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complicated with involvements of neuroinflammation, 
oxidative stress, mitochondrial dysfunction, and cell 
death as well as microangiopathy [4]. Current therapies 
for PDN remain limited, primarily focusing on glycemic 
control and symptomatic treatment [4]. Only a third of 
patients achieve 50% pain relief, often accompanied by 
troublesome side effects and low satisfaction [5]. There-
fore, it is urgent to investigate PDN pathogenesis and its 
underlying mechanisms and to develop new treatment 
strategies.

The gut microbiota plays crucial roles in various 
aspects of host health, including digestion, metabolism, 
immune function, and neurological processes [6]. Imbal-
ance of gut microbiota (dysbiosis) is associated with 
various chronic diseases, including inflammatory bowel 
diseases, obesity, diabetes, autoimmune disorders, and 
mental health problems such as depression and anxiety 

Introduction
The prevalence of type 2 diabetes (T2D) is rising world-
wide [1]. Neuropathy is one of the most common com-
plications of diabetes, with approximately one in five 
diabetic patients suffering from painful diabetic neurop-
athy (PDN) [2]. The symptoms of PDN severely impact 
patients’ quality of life [3]. The pathogenesis of PDN is 
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Abstract
Painful diabetic neuropathy (PDN) is one of the most common complications of diabetes. Recent studies suggested 
that gut microbiota dysbiosis contributes to the development of PDN, but underlying mechanisms remain elusive. 
In this study, we found decreased probiotics generating bacteria such as Lactobacillus and Bifidobacterium strains 
in the PDN rats. Supplementation with multiple probiotics for 12 weeks alleviated pain, reversed nerve fiber 
lesions, and restored neuronal hyperexcitability. Probiotics administration effectively attenuated intestinal barrier 
impairment, reduced serum lipopolysaccharide and proinflammatory cytokines, and mitigated disruptions in the 
blood-nerve barrier. Furthermore, probiotics treatment inhibited the activation of the TLR4/MyD88/NF-κB signaling 
pathway and reduced proinflammatory cytokines in the sciatic nerve of the PDN rats. Together, our findings 
suggest that gut microbiota dysbiosis participates in PDN pathogenesis, and probiotics offer therapeutic potential 
via modulating the microbiota-gut-nerve axis.
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[7]. A very recent study with a small sample size showed 
that PDN patients exhibit a distinct microbiota signa-
ture versus healthy controls, with a significant decrease 
in the richness of Bacteroides and Faecalibacterium at 
the genus level, and an increase in Escherichia-Shigella, 
Lachnoclostridium, Blautia, Megasphaera, and Rumi-
nococcus torques [8]. Another elegant study even classi-
fied gut microbiota in PDN patients into two competing 
ecological groups (guilds): Guild 1, which is potentially 
beneficial with higher genetic capacity for butyrate pro-
duction and fewer endotoxin synthesis genes, and Guild 
2, which is potentially harmful. And dysbiosis in PDN 
patients was characterized by a decrease in Guild 1 and 
an increase in Guild 2. Moreover, gut microbiota from 
PDN patients worsen peripheral neuropathy in T2D 
mice [9]. Cumulatively, these findings suggested that gut 
microbiota dysbiosis may contribute to the development 
of PDN. However, further investigation is needed to elu-
cidate underlying mechanisms.

Abnormalities in the gut microbiota contributed to dis-
rupted intestinal barrier and elevated gut permeability in 
obesity and T2D in disease models and patients [10, 11]. 
Consequently, the compromised intestinal barrier allows 

the entry of gut microbiota-derived molecules like lipo-
polysaccharide (LPS) into the bloodstream, which in turn 
promotes systemic inflammation in metabolic disorders 
[12]. 

The systemic inflammation caused by gut dysbiosis 
triggers the disruption of the blood-brain barrier (BBB) 
and contributes to pathogenesis of neurodegenerative 
disorders, such as Alzheimer’s disease [13], Parkinson’s 
disease [14], and multiple sclerosis [15]. This disruption 
facilitates the passage of proinflammatory factors into the 
brain, leading to neuroinflammation. Considering that 
the blood-nerve barrier (BNB) shares a similar structure 
to the BBB, which prevents the entry of harmful mole-
cules into neural tissues, it is hypothesized that gut dys-
biosis-induced metabolic inflammation in T2D may also 
disrupt the BNB and induce peripheral neuroinflamma-
tion and injury.

Microbiota-targeted interventions, such as fecal micro-
biota transplantation (FMT), probiotics, prebiotics, and 
dietary management, were reported to have the poten-
tial to optimize the composition and function of the gut 
microbiota for disease treatment [6]. Indeed, probiotic 
intervention reshapes the composition and structure of 
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gut microbiota, thereby improving glycemic control and 
enhancing insulin sensitivity in diabetic mice [11]. More-
over, further preclinical and clinical studies demonstrated 
that probiotics have potential therapeutic effects in dia-
betic complications, such as diabetic nephropathy, reti-
nopathy, neuropathy, and cerebrovascular disease [11]. 

Accordingly, we, therefore, hypothesized that gut dys-
biosis may compromise both the intestinal barrier and 
BNB, triggering systemic inflammation and subsequent 
neuroinflammation towards PDN development, and 
administering probiotics may offer therapeutic benefits 
for PDN by modulating gut dysbiosis. In this study, we 
used a well-established PDN rat model to explore these 
hypotheses and underlying mechanisms.

Methods
Animals
All animal experiments in this study were approved by 
the Peking University Animal Care and Use Commit-
tee (approval no. LA2023082) and followed the ARRIVE 
guideline. Healthy male Sprague-Dawley rats (160-200 g, 
6-8 weeks) were purchased from the Department of 
Experimental Animal Sciences, Peking University Health 
Science Center, Beijing, China. They were housed at stan-
dard conditions (temperature 24 ± 1 ℃ and humidity 
50-60% on a 12/12 h light/dark cycle) with free access to 
food and water.

Experimental design
Experiment I: T2D model induction
After one week of acclimatization, rats were randomly 
divided into two groups. The control group was given a 
normal chow diet, while the PDN group was fed a high-
fat diet (HFD, Research Diets, catalog D12451). The nor-
mal chow diet comprised 11.5% fat, 20.8% protein, and 
67.7% carbohydrate, while the HFD consisted of 45% 
fat, 20% protein, and 35% carbohydrate. After 8 weeks, 
the rats in the PDN group were fasted for 12 h and then 
injected intraperitoneally with streptozotocin (STZ, 
Sigma-Aldrich) at a dose of 30 mg/kg. The control group 
rats were injected with a vehicle containing an equivalent 
amount of sodium citrate-citric acid buffer. Fasting blood 
glucose levels ≥ 11.1 mmol/L on day 3 post-injection 
were considered to be T2D rats. An intraperitoneal glu-
cose tolerance test (IPGTT) was performed following a 
12-hour fast on day 7 after the STZ injection. A 50% glu-
cose solution (2 g/kg) was administered intraperitoneally, 
and the blood glucose levels were monitored before and 
after injection at 30, 60, 90, and 120 min, respectively, to 
confirm the model’s success for further experiment use. 
The T2D rats were fed HFD until the end of the study.

Experiment II: administration of probiotics
According to previous studies [16], supplementing with 
multiple probiotic strains or high-dose supplements may 
be superior to single strains or low doses. Therefore, we 
selected a multi-strain probiotic supplementation strat-
egy that incorporates bacteria downregulated in the 
PDN group. Concurrently fed with the HFD, rats were 
divided into two groups supplemented with or without 
compound probiotics by daily intragastric gavage for 12 
weeks. Rats in the probiotics group received 24 × 109 col-
ony-forming units (CFU)/day of probiotics dissolved in 
phosphate-buffered saline (PBS), while rats in the other 
groups received equal volumes of PBS. The dosage of the 
compound probiotics (24 × 109 CFU/day) was referred to 
the previous studies [17–19] that demonstrated benefi-
cial effects on anti-inflammatory responses or neuropro-
tection. The compound probiotics were purchased from 
Life Space Co., Ltd. (Australia), containing nine Lactoba-
cillus species (L. rhamnosus, L. plantarum, L. rhamno-
sus GG, L. casei, L. paracasei, L. rhamnosus, L. gasseri, 
L. delbrueckii ssp. Bulgaricus, and L. reuteri 1E1), five 
Bifidobacterium species (B. lactis, B. animalis ssp. lactis, 
B. breve, B. longum, and B. infantis), and Streptococcus 
thermophilus.

Behavioral tests
After STZ injection, rats were assessed pain threshold 
once a week until sacrifice. All animals were placed in 
a clear plastic container and allowed to acclimate for a 
minimum of 30 min before testing. All behavioral experi-
ments were conducted in a blinded manner.

Mechanical allodynia
Mechanical allodynia was assessed using Von Frey 
according to a previous study [20]. 

Different intensities of von Frey fibers were applied to 
the mid-plantar surface of the hind paw in an alternating 
manner. The “up and down” method was used to deter-
mine mechanical sensitivity with a 50% likelihood of paw 
withdrawal threshold (PWT).

Thermal hyperalgesia
Accordingly [21], thermal hyperalgesia was tested with a 
Hargreaves apparatus. A radiant heat source was directed 
towards the plantar surface of the hind paw. To measure 
the paw withdrawal latency (PWL), a timer was started 
when the heat source was activated and stopped when 
paw withdrawal was detected. Each paw was tested three 
times with at least a five-minute gap between each test.

Measurement of the sensory nerve conduction velocity 
(SNCV)
At week 4 post-STZ injection, SNCV was measured 
using a previously described noninvasive procedure in 
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the digital nerve [22], with the results reported in meters 
per second.

Acute dissociation of dorsal root ganglion (DRG) neurons 
and whole-cell patch-clamp recordings
As previously described [20], L4 and L5 DRGs were col-
lected and digested at week 4 following STZ injection. 
The dissociated small neuronal cells were then used 
for patch-clamp recording. Data analysis was carried 
out using Origin software 9.0 (OriginLab Corporation, 
Northampton, MA).

Assessment of BNB function
BNB permeability was evaluated following previously 
established methods [23, 24]. At week 4 following STZ 
injection, anesthetized rats received intravenous injec-
tions by the tail vein of either 2% NaFlu (10%, 2  ml/kg, 
Sigma-Aldrich) or 1% EBA (5% bovine albumin labeled 
with 1% Evans blue, 10  ml/kg, Sigma-Aldrich). After 
30 min of circulation, their sciatic nerves were harvested 
after perfusion, fixed in 4% paraformaldehyde (PFA) for 
1 h, and embedded in the Tissue-Tek O.C.T. compound. 
Sciatic nerve sections with a thickness of 10  μm were 
obtained and examined by fluorescence microscopy.

Tissue and blood collection
At week 4 following STZ injection and behavioral assess-
ments, rats were anesthetized, and blood was collected. 
They were then perfused transcardially with saline to 
remove residual blood. Sciatic nerves and colons were 
carefully dissected and harvested. The tissues of sciatic 
nerves and colons were divided: portions were snap-fro-
zen in liquid nitrogen for western blot (WB) or fixed in 
4% PFA for immunofluorescence staining and hematoxy-
lin and eosin (H&E) staining. Additionally, some por-
tions of sciatic nerves were fixed in 3% glutaraldehyde for 
transmission electron microscopy (TEM).

Transmission Electron Microscope (TEM)
As previously described [25], the sciatic nerve was 
immersed in 3% glutaraldehyde at 4 ℃ for 24 h, followed 
by treatment with 1% osmic acid for 2 h at room temper-
ature. After dehydration using a gradient of acetone, the 
tissue was embedded in epoxy and cut into ultrathin sec-
tions  (70-80 nm) using an ultramicrotome. Images were 
acquired with a transmission electron microscope (JEOL 
JEM-1400).

Immunofluorescence staining
The sciatic nerve and colon were fixed in 4% PFA at 4 ℃ 
for 24 h. After dehydration with gradient sucrose, the tis-
sue was embedded in Tissue Tek O.C.T. Compound and 
sectioned into 10 μm. For immunofluorescence staining, 
slices were permeabilized with 0.3% Triton X-100 in PBS 

and blocked with 3% bovine serum albumin. Afterward, 
the sections were incubated overnight at 4 ℃ with the 
primary antibody, rabbit anti-zonula occludens-1 (ZO-
1, 1:100, ab221547; Abcam). Following PBS washing, the 
samples were then treated with the secondary antibody, 
goat anti-rabbit IgG Alexa Fluor® 594 (1:500, ZF-0516; 
ZSGB-BIO). Nuclei were stained with DAPI solution 
(2 µg/mL). The stainings were observed through fluores-
cent microscopy using the same settings for each anti-
body. The positive area was quantified using Image Pro 
Plus 6.0 software.

H&E staining
Colon tissues were fixed in 4% PFA overnight and 
embedded in paraffin. H&E staining was performed as 
previously described [26]. 

Enzyme-Linked Immunosorbent Assay (ELISA)
Serum levels of interleukin-6 (IL-6), interleukin-1β (IL-
1β), and tumor necrosis factor-α (TNF-α) were measured 
using the ELISA kits (Dakewe Bioengineering, Shenzhen, 
China), and the LPS and LPS binding protein (LBP) mea-
sured with ELISA kits (Jianglai Industrial Limited By 
Share Ltd, Shanghai, China).

Western blot
The sciatic nerve and colon tissues were lysed in RIPA 
lysis buffer (C1055, APPLYGEN, China) with proteinase 
inhibitor (K1007, Apexbio, USA) and phosphate inhibi-
tor (P1265, APPLYGEN, China). Protein content was 
analyzed using the bicinchoninic acid Protein Assay Kit 
(P1511, APPLYGEN, China). The protein samples were 
separated using sodium dodecyl sulfate polyacrylamide 
gel electrophoresis, transferred to polyvinylidene fluoride 
membranes (Merk Millipore), and blocked with 5% fat-
free milk for 60 min. The blots were incubated with the 
following primary antibodies: rabbit anti-ZO-1 (1:1000, 
61-7300; Thermo Fisher Scientific), mouse anti-occludin 
(1:1000, 33-1500; Thermo Fisher Scientific), rabbit anti-
claudin-1 (1:2000, T56872; Abmart), mouse anti-clau-
din-5 (1:1000, 35-2500; Thermo Fisher Scientific), mouse 
anti-toll-like receptor 4 (TLR4, 1:1000, 66350-1-Ig; Pro-
teintech), mouse anti-myeloid differentiation factor 88 
(MyD88, 1:1000, 67969-1-Ig; Proteintech), rabbit anti-
inhibitor of κBα (IκBα, 1:1000, T55026; Abmart), rabbit 
anti-phosphorylated-IκBα (1:1000, T56280; Abmart), 
rabbit anti-nuclear factor-κB p65 (NF-κB p65, 1:5000, 
T55034; Abmart), and rabbit anti-phosphorylated-NF-κB 
p65 (p-p65, 1:2000, 82335-1-RR; Proteintech). Following 
incubation with HRP-conjugated secondary antibodies 
(ZSBIO), enhanced chemiluminescent agent (Applygen) 
was used to detect the signal. Images were captured on 
a Tanon chemiluminescence system. Band density was 
determined using ImageJ software.
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Fig. 1 (See legend on next page.)
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Gut microbiota analysis
Fecal pellets were collected, frozen in liquid nitrogen, and 
stored at -80 ℃ until use. The gut microbiota was ana-
lyzed using 16S rRNA sequencing.

Total genomic DNA was extracted using the PF Mag-
Bind Stool DNA Kit (Omega Bio-tek, GA, USA) follow-
ing the manufacturer’s instructions. DNA quality and 
concentration were evaluated using 1.0% agarose gel 
electrophoresis and a NanoDrop® ND-2000 spectropho-
tometer (Thermo Scientific Inc., USA). The V3-V4 region 
of bacterial 16S rRNA genes was amplified with primer 
pairs 338  F and 806R using an ABI GeneAmp® 9700 
PCR thermocycler. PCR conditions included an initial 
denaturation at 95 ℃ for 3 min, followed by 27 cycles of 
denaturation at 95 ℃ for 30 s, annealing at 55 ℃ for 30 s, 
extension at 72 ℃ for 45 s, and a final extension at 72 ℃ 
for 10  min. PCR products were purified and quantified 
before being pooled equimolarly and sequenced on an 
Illumina PE300 platform.

The resulting sequences were quality-checked using 
fastp (version 0.19.6) [27] and merged with FLASH (ver-
sion 1.2.11) after demultiplexing. High-quality sequences 
were denoised using the DADA2 plugin in the Qiime2 
(version 2020.2) pipeline to obtain amplicon sequence 
variants (ASV). Taxonomic assignment of ASV was per-
formed using the Naïve Bayes consensus taxonomy clas-
sifier implemented in QIIME2 along with the SILVA 16 S 
rRNA database (version 138).

Alpha diversity indices including Chao1 richness and 
Shannon index were calculated using Mothur (version 
1.30.2). The similarity among microbial communities in 
different samples was assessed by principal component 
analysis (PCA) or principal coordinate analysis (PCoA) 
based on Bray-Curtis dissimilarity using the Vegan (ver-
sion 2.4.3) package. The linear discriminant analysis 
(LDA) effect size (LEfSe) (​h​t​t​p​​:​/​/​​h​u​t​t​​e​n​​h​o​w​​e​r​.​​s​p​h​.​​h​a​​r​v​a​r​
d​.​e​d​u​/​L​E​f​S​e) was performed to identify the significantly 
abundant taxa of bacteria among the different groups. 
Functional prediction was analyzed using PICRUSt2 
(Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States) to identify the enrich-
ment of Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways. Spearman’s correlations were cal-
culated to assess the association between the differing 
abundances of PDN-associated genus and metabolic 

status as well as pain. The correlation heatmaps were 
generated in R (v4.3.2).

Serum Short Chain Fatty Acids (SCFAs)
Serum SCFAs were analyzed using gas chromatography-
tandem mass spectrometry (GC-MS/MS). Briefly, 50 µL 
of serum was mixed with 100 µL of 0.5% (v/v) phosphoric 
acid and vortexed for 3  min. Then, 150 µL of MTBE 
containing an internal standard was added, followed by 
another vortex for 3 min and a 5-minute ultrasonication. 
The mixture was centrifuged at 12,000 r/min for 10 min 
at 4°C. An Agilent 7890B gas chromatograph coupled to 
a 7000D mass spectrometer, equipped with a DB-FFAP 
column, was used for SCFA detection.

Statistical analysis
Data were presented as mean ± standard error of mean 
(SEM) and analyzed using GraphPad Prism 9 (GraphPad 
Software, La Jolla, CA). Normality tests were conducted 
using the Shapiro-Wilk tests, and a Mann-Whitney U 
or Kruskal Wallis test was applied to data that did not 
pass the test for normality. If normally distributed, the 
two-tailed, unpaired Student’s t-test was used for com-
paring two groups, while one- or two-way ANOVA with 
Sidak’s or Tukey’s multiple comparisons test was applied 
to compare multiple groups, as appropriate. We used 
PERMANOVA (permutational multivariate analysis of 
variance) to test for significant differences in microbial 
community structure. A P value less than 0.05 was con-
sidered to be statistically significant.

Results
Gut microbiota dysbiosis
An 8-week HFD followed by STZ injection was used to 
induce T2D rats (Fig. 1A), resulting in gradual weight loss 
(group: F(1, 18) = 21.55, P < 0.0001; week: F(1.982, 35.67) = 1546, 
P < 0.0001; interaction: F(5, 90) = 84.83, P < 0.0001, Fig-
ure S1A), blood glucose increase (group: F(1, 18) = 551.8, 
P < 0.0001; week: F(3.204, 57.68) = 126.3, P < 0.0001; inter-
action: F(5, 90) = 123.9, P < 0.0001, Figure S1B), and glu-
cose intolerance (group: F(2, 27) = 10.14, P < 0.0001; time: 
F(1.735, 46.83) = 41.03, P < 0.0001; interaction: F(16, 216) = 9.694, 
P < 0.0001, Figure S1C). The corresponding area under 
the curve (AUC) of IPGTT was increased (t = 21.54, 
df = 18, P < 0.0001, Figure S1D). After STZ injection, the 
T2D rats exhibited a decreased SNCV (t = 6.163, df = 18, 

(See figure on previous page.)
Fig. 1  Gut microbiota dysbiosis in the PDN rats. (A) Flowchart of the Experiments I. (B, C) Alpha-diversity measured by Chao1 and Shannon index. (D) 
Principal coordinate analysis (PCoA) plot of Bray-Curtis dissimilarity at the ASV level. (E) Relative abundance of gut microbiota at the phylum level. (F) The 
Firmicutes/Bacteroidetes ratio. (G) Bar graph of the different abundant taxa based on the cutoff value of LDA score (log10) > 3.5 and P < 0.05. (H-K) Rela-
tive abundance of representative bacterial genera: Lactobacillus, Bifidobacterium, unclassified_f__Lachnospiraceae, and Blautia. (L) Pathway enrichment 
analysis of significantly altered KEGG pathways. (M) Spearman’s correlation heatmap of gut microbial genus relative abundance with metabolic and 
pain-related phenotypes. PWT, paw withdrawal threshold; PWL: Paw withdrawal latency; SNCV: Sensory nerve conduction velocity; BW: Body weight; BG: 
Blood glucose. n = 10 for each group. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney U test for (B), Student’s t-test for 
(C), (F), (H-K), PERMANOVA for (D)
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Fig. 2 (See legend on next page.)
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P < 0.0001, Figure S1E), mechanical allodynia (group: 
F(1, 18) = 62.87, P < 0.0001; week: F(3.735, 67.23) = 38.45, 
P < 0.0001; interaction: F(5, 90) = 34.66, P < 0.0001, Figure 
S1F) and thermal hyperalgesia (group: F(1, 18) = 71.27, 
P < 0.0001; week: F(3.434, 61.81) = 70.25, P < 0.0001; interac-
tion: F(5, 90) = 51.72, P < 0.0001, Figure S1G), indicating 
successful modeling of PDN.

Emerging evidence suggests that gut microbiota plays a 
crucial role in the development of neuropathic pain [28]. 
Thus, we collected fecal samples for microbiota analy-
sis. To evaluate the alterations in microbial community 
compositions following PDN modeling, we analyzed the 
alpha and beta diversity in the PDN rats compared to the 
controls. In alpha diversity, no difference was observed 
in the Chao1 index (Mann-Whitney U test, 130.60 ± 3.42 
vs. 126.50 ± 2.51, U = 31.50, P = 0.1712, Fig. 1B), while the 
Shannon index was higher in the PDN group than the 
control group (2.43 ± 0.10 vs. 2.67 ± 0.04, t = 2.199, df = 18, 
P = 0.0412, Fig. 1C). Beta diversity analysis using princi-
pal coordinate analysis (PCoA) at the amplicon sequence 
variants (ASV) level revealed significant clustering differ-
ences in microbial community structure between the two 
groups (P < 0.0010, Fig. 1D).

To further explore the alterations in microbiota struc-
ture between the two groups, relative abundance at the 
phylum and genus levels was found. At the phylum level, 
Firmicutes and Bacteroidetes were predominant in both 
groups (Fig. 1E), with the PDN group exhibiting a higher 
Firmicutes/Bacteroidetes (F/B) ratio compared to the 
controls (16.78 ± 3.18 vs. 1.79 ± 0.38, t = 2.199, df = 18, 
P = 0.0002, Fig. 1F). Next, we determined the percentage 
of bacterial taxa and conducted linear discriminant anal-
ysis (LDA) effect size (LEfSe) to identify genomic traits of 
the gut microbiota (Fig. 1G). At the genus level, the PDN 
rats exhibited a reduction in Lactobacillus (8.10 ± 1.64 
vs. 22.48 ± 2.74, t = 4.497, df = 18, P = 0.0003, Fig.  1H) 
and Bifidobacterium (0.10 ± 0.02 vs. 1.15 ± 0.14, t = 7.586, 
df = 18, P  <  0.0001, Fig.  1I), both widely recognized as 
probiotics and associated with the production of short 
chain fatty acids (SCFAs) [29]. Conversely, the abun-
dance of unclassified_f__Lachnospiraceae (38.35 ± 4.18 
vs. 2.54 ± 0.33, t = 8.535, df = 18, P  <  0.0001, Fig.  1J) and 

Blautia (10.26 ± 1.56 vs. 0.55 ± 0.09, t = 6.228, df = 18, 
P < 0.0001, Fig. 1K) was significantly higher in the PDN 
group.

To better understand the function of these significantly 
altered bacteria, we performed a functional analysis of 
KEGG pathway enrichment. A total of 18 KEGG path-
ways at the level 3 was identified (Fig.  1L). The PDN 
group showed a marked increase in functions related to 
lipopolysaccharide biosynthesis, pentose phosphate path-
way, ATP-binding cassette (ABC) transporters, quorum 
sensing, galactose metabolism, porphyrin, and chloro-
phyll metabolism, biosynthesis of amino acids, microbial 
metabolism in diverse environments, and 2-Oxocarbox-
ylic acid metabolism.

To correlate the relative abundance of microbiota asso-
ciated with PDN features, we performed a correlation 
analysis of the differential genera to metabolic and PDN 
phenotyping at week 4 post-STZ injection (Fig. 1M). We 
found some genera, such as Lactobacillus and Bifidobac-
terium, had a positive correlation to pain threshold and 
SNCV.

To investigate alterations in microbiota-derived metab-
olites, we focused on short-chain fatty acids (SCFAs), 
which are linked to metabolic and neurological diseases 
[30]. While most SCFAs showed no significant differ-
ences between groups (Figure S2A), serum propionate 
levels were notably higher in the PDN group compared 
to controls (0.13 ± 0.02 vs. 0.18 ± 0.02, t = 2.136, df = 17, 
P = 0.0475, Figure S2B).

Probiotics treatment reduced pain and nerve damage
Based on the correlation between the decreased levels 
of Lactobacillus and Bifidobacterium genera and lower 
pain thresholds observed in the PDN rats, we conducted 
a 12-week targeted supplementation of the deficient pro-
biotics in the PDN rats to investigate the potential of 
these probiotics in alleviating pain (Fig.  2A). HFD and 
STZ injection induced mechanical allodynia and ther-
mal hypersensitivity indicated by a significant reduc-
tion of the PWT (group: F(2, 27) = 12.77, P < 0.0001; week: 
F(3.302, 89.16) = 48.88, P < 0.0001; interaction: F(10, 135) = 7.188, 
P < 0.0001, Fig.  2B) and PWL (group: F(2, 27) = 60.52, 

(See figure on previous page.)
Fig. 2  Probiotics treatment reduced pain and nerve damage in PDN rats. (A) Flowchart of the experiments. Vehicle: citric acid-sodium citrate buffer. (B, 
C) The test of mechanical allodynia and thermal hyperalgesia from baseline (BL) to week 4 following streptozotocin (STZ) injection (n = 10). (D-H) showed 
the results of single-cell patch clamp recordings at week 4 after STZ injection. (D) Representative traces of neuronal action potential (AP). (E-H) Statistical 
analysis of the AP number, inter-spike interval (ISI), after-hyperpolarization (AHP) duration at 80% recovery time (AHP 80% duration), AP amplitude, resting 
Membrane Potential (RMP), and threshold potential (TP) in DRG neurons of PDN rats (n = 3). (I) Representative electron micrographs of myelinated axons 
in the sciatic nerve. The panel represents 1000× magnified images (scale bar = 5 μm). The red arrows indicate a damaged myelinated sheaths (myelin 
sheath fragment, and lamellar separation) (n = 3 fields of view for each group of three rats). (J) Statistical analysis of the proportion of abnormal myelinated 
fibers relative to the total number of myelinated fibers. (K) Representative electron micrographs of unmyelinated axons in the sciatic nerve. The panel 
represents 4000× magnified images (scale bar = 1 μm). The blue arrows indicate a damaged unmyelinated axon (vacuolization) (n = 3 fields of view for 
each group of three rats). (L) Statistical analysis of the proportion of abnormal unmyelinated fibers relative to the total number of unmyelinated fibers. 
Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the PDN group, one-
way ANOVA with Tukey’s multiple comparisons test for (F-H); two-way ANOVA with Sidak’s multiple comparisons test for (B), (C), and (E)
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P < 0.0001; week: F(4.195, 113.3) = 62.22, P < 0.0001; interac-
tion: F(10, 135) = 9.670, P < 0.0001, Fig. 2C) in the PDN rats 
versus controls from week 2 post-STZ injection. The rats 
in the probiotics group exhibited higher PWT at week 3 
and 4 post-STZ injection (Fig.  2B), and increased PWL 
at week 2, 3, and 4 post-STZ injection compared to PDN 
rats (Fig.  2C), suggesting that probiotics alleviated both 
mechanical and thermal pain. Furthermore, probiot-
ics administration mitigated neuronal hyperexcitability 
(Fig. 2D), shown as a significant decrease in the number 
of action potential (AP) (Fig. 2E), an increase in the inter-
spike interval (ISI) (F(2,27) = 5.065, P = 0.0136, Fig.  2F), 
after-hyperpolarization (AHP) duration at 80% recov-
ery time (AHP 80% duration) (F(2,27) = 11.95, P = 0.0002, 
Fig. 2F), AP amplitude (F(2,27) = 5.644, P = 0.0090, Fig. 2G), 
AHP amplitude (F(2,27) = 7.520, P = 0.0025, Fig.  2G), 
and threshold potential (TP) (F(2,27) = 8.734, P = 0.0012, 
Fig. 2H). After 8 weeks on an HFD, the probiotics treat-
ment significantly lowered body weight when compared 
to the PDN group, and this trend continued after STZ 
injection (Figure S3A). A notable difference in blood 
glucose was observed only at week 4 post-STZ injec-
tion (Probiotics vs. PDN, 22.38 ± 0.80 vs. 26.68 ± 1.05, 
P = 0.0122, Figure S3B).

Next, we used TEM to examine the ultrastructure of 
the sciatic nerve. In the PDN rats, the sciatic nerve dis-
played decompacted myelin sheaths with electron-sparse 
patches between them, along with vacuolization of 
unmyelinated fibers, in contrast to the intact and densely 
packed nerve fibers in the controls. The administration of 
probiotics alleviated nerve damage compared to the PDN 
group (Fig. 2I-L).

To observe the changes in gut microbiota after probi-
otic supplementation, we used 16S rRNA sequencing to 
analyze the gut microbiota of the PDN group and the 
probiotics group. The Microbial Dysbiosis Index (MDI) 
is an index used to determine the degree of microbial 
ecological imbalance, with higher values indicating 
greater dysbiosis. Following probiotics supplementation, 
the MDI significantly decreased (Mann-Whitney U test, 
1.06 ± 0.18 vs. -0.94 ± 0.20, U = 0, P < 0.0001, Figure S4A). 
Regarding beta diversity, both PCA and PCoA analy-
ses revealed significant differences in microbial com-
munity structure between the two groups (Figure S4B 
and S4C). At the phylum level, the probiotics group 
exhibited a reduction in Firmicutes and Proteobacte-
ria, alongside an increase in Actinobacteria compared 
to the PDN group (Figure S4D). At the genus level, the 
probiotics group exhibited higher abundances of Lac-
tobacillus and Bifidobacterium, while Duncaniella, 
Romboutsia, norank_f__Porphyromonadaceae, and 
Blautia were significantly reduced compared to the 
PDN group (Figure S4E). Similarly, at the species level, 
the probiotics group demonstrated increased levels of 

Bifidobacterium_pseudolongum, Lactobacillus_murinus, 
Lactobacillus_johnsonii, and Lactobacillus_reuteri, while 
Porphyromonadaceae_bacterium_UBA7139, Duncani-
ella_dubosii, and Romboutsia_ilealis were reduced com-
pared to the PDN group (Figure S4F). Further analysis 
using Linear Discriminant Analysis Effect Size (LEfSe) 
identified species enrichment variations between the two 
groups, with significant enrichment observed in Bifido-
bacterium_pseudolongum, Lactobacillus_murinus, and 
Lactobacillus_reuteri in probiotics group (Figure S4G). 
Additionally, KEGG functional analysis indicated that the 
PDN group had enriched lipopolysaccharide biosynthesis 
pathways (Figure S4H).

These findings suggested that PDN rats experienced 
mechanical allodynia, thermal hyperalgesia, neuronal 
hyperexcitability, and nerve damage. Probiotics mitigated 
pain, nerve lesions, and microbial dysbiosis, indicating 
their therapeutic potential.

Probiotics treatment alleviated BNB impairment
The integrity of the BNB is essential for maintaining 
normal peripheral nerve function [31]. Following intra-
venous injection with either a low-molecular-weight 
tracer, NaFlu, or a high-molecular-weight tracer, EBA, 
BNB permeability was analyzed. A notable increase in 
the NaFlu fluorescence was detected in the PDN group, 
which was reversed by probiotics treatment (F(2,6) = 22.16, 
P = 0.0017, Fig. 3A and B). The EBA was restricted from 
the inner spaces of the sciatic nerve in all three groups 
(F(2,6) = 2.293, P = 0.1820, Fig. 3C and D).

The tight junctions play a crucial role in preserving 
the integrity of the BNB [32]. As shown in Fig.  3E-H, 
western blot analysis of sciatic nerves revealed a sig-
nificant decrease of the tight junction proteins (ZO-1, 
occludin, and claudin-5) in the PDN group compared 
to the controls, which was restored by probiotics (ZO-1: 
F(2,15) = 8.99, P = 0.0027; occludin: F(2,15) = 8.30, P = 0.0037; 
claudin-5: F(2,15) = 20.08, P < 0.0001). Consistently, immu-
nofluorescence staining of the sciatic nerve showed 
decreased ZO-1 intensities in the PDN group, whereas 
elevated levels were observed in the probiotics group 
(F(2,6) = 11.33, P = 0.0092, Fig. 3I and J). These results indi-
cated that probiotics pretreatment prevented BNB dam-
age in the PDN rats.

Probiotics treatment mitigated intestinal barrier 
impairment and systemic inflammation
As depicted in the histopathological analysis of H&E-
stained colon sections, the control group exhibited a 
normal colon structure, whereas the PDN group showed 
inflammatory cell infiltration. Remarkably, in compari-
son to the PDN group, the probiotics group showed 
a significant reduction in epithelial impairment and 
immune infiltration, suggesting a substantial reversal of 
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Fig. 3  Probiotics treatment alleviated BNB impairment in PDN rats. (A) Representative captures of the in vivo permeability of the BNB to sodium fluo-
rescein (NaFlu) in the sciatic nerve. The fluorescence intensity was measured and standardized based on the region of interest (indicated by the dashed 
line). Scale bars = 200 μm (n = 3). (B) The intensity analysis of NaFlu. (C) Representative captures of the in vivo permeability of the BNB to Evans Blue 
albumin (EBA) in the sciatic nerve. The fluorescence intensity was measured and standardized based on the region of interest (indicated by the dashed 
line). Scale bars = 200 μm (n = 3). (D) The intensity analysis of EBA. (E) Representative Western blot brands of ZO-1, occludin, and claudin-5 in the sciatic 
nerve (n = 6). (F-H) Quantification of ZO-1, occludin, and claudin-5 in the sciatic nerve. β-actin was used as the loading control in Western blot analysis. (I) 
Representative captures of immunofluorescence of ZO-1 in the sciatic nerve. The fluorescence intensity was measured and standardized based on the 
region of interest. Scale bars = 50 μm and 10 μm (n = 3). (J) The intensity analysis of ZO-1 immunofluorescence staining. Data are presented as mean ± SEM. 
**P < 0.01, ***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01 versus the PDN group, one-way ANOVA with Tukey’s multiple comparisons test for (B), 
(D), (F-H) and (J)
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colon lesions following 12 weeks of intragastric probiotic 
administration (Fig. 4A).

The intestinal tight junction plays a crucial role in regu-
lating the permeability of the intestinal barrier. Hence, we 
assessed the expression levels of tight junction proteins 
in the colon. As shown in Fig. 4B-E, a marked decrease of 
the ZO-1, occludin, and claudin-1 expression was noted 
in the colon of the PDN rats compared to that of the 
control rats, while probiotics intervention significantly 
restored the decreased expressions of these proteins 
in the colon (ZO-1: F(2,15) = 18.57, P < 0.0001; occlu-
din: F(2,15) = 12.01, P = 0.0008; claudin-1: F(2,15) = 20.28, 
P < 0.0001). Furthermore, lower ZO-1 intensities were 
decreased in the PDN group compared to the controls, 
whereas probiotic treatment restored ZO-1 intensi-
ties (F(2,6) = 38.77, P = 0.0004, Fig.  4F and G). These data 
indicated the beneficial effects of probiotic treatment in 
restoring the integrity of the intestinal barrier.

Since LPS can diffuse through the leaky gut into the 
bloodstream [33], and our results showed the altera-
tions in microbiota structure and functional prediction 
of LPS biosynthesis enrichment, we measured the serum 
levels of LPS and LPS binding protein (LBP). The PDN 
group showed significantly higher serum LPS and LBP 
levels compared to the controls, while probiotics inter-
vention lowered LPS and LBP levels (LPS: F(2,27) = 32.14, 
P < 0.0001; LBP: F(2,27) = 137.2, P < 0.0001, Fig. 4H and I).

Gut bacterial-derived LPS can trigger inflammatory 
responses and induce systemic inflammation [34]. To 
assess these, we measured serum levels of IL-6, IL-1β, 
and TNF-α using ELISA. These cytokines were signifi-
cantly elevated in the PDN group compared to the con-
trols, whereas pretreatment with probiotics notably 
prevented these significant increases (IL-6: F(2,27) = 17.61, 
P < 0.0001; IL-1β: F(2,27) = 66.99, P < 0.0001; TNF-α: 
F(2,27) = 149.6, P < 0.0001, Fig.  4J-L). These findings sug-
gested that probiotics effectively suppressed systemic 
inflammation in PDN rats.

Probiotics treatment attenuated neuroinflammation by 
inhibiting the TLR4/MyD88/NF-κB signaling pathway
We hypothesized that the serum LPS and cytokines may 
enter into nerves through disrupted BNB and induce 
neuroinflammation. LPS, a molecular component of the 
outer membrane of Gram-negative bacteria, binds to 
its main agonist of TLR4, activating MyD88, and subse-
quently triggers phosphorylated and degradation of IκBα 
to release active NF-κB, leading to the production of pro-
inflammatory cytokines [34, 35]. Therefore, we measured 
the p-IκBα levels and active p65-NF-κB, using an anti-
body that targets an epitope of the p65 subunit of NF-κB 
exposed after release from IκBα.

In sciatic nerve samples, the levels of TLR4, MyD88, 
p-IκBα, and p-p65 proteins were significantly higher 

in the PDN group compared to the controls, while pro-
biotics treatment notably attenuated these elevations 
(TLR4: F(2,15) = 16.00, P = 0.0002; MyD88: F(2,15) = 6.981, 
P = 0.0072; p-IκBα: F(2,15) = 11.52, P = 0.0009; p-p65: 
F(2,15) = 14.62, P = 0.0003, Fig.  5A-G). TLR4 signaling 
activation induces the release of proinflammatory cyto-
kines [35]. Thus, we measured IL-6, IL-1β, and TNF-α 
levels in the sciatic nerve. In PDN rats, these cytokines 
increased compared to the control group, whereas pre-
treatment with probiotics alleviated their elevation (IL-6: 
F(2,27) = 20.7, P = 0.2490; IL-1β: F(2,27) = 38.12, P = 0.1270; 
TNF-α: F(2,27) = 14.62, P < 0.0001, Fig. 5H-J).

To assess the relationship between neuroinflamma-
tion and pain phenotypes, we conducted correlation 
analyses of TLR4 signaling-related molecules in the sci-
atic nerve with both pain behaviors and metrics reflect-
ing neuronal excitability. The increased levels of TLR4, 
MyD88, p-IκBα, p-p65, IL-6, IL-1β, and TNF-α, indicat-
ing TLR4 signaling activation and cytokine release in the 
sciatic nerve, were correlated with decreased PWT and 
PWL (representing reduced pain threshold), and neuro-
nal hypersensitivity (including the reductions in the ISI, 
AHP 80% duration, AP amplitude, AHP amplitude, and 
TP) (Fig.  5K). In summary, TLR4/MyD88/NF-κB path-
way activation by bacterial LPS may induce neuroin-
flammation and pain in PDN rats. Probiotic treatment 
alleviates neuroinflammation by suppressing this signal-
ing pathway.

Discussion
In the present study, we demonstrated that PDN rats 
exhibited pain, nerve injury, and disruptions in gut 
microbiota composition and function, all of which were 
mitigated by supplementation with probiotics. Probiotic 
administration effectively attenuated intestinal barrier 
disruption and systemic inflammation by reshaping the 
gut microbiota, ultimately alleviating BNB impairment 
and neuroinflammation. Further experiments indicated 
that probiotics supplementation alleviated peripheral 
inflammation through suppression of TLR4/MyD88/
NF-κB signaling. In summary, our work shed light on the 
therapeutic potential of probiotics for PDN by modulat-
ing the microbiota-gut-nerve system axis.

The gut microbiota plays an important role in main-
taining host health [6]. Recent studies suggest that alter-
ations in the gut microbiota associated with PDN in 
patients and may even be a causal factor in its develop-
ment [36, 37]. In animal models of type 1 diabetes (T1D), 
gut dysbiosis has been linked to the onset and progres-
sion of PDN [38]. However, the relationship between the 
gut microbiota and PDN in T2D is still scanty. Consider-
ing that T2D accounts for over 90% of diabetes cases [39], 
we utilized a combination of HFD and low-dose STZ 
injection to mimic T2D conditions, and the changes in 
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Fig. 4  Probiotics treatment mitigated intestinal barrier impairment and systemic inflammation in PDN rats. (A) Representative captures of H&E staining 
of the colon tissue. The red arrows indicate inflammatory cell infiltration. Scale bars = 100 μm. (B) Representative Western blot brands of ZO-1, occludin, 
and claudin-1 in the colon (n = 6). (C-E) Quantification of ZO-1, occludin, and claudin-1 in the colon. β-actin was used as the loading control in Western 
blot analysis. (F) Representative captures of immunofluorescence of ZO-1 in the colon. Scale bars = 50 μm. (G) The intensity analysis of ZO-1 immuno-
fluorescence staining. (H-L) Serum levels of LPS, LBP, IL-6, IL-1β, and TNF-α (n = 10). Data are presented as mean ± SEM. Data are presented as mean ± SEM. 
***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the PDN group, one-way ANOVA with Tukey’s multiple comparisons test for 
(C-E), (G) and (H-L)
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gut microbiota in this model were readily detected upon 
the onset of pain and nerve damage.

Previous studies suggest that gut microbiota play an 
essential role in T2D and its complications [40, 41], 
with many reporting an increased F/B ratio and reduced 
microbial diversity and richness. Our findings of alpha 
diversity indicated similar overall species richness 
between groups within a shift in relative taxa abundance 
within the PDN group, leading to a less even distribution 
of microbial species, consistent with other T2D mod-
els [42, 43]. In the beta diversity analysis, we found that 
the samples from the PDN rats formed separate clusters 
from those of the controls, indicating distinct microbiota 
structures, consistent with previously reported findings 
[42, 44]. 

In our study, we found that the gut microbiota compo-
sition in the PDN rats was disrupted. At the phylum level, 

a higher F/B ratio in the PDN rats compared to healthy 
rats indicated metabolic disorders and obesity. The sup-
plementation of the HFD is responsible for the increase 
in the F/B ratio, as seen in other animal studies [45, 46]. 
At the genus level, a significant reduction in Lactobacillus 
abundance was seen in the PDN rats. However, conflict-
ing evidence suggests that diabetes-related dysbiosis may 
be more species-specific rather than genus-specific [40]. 
For example, although the Lactobacillus genus is associ-
ated with T2D, certain species—such as L. plantarum 
[47], L. reuteri [48], L. casei [49], and L. gasseri [50], —
showed anti-inflammatory properties and have been used 
to regulate glucose and lipid metabolism in T2D models. 
In addition, Bifidobacterium, a well-known probiotic and 
the genus most linked to microbial protection against 
T2D [51], was also reduced in PDN rats. Along with evi-
dence that multi-strain probiotics are more effective due 

Fig. 5  Probiotics treatment attenuated neuroinflammation by inhibiting the TLR4/MyD88/NF-κB signaling pathway. (A) Representative Western blot 
brands of TLR4, MyD88, p-IκBα, IκBα, p-p65, and p65 in the sciatic nerve (n = 6). (B-G) Quantification of TLR4, MyD88, p-IκBα, IκBα, p-p65, and p65 in the 
sciatic nerve. (H-J) The levels of IL-6, IL-1β, and TNF-α in the sciatic nerve (n = 10). (K) Spearman’s correlation heatmap between TLR4 signaling-related mol-
ecules and pain-related phenotypes. PWT, paw withdrawal threshold; PWL: Paw withdrawal latency; ISI: Inter-spike interval; AHP: After-hyperpolarization; 
AP: Action potential; TP: Threshold potential; RMP: Resting membrane potential. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus 
the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the PDN group, one-way ANOVA with Tukey’s multiple comparisons test for (B-J)
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to synergistic effects [16, 52], we supplemented the PDN 
group with a blend containing nine Lactobacillus species 
and five Bifidobacterium species as probiotics in subse-
quent experiments.

Probiotics are live bacteria that, when consumed in 
adequate amounts, confer benefits to the host by inhib-
iting harmful bacteria and strengthening the gut barrier 
[53]. Given the limited effectiveness of pharmaceuticals 
in managing neuropathic pain and the emerging insights 
into microbiota-gut-nervous system interactions, there 
is growing interest in probiotics as a potential adjunc-
tive therapy [54]. Probiotics play a key role in immune 
regulation by modulating pro- and anti-inflammatory 
cytokines, which is crucial for alleviating chronic pain 
[28]. In mice, three weeks of probiotic treatment before 
nerve injury reduced TNF-α expression in the spinal cord 
and mitigated pain sensitization [55]. Additionally, pro-
biotic compounds containing multiple Lactobacillus and 
Bifidobacterium strains can alleviate pain and inflamma-
tion in mice with oxaliplatin-induced neuropathy [56]. 
In another study using the same probiotic intervention 
as ours, probiotics significantly reduced alveolar bone 
loss in ovariectomized rats by regulating gut microbiota 
and modulating the bone immune response [57]. More-
over, both preclinical and clinical studies indicate that 
probiotics may alleviate osteoarthritis pain by positively 
modulating gut microbiota and decreasing the release of 
metabolites such as LPS into circulation, thus helping to 
reduce low-grade inflammation [58]. In our study, com-
pound probiotic supplementation attenuated pain by 
regulating gut microbiota dysbiosis. Further, the KEGG 
pathway analysis revealed that LPS biosynthesis pathways 
were enriched in PDN rats, consistent with the elevated 
plasma LPS levels observed, while LPS reduced after pro-
biotics intervention, indicating that the gut microbiota 
disturbance was likely the source of the increased LPS. 
Therefore, targeted probiotic supplementation exerts 
protective effects by restoring gut microbiota balance 
and reducing LPS-associated inflammation in PDN.

LPS, the Gram-negative bacteria product, has been 
identified as an initial factor in the activation of the TLR4 
pathway [34]. TLR4 triggers transcription of NF-κB 
through the MyD88-dependent pathway, which is essen-
tial for inflammatory cytokine release [35]. Consistent 
with the KEGG findings, our study found that both LPS 
and LBP were increased in serum in PDN rats with the 
activation of the TLR4/MyD88/NF-κB pathway and the 
suppression of tight junction proteins in the colon of 
the PDN group. All of these indicated that gut dysbio-
sis in this disease model triggered TLR4/MyD88/NF-κB 
pathway activation and damaged intestinal integrity and 
at the same time LPS release into circulation, which 
boosted the release of proinflammatory factors into the 
bloodstream, thereby causing systemic inflammation 

and neuroinflammation and BNB damage towards PDN 
development.

SCFAs, primarily acetate, propionate, and butyrate, 
serve as energy sources for the colonic epithelium and 
engage host signaling pathways to regulate inflammation 
[59]. Among them, butyrate exerts the most significant 
physiological effects and offers various health benefits, 
including pain relief in models of obesity [60] and nerve 
injury-induced pain models [61]. However, in our study, 
butyrate levels showed no significant difference between 
the PDN model and control group, only propionate levels 
were markedly higher in the PDN group. The effects of 
propionate remain controversial [62]. Some studies sug-
gest beneficial outcomes; for example, increasing colonic 
propionate in overweight adults may help prevent weight 
gain [63]. In vitro, propionate also exhibits neuropro-
tective and neuroregenerative effects on Schwann cells 
and neurons from the dorsal root ganglia [64]. However, 
other evidence points to potential drawbacks. In both 
human and animal studies, propionate has been linked to 
insulin resistance and compensatory hyperinsulinemia, 
which over time may promote adiposity and metabolic 
disorders [65]. Furthermore, in mice with neuropathic 
pain, SCFAs, including propionate, contribute to pain 
development by activating microglia and promoting a 
pro-inflammatory phenotype [66]. Therefore, its poten-
tial role as a “metabolic disruptor” and its association 
with pain progression may be not excluded.

Our study is not without limitations; for example, 
male rats were used in our study and potentially missed 
important findings due to sex differences in the micro-
biota, a focus on LPS-related mechanisms due to LPS 
biosynthesis enrichment in KEGG analysis which lacks 
further metabolomic assessments to elucidate microbial 
metabolic pathways, and the inherent uncertainty of ani-
mal models accurately representing human disease.

Conclusion
This study highlights the crucial role of gut microbiota in 
PDN pathogenesis. Mechanistic investigations reveal that 
probiotics supplementation with Lactobacillus and Bifi-
dobacterium strengthened both the intestinal and blood-
nerve barriers, thereby suppressing the TLR4/MyD88/
NF-κB inflammatory signaling, ultimately reducing nerve 
damage and alleviating pain. These findings suggest that 
targeting the microbiota-gut-nerve axis through probi-
otic supplements may offer a promising therapeutic strat-
egy for PDN.
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