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ABSTRACT

Radiation-associated hematopoietic recovery (RAHR) is critical for mitigating lethal complications
of acute radiation syndrome (ARS), yet therapeutic strategies remain limited. Through integrated
multi-omics analysis of a total body irradiation (TBI) mouse model, we identify Bacteroides acid-
ifaciens-dominated gut microbiota as key mediators of RAHR impairment. 16S ribosomal rRNA
sequencing revealed TBl-induced dysbiosis characterized by Bacteroidaceae enrichment, while
functional metagenomics identified raffinose metabolism as the most significantly perturbed
pathway. Notably, raffinose supplementation (10% w/v) recapitulated radiation-induced micro-
biota shifts and delayed bone marrow recovery. Fecal microbiota transplantation (FMT) revealed
a causative role for raffinose-metabolizing microbiota, particularly Bacteroides acidifaciens, in
delaying RAHR progression. Mechanistically, B. acidifaciens-mediated bile acid deconjugation
activated FXR, subsequently suppressing NF-kB-dependent hematopoietic recovery. Therapeutic
FXR inhibition via ursodeoxycholic acid (UDCA) had been shown to be a viable method for rescuing
RAHR. Our results delineated a microbiome-bile acid-FXR axis as a master regulator of post-
irradiation hematopoiesis. Targeting B. acidifaciens or its metabolic derivatives could represent
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a translatable strategy to mitigate radiation-induced hematopoietic injury.

Introduction

Exposure to high doses of ionizing radiation (IR)
over a brief period can lead to the onset of acute
radiation syndrome (ARS)," which manifests in
various forms, with the hematopoietic subsyn-
drome (HS) being the most prevalent,2’3 followed
by gastrointestinal subsyndrome (GIS), neurovas-
cular subsyndrome (NVS), and cutaneous subsyn-
drome (CS). These subsyndromes are categorized
based on the IR dose, associated pathology, and
clinical course.” The severity of hematopoietic

damage and the extent of recovery profoundly
influence the progression and outcome of HS.?
Hematopoietic stem cells (HSCs), with their self-
renewal capabilities, are crucial for hematopoietic
recovery.4 Several therapeutic strategies targeting
HSC production or differentiation have shown
clinical promise in managing radiation-associated
hematopoietic recovery (RAHR).>"® However, cur-
rent therapeutic regimens mainly offer sympto-
matic  relief, failing to target RAHR’s
multifactorial pathophysiology.
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The gut microbiome, the body’s largest symbio-
tic system, has gained significant attention recently
for its crucial role in maintaining internal environ-
mental homeostasis.”'® Extensive research has
revealed the association between microbiome dys-
regulation and a wide spectrum of diseases, includ-
ing Alzheimer’s disease,'' diabetes,'” and cancer."
Consequently, novel therapeutic interventions,
including fecal microbiota transplantation (FMT),
probiotic supplementation, and pharmacological
interventions have emerged to restore gut micro-
biome balance,"*"'® offering therapeutic potential
for these conditions. Microbiome-based therapy
holds great promise in the management of RAHR,
but our understanding of the role of bacteria in
radiation injury remains limited.

Recent interest had focused on the characteristic
changes of gut microbiota and their metabolites in
ARS," yet the precise relationship between gut
microbiota and RAHR remained unclear. To
address this gap, an RAHR mouse model was
developed, and a comprehensive analysis of the
gut microbiome was conducted. Subsequently, we
performed in-depth functional and mechanistic
studies to elucidate the underlying mechanisms
and explore potential therapeutic strategies for
mitigating RAHR. Our findings underscored the
importance of raffinose-metabolizing bacteria, par-
ticularly Bacteroides acidifaciens, in delaying bone
marrow recovery via a bile acid-dependent path-
way, and proposed a microbiome-targeted thera-
peutic strategy for managing RAHR.

Results

Gut microbiome shifts induced by total body
irradiation

To explore the correlation between the gut micro-
biome and disease progression, an HS mice model
was established using varying doses of TBI. Mice
exposed to 3 Gy of X-ray TBI survived, whereas 6
Gy irradiation induced 100% mortality within 9 d
(Supplement Figure S1a). The 3 Gy group exhibited
gradual weight loss and decreased white blood cell
(WBC) counts in peripheral blood, both reaching
their lowest values on the third-day post-
irradiation, followed by gradual recovery
(Supplement Figure Slbc). Bleeding and severe

bone marrow damage were evident within the
first 3 d, with a gradual recovery over 2-3 weeks.
In contrast, mice exposed to 6 Gy TBI experienced
progressive weight loss and severe, irreversible
bone marrow damage, ultimately leading to fatality
(Supplement Figure S1d).

We employed the 16S rRNA gene sequencing to
elucidate the gut microbiome shifts in the HS
model. The phylogenetic diversity (faith-PD) of
fecal samples decreased significantly after IR expo-
sure (Supplement Figure S2a). At the family level,
Bacteroidaceae and Erysipelotrichaceae, both
among the 15 most abundant taxa, increased on
the first day post-3 Gy TBI, then declined by the
14th day. In contrast, Murbaculaceae and
Prevotellaceae followed the opposite trend
(Supplement Figure S2b). Linear discriminant ana-
lysis effect size (LEfSe) analysis corroborated these
observations (Supplement Figure S2¢). Genus-level
analysis revealed rapid enrichment of Bacteroides,
Escherichia-Shigella, Monoglobus, Enterococcus,
Faecalibaculum, Dubosiella, Mucispirillum, and
Helicobacter post-irradiation, with gradual recov-
ery after the 14th day (Supplement Figure S3a).
Notably, Bacteroidaceae was the only family
enriched on the first day post-exposure to both 3
Gy and 6 Gy irradiation (Supplement Figure S3b).

Concordant microbiome variation in cecal contents

We further analyzed the cecal contents of mice
following exposure to 3Gy and 6Gy TBL
A decrease in microbial abundance was observed
in the cecal contents after 3 Gy TBI, reflecting
radiation-induced alterations (Supplementary
Figure S4A). Additionally, Enterobacteroidaceae
and Bacteroidaceae exhibited gradual enrichment
over time, with the most significant increase
observed on the third day post-3Gy TBI
(Supplementary Figure S4b). LEfSe analysis at the
genus level revealed consistent enrichment of
Bacteroides and Escherichia-Shigella over time fol-
lowing 3 Gy TBI (Supplementary Figure S4c).
Notably, Bacteroides exhibited gradual enrichment
on the first and third days post-6 Gy TBI, along
with Helicobacter (Supplementary Figure S4d).
These findings collectively highlighted distinct
microbiome alterations following irradiation. By
integrating sequencing results from both fecal and



cecal samples, our data demonstrated that the
dynamic changes in Bacteroidetes were consistent
across all experimental conditions and correlated
with the progression of bone marrow injury.

Post-radiation enrichment of Bacteroides in clinical
samples

To investigate the clinical relevance of these obser-
vations, we collected fecal samples from seven pel-
vic cancer patients before and 5 weeks after
radiotherapy. We observed a significant post-
radiotherapy increase in Bacteroides abundance in
five patients, consistent with the patterns identified
in our murine models (Supplement Figure S2D).

These results provided novel insights into the
distinctive shifts in gut microbiome composition
induced by irradiation in both murine models and
pelvic cancer patients. The consistent enrichment
of Bacteroides after radiation exposure highlighted
the potential link between these microbial changes
and radiation-related effects.

Increased raffinose metabolism in gut microbiome
of HS mice

To investigate the functional implications of gut
microbiota alterations during the progression of
IR-induced HS, we used PICRUSt2 software for
functional prediction of gut microbiome data.
KEGG pathway analysis revealed significant dis-
ruptions in amino acid, lipid, polysaccharide, and
saccharide metabolism pathways, driven by IR-
enriched bacterial populations (Supplement
Figure S5a). Among these, pathways related to
polysaccharide and saccharide metabolism, parti-
cularly raffinose metabolism, were notably affected
in mouse fecal samples 1-d post-exposure to 3 Gy
TBI (Supplement Figure S5a) and in cecal contents
3-d post-exposure (Figure 1a).

To validate these findings, we conducted an
in vitro assay to measure saccharide degradation
in the feces of HS mice. Of the five saccharides
tested, only raffinose exhibited a notable increase
in degradation rate 1-d post-3 Gy TBI, followed by
a decrease at 21 d (Figure 1b), mirroring the gut
microbiome changes in HS mice. Conversely, no
significant changes were observed in the degrada-
tion rates of the other four saccharides
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(Supplement Figure S5b). Furthermore, we com-
pared the gene profiles related to raffinose metabo-
lism and found an early accumulation of these
genes after radiation exposure. Specifically, in the
cecal  contents,  genes  encoding = f-
fructofuranosidase (K01193) and a-galactosidase
(K07406, K07407) gradually increased following
TBI (Figure 1c). In fecal samples, a-galactosidase
(K07406) peaked 1 d after TBI and then decreased
by the 14th day (Figure 1d).

These findings suggested that the enrichment of
gut microbiota following irradiation contributed to
alterations in raffinose metabolism, potentially
playing a key role in the progression of RAHR.

Role of raffinose metabolism in RAHR

To evaluate the role of raffinose-metabolism bac-
teria in RAHR, we fed mice with drinking water
containing 0%, 1%, or 10% raffinose for 1 week.
Histological examination revealed no significant
differences in raffinose-treated and untreated
(0%) groups in major organs (Supplement Figure
S6A). However, following exposure to 6 Gy TBI,
mice fed with 1% or 10% raffinose exhibited
reduced weights compared to untreated controls
(Supplement Figure S6¢). Additionally, mice fed
with 10% raffinose exhibited reduced survival
time (Supplement Figure S6b) and thus selected
for all subsequent experiments.

After exposure to 3 Gy X-ray TBI, both raffi-
nose-treated and untreated mice displayed similar
histological impacts in the liver, spleen, and intes-
tines (Supplement Figure S7), as well as compar-
able body weight changes (Supplement Figure
S8A). However, they differed in the recovery
process. The raffinose-treated mice showed
a significant decrease in the hematopoietic area of
the bone marrow by the third day post-TBI
(Figure 2a,b). By day 7, these mice showed
severe bone marrow damage, while most un-
treated mice had fully recovered (Figure 2a,b).
Immunohistochemical analysis demonstrated that
there was minimal activation of apoptosis in the
bone marrow, with only a very small number of
cells positive for cleaved caspase-3 (apoptosis mar-
ker) at day 3 post-TBI. In contrast, ferroptosis
markers exhibited temporal divergence: GPX4 (fer-
roptosis marker) expression was comparable with
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Figure 1. Enrichment of raffinose metabolism in gut microbiome of HS mice. (a) LEfSe analysis of KEGG pathways in mouse cecal
contents at 0- and 3-d post-exposure to 3 Gy TBIl. Red arrows indicate pathways involved in raffinose metabolism. (b) Raffinose
degradation rate detected by raffinose degradation assay with mouse feces samples at 0-, 1-, and 21-d post-exposure to 3 Gy TBI.
Medium without feces added used as a blank control (blank) (n = 3), the values were representative of data from three independent
experiments. (c) Abundance of raffinose metabolism-related genes B-fructofuranosidase (K01193), a-galactosidase (K07406), and a-
galactosidase (K07407) in the cecal contents of mice at 0-, 1-, and 3-d post-exposure to 3 Gy TBI. (d) Raffinose metabolism gene a-
galactosidase (K07406) abundance in mouse feces samples at 0-, 1-, and 14-d post-exposure to 3 Gy TBI.

these groups at day 3, but the raffinose-treated
mice retained elevated GPX4" cells by day 7 post-
TBI, suggesting delayed resolution of ferroptotic
stress (Supplement Figure S8d,e).

We investigated the impact of raffinose treat-
ment on hematopoietic stem cells (HSCs), which
were responsible for bone marrow recovery.
Consistent with the histological findings, no sig-
nificant difference in hematopoietic stem/pro-
genitor cells (quantified as Lineage™ Sca-1"
c-Kit" (LSK") populations) was observed between
raffinose-treated and untreated mice by day 3
post-TBI. However, by day 7 post-TBI, untreated
mice exhibited about a 40-fold increase in hema-
topoietic stem/progenitor cells (LSK" popula-
tions) compared to day 3 (208 £63 vs 5+1 cells,

p <0.05). Strikingly, on day 7, mice treated with
raffinose showed a significant suppression in both
the absolute counts of LSK™ cells (24 + 10 vs 208
+63 cells in the untreated group, p <0.05) and
the percentage of LSK" cells among total live cells
(0.114% £ 0.014% vs 0.393% £ 0.064% in the
untreated  group, p<0.05) (Figure 2c,
Supplement Figure S8b). Peripheral blood analy-
sis also revealed lower lymphocyte counts in the
raffinose-treated group (Supplement Figure S8c).
Interestingly, fecal microbiota analysis showed
that raffinose-treated, unirradiated mice had
a microbiome composition similar to that of irra-
diated mice, characterized by a marked enrich-
ment of Bacteroides species (Supplement Figures
S9a and b).
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Figure 2. Role of raffinose metabolism in RAHR. (a) Histological examination of mouse bone marrow following TBI with or without
raffinose treatment. Mice without TBI served as NC (negative control). (b) Quantification of hematopoietic area in mouse bone marrow
on days 3 and 7 post-TBI. Mice without TBI served as NC. (c) FACS analysis of hematopoietic stem cells (LSK* cells) in mouse bone
marrow with or without raffinose treatment on days 3 and 7 post-TBI. (n = 3), the values were representative of data from three

independent experiments.

These findings suggested that raffinose treatment
induced changes in the gut microbiota similar to
those seen after radiation exposure, leading to
delayed recovery following irradiation. This under-
scores the regulatory role of raffinose metabolism on
the hematopoietic recovery process after radiation.

Gut microbiota mediates raffinose-induced
prolonged recovery

To investigate the role of gut microbiome in
the raffinose-induced delay of RAHR, we con-
ducted fecal microbiota transplantations (FMT).
Fecal samples from raffinose-treated (RD) and
untreated (UD) donor mice were transplanted
into antimicrobial-treated recipient mice,
resulting in two recipient groups of RR (FMT
from RD) and UR (FMT from UD) (Figure 3a).

Following TBI treatments, all mice initially
experienced similar weight loss and bone mar-
row damage by the third day after 3Gy
(Supplement Figure S10a) and 6 Gy X-ray TBI
(Supplement Figure S10b). By the seventh day,
however, distinct recovery patterns were
observed. The UD and UR mice both showed
the most favorable recovery, while RD and RR
mice displayed persistent hemorrhages in the
bone marrow cavities, which continued even
on day 14 post-TBI (Figure 3b, Supplement
Figure S$10d). Additionally, RD and RR mice
had lower white blood cell counts in peripheral
blood by the seventh day post-TBI (Supplement
Figure S10c). After 6 Gy TBI, RD and RR mice
also demonstrated a trend toward shortened
survival time compared to the UD and UR
groups (Figure 3c). Notably, RR mice, which
were not treated with raffinose but received
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Figure 3. Role of gut microbiota in raffinose metabolism during RAHR. (a) Schematic overview of fecal microbiota transplantation
(FMT) protocol. (b) Histological examination of bone marrow in fecal microbiota donor and receiver mice on days 0, 3, 7, and 14 post-
TBI. Mice without 10% raffinose treatment served as controls. (c) Assessment of overall survival (OS) in fecal microbiota donor and

receiver mice following 6 Gy TBI.

FMT from raffinose-treated donors, exhibited
similar delayed recovery as the raffinose-treated
mice. This strongly supports the hypothesis that
gut microbes play a crucial role in the raffinose-
induced delay in RAHR.

Bacteroides acidifaciens responsible for the
metabolizing of raffinose inhibit RAHR

Bacteroidetes, or more specifically genus Bacteroides,
were significantly enriched after both radiation and
raffinose treatments. Bacteroides are common in the
gut microbiome and encompasses dozens of species,
including some with strong raffinose-metabolic

abilities. These species likely contribute to the raffi-
nose-induced RAHR delay in the murine model. To
identify the specific species, we reanalyzed the 16S
rRNA sequencing data from fecal samples collected
with or without raffinose treatment, focusing on
amplicon sequence variants (ASVs).

We identified nine ASVs from the Bacteroides
genus with significant variations in abundance
among the top 200 ASVs. Using a maximum-
likelihood phylogenetic analysis of these nine ASVs
alongside known Bacteroides species, the three ASV's
were clustered within the B. acidifaciens clade
(Figure 4a). These ASVs were notably enriched at 3
and 7d post-TBI and raffinose treatment
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(Supplementary Figure S11). Further validation
using real-time PCR confirmed the increased
abundance of B. acidifaciens after raffinose induc-
tion (Figure 4b).

To investigate the role of B. acidifaciens in
RAHR, we administered B. acidifaciens to mice
via gastric gavage before TBI (Figure 5a). Mice
treated with raffinose or gavaged with
B. acidifaciens exhibited significantly reduced
survival times compared to controls.
Moreover, the combination of raffinose treat-
ment and B. acidifaciens gavage led to the
worse  survival outcomes (Figure 5b).
Consistent with our hypothesis, bone marrow
recovery was delayed in mice treated with raf-
finose alone, B. acidifaciens alone, or the com-
bination of both, compared to control mice at 7
and 14d post-TBI (Figure 5c) (Supplement
Figure S§12). Flow cytometry analysis revealed
that untreated control mice had higher num-
bers of LSK" cells compared to those treated
with raffinose alone, B. acidifaciens alone, or
both at 14 d post-TBI (Figure 5d).

In summary, these findings suggested that
B. acidifaciens, through its role in raffinose meta-
bolism, may inhibit hematopoietic recovery follow-
ing radiation exposure.

FXR alleviates the delayed impact of
raffinose-metabolizing bacteria on RAHR

The farnesoid X receptor (FXR), a key metabolic
regulator of bile acids (BAs),"® could play a crucial
role in the modulation of hematopoietic recovery
after radiation-induced injury. In FXR™'™ mice,
there was no significant alteration in the degrada-
tion rate of raffinose following IR induction
(Figure 6a), and B. acidifaciens levels remained
unchanged, regardless of radiation exposure
(Supplementary Figure S13). This indicated that
FXR is integral to the raffinose-metabolizing bac-
teria’s effects on RAHR.

To further explore this, we conducted FMT
experiments using FXR™'~ or FXR"" donor mice
(Figure 6b). Mice receiving feces from FXR™'~
donors had higher numbers and percentage of
LSK" cells compared to those receiving feces from
FXR*"* donors on the seventh day after 3 Gy TBI
(Figure 6¢,d, Supplementary Figure S14). This sug-
gested that the deletion of FXR mitigated the
delayed recovery of bone marrow caused by raffi-
nose-metabolizing bacteria.

Furthermore, we investigated the role of FXR
using ursodeoxycholic acid (UDCA), an FXR inhi-
bitor. Mice were divided into groups fed with 10%
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3,7, and 14 post-3 Gy TBI in mice with or without bacteroides acidifaciens transplantation. (n > 3), the values were representative of

data from three independent experiments.
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raffinose, 10% raffinose+UDCA, ddH,O+UDCA,
or only ddH,O as a control. Antimicrobial-treated
mice were transplanted using feces from these
mice, followed by 3 Gy TBI (Figure 7a). Mice trans-
planted by feces from 10% raffinose-fed donors
exhibited significantly lower LSK" cells counts
and percentages compared to controls on the
seventh day post-TBI. However, treatments with
10% raffinose+UDCA, or UDCA alone, exhibited
normal LSK™ cells levels, demonstrating that inhi-
bition of FXR rescued hematopoietic recovery
(Figure 7b, Supplementary Figure S15).

Bile acid metabolites/FXR/NF-kB were crucial for
RAHR inhibition by raffinose-metabolizing bacteria

Raffinose-metabolizing bacteria, particularly
B. acidifaciens, appeared to inhibit RAHR through
FXR-related mechanisms involving bile acid meta-
bolism. In wvitro assays confirmed that
B. acidifaciens elevated the proportion of deconju-
gated bile acids, irrespective of the origin (human
or mouse) of the bile acids (Figure 8a,b,
Supplementary Figure $16).'" ' The deconjugated
bile acids act as FXR agonists,”* implicating FXR
activation during IR or raffinose treatment.
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To examine the downstream effects of FXR acti-
vation, we focused on the expression of NF-«xB and
PPAR-y, two crucial proteins influenced by
FXR.*>*7?° We observed that p65, a subunit of
NF-xB, was significantly activated post-IR in both
raffinose-treated and untreated mice, but there was
no significant difference between the two groups.
Notably, we observed elevated levels of phosphory-
lated p65 (p-p65) in the bone marrow of untreated
mice, indicating NF-«xB activation. However, in
raffinose-treated mice, p-p65-positive cells were
scarce both before and after irradiation
(Figure 8¢, Supplementary Figure S17a). Similarly,
the untreated mice also exhibited a higher propor-
tion of Ki67-positive cells post-IR (Figure 8c,
Supplementary Figure S17b). This trend was con-
sistent in mice receiving FMT from raffinose-
treated donors (Figure 8d, Supplementary Figure
S17¢), and in those treated with B. acidifaciens
alone or in combination with raffinose post-IR
(Figure 8e). Notably, FXR knockout mice did not
exhibit significant differences in the number of
p-p65-positive cells post-TBI compared to FXR*'*
mice, further emphasizing FXR’s role in regulating
NF-xB activity and its downstream impact on
RAHR (Figure 8f, Supplementary Figure S17d).

These findings revealed that raffinose-
metabolizing bacteria, such as B. acidifaciens, dis-
rupted bile acid metabolism and modulated FXR
activity, thereby influencing hematopoietic recov-
ery post-radiation through inhibition of NF-«xB
activation.

Discussion

The restoration of hematopoietic function was cru-
cial for mitigating IR-induced damage.' While clin-
ical treatments such as hematopoietic growth
factors and stem cell transplants have demon-
strated efficacy,"*>*° better RAHR management
requires a deeper understanding of the underlying
mechanisms. HS occurs when high doses of IR
cause severe bone marrow damage, resulting in
a significant reduction or complete cessation of
hematopoiesis.” In this study, we established an
HS mouse model using male BALB/c mice,
known for their radiation sensitivity.”” Following
exposure to 3 Gy X-ray TBI, the mice exhibited
classic HS phenotypes, including bone marrow
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damage, weight loss, and reduced peripheral
blood leukocyte counts. These phenotypes peaked
in severity by the third day post-TBI and gradually
improved, indicating the progression and recovery
from HS. Furthermore, exposure to 6 Gy X-ray TBI
resulted in 100% mortality in 8-12d, confirming
the lethality at this dose. Therefore, this model was
suitable for investigating the relationship between
the gut microbiome and RAHR.

The gut microbiome interacted with intestinal
microenvironment and/or nutrients and played
important physiological roles via remote effects,®
including the Intestinal-Hematopoietic Axis inves-
tigated here. Radiation exposure resulted in signif-
icant disturbances in the gut microbiome, notably
reducing taxonomic diversity, a phenomenon pre-
viously associated with both IR exposures**** and
elevated bile acid levels® in mice and humans.
Notably, we evidenced a consistent enrichment of
Bacteroides in the cecal and fecal samples of mice
subjected to either 3 Gy or 6 Gy TBI. Consistent
with our results, there were many papers reported
that Bacteroidetes were enriched under 3 Gy, 4 Gy,
and 6 Gy irradiation.’™** This bacterial shift was
coupled with a functional increase in raffinose-
metabolizing genes post-TBI, suggesting a direct
role of Bacteroides in the RAHR process.

Raffinose is a natural functional oligosaccharide,
a galactose/fructose/glucose trisaccharide, and
a soluble dietary fiber and is widely found in
plant seeds, fruits, rice, and oilseeds.”** Not
absorbed or degraded in the upper gastrointestinal
tract, raffinose reaches the large intestine, where it
is fermented by microbes.>> While raffinose is often
described as prebiotics, our findings highlight its
negative impact on RAHR in mice. Mice fed with
raffinose demonstrated delayed recovery of the
hematopoietic area after 3 Gy TBI and reduced
survival after 6 Gy TBI. These results align with
clinical observations, where increased sensitivity
to radiation has been reported in patients supple-
mented with soluble fiber, which contains high
levels of raffinose,’® underscoring the associations
between raffinose and IR treatments.

Our findings further demonstrated that gut
microbiome plays an essential role in the delayed
RAHR caused by raffinose. Transplantation of
feces from raffinose-treated mice into antibiotic-
treated mice resulted in similar delayed RAHR
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recovery, even without the administration of raffi-
nose itself. This suggests that gut microbial com-
position, rather than raffinose alone, mediates this
delayed recovery.

Notably, the taxonomic composition of the gut
microbiome from raffinose-treated mice resembled
that of IR-treated mice, with a significant increase
in Bacteroides species. Using ASV analysis, we
further examined the Bacteroides population, iden-
tifying nine distinct ASVs. Of these, three ASVs
that exhibited increased abundance after both irra-
diation and raffinose treatment belonged to the
B. acidifaciens clade in the 16S rRNA phylogeny.
Moreover, our in vivo tests revealed that mice
gavaged with B. acidifaciens exhibited delayed
RAHR similar to those treated with raffinose,
further demonstrating the role of B. acidifaciens
in the process.

Some previous studies associated raffinose sup-
plement with increases in Lactobacillus and
Bifidobacterium in the gut microbiome.”” However,
consistent with other reports,”® we did not observe
a significant increase in these two genera post-TBI.
In fact, Bifidobacterium decreased in both fecal and
cecal samples post-TBI, while Lactobacillus
increased in cecal and feces after six and 14 d post-
TBI, respectively. The predominant contributor to
enhanced raffinose metabolism post-TBI was
B. acidifaciens, which exerts a modulating effect on
the intestinal environment by lowering pH and
altering bile acid composition.'>***®

The enrichment of B. acidifaciens following raffi-
nose supplementation and radiation exposure led to
an increased production of deconjugated bile
acids,”**" which are potent agonists of the farnesoid
X receptor (FXR).?%***° The activation of FXR,
a nuclear receptor involved in bile acid
homeostasis,">*>*! appeared to be the primary dri-
ver of the delayed RAHR recovery. FXR activation
triggered downstream pathways,”"* particularly the
inhibition of NF-kB signaling,”******> which was
known to regulate inflammatory and immune
responses. This, in turn, affected cellular growth
and recovery processes,”>* likely contributing to
the delayed hematopoietic recovery observed in the
presence of raffinose-metabolizing bacteria.

To evaluate the hypothesis, we administered raf-
finose to FXR knockout (FXR™") mice and found
that they did not exhibit increased raffinose

metabolism nor delayed RAHR recovery after raffi-
nose treatment. Additionally, similar protective
effects were observed in wild-type mice treated
with ursodeoxycholic acid (UDCA), an FXR antago-
nist. These findings substantiate FXR activation as
the mechanistic link between bile acids and HSC
depletion, as previously suggested by studies on
bile acid homeostasis and gut microbiota
interaction.*>***” Qur results further suggested a bi-
directional relationship between B. acidifaciens and
bile acid, resulting in reduced HSC counts and
delayed RAHR recovery. The administration of
UDCA not only blocked FXR activation but also
rescued the delayed RAHR, positioning it as
a potential therapeutic option for HS treatments.

RAHR management, especially the critical
restoration of hematopoietic function,*® presents
a complex process involving regulatory pathways,
cellular interactions, and, long being underesti-
mated, the gut microbiome. We established a novel
gut-liver-bone marrow axis wherein B. acidifaciens-
mediated raffinose metabolism orchestrated FXR-
dependent suppression of hematopoietic recovery
through bile acid/NF-kB crosstalk. Treatments
involving radiation and raffinose administration sig-
nificantly increased the abundance of B. acidifaciens
in the gut microbiome. This microbial augmentation
led to higher levels of free bile acids, which subse-
quently activated FXR. The activation of FXR trig-
gered a suppression of NF-«kB signaling and
inhibited cellular proliferation, ultimately reducing
the number of HSCs and delaying RAHR recovery
(Figure 9).

Our study had several limitations. First, it
mainly focused on B. acidifaciens as the primary
raffinose — metabolizing bacterium enriched in
both radiation and raffinose treatments, while
other microbial species varying under only one
condition may also contribute to RAHR. Second,
the detailed mechanisms linking B. acidifaciens
enrichment to elevated bile acid levels need further
study. Third, the efficacy of alternative therapies
like raffinose restriction or targeted antimicrobials
against Bacteroides warrants more investigation.
Moreover, we lacked data on the dynamic changes
of the intestinal flora after 4 Gy and 5 Gy irradia-
tion. The clinical sample size was small, and the
follow — up time was inadequate. These issues
should be addressed in the future research.
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In conclusion, this study suggested that raffi-
nose-metabolizing bacteria, especially
B. acidifaciens, delay RAHR recovery in a bile
acid/FXR/NF-kB pathway. Interventions targeting
these bacteria, particularly via FXR inhibition or
UDCA administration, offer promise for the pre-
vention and treatment of HS. These findings
offered insights into the Intestinal-Hematopoietic
Axis and provided new avenues for investigating its
role in various diseases, including HS.

Methods
Animals

Male BALB/c and C57BL/6N mice, aged 8 to
10 weeks and weighing 25+ 3 g, were purchased
from Gempharmatech (Nanjing, China). FXR
knockout C57BL/6N mice (FXR-/-) were also
included in the study, which was constructed by
Cyagen Biosciences (Suzhou, China). The genotype
of FXR-/- mice was verified by a PCR kit using
primers as follows: Primersl: sense 5'-
TGTGTTGTATGAGAGTTTTGTCCGC-3', anti-
sense  5'- GATTTGTGGTGTCCTGTATTCC
TAG-3"; Primers2: sense 5- TGTGTTGTATGAG
AGTTTTGTCCGC-3, antisense 5- TGAGCCAA

GGGGATGTAGCAATG -3'. Mice were main-
tained in specific pathogen-free (SPF) facilities at
Soochow University’s Experimental Animal Center,
provided with food and water by the experimental
animal center. The housing conditions maintained
a room temperature of 20-24°C with a humidity
level of 40-60%, while ensuring strict bacterial con-
trol. Stringent regulations were in place for the entry
and exit of personnel and materials. All animal
experiments were conducted following the NIH
guidelines and approved protocols by the
Institutional Animal Care and Use Committee of
Soochow University, with approval from the
Animal Ethics Committee of Soochow University.

Clinical samples

The clinical samples were obtained from the
Affiliated Jiangyin People’s Hospital of Nantong
University, and the study was approved by the
Ethics Committee of the same hospital in accor-
dance with the Helsinki Declaration. Fecal samples
were collected from radiotherapy patients with
written informed consent. All cases where patients
had used hormones or antibiotics within the
three — week period prior to the sampling time
point were excluded from the study.
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Total body irradiation for HS model construction

To construct the HS mice model, TBI was per-
formed using the RS-2000 Pro biological X-ray
irradiator (Rad source, USA) at an average dose
rate of 1.225 Gy/min, with a voltage of 160 kV,
a current of 25 mA, and a source skin distance of
40 cm.*® The irradiation time was adjusted based
on the desired irradiation dose. After irradiation
(IR), the mice were returned to the staging room
for further housing and care.

Evaluation of IR-induced hematopoietic injury

Post-irradiated mice were monitored daily for their
condition, body weight, and survival. To evaluate
hematological changes at different doses and time
points, we selected at least three mice from each
group on specific days post-irradiation. Blood sam-
ples were collected from the orbital venous plexus
using a volume of 30 pl and mixed thoroughly with
180 pl of diluent. The cell contents of the blood
samples were determined using an automatic ani-
mal blood and body fluid analyzer (Sysmex, Japan).

Subsequently, the liver, spleen, and sternum of the
mice were collected after IR. The tissues were col-
lected, fixed in a 4% paraformaldehyde solution,
decalcified, embedded in paraffin, and proceeded
to sections preparation as previously described.*’
Histopathological analysis of the tissue sections was
performed using a hematoxylin and eosin (HE)
staining kit. The histopathological changes were
observed under a microscope (Olympus, Japan).
And the lesions of bone marrow were quantitatively
analyzed as the number of bone marrow cells and
the area of hematopoietic tissue using Image] soft-
ware (National Institutes of Health Image, USA).>

16S rRNA amplification and sequencing

Sequencing and analysis were conducted by OE
Biotech Co., Ltd. (Shanghai, China). The total
genomic DNA was extracted using a DNA
Extraction Kit following the manufacturer’s
instructions. The quality and quantity of the DNA
were evaluated using NanoDrop and agarose gel
electrophoresis. The extracted DNA was diluted to
a concentration of 1 ng/ul and stored at —20°C until
further processing. The bacterial 16S rRNA genes

were amplified using barcoded primers and Takara
Ex Taq (Takara, Japan) with the diluted DNA as
the template. The quality of the amplicons was
assessed by gel electrophoresis. The amplifications
were then purified using AMPure XP beads
(Agencourt) and subjected to an additional round
of PCR amplification. The final amplicons were
quantified using the Qubit dsDNA assay Kkit.
Equal amounts of purified amplicons were subse-
quently pooled or sequencing. The data structure
was optimized for further bioinformatic analysis.

16S rRNA gene sequence analysis

The raw paired-end sequencing data were filtered,
merged, and trimmed wusing Fastp software
(v0.22.0).”" Amplicon sequence variant (ASV) of the
16S rRNA gene sequences was analyzed using the
DADA2>* workflow in the QIIME 2 software™ (ver-
sion 2022.4). The ASVs were taxonomically assigned
using QIIME2 classify-sklearn workflow based on the
Silva 138 database. All the ASVs were filtered by
a length of 200 bp. For the radiation exposure only
experimental group, the reads count of ASVs of
mouse feces samples was rarefied to 14,000 and of
mouse gut samples were rarefied to 30,000. For the
radiation exposure after 7 d’ raffinose culture experi-
mental group, the reads count of ASV's of mouse feces
samples was rarefied to 24,000. All the subsequent
analyses were based on rarefied ASV table. Based on
the rarefied ASV table and sequences, Picrust2>* was
applied to predict the functional profile, and then
ggpicrust™ was used to get the KEGG pathway profile.

The alpha diversity was measured using the
Faith PD index which produced by QIIME2 alpha-
diversity workflow. LEfSe software>® was used for
detecting group-wise differential features with an
LDA score greater than 2. The statistical signifi-
cance of the differences was determined using the
Wilcoxon rank-sum test in R4.3. All the figures
were made by ggplot2 and ggpubr package in R4.3.

For getting the Bacteroides spp. sequences
which were close to Bacteroides ASV in this
study from public database, we used
Greengene?2 as a reference and used Vsearch soft-
ware to searching (—i 0.95). Phylogenetic tree
Bacteroides spp. was constructed by FastTree
after aligned through MAFFT, and ggtree was
used to visualize the tree.



Saccharides fermentation and thin-layer
chromatography

To evaluate the degradation of saccharides by the
gut flora, saccharide fermentation and thin-layer
chromatography (TLC) were conducted. Mouse
feces were suspended in phosphate-buffered sal-
ine (PBS) to create a 10% solution. A 0.5ml
volume of the fecal suspension was then inocu-
lated into the culture medium and incubated in
a bacterial incubator at 37°C for 24 h. The sac-
charide degradation rate was detected using
thin-layer chromatography. The preparation of
chromogenic chromatography plates involved
spotting, unfolding, staining, and other relevant
procedures.”” The plate was then photographed,
and the rate of saccharide degradation was quan-
titatively analyzed using TLC software (Hangzhou
Hailu, China).

Flow cytometry assay

The mice were euthanized using sodium pentobar-
bital and sterilized with 75% alcohol for 5 min. The
tibia and femur from the lower limbs were placed
aseptically in pre-cooled phosphate-buffered saline
(PBS). The bone marrow was aspirated into a 15 ml
centrifuge tube containing sterile PBS. The bone
marrow cell suspension was then passed through
a 200-mesh sieve to eliminate cell clumps. Finally,
the cells were resuspended to obtain a single-cell
suspension and kept on ice.

The antibodies used for flow cytometry staining
were anti-mouse Ly-6A/E  (Sca-1) PE-Cy7
(BioGems), anti-mouse CDI117 (c-Kit) APC
(BioGems), anti-mouse CD34 FITC (BioGems), anti-
mouse CD16/CD32 PE (BioGems), and Pacific
BlueTM anti-mouse lineage cocktail (BioLegend,
USA). The cells were washed with PBS and analyzed
using the FACSVerse Cell Analyzer (BD, USA). All
data were analyzed using Flowjo software (BD, USA).

Feces microbiota transplantation (FMT)

The mice were randomly divided into donors and
recipients. The recipients were given sodium ampi-
cillin (1g/L), vancomycin (0.5g/L), neomycin
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sulfate (1g/L), and metronidazole (1g/L) via
drinking water, which was replaced every
other day for 7 consecutive days. To prepare
a suspension, the feces of the donor mice were
added to sterile PBS and vortexed followed by
filtration through a 200-mesh sterile mesh sieve.
After briefly vortexing, the supernatant was col-
lected by centrifugation at 600 g for 5min and
was administered to the recipients by gavage.

Bacterial culture and mono bacterial
transplantation

The lyophilized bacterial powder of Bacteroides
acidifaciens JCM 10,556 was purchased from
Ningbo Mingzhou Biotechnology Co., Ltd. and
stored at 2-8°C. The culture process required
a blood plate culture in a special anaerobic airbag,
and an anaerobic glove box was required to ensure
an oxygen-free environment for Bacteroides
acidifaciens.

The bacterial suspension was prepared by cen-
trifuging and resuspending Bacteroides acidifaciens
in the logarithmic stage, resulting in
a concentration of approximately 10° ~10° cfu/
ml. The bacterial liquid sample was diluted and
then transplanted via microbial gavage. Gastric
gavage transplantation was carried out twice
a week, with a colonization cycle of 2 ~ 4 weeks
for general single bacteria and a gavage amount of
approximately 10 pl/g. The Balb/C male mice were
divided into four groups: control, raffinose,
Bacteroides acidifaciens, and raffinose plus
Bacteroides acidifaciens. After 2—-4 weeks of gavage,
the mice were exposed to 3 or 6 Gy TBL

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The qRT-PCR assay was conducted following the
previously described method.*” DNA was extracted
from the above clinical feces’ samples to detect the
concentrations of Bacteroides. The qRT-PCR was
performed on the Applied Biosystems ViiA7Dx
(Life Technologies, America) using Bacteroides
spp. SYBR qPCR Kit (Tiandz, China).
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In vitro bile acids metabolism assay and mass
spectrometry analysis

To examine Bacteroides acidifaciens could affect
bile acids metabolism, an in vitro bile acids meta-
bolism assay was performed. The strains were
inoculated into anaerobic tubes containing
Brain Heart Infusion (BHI) medium (Hope
Biotech, Shandong, China) for activation and
subjected to two consecutive passages for fer-
mentation. Subsequently, 0.5 mL of the bacterial
suspension was inoculated into 5mL of BHI
medium supplemented with 5pL/mL of bile
acids derived from either human or mouse
sources. This mixture was then subjected to
anaerobic fermentation at 37°C for 48h.
Following completion of the fermentation pro-
cess, the bile acid profile was quantitatively ana-
lyzed using Liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS), which was per-
formed by Hailu Biotech (Hangzhou, China), MS
analysis was performed as described in previous
study?!""®

Quantification and statistical analysis

Statistical analysis and data presentation were per-
formed using GraphPad Prism software (GraphPad
Software, America). Experimental results were
expressed as mean * standard deviation and tests
were repeated three times. Differences between the
two groups were analyzed using an independent sam-
ples two-sided t-test, with a significance level of p
<0.05.
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