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Abstract 
The fecal microbiome is identical to the gut microbial communities and provides an easy access to the gut microbiome. 
Therefore, fecal microbial transplantation (FMT) strategies have been used to alter dysbiotic gut microbiomes with healthy 
fecal microbiota, successfully alleviating various metabolic disorders, such as obesity, type 2 diabetes, and inflammatory 
bowel disease (IBD). However, the success of FMT treatment is donor-dependent and variations in gut microbes cannot 
be avoided. This problem may be overcome by using a cultured fecal microbiome. In this study, a human fecal microbiome 
was cultured using five different media; growth in brain heart infusion (BHI) media resulted in the highest microbial com-
munity cell count. The microbiome (16S rRNA) data demonstrated that the cultured microbial communities were similar 
to that of the original fecal sample. Therefore, the BHI-cultured fecal microbiome was selected for cultured FMT (cFMT). 
Furthermore, a dextran sodium sulfate (DSS)-induced mice-IBD model was used to confirm the impact of cFMT. Results 
showed that cFMT effectively alleviated IBD-associated symptoms, including improved gut permeability, restoration of 
the inflamed gut epithelium, decreased expression of pro-inflammatory cytokines (IFN-γ, TNF-α, IL-1, IL-6, IL-12, and 
IL-17), and increased expression of anti-inflammatory cytokines (IL-4 and IL-10). Thus, study’s findings suggest that 
cFMT can be a potential alternative to nFMT.

Key points
• In vitro fecal microbial communities were grown in a batch culture using five different media.
• Fecal microbial transplantation was performed on DSS-treated mice using cultured and normal fecal microbes.
• Cultured fecal microbes effectively alleviated IBD-associated symptoms.

Keywords  Fecal microbiome · Cultured fecal microbes · Fecal microbial transplantation · Gut inflammation · Microbial 
therapeutics

Introduction

The human gut harbors an enormous number of microbes 
(3.8 × 1013), primarily located in the colon known as gut 
microbes (Sender et al. 2016). Studies have established that 
the gut microbiota works as a virtual organ and participates 
in various metabolic activities, including the regulation of 
gut inflammation and maintenance of gut-barrier function. 
The human gut-microbial community is a composition of 
microbes belonging mainly to the phyla Firmicutes, Bac-
teroidetes, Actinobacteria, Proteobacteria, Verrucomi-
crobia, and Fusobacteria (Hou et al. 2022). All together, 
these commensals, which include symbiotic, probiotic, and 
opportunistic pathogenic microbes, constitute the dynamic 
healthy gut microbiome. A dysbiotic gut shows a lack of 
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microbial diversity leading to weakened or limited commu-
nity interaction; this can increase the abundance of oppor-
tunistic pathogens and shift the microbiome-associated 
regulation of metabolism, resulting in metabolic disorders. 
Furthermore, past studies have shown that a diet lacking in 
microbiota-accessible carbohydrates (prebiotics) can lead to 
irreversible low microbial diversity in the gut and, thus, host 
vulnerability to various metabolic disorders (Sonnenburg 
et al. 2016). In addition, the use of antibiotics and exposure 
to pathogens, especially hospital-borne pathogens such as 
Clostridium difficile, Clostridium botulinum, and Salmonella 
spp., can also reduce the gut’s microbial diversity (Bobo 
and Dubberke 2010). Particularly in the case of antibiotic-
resistant C. difficile infection, which disrupts the gut micro-
biome and integrity of the colonic epithelial barrier, induc-
ing life-threatening diarrhea. Similarly, patients with other 
metabolic diseases, such as inflammatory bowel disease 
(IBD) and diabetes, are often reported to have dysbiosis, 
wherein FMT can be used to alleviate such ailments, as it 
establishes the healthy gut microbial communities (Golosh-
chapov et al. 2019). A healthy gut microbiome lowers the 
lower gut inflammation, reduces the insulin resistance and 
obesity, and thus controls the metabolic disorders. There-
fore, with time, FMT techniques are also used to treat certain 
metabolic disorders such as obesity (Yu et al. 2020) and gut 
inflammation (Zhang et al. 2020).

The fecal microbial communities are identical to the gut 
microbial communities and can be used to replenish the dys-
biotic gut. These collected fecal microbial communities can 
be established in a dysbiotic gut as an oral gavage, and this 
technique is called fecal microbiota transplantation (FMT). 
Recently, FMT has been successfully used to treat the dif-
ferent metabolic and pathological disorders, such as IBD 
(Colman and Rubin 2014; Costello et al. 2019; Haifer et al. 
2022), diabetes (de Groot et al. 2021; Ng et al. 2022), and C. 
difficile-induced diarrhea (Hamilton et al. 2013; Weingarden 
et al. 2015). In FMT, a patient’s dysbiotic gut microbiome is 
replaced by a healthy donor’s gut microbiome (Khoruts et al. 
2021). Thus, an established healthy gut microbiome main-
tains the integrity of the epithelial barrier and regulates the 
inflammatory and immunological responses (Mishra et al. 
2023). Essentially, the success of FMT is donor-dependent 
and sometimes causes concerns (He et al. 2022), as micro-
bial diversity and the quality of the donated fecal microbi-
ome cannot be controlled and standardized. Additionally, 
repeated FMTs increase the level and duration of microbial 
transplantation (Shimizu et al. 2016), but microbial varia-
tion in donor-dependent FMT can decrease the efficacy of 
FMT treatment. Such donor-dependent limitations of regu-
lar FMT can be addressed using cultured fecal-microbial 
communities, as microbial communities of a cultured batch 
offer a similar microbial diversity. Other than that, the 
cultured fecal microbial community also offers microbial 

communities without any variation in microbial diversity, 
making them even suitable for repetitive use for a patient.

In present study, the human fecal microbes were cultured 
in vitro using batch culture with five different media: brain 
heart infusion (BHI), fastidious anaerobe broth (FAB), 
reinforced clostridial broth (RCM), Schaedler anaerobe 
broth (SAM), and tryptic soy broth (TSB). Subsequently, 
the respective microbial communities were analyzed using 
next-generation sequencing. The results of cultured fecal 
FMT (cFMT) were compared with those of normal FMT. 
In addition, cFMT’s efficiency in alleviating dextran sulfate 
sodium (DSS)-induced gut inflammation in a murine model 
was also investigated.

Materials and methods

Ethical permission and selection for fecal microbiota 
transplantation donor.

Ethical approval for the collection of the human-derived 
materials (stool) was obtained from the Institutional Review 
Board of Kyungpook National University (KNU) (KNU-
2019–0129). A healthy donor was selected based on a ques-
tionnaire prepared by the Division of Gastroenterology, 
Department of Internal Medicine, Kyungpook National Uni-
versity Hospital, Daegu, South Korea. In addition, the ani-
mal procedures were approved by the Institutional Animal 
Care and Use Committee of the Daegu-Gyeongbuk Medical 
Innovation Foundation (DGMIF-19100801–00).

Fecal sample collection and anaerobic cultivation

The FMT donor was selected on the basis of the standard 
operation procedure and pre-designed criteria (Kelly et al. 
2017). Once a healthy donor was selected, a fecal sample 
was collected using a FECAL TRANSWAB (MW168S; 
Medical Wire & Equipment Co., Ltd., Corsham, UK) as per 
the given instructions. The collected stool sample was imme-
diately transferred to an anaerobic chamber (Coy Labora-
tory Products Inc., Grass Lake, MI, USA), pre-maintained 
at aseptic and anaerobic conditions (> 20 ppm of oxygen). 
The fecal material was diluted tenfold (w/v) with sterile 20% 
glycerol and 0.85% saline in the anaerobic chamber and 
then filtered to eliminate any particulate substances. Five 
microbial media widely used in anaerobic cultivation were 
selected to establish single-batch anaerobic cultivation of 
the stool samples. The media used were BHI and TSB (Bec-
ton, Dickinson and Company, Franklin Lakes, NJ, USA), 
FAB and RCM (KisanBio Co., Ltd., Seoul, South Korea), 
and SAM (Neogen Corp., Lansing, MI, USA). An oxygen 
scavenger, sodium sulfide (0.05%), was also added to each 
medium. Furthermore, the culture media were aseptically 
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sparged with nitrogen (N2) gas and sealed to maintain the 
anaerobic conditions. The air-tight sealed culture media 
were then sterilized at 121 ℃ for 15 min, followed by cool-
ing at room temperature until use (Speers et al. 2009).

In vitro anaerobic fecal microbiota cultivation was con-
ducted in 45 mL of each of the sterilized media (BHI, FAB, 
RCM, SAM, and TSB) in triplicate. The collected stool 
aliquot was thawed on ice and 450 μL was inoculated into 
each media to a final concentration of 1% (v/v). After that, 
cultivation was anaerobically performed for 72 h at 36.5 ℃ 
and 180 rpm; samples were collected every 3 h from inoc-
ulation to 24 h to obtain the growth curve. Subsequently, 
sample collection was done once a day at 48 and 72 h from 
inoculation. For the downstream procedures, the collected 
samples were stored at − 80 ℃ until use. The inoculation and 
sample collection procedures were performed by puncturing 
the rubber stopper using a sterile disposable syringe while 
maintaining aseptic conditions.

Animal experiments

Seven-week-old C57BL/6 J male mice (average weight 20 g) 
were obtained from DooYeol Biotech, Seoul, South Korea, 
and maintained under specified stress- and pathogen-free 
conditions at 22 ℃, 50–60% humidity, and a 12-h light and 
dark cycle. The five experimental groups were as follows: 
control (untreated), dextran sodium sulfate (DSS)-treated 
only, and DSS treatment with normal mouse FMT (nFMT), 
DSS with original human FMT (hFMT), and DSS with 
cultured human FMT (cFMT). Mice groups, in triplicate, 
were placed in separate cages and had access to food and 
water ad libitum. To establish the mouse-IBD model, 2% 
(w/v) DSS (MP Biomedicals LCC, Irvine, CA, USA) was 
administered for 7 days; the mice were allowed to recover for 
the subsequent 2 days. The animal’s health conditions were 
continuously monitored throughout the process.

Mucus and FMT administration in mice model

Mucus transplantation  Mucus transplantation was con-
ducted the day after the termination of the DSS treatment 
(day 8) using a previously described method (Burrello et al. 
2018). The mucus used for transplantation was obtained by 
scraping the colon of sacrificed normal mice. The collected 
mucus was diluted with phosphate saline buffer (PBS) at a 
1:1 ratio and was administered orally to the DSS only and 
DSS with nFMT, hFMT, or cFMT groups.

The DSS treatment induces the chemogenic lysis of gut 
epithelium and loss of mucus layer, thus causing the gut-
inflammation. FMT treatment can establish the microbial 
community but thinner mucus layer also enhances the 
inflammation. Therefore, to nullify the role of mucus layer, 

oral mucus layer was given as per the established method 
(Burrello et al. 2018).

Fecal microbiota transplantation  The fecal sample for the 
nFMT was obtained from the normal mice group; after dilu-
tion with 0.85% saline, the sample contained approximately 
109 microbial cells/mL. The hFMT and cFMT were prepared 
using the same method as for the mouse stool. In the DSS 
group, a simulated treatment of 0.85% saline was adminis-
tered to minimize any background impact. The mice in each 
of the FMT groups were given 200 μL of oral gavage daily 
for three consecutive days (days 9 to 11).

Colon and blood sample collection

After completing the DSS administration, colon and spleen 
samples were collected from the untreated and DSS-treated 
mice groups to confirm the inflammatory reaction of IBD. 
Anesthetized mice were sacrificed by cervical dislocation 
and a ventral midline incision was performed. Blood sam-
ples were collected to test the epithelial permeability and 
cytokine levels. The colon length and the weight of the 
spleen were recorded.

Intestinal epithelial permeability and hematoxylin 
and eosin assay

To determine the epithelial integrity of the colon, the fluo-
rescein isothiocyanate-conjugated dextran (FITC-dextran) 
method was used, as colonic permeability is represented 
by the FITC-dextran concentration (Voetmann et al. 2023). 
Therefore, the day before sacrifice, FITC-dextran dissolved 
in PBS (100  mg/mL) was orally administered to mice 
(440 mg/kg of body weight). The samples’ FITC-dextran 
level was evaluated using a spectrophotometer with an exci-
tation wavelength of 485 nm and an emission wavelength of 
528 nm (Gupta and Nebreda 2014).

In addition, the colonic morphology was studied using 
hematoxylin and eosin (H&E) staining. Colon samples of 
around 0.5 cm in length were opened longitudinally and the 
mucosa was rolled outward. After incubation in 10% for-
malin for 16 h at 4 °C, the tissues were embedded on paraf-
fin plates, and H&E staining was carried out following the 
standard method (Cardiff et al. 2014).

Impact on cytokine levels

The cytokine levels in blood serum were determined using 
reverse transcriptase-quantitative polymerase chain reaction 
(RT-qPCR). First, ribonucleic acid (RNA) was extracted 
from blood serum using the TRIzol method (Rio et  al. 
2010) and then purified and synthesized into complementary 
deoxyribonucleic acid (cDNA) (Urushima et al. 2015). The 
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mice mRNA levels of tumor necrosis factor-alpha (TNF-α), 
interferon-gamma (INF-γ), interleukin-1 beta (IL-1β), inter-
leukin-4 (IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), 
interleukin-12 (IL-12), and interleukin-17 (IL-17) were ana-
lyzed using delta-CT method and compared with the levels 
of eukaryotic translation elongation factor-2 (EEF2) as a 
reference. The primer information is provided in the sup-
plementary table (Supplemental Table S1).

Next‑generation sequencing

Genomic DNA was extracted from the human, mice, and 
cultured fecal samples using the QIAamp Powerfecal Pro 
DNA Kit (Qiagen, GmbH, Hilden, Germany), following the 
manufacturer’s instructions. For the amplicon sequencing, 
the V4–V5 region of the 16S rRNA genes was amplified 
using 515F (5′-GTG NCA GCM GCC GCG GTR A-3′) and 
907R (5′-CCG YCW ATT YHT TTR AGT TT-3′) as for-
ward and reverse primers, respectively. The Illumina MiSeq 
library was prepared using an Illumina Nextera XT Library 
Preparation Kit (Illumina Inc., San Diego, CA, USA), fol-
lowing the manufacturer’s instructions. The amplicon 
library’s size, quality, and quantity were confirmed using 
an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., 
Santa Clara, CA, USA) before running the sequencing plat-
form. Amplicon sequencing was performed with 2 × 301 
paired-end configurations; base calling and analysis were 
performed using MiSeq Control Software (Illumina Inc., 
San Diego, CA, USA). Sequencing was done at KNU NGS 
center (Daegu, South Korea).

Microbiome data analysis

The 16S rRNA amplicon sequencing data were analyzed 
using QIIME 2 (version 2023.9; https://​forum.​qiime2.​org/) 
software. Furthermore, data processing to demultiplex and 
denoise the reads was achieved using the DADA2 plugin 
(https://​github.​com/​benjj​neb/​dada2) in QIIME2, and chi-
meric sequences were removed (Callahan et al. 2016). For 
quality trimming, 20 bases were trimmed from the beginning 
of each sequence, and sequences longer than 260 lengths 
were truncated to remove the lower-quality sequences. Then, 
the identification of each amplicon sequence variant’s (ASV) 
taxonomic details was performed using a classifier based on 
the SILVA release 138.1 database (https://​www.​arb-​silva.​de/​
downl​oad/​arb-​files/) (Quast et al. 2012). Further microbial 
diversity indices were analyzed using R computing language 
packages (https://​www.R-​proje​ct.​org).

Statistics and data visualization

The microbial diversity was calculated using the vegan R 
package (Dixon 2003). Alpha diversity was calculated using 

the Chao and Shannon indices for the microbial richness 
and microbial evenness of the microbial diversity, respec-
tively. Beta diversity was visualized using principal coor-
dinate analysis (PCoA) to show the distribution of micro-
bial communities and the variation between sample groups. 
For PCoA analysis, unweighted UniFrac distance metric 
(https://​pypi.​org/​proje​ct/​unifr​ac/) was used. In addition, 
microbial taxonomic analysis, including the phylum, fam-
ily, and genus, was conducted using the Wilcoxon rank-sum 
and Kruskal–Wallis tests. These non-parametric tests were 
employed to determine whether the abundance of ASV dif-
fered among treatments in the taxonomy analysis. Analysis 
of variance (ANOVA) was to identify any significant differ-
ences (p < 0.05) between the groups.

Results

Cultured human fecal microbiome composition

The number of bacterial cells at inoculation (0 h) of each 
anaerobic culture media was around 107 cells/mL; this 
increased to ~ 109 cells/mL within 24 h of inoculation and 
remained maintained up to 72 h (Fig. 1a). Among the cul-
tured media at 72 h after inoculation, the BHI, FAB, and 
TSB showed a significantly higher (p < 0.0001) count of bac-
terial cells compared with the RCM and SAM. Overall, 72-h 
culturing in BHI resulted in the highest microbial growth of 
all the media cultured (Fig. 1b).

Microbiome analysis showed that microbial richness and 
diversity were highest in the BHI compared with the other 
cultured media after 72 h of incubation. However, all cul-
tured stool samples had lower diversity than the original 
stool (0 h) (Fig. 2a and b). The β-diversity results showed 
that the microbial communities of the BHI and FAB media 
at 72 h were most similar to that of the original stool sample 
(0 h) (Fig. 2c). In addition, the analysis showed a higher 
relative abundance of the phyla Firmicutes, Bacteroidetes, 
and Actinobacteriota in all the cultured stool sample types 
(Fig. 3a). Further analysis showed that microbes of the fami-
lies Lachnospiraceae, Bifidobacteriaceae, Bacteroidaceae, 
and Selenomonadaceae were most abundant in the original 
stool sample (0 h). In addition to these families, the cultured 
stool samples (48 and 72 h) had members of the families 
Streptococcaceae, Clostridiaceae, and Lactobacillaceae 
(Fig. 3b). At genus level, the original stool sample contained 
abundant microbes of the genera Blautia, Bifidobacterium, 
Bacteroides, Fusicatenibacter, Megamonas, and Parabac-
teroides (Fig. 3c), while the cultured stool groups’ samples 
had abundant genera Streptococcus and Paraclostridium but 
lower abundance of the genus Blautia, which was exclu-
sively abundant in original stool (Fig. 3c).

https://forum.qiime2.org/
https://github.com/benjjneb/dada2
https://www.arb-silva.de/download/arb-files/
https://www.arb-silva.de/download/arb-files/
https://www.R-project.org
https://pypi.org/project/unifrac/


Applied Microbiology and Biotechnology (2024) 108:463	 Page 5 of 12  463

Fig. 1   Microbial growth curve of fecal microbial communities up to 72 h, in triplicate (n = 3). (BHI brain heart infusion, FAB fastidious anaer-
obe broth, RCM reinforced clostridial broth, SAM Schaedler anaerobe broth, TSB tryptic soy broth)

Fig. 2   Microbial diversity 
indices (α and β) of the fecal 
microbial communities (72 h): a 
microbial richness represented 
by the Chao index; b microbial 
diversity represented by the 
Shannon index; and c principal 
coordinate analysis (PCoA) 
plot for β-diversity showing 
community similarities between 
the sample cultured in brain 
heart infusion (BHI) medium 
(72 h) and the original stool 
sample (0 h). (FAB fastidious 
anaerobe broth, RCM reinforced 
clostridial broth, SAM Schaedler 
anaerobe broth, TSB tryptic soy 
broth)
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Fig. 3   Microbial taxonomy in 
cultured media at a phylum 
level, b family level, and c 
genus level. (BHI brain heart 
infusion, FAB fastidious 
anaerobe broth, RCM reinforced 
clostridial broth, SAM Schaedler 
anaerobe broth, TSB tryptic soy 
broth)
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Dextran sodium sulfate‑induced inflammation 
and the impact of fecal microbiota transplantation 
treatments

Seven consecutive days of DSS treatment caused a signifi-
cant decrease in the mice’s colon length and increased the 
spleen weight and colonic permeability, compared with 
the untreated group (Fig. S1 a–e). Likewise, H&E stain-
ing showed intact epithelial cells in the untreated group, 
while the DSS-treated group showed translocation of the 
immune cells into the colon and erosion of the epithelial 
cells (Fig. S1 f).

Impact of cultured human gut microbiota 
against DSS‑induced inflammation

The samples collected after completion of FMT (15th day) 
showed a slight recovery in gut length compared with the 
untreated DSS group; however, the differences were not sta-
tistically significant (Fig. 4a and 4b). In addition, the gut per-
meability significantly decreased after FMT compared with 
the untreated DSS group (Fig. 4c). Other than that, spleen 
weights showed a significant increase in all the DSS treated 
groups, except nFMT and due to the loss of one spleen sam-
ple of cFMT group, ANOVA test cannot be performed for 
cFMT group to show the significant difference (Fig. 4e).

After 15 days of treatment, the H&E staining results 
showed the positive effects of FMT. The nFMT, cFMT, 
and hFMT groups showed recovery from colon inflamma-
tion, and their immune cells showed a relatively low level 
of immune cell translocation (Fig. 5). In addition, expres-
sion of genes for almost all the pro-inflammatory cytokines, 
including TNF-α, IFN, IL-12, and IL-17, was higher in the 
DSS-treated compared with the control groups (Fig. 6). The 
groups with DSS-induced inflammation that underwent 
FMT treatment were found to have a lower expression of 
inflammatory markers compared with the untreated DSS 
group, though IL-4 expression levels tended to be higher in 
the nFMT, cFMT, and hFMT-treated groups (Fig. 6).

Discussion

Healthy fecal microbiota has significant therapeutic potential 
as demonstrated by the successful use of FMT for recurrent 
C. difficile infections. Therefore, it was hypothesized that a 
balanced fecal microbial community could be used to alleviate 
various metabolic disorders, such as obesity, type 2 diabetes, 
and gut inflammation associated with the gut microbiota using 
FMT. However, FMT is donor-dependent and even two sepa-
rately collected fecal samples from the same donor can have 
different microbiomes, which can affect the efficiency of the 

Fig. 4   Morphological changes in the colon after DSS-induced inflam-
mation and subsequent FMT treatment: a–b significant decrease in 
the gut length after DSS treatment in all the groups including FMT 
groups; c significant decrease in gut permeability in the FMT groups; 

d–e higher spleen wt. in all DSS-treated groups including FMT 
groups. (cFMT, cultured human FMT; hFMT, human FMT; nFMT, 
normal mouse FMT) (significance; *p < 0.05)
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treatment. Therefore, this study aimed to examine a cultured 
fecal microbiome and its suitability for use in FMT. Addition-
ally, the selected media (BHI, FAB, RCM, SAM, and TSB) are 
the best-known complex nutrient media which can be used to 
grow the mix communities. Out of which, BHI is continuously 
used to grow the fecal microbes (Tao et al. 2023; Yousi et al. 
2019). Therefore, in the present study, we focused on the BHI 
media and also compared the suitability of the other medias.

First, a fecal microbial community was collected from the 
stool of a healthy donor and cultured anaerobically using five 
different media (BHI, FAB, RCM, SAM, and TSB) for 72 h, 
where cultured BHI, TSB, and FAB media showed a signifi-
cantly higher number of microbial cells (~ 109 cells/mL) com-
pared with the RCM and SAM media.. Among the differently 
cultured stool samples, the BHI-grown microbial community 
(72 h) was the closest to that of the original stool (0 h) fecal 
microbiome compared with the other culture media’s com-
munities (FAB, RCM, SAM, and TSB). Similarly, β-diversity 
between the original stool and BHI-grown microbial com-
munities (after 72 h) was closer compared with the samples 
cultured in the other media; these results demonstrated the 
microbial similarity between the BHI-grown and original fecal 
microbiomes. The samples cultivated for 72 h in the BHI and 
FAB media had microbiome similarity with the original stool 
sample at the phylum level, including abundant microbes of the 
phyla Firmicutes, Bacteroidetes, and Actinobacteriota. How-
ever, the FAB-cultivated stool microbial community (72 h) was 

found to be abundant in bacteria from the phylum Fusobacte-
riota, which were absent in the original stool and BHI-culti-
vated fecal microbiomes. Therefore, the 72-h BHI-cultivated 
microbiome was the most similar to the original stool’s (0 h) 
microbiome. Similarly, at the family level, only the original 
stool and BHI-cultivated fecal communities were abundant in 
members of the family Selenomonadaceae; microbes of the 
families Lachnospiraceae, Bacteroidaceae, and Bifidobacte-
riaceae were also commonly abundant. At genus level, only 
the 72-h BHI-cultivated microbiome was relatable at the genus 
level to the original stool (0 h); in addition, both showed an 
abundance of microbes of the genus Parabacteroides. These 
microbes are core to a healthy gut microbiome and confer a 
protective effect in the host’s gut by producing short-chain 
fatty acids, which are found to be depleted in IBD patients 
(Cui et al. 2022). Additionally, only the 72-h BHI-cultivated 
stool microbial community had an abundance of genera Bac-
teroides and Bifidobacterium. These genera are important in a 
healthy gut microbiome; Bacteroides species benefit the host 
by metabolizing complex polysaccharides and glycans (Wexler 
and Goodman 2017) and Bifidobacterium play a probiotic and 
health-promoting role in the gut (O’Callaghan and Van Sin-
deren 2016). The 72-h FAB-cultivated fecal microbial commu-
nity was abundant in bacteria from the genera Bacteroides but 
lacking in the genera Bifidobacterium. Overall, microbiome 
analysis showed that only BHI (72 h) had healthy, balanced, 
and gut microbial communities similar to the original stool 

Fig. 5   Effect of FMT on the colon tissue of DSS-treated mice. 
Colonic tissues were collected after completing 3 days of FMT. The 
H&E staining results show the intact colonic lining of the following: 
control group, untreated or no DSS; DSS, DSS-induced inflammation 

without FMT; nFMT, DSS-induced inflammation + FMT with normal 
mouse feces; cFMT, DSS-induced inflammation + FMT with cultured 
human feces; hFMT, DSS-induced inflammation + FMT with human 
feces
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sample. Therefore, the 72-h BHI-cultured fecal community 
was identified as the most suitable for FMT compared with 
the microbiota cultivated in the other media (FAB, RCM, 
SAM, and TSB) and was selected for the mice FMT. This is 
in accordance with the various findings, which also support the 
suitability of the BHI media for the growth of fecal microbial 
communities (Shalon et al. 2023; Yousi et al. 2019).

Furthermore, DSS-induced IBD was established in a mouse 
model (Talley et al. 2021) to examine the therapeutic possi-
bilities of FMT using a 72-h BHI-cultured fecal microbiome. 
The results confirmed that the DSS treatment significantly 
(p < 0.05) reduced the gut length and increased the gut per-
meability and spleen weight compared with the DSS-untreated 
mice (control group). These indicators are characteristic 
of mice colitis; shorter gut length and higher spleen weight 
result from the colonic cell damage caused by DSS-induced 
inflammation (Chassaing et al. 2014). In the DSS group, gut 
permeability was also compromised because DSS causes an 
alteration in occludin, a gut barrier protein found in colonic 
epithelial cells (Chelakkot et al. 2017). A compromised gut 
barrier function leads to a leaky gut situation, resulting from a 
higher lipopolysaccharide load passing into systemic circula-
tion, which can stimulate systemic inflammation; leaky gut 

syndrome is frequently associated with IBD (Camilleri 2019). 
Additionally, the H&E staining results showed intact epithelial 
cells in the DSS-untreated group (Con), while the DSS-treated 
group showed translocation of the immune cells into the colon 
and erosion of the epithelial cells. These results are supported 
by previous findings confirming IBD-like symptoms estab-
lished in the mouse gut (Talley et al. 2021).

After the FMT (day 15), the results showed no significant 
difference in the gut length of FMT-treated groups (cFMT, 
nFMT, and hFMT) compared with the DSS group; how-
ever, FMT was notably effective in limiting gut permeabil-
ity, which is in harmony with the previous finding (Craven 
et al. 2020a). The cFMT, nFMT, and hFMT groups showed 
that the treatment had similar effects to each other, although 
nFMT was significantly effective in lowering the spleen 
weight. This might be because only the nFMT group had the 
mice-derived microbes but cFMT and hFMT had the human-
derived microbes. Previous studies have confirmed that the gut 
microbiome is directly associated with gut permeability, and 
a healthy gut microbiome alleviates gut permeability (Mishra 
et al. 2023). In the case of gut dysbiosis or inflammation, FMT 
can improve the gut-barrier function by limiting gut perme-
ability (Craven et al. 2020b; Li et al. 2024). Additionally, the 

Fig. 6   Variations in pro-inflammatory (IFN-γ, TNF-α, IL-1, IL-6, 
IL-12, and IL-17) and anti-inflammatory markers (IL-4 and IL-10) in 
mice after 15 days. Con, control/untreated mice; DSS, DSS-induced 
inflammatory group; and DSS with FMT-treated groups. Mice 
received FMT (cFMT, cultured human FMT; hFMT, human FMT; 

nFMT, normal mouse FMT) between days 9 and 11 and subsequently 
3  days to settle the FMT microbes in the mice’s gut. Samples col-
lected on day 15 showed higher levels of inflammatory markers in the 
DSS group compared with the control and FMT-treated groups (sig-
nificance; * p < 0.05)
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results of the H&E staining showed a greater deformation of 
the gut’s cryptic structure and mucosal epithelium, and infil-
tration in mucosal layers compared with that of the control 
(DSS-untreated) group. The FMT group samples showed some 
mucosal structural damage but improved cryptic structures. In 
addition, the mucosal epithelium also showed lower inflamma-
tory cell infiltrate, indicating signs of inflammation recovery. 
The histological examinations highlight that FMT from healthy 
donors and cultured feces had the similar ability to reduce 
inflammation and promote healing in DSS-induced colitis. 
This finding was supported by previous studies that demon-
strated that DSS-induced disorientation of the gut tissues could 
be alleviated through FMT (Burrello et al. 2018). Furthermore, 
the RT-PCR results demonstrated a higher level of pro-inflam-
matory markers, including IFN-γ, TNF-α, IL-1, IL-6, IL-12, 
and IL-17, in the DSS group compared with the untreated 
control. The DSS-treated groups that underwent either nFMT, 
cFMT, or hFMT treatment were found to have lower DSS-
induced inflammation. However, the expression of the pro-
inflammatory markers was significantly higher (p > 0.05) in 
all the FMT-treated groups compared with the control group 
that was not administered DSS. This was because the FMT 
groups were subjected to DSS treatment before FMT and the 
induced inflammation was not completely reversed by FMT 
or the period of recovery was insufficient. A previous study 
confirmed that IFN-γ, TNF-α, IL-1, IL-6, IL-12, and IL-17 
levels are linked with IBD, and higher levels are associated 
with the IBD progression (Friedrich et al. 2019; Ligumsky 
et al. 1990; Strober and Fuss 2011); moreover, DSS treatment 
has been reported to increase their levels (Kwon et al. 2021). 
Similarly, the anti-inflammatory cytokines (IL-10 and IL-4) 
levels were found to be higher in the DSS followed by FMT 
groups. Past studies have shown that FMT increased IL-10 
levels, which can ultimately lead to reduced colonic inflamma-
tion (Burrello et al. 2018; Svačina et al. 2024). However, the 
DSS group that was not treated by FMT also showed a higher 
level of IL-10, which may indicate some insufficient recovery 
from the induced gut inflammation. In addition, the presence of 
anti-inflammatory IL-4 was higher in the FMT-treated groups 
(nFMT, cFMT, and hFMT) compared with the DSS group, 
suggesting that higher IL-4 levels are a result of FMT. In study, 
we observed that hFMT group is less effective than other FMT 
groups, which might be due to the fact that human microbiome 
is different form mice microbiome. On the other side, cFMT 
which is derived from the human fecal microbial community 
might be having certain microbial variation compared to origi-
nal stool, making it microbially closer to the mice microbiome.

Overall, the study’s findings suggest that cFMT was effec-
tive against IBD-associated symptoms, including improving 
gut permeability, restoring the inflamed gut epithelium, 
decreasing levels of pro-inflammatory cytokines (IFN-γ, 
TNF-α, IL-1, IL-6, IL-12, and IL-17), and increasing lev-
els of anti-inflammatory cytokines (IL-4 and IL-10). This 

suggests that cultured stool has enormous potential to be used 
in FMT as cFMT has potential therapeutic applications in 
treating gut inflammation and metabolic disease. The pre-
sent work shows that fecal microbial communities can be 
grown synthetically and these cultured fecal communities can 
be used as microbial therapeutics in FMT. These cultured 
microbial communities or cFMT offer standardized-constant 
diversity of the fecal microbes making them suitable for the 
repetitive FMT, which has further significance in the treat-
ment of various metabolic disorders including IBD. However, 
further research is needed to achieve results of pathologic sig-
nificance for human use, as western blot or antibody assays 
can be done to confirm the protein expression.
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