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Abstract 15 

The goal of the present study was to evaluate the fecal microbiome and serum metabolites in 16 

Xuebijing (XBJ)-injected rats after heat stroke using 16S rRNA gene sequencing and gas 17 

chromatography-mass spectrometry (GC-MS) metabolomics. Eighteen rats were divided into the 18 

control group (CON), heat stroke group (HS), and XBJ group. The 16S rRNA gene sequencing results 19 

revealed that the abundance of Bacteroidetes was overrepresented in the XBJ group compared to the 20 

HS group, while Actinobacteria was underrepresented. Metabolomic profiling showed that the 21 

pyrimidine metabolism pathway, pentose phosphate pathway, and glycerophospholipid metabolism 22 

pathway were upregulated in the XBJ group compared to the HS group. Taken together, these results 23 

demonstrated that heat stroke not only altered the gut microbiome community structure of rats but also 24 

greatly affected metabolic functions, leading to gut microbiome toxicity. 25 

Introduction 26 

Heat stroke is a life-threatening syndrome induced by environmental or metabolic factors. Heat 27 

stroke causes body temperature dysregulation, sweat gland failure and electrolyte disturbances 1, 28 
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leading to debilitating central nervous system damage and the potential for the subsequent rapid 29 

development of cardiovascular dysfunction 2,3. Body temperature continues to rise, cardiac output is 30 

difficult to maintain balance, induce cytotoxicity and inflammation, and ultimately lead to multiple 31 

organ failure 4-6. 32 

The gastrointestinal mucosal barrier has the function of preventing harmful substances in the 33 

intestinal cavity from entering the blood circulation. When heatstroke occurs, intestinal blood loss, 34 

intestinal blood flow decreases, intestinal epithelial cell vitality decreases, and cell wall permeability 35 

increases 7. In addition, the oxides and nitrosamines produced in the intestine can stimulate the cell 36 

membrane and destroy the tight junctions between cells. The endotoxins and potential pathogens in 37 

the intestine enter the blood, pass through the systemic circulation, and reach the liver. The liver's 38 

detoxification ability cannot meet the demand, leading to toxemia. Microbial products in the intestine 39 

will also be transferred to the systemic circulation 8. The gastrointestinal microbiota is a collection of 40 

microorganisms that colonize the gastrointestinal tract, which have co-evolved inside humans and are considered 41 

to provide several mutually beneficial host functions 9, including digesting food components, synthesizing vitamins, 42 

antagonizing pathogens, detoxifying carcinogenic compounds, and releasing a variety of metabolites involved in the 43 

homeostatic balance achieved between microbiota and the host 10,11. . However, other microorganisms can 44 

faster pro-inflammatory reactions, interfere with the energy metabolism of epithelial cells, cause 45 

severe heat stroke and destroy the epithelial barrier. Studies have found that the diversity and functions 46 

of the host microbial community can be changed according to changes in the host’s diet or physiology 47 

12,13. Therefore, we believe that there is a close relationship between heatstroke and gut microbes. 48 

Xuebijing (XBJ) injection is a traditional Chinese medicine consisting of Carthami flos, Paeoniae 49 

Radix Rubra, Chuanxiong Rhizoma, Salviae miltiorrhizae, and Angelicae Sinensis Radix. XBJ has 50 

two primary effects in the treatment of sepsis 14. XBJ injection directly reduces damage to the vascular 51 

endothelium and inhibits the release of inflammatory factors, protecting multiple organs in heatstroke-52 

affected animals, including the heart, liver, and kidneys. In addition, XBJ injection can prevent the 53 

translocation of bacteria and endotoxins by maintaining the structural integrity of the intestinal barrier 54 

and indirectly aids in reducing systemic inflammation 15. Although XBJ likely as potential as an 55 

effective treatment for heatstroke, few studies have addressed the roles of XBJ in heat stroke. 56 

Additionally, the roles of XBJ in gastrointestinal disorders during heatstroke require further 57 

investigation. We hypothesized that XBJ is a protective agent that can attenuate gastrointestinal 58 

disorders during heat stroke by affecting the gut microbiome. 59 
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Therefore, in the present study, we used the classic severe heat stroke rat model to investigate the 60 

role of the gut microbiome and blood metabolites in heat stroke by comparing the effects of heat stress 61 

and XBJ during heat stroke. 62 

RESULTS 63 

General parameters 64 

The results showed that compared to the CON group, body weight gain and body temperature 65 

increased after heat shock (P < 0.05), while no difference in body weight gain and body temperature 66 

was observed in the XBJ group (P > 0.05). The LPS content increased after heat shock (P < 0.05), and 67 

the use of XBJ inhibited the increase in LPS (P < 0.05) (Table 1). 68 

Effect of XBJ on intestinal structure 69 

Compared to the control group, the HS group had severe intestinal bleeding, and the symptoms 70 

were relieved after treatment with XBJ (Fig. 1A). Fig. 1B shows that the jejunum, ileum, cecum, and 71 

colon of rats in the HS group were severely damaged. After the injection of XBJ, the level of damage 72 

to each intestinal segment decreased. The colonic epithelial cells in the CON group were intact, with 73 

tight cell connections without gaps. In the HS group, the tight junctions between colonic epithelial 74 

cells were destroyed, the gaps widened, and the boundaries were obvious. Compared to the HS group, 75 

the space between colonic epithelial cells in the XBJ group became narrower, but the boundary was 76 

not obvious (Fig. 1C). 77 

Effect of XBJ on the fecal microflora composition 78 

A total of 1,364,540 high-quality 16S rRNA gene reads were obtained, with an average of 32,956 79 

reads per sample. Following taxonomic assignment, 1401 OTUs were obtained (see 80 

Supplementary Table S1 online). To evaluate the differences in bacterial diversity between the two 81 

groups, sequences were aligned to estimate alpha diversity and beta diversity. No statistically 82 

significant differences were observed in the Chao1 index (P = 0.74), Goods coverage (P = 0.44), 83 

Shannon index (P = 0.88) or Simpson index (P = 0.37), whereas the Chao1 index in the XBJ group 84 

was higher than that in the HS group (Table 2). The Bray-Curtis PCoA plots revealed a separation of 85 
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the three groups (Fig. 2A). These results suggest that the diversity of gut microbiota could be 86 

strongly influenced by XBJ treatment. 87 

The relative proportions of dominant taxa at the phylum level were assessed by microbial taxon 88 

assignment among the three groups. We observed considerable variability in gut microbiota across 89 

samples in each group. Six phyla were identified in each group. Firmicutes was the most predominant 90 

phylum, accounting for 69.71, 75.48 and 70.29% of the OTUs in the CON, HS and XBJ groups, 91 

respectively. In addition, Bacteroidetes was enriched in the XBJ and CON groups compared to the HS 92 

group (Fig. 2B). At the genus level, Prevotella_9 was observed to be less abundant in the HS group 93 

than in both the CON and XBJ groups (Fig. 2C). Considering that this discriminant analysis did not 94 

distinguish the predominant taxon, LEfSe was used to generate a cladogram to identify the specific 95 

bacteria associated with the XBJ group (Fig. 2D). Seven different genera were identified. 96 

Ruminococcaceae_UGG_013, Ruminiclostridium_5, Anaerofustis and Jeotgalicoccus were all 97 

significantly overrepresented in the CON group (all LDA scores (log10) > 3), whereas Bifidobacterium 98 

and Faecalibaculum were the most abundant microbiota in the HS group (all LDA scores (log10) > 3), 99 

and Shuttleworthia was the only genus enriched in the HS_XBJ group (all LDA scores (log10) > 3.5) 100 

(Fig. 1C). The relative abundances of the top 21 genera were further analyzed by heat map clustering 101 

analysis, and the results were consistent with the LEfSe results (Fig. 2E). 102 

Multivariate statistical analysis and identification of serum metabolites 103 

OPLS-DA is a multivariate statistical analysis tool used to identify differences in the biochemical 104 

compositions of metabolites to discriminate different groups. The score plot of the OPLS-DA in the 105 

negative mode [(R2X = 0.523, R2Y = 0.995, Q2 = 0.664 between CON and HS groups) and (R2X = 106 

0.335, R2Y = 0.991, Q2 = 0.365 between XBJ and HS groups)] and the results of the OPLS-DA in 107 

the positive mode showed that the CON, HS and XBJ groups underwent significant metabolic 108 

changes [(R2X = 0.362, R2Y = 0.955, Q2 = 0.587 between CON and HS groups) and (R2X = 0.462, 109 

R2Y = 0.995, Q2 = 0.523 between XBJ and HS groups)] (see Supplementary Table S2 online). One 110 

hundred seventy metabolites in the negative mode and 260 metabolites in the positive mode were 111 

observed to differ in abundance between the CON and HS groups (see Supplementary Fig. S1 and S2 112 

online). Moreover, the abundances of 67 metabolites in the negative mode and 106 metabolites in the 113 

positive mode were altered in the XBJ and HS groups (see Supplementary Fig. S3 and S4). Further 114 

analysis revealed that 17 metabolites identified in the negative mode were shared between the CON 115 

vs HS and XBJ vs HS comparisons, including 681 (cyanuric acid), 1539 (metaraminol), 1556 116 
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(vanillic acid), 1846 (acamprosate), 5822 (cis-9,10-epoxystearic acid), 5957 (eicosapentaenoic acid), 117 

6148 (alprazolam), 6633 (D-lactose), 7289 [(3S,4S)-3-hydroxytetradecane-1,3,4-tricarboxylate], 118 

8446 (ferulic acid), 8842 (thiamine monophosphate), 9428 (furcatin), 9530 (LDS-751), 9652 119 

(sphingosine-1-phosphate), 10081 (clindamycin), 11130 (DAMGO), and 14061 (PG). Moreover, 45 120 

common metabolites were identified in the positive mode between the CON vs HS and XBJ vs HS 121 

comparisons, including 42 (acrylamide), 176 (acrylamide), 704 (L-lysine), 731 (alpha-fluoro-beta-122 

alanine), 801 (oxindole), 1098 (1,2-benzenedicarboxylic acid), 1148 (2-dimethylamino-5,6-123 

dimethylpyrimidin-4-ol), 1291 (D-glucuronate), 1476 (2-dimethylamino-5,6-dimethylpyrimidin-4-124 

ol), 1612 (L-arginine), 1632 (propionylglycine), 1869 (aceclidine), 2148 (IS), 2270 (methacholine), 125 

2530 (talbutal), 2603 (ketorolac), 2769 (dimethyl sulfone), 3094 (L-histidinol phosphate), 3204 126 

(thymidine), 3417 (2,4-dichloro-3-oxoadipate), 3565 (palmitic amide), 3571 (phosfolan), 3679 (Phe-127 

Ala), 3707 (clofibrate), 4213 (triprolidine), 4595 (chlormezanone), 4784 (kaempferol), 5132 128 

(phytosphingosine), 5135 (terodiline hydrochloride), 5407 (monomethyl glutaric acid), 5518 129 

(parathion), 5662 (Oleic acid), 5695 (scopolamine), 5975 [(1x,2x)-cuaiacylglycerol 3-glucoside], 130 

5992 (methyclothiazide), 6022 (norfloxacin), 6240 (cellulose), 7779 (2',3'-dideoxyadenosine-5-131 

triphosphate), 8038 (sulfolithocholylglycine), 8248 (sulfolithocholylglycine), 8416 132 

(sulfolithocholylglycine), 8484 (lupiwighteone hydrate 7-glucoside), 8750 (sulfolithocholylglycine), 133 

9751 (goyaglycoside c), and 10347 (lycoperoside D). 134 

Pathway analysis of metabolites 135 

KEGG analysis was also used to identify the most crucial signal transduction pathway and 136 

biochemical metabolic pathway relevant to differential metabolites. The differential metabolites of the 137 

CON and HS groups were primarily enriched in the ascorbate and aldarate metabolic pathways (Fig. 138 

3A, 3B). Different metabolites between the HS_XBJ and HS groups were distributed in the pyrimidine 139 

metabolism pathway, pentose phosphate pathway, and glycerophospholipid metabolism pathway (Fig. 140 

3C, 3D). 141 

DISCUSSION 142 

After heat stroke, the intestine is the most vulnerable target organ 16. Intestinal barrier dysfunction 143 

is related to the development of multiple organ dysfunction syndrome caused by trauma-hemorrhagic 144 
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shock 17. Our results showed that the intestinal tract showed oozing blood and that the intestinal barrier 145 

was damaged after heat shock, indicating that heat shock is likely to cause trauma-hemorrhagic shock. 146 

The intestinal flora is also an important component of the intestinal barrier, and it forms an 147 

interdependent and interactive microecosystem with intestinal epithelial cells. Previous studies have 148 

shown that the intestinal flora contributes to the occurrence and development of a variety of metabolic 149 

syndrome diseases, such as obesity, diabetes and cardiovascular disease 18. Therefore, it is important 150 

to elucidate the function of intestinal flora to treat intestinal injury caused by heat stroke. Metabolites 151 

are the media that connect microbes and the intestine, but there are few reports on the changes in the 152 

metabolism of intestinal substances caused by heat stroke. 153 

Firmicutes and Bacteroidetes are the two primary phyla in the gut microbiota and are involved in 154 

lipid and bile acid metabolism to maintain energy balance in the body 19. Bervoets et al. observed that 155 

compared to thin people, the relative abundance of Firmicutes is increased in the intestines of obese 156 

people, while that of Bacteroidetes is decreased 20. In another study, Collado et al. observed that the 157 

relative abundance of Bacteroidetes in the gut of obese patients increases 21. However, our findings 158 

contrast with the above findings, as the relative abundance of Bacteroidetes decreased with less body 159 

weight gain in the HS group. The gut microbes of 12 severely ill patients were evaluated in a previous 160 

study, and the results showed that the ratio of Bacteroidetes to Firmicutes was relatively stable in the 161 

6 surviving patients, while that of Bacteroidetes to Firmicutes was higher than 10 or less than 0.10 in 162 

the other patients who died, indicating that the extreme imbalance of intestinal flora may affect the 163 

prognosis of critically ill patients 22. The results obtained by Lankelma et al. also showed that the ratio 164 

of Bacteroidetes to Firmicutes in the guts of severely ill patients varied greatly compared with that of 165 

healthy people 23. These findings may explain our findings reasonably well. At the genus level, the 166 

decrease in Prevotella-9 and Prevotella-1 in the HS group may be the primary reason for the decrease 167 

in Bacteroidetes microorganisms, as Prevotella-9 and Prevotella-1 are the dominant genera of 168 

Bacteroidetes. Prevotella is the primary fiber-degrading genus in the in the phylum Bacteroidetes. The 169 

decrease in Prevotella-9 and Prevotella-1 indicated that the fiber digestion ability was weakened in the 170 

HS group, which may have affected the energy supply. In addition, members of the phyla 171 

Actinobacteria and Proteobacteria were also the primary dominant bacteria in the guts of rats. 172 

Compared to the control group, members of both phyla increased after heat shock. The phylum 173 

Proteobacteria was previously reported to be the primary source of various genes involved in carbon 174 

metabolism and the biosynthesis of unique secretion systems. Moreover, the phylum Proteobacteria 175 

includes many pathogens, such as Escherichia coli, Salmonella, Vibrio cholerae, and Helicobacter 176 

pylori, which cause intestinal inflammation and damage to the intestines 24. An increased abundance 177 
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of Proteobacteria and a decreased abundance of Bacteroidetes was observed in the guts of patients with 178 

kwashiorkor 25. The alterations in Proteobacteria and Bacteroidetes abundances observed in the present 179 

study were similar to those observed in the above study, indicating that heat stroke may cause 180 

malnutrition in rats. With XBJ injection after heat shock, the proportion of Bacteroidetes was close to 181 

that of the CON group, while the proportion of Proteobacteria was close to that of the HS group, 182 

indicating that XBJ may promote Bacteroidetes proliferation but may have no such effect on 183 

Proteobacteria. The abundance of the Actinobacteria phylum increased in the HS group, but the 184 

abundance of Roseburia, a member of the phylum Actinobacteria, decreased. Members of the genus 185 

Roseburia can ferment carbohydrates into butyric acid. In a previous study, Roseburia was 186 

transplanted into the intestine of apolipoprotein E-deficient mice, and the results showed that systemic 187 

inflammation was relieved, the risk of atherogenesis was reduced, fatty acid utilization was accelerated, 188 

and glycolysis was slowed 26. In addition, the removal of butyric acid-producing bacteria often induces 189 

the overexpression of nitric oxide synthase type 2 and the production of nitrate, which eventually leads 190 

to the proliferation of Enterobacteriaceae in the Proteobacteria phylum 26. In the present study, we 191 

identified two bacterial biomarker genera in the HS group, namely, Bifidobacterium and 192 

Faecalibaculum, by LEfSe analysis. Bifidobacterium belongs to the Actinobacteria phylum and 193 

improves the infection fighting ability of the intestinal mucosa by producing antibodies and cytokines 194 

27. Compared to patients with metabolic disorders, Bifidobacterium is richer and has a heritability of 195 

up to 45.7% in the intestines of healthy subjects 28. Inconsistent with the results of the above study, the 196 

abundance of Bifidobacterium increased significantly after heat shock in the present study. In an 197 

experiment assessing alcohol damage to the intestine, and the abundance of Bifidobacterium was 198 

observed to increase 29. Faecalibaculum belongs to the phylum Firmicutes and is involved in 199 

inflammation regulation and lipid metabolism 30. When feeding mice a diet without aromatic 200 

hydrocarbon ligands, the addition of Faecalibaculum can increase intestinal IgA levels 31. Moreover, 201 

Faecalibaculum can regulate symbiotic probiotics and improve the energy metabolism pathways, such 202 

as those associated with short-chain fatty acids, carbohydrates, and amino acids 32. The increase in 203 

Bifidobacterium and Faecalibaculum after heat shock may be related to the self-repair of intestinal 204 

damage, but further proof is needed to assess this possibility. 205 

Vitamin C (Vc), also called ascorbic acid, is a polyhydroxy compound that easily undergoes 206 

oxidative dehydrogenation reactions. Vc participates in the synthesis and decomposition of many 207 

important metabolites 33. In the present study, the ascorbic acid and aldonic acid metabolic pathways 208 

were observed to be downregulated after heat shock, indicating that heat shock would cause a decrease 209 

in Vc. The results of a previous study showed that Vc is highly effective in treating sepsis patients 210 
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with a body temperature ≥37.1℃ and white blood cell count ≥15.0 1000/mm3, indicating that Vc is 211 

associated with fever and high inflammation 34. Vc not only inhibits the expression of pro-212 

inflammatory cytokines but also directly eliminates reactive oxygen species, thereby maintaining 213 

cortical barrier function, which indicates that intestinal injury in the heat shock group may be related 214 

to a decrease in the Vc content 35. In patients with septic shock, increasing the clearance rate of 215 

thiamine and lactic acid can greatly reduce mortality, showing that thiamine and Vc can alleviate the 216 

damage caused by oxidative stress 36. The findings of such studies provide more possibilities for Vc 217 

treatment in patients with sepsis 37. Compared to that observed in the HS group, the metabolite 218 

glucuronate was significantly higher in the HS_XBJ group. Glucuronate is related to anticoagulation, 219 

indicating that XBJ can increase the production of Vc and promote blood coagulation. It has been 220 

reported that an impaired intestinal barrier can lead to interruption of oxygen and nutrient supplies, 221 

which is the primary cause of metabolic changes in specific tissues 38. Therefore, we hypothesize that 222 

heat shock may disrupt those changes that are primarily used to compensate for intestinal dysfunction. 223 

The results showed that after the injection of XBJ, the pentose phosphate pathway metabolic pathway 224 

was significantly upregulated in the intestinal tract of heat shock-affected rats, especially the level of 225 

5-phosphate ribose, which increased significantly. Ribose 5-phosphate plays a crucial role in 226 

nucleotide and nucleic acid synthesis 39. In the pentose phosphate pathway, ribose 5-phosphate can be 227 

isomerized with 5-ribose by the action of 5-ribose ribose isomerase 40,41. Under the action of trans 228 

ketolase, 5-phosphate ribose and 5-xylulose phosphate form glyceraldehyde 3-phosphate. 229 

Glyceraldehyde 3-phosphate can also be converted to triose phosphate isomerase. Therefore, the 230 

increase in the content of ribose 5 phosphate indicates that the pentose phosphate pathway may 231 

alleviate the gut damage caused by heat shock. The enhancement of the pentose phosphate pathway 232 

can increase the synthesis of reducing metabolites in cells, such as NADPH 42. At the same time, 5-233 

phosphate ribose and NADPH are the primary sources of rapid cell growth 43. Sphingomyelin is an 234 

important part of cell membrane lipids and participates in a variety of cell signaling pathways. 235 

Sphingosine 1-phosphate (S1P) is one of the metabolites of sphingomyelin, a natural lysophosphatidic 236 

with important biological activity, which is involved in many physiological processes, such as cell 237 

growth, proliferation, migration, cytoskeleton remodeling and lymphocyte transport 44. S1P is 238 

converted from sphingosine through sphingosine kinase and has the effect of preventing oxidative 239 

damage 45. In the present study, the S1P content in the HS group was significantly increased and was 240 

significantly reduced in the XBJ group. In addition, phosphatidylcholine is the primary component of 241 

low-density lipoprotein and is related to the metabolism of polyunsaturated fatty acids and 242 

sphingomyelin 46,47. After injection with XBJ, the level of phosphatidylcholine decreased, and the 243 
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content of 1-acyl-sn-glycero-3-phosphocholine increased. Therefore, it is speculated that XBJ can 244 

protect intestinal health by inhibiting the sphingolipid metabolism pathway in heat shock-affected rats. 245 

In summary, heat shock significantly modified the structure and composition of the gut bacteria in 246 

rats. In the present study, we demonstrated heat shock-induced microbial disorders and the 247 

dysregulation of microbial metabolites. The results showed that the abundance of Bacteroidetes 248 

decreased and the abundance of Actinobacteria increased after heat shock, while the abundance of both 249 

phyla in the XBJ injection group was consistent with that of the control group. At the genus level, heat 250 

shock inhibits the proliferation of the Prevotella-9 and Prevotella-1 genera, but XBJ can promote their 251 

reproduction. Furthermore, we demonstrated the capabilities of a nontargeted GC-MS-based 252 

metabolomics approach to successfully identify 170 different metabolites between the CON and HS 253 

groups and 37 different metabolites between HS and XBJ groups. 254 

Materials and Methods 255 

Animals and Reagents 256 

The experimental procedures were approved by Ethics Committee of the General Hospital of 257 

Guangzhou Military Command (No.2019090201) and performed in accordance with the ARRIVE 258 

guideline and the American Physiological Society’s guiding principles for research involving 259 

animals and also adhered to the Guide for the Care and Use of Laboratory Animals. Adult 7-week-260 

old male Sprague-Dawley rats (n=18, body weights 230∼250 g)were purchased from the Central 261 

Animal Breeding House of Xi’an Jiaotong University (Xi’an, Shaanxi, China). The rats were housed 262 

at an ambient temperature of 20±2°C, a relative humidity of 50±10% and a 12 h light/dark cycle for 263 

1 week prior to the start of the experiments. Pellet rat feed and tap water were available ad libitum. 264 

Heat stroke induction 265 

At the time of the beginning of form experiments, all rats were randomly divided into three 266 

groups: the sham control group (CON; n=6), model heat stroke group (HS; n=6), and drug treatment 267 

group (XBJ, n=6) groups. The groups had body weights of 238.0 ±2.3 g , 240 ±1.8 g and 237 ±1.9 g, 268 

respectively (mean ± SEM). Heat stroke was induced by placing rats into a floor-standing incubator 269 

(Thermo Scientific, Ashville, NC) preset to 42±0.2°C for 70 min. Twenty minutes after the 70-min 270 

heat stress treatment, all rats exhibited heat stroke reactions characterized by excessive rectal 271 
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hyperthermia (∼42°C) 48. The CON group animals were exposed to the same experimental 272 

conditions at 20±2°C. 273 

Drug treatment and experimental procedure 274 

XBJ was purchased from Tianjin Chase Sun Pharmaceutical Co., Ltd. (Tianjin, China) and stored 275 

at 4°C in the dark. Immediately following the exposure, the rats in the CON and HS groups received 276 

an intravenous injections of normal saline 4 (mL/kg body weight) via the femoral vein. The rats in the 277 

XBJ group received XBJ (4 mL/kg body weight) after the termination of heat stress once per day for 278 

3 consecutive days. The body weight and rectal temperature of the rats were measured at the end of 279 

the formal experiment. 280 

Sample collection 281 

Colon tissues, fecal pellets and serum were collected after euthanasia. 282 

Fecal pellets were placed in sterile conical tubes and immediately frozen at -80°C for further 283 

microbial community analysis. Serum was obtained by centrifugation of the blood at 3000 rpm for 15 284 

min in a refrigerated centrifuge and then immediately stored at -80°C 49. Lipopolysaccharide (LPS) 285 

levels were then measured with appropriate ELISA kits (MP Biomedicals, Santa Ana, CA, USA). 286 

HE staining of tissue samples 287 

Colon tissues were washed with cold phosphate buffered saline (PBS pH 7.4 and 0.01 mol/L) and 288 

immersed in 10% neutral formalin fixation solution. After dehydration and clearing, the tissues were 289 

immersed in wax and then cut into 5-8-micron-thick sections, which were then dewaxed and stained 290 

with HE. 291 

Electron microscopy 292 

Tissue samples were fixed in 2.5% glutaraldehyde and Hanks’ balanced salt solution (pH= 7.0) at 293 

4°C for 2 h. Subsequently, the tissues were postfixed in osmium tetroxide solution (1% OsO4 in Hanks’ 294 

solution) at 4°C for 2 h and block stained with 2% uranyl acetate buffer at 40°C for 1 h before being 295 

dehydrated in ethanol and acetone and embedded in paraffin. Ultrathin tissue sections were obtained 296 

using an LKB-8800 ultramicrotome (LKB, Sweden) and were stained with uranyl acetate and lead 297 

citrate. A JEM-100C microscope (JEOL, Tokyo, Japan) was used to examine the tissue sections 50. 298 
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Fecal DNA extraction for microbiome analysis 299 

Fecal genomic DNA was extracted using a QIAamp DNA Stool Mini kit (Qiagen, Hilden, Germany) 300 

according to the manufacturer’s guidelines. The concentration and purity of DNA were determined 301 

using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and 302 

DNA quality was assessed by 1% agarose gel electrophoresis. The extracted DNA was stored at -20°C 303 

for subsequent processing. 304 

The amplicon library was constructed by amplifying the V3/V4 region of the 16S rRNA gene using 305 

the primer pair 338F_806R (338F: 5’-ACTCCTACGGGAGGCAGCAG-3’, 806R: 5’-306 

GGACTACHVGGGTWTCTAAT-3’). PCR amplification was performed using a GeneAmp 9700 307 

thermocycler (ABI, USA) with TransStart FastPfu DNA Polymerase AP22102 under the following 308 

conditions: 95°C for 5 min followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s, 309 

with a final extension step at 72°C for 8 min 51. 310 

The PCR products were quantified using QuantiFluor™-ST (Promega, USA) according to the 311 

manufacturer’s protocol. Purified DNA samples were sequenced using an Illumina MiSeq. High-312 

quality filtering of the raw tags was conducted to acquire clean tags using QIIME (Version 1.8.0, 313 

http://qiime.org/). The filtered sequences were then clustered into operational taxonomic units (OTUs) 314 

according to representative sequences using Usearch (version 11.0, http://drive5.com/uparse/) and 315 

classified against the Greengenes Database (http://greengenes.secondgenome.com/) with a 97% 316 

sequence similarity threshold 52. Bacterial analysis of Bray-Curtis dissimilarities calculated according 317 

to the altered abundances of gut microbiota was performed using R (version 4.0.2, https://www.r-318 

project.org/) with the ‘vegan’ package. 319 

Blood sample preparation for UPLC-MS analysis 320 

Serum metabolites were analyzed using untargeted metabolomics via UPLC-–HDMS. After the 321 

serum samples had completely thawed at 4°C, 200 μL of each sample was transferred into 1.5-mL 322 

centrifuge tubes, to which 800 μL of methanol (precooled at -20°C) was added. The tubes were 323 

vortexed for 60 s using a MixStar (QL-866, Vortex Mixer) and then centrifuged for 10 min at 12,000 324 

rpm and 4°C. The supernatant from each tube was transferred into another 1.5-mL centrifuge tube, and 325 

the samples were blow-dried by vacuum. To dissolve the samples, 300 μL of a methanol aqueous 326 

solution (4:1, 4°C) was added, and the samples were filtered through a 0.22-μm membrane (0.22-μm 327 

PTFE, Jin Teng) to obtain the prepared sample extracts for LC-MS 53. 328 

http://drive5.com/uparse/
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The samples were analyzed via ultra-high performance liquid tandem chromatography quadrupole 329 

time of flight mass spectrometry (UHPLC-QTOFMS), which involved the use of an Agilent 1290 330 

Infinity ultrahigh-performance liquid chromatograph and an Agilent 6538 UHD and Accurate-Mass 331 

Q-TOF mass spectrometer with an ACQUITY UPLC®HSS T3 column (2.1×100 mm, 2.5 µm). The 332 

original data were transformed using Agilent MassHunter Qualitative Analysis B.04.00 (Agilent 333 

Technologies, USA). The processed data set was then entered into the SIMCA-P software package 334 

(v13.0, Umetrics, Umeå, Sweden). The normalized data were then used to perform principal 335 

component analysis (PCA) and orthogonal partial least squares-discriminate analysis (OPLS-DA) 
49. 336 

Statistical analysis 337 

Statistical analyses were performed using GraphPad Prism version 8.0. All data are presented as the 338 

means ± SEMs. Multiple comparisons were analyzed using one-way ANOVA. Statistical significance 339 

was defined at P≤ 0.05. 340 
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Figure legends 500 

(1)501 

 502 

Figure 1. Intestinal structure. (A) Rat anatomy. (B) HE staining of different intestinal segments, 503 

including the jejunum, ileum, cecum and colon (40×). (C) Electron microscopy of the colon (8200×). 504 

Effect of XBJ on bacterial diversity in fecal microbiota 505 
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(2)506 

 507 

Figure 2. Intestinal microbiota. (A) Bray-Curtis PCoA plots. (B) Bar plot at the phylum level. (C) Bar 508 

plot at the genus level. (D) LEfSe score. (E) Heatmap at the genus level. 509 

(3)510 

 511 

Figure 3. Statistics of pathway enrichment. (A) Differential metabolites between the CON and HS 512 

groups in the negative mode. (B) Differential metabolites between the CON and HS groups in the 513 
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positive mode. (C) Differential metabolites between the XBJ and HS groups in the negative mode. (D) 514 

Differential metabolites between the XBJ and HS groups in the positive mode. 515 

 516 

  517 
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Tables 518 

Table 1 General indicators 519 

Items 
        Group 

SEM P-value 
CON HS XBJ 

Body weight gain 12.02a 4.14b 7.32a 1.30 <0.05 

Rectal 

temperature 
35.35b 35.57a 35.47b 0.06 <0.05 

LPS 363.8c 837.5a 535.3b 24.69 <0.05 

Note: The superscript letters in each row of data indicate significant differences. 520 

 521 

Table 2 Indicator of alpha diversity  522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

Note: The results are presented as the means±SEM. 530 

 531 

Items 

Group 
P-value 

CON HS XBJ 

Chao1 752.74±21.51 645.10±30.03 750±33.02   0.74 

Goods coverage 0.9956±0.00 0.9964±0.00 0.9959±0.00 0.44 

Shannon 5.24±0.12 5.52±0.26 5.40±0.19 0.88 

Simpson 0.87±0.01 0.92±0.01 0.90±0.01 0.37 



Figures

Figure 1

Intestinal structure. (A) Rat anatomy. (B) HE staining of different intestinal segments, including the
jejunum, ileum, cecum and colon (40×). (C) Electron microscopy of the colon (8200×). Effect of XBJ on
bacterial diversity in fecal microbiota



Figure 2

Intestinal microbiota. (A) Bray-Curtis PCoA plots. (B) Bar plot at the phylum level. (C) Bar plot at the genus
level. (D) LEfSe score. (E) Heatmap at the genus level.



Figure 3

Statistics of pathway enrichment. (A) Differential metabolites between the CON and HS groups in the
negative mode. (B) Differential metabolites between the CON and HS groups in the positive mode. (C)
Differential metabolites between the XBJ and HS groups in the negative mode. (D) Differential
metabolites between the XBJ and HS groups in the positive mode.
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