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Abstract1

Objective: To investigate the effects of hydrogen-rich water (HGRW) on the structure2

and composition of intestinal microflora in mice fed high-fat diets (HFDs).3

Materials and Methods: C57BL/6 mice were divided into four groups: (1) normal4

diet (CD)-normal water (W); (2) CD-HGRW; (3) HFD-W; and (4) HFD-HGRW.5

After 12 weeks, we sampled fasting blood glucose, lipids, transaminases, and tissue6

oxidative stress levels and measured body weight. High-throughput sequencing7

technology was used to sequence the intestinal microflora and differences in intestinal8

microflora were compared by group, using bioinformatics analysis.9

Results: Body weight, oral glucose tolerance, and blood glucose increased10

significantly in the HFD group compared with the CD group (P < 0.001), and11

malondialdehyde levels were significantly increased in the livers of mice fed a HFD12

(P < 0.05). Steatosis was seen in the liver parenchyma of the HFD group, and to a13

lesser degree in the HGRW group. The richness and diversity of intestinal flora only14

decreased significantly in the HFD group (P < 0.05). However, 24 genera and 2615

species were significantly different between the HFD and CD subgroups of mice fed16

HGRW. Nine genera and five species were significantly different between the HGRW17

and W subgroups of mice fed a HFD. Correlations were confirmed for 1018

physiological parameters; and were positively correlated with 17 genera in the HFD19

group; six genera were negatively correlated in the HGRW group. Importantly,20

Lactobacillus was closely related to tissue malondialdehyde levels.21

Conclusion. Oral HGRW has beneficial effects against antioxidant stress and liver22

damage. It may improve the diversity and structure of the intestinal flora, enhancing23

the relative abundance of beneficial flora.24

Key words: Hydrogen-rich water; Oxidative stress; Gut microbiota; High-fat diet25
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Introduction1

The impact on human health of the intestinal flora, as a so-called microbial organ, has2

gained increased research interest over the recent years. The human intestinal tract has3

a complex micro-ecosystem of many microorganisms, mainly bacteria, with the total4

number of intestinal microflora cells outnumbering human cells by a factor of 10 (this5

increases to a 100-fold difference in the number of genes) [1,2].These cells exist in a6

symbiotic relationship, with the intestinal microflora having irreplaceable roles in7

immune system activation, digestion, and nutrient absorption, resisting the invasion of8

foreign pathogenic bacteria, and producing important metabolites and bioactive9

substances [3,4].10

The diversity of intestinal flora is particularly relevant to immune system11

development in related humans. Studies in germ-free mice have shown that these12

animals have reduced immunity and slow development, with insufficient intestinal13

mucosal immunity and significant reductions in mesenteric lymph nodes and the14

number of IgA-secreting plasma cells. Furthermore, the ability to fight against15

pathogenic bacteria is significantly weakened[5]. However, after transplanting the16

intestinal flora from ordinary mice, such manifestations can be reversed[6]. In fact,17

the composition of intestinal microbes depends on host genetics, immunity, dietary18

habits, intestinal PH, antibiotic use, and the impact of the disease [2]. Research into19

the role of disease has shown that the occurrence and development of certain20

metabolic, autoimmune, and other disorders is often closely related to a disordered21

intestinal flora. Studies have shown that changes in the intestinal flora can affect lipid22

metabolism, trigger low-level chronic systemic inflammation, and induce obesity and23

insulin resistance [7,8]. Obesity, caused by abnormal or excessive fat accumulation24

and increases in the risk of many chronic diseases, has been linked to changes in the25

composition and function of intestinal flora in animal models [9].Oxidative stress and26

chronic low-grade inflammatory response are key promoters of obesity and its27

associated complications [10,11].28

Free radicals are necessary to life, forming the basis of energy metabolism and29

often serving as important signaling molecules in cells. Under normal physiological30
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conditions, the production and scavenging of free radicals is a dynamic and balanced1

process. However, when there are an abnormally high number of free radicals, the2

resulting oxidative stress can damage body cells, DNA, lipids, and proteins [12,13].3

Molecular hydrogen is an antioxidant that can rapidly diffuse to react with cytotoxic4

reactive oxygen species to reduce oxidative stress [14]. Drinking hydrogen-rich water5

(HGRW) increases the concentration of hydrogen molecules in blood and tissues. It6

has been shown that drinking HGRW can inhibit weight gain in obese rats and7

activate the expression of antioxidant defense genes [15].The human microbiome8

project indicates that 70% of gastrointestinal microbial species have a genetic ability9

to encode hydrogen metabolism, suggesting an important role for this element.10

Studies have shown that the relative abundance of intestinal flora in mice that drink11

molecular hydrogen-dissolved alkaline electrolyzed water is significantly different to12

that in control mice, having a beneficial effect on cholesterol metabolism and13

protecting against liver damage [16].14

It is essential that we understand how HGRW can prevent intestinal15

microecological imbalance in the context of a high-fat diet (HFD) and whether this16

can promote the restoration of microecological balance to protect human health and17

prevent related diseases. This study aimed to investigate the effect of HGRW on18

intestinal flora and antioxidant stress in mice fed with HFD.19

Materials and methods20

Preparation of HGRW21

We put 400 ml of double-distilled normal water (W) in a hydrogen-producing water22

bottle (Yishui Technology co. LTD, Hangzhou, China).The bottle cap was tightened,23

turned upside down, pressed and held the button for 5 min, and completed single24

electrolysis hydrogen production to a saturation of 1200 parts per billion. HGRW was25

freshly prepared before each relevant experiment to ensure high concentrations of26

hydrogen. During the experiments, mice were given HGRW twice a day and gavage27

was limited to between 09:00 and 15:00 h. Normal water was provided at the rest of28

the time. These conditions were maintained for 12 weeks.29
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Animals and experimental design1

Male 6-week-old C57BL/6 mice weighing 20–25 g were obtained (Changsha Slake2

Jingda Experimental Animal Co. Ltd., Hunan, China). All experimental procedures3

were conducted in conformity with institutional guidelines for Medical Research4

Ethics Committee of The First Affiliated Hospital of Nanchang University, and5

conformed to the National Institutes of Health Guide for Care and Use of Laboratory6

Animals.This experiment was approved by the ethics committee of the First Affiliated7

Hospital of Nanchang University. During the experiment, mice were raised in8

independent ventilated cages, with the number of mice per cage determined by the9

group. They were kept at 18°C–24°C and relative humidity of 59%–61%, with a 12-h10

light/dark cycle. Mice were fed a control common diet (CD) comprising 10% calories11

from fat (D12450k) or an HFD comprising 60% calories from fat (D12492). They12

then had ad libitum access to water (W or HGRW) and diet (CD or HFD), based on13

group allocation. CD (D12450k) and HFD (D12492) were purchased from Shanghai14

Biopike Biotechnology co. LTD (Shanghai, China).15

After a 1-week acclimation period, the mice were randomly divided into four16

groups of six mice by the type of diet and water: (1) CD-W; (2) CD-HGRW; (3)17

HFD-W; and (4) HFD-HGRW. Mice were individually identified by ear punching.18

Collection of general data, serum, liver, and feces samples19

Body weight was measured weekly at 09:00 h before the morning feeding using an20

electronic balance. Fasting blood glucose was measured once a week after overnight21

fasting (12 h), and detected by tail vein sampling with the blood glucose meter22

(FreeStyle Optium Neo).For the oral glucose tolerance test (OGTT), mice were fasted23

overnight (12 h), weighed, and given a glucose dose based on body weight (20%24

glucose solution, 0.002 g/g body weight gavage) [17]. Glucose was tested from the25

tails of mice before (0 min) and at 15, 30, 60, and 120 min after gavage. Mice feces26

samples were collected once every 4 weeks, immediately frozen in liquid nitrogen,27

and stored at −80°C. After 12 weeks, mice were anesthetized by intraperitoneal28

injection with chloral hydrate 400mg/kg and meperidine 4mg/kg of animal body29

weight. There is no signs of peritonitis were observed after the administration of30
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chloral hydrate and meperidine. At which point whole blood was collected from the1

orbital venous plexus and allowed to clot by leaving it undisturbed at room2

temperature. Serum samples were obtained by centrifuging at 1500 × g for 10 min,3

before being stored at −80°C. The mice were sacrificed by cervical dislocation, liver4

tissues were immediately rinsed with cold phosphate-buffered saline, frozen in liquid5

nitrogen, and kept at −80°C for analysis.6

Biochemical assays7

Blood supernatants were obtained as serum after centrifugation at 1500 × g for 108

minutes and stored at −80°C for analysis. Serum insulin levels were assessed using9

ELISA assay kits (Elabscience, Wuhan, China). Serum concentrations of aspartate10

aminotransferase (AST), alanine aminotransferase (ALT), high-density lipoprotein11

cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglyceride (TG),12

total cholesterol (T-Cho), and glucose were assessed by the 7020 chemical13

autoanalyzer (Hitachi, Tokyo, Japan) according to the manufacturer’s instructions.14

Assessment of oxidative stress15

Liver tissue specimens were assayed for their superoxide dismutase (SOD) activity16

and malondialdehyde (MDA) content according to the manufacturer’s protocols,17

before optical densities were measured in a microplate reader. Measurement of SOD18

activity (U mL−1) was at 550 nm for SOD, using the formula [(absorbance in control19

group − absorbance in sample group)/absorbance in control group/50%].20

Measurement of MDA content (nmol mL−1) was at 450 nm, using the formula21

[(absorbance of sample − absorbance of standard blank sample)/(absorbance of22

standard sample − absorbance of standard blank solution) × standard concentration23

(10 nmol mL−1). Finally, glutathione peroxidase (GSH-PX) activity was assessed by24

a GSH-PX kit according to the manufacturer’s protocols; sample absorbance was25

determined at 412 nm on a microplate reader after the reaction.26

Liver histology27

Liver was dissected and cut into small pieces, soaked in 4% paraformaldehyde for 2428

h at room temperature, stored at 4°C for 24 h, dehydrated with ethanol, clarified with29

xylene, and embedded in paraffin. Five-micron sections were cut and stained with30
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hematoxylin and eosin. Photographs of different sample areas were taken with an1

Axiovert 40CFL microscope equipped with an AxioCamMRC digital camera (Zeiss,2

Germany).3

Microbiota analysis by 16S rRNA sequencing4

After the fecal samples were thawed, bacterial genomic DNA was extracted using a5

QiAmp DNA Stool Mini Kit (Qiagen Ltd, UK) following the manufacturer’s6

procedures [18].For the library construction, we used the two-step polymerase chain7

reaction (PCR) to amplify the v3-v4 region of 16S rRNA. The specific primers used8

in this experiment were 357F (5′-actcctagcggreggagag-3′) and 806R9

(5′-ggactachvgggtwtctaat-3′). The amplified target fragment was detected by 1.2%10

agarose gel electrophoresis, and amplified products were used as templates for step11

two of PCR amplification. The aim was to add the connectors, primers, and barcode12

for the Illumina platform sequencing to both ends of the target segment. PCR products13

were purified using Agencourt AMPure XP magnetic beads before being quantified by14

FTC-3000TM real-time PCR [19]. The samples were mixed in the same molar ratio,15

and the library was prepared and sequenced. The v3-v4 region of 16S rRNA was16

sequenced by the NGS Illumina Miseq 2x300bp platform [20], and the original Fastq17

data were obtained. Each sample was distinguished by a barcode, sequence quality18

was controlled (Trimmomatic software) and filtered (FLASH software) [21-22], and19

the sequence was spliced according to the overlap relationship. Finally, the optimized20

sequence was obtained (Mothurv, 1.39.5 software) and cluster analyzed with21

UPARSE, using 97% similarity threshold to obtain representative sequences for22

operational taxonomic units (OTUs). Based on the cluster analysis results for the23

OTUs, we used R language to analyze diversity by the Simpson index,Shannon index,24

ACE, Chao1, good coverage, and sequencing depth. The taxonomic information was25

used to analyze the community structure statistically at each classification level. Beta26

diversity among the samples was analyzed.27

The above procedure was analyzed in the Python (2.7.13) R program [23]. LEfSE28

analysis of effect size was used to analyze the community differences between groups,29

and linear discriminant analysis was conducted according to the taxonomic30
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composition in different conditions (study groups), to identify the communities or1

species that had significant differences in sample classification.2

Statistical analysis3

Statistical analyses were performed using IBM SPSS Version 24 and graphics were4

created in GraphPad Prism 7.0. All data are expressed as the means ± standard5

deviation (SD). Comparisons of statistical significance differences among groups6

were performed by one-way or two-way analysis of variance, followed by7

Student–Newman–Keuls multiple range test or the correction of p-values by Tukey’s8

multiple comparisons test. Spearman relation analysis was used to assess the9

correlation between the two variables. Logistic regression was used in the multivariate10

analysis. In all cases, P < 0.05 was considered statistically significant.11

Results12

Effects of HGRW on physical and serum biochemical parameters13

Mice were fed experimental diets for 12 weeks. Those fed an HFD had higher14

bodyweights than those fed a CD, and by the end of week 4, significant weight15

differences were observed (Table 1). After week 12, HFD mice were 69% heavier16

than CD mice (P < 0.0001). The use of HGRW had no effect on weight gain. Similar17

results were obtained for fasting blood glucose (Table 2) and the OGTT glucose level18

(Table 3). The OGTT results at 15, 30, 60, and 120 min indicated that blood glucose19

was significantly higher in the HFD-W group than in the CD-W group (Table 3).At 30,20

60, and 120 minutes, there were also significant differences in blood glucose between21

the CD-HGRW and HFD-HGRW groups. At 30 and 60 min, blood glucose levels22

were significantly higher in the HFD-HGRW than in the HFD-W groups.23

The serum biochemical indicators in the mice are shown in fig. 1. Mice fed a24

HFD had significantly higher serum TC, TG, and HDL-C levels (P < 0.05) (fig. 1C-E).25

However, AST, ALT, TC, TG, LDL-L, HDL-L, and insulin levels were lower in the26

HGRW group than in the W group, albeit without statistical significance (P > 0.05)27

(fig.1A-G).28

Effects of HGRW on oxidative stress indices29
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The SOD, MDA, and GSH-PX content in liver homogenate is shown in fig. 1(H-J).1

Neither HFD nor HGRW affected SOD in mice (P> 0.05) (fig. 1H). Although2

GSH-PX activity in the HFD group was lower than in the CD group, the difference3

was not statistically significant (P > 0.05) (fig. 1I). No appreciable difference in SOD,4

GSH-PX activity, or MDA was seen with the use of HGRW. By contrast, the MDA5

content was significantly increased in the HFD group compared with the CD group6

among mice consuming W and HGRW (P<0.001) (fig. 1J).7

Effects of HGRW on liver histology8

Hematoxylin and eosin stained sections of liver tissue are shown in fig. 2.The liver9

parenchyma of mice in the HFD group mostly showed steatosis (fig. 2C, 2D), with a10

large number of enlarged cells scattered in the normal parenchyma. Hepatocyte11

steatosis is characterized by enlarged hepatocytes with round vacuoles of varying12

sizes in the cytoplasm. Although the liver had steatosis in both HFD groups, it was13

more pronounced in the HFD-W group. The liver in the HFD-HGRW group showed14

only mild, mainly microvascular, steatosis (fig. 2D). The liver parenchyma of mice in15

the CD group showed no significant steatosis (fig. 2A and 2B).16

HGRWmodifies gut microbiota in HFD-fed mice17

To assess the changes in the intestinal microbial community of mice on a HFD caused18

by HGRW, we used the Illumina MiSeq platform to sequence the variable region of19

the 16S rRNA gene (v3–v4) in the feces of mice from each group. The results are20

shown as OTUs using 97% as homologous cutoff values. The ACE, Chao1, and21

Simpson indexes decreased, while the Shannon index increased, among the mice22

treated with HFD. The opposite pattern was seen for mice treated with HGRW, but the23

difference was not statistically significant (P > 0.05). The phylogenetic differences of24

intestinal flora were evaluated by principal coordinates analysis based on the OTU25

analysis (fig. 3A). The HFD group exhibited a microbiota that clustered distinctly26

from that of the CD group, whereas the HGRW group only exhibited a microbiota that27

was partially distinct from that of the W group. Hierarchical clustering also showed28

that the microbial composition in the feces of the HFD group was significantly29

different from that of the CD group (fig. 3B). The composition of microorganisms in30
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the HGRW group was slightly different from that in the W group. The analysis of1

group similarities (ANOSIM) indicated that the differences between the HFD and CD2

groups were significant using the weighted UniFrac method calculated using R values3

of 0.65 (P = 0.001) (fig. 3C).4

To assess the effects of HFD and HGRW on intestinal microbial composition, we5

compared the relative abundance of the all taxa in each group (fig. 3).At phylum level,6

the relative abundance of Firmicutes was significantly higher, while that of7

Bacteroidetes was significantly lower, in the HFD group than in the CD group (fig.8

3D). The relative abundance of Firmicutes in the HGRW group was slightly higher,9

but without statistical significance. At the genus level, the microbiota of the HFD10

group showed a significantly greater abundance of Blautia, Parabacteroides,11

Intestinimonas, Anaerotruncus, and Lactococcus (fig. 3E), and a lower abundance of12

Lactobacillus, compared with the CD group. In the HFD group, Intestinimonas,13

Anaerotruncus, and Oscillibacter were significantly more abundant in the HGRW14

subgroup than in the W subgroup. At the species level, Parabacteroides goldsteinii15

was more abundant and Lactobacillus murinus was less abundant in the HFD group16

than in the CD group.Also, the abundance of Clostridiales bacterium CIEAF 020 was17

higher in the HGRW group than in the W group. In the HFD group, those given18

HGRW had more Anaerotruncus sp. G3 and Lachnospiraceae bacterium DW8, but19

less Acinetobacter baumannii, than the W group (fig. 3F).20

Furthermore, the Spearman correlation matrix confirmed that the experimental21

parameters and flora were related (fig. 4). LEfSe analysis of effect size revealed22

significance (LDA > 2, P < 0.05) between the two group differences for nine genera23

and five species (fig. 4A). There were significant correlations between all genera and24

relevant laboratory indicators (P < 0.05). In the HFD-HGRW group, six genera were25

negatively and four genera were positively correlated with these indicators. The26

relative abundance of Akkermansia muciniphila in the HGRW group, a bacterium27

involved in maintaining the metabolic balance of the body, was negatively correlated28

with AST and LDL-L levels (P < 0.05) (fig. 4B). LEfSe analysis of effect size29

revealed significance (LDA > 2, P < 0.05) between the HFD-HGRW and CD-HGRW30
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group differences for 24 genera and 26 species. In the HFD group, 17 genera were1

positively correlated with body weight, OGTT glucose, ALT, AST, TG, TC, HDL-L,2

LDL-L, GSH-PX, and MDA levels (fig. 4C). In addition, it was notable that3

Lactobacillus was negatively correlated with body weight, OGTT glucose, ALT, TG,4

TC, HDL-L, LDL-L, and MDA, but was positively correlated with GSH-PX.5

Anaerotruncus_sps3 and Firmicutes bacterium ASF500 were negatively correlated6

with GSH-PX. Akkermansia was negatively correlated with AST and LDL-L.7

Laboratory index and intestinal flora analysis suggest that Lactobacillus is closely8

related to MDA levels in tissues, although it is unclear if a decrease in Lactobacillus9

will increase MDA levels.10

Discussion11

Hydrogen acts as a therapeutic and protective antioxidant against oxidative stress and12

plays a protective role in the cells of almost all organs [24].Oxidative stress can be13

caused by a variety of factors, including strenuous exercise, inflammation, myocardial14

infarction, blood stasis, and organ transplantation [25].The complex and diverse15

intestinal microbiome has a symbiotic relationship with the host, with important roles16

in nutrient decomposition and transformation, immune invasion, and intestinal villus17

development [26]. Diet can directly affect the composition and activity of colonizing18

microorganisms. Therefore, we anticipated that interventions to HFDs could induce19

changes in the composition and metabolism of the intestinal microbiota, with20

hydrogen potentially mitigating or reversing the process. The results of this study21

somewhat support this hypothesis.22

Previous studies have shown that most intestinal flora metabolize hydrogen [27],23

which suggests that HGRW could affect gut microbial composition. Our study found24

that the richness and diversity of the intestinal microbiome in mice fed a HFD25

increased significantly, with the relative abundance of 28 genera differing26

significantly to that in the mice fed a CD. The relative abundance of nine genera was27

significantly different between HGRW mice and W mice, with 16S rRNA gene28

sequencing analysis showing a relatively higher relative abundance of Ruminococcus,29
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Oscillibacter, Anaerotruncus, Intestinimonas, Akkermansia muciniphila, and1

Clostridium sp. ID5 in the HGRW group. Akkermansia muciniphila has been shown2

to be negatively associated with many diseases [28].It can affect glucose metabolism,3

lipid metabolism, and intestinal immunity as a potentially beneficial bacterium.4

Clostridium sp. ID5 can produce a variety of short-chain fatty acids(SCFAs) by using5

glucose and glycerin fermentation to produce acetic acid, butyric acid, and propionic6

acid [29].In turn, these play an important role in maintaining normal function of the7

intestinal barrier [30].Studies have found that Ruminococcus can reduce the damage8

of oxidative stress by decreasing reactive oxygen species levels and increasing SOD9

and GSH-PX levels [31].The results showed that the relative abundance of beneficial10

bacteria in the intestinal flora of mice with HGRW increased significantly. Body11

weight, OGTT glucose, and levels of TC, TG, HDL-L, and MDA increased12

significantly after HFD but decreased non-significantly after HGRW intervention (P >13

0.5). However, there were still some positive effects.14

The relative abundances of each of the 12 taxa were significantly lower in the15

HFD-HGRW group than in the HFD-W group. Among them, Butyricicoccus,16

Anaeroplasma, and Acinetobacter were significantly reduced by the HGRW17

intervention. Acinetobacter is a typical opportunistic pathogen [32], and given that a18

HFD ordinarily leads to a relative increase in the abundance of pathogenic bacteria,19

this reduction may be relevant. However, there were no substantial changes in the20

indicators of liver function damage (AST and ALT) in mice after 12 weeks of HFD21

intervention, and the pathological results indicated that fatty degeneration had already22

existed in liver parenchymal cells. The results of hematoxylin and eosin staining of23

the liver tissue indicated that steatosis was significantly less severe in the parenchyma24

of mice in the HFD-HGRW group than in the HFD-only group. Although the25

physiological characteristics of Butyricicoccus, Anaeroplasma, and Acinetobacter26

need to be clarified, our data suggest that changes in their abundance can significantly27

alter the degree of steatosis.28

There were several limitations in this study. The number of mice used in this29

study was limited. Increasing the sample size would provide more convincing results.30
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In this experiment, relevant indexes were measured after 12 weeks of feeding on a1

HFD with hydrogen-rich water. It turns out that hydrogen-rich water would have been2

beneficial to the body.3

Conclusions4

In summary, HGRW had a significant effect on the intestinal microbiome of mice,5

affecting the structure and composition of microorganisms. Many studies have shown6

that the antioxidant activity of hydrogen increases with increases in the hydrogen7

concentration, with damage inhibition being dose-dependent [33].Therefore, we8

speculate that hydrogen molecules, which may be administered by HGRW, play a9

beneficial role in oxidative stress. Further studies should use fecal bacteria10

transplantation to clarify the exact role of HGRW on the intestinal microbiome. In the11

meantime, we conclude that oral HGRW has antioxidant and liver protective effects,12

with the potential to improve the diversity, richness, and structure of intestinal flora,13

as well as enhancing the relative abundance of beneficial flora.14
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Table 1 Effects of HGRW treatment on the animal model’body weight(g)1

Time CD-W CD-HGRW HFD-W HFD-HGRW

0 wk 22.2±1.03 21.6±1.36 22.3±0.88 22.2±1.13

2 wk 23.6±1.16 23.1±1.16 25.7±0.60 26.0±2.14 ##

4 wk 23.8±1.23 22.8±1.24 26.7±0.54 * 27.5±2.65 ####

6 wk 25.3±1.35 24.7±1.09 28.8±0.88 ** 29.9±3.00 ####

8 wk 24.8±1.53 23.6±1.37 29.6±0.87 **** 30.7±3.81 ####

10 wk 25.4±1.39 24.6±1.50 31.6±1.21 **** 32.6±4.18 ####

12 wk 23.9±1.44 23.1±1.23 30.3±0.86 **** 31.2±4.03 ####

Note:Values are expressed as mean± SD ,and analyzed by Tukey’s multiple2

comparisons test . *p<0.05 versus the CD-W group.**p<0.01 versus the CD-W3

group.****p<0.0001 versus the CD-W group.## p<0.01 versus the CD-HGRW4

group.#### p<0.0001 versus the CD-HGRW group.5

Table 2 Effects of HGRW treatment on the animal model’fasting blood6

glucose(mmol/L)7

Time CD-W CD-HGRW HFD-W HFD-HGRW

0 wk 4.5±0.53 4.2±0.47 4.8±0.51 4.4±0.59

4 wk 4.2±0.73 4.0±0.59 5.4±0.98 * 4.9±0.96

8 wk 4.9±0.48 5.0±0.70 5.9±0.76 4.9±0.73

12 wk 5.8±0.63 6.2±0.70 6.1±0.59 5.5±1.00

Note:Values are expressed as mean± SD ,and analyzed by Tukey’s multiple8

comparisons test .9

*p<0.05 versus the CD-W group.10

Table 3 Effects of HGRW treatment on the animal model’oral glucose tolerance11

test (OGTT) glucose level (mmol/L)12
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Time CD-W CD-HGRW HFD-W HFD-HGRW

0min 5.8±0.63 6.2±0.70 6.1±0.59 5.5±1.00

15min 11.8±1.46 17.2±3.48 18.1±1.68 **** 19.1±2.78

30min 9.3±1.36 10.5±1.15 14.6±2.08 **** 20.2±2.74 ####++++

60min 8.1±1.45 8.5±0.93 12.2±1.11 *** 15.3±2.87 #### +

120min 6.8±0.96 7.1±0.55 10.3±1.04 ** 10.7±1.51 ##

Note:Values are expressed as mean± SD ,and analyzed by Tukey’s multiple1

comparisons test . *p<0.05 versus the CD-W group.**p<0.01 versus the CD-W2

group.***p<0.001 versus the CD-W group.****p<0.0001 versus the CD-W3

group.## p<0.01 versus the CD-HGRW group.#### p<0.0001 versus the4

CD-HGRW group.+p<0.05 versus the HFD-W group.++++p<0.0001 versus5

the HFD-W group.6

fig. legends7

fig. 1. Effects of HGRW on serum and tissue biochemical parameters and oxidative8

stress indices. A-B: Serum transaminase levels were tested. C-F: Serum lipid levels9

were tested. G: Insulin levels were tested. H-I: Hepatic activities of antioxidant10

enzyme levels were tested; J: Hepatic levels of MDA were shown as markers of11

oxidative stress. The values are the mean ± SD from six mice. NS means P > 0.05, *12

means P < 0.05, ** means P < 0.01, and *** means P < 0.001.13

fig. 2. Histological sections stained by hematoxylin and eosin of livers from group14

CD-W (A), CD-HGRW (B), HFD-W (C), and HFD-HGRW (D). Prominent hepatic15

steatosis was observed in mice fed a HFD. Arrow in picture (C) indicates16

macrovesicular inclusions, whereas arrow in picture (D) indicates microvesicular17

inclusions.18
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fig. 3. Modulation of HGRW on the structure and composition of gut microbiota in1

mice.2

Principal coordinate analysis (PCoA) (A) and sample clustering results (B) at the3

phylum level of the weighted UniFrac distances of microbial 16S rRNA sequences4

from the V3-V4 regions in the stool samples. ANOSIM analysis indicated that the5

differences between the groups were significant (R = 0.65, P < 0.001) (C). Phylum6

level (D), genus level (E) and species level (F) taxonomic distributions of the7

microbial communities in the stool samples ascertained from next-generation8

sequencing. The right graph portrays significantly different taxa in different groups.9

Data represent the means ± SE of six mice.*means P < 0.05, **means P < 0.01,10

***means P < 0.001, ****means P < 0.0001(ANOVA test).11

fig. 4. Spearman correlation analysis of clinical data and the intestinal microbiota12

based on LEfSe analysis results. LEfSe identified the taxa with the greatest13

differences in abundance between the HFD-HGRW and HFD-W groups. At the genus14

and species levels, the HFD-W group-enriched taxa are indicated by a positive LDA15

score (green) and HFD-HGRW group-enriched taxa are indicated by a negative score16

(red). Only taxa meeting a significant LDA threshold value of >2 are shown (A).17

Heatmaps showing correlations between clinical factors and gut microbiota at genus18

and species levels were estimated using Spearman correlation analysis. HFD-HGRW19

and HFD-W groups are shown in (B). HFD-HGRW and CD-HGRW groups are20

shown in (C). Color intensity represents the magnitude of correlation. Red means21

positive correlations; blue means negative correlations. * denotes adjusted P < 0.05;22

** denotes adjusted P < 0.01.23



Figures

Figure 1

Effects of HGRW on serum and tissue biochemical parameters and oxidative stress indices. A-B: Serum
transaminase levels were tested. C-F: Serum lipid levels were tested. G: Insulin levels were tested. H-I:
Hepatic activities of antioxidant enzyme levels were tested; J: Hepatic levels of MDA were shown as
markers of oxidative stress. The values are the mean ± SD from six mice. NS means P > 0.05, * means P
< 0.05, ** means P < 0.01, and *** means P < 0.001.



Figure 2

Histological sections stained by hematoxylin and eosin of livers from group CD-W (A), CD-HGRW (B),
HFD-W (C), and HFD-HGRW (D). Prominent hepatic steatosis was observed in mice fed a HFD. Arrow in
picture (C) indicates macrovesicular inclusions, whereas arrow in picture (D) indicates microvesicular
inclusions.



Figure 3

Modulation of HGRW on the structure and composition 1 of gut microbiota in mice. Principal coordinate
analysis (PCoA) (A) and sample clustering results (B) at the phylum level of the weighted UniFrac
distances of microbial 16S rRNA sequences from the V3-V4 regions in the stool samples. ANOSIM
analysis indicated that the differences between the groups were signi�cant (R = 0.65, P < 0.001) (C).
Phylum level (D), genus level (E) and species level (F) taxonomic distributions of the microbial



communities in the stool samples ascertained from next-generation sequencing. The right graph portrays
signi�cantly different taxa in different groups. Data represent the means ± SE of six mice.*means P <
0.05, **means P < 0.01, ***means P < 0.001, ****means P < 0.0001(ANOVAtest).

Figure 4

Spearman correlation analysis of clinical data and the intestinal microbiota based on LEfSe analysis
results. LEfSe identi�ed the taxa with the greatest differences in abundance between the HFD-HGRW and
HFD-W groups. At the genus and species levels, the HFD-W group-enriched taxa are indicated by a
positive LDA score (green) and HFD-HGRW group-enriched taxa are indicated by a negative score (red).
Only taxa meeting a signi�cant LDA threshold value of >2 are shown (A). Heatmaps showing correlations
between clinical factors and gut microbiota at genus and species levels were estimated using Spearman
correlation analysis. HFD-HGRW and HFD-W groups are shown in (B). HFD-HGRW and CD-HGRW groups



are shown in (C). Color intensity represents the magnitude of correlation. Red means positive correlations;
blue means negative correlations. * denotes adjusted P < 0.05; ** denotes adjusted P < 0.01.


