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ABSTRACT

The relationship between gut microbiota and host health and disease is intricate, with microbiota-derived metabolites playing a crucial role in the gut-organ axis. In
this study, we observe significantly decreased levels of microbial metabolites, particularly tryptophan derivatives in osteoporosis mice. Loss of tryptophan induced
intestinal epithelial barrier dysfunction which compromised intestinal barrier integrity, leading to bone inflammatory responses and pathological osteoporosis.
Through supplementation of tryptophan-producing bacteria, we effectively repair damaged intestinal barriers in colitis mice and mitigate bone loss, indicating the
link between chronic colitis and osteoporosis. This approach offers a promising synthetic biology-based strategy to improve osteoporosis therapy by targeting gut
tryptophan. This intervention also alleviates age-related osteoporosis in an aged mouse model, providing a potential therapeutic avenue for combating osteoporosis, a

disease of growing concern in aging populations.

1. Introduction

The prevailing understanding of organismal physiology underscores
the interconnectedness of various organs, highlighting their collabora-
tive rather than isolated functions. The gastrointestinal tract, beyond its
fundamental role as a digestive organ, emerges as the body’s largest
immune organ, engaging in intricate crosstalk with multiple organ sys-
tems [1-4]. As investigations into the relationship between gut micro-
biota and host disease have gained traction [5], the exploration of
various axes including the gut-brain, gut-liver, gut-lung, gut-heart,
gut-skin, and gut-adipose axes has flourished in recent years [6-12].

Despite the wealth of research in this area, the gut-bone axis remains
relatively underexplored. Several studies have indicated a notable
alteration in the gut microbiome composition of individuals suffering
from osteoporosis, suggesting a hidden link between intestinal health
and bone density [13-18]. Experimental studies have revealed that mice
raised in germ-free conditions displayed an increase in bone mass
compared to those bred under conventional conditions. Normalization
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of bone mass was observed following colonization with a normal gut
microbiome, underscoring the potential significance of gut homeostasis
in skeletal health [19]. However, the underlying mechanism of how the
gut influences bone mass is not very clear, which warrants further
exploration. In addition, it also opens up possibilities that pathological
situations in the gut, such as chronic infection, colitis and aging that are
characterized by gut inflammatory responses can affect bone immunity,
leading to bone-related diseases. Chronic colitis is often associated with
a dysregulated immune response in the gut, leading to persistent
inflammation and damage to the intestinal barrier [20]. Aging further
complicates this relationship, as the aging process is characterized by a
decline in gut barrier integrity and an increase in systemic inflammation
[21].

In this study, we observe that chronic colitis can lead to osteoporosis
in mice models. We further reveal that chronic colitis leads to a "leaky
gut", which induces osteoporosis by disputing the bone immune
microenvironment. We elucidate the regulatory role of microbial me-
tabolites in modulating intestinal epithelial barrier function, showing

E-mail addresses: baijy@suda.edu.cn (J. Bai), cwang@suda.edu.cn (C. Wang), zhouxz@suda.edu.cn (X. Zhou).

! Equally contribution.

https://doi.org/10.1016/j.bioactmat.2025.05.013

Received 25 February 2025; Received in revised form 25 April 2025; Accepted 13 May 2025
2452-199X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0002-8054-3472
https://orcid.org/0000-0002-8054-3472
mailto:baijy@suda.edu.cn
mailto:cwang@suda.edu.cn
mailto:zhouxz@suda.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2025.05.013
https://doi.org/10.1016/j.bioactmat.2025.05.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2025.05.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Tian et al. Bioactive Materials 51 (2025) 293-305

tryptophan metabolism is significantly altered in chronic colitis mice. therapy strategy for osteoporosis treatment in aging populations.
Recent studies show that tryptophan and its microbial metabolites as- Leveraging insights from the gut-bone axis, the tailored design and
sume crucial roles in maintaining intestinal barrier function [22-24]. synthesis of engineered probiotics offer a convenient and effective
Tryptophan acts through receptors such as the aryl hydrocarbon re- therapeutic strategy for osteoporosis in aging populations.
ceptor [24-27] and dopamine receptors [22] in maintaining intestinal
barrier integrity. We then engineer a tryptophan-producing probiotic to 2. Results
treat these colitis mice. Interestingly, the integrity of the gut barrier is
rescued, and more importantly, the osteoporosis is alleviated in these 2.1. Impact of colitis on bone metabolism
colitis mice. Our results indicate the integrity of the gut barrier is
important to maintain the bone mass. Furthermore, in a senile mouse To investigate the effect of intestinal inflammation on skeletal
model with low-level chronic information within the gut, tryptophan health, we established models of colitis in mice (Supplementary Fig. 1A
demonstrates significant improvements in bone mass, indicating a novel and 1A-D) according to previous studies [28-30]. We investigated the
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Fig. 1. Impact of Chronic Colitis on Bone Metabolism. A. Schematic illustration of the chronic colitis model establishment. B. Representative Hematoxylin and
Eosin (H&E) stained sections of intestinal tissue. Scale bar: 100 pm. C. Gross morphology and quantitative analysis of colon length across different experimental
groups. D. Levels of inflammatory cytokines in intestinal tissues, quantified to demonstrate elevated inflammation in the colitis model. E. Micro-computed to-
mography (pCT) three-dimensional reconstructions of mouse femurs, illustrating structural changes in the bone due to colitis. F. Quantitative analysis of trabecular
bone density derived from pCT data (Control: n = 10; 1.5 %DSS: n = 8). G. Quantitative analysis of cortical bone density, also derived from pCT data (Control: n = 10;
1.5 %DSS: n = 8). H. Representative pCT images of mouse femurs, providing insight into bone microarchitecture. I. Measurement of Bone Volume to Total Volume
Ratio (BV/TV) (Control: n = 10; 1.5 %DSS: n = 8). J. Measurement of Bone Surface to Total Volume Ratio (BS/TV) (Control: n = 10; 1.5 %DSS: n = 8). K. Mea-
surement of Trabecular Number (Tb.N), evaluating trabecular structures within the bone (Control: n = 10; 1.5 %DSS: n = 8). L. Representative H&E stained sections
of femoral bone tissue with quantitative analysis. Scale bar: 100 pm. M. Calcein labeling to visualize bone formation, with quantification of Mineral Apposition Rate
(MAR). Scale bar: 50 pm. N and O. Representative Tartrate-resistant Acid Phosphatase (TRAP) staining of femoral bone sections, quantifying osteoclast activity. Scale
bar: 50 pm. P. Serum levels of Procollagen Type 1 N-Terminal Propeptide (P1NP), a biomarker of osteoblast activity. Q. Serum levels of C-terminal Telopeptide of
Type I Collagen (CTX), indicative of osteoclast-mediated bone resorption. R. Serum levels of Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL), crucial
for osteoclast differentiation and activation. S. Serum levels of Osteoprotegerin (OPG), a decoy receptor that inhibits RANKL. T. Ratio of RANKL to OPG, providing
insight into the regulatory balance of bone remodeling. Data are presented as mean + SD; statistical significance was calculated by the Student’s t-tests. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. n = 5.
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bone architecture in chronic colitis mice using three-dimensional
micro-computerized tomography (uCT). Compared to the controls,
mice with induced colitis exhibited significant reductions in bone mass
and alterations in bone parameters. Although the acute colitis model (7
days) was shorter than the conventional 8-week OVX osteoporosis
model [31], colitis induced high levels of systemic inflammation, which
led to observable trabecular bone loss. Compared to the control group,
acute colitis mice showed reductions in trabecular bone density,
trabecular bone volume, bone surface area, and trabecular number,
along with a significant increase in total porosity (Supplementary
Fig. 1B-H). After 12 weeks of chronic colitis modeling, bone loss in the
femur was more severe, with significant reductions in both trabecular
and cortical bone density and marked trabecular loss in 2D CT images.

Bioactive Materials 51 (2025) 293-305

Trabecular bone volume, bone surface area, and trabecular number
were more significantly reduced in the chronic colitis group (Fig. 1E-K).
Further confirmation of pCT findings was sought through detailed his-
tological examinations of the femoral bones. Hematoxylin and Eosin
(H&E) staining revealed a pronounced decrease in trabecular bone
structure in the colitis models (Fig. 1L). Calcein labeling, used to assess
bone formation, showed reduced activity in these mice (Fig. 1M), indi-
cating a compromised bone-forming capacity. Additionally,
Tartrate-resistant acid phosphatase (TRAP) staining highlighted an in-
crease in osteoclast numbers (Fig. 1N-0O), signifying enhanced bone
resorption. The serological analysis further supported these histological
findings, revealing significant changes in markers of bone metabolism
including Procollagen Type 1 N-Terminal Propeptide (P1NP) and
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Fig. 2. Effect of Inflammatory Mediators on Bone Remodeling. A. Levels of inflammatory cytokines in bone marrow across different experimental groups,
illustrating the inflammatory milieu in the bone environment. Immunofluorescence imaging demonstrated the expression of osteoblast-specific proteins Sp7 (B),
RUNX2 (C), and Osteopontin (D) in bone tissues. Scale bar: 50 pm. Immunofluorescence imaging demonstrated the expression of osteoclast-specific proteins NFATc1
(E), CTSK (F), and c-FOS (G) in bone tissues. Scale bar: 50 pm. H. Schematic representation of in vitro experiments involving osteogenic induction of bone marrow-
derived mesenchymal stem cells (MSCs) and osteoclastogenic induction of bone marrow-derived mononuclear macrophages. I. Representative images and quanti-
tative analysis of Alkaline Phosphatase (ALP) and Alizarin Red S (ARS) staining showing osteogenic differentiation and mineralization of bone marrow-derived MSCs.
Scale bar: 2 mm. J. Representative images and quantitative analysis of TRAP staining for osteoclast differentiation in bone marrow-derived mononuclear macro-
phages. Scale bar: 100 pm. K. Bone resorption assay demonstrating pit formation and quantitative analysis of bone resorption activity in osteoclasts derived from
bone marrow. Scale bar: 100 pm. Data are presented as mean + SD; statistical significance was calculated by the Student’s t-tests. *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.n = 5.
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C-terminal Telopeptide of Type I Collagen (CTX) (Fig. 1P-Q). Addi-
tionally, alterations in the regulatory pathway involved in osteoclasto-
genesis were evident. Serum levels of Receptor Activator of Nuclear
Factor Kappa-B Ligand (RANKL) were upregulated, whereas Osteopro-
tegerin (OPG) was downregulated, leading to a significant increase in
the RANKL/OPG ratio (Fig. 1R-T). This alteration in the RANKL/OPG
balance was indicative of an environment conducive to bone loss. All
these results indicated that chronic colitis could lead to osteoporosis in
mice models, suggesting a detrimental effect of gut inflammation on
bone integrity.

2.2. Inflammatory mediators impair bone remodeling

To further characterize the bone immune microenvironment, we
detected inflammatory cytokines in the bone marrow. The upregulation
of IL-1f and TNF-a in the bone marrow was observed compared to
controls, indicating an inflammatory environment conducive to bone
remodeling disruption (Fig. 2A). To further evaluate the immune
microenvironment of the bone marrow, tissue flow cytometry analysis
revealed the activation of multiple immune cell populations
(Supplementary Figure 2A). Recent studies have confirmed the impact
of increased pro-inflammatory factors in the bone marrow on bone
remodeling [32,33]. These inflammatory factors inhibit osteoblast dif-
ferentiation from bone marrow-derived mesenchymal stem cells
(BMSCs) by interfering with Wnt/p-catenin signaling and activate the
NF-kB pathway to promote osteoclast differentiation. The IL-1 pathway
plays an essential role in the overactivation of osteoclasts, which has
been associated with an increased risk of osteoporosis. Changes in these
pathways and the transcription of downstream osteogenic and
osteoclast-specific genes were further validated (Supplementary
Fig. 2B-E). Bone is a dynamic tissue undergoing constant remodeling,
with a delicate balance maintained between osteoblast-led bone for-
mation and osteoclast-led bone resorption. Histological analyses further
elucidated the impact of bone inflammatory environment on cell func-
tion. Fluorescent staining of bone tissue sections revealed a marked
decrease in the expression of osteoblast-specific proteins such as osterix
(Sp7), RUNX2, and osteopontin, which are critical for bone formation
(Fig. 2B-D). Conversely, the expression levels of osteoclast-specific
proteins such as nuclear factor of activated T-cells c1 (NFATcl),
cathepsin K (CTSK), and c-FOS, which are involved in bone resorption,
were significantly elevated (Fig. 2E-G). These findings underscored the
shift towards bone resorption in the inflammatory setting.

To further validate these in vivo findings, in vitro experiments were
conducted using bone marrow-derived mesenchymal stem cells from
colitis mice (Fig. 2H). Alkaline phosphatase (ALP) activity and Alizarin
Red S (ARS) staining, which assess osteogenic differentiation and
mineralization, respectively, showed a reduced capacity in BMSCs from
colitis model mice (Fig. 2I). This indicated a diminished ability of these
cells to differentiate into osteoblasts and form bone under inflammatory
conditions. Additionally, TRAP staining and bone pit resorption assays
were performed to evaluate the osteoclastogenic potential of bone
marrow-derived macrophages from the colitis mice. These experiments
revealed an enhanced differentiation into osteoclasts and an increased
bone resorption capacity (Fig. 2J-K). This potentiation of osteoclast
activity highlighted the direct impact of chronic colitis on bone
resorption. Together, these results depicted a scenario where inflam-
matory mediators from chronic colitis mice significantly impaired bone
remodeling by inhibiting osteoblast function and enhancing osteoclast
activity.

2.3. Regulation of intestinal epithelial barrier function by tryptophan
metabolic pathways

The gut microbiota and its metabolic byproducts play pivotal roles in
the homeostasis of the gut. To further explore how chronic colitis in-
fluences bone mass in vivo, we studied the alteration of gut microbiota
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and their metabolic byproducts in chronic colitis mice. 16S rRNA
sequencing of fecal samples was performed, which revealed significant
changes in the microbial community profiles. Notably, the ratio of Fir-
micutes to Bacteroidetes increased significantly (Fig. 3A-C), while overall
microbial diversity decreased (Supplementary Figure 2F, Fig. 3D-E),
indicating a shift in dominant microbial populations (Supplementary
Fig. 2G-H). In addition, a segregated metabolite profile was also
observed between groups, showing a marked reduction in the levels of
short-chain fatty acids (SCFAs), particularly butyrate (Fig. 3F). Untar-
geted metabolomics involved linear combination of all identified me-
tabolites into new composite variables for principal component analysis
(PCA). As shown in Fig. 3G, samples from each group cluster together,
and clear separation between groups was observed, indicating good
intra-group consistency and significant differences between groups.
Interestingly, metabolic set enrichment analysis identified tryptophan
pathways were dramatically reduced in chronic colitis mice, while
products related to tryptophan metabolism (Kynuuric acid and indole
derivatives) were notably downregulated (Fig. 3H-K), suggesting that
tryptophan levels in the gut were scarce in chronic colitis mice.

Recent studies showed that tryptophan and its microbial metabolites
assume crucial roles in maintaining intestinal barrier function [22-24].
Tryptophan acted through receptors such as the aryl hydrocarbon re-
ceptor [24-27] and dopamine receptors [22] in maintaining intestinal
barrier integrity. We next investigated the integrity of the gut in chronic
colitis mice. As expected, we observed a significant reduction in the
expression of the tight junction proteins ZO-1 and occludin (Fig. 3L-M),
indicating compromised barrier integrity. Changes in the transcriptional
and protein expression levels of ZO-1 and occludin were further vali-
dated (Supplementary Fig. 21-J). The leakage of the gut barrier can
trigger inflammation and immune responses throughout the body,
contributing to various diseases and conditions. Furthermore, increases
in myeloperoxidase (MPO) activity and apoptosis in intestinal epithelial
cells were noted (Supplementary Fig. 2K-L), correlating with height-
ened immune cell activation within the gut (Supplementary Fig. 2M-N).

To further corroborate the crucial role of tryptophan and its micro-
bial metabolites in intestinal barrier function in chronic colitis mice, we
genetically engineered a bacterial strain of Clostridium butyricum (CB) to
produce tryptophan, which could continuously produce tryptophan in
vivo and demonstrate good biosafety (Supplementary Fig. 3A-D). Clos-
tridium butyricum is one of the most common bacteria found in the
human gut. We amplified the genes encoding enzymes involved in
tryptophan synthesis through an overexpression vector to obtain a high-
abundance tryptophan CB strain (Fig. 3N-O and Supplementary
Fig. 4A-D). 16S rRNA gene sequencing demonstrated that oral admin-
istration of tryptophan-producing probiotics significantly increased
microbial community structure diversity, accompanied by a reduction in
the Firmicutes/Bacteroidetes ratio, suggesting facilitation of gut micro-
biota homeostasis and restoration of the intestinal epithelial barrier
(Supplementary Fig. 4E-M). The levels of SCFAs, especially butyrate,
were increased (Supplementary Figure 4N). Non-targeted metabolomics
of fecal samples indicated a marked improvement in amino acid meta-
bolism, particularly metabolites related to tryptophan in mice receiving
tryptophan-producing probiotics orally (Supplementary Fig. 40-S).
Additionally, tryptophan-producing probiotics treatment led to a
restoration of intestinal length in colitis mice (Supplementary
Figure 5A) and improvements in tissue architecture, as evidenced by
H&E staining (Supplementary Figure 5B). Importantly, we observed that
the expression of the tight junction proteins occludin and ZO-1 was
remarkably recovered (Fig. 3P-Q), while MPO activity and apoptosis in
intestinal epithelial cells were reduced (Supplementary Fig. 5C-D).
Changes in the transcriptional and protein expression levels of ZO-1 and
occludin were further validated following treatment (Supplementary
Fig. 5E-F). The amelioration of intestinal barrier dysfunction subse-
quently inhibited immune cell activation and reduced inflammatory
responses (Supplementary Fig. 5G-I). These results indicated inflam-
mation within the gut, a common pathological feature in conditions like
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Fig. 3. Effect of Microbial Dysbiosis and Metabolites on Intestinal Barrier Integrity. A. Principal component analysis (PCA) of intestinal microbiota across
various groups, illustrating microbial community variation. B. Analysis of similarity (Anosim) among groups, demonstrating significant differences in microbial
communities. C. Relative abundance of microbial species at the phylum level in different groups. D. Alpha diversity analysis of intestinal microbiota, assessing species
richness within each group. E. Rank-abundance curves for microbial diversity analysis, comparing the evenness and richness of microbial species across groups. F.
Comparative analysis of short-chain fatty acids (SCFAs) in fecal samples from two groups. G. Principal component analysis (PCA) of non-targeted metabolomics data,
comparing metabolic profiles between groups. H. Volcano plot of metabolic changes with quantification of upregulated and downregulated metabolites. I. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differential metabolites, identifying impacted metabolic pathways. J. KEGG enrichment analysis for
amino acid metabolism, elucidating specific pathways under different treatments. K. Heatmap of tryptophan metabolism-related products across different groups. L
and M. Representative image showing the expression of the tight junction proteins ZO-1 and occludin in intestinal tissues from different groups. Scale bar: 50 pm. N.
Morphological comparison of Clostridium butyricum (CB) and engineered Clostridium butyricum efficiently secreting tryptophan. Scale bar: 2 pm. O. Quantitative
analysis of tryptophan production by CB and tryptophan-producing probiotic (n = 4). P and Q. Representative images showing the expression of tight junction
proteins occludin and ZO-1 in intestinal tissues of different groups. Scale bar: 50 pm. Data are presented as mean =+ SD; statistical significance was calculated by the

Student’s t-tests or one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. n = 5.

inflammatory bowel disease (IBD) and aging, could disrupt the gut
epithelial barrier by disrupting tryptophan metabolic pathways.

2.4. Tryptophan-producing probiotic alleviated osteoporosis in colitis mice

We next questioned whether tryptophan-producing probiotics could
treat osteoporosis in colitis mice, we orally administered tryptophan-
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producing probiotics to colitis mice and analyzed the bone mass two
weeks later. There was a significant reduction in inflammatory markers
in the bone marrow in mice receiving tryptophan-producing probiotics
versus untreated colitis mice, indicating the bone inflammation signifi-
cantly declined (Fig. 4A). To better understand the impact of engineered
bacteria on the bone marrow inflammatory microenvironment, flow
cytometry showed that the activation of various immune cells was
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Fig. 4. Enhanced Bone Metabolism in Mice Treated with Engineered Tryptophan-producing probiotic. A. Levels of inflammatory cytokines in bone marrow
from mice treated with tryptophan-producing probiotic compared to untreated controls, illustrating the anti-inflammatory effects of the probiotic. B. Three-
dimensional pCT reconstructions of femurs from both groups, showing structural differences in bone. C. Quantitative analysis of bone density from the pCT data
depicted in Panel B (n = 6). D. Bone Volume to Total Volume ratio (BV/TV), demonstrating changes in bone density induced by tryptophan-producing probiotic
treatment (n = 6). E. Representative pCT images of mouse femurs, providing a detailed view of bone architecture. F. Bone Surface to Total Volume ratio (BS/TV),
assessing the surface characteristics of the bone (n = 6). G. Trabecular Number (Tb.N), a measure of bone structure and quality (n = 6). H. Representative H&E
stained sections of femoral bone tissue, with quantitative analysis. Scale bar: 100 pm. I. Representative staining of femoral bone sections for TRAP with quantitative
analysis of osteoclast activity. Scale bar: 50 pm. J. Serum levels of PINP, indicating increased osteoblast activity in tryptophan-producing probiotic treated mice. K.
Serum levels of CTX, reflecting bone resorption levels. L, M, N. Immunofluorescence staining for osteoblast-specific proteins Sp7, RUNX2, and Osteopontin,
respectively, showing enhanced expression in tryptophan-producing probiotic treated mice. Scale bar: 50 pm. O, P, Q. Immunofluorescence staining for osteoclast-
specific proteins NFATc1, CTSK, and c-FOS, respectively, indicating altered osteoclast function with tryptophan-producing probiotic treatment. Scale bar: 50 pm. R.
Representative images and quantitative analysis of ALP and ARS staining for osteogenesis in bone marrow-derived mesenchymal stem cells. Scale bar: 2 mm. S and T.
TRAP staining for osteoclastogenesis in bone marrow-derived mononuclear macrophages, with quantification of activity. Scale bar: 100 pm. U. Bone resorption assay
demonstrating pit formation and quantifying resorption activity, highlighting the effects of tryptophan-producing probiotic on osteoclasts. Scale bar: 100 pm. Data
are presented as mean =+ SD; statistical significance was calculated by the Student’s t-tests or one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. n = 5.

effectively alleviated by the treatment (Supplementary Figure 5J). The mitigate this age-related osteoporosis, aged mice were orally treated
Wnt/p-catenin pathway involved in osteoblast differentiation and the with tryptophan-producing probiotics (Fig. 5A). Two weeks later, the
NF-kB pathway related to osteoclast differentiation changed in response mice were euthanized for analysis. Histological analysis revealed sig-
to the reduced inflammatory environment in the bone marrow nificant improvements in the intestinal tissue structure of the treated
(Supplementary Fig. 5K-L). Further assessments using pCT scans and elderly mice compared with the control mice (Supplementary
reconstructions of mouse femurs revealed notable improvements in Figure 6B). Additionally, immunohistochemical analysis showed
bone mass and architectural parameters following tryptophan- increased expression of the tight junction proteins ZO-1 and occludin
producing probiotic treatment (Fig. 4B-G). Histological evaluations (Fig. 5B-C) in treated mice, indicating a restoration of barrier integrity.
corroborated these imaging findings. H&E staining demonstrated en- Moreover, reductions in MPO activity and apoptosis in intestinal
hancements in bone microarchitecture (Fig. 4H), while TRAP staining epithelial cells were observed (Supplementary Fig. 6C-D), further sup-
showed a reduction in the number of osteoclasts in mice receiving porting the enhancement of barrier function.
tryptophan-producing probiotics (Fig. 4I), suggesting an inhibition of The Wnt/p-catenin and NF-xB pathway changed following treatment
bone resorption processes. Serum bone turnover markers further sup- in the bone marrow (Supplementary Fig. 6E-F). Additionally, TRAP
ported these observations, with an increase in PINP and a significant staining of bone tissue further confirmed a reduction in the number of
decrease in CTX, indicating stimulated bone formation and reduced osteoclasts (Supplementary Fig. 6G). More importantly, parallel as-
bone degradation, respectively (Fig. 4J-K). sessments of bone health were conducted using pCT scans and re-
To understand the cellular mechanisms involved, we examined the constructions of the femurs from the aged mice. In mice receiving
expression of specific proteins associated with osteoblasts and osteo- tryptophan-producing probiotics, there was a notable improvement in
clasts in vivo. Immunofluorescence staining of bone tissue sections of both bone mass and structural parameters (Fig. 5D-J) without any sig-
mice treated with tryptophan-producing probiotics exhibited increased nificant side effects on other major tissues (Supplementary Figure 6H),
expression of osteoblast-specific proteins Sp7, RUNX2, and Osteopontin, highlighting the tryptophan efficacy in reversing bone loss associated
which are essential for bone formation (Fig. 4L-N). In contrast, the with aging.
expression of osteoclast-specific proteins NFATc1, CTSK, and c-FOS was Overall, these results indicated that tryptophan-producing probiotic
downregulated (Fig. 40-Q), indicating a suppression of osteoclast dif- holds potential therapeutic effects for treating osteoporosis in the
ferentiation and activity. To investigate whether tryptophan secreted by elderly by restoring intestinal barrier integrity and enhancing bone
the engineered bacteria has a direct impact on bone remodeling, we density. This action underscored the importance of gut health in main-
measured tryptophan levels in serum and bone marrow. While there was taining skeletal integrity, particularly in the context of aging, and po-
a significant change in serum tryptophan, no significant change was sitions tryptophan as a promising candidate for treating senile
observed in bone marrow (Supplementary Fig. 5SM-N), thus excluding a osteoporosis.

direct effect on bone remodeling. In vitro experiments further validated
these findings. BMSCs from tryptophan-producing probiotic-treated 3. Discussion
mice showed enhanced osteogenic differentiation and mineralization

(Fig. 4R). In addition, bone marrow-derived monocyte/macrophage The composition of the gut microbiota plays a significant role in
precursors exhibited inhibited osteoclast differentiation and reduced maintaining the integrity of the gut barrier, preventing the leakage of
bone resorption capabilities (Fig. 45-U). harmful substances such as bacteria, toxins, and undigested food parti-

These comprehensive in vivo and in vitro analyses demonstrated that cles into the bloodstream. However, inflammation within the gut, a
supplementation of tryptophan in colitis mice effectively modulates common pathological feature in conditions like inflammatory bowel
bone metabolism, enhancing bone formation while inhibiting resorp- disease (IBD) and aging, can disrupt the gut epithelial barrier [34,37,
tion. This indicated that tryptophan-producing probiotics could be a 38]. This can trigger inflammation and immune responses throughout
promising therapeutic strategy for diseases characterized by excessive the body, contributing to various diseases and conditions. For example,
bone loss in patients with colitis. damage to the intestinal epithelial barrier leads to an increase in

pathogen-associated molecular patterns (PAMPs) entering the liver via
the portal vein, resulting in hepatic inflammation and promoting the

2.5. Tryptophan-producing probiotic improves bone mass in elderly mice progression of liver diseases [39]. Recent studies in patients with pri-
mary osteoporosis have documented changes in the composition and

The deterioration of intestinal barrier function was a common issue abundance of the gut microbiota [13,40]. Furthermore, experimental

in aging, which correlated with the increased incidence of osteoporosis animal studies have demonstrated that inflammatory bone loss in oste-
in elderly populations [34-36]. Aged mice demonstrated low-grade oporotic models is attributable to the activation of gut-mediated im-
chronic inflammation compared to young mice (Supplementary mune responses [41,42]. Current research is also exploring the potential

Fig. 6A). To evaluate whether tryptophan-producing probiotics could
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Fig. 5. Improvement of Intestinal Barrier Integrity and Bone Mass in Elderly Mice by Engineered Clostridium butyricum. A. Schematic representation of the
treatment regimen with tryptophan-producing probiotic in elderly mice. B and C. Representative immunofluorescence images showing expression of the tight
junction proteins ZO-1 and occludin in the intestines of elderly mice treated with tryptophan-producing probiotic compared to the untreated group. Scale bar: 50 pm.
D. Three-dimensional pCT reconstructions of femurs from treated and controlled elderly mice, displaying bone structure. E. Quantitative analysis of bone density
derived from the puCT scans shown in Panel D. F. Representative pCT scan images of mouse femurs, providing detailed views of bone quality and structure. G.
Measurement of Bone Volume to Total Volume ratio (BV/TV), reflecting bone density improvements in treated mice. H. Measurement of Bone Surface to Total
Volume ratio (BS/TV), which assesses the surface area of bones relative to their volume. I. Measurement of Trabecular Number (Tb.N), indicating the number of
trabeculae per unit area, a crucial structural parameter of bone quality. J. Measurement of Total Porosity (percent) (Po(tot)), evaluating the porosity of the bone,
which is significant for assessing overall bone health and strength. Data are presented as mean + SD; statistical significance was calculated by one-way ANOVA. *p <

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. n = 5.

of probiotics to regulate gut homeostasis as a therapeutic approach for
osteoporosis [43].

In this study, we observed significant bone loss in mice models of
colitis, highlighting a pathological link between intestinal inflammation
and bone health. The disruption of the intestinal barrier, induced by
microbial dysbiosis and metabolic byproducts, downregulated the
expression of tight junction proteins such as ZO-1 and occludin,
impairing the integrity of adherens junctions. This barrier impairment
escalated immune responses, elevating inflammatory levels in both
circulatory and bone marrow tissues, which in turn compromised oste-
oblast differentiation and enhanced osteoclast activation, leading to
bone resorption and overall loss.

Further microbial and metabolite analysis revealed decreased levels
of amino acid metabolites, notably those involved in tryptophan meta-
bolism. Tryptophan metabolism in the gut involves its direct conversion
by the gut microbiota into bioactive molecules such as indole and its
derivatives. Indole, indole-3-acetic acid, indole-3-propionic acid, indole-
aldehyde, and indole-acrylic acid are all ligands for the aryl hydrocar-
bon receptor (AhR). AhR signaling is considered a key component of the
barrier immune response and is crucial for maintaining gut homeostasis.
AhR is a ligand-activated transcription factor that is widely expressed in
intestinal epithelial and immune cells. Upon ligand binding, AhR in-
duces the upregulation of tight junction proteins, mucins, and anti-
inflammatory cytokines in epithelial cells, while downregulating pro-
inflammatory cytokines [24,44,45]. In immune cells, AhR forms a het-
erodimer with the AhR nuclear translocator (Arnt), which then trans-
locates to the nucleus and activates immune-regulatory genes,
downregulating intestinal inflammatory cytokines and upregulating
IL-22 expression [46]. This process helps to alleviate intestinal inflam-
mation and maintain mucosal immune balance. Additionally, other
tryptophan metabolites, such as kynurenic acid, exert mucosal protec-
tive and immune-regulatory effects by interacting with G-pro-
tein-coupled receptors expressed primarily on epithelial and immune
cells [23]. By engineering the beneficial bacterium Clostridium butyricum
to overexpress tryptophan, we were able to restore tryptophan metab-
olites. Treatment with this tryptophan-producing probiotic not only
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improved the integrity of the intestinal epithelial barrier but also
reduced systemic and marrow inflammation, promoted osteoblast dif-
ferentiation, and inhibited excessive osteoclast activation, thereby
ameliorating bone remodeling and increasing bone mass.

Additionally, in aged mice, tryptophan-producing probiotic treat-
ment improved age-related intestinal barrier dysfunction and increased
bone mass, suggesting a potential therapeutic approach for age-
associated osteoporosis, a prevalent condition linked to chronic
inflammation. With advancing age, factors such as dietary changes,
antibiotic usage, alcohol consumption, circadian rhythm disruptions,
and psychological stress can affect protein homeostasis, leading to the
loss of intestinal barrier integrity [20,47-49]. Disruption of the intesti-
nal barrier is a common pathophysiological change in the elderly, and
chronic impairment of this barrier can allow harmful substances to
permeate the intestinal mucosa and enter the systemic circulation,
thereby eliciting a systemic inflammatory response. As observed in our
treatment group, recent studies have found that aging animals exhibit
marked changes in tryptophan metabolism. Supplementation with mi-
crobial metabolites such as indole derivatives and kynurenine has been
shown to protect against intestinal atrophy, maintaining gut barrier
integrity [50]. Research on centenarian populations also suggests that
tryptophan microbial metabolites play a crucial role in promoting gut
health and longevity [51]. Similar to recent findings related to
COVID-19-induced pathological bone loss [33], our study underscored
the critical role of gut microbial metabolites and inflammatory re-
sponses in inflammatory bone loss (Fig. 6). Wnt/p-catenin and NF-kB are
key pathways for osteoblast and osteoclast differentiation [52,53]. In
this study, we found that interference by inflammatory mediators alters
these differentiation processes, thereby affecting bone mass. The
improvement of age-related intestinal barrier dysfunctions is increas-
ingly recognized as pivotal to overall health [34,38,54,55], offering a
potential therapeutic strategy against chronic diseases such as osteo-
porosis that accompany aging. New strategies for enhancing bone health
treatment are proposed [56,57].

Considering that osteoporosis typically correlates with chronic
inflammation [58-60], whether other types of osteoporosis could also
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Fig. 6. Schematic representation of therapeutic action through the gut-bone axis mediated by Engineered Clostridium butyricum. Tryptophan-producing
probiotics have been genetically customized to concurrently generate tryptophan-derived metabolites. The augmented production of these metabolites facilitates
the restoration of compromised intestinal epithelial barriers, attenuates inflammatory responses, and promotes bone remodeling, ultimately leading to enhanced
bone mass. Trp: Tryptophan. CB: Clostridium butyricum. Trp CB: Tryptophan-producing probiotic.

benefit from treatment with this engineered probiotic remains an area
for future research. This opens new avenues for exploring
microbial-based interventions as potential treatments for a range of in-
flammatory and age-related conditions.

4. Methods

Animal model. The animal studies were approved and performed
following the guidelines of the Ethics Committee of our University
(protocol number SUDA20231215A03). Female C57BL/6J mice, aged
8-12 weeks, were acquired from the Laboratory Animal Center at our
University. Throughout the study, the animals were accommodated in
ventilated cages located within a specific pathogen-free environment.
The facility maintained a constant temperature of 22-24 °C and adhered
to a 12-h light/dark cycle. Mice had unrestricted access to water and
were fed Envigo Teklad global irradiated 18 % protein rodent diet meal
2918 as a standard diet. For the induction of chronic colitis, mice were
given 1.5 % dextran sulfate sodium (DSS) in their drinking water ad
libitum for 12 weeks, following the manufacturer’s protocol for chronic
inflammation models. In contrast, to model acute colitis, mice received
drinking water containing 5 % DSS freely for one week, as per the
established guidelines for acute inflammation models. For aging studies,
elder mice models were utilized, selecting individuals aged 22 months.

RCT analysis. Micro-computed tomography (uCT) was conducted
using a SkyScan 1174 system (SkyScan, Aartselaar, Belgium). The scans
were performed under uniform parameters: voxel size was set at 10.3
pm, X-ray voltage at 50 kV, electric current at 810 pA, and rotation step
at 0.5°. Three-dimensional (3D) reconstructions of the distal femur were
carried out using CTvol software provided by the manufacturer. For the
quantitative analysis of bone architecture, various static parameters
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were assessed. These parameters included bone mineral density (BMD),
bone volume relative to tissue volume (BV/TV %), Total porosity
(percent) (Po(tot)), bone surface relative to tissue volume (BS/TV), and
trabecular number (Tb.N) for each analyzed sample. The quantification
of bone parameters was conducted according to the 2013 ASBMR
guidelines. For example, BS/TV was calculated by converting two-
dimensional perimeter-to-area ratios (B.Pm/T.Ar) to three-dimensional
surface-to-volume ratios using the 4/ correction factor (or 1.2 for
iliac cancellous bone), with tissue volume (TV) as the referent.

Histological analysis. For histological examinations, mouse intes-
tinal and femoral bone tissues were prepared as follows: Intestinal tis-
sues were fixed and sectioned for Hematoxylin and Eosin (H&E)
staining, and immunofluorescent labeling of tight junction proteins ZO-
1 and occludin, as well as myeloperoxidase (MPO) and TUNEL assay to
detect apoptosis. Femoral bones were first decalcified and then
sectioned for further analysis. For bone tissue evaluation, 5-pm-thick
sections were stained with H&E to assess the trabecular structure, and
Tartrate-Resistant Acid Phosphatase (TRAP) staining was used to iden-
tify osteoclasts. Quantification of bone histological parameters was
performed using OsteoMeasure software (OsteoMetrics Inc., Decatur,
GA, USA). To analyze bone-related protein expression via immunoflu-
orescence, 8-pm-thick longitudinally oriented sections of bone were
stained with antibodies against osteoblast-specific proteins such as Sp7
(Abcam; ab209484), RUNX2 (Abcam; ab236639), and Osteopontin
(Abcam; ab283656). Additionally, osteoclast-specific proteins NFATc1
(Santa; sc-7294), CTSK (Abcam; abl187647), and c-FOS (Abcam;
ab222699) were also targeted. Immunofluorescent images were
captured using an LSM 800 confocal microscope (Zeiss, Germany). The
relative expression levels of these proteins were quantified using ImageJ
software.
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Calcein Labeling Experiment. For the calcein labeling experiment,
tibial samples were obtained from mice that underwent a dual injection
protocol of calcein. The first injection of 15 mg/kg calcein was admin-
istered 10 days before euthanasia, followed by a second injection of the
same dose (15 mg/kg) 3 days before euthanasia. Following euthanasia,
the tibias were carefully extracted and processed into hard tissue sec-
tions. These sections were then examined under a fluorescence micro-
scope to capture images of the calcein incorporation. For the mineral
apposition rate (MAR), the protocol involved measuring the inter-label
distance at the midpoint of the double calcein labels, which was then
standardized to the time interval between the labeling periods.

ELISA assay. Blood samples from the mice were collected and
allowed to clot at room temperature for 30 min. Subsequently, these
samples were centrifuged at 3500xg for 10 min. The serum obtained
was aliquoted and stored at —80 °C until analysis. Enzyme-linked
immunosorbent assay (ELISA) was utilized for the quantification of
specific serum markers. The levels of RANKL and OPG in the mouse
serum were measured using ELISA kits according to the protocols pro-
vided by R&D Systems. Additionally, the serum concentrations of the
bone turnover markers PINP and CTX were determined using ELISA kits
from Nanjing Jiancheng Bioengineering Institute. For cytokine profiling,
serum levels of IL-1B, TNF-a, and IL-6 were quantified using specific
ELISA kits supplied by Invitrogen, USA, following the manufacturer’s
detailed instructions.

In Vitro Cell Experiments. Mesenchymal stem cells (MSCs) and
bone marrow macrophages (BMMs) were isolated from the long bones of
C57BL/6 mice after 12 weeks of DSS-induced chronic colitis. The bone
marrow-derived mesenchymal stem cells (BMSCs) were harvested and
cultured as detailed in our previous studies [28,61]. BMSCs were plated
in 12-well plates and cultured in an osteogenic medium composed of
complete DMEM supplemented with 10 mM p-glycerophosphate, 50
pg/mL ascorbic acid, and 10 nM dexamethasone. For alkaline phos-
phatase (ALP) activity assessment, cells were stained using a BCIP/NBT
Alkaline Phosphatase Color Development Kit (Beyotime Biotech,
Shanghai, China) after 14 days of osteogenic induction. Additionally, for
calcium deposition analysis, Alizarin Red S staining was performed
using a Calcium Stain Kit (Modified Alizarin Red S Method) (Solarbio,
Beijing, China) following 21 days of differentiation.

For osteoclast formation, bone marrow cells were extracted by
flushing femurs and tibias with o-MEM. These cells were initially
cultured in full a-MEM (containing 10 % FBS and 1 % penicillin-
streptomycin) at 37 °C and 5 % CO; overnight to allow attachment.
Nonadherent cells were then cultured in «-MEM supplemented with 30
ng/mL M-CSF (R&D Systems) for 3 days to derive BMMs. BMMs were
seeded at a density of 1 x 10* cells/well in 96-well plates in medium
enriched with 30 ng/mL M-CSF and 50 ng/mL RANKL (R&D Systems)
and cultured for 5-7 days. Osteoclasts were fixed with 4 % para-
formaldehyde, stained for tartrate-resistant acid phosphatase (TRAP)
using an acid phosphatase leukocyte kit (Sigma-Aldrich, Darmstadt,
Germany), and identified as TRAP-positive multinucleated cells with
three or more nuclei under an Olympus microscope (Waltham, MA,
USA). For the bone resorption assay, BMMs were cultured on
hydroxyapatite-coated 24-well plates (Corning Inc., Corning, NY, USA)
in full medium supplemented with M-CSF and RANKL. The medium was
refreshed every two days. After 5 days, cells were cleaned with 5 %
sodium hypochlorite, and resorption pits were imaged. The area of bone
resorption was quantified using ImageJ software.

To simulate the proinflammatory microenvironment in bone
marrow, the culture medium was supplemented with 1 ng/mL recom-
binant murine IL-1p (R&D Systems, USA).

Western blotting. Cells were washed with PBS and lysed on ice
using RIPA buffer containing protease inhibitors. The lysates were then
centrifuged at 12,000 g for 15 min to collect the supernatants, and
protein concentrations were determined using the BCA Protein Assay Kit
(Thermo Fisher, USA). Equal amounts of protein (20 pg) were separated
by SDS-PAGE and transferred to PVDF membranes (Bio-Rad, Hercules,
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CA, USA). The membranes were blocked with 5 % nonfat milk and
incubated overnight at 4 °C with primary antibodies. Following incu-
bation, the membranes were washed and incubated with HRP-
conjugated secondary antibodies. Protein bands were detected using
chemiluminescent substrate (ECL). Band intensities were quantified
with ImageJ software. The original Western blot data are shown in
Supplementary Figure 7.

Real-time quantitative polymerase chain reaction (RT-qPCR)
assay. Total RNA was isolated from the cells using TRIzol reagent
(Biosharp, Hefei, China) according to the manufacturer’s protocol.
cDNA synthesis was performed using NovoScript®Plus All-in-one 1st
Strand c¢DNA Synthesis SuperMix (gDNA Purge) (Novoprotein,
Shanghai, China). Quantitative PCR was conducted using NovoStart®
SYBR qPCR SuperMix Plus (Novoprotein, Shanghai, China) on a Light-
Cycler480 Real-time PCR system (Roche, USA). The expression levels of
target genes were normalized to GAPDH, and relative gene expression
was calculated using the AACt method. The primer sequences used in
the analysis are listed in Supplementary Table 1.

Flow cytometry analysis. To detect the changes in the immune
microenvironment of the intestines and bone marrow after different
treatments, we collected the intestines of mice and obtained single-cell
suspensions of the intestines through tissue fragmentation. Then, cells
were stained with APC-CD45, FITC-F4/80 and PE-CD3 antibodies to
evaluate the number of macrophages and T cells. To analyze the acti-
vation status of macrophages in intestines, PE-CD80 and APC-CD206
were stained to observe the polarization of macrophages. PE-CD3,
APC-CD8a, and FITC-CD4 were stained to evaluate the activation state
of T cells. At the same time, PE-IFN-y, APC-TNF-a, APC-IL-17A, and APC-
IL-4 staining was applied to examine the activation state of CD4" T cells.
The gating strategy for flow cytometry analysis of intestinal and bone
marrow tissues is presented in Supplementary Figure 8.

16S rRNA gene sequencing assay. Post-treatment, fecal samples
from the experimental animals were immediately collected, snap-frozen
in liquid nitrogen, and shipped to GENEWIZ Company for gut micro-
biota profiling using 16S rRNA gene sequencing. DNA was extracted
from these samples using a commercial DNA extraction kit, ensuring
high-quality genetic material for subsequent analyses. The concentra-
tion of the extracted DNA was quantified using the Qubit® dsDNA HS
Assay Kit. A second-generation sequencing library was then prepared,
and the library concentration was determined using a Tecan Infinite®
200 Pro enzyme labeler. Following library quantification, paired-end
sequencing (PE250/FE 300) was conducted on an Illumina MiSeq/
Novaseq system (Illumina, San Diego, CA, USA), according to the
manufacturer’s guidelines to generate raw sequencing data. Data
filtering was applied to obtain high-quality sequences for analysis.

The raw sequencing data underwent initial processing, where paired-
end reads were merged, and sequences resulting from the assembly were
subsequently filtered based on a minimum length criteria of 200 bp.
Quality filtering was performed to remove low-quality and chimeric
sequences. The high-quality sequences were then subjected to Opera-
tional Taxonomic Unit (OTU) clustering and sequence clustering using
VSEARCH (version 1.9.6), with a sequence similarity threshold set at 97
%. Representative sequences from each OTU were taxonomically clas-
sified using appropriate databases. The microbial composition of each
sample was quantified at various taxonomic levels, allowing for detailed
analysis of the gut microbiota structure and diversity across different
treatment groups.

SCFAs detection by gas chromatography-mass spectrometry
quantitation. The detection of short-chain fatty acids was based on
previous reports [62]. Fecal samples were collected immediately
following defecation, promptly ground in liquid nitrogen, and stored at
—80 °C until processed. For SCFA extraction, 100 mg of each fecal
sample was homogenized with 1000 pL of ultrapure water. This mixture
was then incubated at 4 °C for 30 min to facilitate extraction. Following
incubation, the samples were centrifuged at 13,000xg for 30 min to
obtain the supernatant. From the resulting supernatant, 100 pL was
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transferred to a new 0.6 mL glass tube. To acidify the sample, 10 pL of 5
M HCl was added, adjusting the pH to approximately 2. Subsequently,
100 pL of anhydrous n-hexane (1:1, v/v) was added to the acidified
homogenate. The mixture was incubated on ice for 5 min and centri-
fuged at 10,000xg for 5 min. The n-hexane layer containing SCFAs was
carefully transferred to a new tube containing anhydrous Na;SO4 to
desiccate any residual water. This extraction process was repeated twice
with additional n-hexane to ensure thorough recovery of SCFAs.

For derivatization, 100 pL of the pooled n-hexane extracts were
transferred to a glass GC vial insert. To this, 5 pL of BSTFA was added for
silylation, and the vial was immediately capped and rotated to mix. The
derivatization reaction was carried out by incubating the samples at
70 °C for 20-40 min, 37 °C for 2 h, or at room temperature (25 °C)
overnight, exceeding 8 h. The derivatized samples were then analyzed
using GC/MS. Blank sample was processed with the same procedure as
that of fecal samples. The corrected peak area of acetic acid is calculated
by those peak areas of samples minus that of the blank sample detected
under the same conditions. The GC system was equipped with a helium
carrier gas flowing at a rate of 1 mL/min. A total volume of 10 pL of the
derivatized sample was injected with a solvent delay time set at 3 min
and a split ratio of 10:1. The initial column temperature was set at 40 °C,
held for 2 min, then ramped at 15 °C/min to 150 °C, held for 1 min,
further ramped at 30 °C/min to 300 °C, and held for 5 min. Ionization
was performed in electron impact (EI) mode at 70 eV. Mass spectra were
collected from m/z 40 to 400 in full scan mode at a frequency of 12.8
scans per second. Compounds were identified by comparing the reten-
tion times and mass spectra with those of purified standards. Quantifi-
cation was performed using target ions in selected ion monitoring (SIM)
mode.

Untargeted metabolomics. Mouse fecal samples were preserved in
liquid nitrogen immediately after collection and shipped to APTBIO
(Shanghai, China) for analysis. Upon arrival, samples were gradually
thawed at 4 °C. For extraction, an aliquot of each sample was added to a
pre-chilled solvent mixture of methanol, acetonitrile, and water in a
2:2:1 vol ratio. The samples were then subjected to vortex mixing fol-
lowed by low-temperature ultrasonication for 30 min. Subsequently, the
mixtures were incubated at —20 °C for 10 min and centrifuged at 14,000
g at 4 °C for 20 min. The resulting supernatant was collected and
vacuum-dried for further analysis. For mass spectrometry, the dried
extracts were reconstituted in 100 pL of an acetonitrile-water solution
(1:1, v/v). This mixture was then centrifuged at 14,000 g for 15 min at
4 °C to clarify the solution. The clear supernatant was transferred to a
new tube and subjected to high-resolution accurate mass spectrometry.

The analysis was conducted using a Vanquish UHPLC (Thermo)
coupled with an Orbitrap mass spectrometer at Shanghai Applied Pro-
tein Technology Co., Ltd. For hydrophilic interaction liquid chroma-
tography (HILIC) separation, a 2.1 mm x 100 mm ACQUITY UPLC BEH
Amide 1.7 pm column (Waters, Ireland) was employed. The mobile
phase consisted of A = 25 mM ammonium acetate and 25 mM ammo-
nium hydroxide in water, and B = acetonitrile, in both ESI positive and
negative modes. The gradient began with 98 % B for 1.5 min, which was
linearly reduced to 2 % over 10.5 min, maintained for 2 min, and then
increased back to 98 % in 0.1 min, followed by a 3-min re-equilibration
phase.

The ESI source parameters were set as follows: Ion Source Gasl and
Gas2 at 60, curtain gas (CUR) at 30, source temperature at 600 °C, and
IonSpray Voltage Floating (ISVF) at 5500 V. For MS-only acquisition,
the instrument scanned over the m/z range of 80-1200 Da with a res-
olution of 60,000 and an accumulation time of 100 ms. In auto MS/MS
acquisition, the range was 70-1200 Da with a resolution of 30,000 and
an accumulation time of 50 ms, with an exclusion time of 4 s.

Raw MS data were converted to MzXML files using ProteoWizard
MSConvert and imported into XCMS software for analysis. Peak picking
was performed using the parameters: centWave m/z = 10 ppm, peak-
width = [10,60], prefilter = (10, 100). For peak grouping, the param-
eters were set as bw = 5, mzwid = 0.025, and minfrac = 0.5. Isotope and
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adduct annotations were performed using CAMERA (Collection of Al-
gorithms for Metabolite Profile Annotation). Only extracted ion features
with more than 50 % non-zero values in at least one group were
retained. Compound identification was based on accurate m/z values
(<10 ppm) and MS/MS spectra compared with an in-house database of
authentic standards.

Following sum-normalization, the data were analyzed using the R
package (ropls), and multivariate analyses were conducted, including
Pareto-scaled principal component analysis (PCA) and orthogonal par-
tial least-squares discriminant analysis (OPLS-DA). Model robustness
was evaluated using 7-fold cross-validation and response permutation
testing. The variable importance in projection (VIP) values from the
OPLS-DA model were used to assess the contribution of each variable to
classification. Student’s t-test was applied to compare two independent
sample groups, with VIP >1 and p < 0.05 used to identify significantly
altered metabolites. Pearson’s correlation analysis was performed to
evaluate the relationship between variables.

Engineering tryptophan-producing probiotic. The designed re-
combinant plasmid image was shown in Supplementary Fig. 9A. The
Clostridium-E. coli shuttle overexpression vector pMTL82151 was first
used, and the strong promoter Pthl was cloned and inserted into the
vector pMTL82151, which was constructed by first amplifying the
primer using thl-Xbal-F/R. It was then used as a template for double
digestion with pMTL82151 using primers for thl-F/R and digested with
Xbaland Xholrestriction endonucleases. The digested product was
recovered and plasmid pMTL82151-thl was obtained. Gene synthesis
was performed to obtain the structural gene sequences capable of
expressing tryptophan biosynthetic enzymes (trpE, D, C, B, A) on the E.
coli tryptophan manipulator, and then the desired structural gene
fragments were amplified by polymerase chain reaction (PCR) using the
primers and the appropriate restriction enzyme recognition sites on both
sides. The pMTL82151-thl plasmid was then digested with the appro-
priate restriction endonuclease, and the digested products were recov-
ered for ligation reaction. The amplified trpEDCBA gene fragment was
inserted into the plasmid pMTL82151-thl to form the recombinant
plasmid "pMTL82151-trpEDCBA". Recombinant plasmids were heat-
stimulated and transformed into E. coli and single colonies were
picked for the next step in chloramphenicol-containing LB medium.
Clostridium butyricum (CB) was cultured in a liquid thioglycolate me-
dium. Then, E. coli and Clostridium butyricum were mixed and coated
on RCM plates for anaerobic incubation at 37 °C. The pMTL82151-
trpEDCBA in E. coli was transferred to the Clostridium butyricum
strain by conjugation. Subsequently, the bacteria on the plates were
collected and spread onto RCM plates containing methicillin for anti-
biotic screening culture. Single colonies were singled out for further
culture in a liquid thioglycolate medium to obtain the mutant strain
tryptophan-producing probiotic. Besides, the full-length plasmid
sequencing analysis was conducted and the results indicated that the
sequence integrity of the plasmids was complete (Supplementary
Fig. 9B).

Transmission electron microscopy (TEM, FEI TF20) and Zetasizer
Nano ZS instruments (Nano ZS90, MALVERN) were used to observe the
morphology of the bacteria and to characterize the particle size distri-
bution and zeta potential of the tryptophan-producing probiotic. CB and
tryptophan-producing probiotics were incubated statically at 37 °C in
chloramphenicol (15 pg/ml) or chloramphenicol-free thioglycolate
medium. The effect of the engineered tryptophan-producing probiotic
on the growth state of the bacteria was analyzed by measuring the
absorbance of the bacterial samples at 600 nm with a UV spectropho-
tometer at the indicated time points. To determine the production of
tryptophan and butyrate by tryptophan-producing probiotic, the bac-
teria stored at —80 °C were incubated in anaerobic test tubes in thio-
glycolate medium supplemented with chloramphenicol (15 pg/ml) at
37 °C for 24 h. The bacterial cultures were then centrifuged at 12000
rpm for 10 min and the bacterial supernatants were prepared by filtra-
tion through a 0.2 pm filter. High-performance liquid chromatography
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(HPLC; Thermo, UltiMate 3000) was used to determine tryptophan and
butyrate in the bacterial supernatants. The HPLC detection conditions
for tryptophan were as follows: tryptophan was detected from the su-
pernatant by a linear program of 10 % methanol and 90 % 0.03 %
KH2PO4 for 18 min. The solvent flow rate was 1.0 ml/min. The amount
of tryptophan (mg/ml) was analyzed by comparing the peak height
(Ulmax278 nm) or peak area of the sample with that of the analytical
standard (Yuanye, Shanghai, China). The HPLC detection conditions for
butyrate were as follows: butyrate was detected in the supernatant in a
linear program of 20 % acetonitrile and 80 % 0.1 % phosphoric acid for
9 min with a solvent flow rate of 0.8 ml/min. Peak heights (1,;,45,206 nm)
or peak areas of the samples were compared with those of the analytical
standards (Beyotime, Nanjing, China), and the concentrations of buty-
rate (mg/ml) were calculated.

In vivo mouse experiment with tryptophan-producing probiotic.
For chronic colitis mice (C57BL/6J) therapeutic experiments, the
experimental mice were randomly divided into five groups. The colitis
mice were gavaged with PBS for each mouse in the DSS group. The
normal mice were used as positive controls. For the CB and tryptophan-
producing probiotic group, the CB and tryptophan-producing probiotic
strains were freshly cultured in thiolglycollate medium, then resus-
pended in sterile PBS each day and were treated gavaged with 5 x 108
CFU/d for each colitis mouse. The CB and Trp CB group were received a
daily gavage treatment of 5 x 10% CFU of probiotic strains. The Trp
group of mice were received by adding 40 g kg™! to the standard 2 g
kg~ ! conventional diet. The experimental period for gavage tryptophan-
producing probiotics was two weeks.

For the aged mice (22-month-old, C57BL/6J) therapeutic experi-
ments, the gavage of tryptophan-producing probiotic bacteria was
treated with the same experimental methods, dosage, and period of
gavage as in the treatment of chronic colitis mice. The control group was
given PBS for each mouse.

Tryptophan diet. Mice were given either a conventional diet
(Envigo Teklad global irradiated 18 % protein rodent diet meal 2918) or
a tryptophan (Trp)-supplemented diet ad libitum in feeding jars. The
tryptophan diet was prepared by adding 40 g kg™! to the standard 2 g
kg~! conventional diet.

Evaluation of Tryptophan levels in blood serum and bone
marrow. For each group of mice, performed orbital blood collection,
then placed it at 4 °C for 1 h to stand. After that, centrifuged the
collected blood at 7000 revolutions per minute (r/min) for 15 min, and
took the supernatant to obtain the blood serum. Regarding the prepa-
ration of mouse bone marrow, after euthanizing the mice by cervical
dislocation, the muscle tissue was removed and the bones were cleaned.
The ends of the femurs were cut off, and a syringe was used to draw up
physiological saline. The two femurs were flushed repeatedly through
one end, collecting the bone marrow cells into a centrifuge tube. The
collected bone marrow cells were then centrifuged at 1000 revolutions
per minute (r/min) for 10 min, and the supernatant was discarded to
obtain the bone marrow. The blood serum samples and treated mouse
bone marrow homogenates were added with 6 % perchloric acid. They
were vortexed for 1 min, then allowed to stand for 5 min. After that, they
were centrifuged at 10,000 x g for 10 min, and the supernatant was taken
for sample detection. The high-performance liquid chromatography was
performed to detect the concentrations of tryptophan. The separation of
tryptophan from supernatants was achieved with methanol containing
Sodium acetate (15 mM, adjusted to pH 4.0 with glacial acetic acid) in a
linear program started with 8 % acetonitrile and 92 % Sodium acetate in
9 min of isocratic programs. The solvent flow rate was 1.2 ml/min.
Tryptophan (mg/ml) was analyzed by comparing the peak height
(4max280 nm) and peak areas of the samples with analytical standards
(Yuanye, Shanghai, China).

In vivo toxicity assessment. Ten female C57BL/6J mice, aged 8-12
weeks, were allocated into two groups, with five mice per group. One
group received oral gavage of phosphate-buffered saline (PBS) as a
control, while the other was administered engineered Clostridium
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butyricum for two weeks to assess the biosafety of the treatment.
Following the treatment period, major organs including the liver, kid-
neys, spleen, heart, and lungs were harvested from all mice. These or-
gans were then fixed, sectioned, and stained with H&E for
histopathological examination.

Statistical analysis. For all experiments, a minimum of three in-
dependent trials were conducted. Quantitative data obtained from these
trials were expressed as the mean + standard deviation (SD). Statistical
analyses were performed using GraphPad Prism version 8 software
(GraphPad Software, Inc., La Jolla, CA, USA). Depending on the data
distribution and experimental design, either one-way analysis of vari-
ance (ANOVA) or Student’s two-tailed t-tests were applied to assess the
statistical significance between groups. In the graphical representations
of the data, statistical significance was denoted as follows: *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. Cases, where differences
were not statistically significant, were indicated by “ns”.
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