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ABSTRACT: Ulcerative colitis (UC) poses a significant therapeutic challenge due to its complex pathogenesis and limited
treatment efficacy. Restoring gut microbiota homeostasis is a critical strategy, given its profound influence on immunity and
metabolic dysregulation in UC. This study demonstrates the therapeutic potential of inorganic polyphosphate (polyP) in
ameliorating UC by modulating gut microbiota and metabolites. In vivo experiments demonstrate that polyP administration
alleviates colitis pathology, reduces proinflammatory cytokines (IL-1f, TNF-a), and reinforces intestinal barrier integrity. PolyP
restructures microbial communities by enriching probiotics (Ruminococcaceae, Butyricicoccus, Harryflintia) while depleting
Parasutterella. Concurrently, it reprograms metabolomic profiles, elevating barrier-repairing metabolites—notably indoleacetalde-
hyde (IAAld). These findings establish polyP as a microbiota-modulating therapeutic agent for UC, highlighting its role in modeling
host-microbiota-metabolite interactions for gut homeostasis.
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Bl INTRODUCTION UC via platelet aggregation, inflammation reduction, and gut

. . . 14,15 ; . . .
Ulcerative colitis (UC), a prevalent inflammatory bowel microbiota modulation. This functional paradox implies

disease (IBD), imposes a significant global health burden environment-dependent immunomodulation by polyP.

due to diffuse mucosal inflaimmation in the colon.' Its Although polyP-induced microbiota remodelling correlates
pathogenesis involves multifactorial interactions, including with colitis remission, whether gut microbiota mediate polyP’s
dysregulated immune responses, gut mlcroblota alteratlons, protective effects through metabolite-driven mechanisms
genetic susceptibility, and environmental triggers.”~* Notably, remains elusive. Further investigation into the polyP-micro-
UC patients exhibit reduced microbial diversity, diminished biota-metabolite axis will advance understanding of both host
probiotics, and enrichment of P’tlthObiOHtS-5 Emerging immunity and the complex biological functions of polyP.

evidence underscores that microbiota-derived metabolites, In this study, we demonstrate through in vivo experimenta-
particularly short-chain fatty acids (SCFAs), bile acid tion that polyP administration significantly ameliorates UC

derivatives, and amino acid metabolites, serve as critical
mediators in UC pathogenesis.””” Hence, elucidating host-
microbiota interactions is essential for developing novel UC
therapeutics.

Polyphosphate (polyP), a conserved linear polymer of
phosphate residues, functions as a key bacterial metabolite
regulating energy metabolism, stress adaptation, and metal ion
chelation.'*™"* Intriguingly, while Bosmann et al. demon-
strated that polyP promotes bacterial immune evasion by
polarizing macrophages toward an anti-inflammatory pheno-
type during sepsis, > Fujiya et al. reported its protective role in

pathology, reduces pro-inflammatory cytokine expression, and
enhances intestinal barrier integrity. Mechanistically, polyP
restructures gut microbial communities by enriching probiotics

EEIAPPLIED
810 MATERIALS

Received: June 17, 2025
Revised:  July 14, 2025
Accepted: July 25, 2025
Published: August 1, 2025

© 2025 American Chemical Society https://doi.org/10.1021/acsabm.5c01160

v ACS Pu bl ications 7473 ACS Appl. Bio Mater. 2025, 8, 7473—7480


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhicheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sisi+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongpeng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiuxiu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.5c01160&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/8/8?ref=pdf
https://pubs.acs.org/toc/aabmcb/8/8?ref=pdf
https://pubs.acs.org/toc/aabmcb/8/8?ref=pdf
https://pubs.acs.org/toc/aabmcb/8/8?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsabm.5c01160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

A B Cc * %k %k %k
(]
g 10‘| 04 0. B *
S5 O—/i\H’;'IT¥TI|ns s3 - E T 7T
S Tyt g £
BE10 ww + Ctrl 52 ctrl 26 -
° |+ = PolyP 1 PolyP 9 -
2 20 . DY I Sl ips 44
z + DSS+polyP 0=t T 71 i+ +DSStpoyP S ,
o <]
3 0123456789 0123456789 3
Days Days 0
Q R &2 L
O\Qc}* 06 Q&*
6)(
]
Q
D * *%
5 ns k% 5 ns * 5 ,L\ 5 ns
B 27 @ 69 v 8 ns ns @20 ns ns
g g 1 g g
1] 5« go T
3 3 o [
2 04 2 21 24 2
5 ° & S §10
© [ [ [
E E ) ) E . T
- g 1 NI F |
E -2 T T T T = -2 T T T T 0 T T —0.0
N \ Q N
o 0\*‘.2 o%"o 0\3 ct 0\*‘.2 0%9 Q°\§ N Q&* Q%% Q&iq ct Qo\g o"oro Q0\§
) & & 5
Q Q Q Q

Figure 1. PolyP treatment ameliorates the colitis in vivo. (A) Average daily body weight change compared to that on Day 0. (B) Average DAI
scores. (C) Mouse colon length on Day 9. (D) Log2 fold change of cytokine mRNA expression relative to the Control group. The data are

expressed as the mean + SD (n = 3 or 6).

and drives biosynthesis of barrier-repairing metabolites such as
indoleacetaldehyde. These findings establish polyP as a
microbiome-modulating agent and provide foundational in-
sights for targeting host-microbiota interactions in UC.

B MATERIALS AND METHODS

Reagents. Dextran sulfate sodium (DSS, Mw36,000—50,000)
were purchased from MP Biochemicals (Solon, USA). Polyphosphate
(polyP) had average length of 100 phosphates and synthesized
according to previous methods.'® One mg polyP was dissolved in 1
mL ddH2O, sonicated for 1 min, aliquoted and stored at —80 °C until
use. The *'P NMR spectrum of polyphosphate (polyP) was acquired
as shown in Figure SI1. The stability of polyP under simulated
gastrointestinal conditions was assessed by Urea-PAGE analysis
(Figure $2)."” ArtiCanCEO SYBR qPCR Mix were purchased from
Tsingke Biotech (Beijing, China). EZ-10 Total RNA Mini-Preps Kit
and MightyScript Plus First Strand ¢cDNA Synthesis Master Mix
(gDNA digester) were purchased from Sangon Biotech (Shanghai,
China).

Animals and Experimental Design. Animal experiments were
carried out according to the National Institutes of Health guidelines
and the Association for Research in Vision and Ophthalmology
guidelines and conducted under the approval of Institutional Animal
Care and Use Committee (IACUC) of Nanjing Advanced Acdemy of
Life and Health (AP#: NAALH-N-2412005). Twenty-four specific-
pathogen free (SPF) C57BL/6] male mice (5—6 weeks old, 20—22 g)
were obtained from Zhejiang Vital River Laboratory Animal
Technology Co., Ltd. (Jiaxing, China). After 1 week of adaptation,
the mice were randomly divided into 4 groups of 6 mice each: a
healthy control group, a PolyP group, a DSS group, and a DSS+PolyP
group. To model ulcerative colitis (UC), the mice were given 2.5%
DSS to drink freely for 7 days. The mice in the PolyP and DSS+PolyP
groups were administered PolyP via gavage daily at a mass-to-mouse
body weight ratio of 10 mg/kg, whereas the rest of the mice were
given PBS gavage treatment.

Daily measurements of body weight, diarrhea scores and blood
stool scores were used to calculate the disease activity index (DAI)
following the methods of previous study.'® On Day 9, the mice were
sacrificed to collect colon tissue and faeces for further analysis.
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Histological Analysis. The colons were rolled and fixed with 4%
paraformaldehyde and stained with hematoxylin and eosin (H&E)
and Alcian blue and Periodic acid Schiff (AB-PAS). The histological
scores and goblet cell counts were performed according to previous
studie.””

Real-Time Quantitative Polymerase Chain Reaction Anal-
ysis. Total RNA from colon tissue samples was isolated according to
the manufacturer’s instructions. Total RNA (1 pg) was used for
cDNA synthesis following the instructions. RT—qPCR analysis was
performed according to the instructions of a Step-One Plus RT—
qPCR system (Applied Biosystems, USA). Eef2 was used as an
internal control to determine the relative expression of the target
mRNA in colonic tissues by using the Log,(2A-AACt) method. RT—
qPCR primer sequences are provided in Table S1.

Microbiomics Analysis. In brief, bacterial total genomic DNA
was isolated by using a DNeasy PowerSoil kit (Qiagen, Germany)
following the manufacturer’s instructions. 16S rRNA sequencing was
performed on an Illumina MiSeq platform with a primer set specific to
the V3 and V4 regions, and the analysis was conducted by using
QIIME 2 and the LEfSe analysis package.

Metabolomics Analysis. In brief, faeces were quantified by using
untargeted metabolomics based on a liquid chromatography—tandem
mass spectrometry (LC—MS/MS) system consisting of a Waters
ACQUITY UPLC I-Class plus and Thermo-Obritrap-QE. The raw
data were subjected to metabolomics processing with Progenesis QI
v3.0 software (Nonlinear Dynamics, Newcastle, UK). Identification
analyses were performed by using the Human Metabolome Database
(HMDB), Lipidmaps (v2.3) and METLIN databases.

Statistical Analysis. The results were analyzed and plotted by
using GraphPad Prism 8 software. All results are expressed as the
mean + standard deviation (SD) repeated measurements. The data
were analyzed with standard unpaired two-tailed Student’s ¢ tests and
one-way analysis of variance (ANOVA), where applicable. P-value
<0.05 was considered to indicate statistical significance. *P < 0.05,
**P < 0.01, ¥**P < 0.001, ****p < 0.0001 and ns means P > 0.05.

B RESULTS AND DISCUSSION

Polyphosphate Ameliorated Colitis Symptoms in
Colitis Mice. To evaluate polyphosphate (polyP) efficacy in
ulcerative colitis (UC), DSS-induced colitis mice received daily

https://doi.org/10.1021/acsabm.5c01160
ACS Appl. Bio Mater. 2025, 8, 7473—7480


https://pubs.acs.org/doi/suppl/10.1021/acsabm.5c01160/suppl_file/mt5c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.5c01160/suppl_file/mt5c01160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.5c01160/suppl_file/mt5c01160_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01160?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.5c01160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

= 5

iy T

‘iﬁi;

DSS+polyP
gl

B
* %k ok k
® ns * % %k
S 15+ |
7]
w
[$]
S 104
o
s
s
8 54
o
2
I 04
Q
C’;“Qo\i2 0%% Qo\~$
%X
S
Q
D
T =l * % %k %
>80 20 ns % % %k
i S154 T T
= [}
5. 2 10+
44N 8
5 s5-
Qo
3
JER N
> L &
%X
&

Figure 2. PolyP treatment reinforces intestinal mucosal barrier. (A) Typical H&E staining of the colon (scale bars: SO ym). (B) The
histopathological score of H&E staining. (C) Typical AB-PAS staining of the colon (scale bars: S0 um). (D) Goblet cells per crypt of the colon.

The data are expressed as the mean + SD (n = 3).

oral polyP (10 mg/kg body weight) throughout the
experimental period. PolyP administration significantly amelio-
rated disease severity relative to DSS controls, evidenced by
increased colon length, restored body weight, and reduced
Disease Activity Index (DAI) scores (Figure 1A-C).

Given the pivotal role of inflammatory cytokines in UC
pathogenesis, we quantified colonic mRNA expression of key
mediators. PolyP treatment significantly suppressed pro-
inflammatory cytokines IL-14 and TNF-a compared to DSS
group, whereas IL-6 and IL-10 levels remained nonsignificant
altered. (Figure 1D). These results demonstrate polyP’s
capacity to attenuate DSS-induced inflammatory damage.

Given the central role of intestinal barrier dysfunction in UC
pathogenesis,”” we assessed polyP’s effects on epithelial
integrity. Histological analysis demonstrated that polyP
administration significantly mitigated DSS-induced epithelial
damage, concomitant with increased goblet cell density versus
DSS controls (Figure 2A-D). This restoration of mucosal
guardians indicates enhanced barrier protection. Meanwhile,
equivalent polyP doses in healthy mice induced no significant
alterations in body weight, colon morphology, or histoarchi-
tecture.
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Polyphosphate Altered the Gut Microbiota Compo-
sition. Given the established role of gut microbiota dysbiosis
in UC pathogenesis,””'~** we employed 16S rRNA sequenc-
ing to investigate polyP-induced gut microbiota alterations.
The results of the ACE and Simpson scores demonstrated that
the polyP treatment exhibited a tendency to reverse the DSS-
induced significant decrease in beta diversity. However, no
significant difference in alpha diversity was observed among
the three groups (Figure 3A). Principal coordinate analysis
(PCoA) confirmed preserved global community structure
(Figure 3B), prompting focused analysis of specific strains.

At the phylum level, DSS elicited a marked increase in
Proteobacteria with concomitant Bacteroidetes depletion,
disrupting the Firmicutes/Bacteroidetes equilibrium. PolyP
counteracted this dysbiosis by significantly elevating Firmicutes
while suppressing Proteobacteria (Figure 3C). LEfSe analysis
identified Parasutterella, Ruminococcaceae, Butyricicoccus, and
Harryflintia as key biomarkers. Specifically, polyP admin-
istration substantially decreased Parasutterella abundance while
enriching butyrogenic bacteria Ruminococcaceae and Butyrici-
coccus, along with Harryflintia (Figure 3D, E). Parasutterella is
a core member of the gut microbiota, playing an important role

https://doi.org/10.1021/acsabm.5c01160
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Figure 3. PolyP treatment alters the features of the microbiota in colitis mice. (A) The alpha diversity of the gut microbiota according to the
ACE and Simpson indices. (B) The beta diversity of the gut microbiota demonstrated by principal coordinate analysis (PCoA). (C) Relative
abundance of the gut microbiota at the phylum level. (D) LDA identification of the biomarkers between DSS and DSS+polyP group (LDA score
>3). (E) Relative abundance of the significant different gut microbiota at the genus level between DSS and DSS+polyP group (n = 6).

in a variety of diseases, including intestinal inflammation and
obesity.”**> A recent study has revealed that Parasutterella
plays a significant role in bile acid maintenance and cholesterol
metabolism.”® Ruminococcaceae has been identified as a key
component of the gut microbiota in IBD, and its levels are
known to decrease after the colitis.””*® It has been reported to
play an important role in the degradation of resistant starch
(RS).”” Butyricicoccus, which produces the beneficial substance
butyrate, has been shown to have a beneficial effect on
intestinal mucosal barrier function.””’' Butyrate is a type of
SCFA that is primarily metabolized by Firmicutes. It is
recognized for its pivotal function in maintaining intestinal
barrier function, modulating immune responses and anti-
inflammation.””** Although the function of Harryflintia
remains unknown, it has been reported that LPS results in a
significant reduction in the relative abundance of Harryflintia
in mice.”* Collectively, these polyP-driven microbial dynamics
implicate SCFA-mediated mechanisms in barrier restoration.
Polyphosphate Regulated Gut Microbiota’s Metabo-
lites. Given the critical role of microbial metabolite homeo-
stasis in UC progression,”*® we employed untargeted
metabolomics to decode polyP’s metabolic reprogramming
effects. Principal component analysis (PCA) revealed profound
DSS-induced metabolic perturbations, whereas the metabolite
composition was not significantly altered by the polyP
treatment (Figure 4A). The volcano plots showed that 202
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metabolites were significantly downregulated and 25 were
significantly upregulated in polyP-treated colitis mice (Figure
4B). Notably, polyP specifically upregulated DS5-L-Glutamyl-
taurine, Urobilin and Indoleacetaldehyde (Figure 4C). Further
KEGG pathway analysis revealed that the polyP treatment
significantly influenced the Pantothenate and CoA biosynthesis
and Taurine and Hypotaurine Metabolism (Figure 4D).

The extant research has demonstrated that there is a
significant decrease in both Urobilin and taurine levels in
patients with IBD.>”*® Taurine, a semiessential amino acid, is
the end-product of 5-L-Glutamyl-taurine, which has functions
such as anti-inflammatory, antioxidant, and enhancement of
intestinal barrier function.””*" Indoleacetaldehyde (IAAId), a
key intermediate in the tryptophan metabolic pathway, is
further converted into indoleacetic acid (IAA). The multi-
faceted regulatory function of indoles in IBD is facilitated by
the activation of the aryl hydrocarbon receptor (AhR).*!
Activation of the AhR has been demonstrated to inhibit the
NF-«B signaling pathway, thereby reducing the release of pro-
inflammatory factors and promoting the differentiation of
regulatory T-cells.*” In addition, AhR activation has been
shown to up-regulate the expression of tight junction proteins
and mucins, thereby enhancing the integrity of the intestinal
barrier.””~** These coordinated metabolic shifts position polyP
as a modulator of microbial indole-AhR axis-driven barrier
protection.
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The Relationship between Microbiomics and Metab-
olomics. To determine the polyP’s mechanism of action, we
combined microbiome-metabolome data sets via Spearman
correlation analysis. Heatmap visualization of the top 30
differential bacteria and metabolites revealed genus-specific
associations. Parasutterella exhibited significant positive
correlations with 25 metabolites but strong negative
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correlation with indoleacetaldehyde (IAAld) (Figure SA).
Ruminococcaceae, Harryflintia, and Butyricicoccus demonstrated
inverse correlation patterns. Crucially, IAAld and oscr#30
exhibited a significant correlation with all four bacteria. This
interconnectivity was further validated in correlation networks
of the top 20 differential features, confirming IAAId as a central
node linking polyP-modulated bacteria (Figure SB). Collec-
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tively, IAAld emerges as a key microbial metabolite biomarker
mediating polyP’s therapeutic efficacy.

B CONCLUSION

In conclusion, we demonstrated that polyP effectively
attenuated colitis and enriched Ruminococcaceae and Butyr-
icoccus. Critically, indoleacetaldehyde was identified as a key
microbial metabolite biomarker of polyP efficacy. Integrated
correlation analyses confirmed interconnected microbial
remodeling and metabolite shifts driving disease remission,
advancing polyP as a promising microbiota-targeted therapeu-
tic. To directly address the mechanistic limitations identified in
this study, future work may employ bacterial transcriptomics to
elucidate polyP’s specific actions on gut microbes, comple-
mented by fecal microbiota transplantation (FMT) studies to
validate causal relationships. Furthermore, rigorously evaluat-
ing size-fractionated polyP preparations is critical to overcome
the current knowledge gap in chain-length dependency,
thereby enabling optimization of therapeutic efficacy for
clinical translation.
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