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Introduction: Chemotherapy-induced neuropathic pain (CINP) is one of the most common 
complications of chemotherapeutic drugs which limits the dose and duration of potentially 
life-saving anticancer treatment and compromises the quality of life of patients. Our previous 
studies have reported that molecular hydrogen (H2) can be used to prevent and treat various 
diseases. But the underlying mechanism remains unclear. The aim of the present study was to 
explore the effects of hydrogen-rich water on gut microbiota in CINP.
Methods: All C57BL/6J mice were divided into 4 groups: The group fed with normal 
drinking water and injected with saline (H2O + Saline), the group fed with normal drinking 
water and injected with oxaliplatin (H2O + OXA), the group fed with hydrogen-rich water 
and injected with saline (HW + Saline), and the group fed with hydrogen-rich water and 
injected with oxaliplatin (HW + OXA). The mechanical paw withdrawal threshold of the 
mice was tested on days 0, 5, 10, 15 and 20 after hydrogen-rich water treatment. On day 20, 
feces of mice from different groups were collected for microbial community diversity and 
structure analysis. The levels of inflammatory cytokines (TNF-α and IL-6), oxidative stress 
factors (OH- and ONOO-), lipopolysaccharide (LPS) and Toll-like receptor 4 (TLR4) were 
detected in dorsal root ganglia (DRG), L4-6 spinal cord segments and serum by enzyme- 
linked immunosorbent assay. The expression of TLR4 in DRG and spinal cords was 
determined by Western blot.
Results: The results illustrated that hydrogen-rich water could alleviate oxaliplatin-induced 
hyperalgesia, reduce the microbial diversity and alter the structure of gut microbiota, reverse 
the imbalance of inflammatory cytokines and oxidative stress, and decrease the expression of 
LPS and TLR4.
Conclusion: Hydrogen-rich water may alleviate CINP by affecting the diversity and 
structure of the gut microbiota, and then the LPS-TLR4 pathway, which provides 
a direction for further research.
Keywords: hydrogen-rich water, gut microbiota, CINP, LPS-TLR4 pathway

Introduction
Chemotherapy is an important method for the treatment of malignant tumors.1 

However, chemotherapeutic drugs, such as oxaliplatin, often cause several adverse 
reactions. Chemotherapy-induced neuropathic pain (CINP) is one of the most 
common complications caused by treatment with chemotherapeutic drugs such as 
oxaliplatin. Chemotherapeutic drug-induced neuropathic pain in the extremities 
limits the dosing and duration of potentially life-saving anticancer treatment, thus 
impairing the quality of life of patients.2 The main clinical manifestations are 
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continuous spontaneous pain, intermittent burning pain, 
severe hyperalgesia and hypersensitivity of the entire or 
part of the limbs following the administration of che-
motherapy drugs.3 Since the incidence rate of neuropathic 
pain is as high as 70% and there is no effective treatment, 
patients experiencing severe pain often reduce or even 
discontinue the chemotherapy drugs. This results in failure 
of timely administration of new chemotherapy cycles, 
a decrease in the chemotherapy dose and even treatment 
interruption, thus seriously affecting the quality of life and 
prognosis of patients with malignant tumors.4

A variety of microbial communities located in the 
intestinal tract are collectively referred to as gut 
microbiota.5 The gut microbiota provides important bene-
fits to its hosts and plays a crucial role in maintaining the 
homeostasis of the gastrointestinal tract. The natural gut 
microbiota gets along with the mucosal epithelium and 
performs a variety of physiological functions, such as 
regulating intestinal barrier integrity, maintaining sub-
stance metabolism, and regulating immune and inflamma-
tory responses.6,7 Markers of microbial stability, such as 
abundance and diversity, are often used as indicators of 
intestinal soundness, due to their negative correlation with 
chronic diseases and metabolic dysfunction.8,9 It has been 
pointed out that the application of chemotherapeutic drugs 
only caused neuropathic pain in a specific pathogen-free 
mouse model, with no chemotherapy-induced pain 
observed in germ-free mice.5

Molecular hydrogen (H2), which is widely distributed 
in nature, is the smallest, lightest and richest element in the 
universe,10 and has antioxidant, anti-inflammatory and 
anti-apoptotic functions.11 As a potential oxidation inhibi-
tor, hydrogen gas inhalation or hydrogen-rich water drink-
ing been have been extensively used in medical 
applications without side effects.12,13 Our previous studies 
have reported that 2% hydrogen gas inhalation and hydro-
gen-rich water drinking provided a protective effect 
against various diseases, including ischemia-reperfusion 
injury, sepsis, multiple organ dysfunction syndrome, type 
II diabetes and neurodegenerative diseases in animal or 
cell models.11,14–17 A 2016 report described an interesting 
case, in which 70% of gastrointestinal microbial species 
exhibited a genetic capacity to metabolize H2, suggesting 
that H2 may affect intestinal microbial activity, population 
or community.18 Given the protective effects of H2 on 
chronic diseases and metabolic dysfunction, hydrogen- 
rich water drinking therapy may affect the abundance 
and diversity of the gut microbiota.

Toll-like receptors (TLRs) are an important class of 
transmembrane protein molecules involved in non- 
specific immunity (native immunity). They can specifi-
cally recognize various exogenous and endogenous danger 
signals, thereby activating the innate immune system to 
maintain the survival of the host. They are also considered 
bridges connecting non-specific and specific 
immunity.19,20 TLR4 is the first toll-like receptor-related 
protein identified in humans, and is expressed on the sur-
face of non-specific immune cells, such as macrophages 
and neutrophils, as well as on T and B lymphocytes, which 
mediate specific immune responses. TLR4 can specifically 
recognize the endotoxin and lipopolysaccharide (LPS) 
released by bacteria.21 The combination of LPS and 
TLR4 can trigger a series of downstream events, even-
tually leading to the release of a large number of inflam-
matory mediators (such as TNF-α and IL-6). In recent 
years, it has been shown that the gut microbiota may affect 
the development of chemotherapy-induced pain through 
the LPS-TLR4 pathway.5 Therefore, in the present study, 
it was hypothesized that hydrogen-rich drinking water 
therapy could inhibit the LPS-TLR4 pathway and its 
downstream response by regulating the abundance and 
variability of the gut microbiota, thereby exerting thera-
peutic effects on CINP.

Materials and Methods
Animals
This experiment protocol was authorized by the 
Institutional Animal Care and Use Committee of the 
Tianjin Medical University (approval no. IRB2019-DW 
-07) and performed according to the guidelines of the 
National Institutes of Health for the care and use of 
experimental animals. Female C57BL/6J mice aged 8 
weeks and weighing 20–25 g each were purchased from 
the Laboratory Animal Center of the Military Medical 
Science Academy (Beijing, China). Animals were housed 
in cages at room temperature (20-22°C) under a regular 
12/12 h light/dark cycle fed with food and water ad 
libitum.

Experimental Protocols
Figure 1 shows the experimental plan. The mice were 
randomly separated into 4 groups: The mice fed with 
normal drinking water and injected with saline (H2O + 
Saline group), the mice fed with normal drinking water 
and injected with oxaliplatin (H2O + OXA group), the 
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mice fed with hydrogen-rich water and injected with 
saline (HW + Saline group) and the mice fed with hydro-
gen-rich water and injected with oxaliplatin (HW + OXA 
group). Oxaliplatin was injected at a concentration of 
0.2 mg/mL. Mice in the H2O + OXA and HW + OXA 
groups were injected intraperitoneally with oxaliplatin 
solution at a dose of 3 mg/kg each time for 5 consecutive 
days (from days 1 to 5), and the mice in the H2O + Saline 
and HW + Saline groups were injected intraperitoneally 
with the same dose of normal saline for 5 days; the 
hydrogen-rich water was treated during the whole experi-
ment. One day before the OXA or Saline injection 
(on day 0), the solubility of H2 in normal or hydrogen- 
rich water was detected at 0, 5, 10 and 30 min, and 1, 12 
and 24 h after blowing the hydrogen gas into the drinking 
water. Mice were tested for mechanical paw withdrawal 
mechanical threshold (PWMT) at 1, 5, 10, 15 and 20 
days after treatment with hydrogen-rich water. Next, the 
feces of mice from all groups were gathered for micro-
bial community diversity analysis on day 20. The mice 
were anesthetized by an injection of 2% sodium pento-
barbital (diluted to 50 mg/kg and dissolved in saline) into 
the abdominal cavity and then sacrificed by cervical 
dislocation following feces collection to obtain their 
DRG, L4-L6 segments of their spinal cords and serum 
on day 20. Acquired specimens from 5 mice from each 
group were used for inflammatory cytokine (TNF-α and 
IL-6), oxidative stress indicator (OH− and ONOO−), LPS 
and TLR4 determination by enzyme-linked immunosor-
bent assay (ELISA). DRG and spinal cords from 5 mice 
per group were used to measure TLR4 by Western blot 
analysis.

Preparation of Hydrogen-Rich Water
The normal drinking water was put in a drinking bottle with 
an inlet and an outlet, and a hydrogen gas was generated by 
a GCH-300 high-purity hydrogen generator (Tianjin Tongpu 
Analytical Instrument Technology Co., Ltd.), and hydrogen 
gas was blown into the drinking water at a flow rate of 
400 mL/min for 10 min to prepare hydrogen-rich water 
[H2 solubility, >1,000 part per billion (PPb)]. After 10 min, 
the gas flow rate was changed to 100 mL/min; blowing into 
the drinking water was continued to maintain the solubility 
of hydrogen molecules in the hydrogen-rich water (800– 
1,000 PPb) and discharge the exhaust gas through the outlet 
of the drinking bottle to the exhaust gas recovery device. 
The drinking water bottle was placed in a cage for the mice 
to drink from for 24 h. Hydrogen-rich water needed daily 
replacement to ensure hydrogen concentration and cleanli-
ness of drinking water.

H2 Solubility Measurement
The solubility of H2 in normal or hydrogen-rich water was 
detected at 0, 5, 10 and 30 min, and 1, 12 and 24 h after 
blowing the hydrogen gas into the drinking water by using 
a dissolved hydrogen tester (ENH-1000 Molecular 
Hydrogen H2 Meter, Trustlex, Japan), according to the 
manufacturer’s instructions. The H2 solubility was mea-
sured three times at each time point.

Preparation of CINP Animal Model
Oxaliplatin was dissolved in physiological saline to pre-
pare a 0.2 mg/mL suspension. Mice in the H2O + OXA 
and HW + OXA groups were injected intraperitoneally 
with oxaliplatin solution at a dose of 3 mg/kg each time; 

Figure 1 Experimental design. WT female C57BL/6J mice aged 8 weeks and weighing 20–25 g were subjected to saline or oxaliplatin injection. Hydrogen-rich or normal 
drinking water was used for the entire experiment. One day before the OXA or saline injection (on day 0), the solubility of H2 in normal or hydrogen-rich water was 
detected at 0, 5, 10 and 30 min, and 1, 12 and 24 h after blowing the hydrogen gas into the drinking water. PWMT was carried out 1, 5, 10, 15 and 20 days after the saline or 
oxaliplatin injection. The feces of different groups were obtained for tests following PWMT test. The DRG and spinal cords of L4-6 segments and serum of different groups 
were obtained for tests following feces collection on day 20. Different groups of DRG, spinal cords and serum were used for ELISA, and DRG and spinal cords were used for 
Western blot analysis, as mentioned in the Materials and Methods section. 
Abbreviations: WT, wild-type; PWMT, paw withdrawal mechanical threshold; DRG, dorsal root ganglia.
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they were continuously injected for 5 days to prepare 
a CINP animal model. Mice in the H2O + Saline and 
HW + Saline groups were injected intraperitoneally with 
the same dose of normal saline for 5 days. The experiment 
was performed as previously described.5

Behavioral Test
All animals adapted to the test environment for 3 days 
before measuring the pain threshold. The electronic Von 
Frey filaments (BSEVF3; Harward Apparatus Co., USA) 
were used to detect the mechanical stimulation, and the 
figures were recorded as PWMT. PWMT was measured as 
previously described.22

Feces Sample Collection and Preparation
The mice defecated by a forced method or by abdominal 
massage, and the feces samples were collected directly in 
a sterile tube. Samples collected from the same mouse were 
evenly mixed, dispensed into 2 mL imported sterile cryo-
tubes, weighed and recorded, and a sufficient quantity was 
collected for multiple backups of each sample. The speci-
mens were frozen using liquid nitrogen for 15 min, and 
were then kept at −80°C in sterile cryotubes as previously 
described.23 For the analysis of microbial community diver-
sity, the total genomic DNA in the samples was drawn with 
the CTAB/SDS method. The 16S/18S rRNA gene was 
amplified using a specific primer with a barcode. An equal 
volume of 1X loading buffer (containing SYB green) was 
admixed with the PCR product and electrophoresed on 
a 2% agarose gel for detection. Specimens with a bright 
main strip between 400–450 bp were selected for further 
tests. The PCR products were mixed in equal proportions. 
The PCR product was then purified using the GeneJET Gel 
Extraction Kit (Thermo Fisher Scientific, Inc.). Following 
the manufacturer’s instructions, a sequencing library was 
produced by the NEB Next®UltraTM DNA Illumina 
Library Preparation Kit (NEB, USA) with an index code 
added. The library quality was evaluated on a Qubit@ 2.0 
fluorometer (Thermo Fisher Scientific, Inc.) and an Agilent 
Bioanalyzer2100 system. Finally, the library was sequenced 
on the Illumina MiSeq platform and paired end reads of 
250/300 bp were produced.

Analysis of Microbial Community Diversity
Operational Classification Unit (OTU) is the same marker 
artificially set for a taxonomic unit (strain, genus, species, 
population, etc.) to facilitate analysis in phylogeny or 
population genetics studies. Sequence analysis was 

performed by UPARSE software package using the 
UPARSE-OTUref and UPARSE-OTU algorithms. 
Internal Perl scripts were applied to analyze alpha (within- 
sample) and beta (among-sample) diversity. The sequences 
with similarity ≥97% were assigned to the same OTUs. 
A representative sequence was selected for each OTU and 
the RDP classifier was used to label the classification 
information for each representative sequence. To calculate 
ɑ-diversity, the OTU table was confirmed and three indi-
cators were calculated: The abundance of species was 
evaluated by Chao1 estimates; the number of unique 
OTUs discovered in each specimen and the Shannon and 
Simpson indices were estimated by species observation. 
Rarefaction curves were created on account of these three 
indicators.23–25

ELISA
DRG, spinal cords and serum were obtained following 
centrifugation at 3,000 x g for 15 min at 4°C to estimate 
the expression of inflammatory cytokines (TNF-α and 
IL-6), oxidative stress indicators (OH− and ONOO−), 
LPS and TLR4 by commercially available ELISA kits 
(mouse TNF-α, IL-6, LPS and TLR4 ELISA kits from 
SenBeiJia Biological Technology Co., Ltd.; OH− and 
ONOO− kits from Jianglai Biological Technology Co., 
Ltd.) using a microplate reader, following the manufac-
turers’ instructions. All samples were run in duplicate.

Western Blot Analysis
Western blot analysis was performed to confirm the 
expression of TLR4 in the DRG and spinal cords of 
mice. The samples were separated using SDS-PAGE by 
8% double TIS polyacrylamide gel (cat no. M00655; 
GenScript Biotech Corporation) and transferred to 
a nitrocellulose membrane (Bio-Rad Laboratories, Inc.). 
The membrane was incubated in 5% skimmed milk pow-
der and detected using the following antibodies: β-Actin 
(cat no. 4970T; dilution, 1:1,000; Cell Signaling 
Technology, Inc.) and TLR4 (cat no. 14358S; dilution, 
1:1,000; Cell Signaling Technology, Inc.). Following rin-
sing at 4°C overnight, goat anti-rabbit antibody (cat no. 
abs20002ss; dilution, 1:8,000; Absin Bioscience Inc.) was 
added, followed by incubation at 37°C for 1 h. The nitro-
cellulose membrane was washed in TBST and dripped 
with ECL chemiluminescent liquid (cat no. 34577; 
Thermo Fisher Scientific, Inc.), and then scanned and 
photographed by Bio-Rad image analysis system (Bio- 
Rad Laboratories, Inc.). The expression level of the target 
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protein was reflected by the ratio of the integral optical 
density of the target line in relation to the β-actin.

Statistical Analysis
Microbial community differences were analyzed using ana-
lysis of similarities, multi-response permutation procedures 
and Bray-Curtis differential distance matrix. Linear discri-
minant analysis Effect Size was used to quantitatively ana-
lyze biomarkers in different groups. Two-way analysis of 
variance was performed to analyze the differences between 
groups in all comparisons. Statistical analysis was performed 
by the GraphPad Prism software (version 8.0) and SPSS 
statistical software (version 21.0). P<0.05 was considered 
to indicate a statistically significant difference, as determined 
by two-tail test. All data are expressed as the mean ± SD.

Results
Solubility of H2 in Normal and 
Hydrogen-Rich Water at Different Time 
Points
The solubility of H2 in normal or hydrogen-rich water was 
detected at 0, 10 and 30 min, and 1, 12 and 24 h after 
blowing hydrogen gas or nothing into the drinking water. 
The results showed that there was no H2 dissolved in 
normal drinking water, the H2 solubility in normal water 
was 0 ppb at all time points. In the first 10 min, the blow 
rate of H2 was 400 mL/min and the H2 solubility increased 
quickly with time, peaking at 1,200 ppb. The blow rate of 
H2 was then changed to 100 mL/min, and the solubility of 
H2 decreased slightly and maintained at 900–1,000 ppb 
until the 24 h time point (Figure 2).

Hydrogen-Rich Water Treatment 
Significantly Alleviates Mechanical 
Hyperalgesia in Mice with 
Oxaliplatin-Induced Hyperalgesia
Mice were exposed to normal drinking water or hydrogen- 
rich water with an injection of saline or oxaliplatin. As 
shown in Figure 3, there was no significant difference in 
the baseline of mechanical thresholds between the HW + 
Saline and H2O + Saline groups (P>0.05, HW + Saline vs 
H2O + Saline). In addition, as compared with the H2O + 
OXA group, hydrogen-rich water significantly improved 
the mechanical hyperalgesia of CINP mice at 10 days 
(P<0.05, HW + OXA vs H2O + OXA). Based on these 
data, hydrogen-rich water was found to exert a significant 
protective effect on mice with oxaliplatin-induced CINP.

Hydrogen-Rich Water Reduces the 
Diversity and Alters the Structure of Gut 
Microbiota in Mice
The diversity and structure of gut microbiota was detected 
by amplifying and sequencing the 16S rDNA genes. In 
order to prove that the results obtained from the samples 
represented the true state of the microorganisms, Good’s 
coverage index, was used to determine the coverage of each 
sample library (Figure 4A), and all sets of data were close 
to 1; this meant the sequencing results represented the true 
state of the microorganisms in the sample. The diversity of 
gut microbiota in the four groups of mice is presented as 
community diversity (Figure 4B and C). As compared with 
the mice drinking ordinary water, hydrogen-rich water sig-
nificantly increased the Simpson index and decreased the 
Shannon index (P<0.05, HW + OXA vs H2O + OXA; 
P<0.05, HW + Saline vs H2O + Saline); however, there 
were no statistical differences in the community diversity of 
mice that drunk the same water (P>0.05, H2O + Saline vs 
H2O + OXA; P>0.05, HW + Saline vs HW + OXA).

Specific to the results of species classification, the gut 
microbiota structure in four groups of mice was presented as 
the relative abundance of gut microbiota at the phylum, family 
and genus levels. At the phylum level, hydrogen-rich water 
treatment raised the relative abundance of Firmicutes and 
Tenericutes, and reduced the relative abundance of 
Bacteroidetes (P<0.05, HW + Saline vs H2O + Saline; 
P<0.05, HW + OXA vs H2O + OXA) (Figure 5A and Table 
S1). At the family level, the levels of Lachnospiraceae, 
Lactobacillaceae and Ruminococcaceae were higher in the 
feces of mice treated with hydrogen-rich water (P<0.05, HW 

Figure 2 Solubility of H2 in normal and hydrogen-rich water at different time 
points. The solubility of H2 in normal or hydrogen-rich water was detected at 0, 10 
and 30 min, and 1, 12 and 24 h after blowing the hydrogen gas into the drinking 
water. The flow rate of H2 was 400 mL/min at the first 10 min and 100 mL/min from 
10 min to 24 h. The H2 solubility was measured three times at each time point. H2, 
molecular hydrogen. *P<0.05 vs H2O group.
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+ Saline vs H2O + Saline; P<0.05, HW + OXA vs H2O + 
OXA), while Bifidobacteriaceae and Erysipelotrichaceae 
were only decreased in the HW + OXA group, as compared 
with the H2O + OXA group (P<0.05, HW + OXA vs H2O + 

OXA) (Figure 5B and Table S2). At the genus level, hydro-
gen-rich water increased the levels of Faecalibacterium, 
Lactobacillus and Roseburia in the feces of mice (P<0.05, 
HW + Saline vs H2O + Saline; P<0.05, HW + OXA vs H2O + 

Figure 3 Effects of hydrogen-rich water on paw withdrawal mechanical threshold in CINP mice. Mice were treated with hydrogen-rich or normal drinking water and 
injected with saline or oxaliplatin for the duration of the experiment. Values are presented as PWMT between the (A) H2O + Saline and HW + Saline and (B) H2O + OXA 
and HW + OXA groups (n=10 mice per group). *P<0.05 vs H2O + OXA group. 
Abbreviations: CINP, chemotherapy-induced neuropathic pain; PWMT, paw withdrawal mechanical threshold.

Figure 4 Effects of hydrogen-rich water on richness and α-diversity of microbiota communities in the feces of CINP mice. Fecal samples were obtained on day 20 from mice 
fed with hydrogen-rich or normal drinking water and injected with saline or oxaliplatin. The plotted data are presented as the mean ± SD of the (A) coverage, (B) Shannon 
and (C) Simpson indices. *P<0.05 vs H2O + Saline; #P<0.05 vs H2O + OXA (n=6 mice per group). 
Abbreviations: CINP, chemotherapy-induced neuropathic pain.

Figure 5 Effects of hydrogen-rich water on species composition and changes of microbiota communities in the feces of CINP mice. Fecal samples were obtained on day 20 
from mice fed with hydrogen-rich or normal drinking water and injected with saline or oxaliplatin. (A–C) Relative abundance of intestinal microbiota at the (A) phylum, (B) 
family and (C) genus levels in different groups (n=6 mice per group).
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OXA). As compared to that in the H2O + OXA group, the 
level of Bifidobacterium was significantly reduced in the HW 
+ OXA group (P<0.05, HW + OXA vs H2O + OXA) (Figure 
5C and Table S3). These data indicated that hydrogen-rich 
water could reduce community diversity and alter community 
structure to attenuate hyperalgesia.

Hydrogen-Rich Water Reverses the 
Imbalance of Inflammatory Condition and 
Oxidative Stress Caused by Oxaliplatin
Following treatment with oxaliplatin, the expression of 
inflammatory cytokines TNF-α and IL-6 was significantly 

increased (P<0.05, H2O + OXA vs H2O + Saline; P<0.05, 
HW + OXA vs HW + Saline). However, hydrogen-rich 
water could reduce the expression of TNF-α and IL-6 in 
CINP mice (P<0.05, HW + OXA vs H2O + OXA). Among 
these three types of samples, DRG, spinal cords and 
serum, differences in the levels of TNF-α and IL-6 were 
only observed in DRG (Figure 6A and B).

The findings were similar for oxidative stress indica-
tors. As compared with the saline injection, the levels of 
OH− and ONOO− were significantly increased in oxalipla-
tin-injected mice (P<0.05, H2O + OXA vs H2O + Saline; 
P<0.05, HW + OXA vs HW + Saline). As compared with 

Figure 6 Effects of hydrogen-rich water on the expression of inflammatory cytokines and oxidative stress indicators in the DRG, spinal cords and serum of CINP mice. The 
pro-inflammatory cytokines (A) TNF-α and (B) IL-6, and oxidative stress indicators (C) OH− and (D) ONOO− were measured in DRG, spinal cords and serum of mice by 
ELISA in each group (n=5 mice per group). *P<0.05 vs H2O + Saline group; &P<0.05 vs HW + Saline group; #P<0.05 vs H2O + OXA group. 
Abbreviations: CINP, chemotherapy-induced neuropathic pain; DRG, dorsal root ganglia.
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the H2O + OXA group, the levels of OH− and ONOO− in 
mice from the HW + OXA group were significantly 
reduced (P<0.05, HW + OXA vs H2O + OXA). 
Similarly, the differences in the expression of OH− and 
ONOO− were only observed in DRG, and there were no 
significant differences in the spinal cords and serum 
(Figure 6C and D). These data indicated that DRG may 
play a key role in the pathogenesis of CINP, that oxalipla-
tin-induced hyperalgesia was associated with oxidative 
stress and inflammation, and that hydrogen-rich water 
could reverse this imbalance.

Hydrogen-Rich Water Attenuates 
Oxaliplatin-Induced Hyperalgesia Caused 
by Gut Microbiota Through the LPS-TLR4 
Pathway
Oxaliplatin-induced hyperalgesia was found to be asso-
ciated with inflammatory response and gut microbiota; 
we therefore hypothesized that it may be mediated by 
LPS in the gut microbiota. The normal mice and mice 
drinking hydrogen-rich water were injected with oxalipla-
tin or saline. As shown in Figure 6A, oxaliplatin treatment 
could increase LPS levels in the serum and DRG of mice 
(P<0.05, H2O + OXA vs H2O + Saline; P<0.05, HW + 
OXA vs HW + Saline), as compared with saline treatment, 
but no significant difference was observed in the spinal 
cords (P>0.05). At the same time, the levels of LPS in the 
serum and DRG of CINP mice drinking normal water 
were significantly higher than those of CINP mice drink-
ing hydrogen-rich water (P<0.05, HW + OXA vs H2O + 
OXA). Since LPS can be specifically recognized by TLR4, 
the expression of TLR4 was further detected. The Western 
blot analysis and ELISA results were consistent. As with 
LPS, TLR4 levels in the serum and DRG of oxaliplatin- 
treated mice were markedly increased (P<0.05, H2O + 
OXA vs H2O + Saline; P<0.05, HW + OXA vs HW + 
Saline), but the same was not observed in spinal cords 
(P>0.05); hydrogen-rich water could reduce this increase 
(P<0.05, HW + OXA vs H2O + OXA; Figure 7B-D). 
These results indicated that hydrogen-rich water could 
affect the gut microbiota and further reduce the occurrence 
of oxaliplatin-induced mechanical hyperalgesia through 
the LPS-TLR4 pathway.

Discussion
H2 is currently considered to be a promising medical gas 
with a potential to prevent or cure a range of diseases, such 

as ischemia-reperfusion injury, neurodegeneration, meta-
bolic syndrome, inflammation, mitochondrial diseases, and 
even cancer.10 Previous studies published by our group 
have shown that hydrogen-rich water is resistant to certain 
diseases, and different methods of administering H2 are 
effective for the treatment of several intestinal 
diseases.12,26 The present study demonstrated that hydro-
gen-rich water has an effect on the diversity and structure 
of intestinal microbes, which may explain how hydrogen- 
rich water can alleviate oxaliplatin-induced hyperalgesia.

In a previous study, a mouse CINP model was estab-
lished by intraperitoneal injection of oxaliplatin, as pre-
viously described.5 The present study revealed that there 
was no significant difference in the mechanical threshold 
baseline between the different groups of mice. As com-
pared to the baseline and mice in H2O + Saline, significant 
differences were observed in the mechanical threshold in 
the H2O + OXA group 5 days after oxaliplatin injection, 
with hyperalgesia occurring at 10 days in mice in the HW 
+ OXA group. The behavioral results indicated that CINP 
mice exhibited pronounced hyperalgesia, while mechan-
ical hyperalgesia in mice drinking hydrogen-rich water 
was significantly improved (Figure 3). In the present 
study, a mouse model of oxaliplatin-induced CINP was 
successfully established, and it was behaviorally proven 
that hydrogen-rich water could significantly improve 
mechanical hyperalgesia in mice with oxaliplatin-induced 
CINP.

The microbiota plays a pivotal role in the metabolism 
of its host.6 Under normal conditions, the intestinal resi-
dent bacteria and the host’s micro-space structure form an 
interdependent and interacting micro-ecological system, 
and the intestinal micro-organism constitutes an important 
protective barrier against pathogens.5,27 When the stability 
of the micro-ecological microbiota is destroyed, the intest-
inal colonization resistance is greatly reduced, which can 
lead to the colonization and invasion of potential patho-
gens (including conditional pathogens) in the gut.23,24 In 
the present study, while oxaliplatin was injected, the mice 
were exposed to normal drinking water or hydrogen-rich 
water treatments, which were continued throughout the 
experiment. Good’s coverage showed that the sample 
results could represent the true situation of microorgan-
isms in mouse feces. It has been proven that changes in the 
gut microbiota do not change the tissue distribution of 
oxaliplatin, and studies have shown that the gut microbiota 
could alleviate oxaliplatin-induced pain.1,5,28 Consistent 
with previous studies, it was found herein that the 
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composition and structure of gut microbiota of mice drink-
ing the same water were changed following oxaliplatin 
treatment, indicating an association between intestinal 
microbiota and oxaliplatin. It was also demonstrated that 
hydrogen-rich water reduced the ɑ-diversity measured by 
the Shannon and Simpson indices, and altered the commu-
nity composition and structure of the intestinal microbiota 
(Figure 4). Shannon and Simpson indices are commonly 
used to estimate the diversity of microbiota in samples and 
reflect the ɑ-diversity index. These two indices have oppo-
site trends in their association with diversity; the higher 
the Shannon value, the higher the community diversity, 
and the higher the Simpson index, the lower the commu-
nity diversity. It has been reported that hydrogen-rich 
water can significantly improve the gastrointestinal func-
tion and epithelial integrity of mice following total 

abdominal irradiation.29 Therefore, hydrogen-rich water 
can be considered to protect gastrointestinal function and 
epithelial integrity by altering the diversity and structure of 
mouse gut microbiota, thereby improving CINP.

Oxidative stress and excessive release of inflammatory 
cytokines are considered to be important factors of oxali-
platin-induced CINP.30 To evaluate the effect of hydrogen- 
rich water on oxaliplatin-induced CINP, the expression of 
inflammatory cytokines was examined, including that 
of pro-inflammatory factors TNF-α and IL-6. The levels 
of oxidative stress indicators OH− and ONOO− were also 
examined. Oxidative stress is caused by the insufficient 
activity of the endogenous antioxidant defense system 
against reactive oxygen species,31 namely inflammatory 
response and oxidative stress imbalance. The results of 
the present study showed that oxaliplatin could 

Figure 7 Effects of hydrogen-rich water on the expression of LPS and TLR4 in CINP mice. (A) The expression of LPS was detected in the DRG, spinal cords and serum of 
mice by ELISA in each group. (B) The expression of TLR4 was detected in the DRG, spinal cords and serum of mice by ELISA in each group. (C) The expression of TLR4 was 
detected by Western blot analysis. (D) Quantitative analysis of TLR4 is presented as the ratio of band density to that of β-actin. n=5 mice per group. *P<0.05 vs H2O + Saline 
group; &P<0.05 vs HW + Saline group; #P<0.05 vs H2O + OXA group. 
Abbreviations: LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; CINP, chemotherapy-induced neuropathic pain; DRG, dorsal root ganglia.
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significantly increase the levels of inflammatory cytokines 
TNF-α and IL-6 in CINP mice, as well as the expression 
of oxidative stress indicators OH− and ONOO−, while 
hydrogen-rich water inhibited these increases. Among 
DRG, spinal cords and serum, these differences were 
only observed in DRG (Figure 6). The above findings 
supported the view that DRG may play a key role in the 
pathogenesis of CINP, that hyperalgesia caused by oxali-
platin is associated with excessive release of inflammatory 
cytokines and oxidative stress, and that hydrogen-rich 
water can reverse this imbalance.

It has been reported that the gut microbiota plays a key 
role in mediating inflammatory pain.5 The present findings 
suggested that gut microbiota, inflammatory responses and 
oxidative stress participate in oxaliplatin-induced mechan-
ical hyperalgesia, and it was previously demonstrated that 
LPS is one of the key factors determining autoimmunity 
and inflammation derived from the gut microbiota.32 It 
was therefore hypothesized that oxaliplatin-induced hyper-
algesia was mediated by gut microbiota-derived LPS. The 
present data indicated that oxaliplatin injection could 
increase the levels of LPS in the serum and DRG of 
mice, which was decreased following treatment with 
hydrogen-rich water; however, these differences were not 
reflected in the spinal cords. Since TLR4 is a ligand of 
LPS,33 TLR4 was further examined, and the result was the 
same as that for LPS (Figure 7). It can therefore be 
inferred that hydrogen-rich water affects the gut micro-
biota and reduces the occurrence of oxaliplatin-induced 
CINP through the LPS-TLR4 pathway.

However, this study was not without its limitations. First, 
it has been proved that altering the gut microbiota might 
alleviate oxaliplatin-induced pain in some studies. However, 
we only used hydrogen-rich water to treat CINP mice and find 
it could reverse the pain response and alter the microbiota in 
CINP mice. But we did not apply the fecal transplants to the 
CINP mice to see if it could attenuate or reverse the pain 
response under the condition of hydrogen-rich water drink-
ing. We will confirm these in the future’s research. Second, 
we only used female mice in the study, because females were 
not as aggressive as males, which were easier to do the 
behavioral test. And studies have already approved that 
there are no significant difference in oxaliplatin-induced 
CINP between male and female rodents.34,35

Conclusions
In conclusion, it was demonstrated that hydrogen-rich 
water affects the LPS-TLR4 pathway by altering the 

diversity and structure of the gut microbiota, thereby 
improving oxaliplatin-induced mechanical hyperalgesia 
and reversing the imbalance of inflammatory cytokines 
and oxidative stress, thus alleviating CINP. Therefore, H2 

may be a promising method for alleviating CINP.
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