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Changes of intestinal microbiome and its et

relationship with painful diabetic neuropathy
in rats

Shuaiying Jia', Haigi Mi', Yao Su’, Yuning Liu', Zhi Ming' and Jingyan Lin""

Abstract

Objective To analyze the gut bacterial microbiome in rats with painful diabetic neuropathy (PDN) compared to nor-
mal rats.

Methods Type 2 diabetes was induced in rats via a high-fat and high-sugar diet combined with a low dose of strep-
tozotocin. Glucose metabolism and insulin sensitivity were evaluated using intraperitoneal glucose tolerance tests
and insulin tolerance tests. The progression of peripheral neuropathy was assessed using the mechanical withdrawal
threshold and thermal withdrawal latency. Histopathological analysis of rat colon tissues was performed using hema-
toxylin—eosin staining to observe morphological changes. The expression levels of pro-inflammatory cytokines TNF-a
and IL-1p in spinal cord tissues were measured using enzyme-linked immunosorbent assay (ELISA). Fecal samples
were then collected for metagenomic sequencing and analysis.

Result Behavioral tests revealed reduced mechanical withdrawal threshold and thermal withdrawal latency in PDN
rats. Histological analysis showed significant colonic mucosal damage and inflammatory cell infiltration, suggesting
impaired intestinal barrier function. Elevated TNF-a and IL-1(3 levels in spinal cord tissues further highlight periph-
eral inflammation’s role in PDN. Sequencing analysis revealed significant differences in gut microbiota composition
between PDN and control rats, with altered Bacillota/Bacteroidota ratios and increased Lactobacillus abundance.
Functional annotation analysis, based on the KEGG, EggNOG, and CAZy databases, indicated significant enrichment
of metabolic pathways related to carbohydrate and amino acid metabolism, energy metabolism, and cell structure
biogenesis in PDN rats. Cluster analysis identified higher functional clustering in Metabolism and Genetic Information
Processing pathways in PDN rats.

Conclusion This study demonstrates that PDN leads to altered gut microbiota composition, disrupted metabolic
pathways, and increased inflammation, contributing to the pathological progression of diabetic neuropathy. This
study provides new insights into the interplay between gut microbiota and diabetic neuropathy, offering potential
avenues for therapeutic interventions targeting microbiome and metabolism.
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Background

With the annual increase in the global number of dia-
betes patients, the type 2 diabetes mellitus (T2DM) has
become one of the most serious global epidemics of the
twenty-first century [1]. According to statistics, the global
prevalence of T2DM has escalated to epidemic levels,
currently affecting an estimated population exceeding
400 million individuals worldwide [2]. Among these,
nearly half experience varying degrees of neuropathic
pain caused by damage to the peripheral or autonomic
nervous systems. Painful diabetic neuropathy (PDN), the
most common type, accounts for approximately 75% of all
neuropathies [3]. Typical symptoms of PDN include sym-
metrical burning sensations, electric shock-like pain, and
tingling in both hands and/or lower limbs, which may or
may not be accompanied by numbness. These symptoms
significantly reduce patients'quality of life and may lead
to anxiety, depression, and sleep disturbances, potentially
resulting in disability in severe cases [4, 5]. Currently, the
treatment efficacy for PDN is often unsatisfactory; com-
mon pharmacological therapies include antidepressants,
anticonvulsants, and analgesics, yet these treatments are
frequently limited in effectiveness and may have adverse
side effects [6]. Therefore, it is imperative to investigate
the underlying mechanisms of PDN and identify new
therapeutic targets.

However, the pathogenesis of PDN is complex, involv-
ing various factors such as glycemic control, the dura-
tion of diabetes, patient age, blood pressure, lipid levels,
and body weight [7]. Additionally, biochemical pro-
cesses like increased free radicals [8], the formation of
advanced glycation end-products [9], and endoplas-
mic reticulum stress [10] also play significant roles in
the occurrence and progression of PDN. Recent stud-
ies have further revealed the potential involvement of
p-opioid receptors and p-6 opioid receptor heteromers
in neuropathic pain. Specifically, spinal nerve injury may
promote the increased p-8 heterodimerization in unin-
jured dorsal root ganglion neurons, suggesting that p-6
heteromers could be a potential therapeutic target for
alleviating neuropathic pain [11]. Furthermore, the acti-
vation of peripheral p-opioid receptors has been shown
to effectively alleviate behavioral and neurobiological
abnormalities in a chemotherapy-induced neuropathic
pain rat model [12]. This suggests that opioid receptors
may also have a potential therapeutic role in PDN. At
the same time, nanomedicine, as an emerging therapeu-
tic strategy, has demonstrated unique advantages in the
treatment of neuropathic pain. By combining nanoparti-
cle drugs, cell therapy, and gene therapy, nanomedicine
holds promise in improving therapeutic efficacy while
reducing side effects. However, the application of nano-
medicine in neuropathic pain treatment still faces several
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challenges, including the development of well-character-
ized nanoparticle formulations, ensuring batch-to-batch
reproducibility, and controlling toxicity [13]. Therefore,
further exploration and optimization of nanomedicine
are needed for its future application in PDN treatment.
Additionally, Our previous studies have suggested that
the distribution and expression of Aquaporin-4 in the
spinal cord glial lymphatic system may be associated with
the pathogenesis of PDN [14, 15]. Nonetheless, the com-
plete mechanisms underlying PDN remain to be fully elu-
cidated. Despite these insights, the full understanding of
the pathogenesis of PDN remains elusive. Future research
will continue to explore the interactions of various
molecular mechanisms and their impact on the develop-
ment of PDN.

In recent years, the role of gut microbiota in vari-
ous metabolic diseases has gained increasing attention.
Moreover, changes in the composition of gut microbiota
are closely linked to the onset of diabetes and its compli-
cations [16, 17]. Specifically, gut microbiota in diabetes
patients typically exhibit reduced diversity, a decrease
in beneficial bacterial species (such as probiotics), and
an increase in potentially harmful bacterial species [18].
These alterations may influence the functioning of the
nervous system through various mechanisms, includ-
ing altered short-chain fatty acid (SCFA) metabolism,
interactions with gut hormones, increased production
of trimethylamine-N-oxide, bacterial translocation, and
endotoxin production such as lipopolysaccharide [16].
These factors have been shown to significantly impact the
nervous system and are closely related to the occurrence
and development of diabetic neuropathic pain.

Studies have shown that, compared to diabetic patients
without neuropathy and healthy individuals, patients
with diabetic neuropathy exhibit a decrease in the abun-
dance of Bacteroides and Faecalibacterium, while the
quantities of Escherichia-Shigella, Lachnoclostridium,
Blautia, Megasphaera, and Rumincoccus torques sig-
nificantly increase. Further investigations have suggested
that these microbial changes may be associated with
insulin resistance, indicating a close relationship between
the presence of insulin resistance and the onset of dia-
betic neuropathy [19]. Additionally, studies have found
that modulating the gut microbiota, such as through the
administration of Bifidobacterium, Lactobacillus, or fecal
microbiota transplantation, can improve insulin resist-
ance [20]. Moreover, the gut microbiota, through its
metabolic products, may directly influence the nervous
system. For example, toxins produced by certain bacte-
ria can activate pain receptors, thereby contributing to
chronic pain [21, 22]. A clinical study has shown that the
abundance of Parabacteroidetes in the gut microbiota
of patients with diabetic neuropathy is correlated with
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changes in C-reactive protein (CRP) and bile acid salts
levels [19]. These findings further suggest that the gut
microbiota may play an important role in the develop-
ment of diabetic neuropathy. Given the regulatory effects
of the gut microbiota on insulin resistance and its poten-
tial impact on diabetic neuropathy, investigating how the
gut microbiota participates in the pathogenesis of PDN
could provide new directions for early diagnosis, treat-
ment, and personalized medicine for PDN.

This study aims to investigate the relationship between
changes in gut microbiota and diabetic neuropathic pain
in a rat model. By comparing gut microbiome data from
healthy and diabetic rats, we hope to uncover the poten-
tial impact of gut microbiota alterations on the pathogen-
esis of PDN. This research not only provides new insights
into the understanding of diabetes and its complications
but may also lay the groundwork for developing novel
therapeutic strategies to improve the quality of life and
prognosis for diabetes patients.

Methods

PDN model establishment and animal grouping

This experiment involved 25 male Sprague—Dawley rats,
aged 6—8 weeks and weighing 180-200 g, provided by the
Experimental Animal Center of North Sichuan Medical
College. The rats were housed in a specific pathogen-free
laboratory, where the environmental conditions were
maintained at a temperature of 23 +2 °C, humidity of
40%—70%, and a 12-h light/dark cycle, with free access to
food and water. Standard maintenance diet was provided
by the Experimental Animal Center, while the high-
fat and high-sugar diet was purchased from Xiaoshuy-
outai (Beijing) Biotechnology Co., LTD., catalog number
D12450 J (including 5% cholesterol, 10% lard, and 10%
sucrose). All experimental procedures were approved
by the Institutional Ethics Committee of North Sichuan
Medical College (authorization number: 2024[071]). All
procedures adhered strictly to the ARRIVE guidelines for
the Care and Use of Experimental Animals.

The rats were randomly divided into two groups: group
control (group C, n=5) and group model (group M, n=
20). After one week of acclimatization, the group C con-
tinued to receive a standard maintenance diet, while the
group M was fed a high-fat, high-sugar diet. Continued
feeding for 4 weeks. During this period, body weight
and blood glucose levels were measured weekly for both
groups. In the fifth week, the rats of group M were fasted
for 10 h before being administered a single intraperito-
neal injection of streptozotocin (STZ, purchased from
Efa Biological Company, Lot: MRDD2303) at a dose of 25
mg/kg, dissolved in a sodium citrate solution (0.1 mol/L,
pH 4.5). The group C received an equal volume of sodium
citrate buffer. Three days post-injection, fasting blood
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glucose levels were reassessed; a level of >16.7 mmol/L
was considered indicative of successful induction. Rats
not meeting this criterion received a second injection at
the same dosage. Following two injections, a total of 17
rats exhibited elevated blood glucose levels.

After successfully inducing hyperglycemia in the rats,
all animals were fed a standard maintenance diet. Sub-
sequently, we continuously monitored the 24-h water
and food intake of both groups of rats over the follow-
ing week, randomly selecting data from days 1, 4, and 7
for statistical analysis. Based on the statistical results
and dynamic observations, we adjusted the daily food
intake of both groups to 30 g per 100 g of body weight
(30 g/100 g body weight). Thereafter, during the entire
experimental period, food was precisely weighed using
an electronic scale and administered in fixed amounts
daily until the conclusion of the experiment. Additionally,
regular assessments of mechanical allodynia and thermal
hyperalgesia were conducted in the group C (n= 5) and
group M (n=17) of rats to evaluate the extent of periph-
eral nerve injury. In the 15 th week of the experiment, the
group C and the group M of rats underwent intraperi-
toneal glucose tolerance tests and insulin tolerance tests
to assess glucose metabolism and insulin sensitivity. A
total of 10 rats (5 from the group C and 5 from the group
PDN) were ultimately included in the experiments. The
remaining rats were excluded due to insufficient blood
glucose levels, minimal peripheral nerve damage, low
degrees of insulin resistance, or other complications. All
excluded rats were euthanized in accordance with ethical
guidelines.

Intraperitoneal glucose tolerance and insulin tolerance
experiments

Intraperitoneal glucose tolerance test (IPGTT)

In the 15 th week of the experiment, five rats each from
the PDN group and the healthy control group were
selected to undergo an IPGTT. The rats were fasted for
12 h with free access to water, after which fasting blood
glucose was measured to establish a baseline. Following
this, a 50% glucose solution was administered intraperi-
toneally at a dose of 2 g/kg, and blood glucose levels were
measured at 30 min, 60 min, 90 min, and 120 min post-
injection [23].

Insulin tolerance test (ITT)

Forty-eight hours after the completion of the IPGTT, a
total of 10 rats from both the group PDN and group C
underwent an ITT. In this experiment, regular insulin
(NovoRapid, Novo Nordisk, Denmark) was administered
intraperitoneally at a dose of 0.5 U/kg. Baseline blood
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glucose levels were measured prior to the injection, fol-
lowed by measurements at 30 min, 60 min, 90 min, and
120 min post-injection. The evaluation of ITT was based
on the percentage change in serum glucose relative to
baseline levels [24].

Mechanical allodynia and thermal hyperalgesia

Mechanical allodynia

Mechanical allodynia was assessed through the mechani-
cal withdrawal threshold (MW T). Beginning in the sixth
week of the experiment, a trained experimenter evaluated
the MWT of the rats’hind paws using a Von Frey fila-
ment apparatus (U.S. Patent No. 58239698512259, North
Coast, CA, United States). These assessments were con-
ducted weekly, between 9 and 11 AM, in a quiet environ-
ment. Specifically, each rat was placed on a mesh metal
platform for 15 min to acclimate and remain relaxed.
Subsequently, von Frey filaments were used to stimulate
the area between the third and fourth metatarsal bones
of the hind paw, starting at a force of 0.2 g and increas-
ing until the rat either withdrew its paw or licked it (paw
withdrawal threshold to pressure). Each application of
pressure lasted for 5 s, with tests alternating every 2 min.
A positive withdrawal response in three out of five con-
secutive trials was recorded as the MW, with the final
MWT determined as the average of three stable consecu-
tive measurements, expressed in grams. To prevent paw
injury and ensure compliance with equipment specifica-
tions, the maximum strength of the Von Frey filaments
was limited to 26 g [25].

Thermal hyperalgesia

Thermal hyperalgesia is assessed by measuring the ther-
mal withdrawal latency (TWL) in rats. For the procedure,
individual rats are first placed in transparent, square,
glass enclosures with removable floors (dimensions: 22
X12 x22 cm) to acclimatize for 15 min. Following this
adaptation period, a thermal nociception meter (Model:
LE7420, Serial No: 1491712, Bioseb, France) is preheated
to 55 °C. The glass enclosure is then positioned over the
nociception meter, and the floor is removed to expose
the rat’s hind paws to the heated surface. The timer starts
when the plantar surface of the hind paw contacts the
heat plate. The timing is halted when the rat displays any
nocifensive behaviors such as lifting, licking, or with-
drawing the foot. The duration until these responses
occur is recorded as the TWL. Each rat undergoes three
such trials, with a 5-min interval between each trial to
prevent sensitization and thermal injury. The final TWL
for each rat is determined by calculating the average of
the three measurements. This method ensures a robust
assessment of thermal hyperalgesia [26].
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Pathological staining

Colon tissues were collected from Sprague—Dawley rats
and rinsed with physiological saline to remove surface
blood and impurities. The tissues were then fixed in 10%
neutral buffered formalin for 24—48 h. Following fixation,
the tissues were subjected to dehydration, clearing pro-
cesses, culminating in paraffin embedding. The embed-
ded tissues were sectioned into 4-pm thick consecutive
slices using a microtome. The sections were floated on a
37 °C water bath to flatten, transferred onto glass slides,
and baked in a 60 °C oven for 30 min to ensure adhesion
and remove excess paraffin. The sections were deparaffi-
nized with xylene and rehydrated through a graded etha-
nol series. Hematoxylin staining was performed, followed
by differentiation in acid-alcohol (1% HCI in 70% etha-
nol) and bluing in water. Subsequently, the sections were
counterstained with 0.5% eosin solution. After staining,
the sections underwent dehydration through graded
ethanol, clearing with xylene, and were finally mounted
with neutral resin and covered with cover slips. The
stained sections were observed under a light microscope,
and images were captured to evaluate the morphological
structure and pathological changes in the rat colon tissue.

Proinflammatory biomarkers

Spinal cord tissues were collected, weighed, and homog-
enized in ice-cold phosphate-buffered saline (PBS) sup-
plemented with protease inhibitors to prevent protein
degradation. The homogenate was centrifuged at 12,000
x g for 20 min at 4 °C to remove debris, and the super-
natant was collected. The total protein concentration of
the supernatant was measured using a bicinchoninic acid
(BCA) assay to ensure uniform loading across samples.
The concentrations of TNF-« (FineTest, China, ER1393)
and IL-1p (FineTest, China, ER1094) in spinal cord tissue
were quantified using commercial ELISA kits, follow-
ing the manufacturer’s instructions. The optical density
(OD) was measured at 450 nm using a microplate reader
(TeBao, USA) within 30 min of stopping the reaction.
The concentration of TNF-a and IL-1p in each sam-
ple was calculated by plotting the OD values against the
standard curve prepared with known concentrations of
the cytokines. Cytokine concentrations were normalized
to the total protein concentration of each sample and
expressed as pg/mg of protein. All experiments were per-
formed in triplicate to ensure reproducibility.

Sample collection

In this experiment, all rats were first deeply anesthetized
via intraperitoneal injection of 1% pentobarbital sodium
at a dosage of 50 mg/kg body weight. Following anesthe-
sia, the colon was rapidly incised using a sterile surgical
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scalpel, and the colonic contents were collected with ster-
ile sampling tubes. Once collection was completed, the
samples were immediately flash-frozen in liquid nitrogen
and subsequently stored at —80 °C until further analytical
processing.

Extraction and detection of sample DNA

In this study, genomic DNA was extracted from the
colon contents of ten rats using the cetyltrimethylam-
monium bromide (CTAB) method. The specific steps
are as follows: 1000pL of CTAB lysis buffer and an
appropriate amount of lysozyme were added to a 2.0
mL centrifuge tube. The colon samples were then added
to the lysis buffer and incubated in a water bath at 65
°C. During this period, the mixture was gently inverted
several times to promote complete lysis of the samples.
Next, the samples were centrifuged to obtain the super-
natant. The supernatant was mixed with phenol, chlo-
roform, and isoamyl alcohol (in a ratio of 25:24:1), and
centrifuged at 12,000 rpm for 10 min. The upper phase
was collected and mixed with chloroform and isoamyl
alcohol (in a ratio of 24:1), followed by a second cen-
trifugation at 12,000 rpm for 10 min. Subsequently,
the supernatant was transferred to a 1.5 mL centrifuge
tube, and isopropanol was added to precipitate the
DNA, which was then stored at —20 °C. After centrif-
ugation, the supernatant was discarded, taking care to
retain the precipitate. The precipitate was washed twice
with 1 mL of 75% ethanol, and any remaining liquid
was collected by centrifugation. Finally, the supernatant
was carefully removed, and the precipitate was dried
in a sterile workbench or at room temperature. Deion-
ized water (ddH,O) without enzymes was added to
dissolve the DNA sample, and incubation at 55-60 °C
for 10 min was performed if necessary to facilitate dis-
solution. Subsequently, 1 pL of RNase A was added to
digest RNA and incubated at 37 °C for 15 min. Finally,
the concentration, integrity, and purity of the DNA
were assessed using the Agilent 5400 system.

Library construction and sequencing

After quality assessment, DNA libraries were constructed
using the NEBNext® Ultra™ DNA Library Prep Kit for
Mlumina (NEB, USA, Catalog #: E7370L). The DNA
samples were fragmented to approximately 350 bp in
length using a Covaris ultrasonic sonicator, followed by
end repair, A-tailing, and adapter ligation. Subsequently,
fragments were selected, and polymerase chain reaction
(PCR) amplification and purification were performed
to complete the library preparation. The PCR products
were purified using the AMPure XP system (Beverly,
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USA), and library quality was evaluated using the Agi-
lent 5400 system. Finally, the library concentration was
quantified using quantitative PCR at a concentration of
1.5 nM. Based on the effective library concentration and
the required data volume, suitable libraries were selected
for high-throughput sequencing on the Illumina platform
using the PE150 strategy.

Bioinformatics analysis methods

Metagenomic sequencing of the rat colon contents was
performed using the Illumina NovaSeq high-throughput
sequencing platform to obtain raw data on microorgan-
isms, including bacteria, fungi, and viruses. To ensure
data reliability, the raw sequencing data were preproc-
essed using the Kneaddata software [27]. In subsequent
steps, Kraken2 software was employed to compare the
processed sequences against a custom-built microbial
nucleic acid database, screening sequences of bacteria,
fungi, archaea, and viruses from the NCBI NT nucleo-
tide database and the RefSeq genome database to calcu-
late the sequence counts of species present in the samples
[28]. The Bracken software was then used to predict
the actual relative abundance of species in the samples.
Additionally, HUMANN2 software was utilized to align
the quality-controlled and host-depleted sequences with
the protein database (UniRef90) based on DIAMOND,
retrieving annotation information and relative abun-
dance tables from various functional databases accord-
ing to the UniRef90 IDs and the correspondence among
databases [29]. Based on species abundance and func-
tional abundance tables, abundance clustering analysis,
principal coordinate analysis (PCoA), and non-metric
multidimensional scaling (NMDS) were conducted. If
group information was available during sample clustering
analysis, Lefse biomarker analysis and Dunn’s test could
be performed to explore differences in species composi-
tion and functional composition among the samples.

Statistical methods

The results of the experimental data are presented as
mean +SEM. Comparisons between two groups were
performed using student’s t-test, while intergroup differ-
ences were assessed through one-way analysis of variance
(ANOVA). To account for within-subject variability in
variables such as body weight, blood glucose and PWT,
repeated measures ANOVA was utilized. All statisti-
cal tests were conducted with a two-tailed significance
level. The analysis of gut microbiota data was carried out
using the bioinformatics platform provided by Shenzhen
Microeco Tech Co., Ltd. Other datasets were analyzed
using GraphPad Prism 8 software. A p-value of less than
0.05 was considered statistically significant.



Jia et al. BMC Microbiology (2025) 25:281

Result

Basic characteristics

Following the injection of STZ, the blood glucose levels
in the group PDN increased immediately. Over time, the
blood glucose levels in the group PDN remained persis-
tently elevated (exceeding 20 mmol/L), and body weight
began to gradually decline starting from week 7 (Fig. 1A,
B). The food and water intake of both groups of rats were
measured over a 24-h period on days 1, 4, and 7 after
the rise in blood glucose. Compared to the group C, the
group PDN exhibited a significant increase in both food
and water consumption (Fig. 1C, D). Subsequently, an
IPGTT and ITT were conducted to assess the impaired
glycemic control within the group PDN. After glucose
administration, the blood glucose levels in the group
PDN increased significantly and remained elevated for 60
min. Furthermore, compared to the group C, the group
PDN exhibited more pronounced fluctuations in blood
glucose levels following the injection of regular insulin
(Fig. 1E, F). These findings indicate that the group PDN
developed typical symptoms of polydipsia, polyphagia,
and weight loss, which are consistent with the clinical
manifestations of diabetes. Notably, the results of the
IPGTT and ITT indicate that the group PDN of rats
demonstrates lower efficiency in glucose handling. This
suggests that greater amounts of insulin may be required
to achieve comparable blood glucose control as seen in
the group C, which is indicative of insulin resistance.

Mechanical allodynia and thermal hyperalgesia

Mechanical allodynia and thermal hyperalgesia are pri-
marily used to assess the impact of diabetic neuropathy
on pain sensitivity in rats, and are critical for researching
PDN. Our measurements indicate that the MWT in the
group PDN began to decrease one week after STZ injec-
tion, stabilizing after the ninth week (Fig. 2A). Mechani-
cal allodynia is a common symptom of PDN. A reduction
in the MWT indicates that PDN rats exhibit an abnormal
sensitivity to mild mechanical stimuli. This phenomenon
is typically associated with peripheral nerve damage or
dysfunction, suggesting a significant decrease in the neu-
ral system’s tolerance to mechanical stimuli in PDN rats,
which implies an increased pain sensitivity. Concurrently,
the TWL of the group PDN also showed a significant
decrease than that of the group C one week after STZ

(See figure on next page.)
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injection (Fig. 2B). This finding indicates that PDN rats
have impaired thermal perception, resulting in an exag-
gerated response to temperature stimuli. The occurrence
of thermal hyperalgesia suggests abnormalities or degen-
eration of nerve endings, particularly within the periph-
eral nervous system. These alterations are likely caused
by oxidative stress and neuroinflammation induced by
prolonged hyperglycemia. These results demonstrate that
PDN rats exhibit significant mechanical allodynia and
thermal hyperalgesia, reflecting sensory dysfunction of
the peripheral nerves. This provides an effective experi-
mental model for studying the mechanisms of pain asso-
ciated with diabetic neuropathy.

Histological results and proinflammatory biomarkers

The results of Hematoxylin—eosin (HE) staining revealed
significant structural damage to the colonic mucosa in
group PDN compared to group C. This damage included
loss of mucosal integrity and epithelial cell shedding.
Additionally, substantial infiltration of inflammatory
cells was observed in the colonic tissue, accompanied
by notable lymphoid follicle hyperplasia (Fig. 3A). These
pathological changes suggest that the intestinal bar-
rier function in group PDN is compromised, potentially
contributing to the development of leaky gut syndrome.
Moreover, peripheral inflammation is considered one of
the major factors underlying PDN and is associated with
increased intestinal permeability. To further investigate
this link, key inflammatory biomarkers in spinal cord
tissue were evaluated. As shown in Fig. 3B, the levels of
TNF-a and IL-1f in the spinal cord of group PDN was
significantly elevated compared to the group C. These
findings provide further evidence that PDN may induce
inflammatory lesions by impairing intestinal barrier
function.

Analysis of intestinal microbial diversity

A total of 245,810,241 paired-end reads were gener-
ated from the 10 samples following sequencing, yielding
232,492,896 clean tags after alignment and filtering. On
average, each sample contained 23,249,290 clean tags
(Table 1). From the rarefaction curve (Fig. 4A), it can
be observed that the number of detectable features sta-
bilizes after all samples reach a certain sampling depth.
In other words, as the sample size increases to a certain

Fig. 1 Changes in body weight, blood glucose, intraperitoneal glucose tolerance test (IPGTT), and insulin tolerance test (ITT) results in rats. A The
trend of body weight in Group C (n=5) and Group PDN (n=5) over 15 weeks (measurements taken weekly); B The trend of blood glucose levels
in Group C (n=5) and Group PDN (n= 5) over 15 weeks (measurements taken weekly); C Statistics of 24-h food intake after STZ injection (days 1,
4,7 post-injection, n=5 per group); D Statistics of 24-h water intake after STZ injection (days 1,4, 7 post-injection, n=5 per group); E IPGTT results
at the 15 th week after STZ injection (n= 5 per group).; F ITT results at the 15 th week after STZ injection (n= 5 per group). Data are presented

as mean £ SDs. Compared with the group C, *P< 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001
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extent, the rate of discovering new features decreases and
approaches a plateau. This indicates that the feature rich-
ness of the samples used in this study is relatively high
or uniformly distributed, making them suitable for bioin-
formatics analysis. We assessed the diversity of the intes-
tinal microbiota in both groups of rats using a-diversity
and B-diversity analyses. The indices used for a-diversity
assessment include the coverage index, Chaol index,
Simpson index, and Shannon index. The coverage index
reflects the sampling depth of the samples, while the
Simpson and Shannon indices are used to measure the
diversity and evenness of the communities within the
samples. The Chaol index reflects the richness of the
community. As shown in Fig. 4B-E, both groups exhib-
ited similar levels of a-diversity (P> 0.05). However,
principal coordinates analysis (PCoA) and non-metric
multidimensional scaling (NMDS) based on Bray—Cur-
tis dissimilarity demonstrated significant differences in
the composition of the intestinal microbial communities
between the two groups (P= 0.022, P= 0.021, Fig. 4F, G).
This implies that although there are no significant differ-
ences in species richness and evenness between the two
groups of rats, their microbial community structures dif-
fer significantly. In other words, this may indicate that
environmental factors, diet, or other variables have led to
differences in community structure.

Analysis of intestinal microbial composition in two groups
of rats

Statistical analysis of the species abundance table
revealed significant differences in the intestinal
microbiota between the group PDN and the group C
(Fig. 5A). In this study, we analyzed the top ten phyla
of gut microbiota in group PDN and group C. The
dominant phyla in both groups were Bacillota, Bac-
teroidota, Pseudomonadota, and Actinomycetota,
collectively accounting for over 85% of the total abun-
dance (Fig. 5D). Compared to the group C, the ratio of

e Group PDN

| B
| e Group C

200 kK

1504

100—’;‘ r
i

%3
S
1

Proinflammatory biomarkers (pg/mg)
=3

TNF-a IL-1p

Group PDN

Fig. 3 Pathological Changes and Detection of Inflammatory Factors. A The HE staining of colonic tissue (x200). Representative images from Group
Cand Group PDN are shown, Scale bar: 100um; B The content of pro-inflammatory cytokines TNF-a and IL-18 in spinal cord tissue. Values were
presented as mean +SDs. Compared to the group PDN, * P< 0.05, **** P< 0.0001
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Bacillotas to Bacteroidetes was significantly increased
in the group PDN (Fig. 5B, P< 0.01). At the genus
level, we similarly analyzed the top ten genera, identi-
fying Ligilactobacillus, Lactobacillus, Limosilactoba-
cillus, and Phocaeicola as dominant genera, together
comprising over 50% of the total microbial composi-
tion (Fig. 5E). Further analysis revealed an increase
in the abundance of Lactobacillus and Phocaeicola
in the group PDN, while the abundance of Prevotella
decreased (Fig. 5C). This indicates that the gut micro-
biota structure in the group PDN has undergone altera-
tions. Several studies have indicated that an imbalance
in the Bacillota/Bacteroidota ratio is closely associated

with abnormal energy metabolism in T2DM [30, 31].
Our research suggests that the Bacillota/Bacteroidota
ratio in the group PDN is significantly higher than that
in the group C, which is consistent with existing find-
ings [32]. This indicates that there are abnormalities in
energy metabolism in PDN rats.

Analysis of species differences across groups

To screen for species with significant differences in abun-
dance between groups, this study employed the LEfSe
(Linear Discriminant Analysis Effect Size) method to
compare the gut microbiota of rats in the group C and
the group PDN. A threshold for Linear Discriminant
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Analysis (LDA) was set at 3, and the gut microbiota of
the two groups were analyzed from the phylum to species
level. As shown in Fig. 6A, there were 27 microbial taxa
with significantly different abundances between the two
groups; among these, 5 taxa belonged to the group PDN,
and 22 belonged to the group C (LDA >3, P< 0.05). It is
evident that the genus Lactobacillus, the species Lactoba-
cillus-acidophilus, Lactobacillus-paragasseri, limosilacto-
bacillus-oris and Clostridium-disporicum were enriched
in the group PDN. Furthermore, the class Collinsella, the
order Eubacteriales and Pasteurellales, the families Pas-
teurellaceae and Coriobacteriaceae, the genera Ligilacto-
bacillus, Rodentibacter, Anaerobutyricum, Enterococcus
and Faecalicatena, the species Ligilactobacillus-murmus
and Ligilactobacillus-animalis were enriched in the group
C. Further phylogenetic analysis using a cladogram more
comprehensively revealed the specific microbial taxa
associated with the onset of PDN (Fig. 6B).

Analysis of relative abundance and differences

in the biological functions of rat gut microorganisms

To investigate the potential functional differences in the
gut microbiota of two rat groups, we analyzed the data
using the KEGG PATHWAY database, the EggNOG
database, and the CAZy database.

Analysis of the relative abundance of functional annotations
by class

Analysis based on the KEGG PATHWAY database
revealed that the most abundant Level 1 metabolic path-
ways in fecal samples from both rat groups included
Metabolism, Genetic Information Processing, and
Human Diseases (Fig. 7A). The EggNOG (Evolutionary

Genealogy of Genes: Non-supervised Orthologous
Groups) database is a large-scale functional annotation
resource used in bioinformatics research, primarily for
the functional classification and evolutionary analysis
of genes. Analysis using the EggNOG database revealed
that functional classes translation (including ribosome
assembly and protein folding); replication, recombina-
tion, and repair; carbohydrate transport and metabo-
lism; and amino acid transport and metabolism were
found to be more abundant in the rat gut microbiome
(Fig. 7B). Metagenomic analysis based on the CAZy (Car-
bohydrate-Active enZYmes) database showed that the
functional classes of glycoside hydrolases (GHs), glyco-
syltransferases (GTs), and carbohydrate-binding modules
(CBMs) were relatively abundant in the rat fecal microbi-
ome, among the six CAZy functional modules (Fig. 7C).

Analysis of the differences in the relative abundance

of functions

We continued to perform cluster analysis on the top 20
KEGG Orthology terms. At level 1, Cluster analysis indi-
cated that, compared to the group C, the group PDN
exhibited higher clustering in Metabolism, Genetic Infor-
mation Processing, Human Diseases, Cellular Processes,
Environmental Information Processing, and Organismal
Systems (Fig. 8A). The level 2 categories-Carbohydrate
Metabolism, Amino Acid Metabolism, Metabolism of
Cofactors and Vitamins, Energy Metabolism, and Lipid
Metabolism-were significantly higher in the group PDN
compared to the group C (Fig. 8B). At level 3, cluster anal-
ysis showed that the group PDN exhibited higher levels in
D-Alanine Metabolism, D-Glutamine and D-Glutamate
Metabolism, Aminoacyl-tRNA Biosynthesis, Mismatch
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Fig. 7 Histogram of relative abundance of functional annotations on level 1.The results of KEGG, eggNOG, and CAZy are shown in order. A
Histogram of relative abundance of functional annotations in KEGG; B: Histogram of relative abundance of functional annotations in eggNOG; C:
Histogram of relative abundance of functional annotations in CAZy. The vertical axis indicates the relative proportion of annotations to a functional
class; the horizontal axis indicates the sample name; the functional class corresponding to each colour block is shown in the legend on the right



Jia et al. BMC Microbiology (2025) 25:281

Page 14 of 21

1 PDN-01
1
rox2
PDN.03

B
car l’ .
@ 1. ]
-0 ? 03
: C-05 8
F‘f oo M
ron-04 [l Group C FDN-03
Group PDN T 1 voxos
LTI T[T roveos

C
— — -
il [ ] [] col I

a2
cos

i N o

] H cos

I I

| [T

] PoN-04

1 rox0s

Group

Group C
Group PDN

Fig. 8 Functional abundance clustering heat map. A Functional abundance clustering heat map in KEGG (level 1), B is for level 2, C is for level

3; D Functional abundance clustering heat map in eggnog (level 1), E is for level 2; F: Functional abundance clustering heat map in CAZy.
Sample information is shown horizontally; functional annotation information is shown vertically; the clustering tree on the left side of the graph
is the functional clustering tree; the values corresponding to the heat map in the middle are the Z-values obtained from normalising the relative
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Repair, Cell Cycle-Caulobacter, Drug Metabolism—Other
Enzymes, One Carbon Pool by Folate, Peptidoglycan
Biosynthesis, Thiamine Metabolism, Glycolysis/Glu-
coneogenesis, Protein Export, Pantothenate and CoA
Biosynthesis, Homologous Recombination, Vancomy-
cin Resistance, and Lysine Biosynthesis compared to the
group C (Fig. 8C). In metagenomic analysis based on the
eggNOG database, functional classifications were catego-
rized into two levels: level 1 and level 2. From Fig. 8D-E,
we can observe that the microbial functions in the feces
of rats in the group PDN are primarily enriched in the
categories of cellular processes and signaling and metab-
olism. When further refined to more specific functional
subclasses, the feces of rats in the group PDN show higher
levels of Amino Acid Transport and Metabolism, Carbo-
hydrate Transport and Metabolism, Cell Cycle Control,
Cell Division, Chromosome Partitioning, Cell Motility,
and Cell Wall/Membrane/Envelope Biogenesis compared
to the group C. Functional annotation analysis based on
the CAZy database revealed that the relative abundances
of CEs, GTs, and PLs in the fecal microbiota of the group
PDN were significantly higher than those in the group C,
particularly for GHs and CBMs (Fig. 8F). Overall, these
data further confirm that the metabolic characteristics of
the intestinal microbiome in PDN rats have changed.

Discussion

Diabetic neuropathy is a prevalent complication among
patients with diabetes, particularly those with T2DM.
The high incidence of this complication is closely linked

to the age of onset and the underlying pathophysiologi-
cal characteristics of diabetic patients. Previous studies
have demonstrated that a reliable animal model of T2DM
can be induced using a high-fat and high-sugar diet com-
bined with intraperitoneal injections of a low dose of STZ
(25 mg/kg), a method that has been widely adopted in
related research [33]. However, it has been observed that
estrogen can significantly affect blood glucose levels in
female SD rats, leading to fluctuations and even a reduc-
tion in blood glucose following STZ injection [34]. There-
fore, to mitigate this potential confounding factor, our
study selected male SD rats as the experimental model. In
our study, the metabolic changes observed in the group
PDN, including persistent hyperglycemia, weight loss,
and increased food and water consumption, are consist-
ent with the classic symptoms of diabetes. The results
from the IPGTT and ITT revealed that the group PDN
exhibited impaired glycemic control and insulin resist-
ance. This was evidenced by slower glucose clearance and
significant blood glucose fluctuations following insulin
administration, which mirrors the clinical manifestations
of T2DM.

Systematic reviews and meta-analyses have highlighted
that mechanical allodynia and thermal hyperalgesia are
among the most prevalent and easily detectable symp-
toms in PDN. Furthermore, there is strong evidence sup-
porting the link between mechanical allodynia and nerve
damage in diabetes. To assess the extent of peripheral
nerve injury in our model, we employed the Von Frey
filament test and thermal pain apparatus, both of which
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have been commonly used to evaluate these symptoms
in the streptozotocin-induced PDN animal model [35,
36]. Mechanical allodynia, in particular, was a promi-
nent feature in our study, consistent with previous find-
ings [37]. To provide a more comprehensive and precise
behavioral assessment of PDN, we suggest that future
studies incorporate additional methodologies such as the
pinprick test, pressure application measurement test, and
Randall-Selitto test. These techniques would allow for
a finer evaluation of changes in mechanical hyperalge-
sia, thus enriching the behavioral profile of PDN animal
models and enhancing the overall understanding of the
condition.

The observed reduction in MWT and TWL in group
PDN one week after STZ injection suggests the early
onset of pain hypersensitivity. This hyperalgesic state is
consistent with known pathophysiological mechanisms
underlying PDN, which include peripheral nerve fiber
damage, mitochondrial dysfunction, and neuroinflam-
mation [38, 39]. Notably, our results showed significant
upregulation of pro-inflammatory cytokines TNF-«a and
IL-1P in the spinal cord of group PDN. These cytokines
are key mediators of neuroinflammation and play an
essential role in sensitizing nociceptive neurons by
enhancing excitatory synaptic transmission while simul-
taneously reducing inhibitory control in the dorsal horn
of the spinal cord [40]. In addition to the central nerv-
ous system changes, we observed histological evidence of
colonic mucosal damage and inflammatory infiltration in
the group PDN. This finding suggests that the intestinal
barrier function is compromised, which may contribute
to systemic inflammation. Such inflammation could, in
turn, exacerbate neuroinflammatory responses through
the gut-spinal axis, further amplifying pain hypersen-
sitivity. Taken together, these findings suggest that the
pain hypersensitivity observed in PDN rats is not simply
a behavioral phenotype but is deeply intertwined with
inflammation-driven neuropathic processes. This sup-
ports the notion that systemic and central neuroinflam-
mation are pivotal contributors to the pathogenesis of
PDN. Our results align well with previous studies, which
have indicated that hyperglycemia-induced oxidative
stress and peripheral inflammation are significant drivers
in the development of neuropathic pain. These insights
reinforce the importance of targeting inflammation as a
therapeutic approach in managing PDN. [41].

Histological analysis revealed significant structural
damage in the colonic tissue of group PDN, character-
ized by epithelial cell shedding and extensive infiltra-
tion of inflammatory cells. These pathological changes
indicate compromised intestinal barrier integrity,
which may contribute to the development of"leaky gut
syndrome."Concurrently, levels of pro-inflammatory
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cytokines TNF-a and IL-1( were significantly elevated
in the spinal cord of group PDN, further supporting the
hypothesis that dysbiosis of the gut microbiota may dis-
rupt the intestinal barrier, thereby triggering spinal cord
inflammation and exacerbating neuropathic pain. The
spinal cord harbors a unique lymphatic-like clearance
system known as the glymphatic system, which is respon-
sible for the efficient removal of metabolic waste and
inflammatory mediators from the central nervous system
[42]. In our previous study, MRI imaging revealed a signif-
icant reduction in the uptake and clearance of exogenous
contrast agents in the spinal cord of PDN rats, indicating
impaired function of the spinal cord glymphatic system.
Furthermore, we observed a marked increase in the acti-
vation of astrocytes in the spinal cord glymphatic system,
with significant alterations in the expression and distri-
bution of aquaporin-4 (AQP4), which may be a key factor
in the development of pain [43]. Glial cells, as an essen-
tial component of the glymphatic system, play a crucial
role in the onset and progression of PDN. Recent studies
have shown that modulating glial cell activation can help
restore normal pain perception [44]. Based on these find-
ings, we propose that gut microbiota dysbiosis impairs
intestinal barrier function, allowing pro-inflammatory
mediators to enter the systemic circulation and accu-
mulate in the spinal cord, where they provoke localized
inflammatory responses. The excessive accumulation of
these cytokines disrupts the expression and polarity of
AQP4, further impairing glymphatic clearance and lead-
ing to inefficient removal of inflammatory mediators.
This forms a vicious cycle of “inflammation accumula-
tion—clearance impairment—inflammation amplification”.
Notably, anti-inflammatory agents such as ginkgolide B
and liquiritin have been shown to significantly restore the
expression and distribution of AQP4 in the spinal glym-
phatic system of PDN rats. This intervention partially
recovers glymphatic system function and alleviates symp-
toms of neuropathic pain [14, 15]. In addition, astaxan-
thin has also been reported to relieve neuropathic pain
by downregulating NMDA receptor activity and reducing
lipopolysaccharide-induced oxidative stress in glial cells
[45]. These findings suggest that suppressing the produc-
tion of pro-inflammatory mediators and enhancing their
clearance from the CNS may represent an effective thera-
peutic strategy for PDN. In summary, our results reveal
a close association between gut microbiota dysbiosis and
spinal cord inflammation, highlighting the critical role of
the gut-spinal cord axis in the pathogenesis of PDN. This
axis may serve as a promising target for future therapeu-
tic interventions.

The gut microbiota, a crucial component of host
metabolism and the immune system, has attracted sig-
nificant attention in recent years. Numerous studies have
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highlighted the close relationship between the diver-
sity of the gut microbiome and the metabolic health of
the host, especially in the context of metabolic diseases
such as diabetes. [46]. Our microbial diversity analysis
revealed no significant differences in a-diversity indi-
ces between group PDN and group C, suggesting simi-
lar species richness and evenness. However, p-diversity
analysis revealed significant differences in the microbial
community structure, implying that the composition of
the microbiome is altered in the group PDN. This finding
indicates that while overall diversity may remain simi-
lar, the specific makeup of the microbial communities is
distinctly different between the groups. Previous studies
have demonstrated that Bacillota and Bacteroidota domi-
nate the mammalian gut microbiome. In this study, the
gut microbiota composition of group PDN and group C
showed similar distributions of major microbial phyla
including Bacillota, Bacteroidota, Pseudomonadota, and
Actinomycetota. Notably, the Bacillota/Bacteroidota
ratio was lower in the group C (4.317) compared to the
group PDN (19.254), indicating similar microbiota struc-
tural changes following a high-fat and high-sugar diet in
group PDN. Of particular interest, we observed a signifi-
cant decrease in the abundance of Spirochaetota in the
group PDN. This phylum is known for its role in decom-
posing complex carbohydrates and proteins, which aids
in nutrient absorption [47]. The reduced abundance of
Spirochaetota in the group PDN suggests that the high-
fat and high-sugar diet might inhibit the functions of this
phylum, potentially affecting nutrient absorption and
contributing to the pathophysiology of PDN.

Typically, diabetic patients exhibit gut microbial imbal-
ance with an increase in harmful bacteria and a decrease
in beneficial ones [48]. As a key probiotic, Lactobacil-
lus not only maintains the acidic environment of the gut
but also ferments undigested carbohydrates to produce
SCFAs such as acetate, propionate, and butyrate, thereby
promoting the restoration of microbial balance and play-
ing a role in neuroprotection and the alleviation of neu-
roinflammation [49]. Numerous studies have shown that
the abundance of Lactobacillus is significantly reduced
in type 2 diabetes or PDN. Exogenous supplementation
of Lactobacillus or modulation of its abundance through
pharmacological interventions has been found to effec-
tively delay disease progression [50, 51]. Further research
reveals that Lactobacillus not only delays disease pro-
gression by regulating the MMP9 and NOTCHI1 signal-
ing pathways, but also improves the pathology of type 2
diabetes through various mechanisms, including the res-
toration of glucose homeostasis, repair of the intestinal
barrier, and suppression of inflammation and oxidative
stress[52, 53]. Interestingly, in some clinical patients or
animal models, fecal samples from diabetic individuals
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show an increased abundance of Lactobacillus [54, 55].
Moreover, studies have demonstrated that after treat-
ment, the abundance of Lactobacillus in fecal samples of
T2DM rats returns to normal levels [56].

Therefore, the observed increase in Lactobacillus in
group PDN in this study may be considered an adaptive
response to diabetic neuropathy. This inference is sup-
ported by LEfSe analysis, which showed a significant
increase in Lactobacillus, Lactobacillus acidophilus, and
Lactobacillus paracasei in the group PDN.

Collinsella, belonging to the Coriobacteriaceae fam-
ily of the Actinobacteria phylum, is positively correlated
with circulating insulin levels [57]. Accordingly, in pop-
ulations with gestational diabetes and obesity—condi-
tions often characterized by elevated insulin levels—the
abundance of Collinsella is significantly increased [58,
59]. Interestingly, in obese patients with T2DM, weight
reduction accompanied by decreased insulin levels leads
to a corresponding decline in Collinsella abundance [58].
Furthermore, studies have demonstrated that insulin
resistance is also associated with reduced levels of Col-
linsella [60]. In addition to its association with insulin
metabolism, Collinsella abundance is closely linked to
dietary fiber intake and SCFA metabolism [61]. Research
has shown that low dietary fiber intake significantly
increases the abundance of Collinsella in the gut micro-
biota of overweight and obese pregnant women. This
may be due to a shift in the gut microbial community
toward lactate fermentation under low-fiber conditions,
which suppresses the growth of SCFA-producing bac-
teria [57]. In the present study, a reduced abundance of
Collinsella was observed in the gut microbiota of group
PDN. This phenomenon may primarily be attributed to
the severe insulin resistance commonly present in group
PDN. Additionally, group PDN often exhibit lower body
weight, and as the disease progresses to neuropathy,
insulin levels tend to decrease, which may further con-
tribute to the reduced abundance of Collinsella in this
group [62].

In the functional analysis based on the KEGG database,
the group PDN displayed enhanced clustering in multiple
metabolic pathways, particularly in metabolism, genetic
information processing, and human disease categories.
These findings suggest that the gut microbiome of the
group PDN exhibits higher metabolic activity compared
to the group C, which may be directly related to the met-
abolic dysregulation associated with diabetes. Studies
have shown that long-term hyperglycemia and metabolic
disorders can promote functional adjustments in the
gut microbiome to metabolize carbohydrates and other
nutrients more effectively, while potentially accompany-
ing disruptions in intestinal barrier function, increasing
the likelihood of bacterial permeation [63]. Therefore, the
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observed enhancement in metabolic pathways may reflect
the gut microbiome’s adaptive response to the host’s high
glucose environment. Further analysis revealed signifi-
cant enhancements in the group PDN in secondary and
tertiary classifications such as carbohydrate metabolism
and amino acid metabolism, consistent with our spe-
cies difference analysis results. Lactobacillus acidophi-
lus in the group PDN primarily involves carbohydrate
metabolism, capable of producing lactic acid by ferment-
ing lactose and other simple sugars [64]. Additionally, L.
acidophilus can act synergistically with other probiotics
like Lactobacillus plantarum, Lactobacillus delbrueckii,
Lactobacillus acidophilus, Lactobacillus rhamnosus,
and Bifidobacterium bifidum, playing an analgesic role
by reducing cellular oxidative damage [65]. Lactobacil-
lus paragasseri, a new species derived from Lactobacillus
gasseri, primarily participates in the metabolism of lac-
tose and other carbohydrates, influencing intestinal pH
and the microbial environment through fermentation,
exerting potential anti-anxiety and antidepressant effects
[66]. With advances in taxonomy and DNA sequencing
technologies, Limosilactobacillus oris has been found
to influence intestinal development by modulating the
gut microbial community [67]. Clostridium disporicum
can ferment a variety of carbohydrates, potentially pro-
ducing butyrate and other volatile fatty acids during this
process [68]. Lastly, in the analyses of the EggNOG and
CAZy databases, the group PDN showed an increase in
the abundance of functional groups related to transla-
tion, replication and repair, carbohydrate transport and
metabolism, and amino acid transport and metabolism,
with significant increases in the relative abundance of
glycosyl hydrolases, glycosyltransferases, and carbohy-
drate-binding modules. These results further support the
enhanced capability of the gut microbiome in adapting to
a high-sugar environment in the degradation and utiliza-
tion of carbohydrates and amino acids. These functional
changes may also contribute to the inflammatory milieu
observed in group PDN, further linking microbial dys-
biosis to neuropathic pain.

Currently, the mechanisms by which gut microbiota
influence the onset and progression of PDN remain
incompletely understood. Dysbiosis of the gut microbiota
often leads to increased intestinal permeability, com-
monly referred to as'leaky gut."This condition permits
bacterial endotoxins such as lipopolysaccharide and other
inflammatory mediators to enter the bloodstream, trig-
gering systemic inflammatory responses [69]. In diabetic
patients, persistent hyperglycemia activates the immune
system and induces chronic inflammation, which is
closely associated with neural damage [70]. For instance,
proinflammatory cytokines such as TNF-a, IL-1p, and
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IL-6 can promote neuronal apoptosis and inhibit axonal
regeneration, thereby exacerbating pain perception [71].
Moreover, following peripheral nerve injury, the expres-
sion of the Kcna2 gene is downregulated, leading to
reduced voltage-gated potassium currents and increased
neuronal excitability, which contribute to the develop-
ment of neuropathic pain. These represent potential
pathophysiological mechanisms underlying PDN [72].
Secondly, SCFAs, metabolic products generated by the
gut microbiota through the fermentation of dietary fib-
ers, mainly include acetate, propionate, and butyrate.
SCFAs can inhibit inflammatory responses by activat-
ing G-protein-coupled receptors, such as GPR41 and
GPR43 [73], and alleviate inflammation induced by dia-
betes by reducing the release of inflammatory factors
from macrophages and other immune cells, thereby pro-
tecting neurons [74]. Notably, targeting G protein-cou-
pled receptors not only reduces the excessive activation
of primary neurons, effectively relieving pain, but also
avoids adverse effects on the central nervous system[75].
Additionally, SCFAs regulate pain perception by modu-
lating the sensitivity of nociceptive neurons and affect-
ing the activation and polarization of microglia [76, 77].
Butyrate, in particular, has been recognized to promote
the synthesis of neurotrophic factors, such as brain-
derived neurotrophic factor, supporting neuronal sur-
vival and regeneration, and improving neural function
[78]. Lastly, the gut-brain axis describes the bidirectional
communication pathway between the gut and the central
nervous system, involving interactions among the neural,
endocrine, and immune systems. Via the vagus nerve in
the gut directly connected to the brain, intestinal infor-
mation can be directly transmitted to the central nerv-
ous system. This neural connection plays a significant
role in regulating emotions, pain, and immune responses
[79, 80]. The dysbiosis of the gut microbiota under dia-
betic conditions leads to the activation of macrophages
and lymphocytes, which are increasingly recognized for
their roles in neural damage and pain perception [81, 82].
These findings further support the concept of the gut
microbiota as a potential therapeutic target for diabetic
neuropathy, possibly through the regulation of the micro-
bial community to alleviate related symptoms.
Regulating the gut microbiota presents potential pros-
pects for the prevention and treatment of PDN. Future
research should focus on how interventions in the gut
microbiota can influence the progression of PDN and its
underlying mechanisms. Existing experimental studies
have demonstrated the potential to reduce inflammation
and [-cell death in type 2 diabetes induced by strepto-
zotocin through the administration of various probiot-
ics or prebiotics to animal models [83, 84]. Furthermore,
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therapeutic approaches combining pharmacological
treatments with interventions in the gut microbiome
have shown superior effects in diabetic rats [85, 86]. Pro-
biotics, as non-pharmacological interventions, are par-
ticularly noted for their excellent safety profile and broad
adaptability. Thus, assessing the effects of different pro-
biotics in conjunction with pharmacological treatments
on the improvement of PDN symptoms, exploring the
associations between changes in gut microbiota diversity
and pain perception, inflammatory responses, and neu-
ral function recovery, constitutes an important research
direction. Additionally, diet significantly affects the com-
position and function of the gut microbiota. Studies have
shown that optimizing dietary structure, such as increas-
ing dietary fiber intake and reducing the consumption
of high-fat foods, can promote the growth of beneficial
bacteria, thereby improving the gut microbial balance
[87, 88]. Dietary patterns rich in antioxidants, such as the
Mediterranean diet, may offer protective effects against
neuropathy in diabetic patients [89]. Therefore, future
research should focus on the impact of different dietary
patterns on diabetic neuropathy and explore suitable die-
tary intervention strategies for diabetic patients. A com-
prehensive treatment strategy combining probiotics and
dietary interventions may provide an effective method to
combat diabetic neuropathy.

The design of this experiment has several limitations.
Firstly, although the experiment initially included 25 rats,
only 10 (group C: 5, group PDN: 5) provided data for
analysis. This limited sample size may reduce the power
of statistical analyses, decrease the ability to detect subtle
effects or differences, and could increase the risk of false
negatives or false positives, thereby affecting the accurate
interpretation of the relationship between changes in the
gut microbiota and PDN. While the sample size in this
study is relatively small, we took several steps to ensure
the robustness of our results. First, we employed rigor-
ous experimental protocols and utilized appropriate sta-
tistical methods to minimize the impact of the limited
sample size. Furthermore, to minimize statistical bias
arising from the sample size, we strictly controlled the
experimental procedures. All animals were kept in the
same environment, fed with the same diet, and all pro-
cedures were performed by a trained and experienced
personnel. Additionally, non-parametric statistical tests
and multiple comparison corrections (such as FDR) were
applied in the data analysis to ensure the reliability of the
statistical inferences. Secondly, the observation period
was 15 weeks, which, while possibly sufficient to observe
some chronic effects of PDN, is inadequate to capture the
dynamic changes in insulin levels or the gut microbiome
over time for such a chronic disease. Therefore, extending
the observation period could better aid in understanding
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the interactions between the gut microbiome and PDN
over time. Third, the standard SD rat model used in the
study may not fully simulate the complex pathophysi-
ological characteristics of human diabetes patients, thus
potentially limiting the translatability of the results from
this model to humans. Finally, the different dietary regi-
mens used during the modeling phase for the group C
and the group PDN (standard diet vs. high-fat, high-sugar
diet) might influence the composition of the gut microbi-
ome. Although all rats were switched to a standard diet
after the successful establishment of the PDN, the dietary
differences in the earlier stages could still directly affect
the microbiome composition, potentially confounding
the assessment of the PDN group’s impact on the micro-
biome. Furthermore, while we monitored the food intake
of the rats during the early stages and balanced the food
intake between the two groups based on the monitoring
results, no dynamic monitoring was conducted in the
later stages to adjust food intake, which could still influ-
ence the experimental outcomes.

To address the limitations highlighted in this study,
future research should consider several improvements.
First, increasing the sample size will enhance statistical
power and provide more reliable results. Extending the
observation period will also allow for a more thorough
understanding of the long-term effects of PDN on gut
microbiota and metabolic changes. To improve the rel-
evance to human disease, future studies could explore
alternative animal models that more closely mimic the
pathophysiology of human diabetic neuropathy, such
as transgenic rats. Additionally, standardizing the die-
tary regimens across the entire experimental period
and continuously monitoring food intake, body weight,
and metabolic markers will help control for confound-
ing factors. Finally, adopting multi-omics approaches,
including metagenomics, metabolomics, and proteom-
ics, will provide deeper insights into the complex inter-
actions between gut microbiota and PDN, facilitating a
better understanding of the underlying mechanisms and
informing the development of more effective therapeutic
strategies.

Conclusions

In summary, this study reveals significant alterations
in the intestinal microbiota of PDN rats, accompa-
nied by compromised intestinal barrier function and
elevated inflammation. These findings highlight the
critical role of gut dysbiosis in PDN pathogenesis and
suggest that restoring microbial homeostasis may
represent a promising approach for managing PDN.
Further studies are warranted to explore the underly-
ing mechanisms and therapeutic potential of the gut
microbiome in diabetic.
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Abbreviations

T2DM Type 2 diabetes mellitus

PDN Painful diabetic neuropathy

SCFAs Short-chain fatty acids

STZ Streptozotocin

IPGTT Intraperitoneal glucose tolerance test

mT Insulin tolerance test

MWT Mechanical withdrawal threshold

TWL Thermal withdrawal latency

HE Hematoxylin—eosin

PCoA Principal coordinates analysis

NMDS Non-metric multidimensional scaling

LEfSe Linear Discriminant Analysis Effect Size

LDA Linear Discriminant Analysis

EggNOG  Evolutionary Genealogy of Genes: Non-supervised Orthologous
Groups

CAZy Carbohydrate-Active enZYmes

GHs Glycoside hydrolases

GTs Glycosyltransferases

CBMs Carbohydrate-binding modules
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