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Simple Summary

Antibiotic-associated changes in the gut microbial community (dysbiosis) lead not only
to perturbations in gut immunity, but also to immune changes in distant lung tissue. It is
still not known whether an individual response to antibiotics may result in a host-specific
reaction to the same respiratory pathogen. To address this question, Albino Oxford and
Dark Agouti rat strains were orally treated for thirty days with a mixture of antibiotics
with poor systemic absorption to induce microbial perturbation only in the gut and then
infected with the fungus Aspergillus fumigatus. Treatment with antibiotics alone induced gut
dysbiosis and inflammation in both rat strains, whereas lung inflammation was observed
only in Dark Agouti rats. Subsequent A. fumigatus infection produced a higher fungal
burden in the lungs of Albino Oxford rats, whereas lymph node cell activation and lung
tissue inflammation were still observed only in Dark Agouti rats. These findings suggest
that basal gut microbiota influences lung immune responses during A. fumigatus infection
and may determine individual differences in both the response to antibiotic treatment and
the response to infection.

Abstract

Background: Antibiotic-associated gut dysbiosis affects lung health and contributes to
disease progression, but the individual response to antibiotics, which leads to host-specific
reactions to the same respiratory insult, is not fully understood. Methods: Before infection
with Aspergillus fumigatus, Albino Oxford (AO) and Dark Agouti (DA) rats received a
mixture of antibiotics with poor systemic absorption to induce microbial perturbation
only in the gut, and lung and gut tissue and colonic contents were analyzed. Results:
Treatment with antibiotics induced gut inflammation in both rat strains, which was more
pronounced in AQO rats, and a disturbance in lung immunity was observed only in DA
rats. Antibiotic-associated gut microbiota disturbance revealed rat strain-specific bacterial
profiles (increased Gammaproteobacteria in DA and decreased Coriobacteriia in AO rats).
Although gut dysbiosis increased the risk of lung A. fumigatus infection in both rat strains,
a higher fungal burden was detected in the lungs of AO rats, whereas lymph node cell
activation and lung tissue inflammation were observed in DA rats. Conclusions: Rat
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strain differences in response to antibiotic- and/or infection-induced gut dysbiosis suggest
that basal gut microbiota may influence the lung immune response during A. fumigatus
disease, highlighting the importance of the interplay of genotype-specific host gut microbial
community with the environmental constraints in shaping individual immune makeup.

Keywords: Albino Oxford (AO) rat strain; Dark Agouti (DA) rat strain; antibiotics;
Aspergillus fumigatus lung infection; gut microbiota; lung microbiota; next generation
sequencing; inflammation

1. Introduction

Balanced gut microbiota is a key factor in maintaining host health. This influence is
exerted through processes such as immune system maturation, nutrient metabolism, vita-
min synthesis, gut barrier maintenance, pathogen exclusion, etc. [1]. However, the effects
of a disrupted gut community are not only local, but also manifest in distant organs such
as the skin, brain, and lungs. This gut-distal organ communication is established through
bi- or multidirectional axes via neural, endocrine, humoral, and metabolic pathways [2].
The crosstalk between the gut and lungs is known as the gut-lung axis. Gut microbiota
metabolites such as short-chain fatty acids, bile acids, and amino acids play a protective
role in lung health, regulating pulmonary inflammation and supporting proper immune re-
sponses to various lung insults [3]. In that context, a balanced gut community is crucial for
the host’s capacity to resist infections [4]. Numerous studies have shown that disturbances
in gut microbiota are associated with respiratory diseases such as asthma [5-7], chronic
obstructive pulmonary disease [8], cystic fibrosis [9], and lung viral [10,11] or bacterial
infections [4,12]. A dysbiotic gut characterized by decreased microbial diversity, increased
relative abundance of pro-inflammatory Prevotella and Enterococcus, and reduced levels
of beneficial Ruminococcaceae and Bifidobacteriaceae has been noted in pediatric popu-
lations with Mycobacterium tuberculosis infection [13]. In adult patients with pulmonary
tuberculosis (PTB), altered gut microbiota (with enrichment of Bacteroides and Prevotella
and depletion of Blautia and Bifidobacterium) has also been observed [14]. Significant dif-
ferences in gut community composition and metabolic pathways between PTB patients
and healthy controls were reported in the studies of Ye and coworkers [15] and Wang and
coworkers [16]. In addition, gastrointestinal symptoms such as abdominal pain, nausea,
vomiting, and diarrhea have been reported in lung viral infections as well [10]. In the
murine gut, both respiratory syncytial and influenza viruses caused an increase in the ratio
of Bacteroidetes to Firmicutes phyla [17]. A reduction in alpha diversity and an increase
in the relative abundance of Escherichia coli and Enterococcus faecium were characteristic
of patients with influenza virus infection [11]. Furthermore, a higher relative abundance
of opportunistic pathogens and lower abundance of beneficial bacteria were observed in
COVID-19 patients compared with healthy controls [18,19]. Data on the gut response to
lung fungal infection also exist. Pulmonary Cryptococcus neoformans infection in mice, a
model of cryptococcosis, induced gut dysbiosis characterized by decreased abundance of
beneficial commensals and increased abundance of opportunistic pathogens [20]. Similarly,
disruption of gut homeostasis caused by the opportunistic fungus Aspergillus fumigatus
was confirmed by our group [21,22].

Since the gut-lung axis is based on a complex bidirectional relationship, it is often difficult
to determine whether disturbances in the gut community are the cause or the consequence of
lung pathology [23]. The most common approach for studying the effects of gut microbiota on
the development of lung diseases is the use of antibiotics that disrupt the gut. Experimental
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studies investigating the influence of gut microbiota in lung bacterial [24—27] or viral [28,29]
infections often rely on antibiotics with high systemic diffusion. Because antibiotic penetra-
tion into tissue disturbs both gut and lung microbiota [26,27], it is difficult to evaluate to
what extent gut microbiota itself contributes to the pathogenesis of lung diseases.

Apart from several studies that examined the effect of lung fungal infections on
intestinal microbiota (lung-gut axis) [20-22], little is known about how gut microbiota
affects the lung immune response during infection (gut-lung axis). In the present study,
using an experimental model of lung infection caused by the fungus A. fumigatus in Dark
Agouti (DA) and Albino Oxford (AO) rat strains, we investigated the effects of disrupted
gut microbiota during lung aspergillosis. To examine the role of gut bacterial microbiota
in the lung immune response to A. fumigatus, we used oral antibiotics with poor systemic
absorption. Since our previous study showed that DA and AO rats exhibit quantitatively
different immune reactions to the same respiratory insult [30] and that alteration of gut
microbiota in response to pulmonary infection depends on the basal gut community [31],
we aimed to determine whether rat strain differences in gut bacterial composition lead to
different gut microbiota responses to antibiotics, which may, in turn, cause a strain-specific
lung response to the same fungus.

2. Materials and Methods

2.1. Experimental Animals
Ten- to twelve-week-old male Dark Agouti (DA) and Albino Oxford (AO) rats were

obtained from the breeding colony of the Institute for Biological Research “Sinisa Stankovic”
(IBISS), Belgrade, Serbia. The animals were housed in a controlled environment (22 + 2 °C,
relative humidity 60%, and under a 12:12 h light:dark cycle) in standard cages, with ad
libitum access to conventional rodent food (Veterinarski zavod Subotica, Serbia containing
3.2% fat, 49.3% carbohydrates, 20.3% proteins, and 12.9% fibers, energetic value 1405 KJ /100 g)

and tap water until the beginning of the experiment.

2.2. Fungal Culture Conditions and Conidia Preparation

As previously described [22,31], a human isolate of A. fumigatus (obtained from the
Institute of Public Health of Serbia “Dr. Milan Jovanovic-Batut”) was grown on Sabouraud
maltose agar (SMA, Torlak, Belgrade, Serbia) for seven days to produce conidia. Conidia
were collected by flooding the surface of agar slants with pyrogen-free, sterile physiological
saline (Hemofarm, Vrsac, Serbia), counted using an improved Neubauer hemocytometer,
and adjusted to a concentration of 107 /mL.

2.3. Experimental Procedure

For both DA and AO rat strains, half of the experimental animals received distilled
water for 30 days, while the other half received distilled water containing antibiotics with
poor systemic absorption for 30 days. The antibiotic mixture consisted of a combination
of broad-spectrum aminoglycoside antibiotics, neomycin sulfate and gentamicin sulfate,
acting against Gram-negative bacteria, each prepared at a concentration of 0.5 g/L, and the
glycopeptide antibiotic vancomycin, acting against Gram-positive bacteria, prepared at a
concentration of 0.25 g/L. Neomycin and gentamicin were purchased from Veterinarski
zavod Subotica (Subotica, Serbia), while vancomycin was purchased from ALVOGEN
Pharma (Plandiste, Serbia). Fresh water and antibiotic solutions were prepared twice a
week, and the consumption of each was measured. Body mass was measured once a week.

On day 31, animals from the water-treated and antibiotic-treated groups were anes-
thetized (Zoletil 100, Virbac, Carros, France) and intratracheally administered either with
50 uL of saline or with 50 uL of saline containing 107 conidia/mL of A. fumigatus.
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A total of 46 animals were assigned to four experimental groups for each rat strain:
water-treated uninfected group (n = 5), antibiotic-treated uninfected group (n = 6), water-
treated infected group (n = 6), and antibiotic-treated infected group (n = 6) for DA and
AOQ rat strains. For microbiota analysis, 35 animals were assigned to the following groups:
water-treated uninfected group (n = 4), antibiotic-treated uninfected group (n = 4), water-
treated infected group (n = 5), and antibiotic-treated infected group (n = 5) for DA, and
water-treated uninfected group (n = 4), antibiotic-treated uninfected group (n = 4), water-
treated infected group (n = 5), and antibiotic-treated infected group (n = 4) for AO rats.

Animals were euthanized on day 3 post-infection (p.i.) by intraperitoneal injection of
15 mg/kg b.w. of Zoletil 100 (Virbac, Carros, France).

2.4. Tissue Sample Collection and Preparation

Blood was withdrawn from the abdominal aorta with a syringe containing 5 U/mL
heparin, and hematological parameters were determined automatically using a Siemens
ADVIA 120 flow cytometer (Tarrytown, NY, USA) with commercially available reagents.
Following centrifugation, plasma was collected for cytokine level determination.

The lungs with regional mediastinal lymph nodes and intestinal segments with mesen-
teric lymph nodes were aseptically removed. The lungs were divided into the right lung
(for preparation of tissue homogenates) and the left lung (for metagenomic DNA extraction)
and stored at —80 °C until use. To avoid cross-contamination of lung samples for micro-
biota analysis, aseptic procedures, processing and storage were prioritized to minimize
contaminant presence. However, as no negative control was included, we acknowledge this
as a limitation of the study. Mediastinal and mesenteric lymph nodes were mechanically
dissociated by passage through a nylon mesh (70 um nylon, BD Bioscience, Bedford, MA,
USA), washed, and the cell number was determined with an improved Neubauer hemocy-
tometer (the number of viable cells exceeded 90% according to trypan blue exclusion). The
cells were used for analysis of cytokine gene expression. The duodenum was excised as a
5 cm segment immediately below the pyloroduodenal junction, the ileum was removed as
a 3 cm segment just above the ileocecal junction, and the cecum and colon were isolated at
full length and colonic contents (feces) were extruded. Intestinal segments were washed
through the lumen with ice-cold, nonpyrogenic physiological saline, weighed, snap-frozen
in liquid nitrogen, and stored at —80 °C until use.

Right lung tissue and intestinal tissue samples were homogenized on ice with an IKA
T18 Basic Homogenizer (IKA Works Inc., Wilmington, NC, USA) in ten volumes of sucrose
buffer consisting of 10 mM Tris-HCl (Tris (hydroxymethyl) aminomethane, Serva Feinbio-
chemica, Heidelberg, Germany), pH 7.6, 1 mM N, N, N’, N’-ethylenediaminetetraacetic
acid (EDTA) disodium salt dihydrate (USB Corporation, Cleveland, OH, USA), 250 mM
sucrose, and 1 mM peptidase inhibitor phenylmethanesulfonyl fluoride (PMSF, Sigma
Chemical Co., St. Louis, MO, USA). Homogenates were sonicated (3 x 15 s on ice at 30% of
maximum intensity amplitude) with a laboratory sonicator (Bandelin electronic, UW 2070,
Berlin, Germany) and then centrifuged (10,000 x g for 20 min at 4 °C) to obtain supernatants
that were used to determine cytokine levels and oxidative stress parameters. The left lung
tissue and colonic content were used for bacterial DNA extraction.

To determine the infectious burden in A. fumigatus—infected lungs, right lung tissue
was weighed and homogenized with an IKA T18 Basic Homogenizer (IKA Works Inc.,
Wilmington, NC, USA) in 5 mL of physiological saline, seeded on SMA with streptomycin
sulfate, and incubated for 48 h at 37 °C. The number of A. fumigatus colonies in infected
lungs was counted, and the number of colony-forming units (CFU/g) was calculated.
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2.5. Tissue DNA Extraction and Sequencing

Metagenomic DNA was extracted from frozen lung and fecal samples using the ZR
Tissue DNA Miniprep and Fecal/Soil Microbe Miniprep Kit (Zymo Research Corp., Irvine,
CA, USA), according to the manufacturer’s instructions. DNA concentration was measured
with a Qubit™ fluorometer (Thermo Fisher /Invitrogen, Waltham, MA, USA). All samples
were diluted to 12 ng/pL in a final volume of 20 puL and sent to Novogene Company
(Cambridge, UK) for library preparation and 165 rRNA amplicon sequencing of the V3-V4
hypervariable region. Paired-end sequencing was performed on an Illumina NovaSeq
platform. After barcode, adapter, and primer removal, paired-end reads were analyzed
and merged using FLASH (V1.2.7) [32]. High-quality reads and sufficient sequencing
depth were confirmed by flat rarefaction curves and a high coverage index for each sample.
Quality filtering of the raw tags was performed under specific filtering conditions [33]
according to QIIME (V1.7.0) [34]. For species annotation at each taxonomic rank, QIIME
Version 1.7.0 [35] in the Mothur method was used against the SSU rRNA database of
the SILVA 138 Database [36]. Alpha and beta diversity analyses were performed based
on normalized operational taxonomic unit (OTU) data. Alpha diversity, as a measure of
microbiota diversity, was expressed through three indices: Observed species, Shannon, and
Chaol. Beta diversity, as a measure of similarity or dissimilarity between communities, was
visualized using Principal Coordinates Analysis (PCoA) using Jensen-Shannon distance
and was expressed through ANOSIM and Adonis, performed by Novogene Technology Co.,
Ltd. (Cambridge, UK). Linear discriminant analysis effect size (LEfSe) was performed using
the Galaxy server [37] (LEfSe platform from Galaxy). Although off-target amplification may
occur during 16S rRNA gene sequencing, particularly in low-biomass samples such as lung
tissue, host-reads statistics were not quantified in our standard V3-V4 amplicon-sequencing
workflow. To minimize the inclusion of non-target sequences, quality control processing
was performed prior to downstream analysis.

Data on Reads obtained per sample (Table S1), Quality control data for FASTQ files
(Table S2), and The primer sequences table (Table S3) are provided in Supplementary File S1.

2.6. Determination of Parameters of Oxidative Stress and Antioxidative Defense

Lung and gut tissue homogenates were used to determine reduced glutathione (GSH)
and malondialdehyde (MDA) content, as well as glutathione S-transferase (GST, EC 2.5.1.18)
and catalase (CAT, EC 1.11.1.6) activity.

GSH content was measured in the deproteinized supernatant of samples prepared in
10% sulphosalicylic acid [38], using 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) in Tris—Cl
(pH 8.9) and reduced glutathione as the standard. Absorbance was monitored spectropho-
tometrically at 412 nm, and the data are expressed as uM/mg of precipitated protein.

GST activity was determined by measuring the rate of formation of the DNCB-GSH
complex catalyzed by this enzyme [39]. The reaction mixture consisted of the sample
(10 uL), deionized water, 1-chloro-2,4-dinitrobenzene (DNCB, Sigma Chemical Co., St.
Louis, MO, USA) dissolved in 95% ethanol, phosphate buffer (pH 6.5), and glutathione
(GSH, Fluka Chemie, Buchs, Switzerland). The increase in absorbance was monitored
spectrophotometrically at 340 nm every 30 s for 180 s at 25 °C. The GST activity unit was
expressed as the number of nanomoles of the DNCB-GSH complex formed per minute
(U = nM DNCB-GSH/min) per milligram of protein (U/mg protein).

Catalase (CAT, EC 1.11.1.6) activity was measured following the method of Beutler [40].
Samples (10 puL) were mixed with 50 uL Tris-EDTA buffer (pH 8.8) and 1 mL of hydrogen
peroxide (H,O,, Zorka Farma, Sabac, Serbia), and the change in absorbance was recorded
for 3 min (every 30 s) at 25 °C. One unit of CAT activity was defined as the amount of
enzyme required to decompose 1 mM H,O, per minute. The rate of HyO, decomposition
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was measured spectrophotometrically at 240 nm using a Shimadzu UV-1800. Enzyme
activity was expressed as units per milligram of protein (U/mg protein).

For the evaluation of lipid peroxidation and formation of malondialdehyde (MDA),
the method of Villacara et al. [41] was used. Samples were mixed with 2-thiobarbituric
acid (TBA), and trichloroacetic acid (TCA) reagent (both from Sigma Chemical Co., St.
Louis, MO, USA), and Tris-HCl (pH 7.4), and heated for 60 min at 95 °C. The absorbance of
the obtained supernatant was measured at 535 nm using a spectrophotometer (Shimadzu
Corporation, Lakewood, CA, USA). MDA content in the homogenates was determined
using a standard curve generated from known amounts of MDA (Sigma Chemical Co., St.
Louis, MO, USA). Data were expressed as nM MDA /mg protein.

Protein concentration was determined by the Lowry assay [42], in which 20 uL tissue
homogenate was mixed with 300 uL reagent C [2% sodium carbonate (Na,COj3, Carlo Erba,
Milano, Italy) in 0.1 M sodium hydroxide (NaOH, LachNer, Neratovice, Czech Republic),
1% copper sulfate pentahydrate (CuSO4 x 5H,0O, Zorka, Sabac, Serbia), and 2% potassium
sodium tartrate (KNaC4H4O4 x 4H,0, Alkaloid, Skopje, North Macedonia)] and 60 pL
of 1 x Folin—Ciocalteu phenol reagent (Merck, Darmstadt, Germany). Absorbance was
measured at 670 nm using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan), and
protein concentration was calculated using bovine serum albumin (BSA, AppliChem,
Darmstadt, Germany) as a reference.

2.7. Determination of Myeloperoxidase (MPO) Activity

Myeloperoxidase activity was evaluated in lung homogenates based on the oxidation
of o-dianisidine dihydrochloride [43]. MPO was measured by adding 33 pL of supernatant
to 967 uL of substrate solution [0.167 mg/mL o-dianisidine dihydrochloride (Sigma Chem-
ical Co., St. Louis, MO, USA) and 0.0005% H,O, in 50 mM potassium phosphate buffer,
pH 6.0]. Absorbance was measured at 450 nm with an ELISA 96-well plate reader (GRD,
Rome, Italy). MPO activity was calculated with reference to a standard curve generated
with known amounts of MPO (Sigma Chemical Co., St. Louis, MO, USA). Values are
presented as MPO units (U)/mL.

2.8. Cytokine Determination by ELISA

Supernatants of lung and intestinal tissue samples were used to determine cytokine
production with commercially available ELISA kits: interleukin (IL)-13, IL-6, tumor necro-
sis factor (TNF), and IL-10 (R&D Systems, Minneapolis, MN, USA); IL-17 and interferon
(IFN)-y (eBioscience Inc., San Diego, CA, USA). Cytokine concentrations were calculated
from a standard curve constructed with known amounts of recombinant cytokines provided
by the manufacturer. Results are expressed as pg/mL.

2.9. Cytokine Determination by Reverse Transcription Real-Time Polymerase Chain Reaction
(RT-PCR)

RNA (1 ug) was isolated from mediastinal and mesenteric lymph node cells using
a mi-Total RNA Isolation Kit (Metabion, Martinsried, Germany) and reverse transcribed
using random hexamer primers and MMLV (Moloney Murine Leukemia Virus) reverse
transcriptase (Fermentas, Vilnius, Lithuania), following the manufacturer’s instructions.
According to the recommendations, the prepared cDNAs were amplified using Power
SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) in a total
volume of 20 uL on a QuantStudioTM 3 Real-Time PCR Instrument (96-well, 0.2 mL)
(Applied Biosystems). Thermocycler conditions were as follows: an initial step at 50 °C for
5 min, followed by a step at 95 °C for 10 min, and a subsequent two-step PCR program at
95 °C for 15 s and 60 °C for 60 s for 40 cycles. The PCR primers used in the study are listed
in Table 1.
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Table 1. Primers used to detect gene expression in mediastinal and mesenteric lymph node cells.

53’ Forward 5-3’ Reverse
[3-actin CCCTGGCTCCTAGCACCAT GAGCCACCAATCCACACAGA
IFN-y TGGCATAGATGTGGAAGAAAAGAG TGCAGGATTTTCATGTCACCA
IL-17 ATCAGGACGCGCAAACATG TGATCGCTGCTGCCTTCAC
IL-10 GAAGACCCTCTGGATACAGCTGC TGCTCCACTGCCTTGCTTTT

Quantitative differences in gene expression levels were assessed using QuantStudioTM
Design & Analysis Software v1.4.3 (Applied Biosystems), and the results were calculated
as 272Ct where —ACt represents the difference between the threshold cycle (Ct) values
of a specific gene and the endogenous control (3-actin). Results are expressed as mRINA

expression (27ACt),

2.10. Statistical Analysis

All statistical analyses of the results, except for microbiota, were performed using
STATISTICA 7.0 (StatSoft Inc., Tulsa, OK, USA). Normality of the data was assessed
using the Shapiro—Wilk test. Most of the variables were normally distributed, whereas
variables that did not meet the normality assumption were transformed. For multiple group
comparisons, one-way analysis of variance (ANOVA) was performed on the original and
transformed data, followed by Tukey’s post hoc test. For differential abundance analysis of
class-level fecal microbiota taxa (only taxa with relative abundance greater than 0.01% in
at least one sample were included) in uninfected water-treated DA and AO rats, we used
the nonparametric Kruskal-Wallis test followed by Dunn’s post hoc test. p values were
adjusted with the Benjamini-Hochberg false discovery rate (FDR) procedure, and effect size
was estimated using n? (H). To identify clusters in the gut community between uninfected
water-treated DA and AQO rats, we applied PCoA based on Jensen—Shannon distances with
PAM clustering. For comparisons between two groups, a nonparametric Wilcoxon rank-
sum test was used. To identify the top 10 drivers of community variation, we calculated
Spearman correlations between genus-level relative abundances and the first principal
coordinate (PC1), with the corresponding p values adjusted using the Benjamini-Hochberg
FDR procedure. To represent differences in gut and lung microbiota community structure
between groups, we performed PCoA based on Jensen-Shannon distances followed by
Adonis and ANOSIM statistical tests. LEfSe analysis was used to identify differentially
abundant taxa at the genus level, using the Kruskal-Wallis test followed by pairwise
Wilcoxon tests and linear discriminant analysis (LDA threshold of 2.0) to estimate effect
size. The level of statistical significance was set at p < 0.05. All microbiota analyses
were performed in R (version 4.5.2), with the exception of LEfSe, which was performed
using the Huttenhower Lab Galaxy server [37]. Complete statistical analyses are provided
in Supplementary File S2: Daily fluid and antibiotic intake in uninfected DA and AO
rats (Table S1); Alpha diversity in the lungs and feces of uninfected DA and AO rats
(Table S2); Alpha diversity in the lungs and feces of infected DA and AO rats (Table S3);
The effect of antibiotic treatment on the relative abundance of fecal bacteria at the class
level in uninfected DA and AO rats (Table S4); Top 10 drivers of community variations in
uninfected DA and AO rats (Table S5); Inmune homeostasis and oxidative parameters in
the lungs, gut, and plasma of uninfected DA and AO rats (Table S6); The effect of antibiotic
treatment on the fungal burden in the lungs of infected DA and AO rats (Table S7); and
Immune homeostasis and oxidative parameters in the lungs, gut, and plasma of infected
DA and AO rats (Table S8).
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3. Results
3.1. Antibiotic Administration Caused Bacterial Dysbiosis in the Gut but Not in the Lungs

To determine the extent to which treatment with oral antibiotics affects lung and gut
microbiota and thereafter the immune response, a mixture of oral antibiotics with poor
systemic absorption (neomycin 0.5 g/L, gentamicin 0.5 g/L, and vancomycin 0.25 g/L)
was given to DA and AO rats for 30 days.

During this period, no differences in body mass were observed between uninfected
animals that drank water and those given water with antibiotics, but total fluid consump-
tion was increased in animals that received antibiotics (Table 2). Daily antibiotic intake
(calculated based on concentration of antibiotics, rat body mass (BM) and daily fluid
consumption) was not different between uninfected DA and AO rat strains (Table 2).

Table 2. Effect of 30-day oral consumption of an antibiotic solution on daily fluid and antibiotic
intake in uninfected DA and AO rats.

DA Uninfected AO Uninfected

Water Antibiotics Water Antibiotics
Daily fluid intake (mL) 314426 38.0 4 3.1 *** 429 + 5.1 *** 46.3 + 3.1 * ###
Daily Antibiotic intake
(g/kg BM)
Neomycin / 0.11 £ 0.02 / 0.10 £ 0.02
Gentamicin / 0.11 £ 0.02 / 0.10 £ 0.02
Vancomycin / 0.05 £ 0.01 / 0.05 £ 0.01

Results are expressed as mean + SD. Statistically significant differences: * p < 0.05 and *** p < 0.001 vs. water;
### p < 0.001 vs. DA.

As expected, alpha diversity analysis revealed no statistically significant differences
in lung microbiota richness (Observed species and Chaol index) or evenness (Shannon
index) following treatment with antibiotics with poor systemic absorption in uninfected
DA and AO rats (Figure 1a—c). To visualize the effect of antibiotic administration on lung
microbiota, we performed Principal Coordinates Analysis (PCoA) at the genus level, which
showed no clear separation between rats that drank water and those treated with antibiotic
solution in either strain (Figure 1d,e). This was also confirmed by the ANOSIM and Adonis
statistical tests (Figure 1f).

Although higher R values generally indicate greater community variation and group
separation, respectively, this did not reach statistical significance in our data, which was
also supported by the PCoA visual representation. The absence of significance may
reflect the small sample size and the greater heterogeneity characteristic of the lung
microbiota community.

On the other hand, the effects of antibiotic administration were more pronounced
in the gut. While no changes in alpha diversity were observed in DA rats, a significant
decrease in all three indices (Observed species, Shannon index, and Chaol index) was
noted in the gut of AO rats as a consequence of antibiotic treatment (Figure 2a—-c). However,
antibiotic administration induced changes in the gut microbiota community structure
of both uninfected DA and AO rat strains, according to PCoA (Figure 2d,e), which was
confirmed by the Adonis and ANOSIM statistical analyses (Figure 2f).

To investigate more detailed taxonomic shifts, we analyzed changes in the relative
abundance of bacteria at the class level (Supplementary File S2, Table 54). Although the
abundance of Coriobacteriia and Gammaproteobacteria was similar between uninfected
DA and AO rats that drank water for 30 days, antibiotic administration caused strain-
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PC2 (23.7%)

specific responses at these taxonomic levels. In uninfected DA rats, antibiotics stimulated
the growth of Gammaproteobacteria, while reducing Coriobacteriia in uninfected AO rats.
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antibiotic 0.385 0.062 0.233  0.059

Figure 1. Effect of 30-day oral consumption of antibiotic solution on lung bacterial microbiota in
uninfected DA and AO rats: alpha diversity expressed through Observed species (a), Shannon
index (b), and Chaol index (c), and beta diversity expressed through Principal Coordinates Analysis
(PCoA), based on Jensen-Shannon divergence at the genus level, in uninfected DA (d) and AO
(e) rats. Differences in bacterial community in the lungs of uninfected DA and AO rats treated with
antibiotics expressed through Adonis and ANOSIM are depicted in (f). Results in (a—c) are expressed
as mean £ SD.

To identify biomarkers related to each group, we performed Linear Discriminant Anal-
ysis Effect Size (LEfSe) (Figure 3). The DA water-treated uninfected group was dominated
by genera mainly from the classes Bacteroidia and Clostridia (36.4% and 27.2%, respec-
tively), with members of the normal gut microbiota positively associated with gut health,
whereas the antibiotic-treated group showed an overabundance of bacteria belonging to
the class Clostridia (57.1%), often described in dysbiotic gut (Figure 3a). Furthermore,
LEfSe analysis revealed a higher number of discriminative genera in the AO water-treated
compared with the antibiotic-treated group, suggesting lower microbial diversity after
antibiotic treatment. While more than half (60%) of differentially abundant genera in
the water-treated group were members of the class Clostridia, mainly recognized as gut
commensals, antibiotic administration caused an overabundance of bacteria mostly from
the classes Clostridia and Bacilli (25% from each), many of which have pathogenic potential
(Figure 3b). However, it appears that some of the discriminative genera were common to

https://doi.org/10.3390 /biology15141132


https://doi.org/10.3390/biology15141132

Biology 2026, 15, 1132

10 of 30

both rat strains in the antibiotic-treated groups. Higher relative abundance of Peptostrep-
tococcus, Parasutterella, Veillonella, and the Clostridium innocuum group suggests that these
genera were a shared microbial signature of antibiotic-induced dysbiosis, despite existing
differences in the microbiota response to the same treatment.

a b c
g 600 . 6 800
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2 400 2 4 wex g 600 Water
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2 200 wr o2 9 g
5 ﬁ g S 200 ﬁ
S 175}
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d e
DA uninfected AO uninfected
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— N
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N o~ o
2 2
-0.5
-0.4
-1.0
-0.5 0.0 0.5 1.0 -0.5 -0.25 0.0 0.25 0.5
PC1 (46.8%) PC1 (58.8%)
f
Anosim Adonis
R’ )4 R’ )4
DA uninfected water/antibiotic 0.688 0.038 0.461 0.030
AO uninfected water/antibiotic ~ 1.000  0.031 0.655  0.001
DA/AOQO uninfected water 0.760 0.029 0.470  0.001
antibiotic 0.562 0.024 0.405 0.031

Figure 2. Effect of 30-day oral consumption of antibiotic solution on fecal bacterial microbiota in
uninfected DA and AO rats: alpha diversity expressed through Observed species (a), Shannon
index (b), and Chaol index (c); and beta diversity expressed through Principal Coordinates Analysis
(PCoA), based on Jensen-Shannon divergence at the genus level, in uninfected DA (d) and AO
(e) rats. Differences in fecal bacterial community in uninfected DA and AO rats treated with antibi-
otics expressed through Adonis and ANOSIM are shown in (f). Results in (a—c) are expressed as
mean =+ SD. Statistically significant differences: ** p < 0.01 and *** p < 0.001 vs. water; * p < 0.01 vs. DA.

Because the initial state of the microbiota determines the effect of antibiotics [44,45] and
may even depend on enterotype [46], we examined whether our water-treated uninfected
DA and AO animals followed a continuous gradient that might explain the observed
differences in response to antibiotics. Our groups do not follow a strict enterotype, but their
microbiota is compatible with a gradient distribution (Figure 4a). Microbiota from water-
treated uninfected DA rats exhibited a more consistent, denser microbial population, with
a higher Bacteroides-to-Prevotella (B/P) ratio shifted toward Bacteroides, whereas microbiota
from water-treated uninfected AO rats showed a more dispersed composition, reflecting
greater heterogeneity, with a lower B/P ratio shifted toward Prevotella (p = 0.029, Figure 4b).

https://doi.org/10.3390 /biology15141132


https://doi.org/10.3390/biology15141132

11 of 30

Biology 2026, 15, 1132
DA uninfected AO uninfected
= Water B Antibiotic mm Water Bl Antibiotic
1 ! ! 1 1 1 | 1 | 1 ' | I I I ] '
: : f * Lactobacillus [N : ; i : Allobaculum
:  Turicibacer S Rombousia
 Clodridium sensu_stricto_| [ o Turieibaoer
© Alloprevoteila . e
E : Collinsella [NNNGG 5 : : : Prevotella
: Bacterondales RF16_group _ : i Acetitomaculum
: Adlercreutzla f : Lachnusplraceae NK4A136_group [
: 1 : -+ UCG_00s
. orea _: : : Eubacterlum xylanophilum_group (I
. Prevotellaceac UCG_003 NN« : ey e 4
' : : ostridia_UCG_014 |
Famlly XIII_AD3011" group _ : : Hroian
© Parabacteroides (NN . Chriftensenellacede R _7_group —
: I Tyzzerella : : : : Streptococcus [N
. I Thermoanaerobacterium Pre\/otellaceae UCG_003 _
I Vil
I Poircptococcus
I crococcus
I sl

:_ Clo§tnd|um mnocuur:n group
—60 48 36 24—12 00 12 24 36 48 60
LDA score (Log 10)

Cargdldams;Stoqueﬁchus
‘Adlercreutzia

: : anenae Sedis

Yy
Eubacterlum cop! étanohgenes group [
NK4A214_group I

Fygtnaiobacter
. Harryflintia

Sellimonas

Rﬂ(enellaceae RC9 Jut "group

Enterococcus
: I Pcptostreptococcus
N Parasutterella :
I Prevotellaceae UCG 001
I \cillorclla
I Escherichia-Shigella

Fusobacterium

]
: N Clostridium_innocuum_group
6.0 4.8 3.6 24-12 00 12 24 3.6 48 6.0
LDA score (Log 10)

(@) (b)

Figure 3. Effect of 30-day oral consumption of an antibiotic solution on gut microbial biomarkers,
presented using the Linear Discriminant Analysis Effect Size (LEfSe) method at the genus level in
uninfected DA (a) and AO (b) rats.
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Figure 4. Distribution of the continuous Bacteroides-Prevotella (B/P) gradient (a) and B/P ratio (b) in
water-treated uninfected DA (blue) and AO (red) rats. Statistically significant differences: # p < 0.05.
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The PCoA plot with PAM clustering and statistical tests also showed clear separation
between the microbial communities of water-treated uninfected DA and AO rat strains
(Figure 5). Compositional variation at the class level between water-treated uninfected DA
and AQO rats was reflected in a higher abundance of Actinobacteria in DA animals compared
with AO (0.034 £ 0.006 in DA vs. 0.001 4 0.000 in AO, p = 0.0178). To determine the main
drivers of community variation that provide better resolution of microbial differences,
we identified the genera responsible for the observed differences between water-treated
uninfected DA and AO rats. Bar plot results showed that the main drivers of microbial
variability were NK4A214 group, UCG-005, Marvinbryantia, Christensenellaceae R-7 group,
Allobaculum, Streptococcus, Eubacterium ventriosum group, Monoglobus, and Acetitomaculum,
which dominated in the AO group, while Turicibacter predominated in the DA group
(Figure 5b).

o
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0 S
% 0.0 \ . <+ DA water
o N <+ AO water
N .
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—-0.1 -
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A B ™ AO water
. Marvinbryantia =] PC1
Christensenellaceae R-7 group |
Allobaculum | H 0.5
Streptococcus 1 U
Eubacterium ventriosum group — | 0.0
Monoglobus 1 :
Acetitomaculum | --0.5
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Figure 5. Beta diversity of fecal bacterial microbiota expressed through Principal Coordinates Analysis
(PCoA) based on Jensen-Shannon distances with PAM clustering at the genus level (a), and bar plot
with the top 10 PCoA drivers of community variation (b), in water-treated uninfected DA (blue) and
AO (red) rats.

3.2. Antibiotic-Induced Gut Dysbiosis Leads to Intestinal Inflammation

To investigate whether treatment with antibiotics affects immune homeostasis in
uninfected rats, we examined basic immune response parameters in the lungs, gut, and
peripheral blood (Table 3).

Table 3. Effect of 30-day oral consumption of antibiotic solution on immune homeostasis in the lung,
gut, and plasma of uninfected DA and AO rats.

) DA AO
Examined Parameters Water Antibiotics Water Antibiotics
Lungs
Relative lung mass (g) 0.67 £ 0.06 0.69 £ 0.08 0.64 £0.14 0.58 £ 0.09
Cytokine level (pg/mL)
IL-1B 368.4 + 1549 643.8 +203.1 % 595.7 +184.6 % 559.3 £ 171.7
IL-6 478.8 £93.8 383.6 £ 143.0 3263 £177.0 283.3 £140.1
TNF 58.9 £ 6.6 87.7 £21.3* 625+ 129 737174
IFN-y 37.0£58 40.3 £11.0 48.3 £9.6 44.0 £ 16.1
IL-17 175.3 +32.7 144.4 +24.2 176.2 + 58.3 1722 +£27.8
IL-10 291.5+75.2 2721 +71.0 251.0 £89.2 245.0 £95.0
MPO activity (U/mL) 0.47 £ 0.08 0.57 £0.13 0.32 £ 0.09 0.40 £ 0.09
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Table 3. Cont.

. DA AO
Examined Parameters Water Antibiotics Water Antibiotics
Regional mediastinal lymph nodes
Number of cells (x10°) 135+ 7.2 23.3 + 14.0 12.8+ 5.0 14.7 + 8.0
IFN-y (2-ACt) 0.008 + 0.001 0.012 + 0.002 0.009 + 0.004 0.012 + 0.002
IL-17 (2-ACY 0.002 + 0.000 0.002 £ 0.000 0.001 + 0.000 0.001 + 0.000
IL-10 (2~ACY 0.033 + 0.005 0.038 + 0.004 0.030 + 0.006 0.019 + 0.004
Gut
Relative cecal mass 1.74 +0.28 5.43 + 1.74 ** 1.82 + 0.54 5.53 + 1.37 ***
Cytokine level (pg/mL)
Duodenum
IL-1p 63.0 +15.9 62.5 4 37.2 159.6 + 37.6 ### 178.3 + 43.6 ¥
IL-6 75.0 + 26.5 101.4 +13.3 92.0+17.4 94.0 + 40.6
TNF 59.7 4+ 15.2 65.8 + 18.5 65.6 + 13.8 69.7 £ 12.8
IFN-y 118.0 + 10.9 128.1 + 16.4 137.3 £ 6.5 156.7 + 11.0 ** ##
IL-17 4148 + 415 408.3 + 55.4 501.6 + 45.1 ## 496.3 + 50.5 *#
IL-10 65.2 +13.5 94.0 + 29.7 143.8 + 60.8 ### 93.8 +33.7*
Ileum
IL-1PB 120.0 + 20.5 103.0 + 174 160.8 + 24.6 144.0 + 81.1
IL-6 136.2 + 18.8 132.1 +57.8 169.0 & 31.7 167.0 + 69.3
TNF 383 +12.7 65.8 +27.6 * 471+ 228 483 +17.1
IFN-y 100.0 + 15.4 136.5 + 54.4 105.6 + 23.0 100.0 + 16.7
IL-17 1185 +21.2 310.2 £ 96.0 *** 297.3 + 39.7 ### 511.1 4 107.2 ** ###
IL-10 75.0 +20.9 74.7 +£19.5 106.6 + 18.3* 952 +29.7
Cecum
IL-1pB 396.7 + 48.7 415.8 + 80.7 490.0 + 36.3 ## 4475 + 38.3
IL-6 250.0 + 33.0 225.8 +42.2 286.9 +47.5 287.9 + 38.5 ##
TNF 121.8 + 23.7 126.7 + 7.7 132.8 +35.3 147.1 + 285
IFN-y 292.9 + 36.6 323.8 +36.3 266.7 + 23.6 364.3 + 50.7 ***
IL-17 348.1 + 190.1 562.4 + 84.5 ** 4704 +27.3 573.5 + 108.2
IL-10 120.0 + 25.2 151.8 +21.8 151.7 + 15.5 184.4 + 44.6
Colon
IL-1B 235.0 +31.5 240.0 + 58.5 273.1 + 489 340.8 4+ 70.4 * ##
IL-6 205.6 + 53.1 2475+ 714 227.5 + 108.5 375.0 + 101.6 ** #
TNF 733+ 17.8 82.7 £ 16.5 933 +12.6 91.1 +£244
IFN-y 128.6 + 38.5 169.4 + 46.6 1833 +71.3 197.2 4+ 54.5
IL-17 270.9 + 67.5 290.1 + 82.0 286.0 £ 91.5 333.3 +53.3
IL-10 93.3 +£12.9 105.5 + 15.3 146.6 + 21.9 ## 165.0 + 26.9 ###
Mesenteric lymph nodes
Number of cells (x10°) 54.4 + 20.4 439 +11.3 70.8 +11.5 63.2 +23.7
IFN-y (2-ACt) 0.005 =+ 0.002 0.018 = 0.003 *** 0.004 =+ 0.001 0.007 £ 0.001 * ###
IL-17 (2~ACY 0.002 + 0.000 0.002 + 0.000 0.001 + 0.000 ## 0.002 + 0.000 ***
IL-10 (2-2€Y 0.018 + 0.008 0.018 + 0.007 0.018 + 0.007 0.018 + 0.001
Peripheral blood
Leukocytes (x10% /L) 58+ 1.9 47 +2.0 30+1.2 31405
Lymphocytes (x10°/L) 49.0 +13.1 612+ 7.4 355 +5.5 42.1 4+ 14.6
Neutrophils (x10% /L) 480+ 12.8 36.1 £7.2 60.1 + 5.3 53.4 + 14.6
Monocytes (x 10 /L) 15+0.3 12403 1.6 £ 04 1.7+ 05
Eosinophils (x10° /L) 13+05 14+04 20407 23408
Basophils (x10° /L) 04+0.1 03402 03+0.1 04+0.1
Erythrocytes (x10'2/L) 8.2 40.3 8.2 +0.2 8.2+ 0.6 8.5+0.8
Hemoglobin (g/L) 147.6 + 5.0 147.0 + 3.9 151.6 + 4.7 1525+ 6.5
Hematocrit (%) 0.45 + 0.01 0.44 + 0.02 0.46 + 0.02 0.48 + 0.02
Thrombocytes (x107 /L)  782.8 + 35.1 753.2 +19.9 857.6 + 26.0 802.5 + 66.2
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Table 3. Cont.

) DA AO
Examined Parameters Water Antibiotics Water Antibiotics
Plasma cytokines
IL-6 (pg/mL) 34.3 £ 10.6 43.6 £ 16.4 35.0 £ 18.7 56.7 £11.2*
TNF (pg/mL) 58.6 7.9 542 +13.1 50.0 +21.9 49.0 £ 16.8
IL-17 (pg/mL) 108.0 £24.9 135.8 £ 16.2 108.0 + 23.0 126.5 +27.0

Results are expressed as mean = SD. Statistically significant differences: * p < 0.05, ** p < 0.01 and *** p < 0.001 vs.
water; ¥ p < 0.05, # p < 0.01 and ##* p < 0.001 vs. DA.

Although antibiotic treatment did not influence immune parameters in the lungs of
uninfected AO rats, significantly higher levels of IL-13 and TNF were observed in the lungs
of DA rats treated with antibiotics compared with water-treated DA rats. Examination
of lung-draining mediastinal lymph nodes of uninfected DA and AO rats showed that
antibiotics did not cause any changes in the expression levels of genes encoding cytokines
responsible for the antifungal response.

In contrast to the minor immune changes in lung tissue, pronounced alterations in
immune parameters were detected in the intestines of rats treated with antibiotics. Higher
cecal mass was observed in rats of both strains treated with antibiotics. In DA rats, antibiotic
treatment induced an increase in TNF content in the ileum and IL-17 in the ileum and
cecum, while higher cytokine levels in the ileum (IL-17), cecum (IFN-y), and colon (IL-1f3,
IL-6), and variable cytokine content in the duodenum (increased IFN-y and decreased
IL-10), were observed in antibiotic-treated AO rats compared with the respective water-
treated controls. Regardless of antibiotic treatment, higher cytokine levels along different
gut segments were found in AO rats compared with DA rats. In line with this, in both
water- and antibiotic-treated rats, significantly higher IL-1, IFN-y, and IL-17 levels were
noted in the duodenum, IL-17 in the ileum, and IL-10 in the colon of AO rats compared with
DA rats. Among water-treated uninfected animals, higher levels of IL-10 in the duodenum
and ileum and IL-1{ in the cecum were noted in AO compared with DA rats, while among
antibiotic-treated rats there were higher levels of IL-13 and IL-6 in the colon of AO rats
compared with the respective DA rat group.

Oral consumption of antibiotics also affected mesenteric lymph nodes, increasing
IFN-y gene expression in both rat strains and increasing IL-17 gene expression in AQ rats.

The only change in peripheral blood as a consequence of antibiotic consumption was
an increase in the level of IL-6 in AO rat plasma.

In addition to immune parameters in lung and gut tissue homogenates, we also
measured parameters of oxidative stress in the lungs and colon of animals treated with
antibiotics. The only change observed was an increased content of reduced glutathione in
the lungs of antibiotic-treated compared with water-treated DA rats (Table 4).

Table 4. Effect of 30-day oral consumption of an antibiotic solution on parameters of oxidative stress
and antioxidative defense in the lungs and colon of uninfected DA and AO rats.

) DA AO
Examined Parameters Water Antibiotics Water Antibiotics
Lungs
GSH (uM/mg proteins) 309.6 £ 7.8 397.0£19.3* 311.8 £22.8 359.1 £ 33.5
GST (U/mg proteins) 114.2 £ 9.8 117.2 £ 5.8 170.7 = 14.4 1825 + 6.8
CAT (U/mg proteins) 53.0 £ 8.6 53.8 £7.8 50.3 £ 12.4 48.1+94
MDA (nM/mg proteins) 39+04 3.6 0.1 39+03 3.8+0.3
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Table 4. Cont.
E ined P DA AO
Xamined Parameters Water Antibiotics Water Antibiotics
Colon
GSH (1M /mg proteins) 85.0 =233 84.0 +20.3 1285 + 25.7 146.6 = 31.9
GST (U/mg proteins) 35.6 4.6 351447 478 £ 6.5 36.2+43
CAT (U/mg proteins) 2234+17 26.6 = 2.5 30.6 £3.1 241 +24
MDA (nM/mg proteins) 59+0.6 55+05 58+ 0.6 50£04

Results are expressed as mean =+ SD. Statistically significant differences: * p < 0.05 vs. water.

3.3. Administration of Antibiotics in DA and AO Rats Prior to Infection with A. fumigatus Causes
More Pronounced Gut Dysbiosis but Not Lung Dysbiosis During Infection

To investigate whether rat strain-specific responses to antibiotic administration might
cause rat strain-specific lung immune responses to the fungus A. fumigatus, water-treated and
antibiotic-treated rats of both strains were intratracheally administered with A. fumigatus.

Assessment of fungal presence in the lungs on day 3 post-infection revealed slower
elimination of this opportunistic pathogen from the lungs of both DA and AO antibiotic-
treated groups (Figure 6). In addition, fungal elimination was slower in AO than in DA
rats, regardless of water or antibiotic treatment.

3000 [] Water
[] Antibiotic
skskk

2000

ksksk

1000 T
#
L=l

DA in[fected AO inlfected

CFU/g

Figure 6. Effect of 30-day oral consumption of antibiotic solution on fungal burden in lung tissue of
A. fumigatus-infected DA and AO rats. Results are expressed as mean =+ SD. Statistically significant
differences: *** p < 0.001 vs. water; # p < 0.05 vs. DA.

Antibiotic administration prior to infection with A. fumigatus did not cause changes in
alpha diversity of lung microbiota in either DA or AO rats (Figure 7a—c), nor did it cause
changes in the composition of the lung bacterial community in these strains (Figure 7d-f).

However, antibiotic treatment prior to A. fumigatus infection affected microbial alpha
diversity of the gut microbiota in both strains of A. fumigatus-infected rats, which was
reflected as a decrease in the number of Observed species (Figure 8a), Shannon index
(Figure 8b), and Chaol index (Figure 8c). In both rat strains, the composition of the gut
bacterial community in infected animals that received antibiotics was significantly different
compared with infected animals that did not receive antibiotics (Figure 8d—f). Additionally,
in both rat strains, gut microbiota analysis also showed significant differences between
uninfected and A. fumigatus-infected animals that received antibiotics (Figure 8f).
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Figure 7. Effect of 30-day oral consumption of an antibiotic solution on lung bacterial microbiota
in A. fumigatus-infected DA and AO rats: alpha diversity expressed through Observed species (a),
Shannon index (b), and Chaol index (c), and beta diversity expressed through Principal Coordinates
Analysis (PCoA), based on Jensen—-Shannon divergence at the genus level, in A. fumigatus-infected
DA (d) and AO (e) rats. Differences in lung bacterial community in A. fumigatus-infected DA and AO
rats, expressed through Adonis and ANOSIM, are depicted in (f). Results in (a—c) are presented as

mean + SD.
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Figure 8. Effect of 30-day oral consumption of antibiotic solution on fecal bacterial microbiota in A.
fumigatus-infected DA and AO rats: alpha diversity expressed through Observed species (a), Shannon
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DA infected

index (b), and Chaol index (c), and beta diversity expressed through Principal Coordinates Analysis
(PCoA), based on Jensen-Shannon dissimilarity index at the genus level, in A. fumigatus-infected DA
(d) and AO (e) rats. Differences in fecal bacterial community of A. fumigatus-infected DA and AO

rats expressed through Adonis and ANOSIM are depicted in (f). Results in (a—c) are expressed as
*p <0.05 and ** p < 0.001 vs. water; ## p < 0.01 vs. DA.

mean =+ SD. Statistically significant differences:
According to LEfSe analysis, a lower number of differentially abundant genera was
detected in antibiotic-treated compared with water-treated infected animals of both DA
and AO rat strains, indicating a selective pressure of antibiotic administration on the gut
bacterial population following infection (Figure 9). Many genera repeatedly appear in both
groups across strains. During pulmonary infection in water-treated groups of both DA and
AO rats, we found consistent enrichment of the same genera (Figure 9). A similar pattern
was also noted in antibiotic-treated groups (Figure 9), corroborating that these specific
microbial signatures are created primarily by the treatments and not by the animal strain.
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Figure 9. Effect of 30-day oral consumption of an antibiotic solution on gut bacterial biomarkers
presented through the Linear Discriminant Analysis Effect Size (LEfSe) method at the genus level, in

A. fumigatus-infected DA (a) and AO (b) rats.
3.4. Antibiotic-Induced Gut Dysbiosis in A. fumigatus-Infected Rats Leads to Intestinal Inflammation
Since A. fumigatus infection in antibiotic-treated rats resulted in dysbiosis in the gut
but not in the lungs, we investigated whether the relatively stable bacterial community in
the lungs, as opposed to microbial alterations in the gut, affected immune response and

oxidative stress parameters in these organs differently.
Cytokine content analysis in the lungs during A. fumigatus infection showed sig-

nificantly higher levels of IL-1$ and IL-17 in DA animals treated with antibiotics com-
pared with DA animals that received water (Figure 10a—f). In addition, in A. fumiga-
tus-infected DA rats, higher lung MPO activity was noted in antibiotic-treated animals
(0.78 £ 0.08 U/mL) compared with water-treated animals (0.54 £ 0.07 U/mL, p = 0.0005),
while these changes were not detected in infected AO rats (0.79 £ 0.15 U/mL in antibiotic-
treated vs. 0.67 & 0.07 U/mL in water-treated AO rats, p = 0.129). However, there were no
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significant differences in lung levels of GSH and MDA or GST and CAT activity between
antibiotic-treated and water-treated infected rats in either rat strain (Figure 10g—j). To
examine whether antibiotic administration before A. fumigatus infection affects the acti-
vation of adaptive T cell responses to the fungus, we analyzed the expression levels of
genes encoding cytokines of Th1 (IFN-y), Th17 (IL-17), and Treg (IL-10) cells in regional
mediastinal lymph nodes (Figure 10k-m). In DA rats, higher levels of IFN-y and IL-10
gene expression were noted in antibiotic-treated compared with water-treated infected rats,
while in AO rats, lower levels of IFN-y and higher levels of IL-17 were detected in rats
treated with antibiotics than in water-treated infected rats (Figure 10k-m).
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Figure 10. Effect of 30-day oral consumption of antibiotic solution in A. fumigatus-infected DA and
AOQ rats on lung content of IL-1f (a), IL-6 (b), TNF (c), IFN-y (d), IL-17 (e), and IL-10 (f); level of GSH
(g), activity of GST (h) and CAT (i), and level of MDA (j) in the lungs; and the expression of genes for
IFN-y (k), IL-17 (1), and IL-10 (m) in the regional mediastinal lymph nodes. Results are expressed as
mean £ SD. Statistically significant differences: * p < 0.05 and ** p < 0.001 vs. water; # p < 0.05 and
#H p < 0.001 vs. DA.
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As previous results showed that dysbiosis in the gut coincided with gut inflammation,
we assessed cytokine content in all segments of the gastrointestinal tract of infected animals
that received antibiotics (Figure 11). Significantly lower levels of IFN-y and IL-17 in the
duodenum, and higher levels of IL-13 and IL-17 in the ileum and IL-6 in the colon, were
observed in both DA and AO antibiotic-treated rats relative to water-treated infected rats.
Additionally, a higher level of IL-10 in the colon of DA rats and a higher level of IFN-y
in the cecum of AO rats were noted as a consequence of antibiotic treatment of infected
animals (Figure 11).
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Figure 11. Effect of 30-day oral consumption of an antibiotic solution on the content of IL-1f3, IL-6,
TNF, IFN-y, IL-17, and IL-10 in the duodenum, ileum, cecum, and colon of A. fumigatus-infected
DA (a) and AO (b) rats. Results are expressed as mean £ SD. Statistically significant differences:
*p <0.05 *p <0.01, and *** p < 0.001 vs. water.
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4. Discussion

The most common approach to investigating the role of gut microbiota in lung immune
responses is the use of antibiotics characterized by systemic diffusion [25,28,29]. In this
study, the antibiotics neomycin, gentamicin, and vancomycin were used because of their
limited systemic absorption [47-49], thereby minimizing the direct effects of antibiotics on
lung microbiota and immune responses and enabling a more straightforward assessment
of gut microbiota influence on the lungs. This combination of antibiotics has a broad
antibacterial spectrum, as vancomycin is effective against Gram-positive bacteria [50],
while neomycin and gentamicin are primarily used to treat Gram-negative bacteria [48].

Oral administration of the antibiotic mix did not cause changes in the lung bacterial
community in either rat strain, but it did cause gut dysbiosis in both DA and AO rats.
Rat strain differences in antibiotic-induced gut microbiota dysbiosis, namely changes in
gut microbiota composition without changes in richness and diversity (alpha diversity) in
DA rats, as opposed to changes in gut microbiota composition associated with reduced
diversity and a lower total number of bacterial species in AO rats, are unlikely to be caused
by the differences in antibiotic dose consumed by the animals, because the daily intake was
the same in both rat strains. Differential effects of antibiotic treatment were probably due
to variability in basal gut microbiota composition between DA and AO rats. Variation in
microbiota response to the same antibiotics has been noted in the human population [44]
and confirmed in mice colonized with human microbiota from different donors [51].

Differences in gut microbiota between healthy DA and AO rats persisted after an-
tibiotic treatment. Administration of the antibiotic mix in DA rats caused an increase in
the relative abundance of members of the class Gammaproteobacteria (representatives of
the phylum Proteobacteria). An increase in this class was also noted in the gut of mice
orally treated with different mixtures of antibiotics (ampicillin, gentamicin, metronidazole,
neomycin, and vancomycin) [52,53]. Although present at low abundance in the mammalian
gut, a higher level of Proteobacteria is associated with numerous pathological conditions
and can even be observed as a unique marker of microbial dysbiosis and a factor con-
tributing to disease [54], such as metabolic disorders [55] and gut inflammation [56]. The
increased abundance of bacteria from this class in DA rats may be driven by the presence of
an antibiotic resistance gene (ARG), because these taxa are the major carriers of ARG [54,57].
Additionally, representatives of the phylum Proteobacteria produce some of the most potent
pro-inflammatory lipopolysaccharides (LPS) [58], which can activate different immune cells
and elicit a strong pro-inflammatory response [59]. These findings support the hypothesis
that, in the absence of any change in lung microbiota, the increased abundance of LPS-
producing bacterial species from the Proteobacteria phylum (Gammaproteobacteria) in the
gut of DA rats may be responsible for antibiotic-induced disruption of pulmonary immune
homeostasis, which is seen in DA but not in AQO rats. Bacterial endotoxins (LPS) from the
gut can enter the circulation and reach the lungs via the bloodstream, providing an addi-
tional basis for the gut-lung axis [60]. On the other hand, diminished relative abundance of
Coriobacteriia, which was found in antibiotic-treated AO rats, has been reported in children
with inflammatory bowel disease (IBD) [61], in patients with rheumatoid arthritis [62], and
in an inflammation-induced model of depression [63], whereas higher abundance has been
detected in adults with IBD [64] compared with healthy controls. This clear discrepancy, as
well as the fact that Coriobacteriia are important pathobionts associated with numerous
pathologies [65], confirms that an increase or decrease in the abundance of a single bacterial
class or species following antibiotic treatment cannot, by itself, explain the overall complex
influence of antibiotic-induced gut dysbiosis on immune changes.

Rat strain-related differences in response to the antibiotics alone, or to the combined
effect of antibiotics and infection, were evident according to the LEfSe analysis. Although
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the LEfSe analysis showed strain-related differences in the abundance of genera between
the examined groups, some genera appear to show a robust pattern in response to antibi-
otics, irrespective of rat strain. In that context, in both DA and AO rat strains, antibiotic
administration induced a higher abundance of the Clostridium innocuum group, which could
be attributed to intrinsic resistance to vancomycin [66]. The enrichment of Peptostreptococcus
as a common feature in both rat strains has also been implicated in chronic inflammatory
gut disorders, including ulcerative colitis and IBD [67,68].

It also appears that antibiotic treatment in AO rats caused a more pathogenic gut
microbiota profile characterized by the enrichment of disease- and gut inflammation-
associated bacteria such as Enterococcus, Escherichia-Shigella, and Fusobacterium [69-71],
unlike in antibiotic-treated DA animals. Although the administration of antibiotics was
associated with the enrichment of Escherichia-Shigella in both rat strains, it was dependent
on both host genetic and treatment-related factors. While a higher abundance of this genus
was noted in AO rats following antibiotic treatment, it appears that, in DA rats, antibiotic
administration created a favorable environment for Escherichia-Shigella, but it was infection
with A. fumigatus that triggered this enrichment.

Antibiotic-induced dysbiosis was accompanied by disturbances in gut immune home-
ostasis in both rat strains. The higher relative cecal mass observed in both strains is likely
caused by lower bacterial diversity in the gut, as has also been reported in germ-free or
reduced-microbiota mice [52]. Moreover, increased cecal mass could also be a consequence
of vancomycin treatment [72]. In addition, antibiotic-induced intestinal inflammation was
limited to the ileum and cecum in DA rats, whereas in AO rats, it was detected in all
segments of the gastrointestinal tract, probably as a result of more pronounced dysbiosis in
AO compared with DA rats. Gut dysbiosis induces intestinal inflammation [73-76], and
gut dysbiosis and inflammation can disrupt intestinal barrier integrity and increase its
permeability, which can lead to pathogen translocation via blood circulation into distant
organs [77-79]. In that context, stronger dysbiotic changes and inflammation in all gut
segments in AQ rats most likely compromised gut integrity, causing higher levels of IL-6 in
the blood plasma of these animals.

Administration of antibiotics before infection with the fungus A. fumigatus led to
a higher conidial burden in both DA and AO rats compared with their water-treated
counterparts, but this effect was more pronounced in AO rats. Greater susceptibility to
infections (slower clearance of pathogens from the lungs) was also observed in animals
treated with antibiotics before infection with the bacteria Pseudomonas aeruginosa [26,80],
Streptococcus pneumoniae, and Klebsiella pneumoniae [24,27]. The increased level of infection,
measured by CFU in animals given antibiotics, was probably not the result of overall
immune suppression in the lungs, because comparable cytokine levels were noted in AO
water- and antibiotic-treated animals. In contrast to the AO strain, even higher levels of IL-1f3,
IL-17, and MPO were detected in the lungs of antibiotic-treated infected animals compared
with water-treated infected animals of DA rat strain. Higher cytokine levels were also noted
in antibiotic-treated animals infected with the bacteria E. coli or S. pneumoniae [24,25,27]. It was
noted that treatment with antibiotics could lead to reduced macrophage activity [24,25,27],
which would impair fungal clearance, and gentamicin and streptomycin were shown to
significantly inhibit macrophage activation at concentrations higher than 40 mg/L [81].
Administration of antibiotics also affected activation of the adaptive immune response in
regional lymph nodes in response to A. fumigatus infection, by increasing Th1 (production
of IFN-y), and Treg cell (production of IL-10) activity in DA animals, while increasing
Th17 (production of IL-17) but reducing Th1 cell activity in AO rats. Given that Th1 and
Th17 cells confer antifungal activity by producing IFN-y and IL-17 [82], and that IL-10 has
a largely detrimental role during fungal disease [83], higher levels of anti-inflammatory
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IL-10 and lower levels of pro-inflammatory IFN-y in antibiotic-treated DA and AO animals,
respectively, probably caused an inadequate antifungal response compared with animals
of both strains treated with water.

Antibiotic treatment per se induced lung inflammation in DA rats by increasing the pro-
duction of IL-1p3 and TNF. Considering that IL-17 recruits neutrophils to the airways [84],
its increase in lung tissue following A. fumigatus infection of DA rats probably resulted in
higher neutrophil numbers in the lungs. This, in turn, led to increased MPO activity in the
already inflammatory microenvironment of DA rat lung tissue, along with additional lung
tissue IL-13 production. Mechanistically, lung inflammation in DA, but not in AO rats,
may result from the inflammatory effect of LPS released by representatives of the phylum
Proteobacteria, which were enriched in the gut tissue of DA rats following antibiotic treat-
ment, as previously discussed. Subtle differences in the integrity of the colonic epithelial
cell lining between DA and AO rats were previously suggested [85], but these assumptions
remain speculative in the absence of experimental confirmation. In contrast, there was
no change in lung cytokine production during antibiotic treatment of AO rats, nor was it
affected by A. fumigatus infection, so IL-17 produced by mediastinal lymph nodes in the
absence of an increase in IFN-y probably failed to facilitate neutrophil influx into lung
tissue and more efficiently eliminate the fungus. It must be emphasized that changes in
susceptibility to infection caused by the fungus A. fumigatus were not the result of disrupted
lung microbiota, because the antibiotics did not cause dysbiosis in this organ, but were
induced by antibiotic-induced gut dysbiosis in a rat strain-specific manner.

It has previously been shown that infection with A. fumigatus induces gut inflammation
in both rat strains, which was associated with gut dysbiosis only in rats of the DA strain [22].
Hence, in the present study, disturbances in gut community composition in infected DA
and AO rat strains were probably caused by the combined effect of antibiotics and gut
inflammation, the latter being caused by the lung fungal infection.

To explain the variability in gut microbiota responses to the same antibiotics in DA and
AO rats, which may have further shaped their responses to pulmonary fungal infection,
we clustered the bacterial community based on three discriminative genera. Since the
definition of enterotype [86], numerous studies have shown enterotype-dependent variabil-
ity in responses to different interventions, such as diet [87], probiotics [88], or antibiotic
administration [51]. However, later analyses indicated that samples could not be easily
separated into distinct clusters, suggesting a continuous gradient of microbiota ranging
from a Bacteroides-driven to a Prevotella-driven type rather than discrete enterotypes [89,90].
Since the Silhouette score (a clustering metric) of 0.29 suggested overlapping clusters
and not distinctive enterotypes, we analyzed whether the microbiota of our rat strains
might follow a continuous gradient based on Bacteroides/Prevotella abundance. The analysis
showed clear cluster separation. Although these genera were inversely related, with higher
Bacteroides in DA rats and higher Prevotella abundance in AO rats, these taxa were not
the main drivers of community variation, according to a bar plot showing the genera
responsible for the observed differences in gut microbiota community. Although we did
not find Bacteroides/Prevotella to be the strongest determinants in DA and AO rats, that
does not indicate their biological irrelevance. These taxa can play an important role in host
ecological structure and metabolic profile, serving as both markers of metabolic disease
risk and therapeutic targets [91].

Enterotype-driven responses to antibiotic treatment have been confirmed in germ-
free mice humanized with microbiota from donors with the Bacteroides and Prevotella
enterotypes, respectively. While the Prevotella enterotype underwent a significant alter-
ation following antibiotic administration, the Bacteroides enterotype remained relatively
stable [51]. As DA rats showed unchanged gut microbial richness following antibiotic
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treatment, in contrast to the significantly reduced microbiota diversity in AO rats, it may
be suggested that Bacteroides may have contributed to this adaptive response to antibiotic
pressure. In that context, not only do Bacteroides possess inherited or acquired antimicrobial
resistance [92], but these bacteria also show high genetic plasticity and can incorporate
genes from other bacteria [93,94]. These traits likely facilitate adaptation to environmental
stressors within the gut. Although they are mostly beneficial, Bacteroides can also indirectly
support the growth of harmful bacteria [91]. As antibiotic administration disrupts the
gut microbiota and reduces microbial competition, it creates permissive conditions for
pathogens to better access nutrients provided by Bacteroides [95]. Regarding the Prevotella
enterotype, Arumugam and colleagues [86] reported a subpopulation of bacteria within this
cluster, such as Streptococcus, which was noted in our study (this genus dominated in the
AO uninfected water-treated group). The same group of authors noted co-occurrence of Es-
cherichia/Shigella, also observed in AO rats after antibiotic administration. Considering that
some members of Streptococcus [96] and the Escherichia/Shigella group [97] are recognized as
markers of systemic inflammation, and that AO rats have a specific microbial signature
characterized by enrichment of Streptococcus in the basal state followed by enrichment of
Escherichia/Shigella after antibiotic administration, it could be suggested that these taxa
may have potentially contributed to the systemic inflammatory response associated with
elevated IL-6 following antibiotic treatment in AO rats.

The use of three different antibiotics in the present study does not preclude the notion
that different bacterial taxa display different antibiotic resilience due to intrinsic resistance
mechanisms and recovery capacity [98]. Finally, even though the prevalence of Bacteroides
or Prevotella gut communities has been shown to be driven by long-term dietary patterns,
with Bacteroides associated with complex carbohydrate consumption and Prevotella with
an animal protein- and saturated fat-rich diet [99,100], animals in our study were housed
in the same animal facility and received the same diet, so these variations seem to be
genotype-driven rather than the result of environmental factors.

While data on the relationship between enterotypes and disease remain limited, some
studies have suggested an association of certain enterotypes not only with gut disorders but
also with the development of diseases in distant organs [101,102]. Given the complex nature
of the gut microbiota and the intricate influence of gut microbial community variation
on immune changes, enterotype alone is unlikely to be a prognostic biomarker of any
disease [89], but it may certainly contribute to disease onset and progression.

5. Conclusions

Overall, our results suggest that rat strain-specific enterotypes shape the strain-specific
response to antibiotic treatment. Even though antibiotics induced gut dysbiosis in both DA
and AO rats and did not have effect on lung microbial community in either of the strains,
gut inflammation brought about by antibiotics in both rat strains was paralleled by altered
cytokine profile in lung tissue only in rats of DA strain. Moreover, antibiotic-induced gut
dysbiosis was associated with less efficient clearance of A. fumigatus from the lungs in both
strains, with clearance remaining more efficient in DA rats.

The use of an antibiotic mixture with poor systemic absorption supports the involve-
ment of the gut-lung axis in modulating the host antifungal response. Moreover, by
using two rat strains with a different continuous gradient of microbiota, ranging from
a Bacteroides-driven to a Prevotella-driven type, our study highlights the importance of
the interplay of genotype-specific host gut microbial community with the environmental
constraints in shaping individual immune makeup.

It is important to note that although some reports in rodents have described enterotype-
like community structures that may be similar to those in human populations [87,103],
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gut clustering studies in rats are still limited. Considering the differences in the Bac-
teroides/Prevotella proportion between our rat strains, we did not want to overlook the
potential contribution of this ratio to strain-specific responses. Given the relatively small
gut sample size, these data should be interpreted with caution, as they may limit a more
accurate assessment of the contribution of these taxa to microbiota clustering. Moreover,
we believe that, despite the absence of a negative control during lung tissue sequencing,
these observations can serve as preliminary findings on how Bacteroides and Prevotella may
be associated with individual variations in lung responses to different factors. Addition-
ally, the consistent significant differences we confirmed in microbial and immunological
analyses between the DA and AO rat strains across multiple analytical approaches may
strengthen confidence in our findings.
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ANOSIM analysis of similarities
ANOVA analysis of variance
AO Albino Oxford rat strain
ARG antibiotic resistance gene
B/P Bacteroides/Prevotella ratio
BM body mass
b.w. body weight
BSA bovine serum albumin
CAT catalase
cDNA complementary DNA
CFU colony-forming units
ACt delta threshold cycle
DA Dark Agouti rat strain
DTNB 5,5-dithio-bis-(2-nitrobenzoic acid)
E. coli Escherichia coli
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
FDR false discovery rate
GSH reduced glutathione
GST glutathione S-transferase
IBD inflammatory bowel disease
IFN interferon
IL interleukin
LDA linear discriminant analysis
LEfSe linear discriminant analysis effect size
LPS lipopolysaccharide
MDA malondialdehyde
MMLV Moloney murine leukemia virus
MPO myeloperoxidase
OTU operational taxonomic unit
PAM partitioning around medoids
PC1 first principal coordinate
PCoA Principal Coordinates Analysis
PMSF phenylmethanesulfonyl fluoride
PTB pulmonary tuberculosis
RT-PCR Reverse Transcription Real-Time Polymerase Chain Reaction
S. pneumoniae  Streptococcus pneumoniae
SMA Sabouraud maltose agar
TBA 2-thiobarbituric acid
TCA trichloroacetic acid
Thi T helper 1 cells
Th17 T helper 17 cells
TNF tumor necrosis factor
Treg regulatory T cells
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