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ABSTRACT	 Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive malignancies of the digestive system, with a 5-year survival 
rate of only 13%, which is largely due to late-stage diagnosis and limited therapeutic options. Emerging evidence indicates that 
the gut microbiota has a critical role in PDAC tumorigenesis, progression, and therapeutic response. This review comprehensively 
summarizes current insights into gut microbiota-PDAC interactions, highlighting microbial alterations across taxonomic, functional, 
and clinical dimensions. Gut dysbiosis, which is marked by depletion of beneficial species and enrichment of pathogenic taxa, 
contributes to carcinogenesis through chronic inflammation, immune dysregulation, and metabolic reprogramming. In particular, 
the loss of butyrate-producing bacteria reduces anti-inflammatory activity and weakens CD8+ T cell function, thereby promoting 
tumor development. In addition to initiation, the gut microbiota also shapes PDAC progression through direct translocation to 
pancreatic tissue and systemic regulation of the tumor microenvironment (TME), influencing immune cell dynamics and fostering 
therapeutic resistance. Clinically, distinct microbial signatures are emerging as potential diagnostic and prognostic biomarkers. 
Moreover, microbiota-targeted interventions, including probiotics, synbiotics, fecal microbiota transplantation (FMT), metabolite 
supplementation, and dietary modulation, show promise as adjunctive therapeutic strategies. However, significant challenges remain 
in defining causal mechanisms and translating these findings into practice. Future research should integrate multi-omics profiling 
with well-designed clinical trials to delineate the gut microbiota-PDAC interaction network, guide precision microbiota-based 
interventions, and ultimately enable earlier detection and personalized treatment of this lethal disease.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggres-
sive malignancy of the digestive system that is characterized 
by late diagnosis, rapid progression, and poor prognosis. Most 
patients present with advanced or metastatic disease due to 

the absence of specific early symptoms, which contribute to 
the dismal 5-year relative survival rate of only 13%, the lowest 
among all cancers1-4. In recent years the gut microbiota has 
emerged as a critical factor in cancer biology with established 
roles in colorectal, liver, and gastric cancers, with growing evi-
dence implicating the gut microbiota in PDAC as well5-9.

The gut microbiota of PDAC patients differs markedly 
from that of healthy individuals, typically showing a deple-
tion of beneficial taxa and enrichment of pathogenic spe-
cies10. Moreover, microbial composition varies within PDAC 
subgroups, such as between males and females or between 
patients with metastatic and non-metastatic disease11,12. 
Mechanistically, the gut microbiota influences PDAC tumor-
igenesis through inflammatory cytokines and immune mod-
ulation13. Dysbiosis fosters a tolerogenic, immunosuppressive 
microenvironment that supports tumor growth during pro-
gression and metastasis9. In addition, gut microbes may indi-
rectly shape disease biology by altering the composition of the 
tumor-associated microbiota14.
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Although current mechanistic insights into gut microbi-
ota-PDAC interactions remain limited, emerging findings 
already suggest diagnostic and therapeutic potential. This 
review aims to systematically summarize the evidence linking 
gut microbiota with PDAC tumorigenesis, progression, and 
clinical applications, and to address ongoing controversies, 
limitations, and future directions.

Overview of PDAC pathophysiology
Basic characteristics of PDAC

PDAC accounts for >90% of all pancreatic cancer cases and 
represents the most common and aggressive histologic sub-
type15-17. The majority of PDACs develop from microscopic 
pancreatic intraepithelial neoplasia (PanIN), while <10% arise 
from intraductal papillary mucinous neoplasms (IPMNs)18,19. 
Activating mutations in kirsten rat sarcoma viral oncogene 
homologue (KRAS) are present in >90% of patient speci-
mens, establishing KRAS as the hallmark driver of PDAC20,21. 
Additional loss-of-function alterations in tumor protein p53 
(TP53), mothers against decapentaplegic homolog 4 (SMAD4), 
and cyclin-dependent kinase inhibitor 2A (CDKN2A) fur-
ther drive tumorigenesis22-24. For example, p53 dysfunction 
promotes genomic instability and metabolic reprogramming, 
SMAD4 loss is strongly associated with poor prognosis, and 
CDKN2A deletions at the 9p21 locus contribute to immune 
evasion and resistance to immunotherapy25-29.

The pancreatic tumor microenvironment (TME) is charac-
terized by a dense desmoplastic stroma, abnormal vasculature, 
and a predominance of immunosuppressive cell types4,16,17,30. 
Key stromal components include cancer-associated fibroblasts 
(CAFs), endothelial cells, and pericytes, while the immune 
compartment is dominated by tumor-associated macrophages 
(TAMs), myeloid-derived suppressor cells (MDSCs), and neu-
trophils along with T cells, B cells, dendritic cells (DCs), and 
natural killer (NK) cells31. Interactions among neoplastic epi-
thelial cells, stromal elements, and immune populations drive 
metabolic reprogramming, promote chemoresistance, and 
reinforce immune suppression32-34.

Diagnosis and treatment of PDAC

The symptoms of PDAC are largely non-specific and often 
appear after the tumor has advanced or metastasized. Early 
signs frequently resemble benign conditions, while progres-
sive disease manifests as jaundice, anorexia, and altered bowel 
habits35.

Screening protocols of PDAC must prioritize the detec-
tion of lesions less than 2 cm given the association with R0 
resection potential and 5-year survival rate improvement36. 
Among available biomarkers, carbohydrate antigen 19-9 
(CA19-9), a cell-surface tetrasaccharide, remains the most 

widely used. Although also elevated in other malignancies 
and some benign disorders37, CA19-9 has shown improved 
diagnostic performance in recent studies with a sensitiv-
ity of approximately 50% and a specificity of 99% within 6 
months prior to early-stage diagnosis38. In parallel, liquid 
biopsy-based approaches are emerging as promising tools, 
including circulating tumor cells (CTCs), circulating tumor 
DNA [ctDNA] (e.g., KRAS, guanine nucleotide-binding 
protein, alpha stimulating (GNAS), and TP53 mutations), 
microRNAs (e.g., miR-21, miR-10b, miR-30c, miR-181a, and 
miR-let7a), exosome profiling (e.g., exosome concentration, 
epithelial cell adhesion molecule (EpCAM) expression, or 
exosomal KRAS mutations), and cell-free DNA methylation 
signatures39-44. For clinical diagnosis and staging, imaging 
modalities, such as computed tomography (CT) and mag-
netic resonance imaging (MRI), are essential45,46.

The cornerstone of PDAC treatment is surgical resection 
combined with chemotherapy. However, only 15%–20% of 
patients are eligible for surgery at presentation47. Pancreatic sur-
gery, which often involves partial duodenectomy, profoundly 
affects digestive and metabolic function, underscoring the 
importance of comprehensive preoperative assessment48. For 
the majority of patients, systemic chemotherapy is central to 
management. Two regimens are widely accepted as first-line 
therapy in advanced disease: 5-fluorouracil, leucovorin, irino-
tecan, and oxaliplatin (FOLFIRINOX); and the combination 
of gemcitabine with nab-paclitaxel49. Given the high risk of 
micro-metastases, surgery alone rarely prevents recurrences, 
making adjuvant chemotherapy essential50,51. In addition to 
standard modalities, recent advances in targeted and immune-
based therapies are reshaping the therapeutic landscape. A 
major breakthrough in the treatment of PDAC has been the 
development of drugs directly targeting KRAS, a mutation pres-
ent in 90% of PDAC patients and once deemed “undruggable”52. 
Immunotherapeutic approaches are also under investigation, 
aiming either to reprogram immunosuppressive cells within 
the TME or to enhance antitumor immunity through adoptive 
transfer and activation of antigen-presenting cells and effector 
T cells (Teffs)53. These strategies, particularly strategies directed 
against recurrent genetic alterations, represent promising ave-
nues to expand treatment options for this highly lethal disease54.

Composition and function of the gut 
microbiota
Composition of the gut microbiota

The human gut microbiota is a highly complex ecosystem com-
prised of bacteria, archaea, eukaryotes, and viruses. Systematic 
analyses have cataloged >1,000 cultivable microbial species 
within the gastrointestinal tract, including 957 bacterial 
species, 92 eukaryotes, and 8 archaea55. Early culture-based 
studies suggested the presence of a shared “core microbiota” 
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across healthy adults56. Firmicutes and Bacteroidetes domi-
nate at the phylum level, accounting for >90% of total abun-
dance57,58. At finer taxonomic scales, major taxa include, at 
the class level, Bacilli, Clostridia, and Actinobacteria, among 
others; at the order level, Bifidobacteriales, Coriobacteriales, 
and Actinomycetales, among others; at the family level, 
Bacteroidaceae, Prevotellaceae, and Rikenellaceae, among 
others; and at the genus level, Bifidobacterium, Collinsella, and 
Propionibacterium, among others55. In addition, methano-
genic archaea (notably Methanobrevibacter smithii), eukar-
yotic species (chiefly yeasts), and viral populations (mainly 
bacteriophages) are integral to the gut ecosystem56.

The gut microbiota can be stratified into three enterotypes based 
on function that is dominated by different genera: Bacteroides 
(enterotype 1); Prevotella (enterotype 2); and Ruminococcus 
(enterotype 3)59. Microbial distribution also varies along the 
gastrointestinal tract. The colon harbors the highest density of 
microbes, which is dominated by Firmicutes and Bacteroidetes58. 
In contrast, the small intestine has a lower microbial bio-
mass that is characterized mainly by Clostridium, Escherichia, 
Bacteroides, Streptococcus, and Veillonella, reflecting the rapid  
luminal transit and exposure to antimicrobial secretions60.

Substantial interindividual variation in microbiota compo-
sition challenges the concept of a universal “core microbiota”56. 
Diet is a major determinant and strongly influences entero-
type stratification61. Age also drives distinct shifts. Specifically, 
the neonatal microbiota is enriched in Bifidobacterium, 
whereas elderly individuals have a higher representation of 
Bacteroides62,63. Geographic and ethnic factors further shape 
microbial ecology, as shown by large cohort studies across nine 
Chinese provinces and seven ethnic groups, highlighting pro-
nounced differences between urban and rural populations63.

Core functions of the gut microbiota

The gut microbiota performs essential physiologic functions, 
including neuroregulation, nutrient metabolism, immune 
modulation, and maintenance of barrier integrity (Figure 1).

Neuroregulation
The gut microbiota communicates bidirectionally with the 
enteric nervous system (ENS) and central nervous system 
(CNS). Microbial signals influence brain function through 
vagus nerve activation and via lipophilic bacterial metabo-
lites capable of crossing the blood-brain barrier (BBB), such 
as short-chain fatty acids (SCFAs), which may directly influ-
ence the brain by enhancing BBB integrity, modulating neu-
rotransmission, affecting levels of neurotrophic factors, and 
promoting memory consolidation64. In addition, the micro-
biota may regulate tryptophan-degrading enzymes in the 
kynurenine pathway and directly utilize serotonin, thereby 
reducing tryptophan availability and serotonin synthesis, 
ultimately affecting the development of both the central and 
peripheral nervous systems65.

Homeostasis of the gut microbiota is closely linked to host 
neuroregulation. Enterochromaffin (EC) cells secrete seroto-
nin locally, which acts directly on gut microbiota, particularly 
spore-forming taxa. Moreover, EC cells can also regulate activ-
ities of the nervous system, such as visceral pain and anxiety66. 
With respect to distal regulation, sympathetic nerves influence 
norepinephrine secretion, modulate barrier function to affect 
microbial colonization, and directly release norepinephrine 
into the intestinal lumen, where sympathetic nerves interact 
with gut microbiota67.

Nutrient metabolism
Microbial communities possess broad catabolic capacity, 
enabling the breakdown of otherwise indigestible dietary 
substrates. Glycoside hydrolases degrade cellulose and hemi-
cellulose68. Bacterial proteases convert undigested proteins into 
bioactive peptides and amino acids69. Bile salt hydrolases decon-
jugate unabsorbed bile salts, altering lipid metabolism70,71. 
Other microbial transformations include the conversion of 
choline into trimethylamine (TMA), which is absorbed and 
further metabolized systemically72. Some commensals, such as 
Anaerobutyricum hallii, Roseburia faecis, and Anaerostipes cac-
cae, also contribute to vitamin B12 biosynthesis73.

Immune modulation
Gut microbes regulate immune homeostasis largely through 
the actions of SCFAs. SCFAs modulate the differentiation, 
recruitment, and activation of innate and adaptive immune 
cells, including neutrophils, DCs, macrophages, monocytes, 
and T cells74. Among the SCFAs, butyrate has strong anti-
inflammatory effects that is achieved by inhibiting NF-κB 
signaling, suppressing pro-inflammatory cytokines (e.g., 
IL-12 and TNF-α), and inducing epithelial heat shock pro-
teins (HSPs)75-78. Acetate modulates inflammatory responses 
in human monocytes via free fatty acid receptor 2 (FFAR2) 
and FFAR3 activation, while propionate has been shown to 
promote neutrophil apoptosis through caspase-dependent 
mechanisms74,79.

Barrier maintenance
The gut microbiota is indispensable for sustaining intestinal 
barrier integrity80. Microbial communities influence the struc-
ture and composition of the mucus layer, thereby affecting the 
epithelial defense system81.

Influence of environmental and lifestyle 
factors

Environmental and lifestyle factors shape the composition 
of the gut microbiota. As noted earlier, diet is a key deter-
minant of the gut microbiota composition. A diet rich in 
fiber promotes the growth of beneficial bacteria, such as 
Roseburia, whereas a diet high in saturated fat and sugar may 
favor the expansion of microbes associated with metabolic 
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conditions, such as obesity and inflammatory bowel disease 
(e.g., Bilophila)82. Distinct dietary patterns can even determine 
specific enterotypes61. In addition to diet, sleep also modulates 

the gut microbiota. For example, sleep quality is positively 
correlated with Lactobacillus abundance and altered beta 
diversity has been noted in patients with narcolepsy type I83. 

Figure 1  Core functions of the gut microbiota. (A) Neuroregulation: the gut microbiota engages in bidirectional communication with the 
nervous system. The gut microbiota influences brain function via the vagus nerve or by lipophilic bacterial metabolites, like SCFAs, crossing 
the BBB. Conversely, the nervous system can also participate in regulating the gut microbiota: EC cells secrete serotonin, which directly affects 
gut microbiota, especially spore-forming taxa; EC cells also regulate neural activities, such as visceral pain and anxiety. In addition, the sym-
pathetic nerve releases norepinephrine, which impacts microbial colonization. (B) Nutrient metabolism: the gut microbiota possesses broad 
catabolic capacity. Glycoside hydrolases degrade cellulose and hemicellulose into monosaccharides; bacterial proteases convert undigested 
proteins into bioactive peptides and amino acids; bile salt hydrolases deconjugate bile salts, thereby altering lipid metabolism. In addition, 
some microbiota converts choline into TMA and some commensals contribute to vitamin B12 biosynthesis. (C) Immune modulation: the 
gut microbiota regulates immune homeostasis primarily through SCFAs. Butyrate exerts anti-inflammatory effects by inhibiting the NF-κB 
signaling pathway, suppressing pro-inflammatory cytokines and inducing epithelial HSPs. Acetate modulates inflammatory responses in 
monocytes via FFAR2 and FFAR3 activation. Propionate promotes neutrophil apoptosis through caspase-dependent mechanisms, leading to 
the formation of apoptotic cells. (D) Barrier maintenance: the gut microbiota is indispensable for sustaining intestinal barrier integrity. The 
gut microbiota influences the structure and composition of the mucus layer, thereby affecting the epithelial defense system. BBB, blood-brain 
barrier; EC cells, enterochromaffin cells; FFAR2, free fatty acid receptor 2; FFAR3, free fatty acid receptor 3; HSPs, heat shock proteins; NF-κB, 
nuclear factor kappa-light-chain-enhancer of activated B cells; SCFAs, short-chain fatty acids; TMA, trimethylamine. The scientific illustrations 
in this manuscript were created with MedPeer (medpeer.cn).
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Moreover, physical exercise, particularly at higher intensities, 
enhances microbial diversity, increasing the representation 
of taxa involved in protein metabolism and creatine kinase 
synthesis84. Long-term alcohol consumption leads to dysbio-
sis, reducing the abundance of Bacteroidetes and Firmicutes, 
while promoting Proteobacteria and Actinobacteria; absti-
nence can restore intestinal barrier integrity85. Smoking is 
associated with elevated Bacteroides-Prevotella levels and 
reduced Bifidobacterium, whereas smoking cessation increases 
the abundance of key species within the Firmicutes (such as 
Clostridium coccoides, Eubacterium rectale, and Clostridium 
leptum subgroups) and Actinobacteria (such as high-G+C 
(HGC) bacteria and Bifidobacterium)85.

These microbiota alterations inevitably influence intestinal 
cells. Complex interactions exist between microbial metab-
olites and host cells. Gut microbiota metabolizes bile acids 
into secondary bile acids, such as deoxycholic acid and litho-
cholic acid. Deoxycholic acid can disrupt the intestinal bar-
rier, whereas lithocholic acid exhibits protective effects86,87. 
Intestinal serotonin can be converted by gut microbiota into 
indole derivatives, some of which serve as ligands for the aryl 
hydrocarbon receptor, thereby contributing to intestinal epi-
thelial homeostasis88. Environment and lifestyle markedly 
affect gut microbiota composition and microbial metabolites 
subsequently modulate intestinal epithelial barrier stability. 
This finding demonstrates an indirect effect of environment 
and lifestyle on intestinal cells.

Environmental and lifestyle factors also influence tumor 
tissue biomarkers. There is a positive correlation between 
high-level natural radiation and CA19-9, as well as pros-
tate-specific antigen (PSA), while aerobic exercise may have an 
inhibitory effect on alpha-fetoprotein (AFP) expression89,90. 
Consequently, individualized environments and habits con-
tribute to personalized tumor biomarkers, underscoring the 
importance of molecular pathologic epidemiology in under-
standing these relationships. For example, smoking induces a 
mutational signature in lung cancer that is characterized by  
C > A transversions and is associated with KRASG12C mutations 
in lung adenocarcinoma91. KRAS mutations influence disease 
progression and treatment response. While KRAS mutations 
may reduce the propensity for metastasis to the liver and pleu-
ral surface, KRAS mutations also decrease tumor sensitivity 
to bevacizumab. Notably, inhibitors targeting KRASG12C 
mutations have been developed, offering potential prognos-
tic benefits92. These observations illustrate how environment 
and lifestyle affect tumor biomarkers, treatment strategies, and 
clinical outcomes. Thus, research into personalized tumor bio-
markers and related molecular pathologic epidemiology may 
hold clinical relevance.

Dysbiosis of gut microbiota and disease

Gut dysbiosis is increasingly recognized as a driver of 
complex diseases through bidirectional host-microbe 

interactions. For example, dysbiosis is characterized 
by phylum-level shifts in obesity, notably depletion of 
Bacteroidetes and enrichment of Firmicutes93. This imbal-
ance alters SCFAs and bile acid metabolism, which con-
tributes to weight gain and metabolic dysfunction94. The 
“obese microbiota” also demonstrates enhanced capacity for 
energy harvest from dietary substrates95. Dysbiosis marked 
by expansion of pathobionts and depletion of symbionts in 
liver disease has been linked to alcohol-associated liver dis-
ease (ALD), non-alcoholic fatty liver disease (NAFLD), and 
hepatic fibrosis, conditions that predispose to hepatocellular 
carcinoma (HCC)96-98. Similarly, inflammatory bowel dis-
ease (IBD) is associated with global microbial diversity loss 
and pathoadaptive transitions, in which environmental trig-
gers drive commensal microbes to adopt pathogenic func-
tions, such as barrier disruption, mucolysis, and immune 
activation99,100. Microbial-derived metabolites further exac-
erbate metabolic dysregulation in type 2 diabetes mellitus 
(T2DM)101.

The secretory functions of the pancreas are tightly regu-
lated through enteroendocrine hormone-mediated crosstalk 
within the gut-pancreas axis. Incretin hormones, including 
glucose-dependent insulinotropic peptide (GIP) and gluca-
gon-like peptide-1 (GLP-1), stimulate β-cells in the islets of 
Langerhans to enhance insulin secretion102. Microbial mod-
ulation of tryptophan metabolism further amplifies GLP-1 
production via L-tryptophan-induced activation of enteroen-
docrine cells103. Other gut-derived peptides, such as chole-
cystokinin (CCK), peptide YY (PYY), and oxyntomodulin 
(OXM), act synergistically to promote insulin release, while 
the newly identified enterokine famsin stimulates α-cell gluca-
gon secretion104,105. In addition to metabolic regulation, the 
gut microbiota also influences pancreatic immune homeo-
stasis. The migration of intestinal regulatory T cells (Tregs) 
to the pancreas can disturb the local Treg-to-Teff balance, 
undermining islet immune tolerance and accelerating type 1 
diabetes (T1D) through epitope spreading and autoreactive T 
cell activation106.

Mounting evidence further implicates gut dysbiosis in the 
initiation and progression of multiple malignancies107. Given 
the intricate metabolic and immunologic crosstalk within the 
gut-pancreas axis, it is increasingly plausible that microbial 
imbalance contributes to PDAC development. Understanding 
this connection may reveal novel mechanistic insights and 
therapeutic opportunities in PDAC pathogenesis.

The characteristic gut microbiota 
associated with PDAC
The gut microbiota of patients with PDAC differs markedly 
from healthy individuals10. These alterations span multiple 
taxonomic levels and functional dimensions, reflecting pro-
found microbial remodeling during disease development. In 
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this section we summarize the compositional differences in 
the gut microbiota between PDAC patients and healthy con-
trols, as well as distinct clinical or phenotypic subgroups of 
patients. Understanding these characteristic microbial shifts 
may provide deeper insights into the mechanisms underlying 
PDAC tumorigenesis, progression, and therapeutic response, 
and may facilitate the development of microbiota-based strat-
egies for diagnosis and treatment.

Characteristic gut microbial abundance 
alterations in PDAC across successive 
taxonomic levels

This section systematically summarizes the characteristic 
differences in gut microbial composition between patients 
with PDAC and healthy individuals from phylum to species 
level, as shown in Table 1.

Phylum level
PDAC patients generally exhibit higher relative abundances of 
Proteobacteria and Actinobacteria, accompanied by decreased 
levels of Firmicutes and Bacteroidetes compared to healthy 
controls10,108-110. However, some studies have reported oppos-
ing trends in Firmicutes and Bacteroidetes abundance, sug-
gesting that these changes may not be universal but instead 
reflect interpatient heterogeneity or distinct disease pheno-
types112,119. Additional phyla, including Verrucomicrobiota, 
Spirochaetota, and Desulfobacterota, are also present at lower 
levels in PDAC patients109.

Class level
Bacilli, Actinobacteria, and Gammaproteobacteria are com-
monly enriched in PDAC, whereas Bacteroidia and Clostridia 
are reduced110.

Order level
Consistent with the class-level trends, the following 
orders are increased in PDAC patients: Coriobacteriales; 
Corynebacteriales; Lactobacillales; Bifidobacteriales; Enterobac
teriales; Pasteurellales; and Bacillales. In contrast, Bacteroidales 
and Clostridiales have decreased abundance13,108,110,111.

Family level
PDAC-associated enrichment is observed in Prevotellaceae, 
Streptococcaceae, Porphyromonadaceae, Bifidobacteriaceae, 
Lactobacillaceae, Enterobacteriaceae, Enterococcaceae, 
Pasteurellaceae, and Fusobacteriaceae13,108,110,113. In contrast, 
Ruminococcaceae, Piscirickettsiaceae, Phyllobacteriaceae, 
Lachnospiraceae, Bacteroidaceae, Veillonellaceae, Butyri-
cicoccaceae, Erysipelotrichaceae, and Clostridiaceae are con-
sistently depleted in patients with PDAC108,110,112-115.

Genus level
Escherichia-Shigella, Streptococcus, Staphylococcus, Veillonella, 
Actinomyces, Bifidobacterium, Lactobacillus, Enterococcus, and 
Prevotella are frequently upregulated in PDAC patients10,110,114-116. 

Conversely, Parasutterella, Faecalibaculum, Ileibacterium, Alis
tipes, Butyricicoccus, Roseburia, Bacteroides, Faecalibacterium, 
Blautia, and Ruminococcus are reduced in patients with 
PDAC109,110,114,117.

Species level
PDAC patients demonstrate higher abundances of 
Streptococcus oralis, Streptococcus vestibularis, Streptococcus 

Table 1  Characteristic gut microbial abundance alterations in 
PDAC

Taxonomic level Enriched in PDAC Depleted in PDAC

Phylum10,108-110 Proteobacteria
Actinobacteria

Firmicutes
Bacteroidetes
Verrucomicrobiota
Spirochaetota
Desulfobacterota

Class110 Bacilli
Actinobacteria
Gammaproteobacteria

Bacteroidia
Clostridia

Order13,108,110,111 Coriobacteriales
Corynebacteriales
Lactobacillales
Bifidobacteriales
Enterobacteriales
Pasteurellales
Bacillales

Bacteroidales
Clostridiales

Family13,108,110,112-115 Prevotellaceae
Streptococcaceae
Porphyromonadaceae
Bifidobacteriaceae
Lactobacillaceae
Enterobacteriaceae
Enterococcaceae
Pasteurellaceae
Fusobacteriaceae

Ruminococcaceae
Piscirickettsiaceae
Phyllobacteriaceae
Lachnospiraceae
Bacteroidaceae
Veillonellaceae
Butyricicoccaceae
Erysipelotrichaceae
Clostridiaceae

Genus10,109,110,114-117 Escherichia-Shigella
Streptococcus
Staphylococcus
Veillonella
Actinomyces
Bifidobacterium
Lactobacillus
Enterococcus
Prevotella

Parasutterella
Faecalibaculum
Ileibacterium
Alistipes
Butyricicoccus
Roseburia
Bacteroides
Faecalibacterium
Blautia
Ruminococcus

Species115,118 Streptococcus oralis
Streptococcus vestibularis
Streptococcus anginosus
Veillonella atypica
Veillonella parvula
Fusobacterium 
nucleatum/hwasookii
Alloscardovia omnicolens

Eubacterium 
ventriosum
Faecalibacterium 
prausnitzii
Romboutsia 
timonensis
Bacteroides 
coprocola
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anginosus, Veillonella atypica, Veillonella parvula, Fuso
bacterium nucleatum/hwasookii, and Alloscardovia omni-
colens, while commensals, such as Eubacterium ventriosum, 
Faecalibacterium prausnitzii, Romboutsia timonensis, and 
Bacteroides coprocola, are significantly reduced115,118.

Together, these studies reveal substantial alterations in gut 
microbial abundance across successive taxonomic levels in 
PDAC, underscoring widespread ecologic imbalance. These 
compositional shifts provide an essential foundation for inves-
tigating the functional implications of gut dysbiosis in pan-
creatic tumorigenesis, progression, and therapeutic response.

Distinctive gut microbial signatures in PDAC 
across functional and clinical dimensions

While the preceding section outlined taxonomic alterations 
in the gut microbiota of PDAC patients, emerging evidence 
also revealed distinctive functional and clinical microbial 
signatures.

SCFAs are key microbial metabolites generated through 
the fermentation of dietary fiber. Among the SCFAs, 
butyrate has a crucial anti-inflammatory and antineoplastic 
role in extraintestinal cancers120. The gut microbiota con-
sistently exhibits depletion of multiple butyrate-produc-
ing taxa in PDAC, including Firmicutes, Lachnospiraceae, 
Ruminococcaceae, Clostridiaceae, Veillonellaceae, and 
Butyricicoccaceae10,109,110,112-114, 120. This reduction likely con-
tributes to systemic inflammation and immune dysfunction, 
thereby promoting tumorigenesis and progression.

Another characteristic feature of the PDAC-associated gut 
microbiota is the enrichment of oral-derived bacteria, notably 
Streptococcus (Streptococcus oralis, Streptococcus vestibularis, 
Streptococcus anginosus, and Streptococcus mutans), Veillonella 
(Veillonella atypica and Veillonella parvula), Actinomyces, and 
Lactobacillus (Lactobacillus salivarius)110,115,121. The expan-
sion of these oral taxa in the intestinal microbiota of PDAC 
patients may be partly explained by widespread use of proton 
pump inhibitors (PPIs) and histamine-2 receptor antagonists 
(H2RAs) rather than the PDAC121-123. A study by Matsukawa 
et  al. supports this hypothesis. Specifically, in a comparative 
analysis of gut microbiota between PDAC patients with and 
without PPI/H2RA use vs. healthy controls, the only signif-
icantly enriched oral-derived species were noted in PPI/
H2RA users, while other upregulated species were primarily 
gut-resident and exhibited substantial overlap121. PPIs exert a 
more pronounced effect than H2RAs on facilitating oral-to-
gut microbial translocation, likely through indirect elevation 
of gastrointestinal pH or direct inhibition of acid-sensitive 
commensal species123-125.

Some microbial taxa appear to exert protective, tumor-sup-
pressive effects. Bacteroidetes, Bacteroidia, Clostridia, 
Bacteroidaceae, Bacteroides, and Roseburia are associated 
with inhibition of PanIN progression109,126. Functionally, 
these taxa are enriched in butyrate-producing species, 

supporting the anti-inflammatory and anti-tumorigenic prop-
erties120,127. In contrast, Actinobacteria, Bacilli, Lactobacillales, 
Lactobacillaceae, Lactobacillus, Lactococcus, Bifidobacterium, 
and Faecalibaculum have been linked to tumor-promoting 
effects, potentially through metabolic or immune-modulatory 
mechanisms that favor carcinogenesis109,126.

Microbial composition also correlates with clinical prog-
nosis in PDAC. Enrichment of Lactobacillus, Alistipes, 
Phascolarctobacterium, and Faecalibacterium prausnitzii is 
associated with favorable survival, whereas an increase in 
Ruminococcus torques correlates with poor outcomes115,128. 
Moreover, specific microbial species, such as Lactobacillus 
reuteri and Desulfovibrio fairfieldensis, have been shown to 
enhance treatment responses, suggesting that supplemen-
tation with these taxa may represent a promising adjunctive 
therapeutic approach128,129.

The gut microbiota also differs markedly between met-
astatic and non-metastatic PDAC. At the family level, 
Rhodospirillaceae, Clostridiaceae, and Peptococcaceae are 
enriched in metastatic cases, while at the genus and species 
levels, Porphyromonas and Odoribacter, Anaerostipes hadrus, 
Coprobacter secundus, Clostridium spp. 619, and Roseburia 
inulinivorans display strong discriminatory power for predict-
ing metastatic potential12. In addition, host-related factors, 
such as gender, age, and genetic background, further shape 
microbial composition in PDAC patients11.

Taken together, distinctive gut microbial alterations in 
PDAC encompass functional downregulation, particularly of 
butyrate-producing, tumor-suppressive species, and patho-
logic enrichment, including oral-origin or tumor-promoting 
taxa. Some of these alterations may be influenced by external 
factors, such as PPI use. Collectively, these microbiotas not 
only bidirectionally modulate tumorigenesis but also strat-
ify clinical outcomes related to prognosis and metastasis. 
Furthermore, select species, such as L. reuteri and D. fairfield-
ensis, highlight the emerging potential of microbiota-targeted 
interventions as adjunctive strategies in PDAC management.

Gut microbiota and pancreatic 
tumorigenesis
Gut dysbiosis as a potential driver of 
pancreatic tumorigenesis

Established risk factors for PDAC, including obesity, type 2 
diabetes, smoking, and alcohol consumption, have all been 
associated with alterations in gut microbial composition130,131. 
Mounting evidence links gut dysbiosis to a wide range of 
metabolic and inflammatory diseases, such as obesity, type 2 
diabetes, hepatic steatosis, IBD, and colorectal, hepatic, and 
pancreatic malignancies132. Notably, smoking and alcohol 
intake are also potent inducers of dysbiosis, further highlight-
ing the interconnection between lifestyle factors, microbiota 
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imbalance, and disease pathogenesis133,134. In addition, gut 
dysbiosis has been hypothesized to promote the development 
of many types of cancer through systemic mechanisms and gut 
dysbiosis is also a potential driving factor for pancreatic tum-
origenesis135. Together, these observations suggest that gut dys-
biosis may represent a convergent mechanism through which 
multiple established risk factors drive pancreatic tumorigenesis.

Causal evidence supporting this association has begun to 
emerge. A Mendelian randomization analysis demonstrated 
that gut dysbiosis contributes causally to pancreatic tum-
origenesis with effects mediated by immune dysregulation, 
specifically through naïve CD4+ T cell signaling and pro-
inflammatory cytokines, such as IL-613. Consistent with this 
finding, a prospective cohort study identified elevated serum 
levels of trimethylamine N-oxide (TMAO), a microbial metab-
olite derived from dietary choline and carnitine, as a biomarker 
of gut dysbiosis significantly associated with increased PDAC 
risk136. Furthermore, an experimental longitudinal study 
revealed that dysbiosis during early pancreatic tumorigenesis 
enhances microbial polyamine biosynthesis pathways. These 
polyamines are subsequently absorbed by the host and utilized 
by rapidly proliferating cells, thereby promoting tumor growth 
and progression137.

The preceding studies highlight potential pathophysiologic 
connections between gut dysbiosis and PDAC, yet the precise 
molecular mechanisms are not completely defined. Current 
evidence suggests that gut microbial imbalance can aggravate 
pancreatic injury and promote tumorigenesis through several 
interrelated pathways. First, gut dysbiosis, which is charac-
terized by reduced Bacteroides uniformis, diminishes taurine 
production and increases colonic IL-17 release. Elevated 
IL-17 activates the IL-17/NF-κB signaling cascade in neutro-
phils, inducing the formation of neutrophil extracellular traps 
(NETs) that exacerbate pancreatic tissue injury138. Second, loss 
of Lactobacillus due to intestinal epithelial Toll-like receptor 
4 (TLR4) deficiency worsens pancreatic inflammation by dis-
rupting Paneth cell function and impairing Nod-like receptor 
2 (NOD2)-dependent signaling. This TLR4 deficiency results 
in decreased antimicrobial peptide secretion (e.g., lysozyme 
and α-defensins), compromised intestinal barrier integrity, 
and enhanced bacterial translocation to the pancreas139. 
Third, defective gut epithelial IL-17 receptor A (IL-17RA) sig-
naling promotes pancreatic tumorigenesis through expansion 
of Th17 cells and IL-17F-producing B cells. Elevated systemic 
IL-17 levels subsequently activate the dual oxidase 2 (DUOX2) 
pathway in pancreatic tumor cells, leading to excessive reac-
tive oxygen species (ROS) generation that accelerates tumor 
growth and diminishes responsiveness to microbial stimuli140.

Furthermore, studies using genetically engineered and xen-
ograft mouse models demonstrated that gut microbiota exerts 
long-distance effects on pancreatic tumorigenesis, which is 
mediated through innate immune suppression and dysreg-
ulation of oncogenic pathways within the TME141. In human 

studies, patients with PDAC exhibit gut-associated lymphoid 
tissue (GALT) dysbiosis with Klebsiella pneumoniae enrich-
ment, correlating with impaired B cell antigen presentation and 
immune checkpoint molecule (HLA-G) expression, suggesting 
that microbial imbalance in GALTs may contribute to systemic 
immune dysfunction underlying PDAC development142.

Together, these findings underscore gut dysbiosis as a key 
convergent mechanism linking microbial imbalance to pan-
creatic injury and tumorigenesis. Through the disruption 
of epithelial integrity, induction of chronic inflammation, 
modulation of immune and oxidative stress pathways, and 
via long-distance regulation of host immunity and tumor 
signaling, dysbiotic gut ecosystems may create a permissive 
microenvironment for PDAC initiation and progression.

Gut microbial metabolite (butyrate) 
reduction as a potential driver of pancreatic 
tumorigenesis

SCFAs are the principal metabolites produced by gut microbi-
ota through fermentation of non-digestible carbohydrates143. 
SCFAs exert broad physiologic effects locally in the intestinal 
tract and systemically, contributing to gut barrier integrity, glu-
cose and lipid metabolism, immune regulation, appetite con-
trol, and protection against tumorigenesis and other chronic 
diseases120,143. Among the major SCFAs (acetate, propionate, 
and butyrate), butyrate is particularly important for maintain-
ing intestinal and systemic immune homeostasis144. A consist-
ent metabolic hallmark observed in patients with PDAC is the 
reduction of fecal and systemic butyrate levels, which likely 
stems from the depletion of butyrate-producing bacteria145-147. 
Given the pleiotropic anti-inflammatory, immunoregulatory, 
and epigenetic functions, reduced butyrate availability may 
contribute to pancreatic tumorigenesis148.

Butyrate mitigates inflammation by suppressing neutro-
phil activation and ROS production, thereby inhibiting the 
formation of NETs149. The ROS-related nuclear factor eryth-
roid 2-related factor 2, integrin beta 7, focal adhesion kinase 
(NRF2/ITGB7/FAK) axis mediates the oncogenic effects of 
tripartite motif-containing 2 (TRIM2) in PDAC, while NETs 
activate TLR4-dependent signaling in pancreatic ductal cells, 
upregulating IL-1β, promoting epithelial-mesenchymal tran-
sition (EMT), and driving the progression of PanIN toward 
malignancy150,151. Butyrate downregulates inflammatory 
mediators in macrophages, such as nitric oxide (NO), IL-6, and 
IL-12p40, thereby limiting pro-inflammatory responses152. In 
parallel, butyrate promotes peripheral Treg differentiation 
through conversed non-coding sequence 1 (CNS1) enhanc-
er-dependent pathways, stabilizing Foxp3 protein expression 
via histone deacetylase (HDAC) inhibition-mediated acetyl-
ation. Butyrate also enhances the tolerogenic function of 
DCs by suppressing pro-inflammatory gene transcription153. 
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Accordingly, the loss of butyrate-producing microbiota and 
the consequent decline in butyrate levels weaken anti-inflam-
matory control across multiple immune cell populations (neu-
trophils, macrophages, Tregs, and DCs), resulting in sustained 
low-grade inflammation. This chronic inflammatory state 
fosters epithelial transformation, enhances tumor-promoting 
signaling (e.g., TLR4/IL-1β/EMT axis), and ultimately accel-
erates pancreatic tumorigenesis.

Butyrate has a central role in sustaining effective cytotoxic 
T cell responses. Butyrate uncouples the tricarboxylic acid 
(TCA) cycle from glycolytic input in CD8+ T cells, promoting 
oxidative phosphorylation through enhanced glutamine utili-
zation and fatty acid oxidation. This metabolic shift supports 
long-term survival and memory formation of CD8+ T cells154. 
Butyrate also strengthens the cytotoxic capacity by activating 
G protein-coupled receptor 109A (GPR109A) and the tran-
scriptional regulator, homeodomain-only protein X (HOPX)8. 
Through combined metabolic and epigenetic reprogramming 
that is mediated by class I HDAC inhibition and mammalian 
target of rapamycin (mTOR) activation, butyrate enhances 
the expression of effector molecules, such as CD25, IFN-γ, 
and TNF-α, thereby improving antitumor efficacy in PDAC 
models155. Conversely, reduced butyrate levels impair CD8+ 
T cell reprogramming and cytotoxicity, weakening antitumor 
immunity and promoting pancreatic tumorigenesis.

In addition to CD8+ T cells, butyrate modulates other 
cell types within the pancreatic TME. Butyrate inhibits the 
tumor-promoting activity of SULF1+ CAFs by downregulating 
sulfatase 1 (SULF1) expression through HDAC inhibition156. 
Similarly, butyrate suppresses mast cell (MC) activation by 
blocking degranulation via HDAC inhibition-mediated epi-
genetic silencing of FcεRI signaling components, includ-
ing Bruton’s tyrosine kinase (BTK), spleen tyrosine kinase 
(SYK), and the adaptor protein linker for activation of T cells 
(LAT)157. Given that CAFs and MCs facilitate tumor growth 
and fibrosis, loss of butyrate may amplify the tumor-support-
ive functions within the TME158,159.

Butyrate also directly influences PDAC cells by regulating 
gene expression and proliferation. Butyrate inhibits TGF-α 
expression and protein kinase C (PKC) activity in Capan-1 
cells, leading to growth arrest and cellular differentiation160. 
Butyrate induces differentiation and apoptosis through HDAC 
inhibition-mediated histone hyperacetylation in AsPC-1 cells, 
resulting in upregulation of differentiation-related genes, such 
as Keratin 23 (K23) and p21 wild-type p53-activated fragment 
1, cyclin-dependent kinase-interacting protein 1 (WAF1/
CIP1)161. Moreover, butyrate enhances ACOX1-mediated 
lysine crotonylation (Kcr), a post-translational modification 
that limits tumor cell proliferation in pancreatic tissue126.

Taken together, gut microbiota-derived butyrate serves as 
a key suppressor of pancreatic tumorigenesis by integrating 
anti-inflammatory, immunomodulatory, and epigenetic mech-
anisms. Gut microbiota-derived butyrate promotes anti-tumor 

immunity, remodels the TME, and directly restrains tumor cell 
proliferation. Accordingly, butyrate depletion resulting from gut 
dysbiosis weakens these protective pathways and is closely asso-
ciated with increased PDAC risk. The proposed mechanisms 
linking gut microbial imbalance, butyrate reduction, and pan-
creatic tumorigenesis are summarized in Figure 2.

The impact of gut microbiota on 
PDAC progression
The gut microbiota influences the progression of PDAC 
through direct and indirect mechanisms. Enterococcus fae-
calis and Escherichia coli microbes can translocate from 
the intestine to the pancreas, integrating into the tumor 
and shaping the microenvironment162,163. Bifidobacterium 
and Gammaproteobacteria microbes exert systemic effects, 
remotely modulating the pancreatic TME through immune, 
metabolic, or molecular pathways. Gut microbiota can alter 
immune cell activity within the TME, directly affect tumor cell 
behavior, and influence the metabolism and efficacy of chem-
otherapeutic agents164-166.

Gut microbiota influences PDAC via 
translocation and remote regulation

The gut microbiota can affect PDAC progression through two 
principal mechanisms: direct translocation to the pancreas; 
and indirect, remote regulation of the TME.

Direct translocation to the pancreas
Pushalkar et  al. used fluorescence-labeled Escherichia coli to 
demonstrate that gut bacteria can migrate to the pancreas, 
showing significantly higher bacterial abundance in PDAC 
tissues compared to normal pancreatic tissue162. Similarly, 
Ece et al. used 16S rRNA amplicon sequencing and identified 
intratumoral microbial taxa resembling microbial taxa pres-
ent in the fecal microbiota of PDAC patients. Paired salivary 
and fecal metagenomic analyses further revealed that some 
PDAC-associated strains likely originate from the oral cavity, 
migrate to the gut, and subsequently reach the pancreas, sug-
gesting an “oral-gut-pancreas” microbial transmission route. 
Notably, these PDAC-associated microbial taxa may comple-
ment existing biomarkers for PDAC diagnosis118. In addition 
to bacteria, gut fungi can also translocate to the pancreas and 
promote tumor progression by activating the complement 
cascade through mannose-binding lectin (MBL)-dependent 
pathways167. Although the precise mechanisms underlying 
microbial migration are unclear, current evidence points to gut 
barrier disruption followed by microbial translocation. Stefan 
et al. reported that bacterial translocation and infected pancre-
atic necrosis in acute necrotizing pancreatitis originate from 
the small intestine microbiota168. Other studies have suggested 
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Figure 2  Gut dysbiosis and gut microbial metabolite butyrate reduction as potential drivers of pancreatic tumorigenesis. (A) Gut dysbiosis 
promotes pancreatic tumorigenesis through multiple pathways. ①: Gut dysbiosis, characterized by reduced Bacteroides uniformis, dimin-
ishes taurine production and increases colonic IL-17 release, which activates the IL-17/NF-κB signaling cascade in neutrophils, inducing NETs 
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a role for CX3CR1+ mononuclear phagocytes, which can 
engulf gut microbes without triggering inflammation and sub-
sequently transport gut microbes to mesenteric lymph nodes, 
potentially allowing further migration to the pancreas via 
lymphatic drainage169. Together, these findings indicated that 
gut microorganisms may infiltrate pancreatic tissue through 
mucosal and immune cell-mediated routes, contributing to 
local immune modulation and TME remodeling.

Remote regulation of the pancreatic TME
In addition to direct migration, gut microbiota can promote 
PDAC progression through systemic, metabolite-mediated, 
and immunologic mechanisms. Transcriptomic profiling by 
Thomas et al. showed that the presence of gut microbiota in 
PDAC xenografts upregulated multiple oncogenes and sur-
vival-associated genes, indicating that microbial signals can 
reprogram tumor gene expression, even at a distance141,170. 
Similarly, Yu et al.171 reported that gut microbiota suppressed 
intratumoral NK cell infiltration and activation. Because 
no microbes were detected within the tumors of the xeno-
graft model, this effect was attributed to microbiota-derived 
metabolites. Gut dysbiosis in PDAC also perturbs bile acid 
metabolism, leading to elevated circulating bile acids that 
promote tumor progression by activating bile acid receptors 
in tumor cells163. Moreover, beneficial SCFA-producing bac-
teria, which enhance CD8+ T cell activity and inhibit tumor 

growth, are markedly reduced in PDAC patients, resulting 
in impaired cytotoxic T cell responses and accelerated tumor 
progression155,172. In addition, lipopolysaccharide (LPS), a 
pro-inflammatory component of Gram-negative bacterial cell 
walls, can enhance PDAC cell invasiveness via activation of the 
TLR4/myeloid differentiation primary response 88 (MyD88) 
signaling pathway173. Together, these findings demonstrated 
that the gut microbiota can shape PDAC progression through 
two complementary mechanisms: direct translocation to the 
pancreas with integration into the TME; and remote regula-
tion of pancreatic TME via transcriptomic, immunologic, and 
metabolic pathways. Through these interactions, microbial 
dysbiosis fosters an immunosuppressive and tumor-promot-
ing environment. The dual mechanisms of microbial trans-
location and remote regulation in PDAC progression are 
summarized in Figure 3.

Gut and intratumoral microbiota regulate the 
TME

The gut microbiota exerts a profound influence on the TME 
of PDAC, modulating immune composition, cell polariza-
tion, and cytokine signaling to shape disease progression. 
Pushalkar et al.162 demonstrated that the gut microbiota pro-
motes pancreatic tumor progression by inducing peritumoral 

formation and exacerbating pancreatic tissue injury. ②: Loss of Lactobacillus resulting from intestinal epithelial TLR4 deficiency disrupts Paneth 
cell function, leading to decreased secretion of antimicrobial peptides, such as lysozyme and α-defensins, compromised intestinal barrier 
integrity, and enhanced bacterial translocation to the pancreas. ③: Defective gut epithelial IL-17RA signaling promotes expansion of Th17 
cells and IL-17F-producing B cells. Elevated systemic IL-17 activates the DUOX2 pathway in pancreatic tumor cells, generating excessive ROS 
that accelerate tumor cell proliferation. ④: GALT dysbiosis, characterized by Klebsiella pneumoniae enrichment, correlates with impaired B cell 
antigen presentation and upregulation of the immune checkpoint molecule, HLA-G, ultimately contributing to systemic immune dysfunction 
that underlies PDAC development. (B) Butyrate reduction drives pancreatic tumorigenesis through multifaceted mechanisms. (1) Reduction 
in anti-inflammatory effects: butyrate deficiency leads to increased NETs formation, which activates the TLR4/IL-1β/EMT axis; upregulation of 
inflammatory mediators, including NO, IL-6, and IL-12p40, in macrophages; suppression of Treg differentiation via impaired CNS1 enhanc-
er-dependent pathways; and degradation of DC tolerogenicity due to increased pro-inflammatory gene transcription. These changes collec-
tively result in sustained low-grade inflammation, promoting epithelial transformation. (2) Immunosuppressive effects: butyrate deficiency 
leads to the uncoupling of the TCA from glycolytic input in CD8+ T cells, compromising the long-term survival and memory formation; inhibited 
activation of GPR109A and HOPX decreases CD8+ T cell cytotoxicity, weakening anti-tumor immunity; impaired class I HDAC inhibition and 
mTOR activation reduces anti-tumor effector molecules, such as CD25, IFN-γ, and TNF-α. (3) Modulation of the TME: butyrate deficiency relieves 
inhibition of SULF1+ CAFs and promotes MC degranulation, thereby amplifying the tumor-supportive functions and promoting tumor growth. 
(4) Direct oncogenic effects: butyrate deficiency relieves inhibition of TGF-α expression and PKC activity and suppresses histone hyperacetyla-
tion and ACOX1-mediated Kcr, which promotes tumor growth and impedes tumor differentiation. ACOX1, acyl-CoA oxidase 1; CAFs, cancer-as-
sociated fibroblasts; CD25, cluster of differentiation 25; CNS1, conserved non-coding sequence 1; DCs, dendritic cells; DUOX2, dual oxidase 
2; EMT, epithelial-mesenchymal transition; GALT, gut-associated lymphoid tissue; GPR109A, G protein-coupled receptor 109A; HDAC, histone 
deacetylase; HLA-G, human leukocyte antigen-G; HOPX, homeodomain-only protein X; IFN-γ, interferon-gamma; IL-12p40, interleukin-12 sub-
unit p40; IL-17, interleukin-17; IL-17RA, IL-17 receptor A; IL-1β, interleukin-1 beta; IL-6, interleukin-6; Kcr, lysine crotonylation; MC, mast cell; 
mTOR, mammalian target of rapamycin; NETs, neutrophil extracellular traps; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B 
cells; NO, nitric oxide; PDAC, pancreatic ductal adenocarcinoma; PKC, protein kinase C; ROS, reactive oxygen species; SULF1, sulfatase 1; TCA, 
tricarboxylic acid; TGF-α, transforming growth factor-alpha; Th17, T helper 17; TLR4, Toll-like receptor 4; TME, tumor microenvironment; TNF-
α, tumor necrosis factor-alpha; Treg, regulatory T cell. The scientific illustrations in this manuscript were created with MedPeer (medpeer.cn).
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immunosuppression. Microbial ablation markedly increased 
cytotoxic function of CD8+ T cells and antigen-presenting, 
pro-inflammatory M1-like TAMs in murine models, while 

microbial ablation reduced immunosuppressive MDSCs and 
M2-like TAMs. Mechanistically, the gut microbiota exerted 
these pro-tumor effects via activation of pattern recognition 

Figure 3  Dual mechanisms of microbial direct translocation and remote regulation in PDAC progression. (A) Direct translocation to the 
pancreas. Gut microbiota, potentially originating from the oral microbiome, can reach the pancreas through two principal routes: direct 
translocation across the disrupted gut barrier, or non-inflammatory uptake by CX3CR1+ mononuclear phagocytes that engulf gut microbes 
and transport the gut microbes to mesenteric lymph nodes, enabling subsequent migration to the pancreas via lymphatic drainage. These 
findings reveal an “oral-gut-pancreas” microbial transmission axis and microorganisms that translocate to the pancreas participate in local 
immune modulation and TME remodeling, driving PDAC progression. (B) Remote regulation of pancreatic TME. ①: Microbial signals can 
remotely reprogram target gene expression via transcription factors, upregulating multiple oncogenes and survival-associated genes. ②: 
Microbiota-derived metabolites suppress intratumoral NK cell infiltration and activation. ③: Gut dysbiosis in PDAC perturbs bile acid metabo-
lism, leading to elevated circulating bile acids that activate bile acid receptors on tumor cells. ④: Depletion of beneficial microbiota-produced 
SCFAs results in the impairment of CD8+ T cell responses, weakening anti-tumor immunity. ⑤: LPS, a pro-inflammatory component of Gram-
negative bacterial cell walls, enhances tumor cell invasiveness through the activation of the TLR4/MyD88 signaling pathway. The aforemen-
tioned mechanisms collectively promote PDAC progression. CX3CR1, C-X3-C motif chemokine receptor 1; LPS, lipopolysaccharide; MyD88, 
myeloid differentiation primary response 88; NK, natural killer; PDAC, pancreatic ductal adenocarcinoma; SCFAs, short-chain fatty acids; TLR4, 
Toll-like receptor 4; TME, tumor microenvironment. The scientific illustrations in this manuscript were created with MedPeer (medpeer.cn).
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receptors (PRRs), including TLR2 and TLR5. Yin et  al.174 
further showed that the gut microbiota-derived metabo-
lite, LPS, accelerates PDAC progression by upregulating 
PD-L1 expression through the TLR4/MyD88/protein kinase 
B (AKT)/NF-κB signaling cascade. This pathway promotes 
immune escape by driving T cell exhaustion and enhancing 
cancer cell resistance to cytotoxic lymphocytes. Similarly, 
Sethi et  al.175 reported that microbiota depletion in mouse 
models enhanced anti-tumor immunity by increasing Th1 
(IFNγ+CD4+CD3+) and Tc1 (IFNγ+CD8+CD3+) cell popu-
lations and reducing pro-tumor IL-17a+ (IL17a+CD3+) and 
IL-10+ (IL10+CD4+CD3+) immune subsets. Together, these 
findings indicated that the gut microbiota regulates the bal-
ance between pro- and anti-tumor immune responses within 
the TME. A Mendelian randomization analysis identified 20 
gut microbial species that may modulate the progression of 4 
pancreatic tumor subtypes through immune mediators, such 
as IL-6, CD4 expression on naïve CD4+ T cells and SSC-A on 
HLA-DR+ NK cells13. In addition, Vietsch et  al.142 analyzed 
immune and microbial profiles from the GALT of patients 
with PDAC and colonic disease. PDAC patients displayed 
reduced B cell function and diminished MHC class II surface 
receptor expression on B cells, suggesting dysbiosis-driven 
immune suppression. Collectively, these studies underscored 
the multifaceted role of the gut and intratumoral microbiota 
in orchestrating immune dynamics within the pancreatic 
TME. Through regulation of T cells, NK cells, TAMs, MDSCs, 
and B cells, gut microbiota shape the immunologic landscape 
toward a pro- or anti-tumor state, thereby profoundly influ-
encing PDAC progression.

In addition to the gut microbiota, the intratumoral micro-
biota also have a pivotal role in shaping the pancreatic TME. 
Riquelme et  al.164 identified striking differences in intratu-
moral microbial composition between short-term survivors 
(STS) and long-term survivors (LTS) with PDAC. Tumors from 
LTS patients exhibited significantly higher microbial alpha-di-
versity with enrichment of Pseudoxanthomonas, Streptomyces, 
Saccharopolyspora, and Clostridium. Notably, the abundance 
of Pseudoxanthomonas, Streptomyces, and Saccharopolyspora 
are positively correlated with intratumoral CD8+ T cell infil-
tration, suggesting that tumor microbiome diversity and these 
genera may foster antitumor immunity by enhancing CD8+ T 
cell recruitment and activation. Similarly, Li et al.176 reported 
that 16S rRNA levels in pancreatic tumors correlate posi-
tively with macrophage infiltration, the expression of CD86, 
and antigen-presenting molecules but inversely with CD206 
expression and tumor weight. These findings indicated that 
intratumoral microbial abundance influences macrophage 
polarization and antigen-presenting capacity, thereby shaping 
immune dynamics within the TME.

Halimi et al.165 cultured bacterial isolates from cystic pan-
creatic lesions associated with invasive cancer and identified 
15 viable species. Among the species, Enterobacter cloacae 
HGD2 (H2), Enterococcus faecium H2, Enterococcus faecalis 

LGD2 (L2), and Klebsiella pneumoniae Cancer2 (C2) demon-
strated robust survival in normal pancreatic and PDAC cell 
lines. In contrast, Granulicatella adiacens H1, Enterococcus 
faecalis C1, and Klebsiella oxytoca H1 caused extensive DNA 
damage and cell death in PDAC cells, whereas Streptococcus 
anginosus (H2/C2) and Enterococcus faecium H2 induced only 
mild cytotoxicity. These results suggest that some intratumoral 
bacterial species can directly contribute to PDAC progression 
by damaging pancreatic cells and altering genomic stability.

The relationship between intratumoral microbes and the 
immune system appears to be bidirectional. Li et al.176 strat-
ified PDAC tumors into “hot” (CD8+ T cell-enriched) and 
“cold” (CD8+ T cell-deficient) phenotypes. Distinct micro-
bial profiles were observed. Specifically, hot tumors contain 
higher levels of Arthrobacter and Bacillus at the genus level 
and Methylobacteriaceae at the family level, whereas cold 
tumors were dominated by Salirhabdus and Oxalobacteraceae. 
Interestingly, hot tumors also displayed overall higher bacte-
rial abundance, suggesting that tumor-associated T cells may 
influence microbial composition, thereby establishing a T 
cell-microbiota coupling within the TME.

Together, these studies revealed that gut and intratumoral 
microbiota actively remodel the pancreatic TME through 
multifaceted mechanisms. Gut and intratumoral microbiota 
modulate immune cell infiltration and polarization, includ-
ing T cells, NK cells, TAMs, MDSCs, and B cells, while some 
bacterial species directly inflict DNA damage or cytotoxic 
stress on pancreatic cells. Moreover, immune components of 
the TME, particularly T cells, can reciprocally shape the intra-
tumoral microbial landscape. This bidirectional interaction 
underscores a dynamic host-microbiota crosstalk that criti-
cally influences PDAC progression.

Intratumoral microbiota promotes resistance 
to therapy in PDAC

Chemotherapy remains the cornerstone of PDAC treatment. 
Combination regimens, such as FOLFIRINOX, and gemcit-
abine plus nab-paclitaxel (GnP) represent standard first-line 
therapies for patients with metastatic PDAC177. However, 
emerging evidence indicates that the intratumoral microbiota 
can mediate therapeutic resistance through metabolic, genetic, 
and redox-regulatory mechanisms.

A landmark study revealed that some bacterial species within 
PDAC tumors express cytidine deaminase (CDD), an enzyme 
that metabolizes gemcitabine into the inactive form, 2′,2′-dif-
luorodeoxyuridine. Notably, the long isoform (CDDL) of this 
enzyme was identified as the key mediator of this process, pro-
viding a direct microbial mechanism for chemoresistance166,178. 
These findings highlighted the potential for tumor-resident 
bacteria to inactivate chemotherapeutic agents within the TME, 
diminishing treatment efficacy. In addition to drug metabolism, 
the intratumoral microbiota can modulate redox homeostasis, 
thereby protecting tumor cells from chemotherapy-induced 
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oxidative damage. Obese mice bearing PDAC exhibited enrich-
ment of microbial cells producing queuosine, a metabolite that 
enhances tumor resilience against oxidative stress by upregu-
lating peroxiredoxin 1 (PRDX1), conferring resistance to both 
gemcitabine and nab-paclitaxel179. Similarly, alterations in 
the microbial metabolome lead to enrichment of “protective” 
metabolites in type 2 diabetic mice (menaquinol and queuine) 
that act as antioxidants, reducing chemotherapy-induced ROS 
accumulation and promoting drug resistance180. In other cancer 
types, the intratumoral microbiome has been shown to influ-
ence responsiveness to immune checkpoint blockade, including 
anti-PD-L1 and anti-CTLA-4 therapies181-183. Although this 
mechanism has not been definitively established in PDAC, there 
is a possibility that similar microbial-mediated immune modu-
lation could underlie resistance to emerging immunotherapeu-
tic strategies in PDAC.

Together, these findings demonstrated that the intratu-
moral microbiota contributes to PDAC therapy resistance 
through multiple pathways, as follows: enzymatic drug inac-
tivation; metabolic protection from oxidative stress; and 
potentially modulation of immune checkpoint responsive-
ness. Understanding these microbial-drug interactions may 
pave the way for microbiota-targeted interventions to enhance 
treatment efficacy in PDAC.

Clinical applications and 
translational prospects
Building upon the preceding evidence of gut microbiota dys-
regulation in PDAC and the roles in tumorigenesis, progres-
sion, and metastasis, this section explores the emerging clinical 
implications and translational potential of these findings. 
Specifically, there is a focus on how gut microbiota signatures 
may contribute to early diagnosis, prognostic assessment, and 
therapeutic optimization in PDAC. By integrating mechanis-
tic insights with clinical observations, these perspectives aim 
to bridge fundamental microbiome research with precision 
oncology, thereby guiding future strategies for clinical trans-
lation and individualized patient management.

Potential diagnostic and prognostic 
biomarkers from the gut microbiota

Although numerous microbial taxa differ in abundance 
between patients with PDAC and healthy individuals, only a 
subset exhibits consistent and reproducible potential as diag-
nostic or prognostic biomarkers.

Diagnostic biomarkers
A large multinational metagenomic study encompassing 
Japanese, Spanish, and German cohorts identified consistent 
alterations in gut microbial composition at multiple levels. 
At the species level, Veillonella atypica, Veillonella parvula, 

Streptococcus anginosus, and Streptococcus oralis were shown to 
be consistently enriched in PDAC, whereas Faecalibacterium 
prausnitzii was significantly depleted [false discovery rate 
(FDR) < 0.1]. Functionally, pathways related to terpenoid 
backbone biosynthesis, ATP-binding cassette (ABC) trans-
porters, pyruvate metabolism, mevalonate pathway, and osm-
oprotectant transport systems were enriched, while amino acid 
and secondary metabolite biosynthesis, histidine metabolism, 
and dissimilatory sulfate reduction were depleted (FDR < 0.1). 
Collectively, these consistent microbial and functional alter-
ations highlight potential biomarkers for PDAC detection115.

Other studies have validated the diagnostic value of micro-
biome signatures using machine learning-based classifiers. 
A least absolute shrinkage and selection operator (LASSO) 
logistic regression model integrating several fecal species dis-
tinguished PDAC patients from controls in a Spanish cohort 
with an area under the receiver operating characteristic 
curve (AUROC) of 0.84. The top positively weighted species 
were Methanobrevibacter smithii, Alloscardovia omnicolens, 
Veillonella atypica, and Bacteroides finegoldii118.

Serum CA19-9, a conventional biomarker for PDAC, offers 
only moderate diagnostic accuracy (sensitivity, 0.80; speci-
ficity, 0.75)184. Diagnostic performance markedly improved 
when combined with the microbiota-based models; spe-
cifically, CA19-9 plus the aforementioned model improved 
the AUROC from 0.84 to 0.94118. Chen et  al.117 developed 
more refined models in another study based on a Chinese 
cohort using LASSO and random forest algorithms. Model 1, 
based on 9 genera (e.g., Sporotomaculum, Blautia, Larssonia, 
Clostridioides, and Anaerobutyricum), achieved an AUROC of 
0.923. Model 2, based on eight species, including Blautia hom-
inis, Desulfovibrio spp., and Modestobacter apidist, reached 
an AUROC of 0.853. Combined with CA19-9, the predictive 
accuracy increased to an AUROC of 0.977 and 0.953, respec-
tively, outperforming CA19-9 alone (0.825). The best perfor-
mance occurred in older patients [≥55 years of age (AUROC 
= 0.993)].

In addition, specific taxa may serve as individual diagnos-
tic markers. Elevated Streptococcus abundance has been asso-
ciated with increased PDAC risk in a Chinese cohort, while 
mouse models have suggested that upregulated microbial pol-
yamine biosynthesis pathways are implicated in early tumori-
genesis and diagnostic prediction110,137.

Prognostic biomarkers
There are also some gut microbes that may serve as poten-
tial biomarkers for PDAC prognosis. The aforemen-
tioned multinational study showed that unknown Alistipes, 
Faecalibacterium prausnitzii, and Enterobacteriaceae species 
were linked to a favorable prognosis, whereas Ruminococcus 
torques predicted poorer outcomes. Higher abundances 
of Eubacterium spp. CAG:38, Phascolarctobacterium spp., 
Clostridium spp. AT4, Enterobacteriaceae spp., unknown 
Clostridiales, Faecalibacterium prausnitzii, and Oscillibacter 
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spp. 57-20 were negatively correlated with progressive dis-
ease, while Bacteroides coprocola, Alistipes onderdonkii, and 
unknown Clostridiales were positively correlated with pro-
gression115. Furthermore, in an exploratory Chinese cohort 
study, elevated fecal Lactobacillus abundance has been linked 
to improved progression-free survival (PFS) and overall sur-
vival (OS) in PDAC patients with Lactobacillus reuteri exerting 
direct antitumor effects128. Similarly, a Japanese cohort study 
has confirmed that higher Bifidobacterium levels are associ-
ated with better responses to neoadjuvant chemotherapy185.

Microbiome-based machine learning models have also iden-
tified microbial taxa predictive of metastatic potential in a sin-
gle-center Italian cohort study. Species such as Anaerostipes 
hadrus, Coprobacter secundus, Clostridium spp. 619, and 
Roseburia inulinivorans (species level), Porphyromonas and 
Odoribacter (genus level), and Rhodospirillaceae, Clostridiaceae, 
and Peptococcaceae (family level) demonstrated the strongest 
discriminatory power to distinguish between metastatic and 
non-metastatic PDAC. Functionally, non-metastatic PDAC 
was characterized by upregulated biosynthesis and metabo-
lism of amino acids, increased transcriptional function, and 
enriched polar metabolites, whereas metastatic PDAC exhibited 
enhanced signal transduction and elevated glutamic acid and 
metastasis-associated diacylglycerols. Importantly, non-meta-
static PDAC uniquely enriched oxidized fatty acids, including 
linoleic acid, linolenic acid, and eicosapentaenoic acid (EPA)12. 
Moreover, Streptococcus abundance also exhibited predictive 
potential for early hepatic metastasis (AUROC = 0.796)110.

Together, these findings suggested that gut microbial sig-
natures, alone or in combination with established biomarkers 
(e.g., CA19-9), hold strong promise for early diagnosis, prog-
nostic assessment, and metastasis prediction in PDAC. The 
integration of metagenomic, metabolomic, and clinical data 
may further enhance predictive accuracy and pave the way 
toward microbiota-based precision diagnostics in PDAC.

Potential therapeutic strategies targeting the 
gut microbiota

Given the established prevalence of gut dysbiosis in PDAC 
and the mechanistic role in tumor initiation and progression, 
targeting the gut microbiota and gut microbiota metabolites 
represent a promising therapeutic approach. Moreover, inte-
grating microbiota-targeted interventions with conventional 
treatments, such as chemotherapy or immunotherapy, may 
yield synergistic benefits that surpass the efficacy of either 
approach alone.

Probiotic-based interventions
Probiotic supplementation has emerged as a viable strategy for 
restoring microbial balance and modulating the TME. Multiple 
studies have demonstrated that probiotics delay cancer pro-
gression by reshaping the gut and intratumoral microbiota 

with documented efficacy in colorectal, hepatic, and pancre-
atic malignancies186-188. Combination probiotic formulations 
have shown notable therapeutic potential in mouse models of 
PDAC, including reduced tumor cell pleomorphism, induced 
tumor cell DNA damage and apoptosis, decreased cancer-as-
sociated stromatogenesis, alleviation of chemotherapy-induced 
intestinal toxicity and dysbiosis, preservation of hematologic 
function, and modulation of host metabolism189,190. In addi-
tion, the AJ2 probiotic combination in PDAC mice notably 
enhanced NK cell cytotoxicity and IFN-γ secretion, thereby 
promoting differentiation of poorly differentiated tumors and 
inhibiting their growth and metastasis191. In addition to mouse 
models, probiotics have also demonstrated therapeutic effi-
cacy against PDAC in clinical studies. In a randomized con-
trolled trial, probiotics exhibited increased tumor-infiltrating 
CD8+ T cells and IFN-γ expression, attenuated systemic levels 
of pro-inflammatory cytokines, such as IL-1β, IL-6, and IL-10, 
reduced postoperative infectious complications, including bac-
teremia, and alleviated non-infectious complications, such as 
anastomotic leakage, diarrhea, and abdominal distension192.

Therapeutic role of Lactobacillus spp.
Among probiotics, Lactobacillus exhibits the strongest evi-

dence for antitumor efficacy in PDAC. Clinical data indicated 
that co-administration of Lactobacillus casei and Lactobacillus 
rhamnosus significantly prolong PFS and OS compared to con-
trols188. Similarly, in mouse models, combined treatment with 
Lactobacillus paracasei GMNL-133 and Lactobacillus reuteri 
GMNL-89 suppressed tumor progression, reduced vimentin 
and Ki-67 expression, and improved the efficacy and tolerabil-
ity of gemcitabine chemotherapy193.

Mechanistically, Lactobacillus secretes ferrichrome, a 
siderophore metabolite that drives macrophage polarization 
toward the M1 phenotype via the TLR4-ferroportin signa-
ling axis194,195. This polarization suppresses the pro-invasive 
behavior of TAMs, enhances CD8+ T cell infiltration, and 
potentiates anti-PD-L1 immunotherapy194. Ferrichrome also 
induces p53-dependent apoptosis in PDAC cells and shows 
activity against 5-FU-resistant PDAC, without significant 
toxicity in preclinical models196. Furthermore, enrichment 
of Lactobacillus, particularly Lactobacillus reuteri, has been 
associated with improved PDAC outcomes through enhanced 
NK cell infiltration into the TME, potentially representing a 
microbiota-mediated immune activation mechanism128. An 
engineered Lactobacillus rhamnosus GG strain coated with a 
gallium-polyphenol network applied in murine models fur-
ther exemplifies translational innovation in microbiota ther-
apeutics. This system selectively targets tumor-promoting 
Proteobacteria and LPS, disrupting bacterial iron respiration 
and thereby attenuating TLR signaling. The downstream 
effects include reduced PD-L1 and IL-1β expression, dimin-
ished immunosuppressive myeloid populations, enhanced 
cytotoxic T lymphocyte infiltration, and improved efficacy of 
gemcitabine and α-PD-L1 therapy197.
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Therapeutic potential of Clostridium butyricum
Clostridium butyricum also exhibits antitumor activity in 
mouse models of PDAC, primarily mediated by the metabo-
lite, butyrate. Butyrate inhibits tumor progression by downreg-
ulating superoxide dismutase 2 (SOD2) to induce superoxide 
stress, enhancing free fatty acid uptake while impairing lipol-
ysis to promote intracellular lipid accumulation, and sensitiz-
ing PDAC cells to ferroptosis inducers, such as RAS-selective 
lethal 3 (RSL3)198. Conjugation of Clostridium butyricum with 
a matrix metalloproteinase-2 (MMP-2)-responsive liposo-
mal nanosystem has demonstrated dual effects: extracellular 
matrix (ECM) remodeling through vactosertib delivery to 
silence pancreatic stellate cells (PSCs); and improved gemcit-
abine efficacy via competitive inhibition of tumor-colonizing 
γ-proteobacteria. This approach enhanced gemcitabine-in-
duced immunogenic cell death, promoted effector immune 
infiltration, and exemplified a combinatorial microbiota-na-
nomedicine therapeutic strategy199. However, the application 
of Clostridium butyricum or butyrate remains in the preclinical 
stage.

Synbiotic therapy
Synbiotics (combinations of probiotics and prebiotics) offer 
additional benefits by supporting the selective growth of 
beneficial microbes200. In a randomized controlled trial of 
patients undergoing pancreatoduodenectomy, synbiotic 
supplementation containing four different lactic acid bac-
teria (Pediococcus pentosaceus 5-33:3, Leuconostoc mesen-
teroides 77:1, Lactobacillus paracasei subspecies paracasei F19, 
and Lactobacillus plantarum 2362) and four bioactive fibers 
(beta-glucan, inulin, pectin, and resistant starch) significantly 
reduced postoperative infection rates201. Another clinical 
study demonstrated that synbiotics (containing probiotics and 
inulin) induced greater CD8+ T cell infiltration, elevated IFN-
γ expression, and reduced inflammatory cytokines compared 
to the same probiotics alone. Synbiotics also reduced the inci-
dence of postoperative complications, including bacteremia, 
pneumonia, and diarrhea, suggesting superior efficacy relative 
to single-strain probiotics192.

Fecal microbiota transplantation (FMT)
FMT has shown therapeutic promise beyond gastrointesti-
nal diseases, such as Clostridium difficile infection, irritable 
bowel syndrome (IBS), and IBD, extending to cancers, includ-
ing colorectal carcinoma, melanoma, and PDAC164,202-204. 
FMT from LTS reprogrammed the intratumoral microbiota, 
enhanced CD8+ T cell infiltration and activation, and inhibited 
tumor growth in mouse models of PDAC, whereas FMT from 
advanced patients promoted tumor progression and increased 
immunosuppressive populations. These findings suggested 
that the therapeutic efficacy of FMT is largely mediated by ben-
eficial bacterial taxa (e.g., Lactobacillus) and metabolites, such 
as indole-3-acetic acid (3-IAA)128,205. Currently, several clinical 
trials investigating FMT for PDAC treatment are ongoing.

Microbial metabolite supplementation
Supplementation with microbiota-derived metabolites rep-
resents another promising strategy. Butyrate prevents tum-
origenesis and enhances the efficacy of gemcitabine while 
mitigating the side effects126,206. Similarly, 3-IAA enhances 
the chemotherapy response by being oxidized by neutro-
phil myeloperoxidase to generate ROS, leading to auto-
phagy inhibition and suppressed cancer cell proliferation205. 
TMAO, either directly supplemented or generated from 
dietary choline, can reprogram TAMs toward an immunos-
timulatory phenotype, activate type I interferon signaling, 
and improve response to immune checkpoint blockade207. 
Nevertheless, all these findings have only been validated in 
mouse models and clinical trials are required to confirm 
translational potential.

Dietary modulation of the gut microbiota
Beyond direct interventions targeting the gut microbiota 
and gut microbiota metabolites, emerging evidence suggests 
that supplementation with specific bioactive compounds and 
adoption of particular dietary regimens may also exert ther-
apeutic effects in PDAC by reshaping the gut microbiota. 
Resveratrol, a natural polyphenol, has been shown to potenti-
ate α-PD-1 immunotherapy efficacy in PDAC by modulating 
the gut microbiota to enhance arachidonic acid metabolism 
and increase prostaglandin D2 (PGD2) levels. Elevated PGD2 
subsequently activates the prostaglandin D receptor 1 (DP1), 
promoting CD8+ T cell infiltration into tumors and strength-
ening antitumor immunity129. A Japanese single-center, 
randomized, controlled pilot trial demonstrated that supple-
mentation with 1-kestose, a fructo-oligosaccharide, along-
side chemotherapy improved PDAC patient outcomes by 
modulating the gut microbiota. This intervention reduced 
Escherichia coli abundance, serum CA19-9 levels, and the neu-
trophil-to-lymphocyte ratio (NLR), thereby mitigating sys-
temic inflammation208.

Dietary regimens may also influence therapeutic efficacy 
through microbiota-mediated mechanisms. The ketogenic 
diet, characterized by low carbohydrate and high fat intake, 
has been reported to enhance gemcitabine efficacy in PDAC, 
potentially by altering microbial composition209. Similarly, 
a purified soy-free diet may improve phosphatidylinositol 
3-kinase (PI3K) inhibitor efficacy by preventing the gut micro-
biota-dependent production of soyasapogenols, which induce 
hepatic cytochrome P450, family 3, subfamily a, polypeptide 
11 (CYP3A11) and accelerate drug clearance, thereby dimin-
ishing antitumor activity210. In addition, a fasting-mimicking 
diet (FMD), characterized by cyclic low-calorie restriction, 
may suppress PDAC progression by enriching butyrate-pro-
ducing gut bacteria, elevating pancreatic butyrate levels, and 
promoting Kcr, ultimately inhibiting tumor cell prolifera-
tion126. While several clinical trials exploring dietary inter-
ventions for PDAC have been conducted, more diverse and 
large-scale clinical studies are needed to validate their efficacy.
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Antibiotic-based modulation: potential and caution
Given the prevalence of gut dysbiosis in PDAC, antibiot-
ic-based depletion of the gut microbiota has been explored as 
a potential therapeutic approach. Preclinical studies suggest 
that antibiotics may suppress tumor-promoting metabolic 
and inflammatory pathways, enhance apoptosis-related pro-
cesses, and modulate NK and T cell activity within the TME, 
thereby improving responses to chemotherapy and targeted 
therapy171,175,210,211. However, these effects have been demon-
strated only in murine models and extrapolating to humans 
is challenging. The gut microbiota in humans has a far more 
complex immunometabolic role, the indiscriminate depletion 
of which may yield counterproductive or deleterious effects. 
Evidence indicates that antibiotic-induced microbiota deple-
tion can impair antitumor immunity by eliminating beneficial 
bacteria, such as Lactobacillus and reducing IL-33 expression, 
which in turn suppresses the migration of group 2 innate 
lymphoid cells (ILC2s) from the gut to tumors and dimin-
ishes intratumoral tertiary lymphoid structures (TLSs)128,212. 
In summary, while preclinical data suggest potential bene-
fits, the clinical translation of broad-spectrum antibiotics for 
PDAC treatment demands careful consideration. Given the 
complex immunomodulatory roles of the gut microbiota in 
humans, non-selective depletion risks disrupting protective 
microbial communities and compromising antitumor immu-
nity. Current evidence, which is largely derived from murine 
models, is insufficient to support routine clinical application. 
Therefore, future research must prioritize the development 
of targeted strategies that precisely inhibit tumor-promoting 
microbial populations and robust clinical evidence is needed 
to define safe and effective therapeutic windows.

Challenges and future perspectives
In this review we systematically examined the growing body 
of evidence linking the gut microbiota to PDAC, emphasizing 
the multifaceted interactions among microbial communities, 
tumorigenesis, and host systems. Moving forward, research 
must transcend descriptive profiling of microbial alterations 
and focus on delineating the mechanistic pathways through 
which the gut microbiota modulates pancreatic tumorigen-
esis and progression. Gut dysbiosis may act as a driver in 
early tumorigenesis by disrupting immune and metabolic 
homeostasis with reduced butyrate production promoting 
inflammation, impairing immune surveillance, and altering 
gene expression. Gut and intratumoral microbiota influence 
disease evolution through bacterial translocation, remote 
immunometabolic regulation, and remodeling of the TME 
during PDAC progression. These insights also underscore the 
translational potential of gut microbiota in early detection, 
personalized therapy optimization, and prognostic stratifica-
tion. Collectively, emerging strategies, including FMT, probi-
otic and synbiotic supplementation, dietary modulation, and 

microbiota-sensitive antibiotic regimens, highlight the prom-
ise of tailored microbial modulation as a novel approach to 
PDAC management213.

Despite these advances, several major challenges remain. 
Most existing studies have focused on associations rather than 
causality, leaving the direct mechanistic links between gut dys-
biosis and pancreatic tumorigenesis largely unresolved. The 
gut microbiota functions as an ecologic network, in which 
perturbations to one taxon can reverberate throughout the 
system. Moreover, specific bacterial species may play context-
dependent roles, acting as tumor-promoting or -suppressive 
agents depending on host and environmental factors214. 
Translational limitations are further compounded by inter-
species discrepancies between human and murine microbiota. 
Some interventions, such as FMT, remain controversial. Recent 
evidence has suggested that “microbial mismatch” following 
transplantation may disrupt host metabolic and immune equi-
librium, thereby attenuating therapeutic efficacy215. In addition, 
the paucity of large-scale, multicenter, prospective trials and 
the methodologic biases inherent in high-throughput sequenc-
ing and bioinformatics pipelines hinder the reproducibility and 
clinical validation of microbiota-targeted interventions.

Future progress will depend on integrative multi-omics 
strategies, combining metagenomics, transcriptomics, metab-
olomics, and single-cell genomics, to comprehensively map 
the gut microbiota-PDAC interaction network216. These 
approaches should be coupled with functional validation in 
physiologically relevant models and prospective clinical trials. 
The emergence of precision microbial engineering techniques, 
including synthetic biology-based tools and in situ genome 
editing of microbial communities, offers exciting prospects for 
targeted modulation of tumor-associated microbiota217,218.

In summary, while the current understanding of the 
gut-pancreas axis remains incomplete, it holds transforma-
tive potential for the prevention, diagnosis, and treatment of 
PDAC. Realizing this promise will require sustained interdis-
ciplinary collaboration across microbiology, oncology, bioin-
formatics, and artificial intelligence to translate microbiome 
science into clinically actionable strategies that enable preci-
sion diagnosis and personalized therapy.
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