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Faecalibaculum rodentium Alleviates lonizing
Radiation-Induced Damage in Mice by Improving Intestinal
Integrity and Hematopoiesis via Its Metabolite Butyrate

Hanyong Zhu, Hui Guo, Na Sun, Rui Xiao, Binbin Ji, Ruihan Jiang, Fuxing Dong,
Chen Yao, Xuerong Wang, Rongging Li, Jie Zhao, Xueqin Li, Shengzhe Gong, Yongqin Qin,

Xin Chen,* Yuchen Pan,* Takayuki Ikezoe, and Jing Yang*

The gut microbiota is key to mitigating ionizing radiation (IR)—induced
injuries; however, the specific species involved in and the molecular
mechanisms remain elusive. Mitochondrial dynamics affect gut microbiota
diversity. To identify the specific species involved in the radioprotective effect,
we performed mitochondrial proteomic profiling of mouse intestinal epithelial
cells and identified the accumulation of signal transducer and activator of
transcription 3 (STAT3). Using mitochondrial STAT3 knock-in mice, we
observed the abundance of the probiotic Faecalibaculum rodentium and its
metabolite butyrate decreased in parallel with increased sensitivity to IR.
Supplementation with Faecalibaculum rodentium or butyrate attenuated
IR-induced intestinal barrier dysfunction, enhanced hematopoietic recovery,
and prolonged survival. Butyrate is found to exert dual protective effects: It
increases tight junction proteins, such as zonula occludens-1 (ZO-1) and
occludin, and the defense factor levels to reinforce intestinal integrity.
Furthermore, it sustains extracellular regulated protein kinases
(ERK)-mediated pyruvate kinase isozyme type M2 (PKM2) nuclear localization,
thereby attenuating p53-dependent apoptotic signaling in hematopoietic stem
cells and ultimately prolonging mouse survival. These findings indicate that
Faecalibaculum rodentium-derived butyrate confers radioprotection by
maintaining the intestinal barrier and hematopoietic regeneration, suggesting
a promising microbiota-directed therapeutic strategy against
radiation-induced injury.

1. Introduction

The gut microbiota greatly influences host
physiology in both homeostasis and patho-
logical states via microbial components,
microbiota-derived metabolites, and nutri-
ent regulation.'™*] Emerging evidence in-
dicates that the gut microbiome plays a
critical role in modulating hematopoietic
recovery and that it is a therapeutic tar-
get for mitigating ionizing radiation (IR)-
induced tissue injury.

Myeloid cell populations have been
found to be positively correlated with gut
microbial diversity.[!! Under steady-state
conditions, microbiota-derived molecules
enhance inflammatory cytokine pro-
duction by C-X3-C motif chemokine
receptor 1 (CX3CR1)-positive mononu-
clear cells, thereby regulating basal
progenitor  expansion.?]  Furthermore,
the gut microbiome is indispensable
for maintaining neutrophil homeosta-
sis and regulating aging, with intricate
interactions occurring between the gut
microbiota and hematopoietic cells that
contribute to inflammatory disorders and
malignancies.>’”] Broad-spectrum antibi-
otic (ABX) administration compromises
hematopoietic progenitor maintenance
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and granulocyte maturation.®] Recent research has shown that,
under stress conditions, the gut microbiome and its metabolite
butyrate augment the bone marrow (BM) macrophage capacity
for recycling and provision of iron to hematopoietic stem cells
(HSCs), thereby influencing HSC stemness.°]

The gastrointestinal (GI) tract and BM show the greatest
sensitivity to IR. IR-induced injuries to these systems are the
main causes of IR-related mortality. During IR exposure, Lach-
nospiraceae family strains and their metabolites (e.g., propionate
and butyrate) are crucial for promoting GI repair and acceler-
ating hematopoietic recovery.'%! Furthermore, nicotinamide ri-
boside, a vitamin B3 derivative and microbiota metabolite, pre-
serves HSC function "l and alleviates IR-induced hematopoietic
injury,'?l underscoring the pivotal regulatory roles of the micro-
biota and its metabolites in radioprotection. However, the species
critical for mediating radioprotection remain unclear.

The GI tract hosts a complex microbial ecosystem comprising
an estimated 3 million microbial genes,>'* which poses signif-
icant challenges in identifying specific bacterial species essential
for radioprotection without the use of appropriate experimental
models. In addition to dietary patterns, intestinal epithelial cell
(IEC)-mediated metabolic processes and mucosal defense pro-
foundly influence gut microbial composition.!”®! Given the cen-
tral role of the mitochondria in IECs,*%! cellular stress responses
that induce mitochondrial alterations, including mitochondrial
protein relocalization, could modulate microbiota dynamics.!'718]
Thus, these previous studies suggest the feasibility of screening
the mitochondrial proteomic profiles of IECs for developing tar-
geted murine models in order to identify the microbiota essential
for radioprotection.

In this study, to screen the key microbiota strain(s) essential
for radioprotection, we performed mitochondrial proteomic pro-
filing of IECs and identified signal transducer and activator of
transcription 3 (STAT3) localized in IEC mitochondria. Further-
more, we used inducible mitochondrial STAT3 knock-in mice to
identify key microbial species involved in radioprotection and to
elucidate their mechanistic roles in this process.

2. Results

2.1. Mitochondrial STAT3 Knock-In Mouse Model was
Established for Selecting Potential Probiotics

We first confirmed that the gut flora is essential for mediating
hematopoiesis and IR sensitivity. The mice were subjected to
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ABX treatment, and the a-diversity, g-diversity, and the relative
abundances of the probiotic family were compared to those in
control mice, both with and without IR exposure (Figure S1A-F,
Supporting Information). ABX treatment disrupted crypt-villus
architecture and decreased the hematopoietic cell count (Figure
S1G,H, Supporting Information), and exacerbated IR-induced
mortality, with concomitant crypt-villus loss, hematopoietic cell
reduction, and diminished HSC colony formation (Figure S11-K,
Supporting Information); these findings verified the importance
of the gut microbiota in alleviating IR-induced damage.

Mitochondrial alterations in the intestinal epithelium can pro-
mote gut microbiota dysbiosis, ! affecting both the GI and
hematopoietic systems.[®! Using mass spectrometry analysis, we
sought to identify the critical proteins controlling mitochondrial
alterations in order to establish a mouse model for species screen-
ing. STAT3, but not STAT1/2, accumulated in IEC mitochon-
dria after ABX treatment and IR exposure (Table S1 and Figure
S1L,M, Supporting Information), indicating that STAT3 mito-
chondrial localization could affect the gut flora.

To investigate the relationship between mitochondrial STAT3
and the gut microbiota, we utilized whole-body mitochondrial
STAT3 knock-in mice.?!l Compared with WT mice, our find-
ings showed mitochondrial STAT3 knock-in altered gut microbial
diversity (a/p-diversity) and probiotic reduction (Figure S2A-E,
Supporting Information). Moreover, these mice exhibited 100%
mortality within 14 days after IR, presenting with BM aplasia and
GI syndromel'®! characterized by hematopoietic element deple-
tion and crypt-villus atrophy (Figure S2F,G, Supporting Informa-
tion).

To verify the roles of mitochondrial STAT3 in the villi and crypt
epithelia influencing gut microbiota and to delineate microbiota-
specific effects from direct mitochondrial STAT3-mediated
impact on HSC, we generated intestine-specific mitochon-
drial STAT3 knock-in mice (Rosa2G"STAT3/mSTATS VillinCre/+)
(Figure 1A). Unirradiated Rosa26™STAT/mSTAT villinCre/t mice
showed distinct a-diversity and pg-diversity, along with lesser
relative abundances of the probiotic than the unirradiated
Rosa2GmSTAT3/mSTATS  mice did (Figure S3A-E, Supporting
Information). Post-IR analysis revealed significant micro-
biota restructuring in Rosa26™STAT3/mSTAT illinCre/+  mice,
with decreased Bifidobacterium, Lactobacillus, and Faecalibac-
ulum but increased Akkermansia abundance (Figure 1B-E).
Irradiated  Rosa26™STAT3/mSTATS V/ilinCro/+  mice showed de-
creased survival under non-sterile conditions (Figure 1F).
Cohousing normalizes microbial communities between
genotypes.[2] Rosa26"STAT/MSTATS - V/jlinC/* mice cohoused with
Rosa26mSTAT3/mSTATS mice showed extended survival (Figure 1G),
attenuated crypt-villus damage, and improved BM cellularity
(Figure 1H), indicating that STAT3 localization in the mito-
chondria of villi and crypt epithelia affects the gut microbiome.
Thus, the findings indicate that the mitochondrial STAT3 knock-
in mouse model could serve as a tool for selecting potential
probiotics essential for IR protection.

To screen for the potential key species, we per
formed species-level metagenomics sequencing analysis.
Rosa26"STAT3/mSTATS -illinCre/+  mice showed enrichment of
Akkermansia muciniphila (A. muciniphila) but decreased rela-
tive abundances of Faecalibaculum rodentium (F. rodentium),
Lactobacillus johnsonii (L. johnsonii), Bifidobacterium pseudo-

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

A

O RosazaLSL-MLS-STATB

www.advancedscience.com

RosaZGLSL ~-MLS-STAT3- VI””-,Cre/f
PCoA analysis

TP 9000 500 —% 0.05 1 o
oo v 08> M;,* 7500 48 - 2 R
2 a - C 46 c &
Ros? ROS \l\\\‘“ o 2000 2 & o003 P /
S 4500 = 44 a ~
TSl | STAT3 S 3000 2 42 5 oo ~1 0
1500 D 40 0.01 8 -
wsm s | VDAC 1 1] | o0
’ PC1 (67.35%)
D ROSa26LSLMLS-STAT3 p © R0Sa26LSLMLS-STATS-\/j[[inCrer
a: p_Actinobacteria Genus level
b : c_Actinomycetia Chlamydia
¢ : o_Bifidobacteriales Odoribacter
d: f_Bifidobacteriaceae Lactobacillus ROSa26LSL-MLS-STAT3
e : g_Bifidobacterium Bifidobacterium
f : c_Bacilli ) Allobaculum R0Sa26LSL-MLS-STATS \/j|[jnCre/+
g: o_Lactobacillales Pseud.
h : g_Lactobacillus . seullgmo;?as
i : c_Erysipelotrichia accalibacuium i
j : o_Erysipelotrichales Muricauda )
k : f_Erysipelotrichaceae Candidatus_Arthromitus
I - p_Verrucomicrobia Escheri_chia
m: ¢_Verrucomicrobiae Rodentibacter
n: o_Verrucomicrobiales Akkermansia
0: f_Akkermansiaceae 5 4 2 o0 2 M
p : g_Akkermansia G LDA score (log,,)
100+ —O—R0sa26-8L-MLS-STAT3 G|
= O Rosa26LSLAMLS—STAT3 —~ g0 5 .... _Rosa26L3L_MLs.STAT3 CO %
2 801 R0Sa26L-SL-MLS-STATS \JjllinCre/t 1 —(—R0sa26LSL-MLS-STATS: \/j[[inCre+ G|
T 01 \—m’ 601 --R0sa26LSEMLS-STATS \/jllincre* CO.
>
E 404 I g 404
= =
o) 204 & 201
0+—-
0 5 10 15 20 25
Days
H o
o
3 s * %k *
(2]
1)
2 &,
g O Rosa26LSL—MLS—STAT3
) ) ’l‘ ’l| R0Sa26L5L-MLS-STAT3 -\ jjfjnCre/+
w
o o
£ (o)
k7 o o
Q S
£ 2 O Q
I Sl. CcO
I F. rodentium L. johnsonii B. pseudolongum P. merdae Butyricimonas A. muciniphila
6 ** 10 20 X 6 G 8 & 15 *
o o o o o o o
X 8,0 X 15 X x o T X
Tl g 3 8" 3 g ®
c c c1o1 |© c c4lo c
© © 4 © © © @ 6
T 2 k] o T 2 o) o
5 § 2 5 ° 5 || 5 2 5
Q ] Q Q Q Q Q
<o <o =1 3 <o < <o
LSL-MLS- STAT3 LSL-MLS-STAT3-\ /j||jnCre/+
O Rosa26 Rosa26 Villin
‘J » F.rodentum , L. johnsonii «» B. pseudolongum , P. merdae (,, Butync:monas «» A. muciniphila
o © o 10 o 20 *% o4 o5
> > > > o >
o Qo 8 O g o 5 G’ 2o Q4
< < < < < [¢)
zZ Z 6 4 z o 21 5 Z3
[a) @) Q10 02| ,° a
) o 4 ) o) u>1° o2
= = 2 05 = 2
B B 2 s 8" Y pe “05 g1 [ [
iz T o @ 00 o wol-le

Adv. Sci. 2026, 13, €09383

O Ro0sa26-s-MLS-STAT3 without Radiation

09383 (3 of 18)

O Rosa26-s- MLS STA”, Villin®*"* without Radiation

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

longum (B. pseudolongum), Parabacteroides merdae (P. merdae),
and Butyricimonas (Figure 1I). The relative abundances of
F. rodentium, L. johnsonii, and B. pseudolongum were rescued
when Rosa26"STAT3/mSTATS - V/j]linCre/+ mice were cohoused with
Rosa26mSTAT3/mSTATS mice (Figure S3F, Supporting Information).
The relative abundances of F. rodentium, L. johnsonii, and B.
pseudolongum decreased in Rosa26™STAT3/mSTAT3 - illinCre/+ mice
that had not been irradiated (Figure 1J). Conversely, Butyrici-
monas, P. merdae, and A. muciniphila levels were barely affected
in unirradiated Rosa26™STAT/MSTAL Vjjlin@/* mice (Figure 1J),
indicating that F. rodentium, L. johnsonii, and/or B. pseudolongum
may be important in alleviating IR-induced damage.

2.2. F. rodentium Mitigated IR-Induced Injuries in Mice

To verify which species were key to alleviating IR-induced dam-
age, we pretreated C57BL/6 mice with either the selected strain
or bacterial growth medium by oral gavage for 5 days, followed
by exposure to 7.5 Gy IR (Figure 2A). Under non-sterile condi-
tions, the mice administered F. rodentium showed the greatest
improvement in clinical scores and survival rates (Figure 2B,C).
The mice inoculated with L. johnsonii or B. pseudolongum did
not show better outcomes than those administered the bacterial
growth medium (Figure 2B,C). The crypt villi damaged by IR
recovered in the presence of F. rodentium (Figure 2D,E). Com-
pared to mice administered bacterial growth medium, those that
had been administered F. rodentium showed attenuation of the
IR-induced decrease in BM cellularity (Figure 2D). Additionally,
the nucleated cell count in the BM, which was reduced by IR
treatment, was partially rescued in mice treated with F. roden-
tium (Figure 2E). In contrast, L. johnsonii and B. pseudolongum
barely increased the nucleated cell counts (Figure 2E). F. ro-
dentium treatment reduced the clinical score and prolonged the
survival rate of IR-treated mitochondrial STAT3 knock-in mice,
along with restoring crypt-villus damage and improving BM cel-
lularity (Figure 2F-1). These findings showed that F. rodentium is
critical for mitigating IR-induced damage.

2.3. The F. rodentium Metabolite Butyrate was Important for
Alleviating IR-Induced Damage

Metabolic prediction revealed that the metabolic changes were as-
sociated with the TCA cycle and glycolysis, along with increased

www.advancedscience.com

abundance of enzymes important for the TCA cycle (Figure 3A,B;
Figure S4A, Supporting Information). Butyrate, a short-chain
fatty acid (SCFA), is produced from carbohydrates via glycolysis
(Figure 3C) and presents a major metabolic product of F. roden-
tium (Figure 3D). Butyrate levels increased in mice treated with F.
rodentium after IR, similar to the findings for the F. rodentium cul-
ture medium (Figure 3E). The butyrate concentration was lower
in Rosa2G"STAT3/mSTATS - V/jllinr/+ mice, in parallel with decreased
butyrate kinase abundance (Figure 3F; Figure S4B, Supporting
Information). The butyrate kinase abundance positively corre-
lated with F. rodentium abundance in Rosa26™S™T3/mSTATS mjce
and Rosa2G"STAT3/mSTATS - V/ilinCre/+ mice (Figure S4C, Supporting
Information). Additionally, the abundance of butyrate-producing
bacteria increased in wild-type mice fed with F. rodentium (Figure
S4D, Supporting Information), showing that F. rodentium could
directly or indirectly induce butyrate production and exert radio-
protective effects.

Butyrate can control gut homeostasis 22l and regulate the HSC
regenerative response.l®! To verify whether butyrate is required
for F. rodentium-mediated radioprotection, we fed mitochondrial
STAT3 knock-in mice normal chow or food containing 5% bu-
tyrate 2 weeks before irradiation and another 2 weeks after irra-
diation. The irradiated mitochondrial STAT3 mice showed sig-
nificantly longer lifespan when they were administered butyrate
than when they were administered normal chow (Figure 3G,H).
The decrease in crypt-villus units and BM aplasia observed in ir-
radiated mitochondrial STAT3 knock-in mice was blunted when
these mice were fed a butyrate diet (Figure 3I). Butyrate adminis-
tration also significantly reduced clinical severity scores and pro-
longed survival in I[R-treated wild-type mice under non-sterile
conditions; furthermore, it attenuated crypt-villus architectural
damage and improved BM cellularity (Figure 3]-M). These find-
ings showed that F. rodentium both directly and indirectly in-
duced butyrate production and alleviated IR-induced injuries.

2.4. F. rodentium[Butyrate Promoted Intestinal Integrity and
Hematopoietic Recovery

Butyrate modulates intestinal mucosal barrier integrity.?*! Con-
sistent with this previous finding, we noted that the lev-
els of MMP7, which is responsible for antimicrobial peptide
maturation?* and lysozyme activity, and the tight junction pro-
teins zonula occludens-1 (Z0O-1) and occludin increased when
mice were fed F. rodentium or butyrate (Figure 4A-C). This find-

Figure 1. F. rodentium abundance was reduced. A) Expression of the indicated proteins in the mitochondrial fraction of epithelial cells was analyzed.
Voltage-dependent anion channel (VDAC) was shown as a loading control. The data represented one of two independent experiments. B) Mice were
treated with 7.5 Gy. The metagenomics sequencing was performed 3 days post-irradiation. A plot of the Shannon-Wiener diversity index, Simpson
index, and Chao 1index was shown. C) Principal coordinate analysis (PCoA) score plot was performed. D) A cladogram representation of taxa enriched
in Rosa26SL-MLSmSTAT3 mice microbiota (blue) and taxa enriched in Rosa26-LMES-mSTAT3. vjj|inCre/+ mice microbiota (red). E) Linear discriminant analysis
(LDA) scores were analyzed at the genus level. B-E) The figures shown represent a single experiment. n = 3 mice/group. F) Kaplan-Meier survival curves
for Rosa26-SL-MLSmMSTATS mice (n = 10) and Rosa2G-StMLS-mSTAT3.vjflinCre/+ mice (n = 10) treated with 7.5 Gy. The figures shown represent a single
experiment. G) Rosa26-51-MESMSTATS mice (alone: n = 9; co-housed: n = 9) and Rosa2G-SEMESMSTATS vjljinCre/+ mice (alone: n = 6; co-housed: n = 7)
bred alone or co-housed were treated with 7.5 Gy. Kaplan-Meier survival curves were analyzed. The figures shown represent a single experiment. H) HE
staining of the intestine (scale bar = 100 um) and BM (scale bar = 50 um), and damage score of the intestine from Rosa26-SLML>mSTAT3 mice (alone: n
=5; co-housed: n = 4) and Rosa26LSLMLS-mSTAT3. vjfinCre/+ mice (alone: n = 5; co-housed: n = 4) were analyzed. The data is representative of one of two
independent experiments. 1) The relative abundance of gut microbiota from Rosa26-S-MESmSTAT3 mice and Rosa26-SEMES-mSTAT3, vjflin<re/+ mice 3 days
post-irradiation. The figures shown represent a single experiment. n = 3 mice per group. J) The relative abundances of indicated bacteria species before
irradiation were assessed by real-time PCR (n = 7 per group). The data shown is representative of the combination of two independent experiments.

*p < 0.05, p < 0.01.

Adv. Sci. 2026, 13, 09383 e09383 (4 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[] control [J F. rodentium L. johnsonii [Z] B. pseudolongum
A Radiation
C57BL/6 ¥ s _ 1
6 -5 - - 2 -1 0 1 Days o 5 P
[ 1 [ [ [ [ [ 3 > 59 L 75
ABX Medium L |« T 5o
= SRR S (] =
ABXN\\\\\£. rodentigrm\\\\ - = e
ABX L. johnsonii 5 a
ABX B. pseudolongum 0 0

sDays o 1 2 3 4 5 s 7Days

m

control

F. rodentium

L. johnsonii
B 2
P

Intestine
Histological
damage scores

(@O non-radiation

@
< 9 g‘z' O control
o ‘ §: 81 @ F. rodentium
£Z 4 [ L. johnsonii
3 8 O B. pseudolongum
F o G __lcontrol  [C]F. rodentium H __lcontrol  [C]F. rodentium
g N Radiation 18 400
OsaZ6LSL-MLS-STAT3; V’”’nCre/+ ‘ 8 15 Q\O [ﬁ
6 5 4 3 2 4 0 1-Days &1 =75 !
L 1 1 1 [ 1 1 1 > = 9 © L
> g > 50
Medium £ P ‘ *
e = - o
i O i D —— \
0 1 01234557Days
I R03326LSL-MLS-STAT3 RosaZGLSLvMLS-STATS;Vi”incre/#
control F. rodentium control _F. rodentium
- D control _ | ROSa26LSL-MLS-STATS
ol O F. rodentium
§ D ContrOI i | RosazsLSL-MLS-STAT3;Vi”,'nCre/+
= O F. rodentium
[%2]
52 °
o Q
25 ¢
s = 0
m % 22
TE
Jo

Figure 2. F. rodentium alleviates IR-induced injury in mice. A) WT mice were treated with 7.5 Gy irradiation during the administration of the indicated
bacterial strains. B) The clinical score of irradiated mice (Ctrl, n = 27; F. rodentium, n = 24; L. johnsonii, n = 13; B. pseudolongum, n = 13) was monitored.
C) Kaplan-Meier survival curves of the irradiated mice (Ctrl, n = 27; F. rodentium, n = 24; L. johnsonii, n = 13; B. pseudolongum, n = 13) were analyzed.
B, C) The figures show the combination of twice experiments. D) HE staining intestine (scale bar = 100 pm) and BM (scale bar = 50 um). The figures
shown represent one of two independent experiments. E) Cell numbers of BM from untreated mice (n = 3) or 1 day post-irradiated mice (Ctrl, n = 5;
F. rodentium, n = 5; L. johnsonii, n = 3; B. pseudolongum, n = 3) were counted, and the damage score of the intestine was analyzed. The figures show
the combination of twice experiments. F) Mitochondrial STAT3 knock-in mice were treated with 7.5 Gy irradiation in the administration of either culture
medium or F. rodentium. G) The clinical score of irradiated mice (n = 10 mice per group) was monitored. H) Kaplan-Meier survival curves of the irradiated
mice (n = 10 mice per group) were analyzed. (G-H) The figures show the combination of twice experiments. 1) HE staining of the intestine (scale bar
=100 um) and BM (scale bar = 50 um) was performed, and the damage score of the intestine was assessed. The figures shown represent one of two
independent experiments (n = 4 mice per group). “p<0.05; *p<0.01.

ing indicated that F. rodentium/butyrate administration rescued
the IR-induced damage to gut barrier integrity and defensive abil-
ity.

To assess whether F. rodentium/butyrate could promote
hematopoietic regeneration, we treated wild-type mice with a
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sublethal dose of total body irradiation.[?) We found that there
were similar drops in cellularity across the bacterial growth
medium and F. rodentium groups for the first 10 days. How-
ever, consistent with the survival data, whole blood count anal-
ysis revealed that F. rodentium administration accelerated cellu-
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larity recovery to a significantly greater extent than the bacterial
growth medium alone (Figure 5A-E). On Day 13, F. rodentium-
treated mice exhibited an increase in the counts of long-term
(LT) and short-term (ST) Lin~Scal*c-Kit* (LSK) cells, which are
essential for sustained hematopoiesis, and their downstream
progenitors, including multipotent progenitors (MPPs), com-
mon myeloid progenitors (CMPs), megakaryocyte-erythrocyte
progenitors (MEPs), and granulocyte-macrophage progenitors
(GMPs) (Figure SF-H). On Day 60, the counts of LT-LSK
cells and their downstream progenitors were higher in mice
treated with F. rodentium than in those treated with the bacte-
rial growth medium alone (Figure S5A-D, Supporting Informa-
tion). We also performed competitive BM transplantation and
found that BM cells harvested from Rosa26™STAT3/mSTAT3 il Cre/+
mice exhibited lesser proliferation than those harvested from
Rosa26STAT3/mSTATS mice in irradiated CD45.1 mice (Figure
SS5E,F, Supporting Information). Additionally, we found that
the colony number and mRNA levels of Forkhead box O3a
(FOXO3a), which regulates HSC self-renewal %t in sorted
Lin~Scal*c-Kit"CD48~CD150" cells from F. rodentium-fed mice
had increased (Figure S5G,H, Supporting Information). The
IR-induced mRNA expression of the proapoptotic gene BCL-2-
associated X protein (BAX), a downstream target of p53, was re-
versed in the presence of F. rodentium (Figure S5G, Supporting
Information).

Similar to the findings for F. rodentium administration, bu-
tyrate triggered hematopoietic regeneration in vivo (Figure
6A-H), along with an increase in colony numbers and the rela-
tive mRNA levels of FOXO3a and Runt-related transcription factor
1 (RUNX1) (Figure S51,], Supporting Information). These find-
ings indicated that F. rodentium promoted hematopoietic regen-
eration via its metabolite butyrate.

2.5. Inhibition of ERK/PKM2-Mediated p53 Activity was
Indispensable for F. rodentium[Butyrate-Induced Decrease in
c-Kit+ Cell Apoptosis

Given that BM hematopoietic cells are progenitors of diverse
blood lineages and are sensitive to IR-induced apoptosis, we ex-
amined the effects and underlying mechanisms by which F. ro-
dentium/butyrate attenuated IR-triggered apoptotic signaling in
c-Kit* hematopoietic progenitors. F. rodentium treatment was
found to lead to a decrease in apoptotic c-Kit* cells (Figure 7A).
IR activates ERK, which promotes compensatory glycolysis,
thereby ensuring energy provision after irradiation.”’] Butyrate

www.advancedscience.com

suppresses ERK activation.[?8] Therefore, we examined ERK acti-
vation and the enzymes involved in glycolysis and found that the
p-ERK level increased in c-Kit* cells sorted from [R-treated con-
ditional mitochondrial STAT3 mice, whereas the p-ERK level was
decreased by F. rodentium (Figure 7B-D; Figure S6A, Supporting
Information). The Seahorse assay findings showed that glycoly-
sis and glycolytic capacity slightly increased in sorted c-Kit* cells,
which were barely affected by butyrate (Figure 7E).

ERK binds to and triggers PKM2 phosphorylation, leading to
PKM2 nuclear localization.[?°] p-PKM2 levels were elevated in mi-
tochondrial STAT3 knock-in mice lacking F. rodentium and bu-
tyrate; this elevation was reversed in the presence of F. rodentium
(Figure 7B-D; Figure S6B, Supporting Information). The protein
level of PKM2, but not those of HK1/2 or PKM1, was slightly in-
creased in mitochondrial STAT3 knock-in mice, while it slightly
decreased after F. rodentium treatment (Figure 7B,C; Figure S6C,
Supporting Information). Upon IR treatment, the mRNA lev-
els of the genes involved in glycolysis were almost identical in
the c-kit* cells from Rosa2G"™STAT3/mSTATS - V/illinCre/+ mice to those
from Rosa2G"STAT3/mSTATS mjce (Figure S6D, Supporting Informa-
tion). PKM2 levels were higher in the nuclei of ¢-Kit* cells from
IR-treated Rosa26™STAT3/mSTATS - V/i]linCre/+ mice than in those from
IR-treated Rosa2GmSTAT3/mSTATS mijce (Figure 7F). Nuclear PKM2-
positive ¢-Kit* cells decreased when conditional mitochondrial
STAT3 knock-in mice were cohoused with Rosa2GmSTAT3/mSTATS
mice (Figure 7G). Additionally, both F. rodentium and butyrate
reduced nuclear PKM2 expression in c-Kit* cells from IR-treated
wild-type mice (Figure 7H,I).

PKM2 translocates to the nucleus to determine cell fate by
binding to numerous transcription factors such as p53.13 To fur-
ther explore the role of nuclear PKM2 in ¢-Kit™" cells, we examined
apoptotic proteins and found that the p53 and BAX protein lev-
els decreased in c-Kit" cells from mitochondrial STAT3 knock-in
mice administered F. rodentium (Figure 7D; Figure SGE, Support-
ing Information). Similarly, the p53 and BAX protein levels were
reduced in c-Kit* cells isolated from F. rodentium-fed wild-type
mice (Figure 7]). Moreover, deletion of one allele of the P53 gene
significantly extended the lifespan of irradiated mice (Figure 7K).

We ectopically expressed nuclear PKM2 and found that it po-
tentiated IR-induced BAX expression, which was not rescued
by butyrate (Figure 7L,M). PKM2 knockdown decreased the IR-
induced BAX and Puma mRNA expression (Figure 7N). These
findings indicated that, upon IR treatment, ERK-induced PKM2
nuclear localization potentiated p53 transcriptional activity, lead-
ing to ¢-Kit™ progenitor apoptosis, which could be attenuated by
F. rodentium via its metabolite butyrate.

Figure 3. F. rodentium-derived butyrate alleviates IR-induced injury. A) Microbial function prediction was performed using PICRUSt2 based on the KEGG
database. B) KEGG module enrichment analysis of microbial function. C) The process of butyrate production. D) The concentrations of SCFAs in bacterial
culture medium were examined (n = 3 samples per group). E) The concentration of butyrate was examined in irradiated mice treated with the indicated
bacterial strains (n = 3 mice per group). F) The concentrations of indicated SCFAs were examined in irradiated mice (n = 6 mice per group). A-F) The
figures shown represent a single experiment. G) The Rosa2G-St-MLSmMSTATS, pERT2Cre/+ mice were treated with either normal chow or food containing 5%
butyrate. H) Kaplan-Meier survival curves for irradiated Rosa2G-SLMLSMSTAT3, (jpcERT2Cre/+ mice fed with a normal diet (n = 12 mice) or a sodium butyrate
diet (n = 14 mice). The figures show the combination of twice experiments. 1) HE staining for intestine (scale bar = 100 um) and BM (scale bar = 50 um)
from irradiated Rosa26tSL-MLSMSTAT3, (jpcERT2Cre/+ mice fed with a normal diet or sodium butyrate diet (n = 3 mice per group). The damage score of the
intestine was analyzed. The figures show one of the independent experiments. J) WT mice were treated with PBS or butyrate, followed by irradiation. K)
Kaplan-Meier survival curves for irradiated WT mice treated with PBS or butyrate (n = 11 mice per group). L) The clinical score of irradiated mice was
monitored (n = 11 mice per group). M) HE staining for intestine (scale bar = 100 pm) and BM (scale bar = 50 pm) from irradiated mice treated with
PBS or butyrate (n = 3 mice per group), and the damage score of the intestine was assessed. K-M) The figures shown represent a single experiment.

*p<0.05; “*p<0.01.
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2.6. Holdemania biformis Abundance Decreased in Individuals
with Leukemia

Gut microbiota diversity and butyrate concentrations decrease
in patients with graft-vs-host disease (GVHD).*!! Holdemanella
biformis, the human homologue of F. rodentium, belongs to

Adv. Sci. 2026, 13, e09383 €09383 (8 of 18)

ge) software. The data shown are representative of one of two independent

the genus Holdemania. Its abundance was reduced in patients
with precursor cell lymphoblastic leukemia-lymphoma or acute
myeloid leukemia (AML; Figure 8A,B). Moreover, the butyrate
concentration tended to decrease in the patients with AML
(Figure 8C), highlighting the potential importance of probi-
otics, such as Holdemanella biformis, and gut microbiota metabo-
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Figure 5. F. rodentium promotes hematopoietic recovery. A) WT mice were treated with 5 Gy irradiation in the administration of either culture medium
(n = 18) or F. rodentium (n = 17). The survival was monitored. B-E) The counts of WBC, RBC, platelets, T cells, and B cells in the peripheral blood of
mice were monitored at the indicated time points (days O (pre-irradiation), 9-, 13-, 19-, 32-, 40-, and 48-days post-irradiation) before and after 5 Gy total
body irradiation. The data shown are representative of one of two independent experiments. F-H) The irradiated mice were treated with culture medium
or F. rodentium. 13 days after treatment, the indicated subpopulations in BM were analyzed by FACS (n = 5 mice per group). Data were visualized in
flow cytometry plots (F) and quantitatively analyzed (G, H). The figures shown represent a single experiment. HPC, hemapoietic progenitor cells; LSK,
Lin~Scal*c-Kit* cells; LT-LSK, Long-term LSK; ST-LSK, short-term LSK; GMP, granulocyte-macrophage progenitors; CMP, common myeloid progenitors;
MEP, megakaryocyte-erythrocyte progenitors; MPP, multipotent progenitors. “p<0.05, “*p<0.01.
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Figure 6. Butyrate accelerates hematopoietic recovery. A) 5 Gy irradiated mice were treated with either PBS (n = 8) or butyrate (n = 14), and the survival
was monitored. B—E) The counts of WBC, RBC, platelets, T cells, and B cells in the peripheral blood of mice were monitored at the indicated time points
(days O (pre-irradiation), 9, 13, 19, 32, 40, and 48 days post-irradiation) before and after 5 Gy total body irradiation. F-H) 13 days post-irradiation, the
indicated subpopulations in the BM were analyzed by FACS (n =5 mice per group). Data were visualized in flow cytometry plots (F) and quantitatively
analyzed G, H). The figures shown represent a single experiment. HPC, hemapoietic progenitor cells; LSK, Lin~Scaltc-Kitt cells; LT-LSK, Long-term LSK;
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MPP, multipotent progenitors. “p<0.05, **p<0.01.
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lites, including butyrate, in HSC maintenance and leukemogen-
esis.

Taken together, our findings showed that, under stress con-
ditions, mitochondrial STAT3 decreased the abundance of F. ro-
dentium and its metabolite butyrate. F. rodentium treatment in-
creased butyrate levels, restored gut barrier integrity by upregu-
lating the levels of tight junction proteins (ZO-1 and occludin)
and defense factors (e.g., MMP7 and lysozyme), enhanced
hematopoietic recovery, and suppressed nuclear PKM2/p53
signaling-mediated apoptosis of c-Kit" cells, and thus miti-
gated IR-induced tissue damage and prolonged mouse sur-
vival (Figure 8D). Collectively, these findings establish F. ro-
dentium/butyrate as a promising microbiota-directed therapeutic
strategy for radiation injury.

3. Discussion

To establish a murine model enabling screening of the key pro-
biotic strain(s) critical for radioprotection, we performed mito-
chondrial proteomic profiling in IECs and observed STAT3 accu-
mulation within intestinal mitochondria. We identified the pro-
biotic F. rodentium by utilizing mitochondrial STAT3 knock-in
mice. Moreover, we have demonstrated that F. rodentium and its
metabolite butyrate confer radioprotection by enhancing intesti-
nal barrier integrity and facilitating hematopoietic recovery.
During the first few weeks after allogeneic HSC transplanta-
tion, the decrease in intestinal diversity of the gut microbial com-
munity could increase the risk of acute GVHD-related mortal-
ity and disease relapse.?*] Additionally, high intestinal diver-
sity of the gut microbial community is associated with reduced
overall mortality in transplant patients.** Utilizing ampicillin
to delete Lactobacillus species has been found to worsen GVHD,
while replenishing Lactobacilli was found to protect mice from
GVHD.*>3% Moreover, Enterococcus expansion promoted by the
common nutrient lactose exacerbates GVHD severity.*’] Sim-
ilarly, in meropenem-induced expansion of Bacteroides thetaio-
taomicron, the expression of enzymes critical for mucin gly-
can degradation was found to be upregulated, increasing the
risk of intestinal GVHD.*® A high-fat diet induces gut micro-
biome dysbiosis, impairs BM niche function, decreases LT-LSK
cell counts, and causes a shift from lymphoid to myeloid cell
differentiation.® The Lachnospiraceae family strains and nicoti-

www.advancedscience.com

namide riboside can alleviate IR-induced injury by promoting GI
repair and accelerating hematopoietic recovery.'®!!l These find-
ings highlight the importance of microbial balance in mediat-
ing hematopoiesis and radioprotection. However, identification
of specific bacterial species that exert a radioprotective effect from
the vast microbial community of the GI tract poses significant
challenges.

Mitochondrial alterations in IECs can affect gut microbiota
composition. In the current study, we performed mitochondrial
proteomic profiling and showed that, under stress conditions,
STAT3 was localized in IEC mitochondria (Table S1 and Figure
S1, Supporting Information). STAT3 is a transcription factor pre-
dominantly activated by tyrosine 705 (Y705) or serine 727 (S727)
phosphorylation, with distinct functional roles attributed to p-
STAT3 (Y705) and p-STAT3 (S727).1%1 Y705 phosphorylation pro-
motes STAT3 translocation to the nucleus, where it transcription-
ally regulates proliferation- and survival-related genes.*1~#}] Nu-
clear STAT3 may influence gut microbiota by controlling the ex-
pression of antimicrobial peptides. IL-22, produced by T helper
17 (Th17) cells, group 3 innate lymphoid cells (ILC3s), and y6T
cells, enhances the expression of antimicrobial peptides by trig-
gering p-STAT3 (Y705) in IECs. [**] In addition, nuclear STAT3
activation affects some bacteria clearance via regulating the ex-
pression of autophagy-related proteins.[**] Our group and other
research groups have shown that stimulus-induced phospho-
rylation at S727 facilitates translocation of STAT3 to the mito-
chondria, where it modulates mitochondrial functions such as
metabolic reprogramming of biosynthetic precursors and cellu-
lar activity.?1*’] Therefore, we hypothesized that the mitochon-
drial STAT3 of IECs influences gut microbial ecology. Mito-
chondrial STAT3 in the villi and crypt epithelium was found
to alter the gut microbiome composition, which was correlated
with a decrease in mouse survival and crypt-villus integrity and
hematopoietic depletion (Figure 1A-H; Figure S3A-E, Support-
ing Information).

Mitochondrial STAT3 regulates the production of reactive oxy-
gen species (ROS) 8l which compromise gut barrier integrity
and impair hematopoietic progenitor cell function.*-5!l Consis-
tent with this finding, our results showed that ROS levels in-
creased in IECs isolated from irradiated mitochondrial STAT3
knock-in mice (Figure S7A, Supporting Information). F. ro-
dentium administration suppressed ROS accumulation, amelio-
rated radiation-induced tissue damage, and prolonged mouse

Figure 7. Butyrate attenuated IR-induced apoptosis of c-Kit™ cells by inhibiting the ERK/PKM2/p53 pathway. A) The numbers of apoptotic c-Kit* cells
isolated from either control or F. rodentium-treated irradiated mice were examined by TUNEL staining. B-D) The indicated protein levels in c-Kit* cells
were examined by Western blotting analysis. The indicated protein levels were quantified by Image] software. The data shown are representative of one of
two independent experiments. E) The glycolysis and glycolytic capacity of irradiated c-Kit* cells cultured with or without butyrate were investigated. The
figures shown represent a single experiment. F—I) Multiplex immunofluorescence was performed to examine nuclear PKM2 in c-Kit* cells of irradiated
mice treated with the indicated approach (scale bar = 20 um). Images were obtained under a Leica STELLARIS 5 confocal microscope. The data shown
are representative of one of two independent experiments. |) The indicated protein levels in c-Kit™ cells were examined by Western blotting analysis. The
indicated protein levels were quantified by Image] software. The data shown are representative of one of two independent experiments. K) The survival of
irradiated Rosa 265 MLS-S¥13, 53+ (1 = 8) irradiated Rosa26-SL-MLS™MSTATS, pcERT2Cre/+ (1 = 5) and irradiated Rosa 2615 MLS-St3 pcERTZCrep53+/~ mice
(n = 6) were analyzed by Kaplan-Meier analysis. The figures show the combination of twice experiments. L) Fetal liver cells from WT mice were infected
with nuclear PKM2 lentivirus and treated with or without DOX. 7 days later, immunofluorescence was performed to examine nuclear PKM2 expression
(scale bar = 20 um). Images were obtained under a Leica STELLARIS 5 confocal microscope. The figures shown represent a single experiment. M) The
relative mRNA levels of BAX in nuclear PKM2 lentivirus-infected fetal liver cells cultured with the indicated treatment were examined. The data shown
are representative of one of two independent experiments. N) Real-time RT-PCR was used to examine the mRNA levels of Pkm2, BAX, and Puma in
c-Kit* cells treated with negative control siRNA or siPKM2 in the presence or absence of 5 Gy irradiation. The data shown are representative of one of
two independent experiments. “p<0.05, “*p<0.01.

Adv. Sci. 2026, 13, 09383 €09383 (12 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS SC

ADVANCED
IENCE

Open Access,

www.advancedsciencenews.com

A B

3 H. biformis < H. biformis

< 50- < 150, 121

g . 9 o _EI .

= c £ Dy
o . 00 S o8] o ==
c c ot )
® $ ® [} ®
T 2 T s{ ¢ T 041

T o T ol M .0

) X )

o \’\ea\\.\(\ ‘(\0\0\35 o \’\ea\\\'\ P‘N\\’ \/\ea\\\\ P\w\/

www.advancedscience.com

Probiotics screening mitochondria

Rosa26mSTAT3/mSTAT:i- VillinCre/+

& pe

F. rodentium

Junction: ZO-1’

Defension: © MMP7

Radioprotective effect

wor | am | Ny - @
<« & \ @& s | %;. K,
C57BL6 ‘\\mr\/‘\ a2 [\"‘.,) A a's o,
Pathogén{c bédéria ’ | Disruption of intestinal barrier
Probiotics 3
Sequencing

Butyrate ¥

Occludin’

Lysozyme#*

Maintain intestinal barrier

F. rodentium and butyrate )

Apoptosis },

Heamtopoietic recovery

Figure 8. H. biformis had potential value in hematology. A) The relative abundance of H. biformis was assessed in healthy volunteers (n = 4901) and pa-
tients who suffered from precursor cell lymphoblastic leukemia-lymphoma (n = 251) by utilizing the GMrepo database (https://gmrepo.humangut.info).
**p<0.01. B) The relative abundance of H. biformis was assessed in healthy volunteers and AML patients (n = 9 per group). C) The concentrations of
butyrate were assessed by LC-MS (n = 8 per group). D) The model showed the probiotics screening and underlying mechanisms of F. rodentiumn in
alleviating IR-induced tissue injury. Stress-induced STAT3 mitochondria localization decreases F. rodentium abundance and its metabolite butyrate con-
centration; Supplementation of F. rodentium or butyrate increases the protein levels of tight junction protein and defensive factors, blocks ERK/PKM2/p53
signaling-mediated apoptosis of hematopoietic progenitors, reinforcing intestinal integrity and promoting hematopoietic recovery, which ultimately pro-

longs mice survival.

survival (Figure S7B, Supporting Information; Figure 2). These
findings suggested that F. rodentium attenuated mitochondrial
STAT3—driven ROS production, potentially contributing to its
protective effects against radiation-compromised gut integrity
and hematopoietic recovery. However, the precise mechanisms
underlying F. rodentium-mediated inhibition of mitochondrial
STAT3-regulated ROS production require further investigation.

Adv. Sci. 2026, 13, e09383 €09383 (13 of 18)

SCFAs are metabolized by the gut microbiota during the
fermentation of partially digestible and nondigestible polysac-
charides in the distal intestine.’?l SCFAs, particularly bu-
tyrate, constitute some of the key metabolites of F. rodentium
(Figure 3D-F).53] We found that feeding mice with F. roden-
tium also increased the abundance of butyrate-producing bacte-
ria such as E. rectale (Figure S4D, Supporting Information), sug-
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gesting that F. rodentium directly and/or indirectly enhances bu-
tyrate production. Administering F. rodentium or butyrate to mice
extended the lifespan of IR-treated mice (Figures 2 and 3), in
contrast to previous research showing that propionate, but not
butyrate, ameliorated IR-induced damage.'”) This discrepancy
likely reflects the differences between the mouse models and
treatment protocols used in the two studies. In Guo et al.’s study,
Lachnospiraceae was isolated from radiation-resistant mice; the
irradiated mice were then treated with Lachnospiraceae via twice-
weekly oral gavage or with 200 mm propionate administered in
drinking water to evaluate their radioprotective efficacy.!’l In
contrast, our study screened F. rodentium by utilizing mitochon-
drial STAT3 transgenic mice, and verified their radioprotection
effects by daily oral administration of F. rodentium or 20 mg kg™!
butyrate to irradiated mice, which could collectively account for
the observed discrepancies in radioprotective outcomes.

Butyrate exerts several effects on host metabolism and the im-
mune system.’?] It regulates the HSC regenerative response °!
and suppresses the expression and activity of sirtuinl (SIRT1),
a member of the class 11T histone deacetylase family,**! thereby
alleviating IR-induced GI stem cell death in mice.5’! In the
current study, we found that F. rodentium and butyrate modu-
late intestinal integrity and promote hematopoietic regeneration
(Figures 4-6; Figure S5A-F, Supporting Information). Further-
more, F. rodentium and butyrate reversed the IR-induced inhibi-
tion of ¢-Kit* cell proliferation and restored FOXO3a and RUNX1
mRNA levels, which had been suppressed by IR in c-Kit* cells
(Figure S5G-], Supporting Information). Studies have shown
that butyrate can exert protective effects in mice when admin-
istered either in a diet containing 5% butyratel®! (correspond-
ing to a daily intake of 1.6-2.3 mmol day™' per mouse, assum-
ing a daily food intake of 2.8-4.0 gl*’]) or orally at doses of 15 or
20 mg kg™! (equivalent to 0.0034 or 0.0045 mmol per 20 g mouse,
respectively)®®#>] Additionally, previous study and our unpub-
lished data have indicated that butyrate increases the clonal ex-
pansion of HSCs in a dose-dependent manner,®] suggesting that
its protective effects may also be dose-dependent.

We also found that the mechanism underlying this inhibi-
tion of IR-induced apoptosis of c-Kit* cells by F. rodentium
and its metabolite butyrate involved abolishing activated ERK-
driven PKM2 nuclear localization (Figure 7). Although PKM2
is a key glycolytic enzyme, the glycolysis and the glycolytic ca-
pacity showed no significant difference in the presence of bu-
tyrate (Figure 7E). PKM2 silencing reduced the IR-induced in-
crease in proapoptotic gene expression (Figure 7N). These data
showed that the gut microbiota-derived metabolite butyrate pro-
motes hematopoietic recovery via multiple mechanisms, includ-
ing rescuing apoptosis via inhibition of PKM2 nuclear localiza-
tion.

PKM2 presents as a monomer, dimer, or tetramer.[®!) It mainly
occurs as a monomer or dimer with low enzyme activity, shuttles
to the nucleus, and binds to transcription factors (e.g., p53) to reg-
ulate gene expression. The tetrameric form has high glycolytic
activity and has been found to suppress p53 transcriptional ac-
tivity in myocardial cells.®” In our current study, we showed
that, in IR-treated c-Kit* cells, nuclear PKM2 promoted p53-
induced apoptosis (Figure 7L-N). This different effect of PKM2
on p53 function may be attributable to the use of different tissue

types.
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P53, a tumor suppressor, serves as a key transcription fac-
tor that regulates apoptosis, cell cycle, metabolism, and HSC
self-renewal.[3] Under stress conditions, p53 is rapidly acti-
vated to execute its biological functions. In the current study,
we found that, in the absence of F. rodentium and butyrate,
the protein levels of p53 and its downstream target BAX sig-
nificantly increased in c-Kit* cells isolated from irradiated mice
(Figure 7D,]). Butyrate suppressed p53 transcriptional activity by
inhibiting nuclear PKM2 accumulation (Figure 7M), suggesting
that the decrease in butyrate-producing bacteria and butyrate lev-
els due to IR compromised gut homeostasis by impairing gut bar-
rier integrity. When butyrate levels were deficient, IR-activated
ERK2 promoted PKM2 nuclear localization, thereby enhancing
P53 transcriptional activity in HSCs and ultimately leading to
irradiation-associated lethality (Figure 8D).

This study had several limitations. Although mitochondrial
STAT3 induced microbiome dysfunction, we cannot exclude the
possibility that endogenous nuclear STAT3 may cause gut mi-
crobiota dysbiosis. Furthermore, the gut microbial ecosystem is
highly dynamic and complex. There is no clear evidence indi-
cating that F. rodentium directly modulates the abundances of
butyrate-producing bacterial strains. Furthermore, the underly-
ing mechanisms by which F. rodentium decreased mitochondrial
STAT3-mediated ROS remain to be fully elucidated. Finally, the
abundances of H. biformis, the human homologue of F. roden-
tium, were reduced in AML patients. Owing to the limited sample
size, the patient data should be interpreted with caution. Further
researches involving larger cohorts of patients are needed to val-
idate H. biformis relevance.

4. Conclusion

Our results demonstrated that F. rodentium and its metabolite
butyrate alleviated IR-induced tissue damage by improving in-
testinal barrier integrity and hematopoietic recovery, revealing a
potential therapeutic strategy against radiation injury.

5. Experimental Section

Cells: HEK-293T (293T) cells were purchased from FuHeng (FuHeng
Cell Center, Shanghai, China) and cultured in DMEM (BC-M-005, Bio-
Channel, Nanjing, China) supplemented with 10% fetal bovine serum
(FBS) (#3022A, Umedium, Hefei, China) and 1% penicillin and strepto-
mycin (100 ug mL™"; 15140-122, Gibco, USA).

Hematopoietic progenitor cells enriched from fetal liver cells were har-
vested from E14.5 mice and cultured as previously described.[®4]

Human Samples:  Serum (n = 8) and feces (n = 9) samples from AML
patients or healthy volunteers were collected from the Affiliated Jinhua
Hospital of Zhejiang University School of Medicine between January 2024
and May 2024. The study had been approved by the Affiliated Jinhua Hos-
pital of Zhejiang University School of Medicine (2024-Ethical Review-92).
Informed consent was obtained prior to the acquisition of samples from
the human participants.

Mice:  UbcERT?Cre/+ | and Villin®/* mice were obtained from Shang-
hai Model Organisms Center, Inc. (Shanghai, China). C57BL/6 (B6)
(CD45.2) mice were obtained from Cavens Laboratory Animal Co.,
Ltd. (Changzhou, China). Ly5.1 (CD45.1) mice were kindly provided by
Professor Hui Wang (Xuzhou, China). p53 knock-out mice were obtained
from Jackson Laboratory (Ellsworth, Maine, US). Rosa2G™STAT3/mSTAT3
knock-in mice were generated as previously described,[?l and
crossed with UbcERTZCre/+  mice or  Villin/* mice to obtain
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Rosa26™mSTAT3/mSTATS.. j ERT2Cre/+ rmice or Rosa26MSTAT3/mSTAT3 \/ijfinCre/+
mice, respectively. To obtain Rosa26"STAT3/mSTAT3 (jpcERT2Cre/+, p53+/-
mice, Rosa26MSTAT3/mSTAT3.jpcERT2Cre/+ mice were crossed with P53/~
mice. Mice were strictly bred and maintained under protocols approved
by the Institutional Animal Care and Use Committee at Xuzhou Medical
University (Approval No. 202104A077).

Mitochondrial STAT3 Induction: To induce mitochondrial STAT3 ex-
pression, mitochondrial STAT3 knock-in mice were given 75 mg kg™' 4-
hydroxytamoxifen (4-OHT, HY-16950, MedChemExpress, USA) solution
every other day, 7 times by i.p. injection.

Antibiotic Treatment: Briefly, an antibiotic cocktail containing peni-
cillin (1 g L~1, G768670, Macklin, Shanghai, China), neomycin (1g L™,
HY-B0470, MedChemExpress, USA), metronidazole (1 g L™', M813526,
Macklin, Shanghai, China), and vancomycin (0.25 g L1, HY-B6071, Med-
ChemExpress, USA) was prepared and applied in drinking water. Mice
were maintained with normal water or ABX-supplemented water for 21
days as previously described.[®%]

Total Body Radiation: The mice were exposed to 7.5 or 5 Gy irradiation
by using a GSR C1 137 cesium gamma irradiator (Gamma-Service Medi-
cal, Bautzner, Germany). After radiation, mice were housed in SPF or dirty
conditions and provided standard chow and water unless otherwise noted.
The survival and/or the changes in body weight and other body parame-
ters after radiation were examined over 30 days (SPF condition) or 7 days
(nonsterile condition). A clinical score was determined using a cumulative
scoring system based on weight loss, physical appearance, posture, mobil-
ity, and food consumption. More details are listed in Table S2 (Supporting
Information).

In in vitro experiments, mouse BM cells or fetal livers were treated as
indicated and followed by 5 Gy irradiation.

Probiotic Strain Culture: L. johnsonii, B. pseudolongum, and F. roden-
tium were purchased from BeNa Culture Collection (strain numbers:
BNCC135265, BNCC135158, and BNCC363015, respectively).

L. johnsonii was cultured in MRS broth (Solarbio, Beijing, China). B.
pseudolongum was cultured in MRS broth with 0.05% L-cysteine (Aladdin,
Shanghai, China). F. rodentium was cultured in PYG Medium (modi-
fied) (TOPBIO, Qingdao, China) with 0.0005% hematin chloride solution,
0.0001% vitamin K1, and 0.005% L-cysteine hydrochloride. L. johnsonii,
B. pseudolongum, and F. rodentium were grown in an anaerobic chamber
(DG250 Anaerobic Workstation, Do Whitely Scientific, UK). Bacterial su-
pernatant (SUP) was derived from cultures of the indicated strains and
filtered through 0.22 pm filters.

Probiotic Administration: ~SPF C57BL/6) mice were treated with strep-
tomycin (18 mg per mouse, HY-B1906, MedChemExpress, USA) by oral
gavage 1 day, and followed by the indicated treatment (the same volume
of bacteria culture medium, 1.5 x 107 CFU/150 uL F. rodentium, 2x108
CFU/150 uL L. Johnsonii, or 5 x 108 CFU/150 L B. pseudolongum) by oral
gavage. After the last administration, mice were given 7.5 or 5 Gy total
body radiation and received the same amounts of the indicated probiotics
strain every other day.

Butyrate Treatment: For butyrate diet experiments, mice were fed ei-
ther normal chow or food containing 5% butyrate (Jiangsu Synergy Phar-
maceutical and Biological Company) 2 weeks before irradiation.

SPF C57BL/6) mice received streptomycin treatment (18 mg per
mouse) by oral gavage and followed by the same volume of PBS or
20 mg kg™! butyrate (HY-B0350A, MedChemExpress, USA) treatment for
5 days. After the last treatment, mice were given 7.5 or 5 Gy total body
radiation and received PBS or butyrate every other day.

Bone Marrow Transplantation Assay: For the competitive reconstitu-
tion assay, total BM cells (CD45.2, 5x10°) from Rosa26™STAT3/mSTAT3 o
Rosa2G™MSTAT3/mSTAT3 vl[inCre/+ mice were transplanted into lethally irradi-
ated Ly5.1 (CD45.1) recipients together with competitor BM cells (5x10°)
from Ly5.1 mice. One month later, peripheral blood (PB) was collected by
orbital plexus bleeding and stained with PE-anti-CD45.1 (#110707, 1:200,
Biolegend) and FITC-anti-CD45.2 (#109805, 1:200, Biolegend) antibodies,
and subjected to FACS analysis.

Blood Cell Counts: Mouse PB samples were obtained by orbital plexus
bleeding. White blood cells (WBC), red blood cells (RBC), and platelets
of complete blood counts were acquired through the Mindray BC-5300
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Auto Hematology Analyzer. PB samples were stained with FITC-anti-CD3
(#100204, 1:200, Biolegend) and APC-Cy7-anti-CD19 (#115530, 1:200, Bi-
olegend) antibodies, and subjected to FACS analysis to assess the number
of T lymphocytes and B lymphocytes. 123count eBeads™ Counting Beads
(01-1234-42, Invitrogen) were added to each sample.

Flow Cytometry Analysis:  Briefly, single-cell suspensions were obtained
from mouse BM. RBCs were lysed with red cell lysis buffer. After incuba-
tion with an anti-CD16/32 antibody (2.4G2, BD Biosciences) to block the
nonspecific antibody binding to the cells. The samples were stained with
FITC-anti-Lineage (e.g., CD3, CD19 (#115506, 1:200, Biolegend), CD11b
(#101206, 1:200, Biolegend), Ly6G (#127605, 1:200, Biolegend)), PE-Cy5-
anti-c-Kit (#105810, 1:200, Biolegend), PB-anti-Sca-1 (#108120, 1:200, Bi-
olegend), PE-anti-CD34 (#55 138, 1:200, BD Biosciences), PE-Cy7-anti-
CD16 (#101318, 1:200, Biolegend)) and APC-anti-CD135 (#135 310,
1:200, Biolegend) antibodies at 4 °C for 20 min, and subjected to FACS
for LT-LSK, ST-LSK, MPPs, hemapoietic progenitor cells (HPCs), GMPs,
CMPs, and MEPs analysis.

Cell Isolation and Culture: ~ Single-cell suspensions were obtained from
mouse BM, and red cells of the single-cell suspensions were lysed with
red cell lysis buffer. The cells were stained with the FITC-anti-Lineage, PE-
Cy5-anti-c-Kit, APC-anti-Sca-1 (#1081112, 1:200, Biolegend), BV605-anti-
CD150 (#115927, 1:200, Biolegend) and PB-anti-CD48 (#103417, 1:200,
Biolegend) antibodies. Lin~Sca-1*¢c-Kit*CD48~CD 150" cells were sorted
by flow cytometry and cultured with Stem Span medium (Stem Cell).

The c-Kitt cells were isolated by c-Kit microbeads (Miltenyi Biotec Kit)
and then sorted by flow cytometry.

Short  Hairpin ~ (sh) RNA and  Transfection: The  control
siRNA  and siPKM2  (5-GUGGAGGCCUCUUAUAAGUTT-3’, 5'-
ACUUAUAAGAGGCCUCCACTT-3’) were purchased from Jima (Shanghai,
China). Cells were transfected with the indicated siRNAs.

Plasmid DNA, Lentivirus, and Infection: Nuclear-PKM2 cDNA was
amplified and sub-cloned into the pLVX-TetOne-Puro vector. The pLVX-
TetOne-Puro vector was a gift from Professor Feng Guo (Xuzhou Med-
ical University, Xuzhou, China). Lentivirus was generated. Briefly, 293T
cells were cotransfected with pMD2G, psPAX2, and nuclear-PKM2 plas-
mid DNA. After 48 h, the culture medium was harvested and centrifuged.
The fetal liver cells were infected with the nuclear-PKM2 lentivirus in the
presence of 10 ug mL™" polybrene. After 24 h, the culture medium was
removed, and StemSpan SFEM containing 10 ng mL~" SCF (#250-03, Pe-
proTech) and 10 ng mL~" FLT3L (#250-31L, PeproTech), 200 ng mL™"
puromycin, and 300 ng mL~" DOX (HY-N0565, MedChemExpress, USA)
was added to the wells. Seven days later, the infected cells were harvested
and subjected to the indicated experiments.

Hematopoietic Colony-Forming Assays: BM cells from every two mice
were pooled into one sample, and Lin~Sca-1"c-Kitt*CD48~CD 150" cells
(purified BM LSK cells) were sorted. Then, 10 000 of the sorted purified
BM LSK cells were cultured in Methocult GF M3434 in the presence or
absence of butyrate (25 um) for 7-10 days to perform the methylcellulose-
based colony-forming unit (CFU) assays.

Metabolic Assays: The extracellular acidification rate (ECAR) was
measured with an XF 24 extracellular flux analyzer (Seahorse Bio-
science). Briefly, 1.5x10° c-Kit* cells from Rosa26™STAT3/mSTAT3 mice or
Rosa2GMSTAT3/mSTAT3./il[inCre/+ mice treated with 7.5 Gy irradiation were
seeded in each well of a Seahorse XF 24 plate precoated with Corningcell-
Tak (354240, Corning, USA) in the presence or absence of 5 mm butyrate
and incubated overnight. The following day, the cells were preincubated at
37 °C for a minimum of 45 min in the absence of CO, in RPMI (Seahorse,
Agilent) with 25 mm glucose (Vicemed, Xuzhou, China) and T mm pyru-
vate (Vicemed) with the pH adjusted to 7.4. The ECAR was measured with
the following reagents: 1 pm oligomycin (HY-N6782, MedChemExpress,
USA), 100 mm 2-DG (HY-13966, MedChemExpress, USA), and 30 mm glu-
cose. The results were analyzed with Wave software version 2.4.0 (Agilent),
and ECAR measurements were normalized to the cell number.

In Silico Analysis for Clinical Data: For the analysis of Holdemanella
biformis abundances in ALL patients, data were extracted from the GMrepo
database (https://gmrepo.humangut.info).

Fecal DNA Extraction and Quantification: Fecal DNA was extracted
using the CWBIO Stool Genomic DNA Kit (CWBIO, China) according
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to the manufacturer’s protocol, and the concentration was measured by
Nanodrop Lite (Thermo). Quantitative PCR assays were performed us-
ing LightCycler 480 SYBR Green Master Mix (Roche (USA) 04887352001,
Roche, USA). The primers used for PCR are listed in Table S3 (Supporting
Information).

Fecal 16S rRNA Microbial Analysis and Metagenomics Sequencing:
Fresh feces collected from individual mice were stored at —80 °C until anal-
ysis. For 16S rRNA microbial analysis, fecal DNA extraction and sequenc-
ing were performed by Majorbio (Shanghai, China). Data processing was
performed.

For metagenomics sequences, fecal DNA extraction and sequencing
were performed, and data were obtained. Briefly, 0.5 g of stool was used
to extract total genomic DNA with the PF Mag-Bind Stool DNA Kit (Omega
Biotek, Norcross, GA, U.S.) according to the manufacturer’s instructions.
The DNA extract was fragmented to an average size of ~400 bp using
Covaris M220 (Gene Company Limited, China) for paired-end library con-
struction. A paired-end library was constructed using NEXTFLEX Rapid
DNA-Seq (Bioo Scientific, Austin, TX, USA). Paired-end sequencing was
performed on an lllumina NovaSeq 6000 (lllumina Inc., San Diego, CA,
USA) by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) us-
ing a NovaSeq 6000 S4 Reagent Kit according to the manufacturer’s in-
structions (www.illumina.com). The data were analyzed using the Major-
bio Cloud Platform (www.majorbio.com).

Measurement of SCFAs in Probiotic Culture Medium, Feces, or Serum:
The culture medium was harvested, centrifuged, filtered, and subjected
to gas chromatography-mass spectrometry (GC-MS) for SCFA analysis. At
the end of the mouse experiments, the feces were collected and subjected
to GC-MS analysis to analyze SCFAs. The serum of AML patients was col-
lected and subjected to GC-MS analysis to analyze butyrate concentration.

Histological Analysis and Damage Scores:  Tissues were fixed overnight
in 10% formalin. The formalin-fixed tissues were paraffin-embedded at the
Histopathology Core Facility. Sections (5 um) were cut and stained with
hematoxylin and eosin (H&E). Intestinal epithelial injury was classified
using the Chiu’s method: 0, normal intestinal mucosal villi;(%¢] 1, capil-
lary hyperemia and cystic gaps under the epithelium at the villus apex; 2,
cystic gaps enlarged under the epithelium, edema extended in the lam-
ina propria, and central cheliferous vessels dilated; 3, degeneration and
necrosis of IECs, severe edema in the lamina propria, and rarely seen ab-
scission in villus apexes; 4, degeneration, necrosis, and exfoliation of IECs,
hyperemia, dilation of capillary, uncovering of lamina propria, abscission
in some villi, and 5, bleeding, ulceration, disintegration of the lamina pro-
pria, and abscission of villi.[7]

Multiplexed Immunofluorescence Staining and Confocal Microscopy: The
fixed BM sections were stained with anti-PKM2 (#15822-1-AP,1:120),
anti-Ly6G (#A22270,1:500), anti-CD19 (#90176S,1:2000), and anti-c-Kit
(#18696-1-AP,1:200) antibodies using a PANO 7-plex IHC kit (PANO, Bei-
jing, China). The infected fetal liver cells were stained with anti-PKM2 an-
tibody using a PANO 7-plex IHC kit (PANO, Beijing, China). Images were
obtained under a Leica STELLARIS 5 confocal microscope (Leica, Ger-
many).

TUNEL Assay: Apoptotic cells were examined using the One Step
TUNEL Apoptosis Detection Kit (Cyanine 3) (#HY-K1079, MedChemEx-
press) according to the manufacturer’s protocol. Images were obtained
under a Leica STELLARIS 5 confocal microscope.

ROS Assay: The IECs were harvested and stained with 10 pm
H2DCFDA (#HY-D0940, MedChemExpress) in PBS for 20 min at 37 °C.
The cells were washed with PBS and resuspended in PBS. The fluores-
cence intensity of H2DCFA was detected by FACS and analyzed in Flowjo
software.

Immunoblot Assay: Briefly, c-Kit™ cells were isolated by c-Kit mi-
crobeads plus flow cytometry, and cell lysates were extracted and
separated on 8% or 4-12% SDS-PAGE gels. After semi-dry trans-
fer, the membranes were sequentially probed with the indicated an-
tibodies. Anti-p53 (1C12) (cat# 2524, 1:1000), anti-STAT1 (D1K9Y)
(cat#14994S, 1:2000), anti-STAT2 (D9)7L) (cat#72604S, 1:2000), anti-
STAT3 (D3Z2G) (cat#12640, 1:2000), anti-ERK (137F5) (cat#4695S,
1:2000), anti-p-ERK (D13.14.4E) (cat# 4370S, 1:1000) and anti-VDAC
(D73D12) (cat#4661S, 1:2000) antibodies were purchased from Cell
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Signaling Technology. Anti-HK1 (cat#19662-1-AP, 1:2000), anti-HK2
(cat#22029-1-AP, 1:2000), anti-PKM1 (cat#15821-1-AP, 1:2000), anti-
PKM2 (cat#15822-1-AP, 1:2000), anti-ZO-1 (cat#21773-1-AP, 1:2500),
anti-Occludin (cat#27260-1-AP, 1:2000) anti-GAPDH (cat#60004-1-Ig,
1:2000) and anti-g-actin (cat#66009-1-lg, 1:2000) antibodies were pur-
chased from ProteinTech. Anti-Lysozyme (cat#ET1609-35, 1:1000) and
anti-BAX (cat#ET1603-34, 1:2000) antibodies were purchased from
HUABIO (Hangzhou, China). Anti-P-PKM2 (ser37) (cat#AF7231.1:1500)
antibody was purchased from Affinity (Changzhou, China). Anti-
MMP7 (cat#WL04679, 1:1000) antibody was purchased from Wanleibio
(Shenyang, China).

Real-Time RT-PCR:  Total RNA was isolated using the Cell-to-CT 1-step
Power SYBR Green kit (Invitrogen) and subjected to real-time RT-PCR us-
ing SYBR Green | Master (Roche Diagnostics GmbH) on a LightCycler 480
system (Roche). The primers used for real-time RT-PCR can be found in
Table S4 (Supporting Information).

Statistical Analysis: Statistical analysis was performed to assess the
difference using an unpaired Student’s t-test, one-way ANOVA, followed
by Tukey’s multiple comparisons test to minimize Type | errors by Prism
statistical analysis software (GraphPad Software, San Diego, CA). Spear-
man'’s correlation analysis was performed to analyze the correlation be-
tween F. rodentium abundance and butyrate kinase expression. The log-
rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test were used
to compare the differences in survival rates between groups. Except for
the indicated experiment, other experiments were repeated twice. Data are
presented as the mean + SEM. Significance is indicated as follows: “p <
0.01, *p < 0.05.
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