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Purpose: Paclitaxel-induced peripheral neuropathy (PIPN) constitutes a refractory and progressive adverse consequence of paclitaxel
treatment, causing pain and sensory anomalies in cancer survivors. Although the gut-brain axis is involved in multiple disorders
including cancer, its impact on peripheral pain conditions remains elusive. Thus, we assessed the importance of gut microbiota and
related mechanisms in PIPN.

Methods: By implementing fecal microbiota transplantation (FMT) in a rat PIPN model (ie, rats treated with paclitaxel; hereafter as
PIPN rats), we explored the effect of gut microbiota on PIPN rats using multiple methods, including different behavioral tests, 16S
ribosomal DNA (rDNA) sequencing, and biochemical techniques.

Results: Sequencing of 16S rDNA revealed that the abundance of genera Bacteroides and UCG-005 increased, while that of genera
Turicibacter, Clostridium sensu stricto 1 and Corynebacterium decreased in the PIPN rats. However, when treated with FMT using
fecal from normal rats, the mechanical allodynia and thermal hyperalgesia in PIPN rats were significantly alleviated. In addition, FMT
treatment reduced the expression of toll-like receptor 4 (TLR4), phospho-p38 mitogen-activated protein kinase (p-p38MAPK), and the
astrocytic marker glial fibrillary acidic protein in the colon and spinal dorsal horn. TAK242 (a TLR4 inhibitor) significantly alleviated
the behavioral hypersensitivity of PIPN rats and inhibited the TLR4/p38MAPK pathway in astrocytes in these rats.

Conclusion: The gut microbiota played a critical role in PIPN. Future therapies treating PIPN should consider microbe-based
treatment as an option.
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Introduction
Chemotherapeutic drugs, such as paclitaxel, are widely used in treating patients with tumors,' such as breast cancer,” ovarian
cancer,™ and lung cancer.® However, these drugs can cause adverse consequences, including chemotherapy-induced
peripheral neuropathy (specifically, for paclitaxel, it is known as paclitaxel-induced peripheral neuropathy (PIPN)). PIPN
occurs in about 97% of patients receiving paclitaxel treatment, significantly affecting these patients’ quality of life.” The main
symptoms include pain, numbness, paresthesia and hypersensitivity to mechanical or cold stimuli.® The underlying mechan-
isms regulating PIPN remain elusive, but inflammatory cytokines are presumably involved in the pathogeny of this adverse
event.” Nowadays, PIPN remains a challenge for patients receiving chemotherapy.

Toll-like receptor 4 (TLR4) regulates pain chronification.'®'" The activity of TLR4 combined with mitogen-activated
protein kinases (MAPKSs) has been previously documented in PIPN.'* During the initiation and progression of PIPN,
TLR4 was activated in the astrocytes of the spinal cord.'® This activation further triggers the release of interleukin-1p

(IL-1B) and tumor necrosis factor-alpha (TNF-a), among others, which can sensitize nociceptive neurons and trigger
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neurogenic inflammation.'* Similarly, the activation of astrocytes can contribute to neuroinflammation and central
sensitization in PIPN.">'” Thus, the pathophysiology of PIPN likely involves astrocytes, TLR4, and downstream
MAPKs.

Gut microbiota represents the diversified microorganisms residing within an individual’s gastrointestinal tract.'®'’

The gut-brain axis defines a bidirectional cross-talk between the gut bacterial community and brain through a network of

21,22

signaling systems involved in host physiology,*° metabolism and neurodegenerative disorders.>>** An interruption in

the balance of the microbiota can lead to dysbiosis, affecting the onset and progression of several pathologies, eg,

27,28 29,30

inflammatory bowel disease,? irritable bowel syndrome,*® neuropsychiatric disorders, and other pain conditions.

A large number of PIPN events linked with gut microbiota dysbiosis were observed in recent years.>'~* For instance, in
Parkinson’s disease, fecal microbiota transplantation (FTM) reduced dysbiosis and astrocytes activation in the brain.****
However, currently, no clear evidence indicates an essential function of gut microbiota, astrocytes, and the TLR4
pathway in PIPN. Thus, we performed multiple experiments aimed at investigating the gut microbiota and corresponding

regulating mechanisms in rat PIPN.

Materials and Methods

Experimental Rats

Adult male Sprague-Dawley rats, purchased from Slack Laboratory Animal Co. (Shanghai, China), were randomly housed
in ventilated cages (maximum 3 in each cage) under a 12/12 light-dark cycle, with standard food and water. Temperature
was controlled at 22 + 1°C, while humidity was set at 65-75%. Before being used for experiments, acclimatization to the
surrounding environment was allowed for five days. The study was conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and was approved by the Institutional Animal Care and Use
Ethical Committee of Zhejiang Chinese Medical University (batch number 20191028—-06). During the study, investigators
were blinded to experimental administrations.

Paclitaxel-Induced Peripheral Neuropathy (PIPN) Rat Model

Paclitaxel (Bristol-Myers Squibb, Princeton, NJ) was diluted with 0.9% saline and administered intraperitoneally every
other day (2 mg-kg ' each time for 4 injections in total) to establish the PIPN model, as described in previous
reports.'' ¢ Rats in the Vehicle group were similarly injected with an equal volume of the Vehicle containing
a polyoxyethylene castor oil derivative (Cremophor EL) and ethanol diluted in 0.9% saline. Rats were carefully observed
for any abnormal spontaneous behaviors during treatment.

Antibiotic Treatment

Based on previous reports,’’*®

rats were given broad-spectrum antibiotics (Abx), ie, a mixture of vancomycin (0.5
g-L™"), ampicillin (1.0 g-L™"), metronidazole (1.0 g-L™"), and neomycin (1.0 g-L™"). Antibiotics with sucralose (3 g-L ")
were administered starting seven days before paclitaxel administration and continued throughout the experimental period.
When necessary, oral antibiotics were administered by gastric gavage. All antibiotics were provided by Solarbio Science

and Technology Co., Ltd. (Beijing, China).

Fecal Microbiota Transplantation (FMT) Treatment

Fresh fecal samples were collected from rats in the Vehicle using sterile tubes. The samples were immediately frozen in
liquid nitrogen and stored at —80°C. After pooling the samples, a total of 10 g feces were diluted, soaked, and shaken in
10 mL sterile phosphate-buffered saline solution (ie, 10 g fecal pellets/10 mL PBS) for ~15 minutes (min), and spun at
1000 rpm at 4°C for 5 min. Then, supernatant was collected and further spun at 8000 rpm at 4°C for 5 min. The pellet (ie,
bacteria collected from the feces) was then resuspended in PBS and filtered twice, and then deposited at —80°C until
transplantation. When used, recipient rats were orally administered the prepared bacteria suspension (2 mL) daily for 23
days.
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Intrathecal Injection of Drugs

Intrathecal injections were performed following a previous description.>> In brief, the experimental animals were lightly
anesthetized and a 25-gauge needle (attached to a 25-ulL Hamilton syringe) was inserted in the L4-L5 intervertebral space. An
observed tail-flick response indicated that the intrathecal injection succeeded. The needle stayed in place for more than 15 seconds
(s) to ensure drug delivery. One day before establishing the rat PIPN model, either astrocytic inhibitor fluorocitrate (10 nmol/10
uL, Sigma-Aldrich, United States), lipopolysaccharide (LPS) (20 pug/10 uL, Beyotime Biotechnology Co., Ltd., China), TLR4
inhibitor TAK242 (20 pg/10 pL, Sigma-Aldrich, United States), p38 inhibitor SB203580 (20 pg/10 pL, Sigma-Aldrich, United

States), or sterile saline (10 pL) were injected intrathecally. Drug doses were used based on previous reports.'>3*#!

Behavioral Tests

Mechanical Withdrawal Threshold Measurements (MWTs)

Mechanical withdrawal threshold measurements (MWTs) were measured with the SLY-HFM hand-held dynamometer
(Beijing Shuolinyuan Technology Co., Ltd., China). When measuring, each rat was positioned in a transparent chamber
with a wire mesh floor and allowed to acclimate to the surrounding environment for at least half an hour. The hand-held
dynamometer measuring pressure pain thresholds was used to simulate the rat for 1-2 s with an interval of 30s. The
stimulation procedure was repeated 5 times. The average value was defined as MWT. The pain measuring device
automatically recorded the pressure value related to the mechanical stimulus in grams. Rapid paw withdrawal, flinching,
or licking were considered positive responses.

Thermal Withdrawal Latency Measurements (TWLs)

Thermal withdrawal latency measurements (TWLs) were assessed by radiant heat stimulation (Chengdu Tai Meng
Software Co., Ltd., China). Rats were put in transparent chambers with a glass floor and acclimated to the environment
for at least half an hour. Then, we applied a radiant thermal stimulus to the hind paw at the plantar surface from beneath
the floor. The interval between light onset and paw lift was recorded and defined as TWL. Stimulation was repeated five
times with at least 5 min of rest. Due to considerable variability in the first two measurements, the average TWL of the
last three measurements was used as a threshold for thermal-evoked pain.

Western Blotting

Rats were sacrificed under deep anesthesia; the colon tissues were promptly harvested and subjected to protein extraction
using RIPA buffer and lysed. After centrifuging at 1500 relative centrifugal force (RCF) (15 min at 4°C). The
concentration was determined using the BCA kit (Beyotime, China), and the rest of supernatant was stored at —80°C.
Proteins were separated via 10% SDS-PAGE (Genshare Biology, China) and transferred to PVDF membranes (Millipore,
Burlington, MA, United States), which were blocked in 5% non-fat milk, and incubated at 4°C overnight with either
rabbit anti-TLR4 (1:1000, CST), rabbit anti-p38 (1:1000, CST), rabbit anti-pro-p38 (1:1000, CST), or mouse anti-
GAPDH (1:1000, Zhongshan Golden Bridge Biotechnology) primary antibodies. The next day, the membranes were
incubated with the secondary antibodies (ie, horseradish peroxidase-conjugated anti-mouse or rabbit secondary anti-
bodies (1:5000 for both, Jackson ImmunoResearch, USA)). The visualization was via the Clarity Western ECL Substrate
(EMD Millipore) and the quantification of band intensities was via the Fiji ImageJ software.

Immunohistochemistry

The anesthetized rats were transcranially perfused with PBS and 4% neutral buffered paraformaldehyde. Subsequently, the colon
and spinal cord (L3-L5 region) tissues were excised, immersed in 4% neutral buffered paraformaldehyde and dewatered in
sucrose solution (30%, diluted in water) at 4°C for two days.** After embedding, tissues were sectioned serially (thickness: 5 pwm)
using cryostat (Leica, SQ2125). The slices were then deparaffinized, incubated with 3% H,O, (10 min), washed with PBS (3 times
for 3 min each), and incubated with 5% bovine serum albumin (BSA) at 25°C for half an hour.*® Primary antibodies targeting
GFAP (1:100, CST) were applied to stain the sections, which were incubated at 25°C for one hour. After washing the slices with
PBS 3 times for 3 min each, they were incubated with the secondary antibody (polymerized horseradish peroxidase-conjugated
goat anti-rabbit IgG (Boster Company, Wuhan, China) for half an hour at 25°C and subsequently washed again with PBS 3 times
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for 3 min each. All slides were exposed to DAB (Vector Labs) and counterstained with hematoxylin. Fluorescence intensity
scoring was utilized to assess reactivity by determining the percentage of positively stained cells in images at 200x magnification
captured from the left and right dorsal horn regions. The values obtained for the left and right dorsal horn were averaged for each
spinal cord slice, and three slices were randomly analyzed for each group.

|6S rDNA Sequencing

Upon completing the experiments, defecated stools were gathered from each group. The fecal microbial analysis was
conducted utilizing the 16S rDNA sequencing method. Specifically, the extracted genomic DNA was amplified by PCR,
with the amplified products being quantified utilizing the QuantiFluor-ST quantification system (Promega, United States).
MiSeq library was prepared and sequenced through the TruSeq DNA Sample Prep Kit (Illumina, USA). The raw reads were
quality-controlled using Trimmomatic software package. Amplicon sequence variants (ASVs) were obtained and community
composition and species differences were analyzed. The a-diversity analysis was examined to measure the microbial diversity
indices. The B-diversity analysis was examined to measure how different samples varied in terms of species complexity.

Enzyme-Linked Immunosorbent Assay
Rat IL-1p and TNF-a ELISA kits were obtained from Solarbio Science and Technology Co., Ltd. (Beijing, China). All
experimental protocols adhered to the manufacturer’s instructions.

Experimental Groups and Treatments
As shown in Figure 1, we performed three experiments.
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Figure | Experimental designs and animal groups. (A) Experimental design showing the administration of paclitaxel, transplanted fecal microbiota, and broad-spectrum
antibiotics. (B) The first experiment investigated the effects of broad-spectrum antibiotics and transplanted fecal microbiota on mechanical allodynia and thermal
hyperalgesia in PIPN rats. The second experiment investigated the effects of the astrocytic inhibitor fluorocitrate on mechanical allodynia and thermal hyperalgesia in
PIPN rats. The third experiment investigated the effects of the TLR4 inhibitor (TAK242) and the p38 inhibitor (SB203580) on mechanical allodynia, thermal hyperalgesia, and
astrocyte activity in PIPN rats.

Abbreviations: Abx, antibiotics; FC, fluorocitrate; FMT, fecal microbiota transplantation; LPS, lipopolysaccharide; MWT, mechanical withdrawal threshold measurements;
PIPN, paclitaxel-induced peripheral neuropathy; PTX, paclitaxel; TWL, thermal withdrawal latency measurements.
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First Experiment: Gut Microbiota Studies

To confirm whether gut microbiota dysbiosis is essential for promoting PIPN, 24 male rats were assigned to the Vehicle
(intraperitoneal saline, n = 6) and PIPN (intraperitoneal paclitaxel, n = 18) groups randomly. Briefly, rats treated with
paclitaxel (PTX) were randomly divided into three subgroups: the first subgroup received regular water (PTX, n = 6),
the second subgroup received broad-spectrum antibiotics (PTX + Abx, n = 6), and the third group received the FMT from
Vehicle rats (PTX + FMT, n = 6). MWTs and TWLs of rats were measured one day before paclitaxel administration and
at Days 7, 14 and 21 following paclitaxel dosing. The colon and fecal samples were extracted at Day 23 and used for
subsequent Western blotting, immunohistochemical staining, and 16S rDNA sequencing analysis.

Second Experiment: Investigation of Astrocyte Involvement

To confirm whether activated astrocytes are essential for the development of PIPN, we intrathecally administered the
astrocytic inhibitor fluorocitrate in rats previously treated with paclitaxel. Specifically, we evaluated the behavioral
changes and astrocyte activity in 15 male rats that were randomly assigned to the Vehicle (n = 3) and PIPN (n = 12)
groups. Briefly, rats treated with paclitaxel were randomly divided into four subgroups: the first subgroup received
intrathecal sterile saline (PTX group, n = 3), the second subgroup received fluorocitrate (PTX + FC group, n = 3), the
third subgroup received fluorocitrate and broad-spectrum antibiotics (PTX + FC + Abx group, n = 3) and the fourth
subgroup received fluorocitrate and FMT (PTX + FC + FMT group, n = 3). MWTs and TWLs were measured one day
before paclitaxel dosing and at Days 7, 14 and 21 after paclitaxel dosing. The L3-L5 spinal region and spinal dorsal horn
tissues were excised at Day 23 and used for subsequent immunohistochemical staining.

Third Experiment: Activation of the TLR4/p38 Pathway

To confirm whether activation of TLR4/p38 pathway is necessary to promote PIPN, we assigned 30 male rats to the
Vehicle (n = 6) and PIPN (n = 24) groups randomly. Further, rats treated with paclitaxel were randomly divided into four
subgroups (n = 6 each), ie, the PTX, PTX + LPS, PTX + TAK242, and PTX + SB203580 groups (hereafter, the Vehicle
group is abbreviated as Vehicle, and the four subgroups are abbreviated as follows: PTX, PTX + LPS, PTX + TAK242,
PTX + SB203580). The four subgroups were given intrathecal sterile saline, LPS, TLR4 inhibitor, and p38 inhibitor,
respectively. Of note, the Vehicle group was administered intrathecal injections of sterile saline. MWTs and TWLs were
measured one day before paclitaxel dosing and at Days 7, 14, and 21 after paclitaxel dosing. The L3-L5 spinal region and
spinal dorsal horn tissues were excised at Day 23 and used for subsequent Western blotting and immunohistochemical
staining.

Statistical Analysis

Investigators who were unaware of the study design analyzed all the data. Data were presented as mean+ standard
deviation (SD). Statistical power was evaluated using SPSS software (version 25) while GraphPad Prism 8.0 software
was employed for graph drawing. One-way or two-way analysis of variance (ANOVA) with a post-hoc Bonferroni test
was used to determine the difference between groups. The Spearman correlation analysis was used to reveal the potential
links between the microbiota and behavioral hypersensitivity. In all cases, significance was defined as p value < 0.05.

Results
Fecal Microbiota Transplantation (FMT) Alleviated Mechanical Allodynia and Thermal
Hyperalgesia in Paclitaxel-Induced Peripheral Neuropathy (PIPN) Rats

Rats were treated with paclitaxel (intraperitoneal injection, 2 mg-kg ') at Days 1, 3, 5 and 7. Compared with the Vehicle,
PIPN rats showed peripheral neuropathy characterized by a marked reduction in MWTs and TWLs (p < 0.001, Figure 2A
and B) in the hind paw, indicating that intraperitoneal injections of paclitaxel can induce mechanical allodynia and
thermal hyperalgesia in rats. Seven days after acclimatization, fecal microbiota from Vehicle rats was transplanted in
PIPN rats for 23 consecutive days, and the MWTs and TWLs were investigated at the baseline and at Days 7, 14 and 21.
As shown in Figure 2A and B, FMT attenuated paclitaxel-induced mechanical allodynia and thermal hyperalgesia
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Figure 2 FMT alleviated mechanical allodynia and thermal hyperalgesia and suppressed the activation of the paclitaxel-induced pathways and astrocytes in PIPN rats. (A) The
effects on mechanical allodynia in rats (Group * Time interaction: Fogo = 62.54, p < 0.0001) (n = 6 rats per group). (B) The effects on thermal hyperalgesia in rats (Group
Time interaction: Fggo = 32.30, p < 0.0001) (n = 6 rats per group). (C and D) Western blotting bands and analysis of TLR4, p-38, and p-p38 in the colon. F3, = 19.57 for
TLR4, F3,, = 1.35 for p38, F3 2 = 10.56 for p-p38. This experiment was repeated independently 4 times. (E) Photomicrographs representing glial fibrillary acidic protein
immunoreactivity in each group. Scale bar = 200 um. (F) Glial fibrillary acidic protein score. This experiment was independently repeated 3 times. Statistical comparison was
performed by using two-way ANOVA followed by Bonferroni post-hoc test. Data are represented as mean * standard deviation (SD). *p < 0.05, **p < 0.01 and ***p < 0.001
vs the Vehicle; #p < 0.05, ™p < 0.01 and ™ p < 0.001 vs the PTX; " p < 0.01 compared with the PTX + Abx.

Abbreviations: Abx, antibiotics; FMT, fecal microbiota transplantation; GFAP, glial fibrillary acidic protein; PTX, paclitaxel.
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significantly compared with the PTX (p < 0.001 for both), although not completely reverting them compared with the
Vehicle (p < 0.001 for both). No differences were found between the PTX and PTX + Abx. In contrast, we found that
FMT from the Vehicle rats significantly alleviated mechanical allodynia and thermal hyperalgesia in PIPN rats.

Fecal Microbiota Transplantation (FMT) Suppressed the Activation of the
Paclitaxel-Induced Pathways and Astrocytes in Paclitaxel-Induced Peripheral

Neuropathy (PIPN) Rats

To explore the molecular mechanisms of FMT functioning in PIPN rats, we characterized TLR4 and p38MAPK
expression in colon tissues by Western blotting. The result indicated that paclitaxel administration significantly upregu-
lated TLR4 and p-p38MAPK in the colon tissue (p < 0.05) (Figure 2C and D) in comparison with the Vehicle. TLR4 and
p-p38MAPK were also highly expressed in the colon of the PIPN rats in the PTX + Abx. Compared with PIPN rats,
Bonferroni post-hoc test indicated that FMT markedly inhibited TLR4 (p < 0.01) and p-p38MAPK (p < 0.05) expression,
showing no difference with respect to the Vehicle. To verify whether gut microbiota participated in astrocyte activation in
PIPN rats, we investigated GFAP in the colon by immunohistochemistry. Paclitaxel significantly upregulated GFAP
expression (p < 0.05) (Figure 2E and F) in comparison with the Vehicle, similar to the result observed in the PTX + Abx
(» <0.01) in comparison with the Vehicle. FMT significantly reduced GFAP expression in the PTX + FMT in comparison
with the PTX (p < 0.05) and the PTX + Abx (p < 0.01), suggesting that FMT from Vehicle rats suppressed the activation
of astrocytes involved in paclitaxel-induced peripheral neuropathy.

Effects of Paclitaxel Administration on Gut Microbiota Diversity

Chemotherapy-induced neuroinflammation can disrupt the homeostasis of the colon in rodents.**** Thus, we evaluated altera-
tions in the gut microbiota composition among groups using the 16S rDNA gene sequencing. The Shannon index is a common
way to measure the microbial diversity of a bacterial sample. Analysis of the a-diversity showed a significant decrease of diversity
in the PTX in comparison with that in the Vehicle (p < 0.05) (Figure 3A); similarly, the diversity also decreased in the PTX + Abx
in comparison with the Vehicle (p <0.01) and the PTX (p <0.001) (Figure 3A). While FMT reverted these effects similarly to the
Vehicle. The Principal Coordinated Analysis (PCoA) is deployed to depict the relatedness of bacterial communities from different
samples.*® As shown in Figure 3B, principal component 1 (PC-1) and PC-2 explained 35.42% and 19.25% of the variance,
respectively. Microbial differences were evident among the four groups, suggesting that the distribution of bacteria differed
among the four groups. To further evaluate the variation of gut microbiota among groups, we selected the species with relatively
high abundance in the colon (Figure 3C). The abundance of Bacteroides and UCG-005 was elevated in the PTX compared to the
Vehicle (Figure 3D and E). Conversely, the abundance of Turicibacter, Clostridium_sensu_stricto 1 and Corynebacterium
decreased in the PTX compared with the Vehicle (Figure 3F-H). Broad-spectrum antibiotics improved the quantity of
Romboutsia, Corynebacterium and Allobaculum in PIPN rats, while decreased the abundance of norank f Muribaculaceae
(Figure 3H-K). The relative abundance of Lactobacillus, unclassified_f Lachnospiraceae, Roseburia, and Eubacterium was not
different among groups (Figure 3L-O). Spearman correlation analysis clarified that the percentages of Turicibacter,
Clostridium_sensu_stricto I and Corynebacterium were negatively associated with MWTs (R-value = 1.000, p < 0.001) and
TWLs (R-value = 0.986, p <0.001) in the PTX. The abundance of Bacteroides was positively associated with MWTs (R-value =
1.000, p < 0.001) and TWLs (R-value = 0.986, p < 0.001) in the PTX. Similarly, the abundance of UCG-005 was positively
associated with MWTs (R-value = 0.986, p < 0.001) and TWLs (R-value = 0.956, p = 0.003) in the PTX.

Fluorocitrate Alleviated Mechanical Allodynia and Thermal Hyperalgesia in
Paclitaxel-Induced Peripheral Neuropathy (PIPN) Rats

The astrocyte inhibitor fluorocitrate (FC, 10 nmol, 10 pL) was intrathecally injected one day before paclitaxel administration. We
analyzed MWTs and TWLs at Days 0, 7, 14, and 21 in the following groups in the second experiment: Vehicle, PTX, PTX + FC,
PTX + Abx +FC, and PTX + FMT + FC. At Day 21, MWTs (p <0.001) and TWLs (p <0.05) significantly increased in the PTX +
FC in comparison with those in the PTX (Figure 4A and B). At Days 14 and 21, MWTs were increased (p < 0.05) in the PTX +
FMT + FC in comparison with the PTX + FC, while MWTs were still lower in the PTX + FMT + FC than in the Vehicle (p <0.01).
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using the Principal Coordinated Analysis (PCoA) was used to analyze the gut microbiota in different groups. (C) Based on the quantitative data, the relative abundance of gut
microbiota was displayed in a stacked bar plot. (D) Genus Bacteroides (F3 50 = 6.037, p = 0.0042). (E) Genus UCG-005 (F3 50 = 3.554, p = 0.0328). (F) Genus Turicibacter (F3 20
=67.14, p < 0.0001). (G) Genus Clostridium_sensu_stricto_| (F3 20 = 47.12, p < 0.0001). (H) Genus Corynebacterium (F3,o = 8.395, P = 0.0008). (I) Genus Romboutsia (F3 20 =
8.290, p = 0.0009). (J) Genus Allobaculum (F; 50 = 6.257, p = 0.0036). (K) Genus norank_fMuribaculaceae (F30 = 11.66, p = 0.0001). (L) Genus Lactobacillus (F3 50 = 0.9852,
p = 0.4197). (M) Genus unclassified_f_Lachnospiraceae (F320 = 2.2, p = 0.12). (N) Genus Roseburia (F330 = 1.247, P = 0.3191). (O) Genus Eubacterium (F30 = 1.648, p =
0.2102). * p < 0.05, ** p < 0.0 and ***p < 0.001 compared with the Vehicle group. #p < 0.05, *p < 0.01 and *#p < 0.001 compared with the PTX group. NS, not significant
compared with the vehicle group. Data are expressed as mean * standard deviation (SD), with n = 6 rats per group.

Abbreviations: Al, Vehicle group; A2, PTX group; A3, PTX + Abx group; A4, PTX + FMT group; Abx, antibiotics; FMT, fecal microbiota transplantation; PTX, paclitaxel.
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TWLs were decreased (p < 0.05) in the PTX + FC compared to the Vehicle. However, TWLs were not different between the PTX
+FMT + FC and Vehicle (p = 0.062). Fluorocitrate has been shown to reduce mechanical allodynia and thermal hyperalgesia in
rats with peripheral neuropathy-induced pain. When combined with FMT, the effect was enhanced but not completely reversed. In
the lumbar spinal dorsal horn GFAP were upregulated in the PTX in comparison with the Vehicle, PTX + FC, PTX + Abx + FC
and PTX + FMT + FC (Figure 4C and D). The GFAP expression level was not different among the Vehicle, PTX + FC and PTX +
FMT + FC.

Inhibition of TLR4/p38MAPK Alleviated Mechanical Allodynia and Thermal
Hyperalgesia and Suppressed Astrocyte Activation in Paclitaxel-Induced Peripheral
Neuropathy (PIPN) Rats

To test whether the TLR4/p38MAPK pathway could modulate astrocyte activation in PIPN rats, we intrathecally injected single
doses of LPS (a TLR4 agonist), TAK242 (selective TLR4 antagonist) and SB203580 (inhibitor of p38MAPK) the day before
paclitaxel administration. Two-way ANOVA indicated that compared with the Vehicle, MWTs (p < 0.0001) (Figure 5A) and
TWLs (p < 0.0001) (Figure 5B) were reduced after the administration of LPS. Injections of TAK242 and SB203580 increased
MWTs and TWLs significantly (p <0.0001) compared with those in the PTX throughout the experimental period. As displayed in
Figure 5C and D, serum TNF-a and IL-1f were augmented (p <0.001) in the PTX + LPS compared with the PTX but decreased
(» <0.001) in the PTX + TAK242 and PTX + SB203580 compared with the PTX. These results indicated that the TAK242 and
SB203580 reduced TNF-a and IL-1f expression in PIPN rats. As displayed in Figure SE and F, injection of LPS significantly
increased the p-p38MAPK expression in the colon compared with the PTX (p < 0.01). Injections of TAK242 and SB203580
reduced the expression of p-p38MAPK, with no difference among the Vehicle, PTX + TAK242 and PTX + SB203580. The results
were consistent with those of the first experiment, showing that FMT suppressed the activation of TLR4/p38 pathways in the
colon. As shown in Figure 5G and H, injection of LPS significantly increased the GFAP level in the spinal dorsal horn tissues
compared to the Vehicle (p <0.001). The PTX + TAK242 and PTX + SB203580 significantly decreased the GFAP level compared
to the PTX (p < 0.001). These results indicated that the TLR4/p38MAPK pathway could modulate astrocyte activation in the
spinal dorsal horn in PIPN rats.

Discussion

We explored the therapeutic role of gut microbiota in rat PIPN, showing that FMT from normal rats decreased MWTs
and TWLs in the hind paws, without abolishing them altogether. These findings have been recently replicated in mice
with neuropathic pain caused by various forms of injury or diseases.*” Moreover, FMT reduced astrocyte activity and
TLR4/p38MAPK signals in the colon and the spinal dorsal horn tissues of PIPN rats. These findings revealed the
underlying mechanisms of FMT in promoting antinociception against PIPN.

h,**® we established a PIPN model of rats with a final cumulative dose of

Consistent with previous researc
intraperitoneal paclitaxel around 8 mg-kg '. In our first experiment, we administered broad-spectrum antibiotics or
transplanted fecal microbiota to assess the effects of gut microbiota on behavioral hypersensitivity in PIPN rats. In

847 and B6-B6mb mice receiving paclitaxel,®’ we

contrast to previous studies conducted in oxaliplatin-induced mice
showed that depleting gut microbiota with broad-spectrum antibiotics aggravated mechanical allodynia and thermal
hyperalgesia. Inter-individual variation in the gut microbiota composition might also lead to individualized host
responses.*” Specific microbial species associated with microbiota initial state may determine a personalized response
to treatments.’® Although the reason for the aforementioned discrepancy is unclear, the initial state of the microbiota in
animals receiving different chemotherapeutic drugs may have played a role in explaining it.

The gut microbiota regulates peripheral and central sensitization. Altered gut microbiota profiles of rats (eg, broad-
spectrum antibiotics treatment or FMT) provided an opportunity to assess the association between behavioral and
inflammatory responses in PIPN rats. The diversity results from the indices showed that Turicibacter, Clostridium
sensu stricto 1, Corynebacterium, Bacteroides, and UCG-005 might exert certain effects on the development of PIPN.
Two recent studies reported that the relative abundance of Bacteroides, and UCG-005 may promote painful manifesta-
tions in rodents.*’””! In our study, the abundance of Lactobacillus, unclassified f Lachnospiraceae, Roseburia, and
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Figure 5 Inhibition of TLR4/p38MAPK alleviated mechanical allodynia and thermal hyperalgesia and suppressed astrocyte activation in PIPN rats. (A) The effect on
mechanical allodynia in rats (Group * Time interaction: Fj; 00 = 71, p < 0.0001) (n = 6 rats per group). (B) The effect on thermal hyperalgesia in rats (Group x Time
interaction: F|5 100 = 30.05, p < 0.0001) (n = 6 rats per group). (C and D) Serum levels of TNF-a and IL-1 measured by enzyme-linked immunosorbent assay kits. (E and F)
Western blotting bands and analysis of p-38 and p-p38 expression in the colon. F4 )0 = 0.6633 for p38 and F4 o = 23.21 for p-p38. This experiment was independently
repeated 3 times. (G) Immunohistochemical micrograph representing glial fibrillary acidic protein immunoreactivity in the spinal dorsal horns for each group. Scale bar = 200
um. (H) Glial fibrillary acidic protein scores in the spinal dorsal horns. F4 o = 55.76 for (H). This experiment was independently repeated 3 times. **p < 0.0] and **p <
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Abbreviations: BL, baseline; d, day; GFAP, glial fibrillary acidic protein; LPS, lipopolysaccharide; PTX, paclitaxel.
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Eubacterium was comparable among groups. The future identification of microbial species contributing to mechanical
allodynia and thermal hyperalgesia in PIPN might provide the rationale for novel therapeutic targets.

Through microbial metabolites, the gut microbiota interacts with ganglia in the spinal cord and dorsal root tissues.”>>>
Several mediators (eg, IL-1pB, TNF-a, short-chain fatty acids, and bile acids) reportedly have a critical role in the
development of neuropathic pain by regulating the peripheral and central sensitization.”*>> Activation of astrocytes and
microglial cells promotes the release of cytokines and chemokines, altering glutamatergic and GABAergic neurotrans-
missions, ultimately leading to pain hypersensitivity. Activation of astrocytes has been previously involved in the
development of PIPN.'®!7 We found upregulated GFAP levels in the colon and lumbar spinal dorsal horn tissues of
PIPN rats. A single injection of fluorocitrate (an inhibitor for astrocytes) reduced mechanical allodynia and thermal
hyperalgesia in PIPN rats. Of note, FMT showed synergistic effects on mechanical allodynia and thermal hyperalgesia.

LPS activates TLR4 signaling from the surface of astrocytes, which is involved in neuron-immune interactions and pain
processing.”® TLR4 activation involves signaling in two different ways. One triggers the MyD88-dependent cascade, causing the
early activation of NF-«B, followed by the synthesis and release of several cytokines and chemokines. Another is induced by TIR-
domain-containing adapter-inducing interferon-p (TRIF), causing delayed NF-kB and interferon-B production.’”® In addition to
typical signaling pathways, the MAPK signaling cascade is also involved in activating TLR4.'* TLR4 recruits p38 signaling and
SB203580 (a p38 inhibitor) reduces the LPS-induced expression of IL-1 and TNF-a.** In accordance with previous research,
we found that TLR4 and its downstream p38MAPK may potentially contribute to the generation of PIPN. Elimination of gut
microbiota by broad-spectrum antibiotics significantly enhanced the activity of the TLR4/p38 signaling pathway in response to
LPS, while FMT from Vehicle rats reduced the TLR4/p38 signaling activity induced by intrathecal injections of TAK242 and
SB203580. In addition, inhibition of the TLR4/p38 pathway decreased GFAP expression in the spinal dorsal horn tissues,
suggesting that FMT alleviated the behavioral hypersensitivity in PIPN rats by blocking the TLR4/p38 pathway.'"*° Therefore,
we conclude that gut microbiota might play a significant role in suppressing the activation of the TLR4/p38 pathway and
astrocytes in PIPN rats.

Our study has some limitations. First, we only collected feces from rats for 16S rDNA analysis in the first experiment.
However, we did not collect feces from rats in the second and third experiments, despite confirming that changes in gut
microbiota can alleviate mechanical allodynia and thermal hyperalgesia in PIPN rats. It is important to note that FMT
approach does not always lead to sustainable microbiome changes as one would expect, and further research is necessary
to identify the key gut microbiota species involved. Second, we only used male rats and did not investigate the potential
role of sex differences in gut microbiota composition in PIPN rats. Therefore, further research should be conducted to
explore the effects of FMT on sex differences in mechanical allodynia and thermal hyperalgesia in PIPN rats.

Conclusion

In summary, FMT alleviated mechanical allodynia and thermal hyperalgesia in PIPN rats. Reduced pain behaviors may
be caused by the compromised TLR4/p38 pathway or astrocyte activity in the colon and spinal dorsal horn tissues. We
suggest that FMT may be a potential therapy for PIPN.
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