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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy with limited effective 
treatment options. Emerging evidence links enriched environment (EE)-induced eustress to 
PDAC inhibition. However, the underlying mechanisms remain unclear. In this study, we explored 
the role of gut microbiota in PDAC-suppressive effects of EE. We demonstrated that depletion of 
gut microbiota with antibiotics abolished EE-induced tumor suppression, while fecal microbiota 
transplantation (FMT) from EE mice significantly inhibited tumor growth in both subcutaneous and 
orthotopic PDAC models housed in standard environment. 16S rRNA sequencing revealed that EE 
enhanced gut microbiota diversity and selectively enriched probiotic Lactobacillus, particularly 
L. reuteri. Treatment with L. reuteri significantly suppressed PDAC tumor growth and increased 
natural killer (NK) cell infiltration into the tumor microenvironment. Depletion of NK cells alleviated 
the anti-tumor effects of L. reuteri, underscoring the essential role of NK cell-mediated immunity in 
anti-tumor response. Clinical analysis of PDAC patients showed that higher fecal Lactobacillus 
abundance correlated with improved progression-free and overall survival, further supporting the 
therapeutic potential of L. reuteri in PDAC. Overall, this study identifies gut microbiota as a systemic 
regulator of PDAC under psychological stress. Supplementation of psychobiotic Lactobacillus may 
offer a novel therapeutic strategy for PDAC.
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Introduction

The incidence of pancreatic ductal adenocarcinoma 
(PDAC) is rising globally, posing a substantial dis
ease burden and high mortality rates. Most patients 
are diagnosed at the advanced stage, leading to 
a dismal prognosis with a 5-year relative survival 
rate of only 13%.1 PDAC exhibits resistance to var
ious therapeutic approaches, including immune 
checkpoint blockades (ICB), thus rendering the 
prognosis for PDAC patients grim despite decades 
of progress in cancer treatment.

Psychological distress has long been suspected to 
influence cancer risk and mortality.2,3 Moreover, 
recent studies have demonstrated that emotional 
distress can affect the therapeutic efficacy of ICB in 
melanoma4 and non-small-cell lung cancer.5 With 
regard to PDAC, according to a case-control study 

nested within the UK Biobank cohort, distress- 
related factors and stressful events play a negative 
role in susceptibility to PDAC independent of 
genetic background.6 Psychological distress is also 
related to PDAC mortality. Based on the pooling 
data from 16 prospective cohort studies, hazard 
ratios (HR) for psychological distress in relation 
to PDAC death outcome was 2.76 (95% confidence 
interval (CI): 1.47–5.19) after adjusted with age, 
sex, BMI, educational attainment, smoking status 
and alcohol consumption.7 A population-based 
study revealed that depression and pancreatic can
cer are closely associated (odds ratio (OR): 2.4, 95% 
CI: 1.15–4.78).8 It is worth noting that depression 
more frequently precedes PDAC than it does for 
other gastrointestinal malignancies (OR: 4.6, CI: 
1.07–19.4) or all types of cancer (OR: 4.1, CI: 
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1.05–16.0).8 These epidemiological studies high
light the urgent need to investigate how the brain 
regulates the growth of peripheral cancers, with 
a particular focus on pancreatic cancer.

Animal studies have demonstrated that exposure 
to distress environments such as social defeat,9 

social isolation10 and chronic restraint stress11 sub
stantially facilitate cancer growth and compromise 
anti-tumor immunity.12 On the contrary, dwelling 
in an enriched environment (EE), a complex rear
ing setting characterized by more space, physical 
activity and social interactions, is capable to inhibit 
the growth of multiple tumors in murine tumor 
models.13,14 Previously, we reported that EE- 
induced eustress displayed a potent anti-PDAC 
phenotype.15–17 A brain-adipocyte (BDNF/Leptin) 
axis has been proposed to explain the EE-induced 
anti-tumor property in mice models of melanoma 
and colon cancer.13 It is also reported by us and 
several groups that EE promotes the maturation, 
proliferation and tumor infiltration of immune 
cells including natural killer (NK),15,18,19 T20,21 

and B cells.22 Moreover, we reported that EE sup
presses cancer cell proliferation through downre
gulating energy metabolism.23 Though EE was 
found to enhance gut microbiota biodiversity in 
a mouse model of colon cancer,24 it remains 
unclear whether the EE-induced changes in gut 
microbiota composition are responsible for the 
anti-tumor effect. It is also unknown which specific 
bacteria EE-induced to make this effect.

Polymorphic microbiomes have emerged as one 
of the hallmarks of cancer.25 Patients with PDAC 
have a distinct gut microbial profile, characterized 
by an increase in possible pathogens and a decrease 
in specific probiotics such as butyrate-producing 
bacteria.26 Alterations in the microbiota composi
tion in fecal27–29 and tumor tissues30–32 are asso
ciated with the carcinogenesis, progression and 
treatment response in PDAC. In murine models, 
microbes such as Bifidobacterium pseudolongum 
has been shown to induce carcinogenesis in the 
pancreatic duct,33 supporting a possible role of 
gut microbiota in the etiology of PDAC. Given 
the important function of microbiota in the devel
opment of PDAC, it is reasonable to speculate that 
probiotic supplementation may have potential as 
part of an integrative therapy for PDAC. However, 
to date, there are limited probiotic candidates that 

have demonstrated therapeutic efficacy in preclini
cal studies, and no clinical trials have evaluated 
probiotics as an independent therapeutic approach 
for PDAC.

The importance of the gut-brain axis in maintain
ing homeostasis has long been recognized.34 The gut 
microbiota has emerged as a key regulator of gut- 
brain signaling, influencing both enteric and central 
nervous system functions.35 On the one hand, men
tal and psychological factors influence gut micro
biota composition; on the other hand, certain 
bacteria can affect anxiety- and stress-related beha
viors. Thus, it is interesting to know whether this 
bidirectional regulatory effect of the gut microbiota 
plays a role in the systemic regulation of cancers. 
Here, we report that the tumor-suppressive effects of 
EE can be transferred to the SE mice through fecal 
transplantation, indicating the brain-gut-microbiota 
axis is indeed involved. Additionally, we identify 
a commensal microbial species Lactobacillus reuteri 
(L. reuteri) as an EE-sensitive probiotic with anti- 
PDAC properties. Our findings highlight the impor
tant role of gut microbiota in the interplay between 
psychological eustress and tumor resistance, sug
gesting that manipulating gut microbiome by using 
psychobiotics may provide a novel therapeutic strat
egy for PDAC.

Materials and methods

Cell line

The Panc02 murine pancreatic cancer cells were 
obtained from Frederick National Laboratory and 
cultured in DMEM (#SH30022, HyClone, USA) 
supplemented with 10% FBS (#10099141, Gibco, 
USA) and 1% penicillin-streptomycin (#SV30010, 
HyClone, USA).

Mice

All animal studies were approved by the Animal 
Care and Use Committees of Shanghai Cancer 
Institute and were manipulated by the institu
tional guidelines. Male C57BL/6 mice, purchased 
from Sino-British SIPPR/BK Lab Animal Ltd 
(Shanghai, China), were used in murine experi
ments. For the subcutaneous tumor model, 
6-week-old male mice were subcutaneously 
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injected with 1 × 106 Panc02 cells (per mouse) in 
the right armpit. For the orthotopic tumor model, 
a small left-side abdominal incision near the 
spleen was made, and the pancreas was found 
and identified in front of the right side of the 
spleen.36 Five hundred thousand Panc02 cells 
were injected into the pancreas using a sterile 
insulin needle.

For the enriched environment (EE) experiments, 
3-week-old mice were randomly assigned to either 
EE or standard environment (SE) conditions for 
3 weeks. SE and EE were established as previously 
described.16 Following this period, they were sub
cutaneously implanted with Panc02 cells. Tumors 
at different times were identified and measured 
every 3-4 days as previously described.15 At the 
time of endpoint, the tumor and tissues of each 
mouse were harvested and processed for analysis.

Antibiotic treatment

To ablate the gut microbiome, 4–6 weeks old male 
mice were administered an antibiotic cocktail 
(Abx), which contained 1 g/L ampicillin (#M2390, 
abmole, USA), 0.5 g/L metronidazole (#M3311, 
abmole, USA) and 1 g/L neomycin (#M3594, 
abmole, USA), in their daily drinking water.

Fecal microbiota transplantation (FMT)

After being housed under SE or EE conditions for 3  
weeks, fresh fecal samples of mice were collected. SE 
or EE mouse fecal bacteria suspension was obtained 
and preserved at -80°C ultra-low temperature freezer. 
The FMT treatment was performed as previously 
described.37 Briefly, the mice were treated with Abx 
to eliminate intestinal bacteria before FMT. Fecal 
suspension of SE or EE mice was transplanted into 
5-6 weeks-old male mice once every 3 days by oral 
gavage (o.g.). After one week of FMT treatment, 
Panc02 cells were injected into mice. The tumor- 
bearing mice were treated with FMT twice a week 
for 4 weeks or 2 weeks during which the subcuta
neous or orthotopic tumor growth was monitored.

FITC-dextran permeability assay

FITC-dextran (#46944, Sigma, USA; 400 mg/kg, 
4 kD) was orally administered to mice after food and 

water fasting for 4 h. Serum samples were obtained 
4 h after FITC-dextran administration. The serum 
fluorescence intensity was measured with 
a spectrophotometer at an excitation wavelength of 
490 nm and an emission wavelength of 530 nm.

Culture of Lactobacillus reuteri (L.reuteri) and 
Lactobacillus johnsonii (L.johnsonii)

L. reuteri (ATCC PTA 6475) and L. johnsonii 
(CGMCC 1.3255) were cultured in Mann Rogosa 
Sharpe (MRS) broth medium (#HB0384, Haibo 
media, Qingdao, China) in anaerobic conditions 
(DG250, Don Whitley Scientific, West Yorkshire, 
UK). The amount of bacteria was measured by the 
absorbance at 600 nm with an OD value of 1.6-1.8.

Probiotics treatment

For the Lactobacillus cocktail experiment, 6-week- 
old male mice were treated with Abx for 2 weeks 
and received an injection of Panc02 cells. Then, the 
tumor-bearing mice of Lactobacillus cocktail group 
were administrated with 2.5 × 108 CFU of L. reuteri 
and L. johnsonii in 100 µl PBS per mouse by o.g. 
twice a week for 4 weeks. At the same time, control 
mice were given an equivalent volume of PBS. For 
the Lactobacillus strains selection experiment in the 
subcutaneous tumor model, mice in the treated 
group were randomly assigned to the following 2 
groups: (1) L. reuteri group: 2.5 × 108 CFU/mouse; 
(2) L. johnsonii group: 2.5 × 108 CFU/mouse. For 
the L. reuteri experiment in the orthotopic tumor 
model, mice were administrated with 2.5 × 108 

CFU/mouse of L. reuteri twice a week for 4 weeks.

Anxiety-like behaviors test

The anxiety-like behaviors were examined using an 
elevated plus maze (EPM) test as the publication 
described.38 To monitor the effectiveness of EE 
housing, mice exposed to SE or EE conditions for 
3 weeks were subjected to EPM test. For the pro
biotics experiment, following 3 weeks of treatment 
of probiotic administration, the mice were indivi
dually placed for EPM test. The test session of each 
mouse was recorded and then analyzed using 
SuperMaze software (version 2.0; Shanghai 
Xinruan Information Tech Co., Shanghai, China).
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Anti-NK1.1 treatment in mice

For anti-NK1.1 treatment, mice were treated with 
90 μg anti-NK1.1 (#BE0036, clone PK136, Bio 
X Cell, USA) antibodies or isotype control 
(#BE0085, clone C1.18.4, Bio X Cell, USA) beginning 
on day 1 before tumor engraftment and on days 1, 4, 7, 
14, 21 after Panc02 cells inoculation. NK depletion 
was confirmed by flow cytometry with the absence of 
CD3−NK1.1+ cells in the spleen.

Flow cytometry

The spleen and tumor cells were prepared as our 
previously described.15 Then, the cells were stained 
with anti-mouse CD3-PerCP-Cy5.5 (#100218, clone: 
145-2C11, Biolegend, USA), CD3-APC (#100311, 
clone: 145-2C11, Biolegend, USA), NK1.1-FITC (#
11-5941, clone: PK136, eBioscience, USA), NK1.1-PE 
(#50-5941, clone: PK136, Tonbo, USA), CD8-APC 
(#20-0081, clone:53-6.7, Tonbo, USA) and CD19-PE 
(#115507, clone:6D5, Biolegend, USA) antibodies and 
the appropriate isotype controls following incubation 
with anti-CD16/CD32 antibodies (#14-0161, clone: 
93, eBioscience, USA) to block nonspecific and Fc- 
mediated binding. The stained cells were detected 
using a FACSCelesta flow cytometer (BD 
Biosciences, USA) and analyzed using FlowJo™10 
software (BD Biosciences, USA).

Histochemical and immunohistochemical staining

For IHC analysis, the tumor tissue slides were incu
bated with polyclonal antibodies against ZO-1 (#
21773-1-AP, Proteintech, USA; dilution 1:2000), 
MUC2 (#ab272692, Abcam, UK; dilution 1:200), 
Ki67 (#ab15580, Abcam, UK; dilution 1:200) and 
NK1.1 (#ab197979, Abcam, UK; dilution 1:200). 
Ten randomly selected fields were examined for 
each sample. For details about immunohistochemical 
staining, see our previous publication.15 For periodic 
acid-Schiff (PAS) staining, Schiff’s reagent and hema
toxylin solution were used (Ruiyu Tech Co., 
Shanghai, China). The detailed procedures were pro
cessed as previously described.39

To quantify goblet cells, the number of positive cells 
per 20× microscope field was counted (10 random fields 
per mouse). The intensity of ZO-1 was effectively quan
tified using the H-score evaluation. The H-score is 

a reliable metric calculated as follows: (1×percentage of 
weak staining) + (2×percentage of moderate staining) +  
(3×percentage of strong staining) within the target 
region. For the quantification of Ki67, the percentage 
of nuclei with positive staining in tumor per 1000 tumor 
cells was scored. To quantify NK1.1+ cells, the number 
of positive cells per 20× microscope field was counted 
(10 random fields in the tumor tissue area). Scoring was 
independently conducted by two pathologists blinded 
to the clinical parameters.

Disbiome database analysis

The relative abundance of key taxa in PDAC and 
depression was obtained using Disbiome (https:// 
disbiome.ugent.be/hom).

Fecal bacterial DNA extraction and bacterial 
identification

For bacterial DNA identification, mice feces DNA was 
isolated using the E.Z.N.A. Bacterial DNA Kit 
(#D3350, Omega, USA) according to the manufac
turer’s protocol. All amplifications were performed 
using the StepOne Plus Real-time PCR System 
(Applied Biosystems, USA) with SYBR Green 
reagents (#04887352001, Roche Diagnostics, 
Switzerland). The average cycle threshold (Ct) value 
was calculated from triplicates. The relative abun
dance of L. reuteri based on the ΔCt value was defined 
as Ct (L. reuteri) -Ct (16S ribosome genes). The Ct 
value for any sample not amplified after 40 cycles was 
defined as 40 (threshold of detection). The fold differ
ence of relative abundance was calculated by 2−ΔCt.
Primers for the quantitative real-time PCR:
16S-Forward: AGAGTTTGATCCTGGCTCAG
16S-Reverse: ATTACCGCGGCTGCTGG

L. reuteri-Forward: 
TGAATTGACGATGGATCACCAGTG

L. reuteri-Reverse: 
CGACGACCATGAACCACCTGT

L. johnsonii-Forward: 
CACTAGACGCATGTCTAGAG

L. johnsonii-Reverse: 
AGTCTCTCAACTCGGCTATG
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16S rRNA sequencing and analysis

Sequencing analysis of bacterial 16S rRNA was 
performed to analyze the microbiota composition 
in feces and stools. Total genomic DNA from feces 
and stool was extracted using the CTAB method. 
The hypervariable V3-V4 regions of 16S rRNA 
genes were amplified using the specific primer 
pair 341F (5'-CCTAYGGGRBGCASCAG-3') and 
806 R (5'-GGACTACNNG GGTATCTAAT-3'). 
Sequencing was performed at the Illumina 
NovaSeq platform (Illumina MiSeq, USA) by 
Wekomo Technology Company (Shenzhen, 
China). Sequencing data processing and bioinfor
matics analysis were conducted on the Bioincloud 
Platform (https://www.bioincloud.tech/).

Clinical samples and study cohorts

Two cohorts of PDAC patients from Renji Hospital 
affiliated with Shanghai Jiao Tong University 
School of Medicine were involved between 2022 
and 2024 (KY2020-188-07-02). Informed consent 
was obtained from all patients.

In cohort 1, 30 PDAC patients (stage IIIB-IV) 
who are about to receive drug therapy are screened 
for enrollment in this study. Emotional distress 
(ED) is assessed using the SDS and SAS scales. 
Stool samples were collected from PDAC patients 
before receiving therapy and stored at -80°C imme
diately. Patients were classified as having no ED if 
their scores on the SDS and SAS scales were below 
39, while those with scores at or above 39 were 
classified as experiencing ED. We confirmed the 
therapy response based on RECIST v1.1 criteria. 
We performed 16S rRNA sequencing on stool sam
ples to assess which bacterium is predominant 
(and/or different) in the no ED group compared 
with the ED group. The clinical characteristics of 
this study participants are shown in Table S1.

In cohort 2, clinical features and stool sam
ples from 33 PDAC patients were collected. 
Patients were classified as low and high 
Lactobacillus groups based on the relative abun
dance in stool. Survival visits were performed 
every 3 months. Progression-free survival (PFS) 
was defined as the duration between the date of 
initiation of data collection and disease progres
sion or death, whichever occurred first. Overall 

survival (OS) refers to the duration between the 
date of initiation of diagnosis and death from 
any cause. The data cutoff was 15 June 2024. 
We compared the circulating NK cell counts 
and percentage in serum samples between 
groups. The clinical characteristics of this 
study participants are shown in Table S2.

Data statistical analysis

Data were examined to determine whether they were 
normally distributed with the one-sample 
Kolmogorov-Smirnov (K-S) test. All normally dis
tributed data were presented as means ± standard 
error of the mean (SEM), and comparisons of mea
surement data between two groups were performed 
using independent sample Student’s t-test, and com
parisons among three or more groups were per
formed by one-way ANOVA. If the K-S results 
showed significant differences, when data were 
skewed, comparisons were performed by the non
parametric Mann-Whitney test. PFS and OS were 
calculated using a Kaplan-Meier survival curve, and 
the log-rank test was used for comparison. DESeq2 
was used to evaluate the statistically significant rela
tive abundance of specific microbes between groups 
at the species level. The Kruskal-Wallis test was 
applied to determine the statistical significance of 
differences in gut microbial diversity between 
groups. The statistical analysis was performed with 
GraphPad Prism 9.0 (GraphPad Software Ltd, USA). 
A p-value <0.05 was considered statistically signifi
cant and a p-value ≥0.05 was considered statistically 
no significant (ns).

Results

Gut microbiota mediates the eustress-induced 
tumor-suppressive effect in pancreatic cancer

To assess whether gut microbiota was involved in 
EE-induced tumor inhibition, we used the antibio
tic cocktail (Abx) to deplete the gut microbiota 
before tumor implantation (Figure 1(a)). As 
expected, in the absence of Abx, EE led to 
a significant inhibition of tumor growth 
(Figure 1(b)). At the time of sacrifice, the tumor 
weight of EE group was significantly lower than 
that of SE group (SE group: 0.23 ± 0.03 g vs. EE 
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group: 0.12 ± 0.02 g, p < 0.01, Figure 1(c)). 
However, when mice were treated with Abx, there 
was no significant difference in the volume and 
weight (SE-Abx group: 0.24 ± 0.05 g vs. EE-Abx 
group: 0.17 ± 0.02 g, p = 0.1646, Figure 1(b–c)) of 
subcutaneous tumors between the EE and SE 
groups, indicating that Abx treatment abolished 
the anti-PDAC effect of EE and gut microbiota is 
involved in EE-induced tumor inhibition.

To further confirm this notion, we next con
ducted a fecal microbiota transplantation (FMT) 
experiment using fecal samples from different 
donor mice: those housed in EE and those housed 
in SE. The recipient mice receiving feces from EE 

donors (EE-FMT) or feces from SE donors 
(SE-FMT) were transplanted with Panc02 cells 
and maintained under the same standard rearing 
conditions throughout the entire experimental 
procedure. In a subcutaneous tumor model of 
PDAC, the EE-FMT group exhibited significantly 
slower tumor growth compared to the SE-FMT 
group (Figure 1(d)). At the end of the experiment 
(32 days post-tumor implantation), the average 
tumor weight in the EE-FMT group was 0.13 ±  
0.03 g, markedly lower than the 0.27 ± 0.03 g 
observed in the SE-FMT group (p < 0.01, Figure 1 
(e–f)). Consistent findings were noted in the ortho
topic PDAC model, where the EE-FMT group 

Figure 1. Gut microbiota mediates the EE-induced anti-PDAC effect in mice. (a) Schematic diagram of Abx treatment in SE and EE 
tumor-bearing mice (n = 6-8 for SE and SE+Abx groups, n = 12 for EE and EE+Abx groups). Abx treatment significantly diminished the 
EE inhibitory effect of Panc02 tumor growth, as evidenced by (b) tumor volume and (c) tumor weight. Abx-treated C57BL/6 mice 
received FMT and then Panc02 cell implantation. The transplantation of feces from EE mice to SE mice markedly retarded tumor 
growth, as supported by (d) tumor volume, (e) tumor images, (f) tumor weight in the subcutaneous PDAC model and (g) tumor 
images, (h) tumor weight in the orthotopic PDAC model (n = 8/group). ***, p < 0.001, **, p < 0.01; *, p < 0.05; ns, not significant.
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demonstrated a reduction in average tumor weight 
by approximately 55% compared to the SE-FMT 
group (SE-FMT group: 0.11 ± 0.01 g vs. EE-FMT 
group: 0.05 ± 0.01 g, p < 0.001, Figure 1(g–h)).

Eustress restores gut microbiota diversity and 
strengthens the intestinal barrier in pancreatic 
cancer-bearing mice

The composition of gut microflora between EE and 
SE mice bearing PDAC was investigated using 16S 
rRNA sequencing of fecal samples collected at day 7 
and day 21 post-tumor implantation (Figure 2(a)). As 
shown in Figure 2(b), at day 21 after tumor trans
plantation, the α-diversity of the gut microbiota was 
reduced by PDAC in SE group. Combined analysis of 
the fecal 16S rRNA sequencing results from day 7 
and day 21 also showed that α-diversity was signifi
cantly higher in the EE group compared with the SE 
group (p < 0.05 for both Chao1 index and Shannon 
index, Figure 2(c)). Consistently, the Venn diagram 
showed there were more unique OTUs in EE mice 
than in SE mice (Figure 2(d)). Principal Coordinate 
Analysis (PCoA) revealed a clear distinction in gut 
microbiota between the EE and SE groups based on 
Weighted UniFrac metrics (Figure 2(e)).

The height of intestinal villi (p < 0.01, Figure 2(f)) 
and the number of the goblet cells (p < 0.001, 
Figure 2(g)) were significantly increased in EE mice. 
Additionally, the expression of intestinal epithelial 
marker ZO-1 (p < 0.01, Figure 2(h)) was remarkably 
upregulated in EE mice and the goblet-cell-specific 
mucin MUC2 expression had an increasing tendency 
(Figure S1a). To explore the gut barrier function of 
EE housing in tumor-bearing mice, we performed 
a FITC-dextran permeability assay. The passage of 
FITC-dextran across the intestinal barrier was ele
vated in SE tumor-bearing mice and this elevation 
disappeared in EE tumor-bearing mice (Figure S1B), 
which indicates part of restoration toward gut nor
mobiosis by EE. These findings demonstrate that EE 
exerts a protective effect on the physical and chemical 
barriers of the intestinal mucosa.

Eustress leads to the enrichment of Lactobacillus 
in mice with pancreatic cancer

To determine which microbial populations signifi
cantly change with EE, we compared the gut 

bacterial abundance at the genus level between 
tumor-bearing EE and SE mice. Among the 15 
most abundant gut bacterial genera, Lactobacillus 
was the only one consistently upregulated by EE at 
both day 7 and day 21 (Figure 3(a)). The DESeq2 
analysis revealed that at the species level, EE led to 
a 4.15-fold increase in the abundance of L. reuteri 
(FDR-adjusted p < 0.05, Figure 3(b)). qPCR results 
demonstrated that EE housing significantly 
increased the relative abundance of L. reuteri com
pared with SE housing (Figure 3(c)). These results 
suggest that L. reuteri is an inducible bacteria taxon 
in response to eustress.

Consistent with our previous reports,15–18 EE led 
to a significant tumor inhibition (Figure S2A-C), 
along with significantly lower levels of anxiety-like 
behaviors in the EPM test with obvious further 
distance and longer time traveled in open arms 
(p < 0.05, Figure S2D-E). Interestingly, the tumor- 
bearing mice treated with L. reuteri for three weeks 
also showed significantly decreased anxiety-like 
behaviors (the percent of time traveled in open 
arms, PBS group: 9.75 ± 3.88%, L. reuteri group: 
33.56 ± 7.72%, p < 0.05, Figure 3(d–e)). These data 
indicate that L. reuteri is an EE-induced psycho
biotic which may have positive feedback on mood.

Lactobacillus spp. inhibit pancreatic cancer growth

To explore the role of Lactobacillus in stress-related 
diseases and PDAC, we first examined the Disbiome 
public dataset (https://disbiome.ugent.be) for micro
bial taxa associated with depression and PDAC. We 
identified a total of 17 bacterial species significantly 
downregulated in patients with depressive disorders 
and 37 bacterial species significantly downregulated 
in PDAC patients (Figure 4(a)). The Venn diagram 
indicated that Lactobacillus, along with six other 
bacteria, such as Clostridium, Prevotella, 
Ruminococcus, Bifidobacterium, Coprococcus and 
Faecalibacterium, were present in the intersection 
of both groups, suggesting Lactobacillus’ involve
ment in both diseases.

To further evaluate the clinical relevance of 
Lactobacillus in PDAC patients, we characterized 
the bacterial compositions in stool of 30 PDAC 
patients using 16S rRNA sequencing. Based on 
the Self-Rating Anxiety Scale (SAS) and Self- 
Rating Depression Scale (SDS), patients were 
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Figure 2. Eustress restores gut microbiota diversity and strengthens the intestinal barrier in pancreatic cancer-bearing mice. (a) 
Schematic diagram of gut barrier function analysis in SE and EE tumor-bearing mice using 16S rRNA sequencing and histochemistry. 
PDAC destroyed gut homeostasis, as shown by (b) α diversity analysis of gut microbiome including Chao1 and Shannon indexes in 
feces by 16S rRNA sequencing. Compared with SE tumor-bearing mice, EE mice exhibited increased phylogenetic diversity and 
richness in fecal samples post-PDAC implantation (day 7 and 21 pool), as supported by (c) Chao1 and Shannon indexes, (d) the Venn 
diagram analysis of the shared and unique genera and (e) β diversity analysis based on weighted UniFrac metrics using Principal 
coordinate analysis (PCoA). Histochemical staining confirmed that EE preserved gut barrier function in tumor-bearing mice, as 
evidenced by (f) representative H&E images of the small intestine and quantitative analysis of intestine villus length, (g) representative 
images and quantification of PAS staining and (h) representative images and scoring of ZO-1 staining in the small intestine. Scale bar  
= 100 µm. ***, p < 0.001, **, p < 0.01, *, p < 0.05; ns, not significant.
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categorized into two groups: those with emotional 
distress (ED, n = 14) and those without (no ED, 
n = 16). The richness of gut microbial species in 
the PDAC patients with emotional issues signifi
cantly decreased compared with those without 
emotional distress (p < 0.05, Figure 4(b)). PDAC 
patients with emotional issues demonstrated 
a lower abundance of Lactobacillus with borderline 
significance compared with those without emo
tional distress (median 0.03% vs. 0.01%, p < 0.05, 
Figure 4(c)). Meanwhile, the relative abundance of 
Lactobacillus was significantly associated with pro
gression-free survival (PFS) and overall survival 
(OS, Figure 4(d)). According to the mean relative 
abundance of Lactobacillus in stool, PDAC patients 
were classified into the low Lactobacillus and high 
Lactobacillus groups. The median PFS was 4.0  
months in the low Lactobacillus group, compared 
with 10.7 months in the high Lactobacillus group 

(p < 0.001, Figure 4(e), left). The median OS was 
14.1 months in the low abundance of Lactobacillus 
group and 22.0 months in the high group (p < 0.05, 
Figure 4(e), right). These clinical observations sup
ported the anti-tumor role of Lactobacillus in 
human PDAC.

To further confirm the anti-PDAC role of 
Lactobacillus, we gavaged PDAC-bearing mice 
with Lactobacillus mixture (Lac mix) containing 
two common species in the Lactobacillus genus, 
namely L. reuteri and L. johnsonii. Colonization 
with Lac mix remarkably inhibited Panc02 cells- 
derived tumor growth (Figure 5(a–b)). By the 
time of sacrifice at 32 days after tumor implan
tation, the tumor weight in the PBS group was 
0.21 ± 0.01 g, whereas in the Lac mix group, it 
was only 0.14 ± 0.01 g (p < 0.01, Figure 5(c)). To 
identify which species exerts a better anti-tumor 
effect, we treated tumor-bearing mice separately 

Figure 3. EE leads to the enrichment of Lactobacillus in mice with pancreatic cancer. (a) The heatmap displayed the relative abundance 
of the top 15 gut bacterial genera that contributed to the EE-induced tumor inhibition by abundance analysis. At the genus level, 
Lactobacillus was the only one consistently upregulated by EE at both day 7 and day 21. (b) The volcano plot showed the distinct taxa 
between EE and SE groups at day 21 by DESeq2 analysis. At the species level, L. reuteri was the most upregulated species in the EE 
group. (c) qPCR quantification analysis confirmed a consistent increase in the fecal relative abundance of L. reuteri in the EE group. 
Compared with the PBS-treated control mice, the L. reuteri-treated mice exhibited reduced anxiety-like behaviors after 3 weeks of 
administration, as evidenced by (d) representative images and (e) the percentage of distance traveled in open arms and the 
percentage of time spent in open arms during the EPM test. ***, p < 0.001, **, p < 0.01, *, p < 0.05.
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with either L. reuteri or L. johnsonii 
(Figure 5(d)). As demonstrated in Figure 5(e,f) 
the administration of L. reuteri exerted 
a stronger inhibitory effect on tumor growth 
than L. johnsonii. By the end of the experiment 
at 38 days after tumor implantation, the tumor 
weights in the PBS, L. reuteri, and L. johnsonii 
groups were 0.72 ± 0.04 g, 0.43 ± 0.09 g, and 0.53  
± 0.07 g, respectively (PBS vs L. reuteri group: p  
< 0.05, PBS vs. L. johnsonii group: p > 0.05, 
Figure 5(f)). In addition to the subcutaneous 
tumor model, the anti-tumor efficacy of 
L. reuteri was also confirmed in the mice ortho
topic model (PBS group: 0.18 ± 0.01 g, L. reuteri 
group: 0.10 ± 0.01 g, p < 0.05, Figure 5(g–h)). 
The IHC results showed a significantly lower 
percentage of Ki67+ cells in tumor sections of 
L. reuteri-treated mice than that in the control 
group (p < 0.05, Figure 5(i)). The colonization of 
L. reuteri showed a reduced trend in the fre
quency of liver metastases (Figure S3A). In both 
subcutaneous and orthotopic models of PDAC, 
the L. reuteri supplement did not affect the body 

weight of the mice (Figure S3B-C). Interestingly, 
the Firmicutes/Bacteroidetes ratio of the gut 
microbiome in the L. reuteri group was signifi
cantly higher than that in the PBS group (Figure 
S3D), revealing that L. reuteri administration 
contributes to the better maintenance of healthy 
gut homeostasis.40

NK cells play an important role in the anti-tumor 
effect of L. reuteri

To answer whether the immune system was 
involved in L. reuteri-induced anti-tumor activ
ity, we examined the percentage of NK, NKT, 
B and CD8+ T cells in the spleen and orthoto
pic tumor tissues of the L. reuteri-treated mice. 
Flow cytometry results revealed a significant 
increase in the percentage of NK cells (CD3− 

NK1.1+) in the spleen following L. reuteri treat
ment (p < 0.05, Figure 6(a)). The IHC staining 
results demonstrated a significant increase in 
the proportion of NK cells infiltrating the 
TME in the L. reuteri group (p < 0.05, 

Figure 4. The abundance of Lactobacillus is associated with psychological stress and survival outcomes in patients with PDAC. (a) The 
venn diagram illustrated the shared genera associated with human PDAC and depression from the disbiome database. (b) Compared 
with the no emotional distress (no ED) group (n = 16), the α diversity in gut microbiome was lower in the emotional distress (ED) 
group (n = 14) in cohort 1. (c) Compared with the no ED group, the fecal relative abundance of Lactobacillus was lower in the ED group 
revealed by 16S rRNA sequencing in cohort 1. (d) Compared with the short survival group (n = 16), the fecal relative abundance of 
Lactobacillus was higher in the long survival group (n = 17) revealed by 16S rRNA sequencing in cohort 2. (e) Kaplan–Meier curve 
analysis of PFS (left) and OS (right) showed differences between patients with lower (n = 16) or higher (n = 17) fecal Lactobacillus 
relative abundance in cohort 2. *, p< 0.05, **, p< 0.01.
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Figure 6(b)). Aside from NK cells, there were 
no significant changes in the percentage of 
other tested lymphocytes, namely B cells 
(CD19+), CD8+ T cells (CD3+CD8+) and NKT 
cells (CD3+NK1.1+), in the spleen of L. reuteri- 

treated group compared with that of the con
trol group (Figure S4A-D).

To further validate the role of NK cells in the 
anti-tumor effect of L. reuteri, we depleted NK 
cells in vivo by injecting an anti-NK1.1 antibody 

Figure 5. Lactobacillus spp. inhibit pancreatic tumor growth in mice. Abx-treated C57BL/6 mice received Lac mix administration 
containing L. reuteri and L. johnsonii and then Panc02 cell implantation. The Lac mix administration significantly restricted tumor 
growth, as supported by (a) tumor volume, (b) tumor images and (c) tumor weight in the subcutaneous PDAC model (n = 8/group). (d) 
Schematic diagram of L. reuteri or L. johnsonii administration in mice with pancreatic cancer. The administration of L. reuteri largely 
inhibited the Panc02 tumor growth, as evidenced by (e) tumor volume, (f) tumor images (top) and tumor weight (bottom) in the 
subcutaneous PDAC model (n = 7/group). The administration of L. reuteri inhibited orthotopic tumor growth, as shown by (g) tumor 
images and (h) tumor weight (n = 6/group). Fewer Ki67+ cancer cells in tumor tissue were observed in the L. reuteri group, as 
evidenced by (i) representative images and quantification of Ki67+ cells (n = 6/group). Scale bar (left) = 100 μm, scale bar (right) =  
50 μm. ***, p < 0.001, **, p < 0.01, *, p < 0.05; ns, not significant.
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Figure 6. NK cells play an important role in the anti-tumor effect of L. reuteri. (a) Representative flow cytometry plots and 
quantification of NK cells (CD3−NK1.1+) suggested a significant upregulation of NK cells in the spleen of L. reuteri-treated mice 
compared with that of PBS-treated control mice (n = 5/group). (b) IHC staining confirmed a significant increase in NK1.1+ cells in the 
tumor tissues of L. reuteri-treated mice. Scale bar (left) = 100 μm, scale bar (right) = 50 μm. (c) Schematic diagram of NK cell depletion 
in the orthotopic PDAC model (n = 7/group). The administration of anti-NK1.1 monoclonal antibody negated the tumor-inhibitory 
effect of L. reuteri, as evidenced by (d) representative flow cytometry plots of NK cells (CD3−NK1.1+) in the spleen which confirmed the 
success of NK cell depletion, (e) tumor images and (f) tumor weight. (g) In cohort 2, circulating NK cell counts were increased in PDAC 
patients with higher fecal Lactobacillus relative abundance (n = 17) compared with those with lower relative abundance (n = 16). ***, 
p < 0.001, **, p < 0.01, *, p < 0.05; ns, not significant.
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(Figure 6(c)). The FACS analysis indicated the 
successful depletion of NK cells in vivo 
(Figure 6(d)). Notably, the depletion of NK cells 
almost completely abolished the tumor suppres
sive effect of L. reuteri (PBS+αIgG vs. PBS 
+αNK1.1 group: p < 0.05, PBS+αNK1.1 vs. 
L. reuteri+αNK1.1 group: p > 0.05, Figure 6(e–f)), 

indicating NK immunity mediates the anti-tumor 
effect of L. reuteri.

Clinically, we analyzed the relative abundance of 
Lactobacillus in stool and the absolute number of 
circulating NK cells in peripheral blood 
(Figure 6(g)). The PDAC patients were divided 
into two groups based on the relative abundance 

Figure 7. Mechanism diagram of Eustress-derived Lactobacillus spp. attenuate tumor growth inhibition. Gut microbiota signals play 
a crucial role in the tumor-suppressive effects of EE. Notably, EE significantly enriches the abundance of Lactobacillus spp., particularly 
the L. reuteri, which induces a robust anti-PDAC phenotype in mice via NK cell-mediated immunity. Clinically, PDAC patients with 
lower levels of Lactobacillus are more susceptible to ED and poor survival outcomes.
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of Lactobacillus in stool. The median value of per
ipheral circulating NK cell counts in the low 
Lactobacillus group was 1.33 × 107 cells/mL, while 
that in the high Lactobacillus group was 4.52 × 107 

cells/mL (p < 0.001, Figure 6(g)). These results sug
gest that the high relative abundance of 
Lactobacillus correlates with increased peripheral 
circulating NK cells in PDAC patients.

Discussion

Mounting evidence has consistently supported that 
eustress induced by EE has a potent inhibitory 
effect on cancer. However, the mechanisms by 
which the brain regulates peripheral tumor growth 
remain largely unknown. Cao et al. proposed 
a brain-adipocyte axis to explain the mechanism 
underlying the cancer remission and inhibition 
caused by EE.13 Our previous studies have demon
strated that EE suppresses pancreatic cancer by 
modulating NK cells via the sympathetic nervous 
system.15 In the current study, we revealed a novel 
mechanism by which EE inhibits PDAC. We found 
that EE mitigates tumor-induced gut dysbiosis and 
barrier damage. Through microbiota depletion and 
FMT experiments, we confirmed that the gut 
microbiota plays a critical role in the tumor- 
suppressive effects of EE. Moreover, comparative 
analyses of the fecal microbiota from tumor- 
bearing mice housed in EE versus SE, along with 
the analysis of clinical data, allowed us to identify 
L. reuteri as one of the most dominant flora in the 
gut, which is sensitive to EE stimulation and simul
taneously processes tumor-suppressing properties 
(Figure 7). These findings open up a new direction 
for the adjuvant therapy of PDAC.

Housing in EE condition is a classic eustress model 
that provides animals with social, sensory and motor 
stimuli. EE exerts beneficial effects on various disor
ders related to the nervous system including depres
sion, anxiety, neurodegenerative conditions and 
stroke,41 as well as non-neuropsychiatric diseases 
such as nonalcoholic steatohepatitis,42 myocardial 
infarction43 and cancers.44 Emerging evidence sug
gests that EE exposure can modify gut microbiome 
composition in healthy mice45 and disease 
models.42,46,47 In the context of cancer, the impact 
of EE on the gut-brain-microbiota axis has been 
investigated, with a primary focus on colorectal 

cancer. In a Tcf4Het/+ApcMin/+-mediated model of 
colon tumorigenesis, EE drastically increased the rela
tive abundance of Proteobacteria and Sutterella within 
the colon.24 In the rat model of 1,2-dimethylhydra
zine (DMH)-induced colorectal cancer, EE was found 
to have beneficial effect on the intestinal mucosal 
barrier.48,49 Aside from these descriptive reports, little 
is known about the genuine contribution of micro
biota changes to the EE-induced tumor suppression 
phenotype, particularly for extra-intestinal tumors. 
Our study thus investigated the impact of EE on gut 
microbiota composition using syngeneic mouse 
models of pancreatic cancer. We observed an increase 
in the α-diversity of gut bacterial community under 
EE exposure. More importantly, we demonstrated for 
the first time that FMT with feces from EE mice can 
significantly reduce tumor burden in recipient SE 
mice. To our knowledge, donor feces with such 
eustressful “anti-tumor” potential have not been pre
viously reported. It is speculated that if it is hard to 
replicate the eustressful conditions in PDAC patients, 
transplanting stool from healthy donors who live 
positive lives may induce a similar anti-tumor effect 
in the recipients.

Previous studies in humans and laboratory 
rodents reported that the abundance of 
Lactobacillus in the gut was reduced after stress.50 

In our study, Lactobacillus was upregulated in 
response to EE stimulation on both day 7 and day 
21 post-tumor implantation. This finding provided 
additional evidence from the perspective of eus
tress to support the notion that Lactobacillus is 
a mood-related bacterium. Supplementation with 
L. reuteri reduced anxiety levels in tumor-bearing 
mice, further indicating that L. reuteri plays 
a bidirectional role in brain-gut communication. 
To date, how eustress influences intestinal 
Lactobacillus spp. has not been reported. 
However, a recent study by Araujo’s group found 
that restraint-induced distress significantly 
decreased the abundance of gut Lactobacillus spp. 
by inhibiting mucin secretion via a central amyg
dala-vagal-duodenal glandular circuit.51 Notably, 
we observed a substantial increase in the intestinal 
mucin protein MUC2 in EE-treated mice (Figure 
S1A). Based on these findings, it is reasonable to 
hypothesize that eustress may similarly leverage 
this circuit to upregulate Lactobacillus spp. This 
hypothesis will be tested in our future studies.
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L. reuteri is a Gram-positive, rod-shaped lactic acid 
bacterium. As a gut symbiont, L. reuteri performs 
multiple functions including regulating immune 
responses, modulating gut microbiota balance, boost
ing beneficial metabolites and maintaining barrier 
function. Emerging evidence suggests that L. reuteri 
can inhibit the growth of certain types of cancer such 
as melanoma52,53 and colorectal cancer.54,55 

Regarding pancreatic cancer, L. reuteri administra
tion combined with Lactobacillus paracasei or 
Lactobacillus casei (L. casei) has been reported to 
repress pancreatic cancer growth in nude mice xeno
grafted with PDAC cells56 and attenuate the cancer 
progression promoted by Porphyromonas gingivalis 
in K-rasG12D transgenic mice.57 The tumor suppres
sive effect of L. reuteri on its own on PDAC has not 
been explored previously. Our study demonstrated 
that L. reuteri can elicit a 40% tumor inhibition rate 
in the subcutaneous PDAC mice model, which is 
comparable to that with L. reuteri plus L. casei 
treatment.57 In addition, in the clinical set, the abun
dance of L. reuteri was found to be closely correlated 
with PFS, supporting that the supplementation of 
L. reuteri might confer tumor resistance in patients 
with PDAC, particularly those who are experiencing 
emotional challenges.

The percentage of NK cells was increased after 
intragastric administration of L. reuteri, whereas 
B cells and CD8+ T cells did not show significant 
changes in tumor-bearing mice under EE, suggesting 
that innate immunity plays a part in the anti-tumor 
effect induced by L. reuteri. NK cell depletion experi
ment further supported this speculation. Previously, 
studies regarding the anti-tumor effects of L. reuteri 
have focused on metabolites.52,54 This study proposed 
a novel mechanism through which psychobiotic 
L. reuteri exerts its anti-tumor function via NK cells. 
Although we have demonstrated the important role of 
L. reuteri in NK functionality against PDAC, the 
molecular mechanisms of the interplay between 
L. reuteri and NK immunity in PDAC remain to be 
elucidated in future studies. Currently, direct evidence 
explaining this link is lacking. A recent study found 
that transplantation of L. reuteri increases serum acet
ate levels.58 Interestingly, another study reported that 
acetate supplementation enhances T cell and NK cell 
functions, thereby potentiating anti-tumor immunity 
in breast cancer.59 These reports lead us to speculate 
that acetate, or other short-chain fatty acids, may also 

mediate the enhancement of NK cell immunity under 
L. reuteri treatment in pancreatic cancer. Besides 
L. reuteri, several other bacteria species within the 
genus Lactobacillus, such as Lactobacillus rhamnosus 
60 and Lactobacillus delbrueckii ssp. bulgaricus,61 are 
also capable of activating NK cells. They achieve this 
through bacteria-specific exopolysaccharides (EPS), 
which stimulate NK cell proliferation and interferon 
production. Therefore, the identification of polysac
charides with NK cell activation properties in 
L. reuteri will aid in elucidating its molecular 
mechanisms.

Our study has several limitations. First, we do not 
investigate the details of how eustress upregulates gut 
Lactobacillus spp. and how Lactobacillus spp. enhance 
NK cell immunity. These important mechanisms 
warrant in-depth investigation in the future. Second, 
the sample size of the clinical study is relatively small. 
Further large-scale, multi-center studies are needed to 
confirm the relationships between ED, gut 
Lactobacillus, and pancreatic cancer outcomes. 
Third, the use of second-generation sequencing tech
nology limits the efficiency of identifying differential 
bacteria between EE and SE mice. Future research 
utilizing metagenomics or third-generation sequen
cing approaches will be valuable for identifying addi
tional differential bacteria at the species level.

In summary, our study introduces a novel concept: 
gut microbiota signals contribute to the tumor- 
suppressive effects of eustress. L. reuteri, a psychobiotic 
influenced by EE, can induce a strong anti-PDAC phe
notype in mice via NK immunity. Given that patients 
with PDAC are accompanied by gut dysbiosis, and 
those lacking Lactobacillus have poor outcomes, it is 
reasonable to speculate that oral administration of 
L. reuteri would be an encouraging therapeutic strategy 
in the treatment of pancreatic cancer.
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