acquire resistance to tetracyclines, 

fluoroquinolones, and macrolides through mutations and horizontal 
gene transfer, further expanding its antimicrobial resistance profile. 
Carbapenems are among the most effective agents against highly resis
tant B. fragilis strains. Alongside metronidazole, carbapenems are 
considered the drugs of choice for antibacterial therapy of B. fragilis 
infections, particularly in polymicrobial intra-abdominal and soft tissue 
infections, due to their broad antibacterial spectrum and efficacy against 
both anaerobic and facultatively anaerobic resistant pathogens (Yekani 
et al., 2022).

Antimicrobial agents, such as antibiotics, can enhance the produc
tion and release of MVs, leading to exacerbation of inflammatory re
sponses and cytokine modulation in experimental infections (Ribeiro de 
Freitas et al., 2022). B. fragilis MVs are characterized by an enriched 
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immunostimulatory cargo, including proteins, nucleic acids, and pepti
doglycan, enabling them to activate a broader spectrum of innate im
mune receptors than their parent bacteria (Gilmore et al., 2022), which 
underlies their multifunctionality in immune modulation. Antibiotic 
exposure also increases vesicle movement and dissemination across 
bacterial surfaces (Bos et al., 2021).

Notably, MVs from Bacteroides strains contain surface β-lactamases 
capable of degrading antibiotics such as cefotaxime, potentially pro
tecting both commensal bacteria and enteric pathogens from β-lactam 
antibiotics (Stentz et al., 2015). B. fragilis MVs exhibit both hemag
glutinating and enzymatic activity (Patrick et al., 1996) and can activate 
a more comprehensive range of innate immune receptors compared to 
intact bacterial cells (Gilmore et al., 2022), indicating their unique role 
in immune signaling. The difference in vesicular cargo composition 
between enterotoxigenic and non-toxigenic bacteria exerts differential 
effects on the host organism (Zakharzhevskaya et al., 2017).

Furthermore, histological evidence suggests that B. fragilis vesicles 
are involved in bacterial pathogenicity, and antibiotic administration 
stimulates the immune system (Ribeiro de Freitas et al., 2022). Another 
study indicates an immunomodulatory effect of B. fragilis MVs by 
reducing IFNγ concentration (Ahmadi Badi et al. 2019). These findings 
demonstrate the complex interaction between antibiotics, bacterial 
vesicles, and host immune responses. We hypothesize that subinhibitory 
concentrations of meropenem induce an adaptive response in B. fragilis, 
characterized by enhanced production of MVs, leading to modulation of 
the host immune response and potentially influencing infection patho
genesis and antibiotic therapy efficacy.

2. Materials and methods

2.1. Object of study

The study utilized a multidrug-resistant strain of B. fragilis, desig
nated as BFR KZ01 (BioProject: PRJNA531645; NCBI Sequence Read 
Archive (SRA) data available at (URL https://www.ncbi.nlm.nih. 
gov/sra, accession numbers SRX22081155). This strain exhibits resis
tance to metronidazole, tetracycline, and ciprofloxacin. The isolate was 
obtained from a 48-year-old male patient diagnosed with acute 
gangrenous perforated appendicitis complicated by peritonitis 
(Kozhakhmetova et al., 2021).

2.2. Cultivation of microorganisms

B. fragilis BFR KZ01 was cultivated for 48 h on Bacteroides Bile 
Esculin Agar (Condalab, Cat # 1031) at 37 ◦C under anaerobic condi
tions using an AnaeroGen gas-generating system (Thermo Fisher Sci
entific, Cat # AN0020D).

Culture purity was monitored at each stage using MALDI-TOF-MS 
mass spectrometry with the MALDI Biotyper 3.1 database (Bruker Dal
tonics). The bacterial culture was applied to a 96-well MSP chip (MSP 96 
target polished steel BC, microScout Target). One microliter of matrix 
solution (saturated solution of α-Cyano-4-hydroxycinnamic acid 
(α-HCCA) containing 50 % acetonitrile and 2.5 % trifluoroacetic acid 
(TFA)) was applied to the culture and dried at room temperature. 40 
laser pulses (60 Hz frequency) were used to obtain individual spectra. 
The analyzed mass-to-charge ratio range was 2000–20,000 Da.

2.3. Abdominal infection model

The rat tissue cage model for intraperitoneal abscess infection was 
adapted from Ribeiro de Freitas et al. (2022). This rat tissue cage model 
was chosen for its suitability in studying B. fragilis infections and 
host-pathogen interactions. The model allows for localized infection and 
abscess formation, mimicking clinical scenarios of intra-abdominal ab
scesses caused by B. fragilis. It provides a protected environment for 
bacterial growth, simulating the anaerobic conditions that B. fragilis 

encounters in vivo. Typical disease manifestations in this model include 
localized inflammation, abscess formation, and systemic immune re
sponses, which were observed and reported in our study. While this 
model may not replicate all aspects of B. fragilis infections seen in 
humans, it provides valuable insights into the complex interactions be
tween the bacteria, subinhibitory antibiotic concentrations, and the host 
immune system. The experimental abdominal infection model utilized 
42 male Wistar rats aged 10–12 months, weighing over 450 g. All pro
cedures were conducted in accordance with the Animals (Scientific 
Procedures) Act 1986 and associated guidelines, as well as EU Directive 
2010/63 on the protection of animals used for scientific purposes. The 
study was approved by the Bioethics Committee of the National Center 
for Biotechnology of the Republic of Kazakhstan (Protocol No. 9, dated 
November 7, 2022). The animals were divided into three groups: NG 
(negative control, n = 15), intraperitoneally injected with 1.0 mL of 0.85 
% NaCl. PG (positive control, n = 14) and EG (experimental group, n =
13): Perforated balls (35 mm diameter, 300 holes of 1.5 mm diameter), 
pre-sterilized by autoclaving, were surgically implanted into the intra
peritoneal cavity via laparotomy. After a 6-week recovery period 
allowing for vascularization of the balls, animals were transcutaneously 
inoculated with 1.0 mL of B. fragilis BFR KZ01 (1 × 10^8 CFU/mL) in 
0.85 % NaCl. The EG group additionally received subinhibitory con
centrations of meropenem (MIC 1 mg/L) every 48 h for eight days. 
Exudate samples from the abdominal cavity and accumulated in the 
perforated ball holes were collected on days 8 and 16 post-inoculation.

2.4. Blood analysis

For quantitative and qualitative assessment of blood cell pop
ulations, samples were collected in single-use polypropylene tubes 
containing EDTA-K2 (BD Vacutainer). Erythrocyte, platelet, and leuko
cyte counts, along with leukocyte differential, were analyzed in pe
ripheral blood using an automated hematology analyzer UniCel® DxH 
800 (Beckman Coulter) according to the manufacturer’s instructions. 
Blood samples from each animal were analyzed at all time points. Each 
sample was analyzed in triplicate.

2.5. Quantitative assessment of B. fragilis

Quantification of B. fragilis BFR KZ01 cells in the vascularized ball at 
8- and 16-days post-inoculation was performed using real-time quanti
tative PCR. Primers Bfr-F (5′ - CTGAACCAGCCAAGTAGCG - 3′) and Bfr-R 
(5′-CGCAAACTTTCACAACTGACTTA - 3′) were used with the BioRad 
CFX 96 Touch amplifier (BioRad, USA) and HS-qPCR Syber Blue (2x) 
(Biolabmix, Cat # MHC030-400). Amplification specificity was deter
mined through melting curve analysis. Quantitative PCR was performed 
on samples from each animal at all time points. Each sample was 
analyzed in triplicate.

2.6. Tissue analysis

Morphological evaluation of meropenem’s biological effects on 
abdominal cavity connective tissue was conducted on tissue fragments 
obtained from the encapsulated ball. Samples were fixed in a 10 % 
buffered formalin solution. Histological Sections (3–5 μm thick) were 
prepared using a CUT 4062 rotary microtome (SLEE medical, Germany) 
and stained with hematoxylin and eosin following standard protocols. 
Van Gieson staining was employed for connective tissue differentiation 
(Gattuso et al., 2009). Microscopic examination was performed using a 
CELENA® X High Content Imaging System (Logos Biosystems). Three 
histological sections were analyzed from each animal at all time points. 
Each sample was analyzed in triplicate.

2.7. Transmission Electron microscopy

Transmission electron microscopy (TEM) was performed on 
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experimental material fixed in 2.5 % glutaraldehyde solution in phos
phate buffer (pH 7.4). The samples were post-fixed in 2 % osmium te
troxide solution at 4 ◦C, washed in phosphate buffer, and dehydrated in 
a graded ethanol series (50 %, 70 %, 96 %, 100 %). All specimens were 
then embedded in an epon-araldite mixture.

Ultrathin sections (60 nm thickness) were obtained using a Leica 
UC7 ultramicrotome (Leica). Morphological assessment was conducted 
using a JEM 1400Plus transmission electron microscope (Jeol) equipped 
with a OneView CCD camera (Gatan, Germany). Images were acquired 
using an InLens detector at various magnifications up to 50,000×.

Quantification of MVs was performed using transmission electron 
microscopy (TEM) images. For each experimental group, a minimum of 
25 random electron micrographs per animal were evaluated at 10,000×
magnification (accelerating voltage of 80 kV). MVs were identified 
based on their characteristic spherical morphology and size range 
(typically 20–200 nm in diameter). The number of MVs per field was 
manually counted by two independent observers. The mean number of 
MVs per field was calculated for each group, and statistical analysis was 
conducted to compare MV production between groups.

2.8. Immunological assay

Multiplex analyses were conducted to evaluate the cytokine/che
mokine profile in rat serum using the Luminex FLEXMAP 3D Instrument 
System (Thermo Fisher Scientific). The ProcartaPlex Rat Cytokine & 
Chemokine Panel 22plex (Thermo Fisher Scientific, Cat # EPX220- 
30122-901) was employed following the manufacturer’s protocol. 
Data analysis was performed using the xPONENT software. Three his
tological sections were analyzed from each animal at all time points. 
Each sample was analyzed in triplicate.

2.9. Statistical analysis

Statistical analysis was performed in Python 3.9.16 using SciPy 
v1.13.1. Three group comparisons were performed using one-way 
Anova or Kruskal-Wallis tests where appropriate. Pairwise indepen
dent T-test with or without Welch correction or Mann-Whitney U tests 
were applied for post hoc comparison. Chi-square test was used to test 
differences in proportions. When comparing hematologic data, the FDR- 
BH multiple testing adjustment (denoted as q) was applied. A compar
ison of immunological data was performed without multiple comparison 
adjustments due to the low variability of these data (denoted as p). 
Network analysis was performed with NetworkX v3.2.1. Correlation was 
calculated using Spearman’s r coefficient for each group independently. 
The significance level for all tests was set at 0.05 for raw and adjusted 
values. Principal coordinate analysis was performed using scikit-learn 
v1.5.1 on standard scaled data. Visualization was performed using 
Matplotlib v3.7.1 and seaborn v0.11.2.

3. Results

The experimental model investigating the effects of subinhibitory 
concentrations of meropenem on inflammatory response modulation 
and extracellular membrane vesicle production by the multidrug- 
resistant B. fragilis strain BFR KZ01 revealed characteristic changes in 
hematological parameters.

In typical B. fragilis infections, characteristic changes in hemato
logical parameters often include an increase in white blood cell count, 
particularly neutrophils, as part of the acute inflammatory response. 
This is usually accompanied by a decrease in red blood cell count and 
hematocrit. Additionally, an elevation in monocyte and eosinophil 
counts is commonly observed, reflecting the ongoing immune response 
to the bacterial challenge.

Fig. 1. Dynamics of haematological parameters in the rat experimental groups. NG - negative control group; PG - positive control group; EG - experimental group. 8d 
- day 8 of the experiment, 16d - day 16 of the experiment.
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In our study, we observed on day eight post-infection, a decrease in 
erythrocyte count (PG, p = 0.007; EG, p = 0.014), neutrophil count (PG, 
p = 0.003; EG, p = 0.14), and hematocrit (PG, p = 0.002; EG, p = 0.003) 
was observed, accompanied by a significant increase in monocyte and 
eosinophil counts (Fig. 1). However, by day 16, most parameters had 
normalized, with the exception of an elevated lymphocyte count (q =
0.22, p = 0.03).

We observed increased MV production in the EG group compared to 
the PG group on both day 8 and day 16 of the experiment (Fig. 2), which 
may be attributed to the antibiotic effect. Furthermore, on day 8 post- 

infection, an increase in vesicle size was noted in the EG group 
(average size 95.00 nm vs 84.25 nm for PG, p = 0.053), whereas by day 
16, their size decreased (p = 0.06). Bacterial load quantification per 1 
mL of exudate revealed slightly higher B. fragilis colonization in the EG 
group compared to the PG group by day 16 (Fig. 2).

Histological examinations revealed the presence of fibrosis in the 
tissues of animals from all groups. The NG group predominantly 
exhibited first-degree fibrosis, while third-degree fibrosis was more 
common in the PG and EG groups (p = 0.023). Additionally, the EG 
group was characterized by a significant enhancement in 

Fig. 2. Effects of subinhibitory concentrations of meropenem on MV production and B. fragilis growth in a rat model. A) MV production in PG and EG groups on days 
8 and 16. Scale bars: 1 µm. MVs are indicated by red arrows and are characterized by their spherical shape and size range of approximately 20–200 nm in diameter. B) 
Changes in abscess model tissue, neovascularization, and fibrosis percentage by NG, PG, EG group. C) Bacterial load per 1 mL of exudate in PG and EG groups.
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neovascularization (p = 0.026), a finding that could have potential 
implications for future research and treatment strategies.

Administration of subinhibitory concentrations of meropenem 
resulted in increased inflammatory response and fibrosis in the animal 
model, as evidenced by histological examination (Fig. 2 and Supplement 
figure 1) (Fig. 3).

Our use of Principal Component Analysis was instrumental in visu
alizing the differences in hematological profiles between groups and 
assessing the impact of B. fragilis infection and meropenem treatment on 
these parameters in the abscess model. The graph depicts vectors cor
responding to various hematological parameters: erythrocytes, hemo
globin, platelets, procalcitonin, and monocytes. Their positioning 
indicates their contribution to group separation. Statistical analysis (F =
9.9, p = 0.004) shows significant differences between EG and PG groups 
on days 8–16 of the experiment and the negative control group (NG).

Examination of the overall immunological response using multiplex 
detection of chemokines and cytokines (ProcartaPlex Rat Cytokine & 
Chemokine Panel 22plex) in the serum of experimental animals revealed 
specific features of the immunological profile in response to B. fragilis 
inoculation and antibiotic induction. We observed substantial changes 
in the concentrations of four key inflammatory mediators (Fig. 4).

IL-6 concentration was significantly elevated in both PG and EG 
groups on day 8 of the experiment, with a more pronounced increase in 
the EG group. By day 16, IL-6 levels decreased in both groups but 
remained above control values.

IFN-γ concentration was elevated in PG and EG groups on day 8, with 
a more marked increase in the EG group. On day 16, IFN-γ levels 
decreased compared to the negative control group.

IL-5 levels showed a moderate increase in PG and EG groups on day 8 
of the experiment. By day 16, IL-5 concentration decreased in both 
groups but was significantly lower than the control group level (p =
0.024).

G-CSF (CSF-3) demonstrated a notable concentration increase in the 
PG and EG groups on day 8 of the experiment compared to the NG 

control group. By day 16, G-CSF levels decreased in all groups but 
remained higher in PG and EG compared to NG.

All four cytokines - IL-6, IFN-γ, G-CSF (CSF-3), and IL-5 - are classi
fied as proinflammatory cytokines. Their elevated levels in the experi
mental groups indicate activation of a proinflammatory immune 
response to B. fragilis inoculation and exposure to subinhibitory con
centrations of the antibiotic.

These data demonstrate dynamic changes in crucial cytokine con
centrations in response to B. fragilis introduction and exposure to sub
inhibitory antibiotic concentrations, with the most pronounced changes 
observed on day 8 of the experiment (Fig. 5).

Network analysis of correlation patterns among various immuno
logical factors revealed complex systemic changes in the immune 
response. The experimental group receiving subinhibitory doses of 
meropenem (EG) demonstrated the most pronounced alterations in 
network complexity, particularly from day 8 to day 16 post-infection. 
Meanwhile, the positive control group (PG) showed an increase in 
network complexity over time, suggesting a natural progression of 
infection and immune response.

The EG group initially exhibited a highly complex network, followed 
by a significant reduction in its complexity. This pattern may indicate 
that subinhibitory antibiotic exposure induces more profound systemic 
changes than the infection alone. The persistent complexity in the 
composite network (d8-d16) within the EG group suggests the long-term 
effects of the antibiotic on host-pathogen interactions. In contrast, the 
negative control group also displayed a complex network of mutual 
associations at both time points.

4. Discussion

Our study reveals a novel adaptation mechanism of B. fragilis in 
response to subinhibitory concentrations of meropenem, characterized 
by enhanced MV production and modulation of the host inflammatory 
response. This discovery complements our previous genomic observa
tions and complex host-pathogen interactions in vivo.

Our prior work, demonstrated radical changes in B. fragilis gene 
expression profiles in response to meropenem treatment, particularly 
activating seven genes associated with transmembrane transport and 
antimicrobial efflux mechanisms (Zholdybayeva et al., 2024). Based on 
these genetic analysis results, our current study utilized a rat model of 
B. fragilis BFR KZ01 infection to examine the effects of subinhibitory 
meropenem concentrations on MV production and inflammatory 
reactions.

We observed a notable difference in MV size in response to antibiotic 
administration, correlating with previously shown activation of trans
membrane transport genes. Existing hypotheses on MV biogenesis sug
gest both vesicle formation resulting from bacterial lysis and the 
existence of a specific process for vesicle formation and packaging of 
specific cargo (Sartorio et al., 2023). This suggests a complex adaptive 
response of B. fragilis to subinhibitory meropenem concentrations. 
Although we did not demonstrate direct meropenem efflux through 
vesicles in this study, the observed MV alteration aligns with reports of 
similar phenomena in other bacteria exposed to subinhibitory antibiotic 
concentrations, such as metronidazole (Ribeiro de Freitas et al., 2022) 
and amoxicillin (Onorini et al., 2023). Studies conducted on other mi
croorganisms have demonstrated that antibiotics can significantly in
crease the production of membrane vesicles (MVs) in various bacterial 
species, including Escherichia coli and Pseudomonas aeruginosa. Sub
inhibitory concentrations of several antibiotics, such as ciprofloxacin, 
meropenem, and polymyxin B, can enhance MV secretion and alter their 
characteristics, including size and zeta potential. Antibiotic-induced 
MVs may carry elevated levels of virulence factors and resistance 
genes, potentially exacerbating infections and contributing to antimi
crobial resistance (Andreas et al., 2017; Li et al., 2024). Furthermore, 
MVs produced under antibiotic stress conditions may elicit stronger 
immune responses, including enhanced antibody production and 

Fig. 3. Principal Component Analysis of hematological parameters across 
different groups in the experimental model of B. fragilis-induced abscess. The 
scatter plot illustrates the distribution of samples in the space defined by the 
first two principal components (PC1 and PC2), which account for 24.1 % and 
18.2 % of the data variability, respectively. Box plots flanking the right and top 
margins of the graph depict the distribution of PC1 and PC2 values for each 
experimental group.
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cytokine release (Hadadi-Fishani et al., 2021).
The enhanced production of MVs by B. fragilis under subinhibitory 

concentrations of meropenem aligns with recent advancements in the 
field of synthetic biology and MV engineering. Kelwick et al. (2023)
have highlighted the potential of utilizing bacteria as delivery vectors 
for engineered MVs (Kelwick et al., 2023), which could have significant 
implications for therapeutic applications. The ability to modulate MV 
production through controlled antibiotic exposure may provide a valu
able tool for optimizing MV-based delivery systems. Moreover, the 
altered characteristics of antibiotic-induced MVs, such as changes in size 
and potentially cargo composition, could be exploited to enhance their 
efficacy as carriers of therapeutic molecules. These findings open new 
avenues for developing targeted therapeutic strategies and improving 
our approaches to combating bacterial infections.

Notably, despite the absence of clear distinctions between the 
experimental group (EG) and positive control group (PG) in principal 
component analysis (PCA), we detected significant systemic shifts in the 
hematological profiles of B. fragilis-infected rats. Our observations are 
consistent with a growing body of literature demonstrating that indi
vidual hematological parameters may exhibit increased sensitivity to 
B. fragilis-induced changes compared to complex analytical approaches. 
For instance, Flores et al. (2014) revealed that individual variability in 
microbiome-associated changes might surpass the significance of group 
treatment effects, emphasizing the need for more detailed analysis at the 
individual subject level (Flores et al., 2014).

Wexler et al. (2007) demonstrated B. fragilis’ ability to induce 

specific changes in certain immune cell populations (Wexler et al., 
2007). These shifts in immune profile may not be adequately reflected in 
the generalized picture provided by PCA, indicating the need for more 
sensitive and specific analytical methods.

Our results provide new insights into B. fragilis adaptive strategies 
under antibiotic pressure and their potential impact on host-pathogen 
communication dynamics. These findings not only expand our under
standing of bacterial adaptability mechanisms but also have practical 
implications for optimizing antibiotic dosing strategies in clinical 
practice.

The observed immunological shifts likely result from a cascade of 
events, including reduced neutrophil production, macrophage activa
tion, and acute phase protein induction. By day 16, a slight decrease in 
lymphocyte production was noted, indicating the development of an 
adaptive immune response. This progression aligns with the classical 
model of immune response in bacterial infections and may explain the 
observed differences in fibrosis and neovascularization between EG and 
PG animal groups.

Importantly, while B. fragilis cell counts were approximately equal in 
both groups on day 8, by day 16, the EG group showed increased bac
terial colonization and neovascularization compared to the positive 
control group without antibiotic treatment. This was accompanied by a 
sustained increase in membrane vesicle sizes, suggesting a potential 
bacterial adaptation mechanism.

The observed increase in bacterial colonization and enhanced neo
vascularization in the experimental group (EG) by day 16 of the study 

Fig. 4. Dynamics of IL-5, IL-6, IFN-γ and G-CSF (CSF-3) concentrations in the serum of experimental animals. NG - negative control group; PG - positive control 
group; EG - experimental group.
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presents an intriguing phenomenon that the complex interaction be
tween B. fragilis, subinhibitory meropenem concentrations, and the host 
immune system can explain. We posit that several interrelated mecha
nisms mediate this effect. Primarily, subinhibitory meropenem con
centrations may induce an adaptive response in B. fragilis, leading to 
increased expression of genes associated with colonization and survival. 
Choi et al. (2016) demonstrated that exposure to subinhibitory anti
biotic concentrations can activate stress response mechanisms in bac
teria, enhancing their ability to adhere and form biofilms (Choi et al., 
2016). In our case, this may explain the enhanced B. fragilis colonization 
in the EG group.

Round and Mazmanian (2010) demonstrated B. fragilis’ ability to 
induce Foxp3+ regulatory T-cell (Treg) development in the intestine 
(Round and Mazmanian, 2010). They showed that polysaccharide A 
(PSA), produced by B. fragilis, stimulates Treg development through 
TLR2 signaling, leading to suppression of Th17 inflammatory responses. 
In the context of our study, this may explain why subinhibitory mer
openem concentrations result in an altered immune response. It is 
possible that in the presence of the antibiotic, B. fragilis enhances the 
production of PSA or other immunomodulating factors, leading to a 
more favorable environment for colonization. This immunomodulation 

may also contribute to the observed neovascularization, as the altered 
balance of pro- and anti-inflammatory factors can influence 
angiogenesis.

Furthermore, the enhanced neovascularization in the EG group may 
result from combined bacterial colonization and antibiotic exposure. 
B. fragilis is known for its ability to induce angiogenesis through various 
mechanisms, including vascular endothelial growth factor production 
(Vieira et al., 2016).

These interconnected mechanisms create a complex picture of 
B. fragilis adaptation to subinhibitory antibiotic concentrations, leading 
to paradoxical enhancement of colonization and stimulation of 
neovascularization.

Our results demonstrate that subinhibitory meropenem concentra
tions significantly influence the pathophysiological development of 
B. fragilis infection, modulating both the bacterial response and the host 
immune reaction. This leads to a more complex and potentially chronic 
disease course, underscoring the need to consider antibiotic dosing 
strategies in clinical practice carefully. The obtained results highlight 
the profound impact of subinhibitory antibiotic concentrations on 
B. fragilis infection dynamics, opening new avenues for research into 
host-pathogen interactions and personalized medical approaches to 

Fig. 5. Network analysis of correlations between various immunological factors across different experimental groups and time points. Animals Groups: NG - negative 
control group; PG - positive control group (infected); EG - experimental group (infected, treated with subinhibitory concentrations of meropenem). Time Points: d8 - 
day 8; d16 - day 16; d8–16 - combined analysis of days 8–16. Network structure: each node represents a different cytokine or chemokine measured in the experiment. 
Red lines indicate positive correlations. Blue lines indicate negative correlations. The thickness of the point represents the strength of the correlation.
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treating infectious diseases.
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