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Abstract
Objective: The gut microbiota plays a critical role in immune system development and the 
maintenance of immune tolerance. Dysbiosis, particularly during the maternal period, has 
been implicated in autoimmune diseases. This study investigated whether maternal antibi-
otic-induced dysbiosis exacerbates collagen-induced arthritis (CIA) in offspring and whether 
fecal microbiota transplantation (FMT) can reverse this effect.

Materials and Methods: To establish a dysbiosis model, pregnant BALB/c mice were ad-
ministered a combination of amoxicillin (40 mg/kg) and vancomycin (30 mg/kg) from the 
last week of pregnancy until the male pups used in the experiment (n=5 per group) reached 
8 weeks of age (total treatment duration, 9 weeks). In the FMT group, oral FMT was adminis-
tered after completion of antibiotic therapy. The bacterial profiles of the mice gut microbiota 
were analyzed by sequencing, and CIA was subsequently induced in all groups. 

Results: Maternal dysbiosis significantly reduced bacterial populations in the gut microbi-
ota, whereas FMT restored these populations. Additionally, dysbiosis was associated with in-
creased arthritis severity in the CIA model, whereas FMT appeared to reduce it. These results 
demonstrate that the maternal gut microbiota plays a critical role in the pathogenesis of 
autoimmune arthritis and that FMT may represent a potential therapeutic approach.

Conclusion: Maternal dysbiosis in the gut microbiota and its treatment with FMT affected 
body weight in mice, particularly causing low birth weight. Dysbiosis increased disease sever-
ity in the CIA model, whereas FMT treatment reduced it. 

Keywords: Gut microbiota, dysbiosis, fecal microbiota transplantation, collagen-induced 
arthritis, rheumatoid arthritis, autoimmunity
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Introduction
The critical role of the gut microbiota in organismal 
homeostasis and immune system development is increas-
ingly being understood through numerous studies (1,2). 
This microbial diversity plays a central role in the devel-
opment of immune tolerance, in addition to performing 
essential functions such as nutrient metabolism, coloni-
zation resistance against pathogens, and immunomodu-
lation (3,4). Dysbiosis, which refers to a disruption in the 
functional balance of the gut microbiota, is associated 
with various inflammatory and autoimmune diseases (5). 

Factors in early life are particularly important in the 
development of dysbiosis. Colonization of the microbi-
ota begins in the prenatal period, and maternal factors 
such as the mother's diet, medications (particularly anti-
biotics), and delivery mode shape the newborn's micro-
bial composition (6,7). Studies have shown that dysbiosis 
caused by maternal antibiotic use disrupts intestinal 
barrier integrity, thereby triggering systemic inflamma-
tion and having long-term effects on immunological 
maturation (8,9). This is particularly important in the 
pathogenesis of autoimmune diseases, which are char-
acterized by impaired immune tolerance. 

Rheumatoid arthritis (RA), a chronic, systemic autoim-
mune disease, can develop as a result of dysbiosis (10,11). 
In addition to genetic predisposition, environmental trig-
gers play a role in the pathogenesis of RA, and recent 
studies have indicated the potential role of the gut micro-
biota in this process (12,13). For example, microbiome 
studies in RA patients have shown that the prevalence of 
some bacterial genera is increased, whereas that of oth-
ers is decreased; similarly, experimental arthritis models 
have demonstrated that changes in the microbiome are 
associated with disease severity (14,15). 

One strategy for treating dysbiosis is fecal microbiota 
transplantation (FMT). In this approach, the gut micro-
biota from a healthy donor is transferred to a recipient 
to restore microbial balance. It has been proven to be 
effective in various gastrointestinal diseases, includ-
ing Clostridium difficile infection (16,17). However, the 
immunomodulatory effects of FMT on autoimmune dis-
eases, particularly RA, and the underlying mechanisms 
remain incompletely understood. 

The effects of the microbiome on the immune system, 
the effects of maternal dysbiosis on the development of 

autoimmune diseases such as RA, and the treatment of 
these effects with FMT have been discussed in only a few 
studies (18). Therefore, this study aimed to investigate 
experimentally the effects of maternal gut dysbiosis 
induced by antibiotic exposure, as well as subsequent 
FMT, on the development and severity of collagen-in-
duced arthritis (CIA) in offspring. We further sought to 
reveal the long-term programming effects of the mater-
nal gut microbiota on the immune system and the ther-
apeutic potential of FMT.

Materials and Methods
Animals and Experimental Protocol
In this study, we used 12 pregnant female BALB/c mice 
aged 2–3 months. The pregnant mice were divided into 
three groups (n=4 per group). Five male offspring from 
each maternal group were randomly selected for experi-
mental analyses after weaning. This experimental study 
was conducted after receiving approval from the Bursa 
Uludağ University Animal Experiments Local Ethics 
Committee (Approval No: 2023-06/05, Date: April 11, 
2023). 

Induction of Maternal Dysbiosis
Pregnant mice were divided into three groups desig-
nated as the control, dysbiosis, and FMT groups (Figure 
1A; five male offspring per group). The control group 
received sterile drinking water throughout the exper-
iment, and the male offsprings born to these mothers 
received sterile drinking water after weaning. This group 
did not receive antibiotics. 

To induce dysbiosis in the dysbiosis and fecal microbiota 
transplantation (FMT) groups, an antibiotic mixture was 
administered daily. This mixture consisted of amoxicillin 
(Bostonchem Co., Boston, MA, USA, 40 mg/kg) and van-
comycin (Bostonchem Co., Boston, MA, USA, 30 mg/kg), 
added to the drinking water. The treatment lasted for a 
total of 5 weeks, starting in the last week of pregnancy 
and continuing until the offspring were 4 weeks old and 
weaned. Antibiotics were transferred to the newborn 
pups through maternal milk. By the third week, the pups 
consumed a combination of maternal milk and water, 
which also contained the antibiotics. After weaning, the 
same antibiotic mixture was administered to the male 
offspring for an additional 4 weeks, resulting in a total 
of 9 weeks (1 prenatal week and 8 postnatal weeks) of 
antibiotic-induced dysbiosis. 
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Fecal Microbiota Transplantation (FMT)
After inducing dysbiosis in the FMT group (i.e., after com-
pletion of the 1-week prenatal and 8-week postnatal 
antibiotic regimen), FMT was administered to the pups. 
Considering the antibiotic half-life, FMT was initiated 1 
day after the last antibiotic dose. Healthy donor mice 
from the control group were used for FMT treatment 
(n=5). Fecal samples obtained from the control group 
mice were suspended and administered orally to the FMT 
group via gavage once daily for 10 days. Fecal samples 
were collected fresh daily. Fecal microbiota transplanta-
tion was not administered to the dysbiosis group (Figure 
1B). All animals were housed in individually ventilated 

cage (IVC) (Tecniplast S.p.A., Buguggiate, Italy) systems 
with sterile feed and bedding. The experimental proce-
dure used to induce microbial changes is summarized in 
Figure 1.

After microbial changes were completed, fecal sam-
ples were collected from all offspring groups to assess 
whether dysbiosis had developed and to evaluate the 
effect of FMT. Fecal pellets were collected into sterile, 
DNase- and RNase-free tubes free of DNA and RNA con-
tamination. Samples from each group were pooled to 
create a single sample per group. Shotgun metagenomic 
sequencing was performed by Sapiens Genetic Tanı Inc. 

Figure 1. Experimental design and schematic representation of the fecal microbiota transplantation (FMT) protocol. (A) Pregnant mice were divided into 
a control group and a model group. The model group is shown first because both the dysbiosis and FMT groups received initial antibiotic treatment. No 
intervention was performed in the control group from the last week of pregnancy until the end of the experiment. Mice in the model group received oral 
antibiotics starting in the last week of pregnancy. Antibiotic treatment continued until 4 weeks of age, which is the age of weaning. Until this age, the pups 
consumed both their mother's milk and antibiotic-containing drinking water. At 4 weeks of age, the pups were separated from their mothers, and antibiotic 
administration continued for an additional 4 weeks. When the pups reached 8 weeks of age, antibiotic treatment was discontinued, and the model group was 
divided into a dysbiosis group and an FMT group. (B) Feces from the control group mice were collected and suspended, then administered orally to the FMT 
group mice by gavage for 10 days.   
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(İstanbul, Türkiye). In summary, library preparation was 
performed using the Illumina DNA Prep Kit (Illumina, 
San Diego, CA, USA,) according to the manufacturer's 
instructions, including DNA shearing, indexing, ampli-
fication, and purification. Library fragment distribution 
was assessed using the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Santa Clara, CA, USA). Sequencing 
was performed on an Illumina NovaSeq 6000 platform 
(Illumina, San Diego, CA, USA) to obtain paired-end 150-
bp reads.

Induction of Collagen-Induced Arthritis (CIA)
Following the alterations in microbial composition, 
CIA was initiated in male offspring across all groups, in 
accordance with a previously established method for 
BALB/c mice (19). To minimize potential variability asso-
ciated with fluctuations in sex hormones and the estrus 
cycle in mice, only male offspring were included in the 
study. In summary, 10 µL of collagen emulsion (con-
taining 100 µg bovine type II collagen; Sigma-Aldrich, 
St. Louis, MO, USA) was injected intra-articularly into 
the right hind leg (between the femur and tibia). At the 
same time, 100 µL of complete Freund's adjuvant (CFA; 

containing heat-killed Mycobacterium tuberculosis; Sig-
ma-Aldrich, St. Louis, MO, USA) was injected subcutane-
ously. This immunization protocol was repeated 14 days 
later. Arthritis development was monitored for 21 days. 
The left hind leg of each animal that did not receive an 
injection served as a control (Figure 2).

Clinical arthritis was assessed by measuring joint thick-
ness with a digital caliper (Mitutoyo, Kawasaki, Japan) 
(Figure 2) and by scoring the severity of joint inflamma-
tion according to the clinical scoring system (Table 1). 
Body weight was measured every 3–4 days for 10 weeks.

Figure 2. Induction of CIA model in mice with altered microbiota (control group, dysbiosis group, and FMT group) and measurement of 
joint thickness. For arthritis induction, 10 µL of collagen emulsion containing 100 µg bovine type II collagen was injected intra-articularly 
into the right hind leg (between the femur and tibia). Simultaneously, 100 µL of CFA was injected subcutaneously. This immunization pro-
tocol was repeated 14 days later.

Table 1. Clinical scoring criteria for collagen induced arthritis.

Symptom Score

Normal 0

Slight redness and swelling in the ankle and some claws 1

Moderate redness and swelling in the ankle and some claws 2

Severe redness and swelling in the ankle and all toes 3

Multiple joint involvement and severely inflamed limb 4
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Histopathological Analysis
At the end of the experiment (day 21), the mice were 
euthanized by cervical dislocation. Joint tissue samples 
were collected from the arthritic (right) and control 
(left) legs. The legs were disarticulated at the coxofem-
oral joint, skinned, and fixed in 10% neutral-buffered 
formalin (Sigma-Aldrich, St. Louis, MO, USA). Following 
fixation, bone decalcification was performed using 14% 
EDTA (pH 7.2; Sigma-Aldrich, St. Louis, MO, USA), and 
the solution was changed every three days. After decal-
cification, the joints were cut horizontally at the genu 
articulation region and embedded in paraffin following 
a standard tissue processing procedure (increasing alco-
hol concentrations, xylene, paraffin). 

Sections 4 µm thick were cut from the paraffin blocks 
and stained with hematoxylin and eosin (Merck Milli-
pore, Burlington, MA, USA) for examination under a light 
microscope (Olympus CX41 Phase Contrast & Darkfield 
Microscope, Tokyo, Japan). Histological scoring was per-
formed using a standardized semi-quantitative scale 
(0–4), evaluating synovial hyperplasia, pannus forma-
tion, inflammatory cell infiltration of the synovial mem-
brane, neovascularization, cartilage hypocellularity, and 
degenerative/necrotic changes accompanied by fissure 
formation. All sections were evaluated independently by 
two blinded investigators to ensure consistency and min-
imize observer bias.

Statistical Analysis
Statistical analyses were performed with GraphPad Prism 
8 (GraphPad Software, San Diego, CA, USA). Continuous 
variables, including joint thickness values and body 
weight, were analyzed using one-way ANOVA followed 

by Tukey’s post hoc test. Ordinal data, including clinical 
arthritis scores and histopathological scores, were ana-
lyzed using the Kruskal–Wallis test followed by Dunn’s 
multiple comparison test. All data were presented as 
mean ± standard error of the mean. Statistical com-
parisons were performed using the independent sam-
ples t-test. A p-value <0.05 was considered statistically 
significant.

Results
Shotgun metagenomic analysis of fecal samples col-
lected prior to arthritis induction revealed significant 
changes in the gut microbiota. The Shannon index, an 
indicator of alpha diversity, was 4.02 in the control group 
and 1.16 in the dysbiosis group. These findings indicate 
that alpha diversity in the dysbiosis group was signifi-
cantly reduced compared with that of the control group. 
The Shannon index of 3.68 in the FMT group indicated 
that FMT substantially restored this loss of diversity 
(Figure 3).

Genus-level bacterial distribution analysis showed that 
the microbial population was significantly reduced in 
the dysbiosis group. While 124 different bacterial gen-
era were identified in the control group, this number 
dropped to 12 genera in the dysbiosis group. In the FMT 
group, bacterial diversity increased, with 109 genera 
identified, indicating restoration of the microbial diver-
sity toward that observed in the control group (Figure 4). 

Maternal-initiated dysbiosis had a significant effect on 
growth. Animals in the dysbiosis and FMT groups had 

Figure 3. Gut microbiota alpha diversity (Shannon index). Fecal samples were collected from five animals in each group and pooled for 
analysis.
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Figure 4. Genus-level distribution of the bacterial populations 
observed in the sequencing results of the control group (A), the 
dysbiosis group (B), and FMT group (C). Fecal samples were collect-
ed from five animals in each group and pooled for analysis.
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significantly lower body weights than those in the control 
group from the time of weaning (week 0). This difference 
persisted throughout the 4-week postnatal antibiotic 
administration period. After FMT treatment began, the 
FMT group showed an improving trend in body weight 
gain compared with the dysbiosis group. Following 

arthritis induction, body weight gain slowed in all groups 
as expected (Figure 5).

In the CIA model, joint thickness was significantly higher in 
the dysbiosis group than in the control group (p=0.0028). 
Joint thickness was significantly lower in the FMT group 
than in the dysbiosis group (p=0.046) (Figure 6). 

When the difference in thickness between the arthritic 
and control joints was calculated, it became evident 
that dysbiosis increased the severity of arthritis, while 
FMT partially prevented this increase (Figure 6). Clinical 
arthritis scores showed no statistically significant differ-
ences between the groups (Table 2). Images of the joints 
in the experimental CIA model are shown in Figure 7.

Figure 5. Changes in body weight during the experimental period. Body 
weight (g) was measured over a 10-week period in the control, dysbiosis, 
and FMT groups. Antibiotic administration was performed during weeks 0–4, 
after which treatment was discontinued and FMT was initiated at week 5. 
At baseline (week 0), the control group displayed significantly higher body 
weights than the antibiotic-treated groups (p=0.0001). At week 4, both an-
tibiotic-treated groups remained significantly lower than the control group 
(p=0.0058). Following FMT initiation at week 5, the FMT group progressively 
diverged from the dysbiosis group, reaching statistical significance at weeks 
9 and 10 (p=0.038 and p=0.0375, respectively). Data are presented as mean 
± standard error (n=5 per group). Statistical comparisons were performed us-
ing an independent samples t-test. Asterisks (*) denote significant differences 
between the control group and the antibiotic-treated groups (dysbiosis and 
FMT), whereas plus signs (+) denote significant body weight recovery in the 
FMT group compared with the Dysbiosis group. The black arrow indicates the 
end of antibiotic treatment, and the gray arrow indicates the first injection for 
induction of arthritis.
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Figure 6. Effect of fecal microbiota transplantation on joint 
thickness. Data are presented as mean ± standard error (SE; n=5 
per group). (A) Joint thickness (mm) across experimental groups. 
Joint thickness was significantly increased in the dysbiosis group 
compared with the control group (*, p=0.0028). Treatment with 
FMT significantly reduced joint thickness relative to the dysbiosis 
group (**, p=0.046). (B) Joint thickness difference (arthritic joint 
thickness - contralateral control joint thickness). A significant in-
crease was observed in the dysbiosis group compared with the con-
trol group (*, p=0.0095). Treatment with FMT significantly reduced 
the difference in joint thickness compared with the dysbiosis group 
(**, p=0.023).

Table 2. Clinical arthritis scores in the experimental groups.

Control  
group

Dysbiosis 
group

FMT  
group

Clinical arthritis score 3.25 ± 0.25 3.00 ± 0.32 3.20 ± 0.20

Note: Values are presented as mean ± standard error.
FMT: Fecal microbiota transplantation.
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Histopathological examination of joint tissues revealed 
that dysbiosis exacerbated arthritis-related tissue 
damage. In the dysbiosis group, more severe synovial 
hyperplasia, pannus formation, cartilage erosion, and 
near-complete loss of the joint space were observed 
compared with the control group. In the FMT group, 
the severity of these pathological changes was reduced 

compared with the dysbiosis group (Figure 8). Histo-
pathological scoring confirmed higher damage scores 
for parameters such as synovial hyperplasia and pannus 
formation in the dysbiosis group, while demonstrating 
that FMT reduced this damage (Table 3).

Figure 7. Representative images of joint thickness in the control (A), dysbiosis (B), and FMT (C) groups. In all images, the right legs have 
arthritis, whereas the left legs served as controls.

Figure 8. Histopathological evaluation of joint tissue samples. Representative histopathological images of joint tissues from the experi-
mental groups: (A) control joint, (B) arthritic joint from the control group, (C) arthritic joint from the dysbiosis group, (D) arthritic joint from 
the FMT group. Blue arrows indicate hypocellularity along with degenerative-necrotic changes in chondrocytes, yellow arrows indicate ne-
crotic changes in cartilage tissue, black arrows indicate synovial hyperplasia, red arrows indicate neovascularization, and asterisks indicate 
mononuclear cell infiltration. Original magnification: A, C, and D, ×10; B, ×4. 
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Discussion
This study examined the impact of antibiotic-induced 
dysbiosis during the maternal period on the severity of 
CIA in offspring and the possible therapeutic effects of 
FMT.

In this study, we demonstrated that maternal dysbi-
osis reduced gut microbial diversity, led to reduced 
body weight gain in offspring, and increased arthritis 
pathology. Importantly, FMT partially restored micro-
bial diversity and attenuated arthritis severity. The most 
important finding of our study is that maternal dysbiosis 
exacerbates the pathogenesis of arthritis.

Our findings suggest that maternal dysbiosis was asso-
ciated with reduced body weight gain in male offspring, 
which may indicate a potential impact on early develop-
mental parameters. However, further studies are needed 
to draw more definitive conclusions regarding develop-
mental outcomes. This result is consistent with previous 
research showing an association between antibiotic use 
and an increased prevalence of RA (20).

Similarly, an increase in arthritis severity has also been 
reported in experimental models where antibiotics were 
administered postpartum (21,22). However, our study 
makes a significant contribution to the literature by 
showing that the risk occurs not only in the postnatal 
period but also in the maternal period. This finding high-
lights the critical role of the gut microbiota in the early 
development of the immune system.

Our microbiota analyses showed that the combination of 
amoxicillin and vancomycin caused significant dysbiosis 

and that FMT was able to substantially restore microbial 
diversity. We also found that the combination of amoxi-
cillin and vancomycin led to a significant decrease in the 
Firmicutes/Bacteroidetes ratio within the bacterial pop-
ulation. This finding can be explained by the well-doc-
umented activity of vancomycin against Gram-positive 
bacteria (23).

Our analysis further demonstrated that the number of 
bacterial genera increased after FMT. The increase in the 
number of bacterial genera supports the ability of FMT 
to restore microbial diversity, and this finding is consis-
tent with previous studies (24,25). For example, a clinical 
study conducted in 2018 (24) demonstrated that FMT 
increases gut microbial diversity in humans and is a reli-
able method. Similarly, another study (25) reported an 
increase in the microbial population and Shannon index 
following FMT, consistent with our findings. Numerous 
animal models have also demonstrated that FMT can 
reshape the gut microbiome, supporting our results 
(26,27). According to our results, it can be considered 
that dysbiosis may disrupt the integrity of the intestinal 
epithelial barrier, increasing the passage of microbial 
products (such as lipopolysaccharide [LPS]) into the sys-
temic circulation, thereby triggering the production of 
pro-inflammatory cytokines (tumor necrosis factor-alpha 
[TNF-α], interleukin-6 [IL-6], and interleukin-17 [IL-17]) 
and exacerbating joint inflammation. 

Additionally, the decrease in Lachnospiraceae observed 
in the dysbiosis group is significant because this family is 
a major producer of short-chain fatty acids (e.g., butyrate) 
with anti-inflammatory effects. The decrease in these 
metabolites may have contributed to impaired immune 
tolerance and enhanced autoimmune responses. The 

Table 3. Histopathological scores in the experimental groups.

Histopathological parameter Control group Dysbiosis group FMT group

Synovial hyperplasia 2.50 ± 0.24 3.50 ± 0.58 3.25 ± 0.48

Development of pannus 2.25 ± 0.24 3.25 ± 0.58 3.25 ± 0.48

Infiltrations in the synovial membrane 2.25 ± 0.37 3.00 ± 0.03 2.75 ± 0.29

Neovascularization 3.00 ± 0.37 2.75 ± 0.33 2.00 ± 0.29

Hypocellularity in cartilage tissue 3.00 ± 0.20 3.00 ± 0.33 2.75 ± 0.41

Degenerative necrotic changes and fissure development in cartilage tissue 3.50 ± 0.20 3.50 ± 0.33 3.00 ± 0.25

Note: Values are presented as mean ± standard error.
FMT: Fecal microbiota transplantation.



Maternal Dysbiosis Exacerbates CIA in Offspring

84

protective effect of FMT is likely related to its ability to 
restore these beneficial bacteria, thereby promoting the 
production of immunomodulatory metabolites.

There are some limitations to our study. First, the num-
ber of male offspring obtained after birth was relatively 
low. Second, to explain the mechanism more clearly, 
measurements of intestinal permeability, analysis of 
serum cytokine levels, and examination of immune cell 
subpopulations in the lamina propria or spleen (such as 
the regulatory T cell [Treg]/T helper 17 [Th17] balance) 
would be required. Additionally, metabolomic analyses 
would further improve our understanding of the func-
tional capacity of the microbiota alterations.

Another limitation of our study relates to the metag-
enomic sequencing methodology. Due to budget 
constraints, fecal samples from five animals in each 
experimental group were pooled together, creating a sin-
gle composite sample for sequencing analysis for each 
group. While this approach provided valuable insights 
into the microbial community structure at the group 

level and successfully demonstrated the profound effects 
of antibiotic-induced dysbiosis and FMT-mediated resto-
ration, it prevented us from assessing inter-individual dif-
ferences in gut microbiota composition. Consequently, 
we were unable to evaluate the heterogeneity of micro-
bial responses within treatment groups or perform statis-
tical analyses on alpha- and beta-diversity metrics at the 
individual level. Future studies with larger sample sizes 
and individual sequencing will be valuable for character-
izing the full spectrum of microbial diversity and eluci-
dating individual differences in response to dysbiosis and 
FMT treatment.

In conclusion, this study demonstrated that mater-
nal-derived gut dysbiosis can influence the severity of 
CIA development in mice. It has been shown that FMT 
treatment holds therapeutic potential to reduce this 
severity. Our findings highlight the importance of the 
microbiome in the development and severity of auto-
immune diseases and suggest that microbiota-focused 
treatment approaches may represent a promising pre-
ventive or therapeutic approach.
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