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ABSTRACT
Fecal bile acids (BAs) are key metabolites altered in patients with inflammatory bowel disease (IBD), 
therefore serving as potential targets of fecal microbial transplant (FMT). To compare changes in fecal 
BA composition and corresponding microbial transformation pathways in pediatric ulcerative colitis 
(UC) patients before and after FMT for up to 48 weeks. Fecal BAs, as well as enzymes and bacteria 
related to BA metabolism were measured in 28 healthy children, and 48 children with mild to moderate 
UC before and after FMT. Several primary BAs were higher in UC patients at baseline, and subsequently 
decreased over the 48 weeks following FMT. In particular, the primary BA cholic acid (CA) was higher in 
UC children at baseline (11.73 pg/mg) compared to healthy controls (8.47 pg/mg), decreased to 10.82 
pg/mg at 4 weeks post FMT (p = 0.001) then 10.07 pg/mg at 48 weeks (p = 0.077). Following FMT, the 
ratio of secondary to primary BAs became more similar to healthy children. The genes coding for bile 
salt hydrolase, 7α/β-hydroxysteroid dehydrogenase, and bile acid induced operon enzymes were lower 
in UC patients at baseline, with the majority of them increasing following FMT. Similarly, many of the 
bacterial genera involved in bile acid metabolism had corresponding increases after FMT.
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Introduction

Ulcerative colitis (UC) is a type of inflammatory bowel 
disease (IBD) that is characterized by chronic, idiopathic 
inflammation of the colon. The pathogenesis of IBD is 
thought to be multifactorial, influenced by genetic predis
position, environmental factors, immunological abnorm
alities, and altered gut microbiota.1 Inflammation from UC 
causes injury to the intestinal mucosa and leads to poor 
absorption, affecting the growth and development of 
children.2 The current proportion of pediatric-onset IBD 
(age <17 at time of diagnosis) is estimated to be 8%.3 

Incidence of pediatric IBD has been increasing worldwide 
over the past several years due to unknown but likely 
multifactorial causes such as changes in environmental 
risk factors and better diagnostic capabilities.4

The current mainstays of IBD treatments include corti
costeroids, aminosalicylates, biologics, and small molecule 
inhibitors. More recently, several investigators have 
explored the effect of fecal microbial transplant (FMT) in 
patients with ulcerative colitis with some promising 
results.5,6 These studies have demonstrated how FMT 
can effectively ameliorate gut dysbiosis and down- 

regulate inflammation.7,8 More specifically, FMT can 
restore normal microbiota and metabolites including bile 
acids, short-chain fatty acids, and tryptophan metabolites 
which have all been implicated in the pathogenesis of IBD.9

Bile acids are digestive surfactants that help promote 
the metabolism of lipids, primarily cholesterol. The 
primary bile acids, which include cholic acid (CA) and 
chenodeoxycholic acid (CDCA), are produced in the 
liver and further conjugated with taurine and glycine 
prior to storage in the gallbladder.10 Following a meal, 
the gallbladder releases bile acids into the intestinal 
lumen to help with digestion. 95% of the conjugated 
BAs are reabsorbed in the distal ileum through enter
ohepatic circulation, while the remaining 5% remain in 
the intestines and undergo various microbial transfor
mations including deconjugation, 7α-dehydroxylation, 
and dehydrogenation.11 Deconjugation of these conju
gated BAs is considered the “gateway” reaction, opening 
them to further modification. It is catalyzed by bile salt 
hydrolase (BSH) which is found in multiple gram- 
positive and gram-negative bacterial genera.
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Bile acid profiles following FMT have been stu
died primarily in subjects presenting with 
Clostridium difficile infection (CDI). Those studies 
suggest that modification of bile acids following 
FMT may explain the beneficial effects of FMT.12 

Additionally, there is emerging data to suggest that 
the same mechanism may be utilized as a therapy for 
patients with IBD. For example, in UC patients 
(without CDI), Paramsothy et al. found that subjects 
who achieved remission after FMT were more likely 
to have enrichment of secondary bile acids.13

In our previous studies, we demonstrated that bile 
acid profiles among patients with UC are different com
pared to those of healthy patients;14 healthy patients 
have a higher level of secondary bile acids when com
pared to patients with UC.14 Now we aim to describe 
changes in bile acids profiles in children with UC after 
FMT. In this study, fecal bile acid profiles were mea
sured before FMT and up to 12 months after FMT and 
compared to healthy children. Furthermore, we identi
fied relationships between fecal bile acid changes, gut 
bacteria, and genes related to bile acid metabolism.

Methods

FMT and sample processing

This study was conducted at Children’s Hospital Los 
Angeles (CHLA) under IRB # CCI-11-00148 and 
16–00050. Witten informed consent was obtained 
from patients or their legal guardians. Healthy children 
were asked to complete a questionnaire and provide 
a single stool sample which was immediately collected 
and placed in −80°C. Questionnaires included demo
graphics and detailed medical and dietary history. 
Similar protocol was followed for patients with mild to 
moderate ulcerative colitis. They provided a baseline 
sample, prior to any bowel cleanout, then subsequent 
samples at 4, 12, 24, and 48 weeks following FMT.

Stool samples were processed within 6 hours of col
lection. For each sample, 50 g of stool content was 
homogenized with 150 mL of sterile 0.9% normal saline 
in a commercial blender. The slurry was passed carefully 
through 2.0 mm, 1.0 mm, 0.5 mm, and 0.25 mm stain
less steel laboratory-grade sieves and then centrifuged at 
6,000 × g for 15 minutes at 4oC using Sorvall SS-34 
rotor, and re-suspended in 50 ml of normal saline and 
immediately frozen at −80°C.

All UC patients were treated with FMT, with a subset 
receiving autologous FMT (auto-FMT), and the remain
der receiving heterologous FMT (hetero-FMT). FMT 
was performed via colonoscopy after patients under
went appropriate bowel cleanout. During the procedure, 

the colonoscope was advanced to the cecum and the 
stool solution was instilled.

DNA extraction and shotgun metagenomic 
sequencing

Metagenomic Fecal DNA was extracted using the 
QIAamp Powerfecal DNA kit (Qiagen, 
Germantown MD) and following the manufacturer’s 
instructions. The DNA quantity and quality were 
checked using Nanodrop. Metagenomic libraries 
were constructed using the Illumina Nextera XT 
DNA Library Preparation Kit and Illumina Nextera 
XT Index v2 Kit A and B following the manufac
turer’s protocols and library qualities were assessed 
on Agilent High Sensitivity DNA Bioanalyzer chips. 
Libraries were pooled and sequenced on an Illumina 
NextSeq500 High Output v2 flowcell on an Illumina 
NextSeq 500 System, producing 2 × 150bp paired- 
end reads. All samples and control reads were pre
processed and quality-filtered using trim_galore 
(https://www.bioinformatics.babraham.ac.uk/pro 
jects/trim_galore/). Host-derived reads were 
removed using KneadData (https://bitbucket.org/bio 
bakery/kneaddata).

Taxonomic and functional metagenomic analysis

The resulting raw reads were checked for quality and 
trimmed. Taxonomic profiling was done by using 
CLC genomic workbench version 23 (CLC, Bio- 
Qiagen, Aarhus, Denmark) pipeline using the 
UHGG (Unified Human Gastrointestinal Genome) 
database and filter host reads Homo sapiens 
(GRCH38) host genome removal. Each mapped 
read was assigned to a taxon, resulting in 
a taxonomic abundance table. The functional assign
ment of the presence and abundance of the enzymes 
of bile salt hydrolase (EC 3.5.1.24), 7α-HSDH, 
7β-HSDH and Bai genes baiA, baiB, baiCD, baiE, 
baiF, baiG, baiH and baiI were explored using the 
same platform CLC Genomic workbench. De novo 
sequence assembly generated contigs, which were 
then placed into bins using Bin Pangenomes by 
Sequence tool. To identify gene and Coding DNA 
sequences (CDS) on resulting contigs we utilized 
Annotate CDS with Best DIAMOND HIT tool. Bai 
enzyme and Bai gene databases were downloaded 
from UniProtKB. Input reads were mapped back to 
the annotated contigs using the map reads to refer
ence the tool and create an abundance of functional 
annotation using the Build Functional Profile tool.
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Bile acid extraction

To determine concentrations of the individual primary 
and secondary bile acids (Table 1), 15-mg aliquots of fecal 
samples were placed in 2-mL Eppendorf tubes on dry ice 
and kept frozen. A 10 µL anti-oxidant solution (0.2 mg/ 
ml solution BHT/EDTA in 1:1 MeOH: water) was added. 
This was enriched with 10 uL of bile acid surrogate 
(SSTD, 1000 nM) and extracted with 500 uL of cold 
methanol and stainless-steel grinding balls. The extract 
was homogenized using GenoGrinder 2 × 30 sec, centri
fuged, and the supernatant was transferred to a 1.5-mL 
Eppendorf tube containing 10 µL 20% glycerol solution in 
MeOH. A second aliquot of 500 uL of cold methanol was 
added to the centrifugation pellet. This was homogenized 
again using GenoGrinder 2 × 30 sec, centrifuged, and 
the second supernatant was combined with the first one 
in the 1.5-mL Eppendorf tube. Then, the vials were 
transferred to Speed-vac and evaporated to dryness. Dry 
samples were reconstituted for liquid chromatography- 
mass spectrometry in 100 uL of PHAU/CUDA 100 nM in 
methanol/ACN 50:50, vortexed for 10 sec, then sonicated 
for 5 min. The rack of samples was set on wet ice for 15  
mins. Then, samples were centrifuged for 3 min at 
14,000 rpm followed by transferring the supernatant to 
a glass insert in an amber HPLC vial. These were stored at 
−20°C until liquid chromatography-mass spectrometry 

analysis, which was done on Thermo Vanquish UPLC/ 
AB Sciex Qtrap with targeted MRM method.

Statistical analysis

The ranges of bile acid and gene concentrations varied 
widely therefore we used logarithm to transform the 
data, with 10e-5 added to 0s to avoid infinite values. 
The ranges of non-zero bacterial genus relative abun
dances varied from 1.39*e10-4 to 0.86. We used loga
rithm to transform the bile acids data as in most 
studies.15 After log-transformation, the data are more 
likely to be normally distributed. To prevent infinite 
values, a pseudo count of 0.65 times the minimum non- 
zero abundance is added to the zero values before apply
ing the log transformation.16 We used Wilcoxon rank 
sum tests to evaluate statistically significant differences 
between any two interested groups. Measurements with 
p value less than 0.05 were declared as significant.

Results

Participant demographics

Key patient information and demographics can be 
found in Table 2. In total, we included 28 healthy chil
dren, including 10 healthy donors, and 48 pediatric UC 
patients. All subjects submitted samples at baseline and 
at 4 weeks post-FMT. During the subsequent time 
points, not all subjects’ bile acids profiles, Bai genes, 
and genus data were available due to either missing 
samples (due to subjects’ voluntary withdrawal from 
the study) or insufficient DNA quality or quantity for 
performing Next Generation Sequencing (Figure S1).

The median age of healthy children was approxi
mately 15 years old, while that of the UC patients was 
about 17 years old. The two groups had a similar age 
distribution (Figure S2). Seven out of 10 healthy 
donors were greater than 21 years old, thus not con
sidered pediatric population. There were differences 
between the ethnicities for healthy and UC subjects. 

Table 1. List of the most common bile acid acids and abbrevia
tions used.

Name of bile acid Class of bile acid Abbreviation

Cholic acid Primary CA
Glycocholic acid Primary GCA
Taurocholic acid Primary TCA
Chenodeoxycholic Acid Primary CDCA
Glycochenodeoxycholic Acid Primary GCDCA
Taurochenodeoxycholic acid Primary TCDCA
Deoxycholic acid Secondary DCA
Glycodeoxycholic acid Secondary GDCA
Taurodeoxycholic acid Secondary TDCA
Lithocholic acid Secondary LCA
Glycolithocholic acid Secondary GLCA
Taurolithocholic acid Secondary TLCA
Ursodeoxycholic acid Secondary UDCA
Glycoursodeoxycholic acid Secondary GUDCA
Tauroursodeoxycholic acid Secondary TUDCA

Table 2. Subject demographics.
Healthy UC

Number of patients 28 48
Age (median, in years) 15 17
Gender (males) 13 (46.4%) 26 (54.2%)
Ethnicity (Non-Hispanic) 29 (100%) 29 (60.4%)
Number of patients with history of CDI* 19(39.6%)
Number of patients with prior hospitalizations 25(52.1%)
Number of patients taking steroids before 3(6.23%)
Number of patients taking 5-aminosalicylates before 20(41.7%)
Number of patients taking immunomodulators before 11(22.9%)
Number of patients on biologic therapy (continued through study) 24(50%)
Number of patients receiving autologous FMT± 12(25%)

*CDI = Clostridium difficile infection. ± Two subjects received autologous FMT initially and were 
switched to heterologous FMT at week 12 and week 4, respectively.
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As shown in Table 2, all of the healthy individuals 
were non-Hispanics, while 60% of UC patients were 
non-Hispanics. The age distribution between 
Hispanic and non-Hispanic patients was similar 
(Figure S3).

Among UC patients, the average length of 
diagnosis was about four years and about 40% of 
them had a history of CDI. No patients had active 
CDI at time of enrollment, and none of the patients 
received antibiotics for at least six weeks prior to 
enrollment. Many of these patients had been on med
ications prior to FMT including biologic therapy, 
immunomodulators, 5-aminosalicylates (5-ASA) or 
steroids, as shown in Table 2. At the time of interven
tion, 24 patients were on biologic therapy, three 
patients were on immunomodulators, and no patients 
were on 5-ASA or steroids. All patients remained on 
their maintenance medication without changes 
throughout the entire study, with a single exception 
of one patient requiring steroids at week 12. None of 
the patients had a diagnosis of primary sclerosing cho
langitis and none were on UCDA therapy. Pediatric 
Ulcerative Colitis Activity Index (PUCAI) scores were 
monitored for all patients throughout the study and 
can be found in Table S1.

Healthy and UC subjects had significant differences 
in baseline bile acid profiles

Our previous study demonstrated that children with UC 
had significantly higher CA, GCA, TCA, GCDCA, 
DCA, GDCA, TDCA, and TUDCA, and significantly 
lower CDCA, LCA, GLCA, and UDCA compared to 
healthy controls.14 In this study, we found similar pat
terns (Figure 1). The primary BAs, CA, GCA, TCA, and 
GCDCA were increased in UC children at baseline, 
prior to FMT, compared to healthy controls. Several of 
the secondary BAs, such as LCA, GLCA and UDCA, 
were significantly lower in UC children compared to 
healthy controls.

Total bile acids were similar in UC children com
pared to healthy controls, but the ratio of total 
secondary to total primary BAs was significantly 
reduced in UC children (Figure 2). This can be 
attributed to the increase in total primary BAs, as 
the total secondary BAs did not show any significant 
difference between UC vs healthy patients. 
Conjugated BAs were higher in UC patients, while 
deconjugated BAs were similar. These observations 
held throughout the 48 week observation period as 
shown in Figure 2.

The effects of fecal microbial transplant on bile acid 
profiles

To evaluate the response of UC patients to FMT, we 
performed pairwise comparisons using Wilcoxon 
rank sum tests (Figure 1). At 4 weeks post-FMT, 
some of the fecal bile acids became more similar to 
those of healthy patients. For example, UDCA con
centrations were substantially decreased in UC 
patients (median log concentrations 10.11 pg/mg 
compared to 12.44 pg/mg in healthy patients, 
p-value = 0.006), then increased back to a level of 
12.41 pg/mg by 4 weeks post-FMT (p-value = 0.03). 
Moreover, these subjects maintained a similar level 
of median log concentration 12.7 pg/mg at 48 weeks 
post-FMT (p-value = 0.03)

Over the 48-week period following FMT, several 
bile acid concentrations exhibited a trend toward nor
malization to healthy levels. Specifically, primary bile 
acids such as CA, GCA, TCA, and GCDCA showed 
a decrease, gradually approaching concentrations seen 
in healthy individuals. Conversely, secondary bile 
acids like LCA and GLCA demonstrated an upward 
trend, gradually increasing toward levels observed in 
healthy counterparts.

We also compared total bile acid concentrations 
following FMT in the following categories: total pri
mary bile acids, total secondary bile acids, the ratio of 
secondary to primary bile acids, total conjugated bile 
acids, and total deconjugated bile acids (Figure 2). 
Following FMT, primary BAs in UC patients decreased 
and became more similar to levels in healthy controls 
over time. The ratio of secondary to primary BAs 
increased over 48 weeks post-FMT but did not achieve 
the same level as healthy controls. Conjugated BAs, 
which were increased in UC patients at baseline, 
decreased over 12 months. There were no significant 
changes among total secondary BAs, deconjugated 
BAs, and total BAs.

A separate comparison was done between subjects 
receiving auto-FMT and those receiving hetero-FMT 
(Figure S4). There were significant differences in CA, 
TCA, and DCA levels at 4 weeks but they became simi
lar by 12 weeks and beyond.

Hispanic and non-Hispanic UC patients had similar 
response to FMT

Since our study included both Hispanic and non- 
Hispanic patients, we were interested in learning 
whether ethnicity affects the response to FMT. We 
compared bile acid profiles at each time point between 
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Hispanic and non-Hispanic UC patients using 
Wilcoxon rank sum tests.

The concentrations of CA, TCA, GCDCA, DCA, 
TDCA, and TUDCA in Hispanic subjects were sig
nificantly higher than that of non-Hispanics at base
line, but these differences dissipated post-FMT 
(Figure S5). In a previous study comparing fecal  

bile acids between Caucasian and Hispanic children 
with UC, we also demonstrated higher concentra
tions of CA and other bile acids in the Hispanic 
group.17 The total primary and conjugated BAs 
were also significantly higher in Hispanic UC 
patients at baseline, but again this difference did 
not persist post-FMT.

Figure 1. Boxplots of the log transformed concentrations (picograms/milligram feces) of different bile acids in different timepoints. 
BL = baseline. Pairwise comparisons were performed using Wilcoxon rank sum tests. Only the significant results were annotated in the 
figure, with *for p ≤ 0.05, **for p ≤ 0.01, ***for p ≤ 0.001, and ****for p ≤ 0.0001.
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CDI history did not influence the response of FMT

We have previously confirmed that UC patients with 
a history of CDI had significantly lower baseline levels of 
LCA and UDCA compared to UC patients without 
a history of CDI14 however it remains unknown if CDI 
infection influences bile acid profiles post FMT. In this 
current study, we only noted a significant difference in 
TCA concentrations at 4 weeks post-FMT (Figure S6). 
Otherwise, there were no differences in median concentra
tions between UC subjects with and without a history 
of CDI.

The genes encoding enzymes critical for bile acid 
metabolism were decreased in UC patients at 
baseline and increased following FMT

We compared the gut microbial genes involved in 
bile acid metabolism to better understand the 
changes in fecal BAs in UC patients post-FMT 
(Figure 3). The genes coding for bile salt hydrolase 
(BSH), 7α/β-hydroxysteroid dehydrogenase (HSDH), 
and the bile-acid-induced (bai) operon (baiA, baiB, 
baiCD, baiE, baiF, baiG, baiH, and baiI) all had 
decreased abundances in UC patients compared to 
healthy subjects at baseline, but then increased post- 
FMT. We reported that UC patients had significantly 
lower BSH (median = 5.17) than healthy subjects 
(median = 7.58) at baseline (p-value ≤ 0.0001). BSH 
abundances in UC patients (median = 7.42) increased 
closer to healthy levels (p-value 0.838) at 48 weeks 
post-FMT. 

7α- HSDH, 7β-HSDH, and most of the bai genes 
showed a similar trend. Of the bai operon genes, 
baiF changes were most notable, with baiF abun
dance being undetectable in UC patients with 
a baseline median of 0, but increased to median of 
3.95 at 48 weeks post-FMT, similar to the healthy 
abundance median of 4.39 (p-value 0.31).

When gene abundances were subdivided into auto- 
FMT vs hetero-FMT subjects (Figure S7), none of the 
median concentrations were statistically significantly 
different at 4 weeks. However, starting at 12 weeks 
onwards, the auto-FMT group had higher concentra
tions of 7α-HSDH, 7β-HSDH, baiA, baiB, and baiH. 
When comparing subgroups of Hispanic vs. non- 
Hispanic subjects, as well as CDI vs. no CDI history, 
there were no significant differences (Figures S8-S9).

Several gut microbial genera exhibited changes 
associated with bile acid gene changes

Next, we compared levels of bacteria genera involved in 
bile acid metabolism (Figure 4).18,19 The BSH-producing 
genera Bifidobacterium, Blautia, Dorea, Roseburia, and 
Ruminococcus were significantly reduced in UC subjects 
compared to healthy patients. Bifidobacterium, Dorea, 
Roseburia, and Ruminococcus levels overall increased 
following FMT. Other BSH-producing genera including 
Clostridium, Enterococcus, and Lactobacillus did not show 
statistically significant differences between UC and healthy 
patients. Blautia, Dorea, Roseburia, and Ruminococcus are 
also involved in 7α dehydroxylation encoded by the bai 

Figure 2. Boxplots of the log transformed concentrations (picograms/milligram feces) of total primary bile acids, total secondary bile 
acids, the ratio of total secondary to total primary, total conjugated bile acids, total deconjugated bile acids, and total overall bile acids 
for healthy and UC patients in different time points after FMT. Pairwise comparisons were performed using Wilcoxon rank sum tests. 
Only the significant results were annotated in the figure, with *for p ≤ 0.05, **for p ≤ 0.01, ***for p ≤ 0.001, and ****for p ≤ 0.0001.
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operon. When bacterial genus abundance was compared 
between the auto-FMT vs hetero-FMT groups, there were 
only minor differences (Figure S10). The auto-FMT sub
jects had higher levels of Bifidobacterium, Collinsella, and 
Parabacteroides at each of the timepoints, but only the 12- 
week timepoint was statistically significant. Clostridium 
levels were higher in the auto-FMT subjects at 4 weeks, 
but there were no significant differences beyond that. The 
remaining bacteria genera did not have any statistically 
significant differences in abundances between the auto- 
and hetero-FMT groups.

When comparing the Hispanic vs. non-Hispanic 
groups, there were differences in a few of the bacteria 
abundances (Figure S11). Coprococcus levels were not 
significantly different at baseline, but at all timepoints 
post FMT, the Hispanic subjects had lower levels than 
the non-Hispanic patients. Ruminococcus was also 
found to be lower in Hispanic patients at baseline, 4  
weeks, and 12 weeks post FMT.

Significantly lower Ruminococcus levels were also 
seen in subjects with a history of CDI had at baseline, 
but the difference became negligible by 48 weeks (Figure 

Figure 3. Boxplots of the log transformed relative abundance of different genes responsible for bile acid metabolism. Pairwise 
comparisons were performed using Wilcoxon rank sum tests. Only the significant results were annotated in the figure, with *for 
p ≤ 0.05, **for p ≤ 0.01, ***for p ≤ 0.001, and ****for p ≤ 0.0001.
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S12). Levels of Methanobrevibacter and Roseburia were 
also different between those with and without a CDI 
history at some time points (4–12 weeks, and 4 weeks 
respectively, but again these differences dissipated by 48  
weeks post FMT.

Discussion

Many studies have examined microbiome changes in IBD 
patients following FMT. Recently, fecal bile acids have 
emerged as a key metabolite that is altered in patients 
with IBD, and therefore a potential therapeutic target.20 

Figure 4. Boxplots of the log transformed relative abundance of different genus at different timepoints. Pairwise comparisons were 
performed using Wilcoxon rank sum tests. Only the significant results were annotated in the figure, with *for p ≤ 0.05, **for p ≤ 0.01, 
***for p ≤ 0.001, and ****for p ≤ 0.0001.
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Currently, there is very limited data on fecal bile acid 
composition and metabolism in IBD patients following 
FMT. Our study is novel as it is the first pediatric study to 
compare changes in bile acid composition after FMT. It is 
also unique given the long-term follow-up duration of 12  
months providing insight on duration of bile acid 
changes.

In this study, we investigated the effects of FMT on 
bile acid profiles among children with UC. We included 
patients who received either hetero-FMT or auto-FMT. 
Auto-FMT is typically used a placebo, but multiple prior 
studies have considered auto-FMT as a treatment 
option.21–23 Therefore, we included both in our ana
lyses. We observed that certain individual bile acids in 
the UC group became more similar to the healthy 
patients post-FMT, with effects lasting up to 12 months. 
Bile acids and gut microbiota are closely intertwined, so 
we also delineated corresponding changes in bile genes 
and gut microorganisms involved in the bile acid meta
bolism pathway.

Our previous studies along with others have demon
strated that patients with IBD have distinct bile acid 
profiles compared to healthy controls.14,24,25 Our data is 
consistent with previous data showing that IBD patients 
have increased total primary BAs and decreased ratio of 
secondary to primary BAs. The anti-inflammatory prop
erties of secondary BAs are an ongoing area of research, 
and the decreased ratio of secondary to primary BAs is 
thought to play a role in intestinal epithelial 
inflammation.26 Therefore, restoring BA composition 
through FMT could be a potential mechanism by which 
inflammation could be reduced in IBD.27

Although the total secondary BA levels did not change 
significantly post-FMT, the ratio of secondary to primary 
BAs did increase in UC patients post-FMT. When exam
ining individual BA concentrations in UC patients post- 
FMT, the majority became more similar to those seen in 
healthy controls. This occurred at various time points for 
each individual BA; some BAs were restored immediately 
after FMT, while others took several months or even 
one year to become similar to healthy controls. This is 
a novel finding since no other study has followed BA 
changes post-FMT over such an extended time period.

In regard to UC patients with a history of CDI, we 
previously found that these children had significantly 
lower LCA and UDCA concentrations compared to UC 
patients without CDI.14 In this study, FMT does not 
appear to significantly influence bile acid concentrations 
when comparing subjects with and without CDI. This 
suggests that the effect of FMT on modifying BAs in 
children with UC was independent of the status of 
prior CDI.

We also aimed to compare bile acid profiles at base
line and post-FMT in our subset of Hispanic patients. 
In general, data on Hispanic children with UC is limited 
but suggests that they are more likely to develop disease 
at a younger age, have pan-colonic disease, and undergo 
colectomy when compared to white patients.28–30 There 
is limited data on microbiome differences in Hispanic 
patients with UC, and there are currently no studies 
evaluating bile acid profiles in Hispanic patients post- 
FMT. The only difference that was identified in 
Hispanic patients compared to non-Hispanic patients 
was a baseline elevation in TUDCA. TUDCA has 
a known chaperone protective effect against endoplas
mic reticulum stress and has shown some protective 
effects in inflammatory gastrointestinal disorders and 
other degenerative disorders. It has also been shown to 
increase in patients with ulcerative colitis who have 
hepatobiliary manifestations31–37 By 48 weeks post- 
FMT, the difference in TUDCA levels in Hispanic vs. 
non-Hispanic patients dissipated.

Examining bile acid composition represents just one 
facet of a broader investigation. In recent years, there has 
been a surge in research exploring the intricate interplay 
between bile acid composition, the gut microbiome, and 
the distinction between healthy and diseased states. 
Therefore, our next objective was to evaluate how micro
bial transformations of BAs can change post-FMT. 
Figure 5 summarizes bile acid metabolism pathways and 
the changes we identified among gene abundances (BSH, 
7α/7β-HSDH, and bai genes) and their corresponding 
bacterial genera in UC subjects before and after FMT. 
Prior to FMT, the increased amounts of primary and 
conjugated BAs in our UC patients can be explained by 
the decreased levels of BSH, which in turn corresponded 
with decreased levels of BSH-containing bacteria includ
ing Bifidobacterium, Blautia, Dorea, Roseburia, and 
Ruminococcus. Following FMT, we saw these levels 
approach concentrations closer to those of the healthy 
patients. These changes persisted over 48 weeks, showing 
promise for long-term benefits of FMT in reestablishing 
“healthy” levels of beneficial fecal bile acids and microbes. 
This is of particular interest since BSH has been directly 
implicated in intestinal inflammation, and recently 
shown to inhibit C. difficile virulence in murine models.38 

Another significant reaction in BA metabolism is 
7α-dehydroxylation, which is driven by enzymes 
encoded by the bai operon genes (BaiA through 
BaiH). These genes are found in Blautia, Dorea, 
Roseburia, and Ruminococcus. As previously mentioned, 
these genera were found to be decreased in UC patients 
prior to FMT, therefore it is logical that the bai genes 
were also decreased in UC patients. Changes in this 
pathway also correlated with decreased levels of the 
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downstream bile acid LCA (and its conjugate GLCA) in 
the UC subjects pre-FMT. Similar to BSH, bai genes 
have also been explored as a potential target for colitis. 
In one recent study, mice with mutated BaiH exhibited 
reduced intestinal inflammation.39

Although autologous FMT can be considered 
a placebo, we chose to include these subjects in our 
main analyses due to the increasing research demonstrat
ing benefits of using auto-FMT as treatment for CDI or 
IBD. For example, one study by Rossen et al. suggested 
that autologous FMT could be as effective as heterologous 
FMT in inducing clinical remission in patients with UC.23 

Interestingly, the auto-FMT group developed higher con
centrations of the genes 7α-HSDH, 7β-HSDH, baiA, baiB, 
and baiH starting at 12 weeks post FMT.

Our study had a few limitations. We had missing data 
at some time points as well as loss of follow-up at 48  
weeks (up to 50% missing data by 48 weeks, as seen in 
Figure S1). This is not unusual for a pediatric study that 
has a long study time. Another limitation was the small 
size of our subgroups (Hispanic vs. non-Hispanic, CDI 
history vs no CDI history). Further studies expanding 
on these subgroups would be helpful in investigating 
differences between such subgroups.

While our data demonstrated how changes in fecal 
bile acids relate to changes in enzymatic pathways and 
associated bacteria, additional studies could expand on 
the regulatory pathways between microbes and bile 
acids more directly. Future studies would also be helpful 
not only to examine a larger cohort, but also to assess 
how UC disease activity correlates with our observed 
changes in bile acids following FMT. This could add to 
existing knowledge and may lead to promising new 
therapeutic bile acid-related targets for IBD.
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