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Abstract. In order to analyze the effect of baicalin on intestinal microbiota (IM) of obese mice induced by high-

fat diet (HFD), four groups of mice, i.e., normal control group, HFD group, baicalin-treated group of normal 

control, and baicalin-treated group of HFD, were set up. After 12 weeks of treatment, the mice’s body weight, 

insulin sensitivity, liver histopathological analysis and immunohistochemical analysis were measured. Combining 

with high-throughput sequencing of IM 16S rRNA gene, the characteristics of obesity induced by HFD and the 

therapeutic effect of baicalin on obese mice induced by HFD were explored. HFD significantly increased mice 

body weight, insulin resistance, liver fat accumulation, and the number of macrophages and T cells in the liver, 

and significantly changed the structure of obese mice IM. Baicalin treatment significantly reduced the weight and 

insulin resistance of obese mice induced by HFD, liver fat accumulation, and the number of macrophages and T 

cells, and significantly changed the structure of IM. This study provided reference data for understanding the 

effect of baicalin on IM composition and metabolism in the treatment of obesity caused by HFD, and helped us to 

understand the effect of chemicals on IM and its potential effect on host metabolism. 
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Introduction 

Currently, approximately one-third of the world’s adults are at risk of obesity-related 

metabolic syndrome such as non-alcoholic fatty liver disease (NAFLD), type 2 diabetes, 

and cardiovascular disease due to overweight (DeMarco et al., 2014; Polyzos et al., 

2022). Obesity and metabolic syndromes caused by it have shown an explosive 

epidemic trend, becoming one of the most serious types of diseases threatening public 

health (Radu et al., 2023). Simultaneously, obesity is also an important cause of other 

liver diseases, such as liver fibrosis, cirrhosis, and primary hepatocellular carcinoma 

(Shah et al., 2023). Therefore, exploring the methods and mechanisms for the 

prevention and treatment of obesity and obesity-induced metabolic syndromes has 

important theoretical and clinical application value. 

Obesity is a major cause of metabolic syndromes. Although the causes and 

mechanisms of obesity are complex and diverse, unbalanced diet is the main reason for 

disturbing normal energy metabolism, inducing excessive accumulation of lipids and 

eventually leading to obesity (Klaauw et al., 2015). Patients with obesity and metabolic 

syndrome are accompanied by low-level, systemic chronic inflammation, and the 

inflammatory response leads to impaired insulin action and metabolic abnormalities (Cani 

et al., 2007). Studies have confirmed that the activation of inflammatory effector 

molecules contributes to the desensitization of insulin signaling pathway (Cai et al., 

2005). At the molecular level, the activation of IκB kinase complex, extracellular signal-

regulated protein kinases 1 and 2 (ERK1/2), and c-Jun N-terminal kinases (JNKs) in the 

inflammatory tissues of obese individuals all reduce the tyrosine phosphorylation of 

insulin receptor substrate proteins, leading to the attenuation of insulin signaling (Tanti et 

al., 2013). Loss of insulin sensitivity triggers fasting hyperglycemia and increases hepatic 

lipid synthesis, dyslipidemia, hypertension, and fat accumulation in adipose tissues 
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(Saltiel et al., 2001). However, excessive caloric intake, increased fat accumulation, and 

lipotoxicity also activate the production of effector molecules (cytokines) and cells mainly 

involved in innate immunity (Cani et al., 2007; Cai et al., 2005). These products enhance 

the chronic low-level inflammatory state and induce the recruitment and activation of a 

variety of mature immune cells (including mast cells, macrophages, and dendritic cells) 

and adipocytes in metabolic tissues, especially adipose tissues, thus further enhancing the 

inflammatory response (Lumeng et al., 2011). 

Intestinal microbiota (IM) play an important role in many aspects of vertebrate growth, 

development, metabolism, and immunity (Bui et al., 2023; Seth et al., 2019). Studies have 

shown that IM play an important role in the occurrence and development of metabolic 

diseases such as obesity, insulin resistance, atherosclerosis, and NAFLD (Cani et al., 

2007). IM assist in degradation of indigestible food components, such as polysaccharides 

in fermented diet (Qin et al., 2010), and regulate the host energy homeostasis by 

exchanging metabolites with the host and participating in the host signaling pathway to 

regulate bile acid, lipid, and amino acid metabolism, as well as the host gene expression 

(Velagapudi et al., 2010). The structural imbalance of IM caused by high-fat diet (HFD) 

intake may damage the intestinal barrier function, cause the increase of inflammatory 

factors and lipopolysaccharides levels in the circulatory system, thereby triggering 

metabolic inflammation and inducing insulin resistance, obesity and even diabetes (Li et 

al., 2022). The imbalance of IM causes the weakening of intestinal barrier function, and 

the pathogenic bacteria and endotoxin in the intestine enter the body through the intestinal 

mucosal barrier, which becomes an important initiating and sustaining factor for the 

persistence of inflammation and the induction of cancer (Liu et al., 2018). 

Recently, in addition to probiotic therapy, traditional Chinese medicine, as an 

effective treatment method, provides new ways and methods for the prevention and 

treatment of obesity and metabolic syndromes caused by obesity (Zu et al., 2016). 

Baicalin is a flavonoid extracted from the dried root of Scutellaria baicalensis Georigi, 

which has a variety of pharmacological effects such as antihypertensive, 

hepatoprotective, antibacterial and anti-inflammatory effects (Zha et al., 2020). Baicalin 

improves inflammatory disorder and tissue damage by down-regulating the 

concentrations of a variety of cytokines and proteins such as tumor necrosis factor-α 

(TNF-α), immunoglobulin E (Ig E), interleukin-6 (IL-6) and interleukin-1β (IL-1β) 

(Yan et al., 2016; Dinda et al., 2017; Wu et al., 2019). Considering that host 

inflammation, immunity, oxidative stress response, insulin resistance and lipid 

metabolism disorders are closely related to IM, we speculate that baicalin can 

effectively prevent obesity and insulin resistance induced by HFD, and change the 

structure of IM in obese hosts. In this study, C56BL/6J male mice were used to 

investigate the therapeutic effect of baicalin on obesity induced by HFD, and to analyze 

the changes in the structure and metabolism of IM during this process. 

Materials and methods 

Laboratory animal feeding and sample collection 

The experimental protocol was approved by the Animal Ethics Committee of Qilu 

Normal University and was performed according to its guidelines. Thirty-two 6-week-

old C56BL/6J male mice purchased from the Experimental Animal Center of Shandong 

Academy of Medical Sciences (Jinan, Shandong Province) were randomly divided into 

4 groups after 2 weeks of adaptive feeding, with 8 mice in each group. Normal chow 
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diet (NCD) group was ad libitum fed RD D12450B diet with 10% fat energy (Research 

Diets, Inc., New Brunswick, NJ, USA). The HFD group was ad libitum fed with RD 

D12492 diet with 60% energy from fat (Research Diets, Inc., New Brunswick, NJ, 

USA). Baicalin (100 μg/kg body weight) was added to normal and HFD in the NCD and 

baicalin treatment group (NCDBCL), and HFD and baicalin treatment group 

(HFDBCL) according to previously described (Gao et al., 2022). Water intake was free 

during the experiment. The mice were maintained 12 weeks at 23 ± 1°C and 55 ± 5% 

humidity with 12-h light-dark switch. The body weight of mice in each group was 

measured at the same time every week during the experiment. 

Insulin tolerance test (ITT) was performed in the last week of the experiment. The 

mice were fasted 8 h before the ITT experiment, and after intraperitoneal injection of 

insulin (0.75 U/kg body weight), their blood glucose levels (BGLs) were measured by 

glucose meter (Yuyue Medical Equipment Co., Ltd., Danyang, Jiangsu, China) at 0, 15, 

30, 60, 90, 120 and 150 min (Li et al., 2022). 

At the end of the experiment, at least three replicate fecal samples were collected 

from each group before dissection and stored at -80°C for subsequent sequencing 

analysis. The mouse cervical spine was then dislocated and fixed on the anatomical 

plate, the abdominal cavity was opened, and the liver was collected. After washing with 

phosphate buffer, the liver was fixed in 10% formalin fixative for histological analysis. 

 

Histological analysis 

Fixed liver tissue was embedded in paraffin, sectioned (at a thickness of 4 μm), and 

stained with oil red for fat after labeling the nucleus with hematoxylin-eosin. The 

distribution of macrophages in mouse liver was detected by F4/80 

immunohistochemistry (Li et al., 2022). Tissue sections were photographed and 

observed using a BX53 + DP26 light microscope (Olympus, Japan) (Lin et al., 2019). 

 

Analysis of IM composition 

Total genomic DNA of IM was extracted using a strong fecal DNA extraction kit 

(QIAGEN, Germany) according to the manufacturer’s instructions [22]. Quality of 

DNA was detected using a Nanodrop 2000 spectrophotometer and DNA was diluted to 

10 ng/µL for PCR amplification. Prokaryotic universal primers 515F (5’-

GTGYCAGCMGCCGCGGTA-3’) and 909R (5’-CCCCGYCAATTCMTTTRAGT-3’) 

(Tamaki et al., 2011) were used to amplify the V4-V5 hypervariable region of 16S 

rRNA genes in IM. A 12-nt tag sequence was attached to the 5’ end of primer 515F for 

subsequent sample sorting. Library construction and Illumina HiSeq PE250 sequencing 

were completed by Guangdong Melikang Bio-Science Ltd., China (Foshan, Guangdong, 

China) (Li et al., 2022). 

The raw reads were merged using FLASH 1.2.8 software and quality screened using 

QIIME 1.9.0 (Caporaso et al., 2010). Sequences that did not match the primers, sequences 

less than 300 bp in length, containing ambiguous base “N”, and with an average base 

quality less than 30 were removed (Ni et al., 2017). Subsequently, chimeras were detected 

and removed using the UCHIME program (Edgar et al., 2013) to obtain high-quality 

sequences for further analysis. De novo classification of operational taxonomic units 

(OTUs) was performed using Usearch software (http://drive5.com/usearch/) at 97% 

similarity. QIIME 1.9.0 (Caporaso et al., 2022) was used to calculate α-diversity indices 

(i.e., OTU number, Shannon, Chao1, aand Simpon indices), and weighted and 
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unweighted UniFrac distance matrices, and perform principal coordinate ranking analysis 

(PCoA). Taxonomy of each OUT was assigned using the RDP classifier (Wang et al., 

2007) with Greengenes gg_13_8 database (http://qiime.org/home_static/dataFiles.html). 

Metabolic characteristics of IM were predicted using the PICRUSt software (Langille et 

al., 2013) based on the IM compositions. 

 

Data analysis 

Data are presented as mean ± standard deviation (S.D.). One-way ANOVA and 

Tukey-Kramer pairwise comparisons were performed using R 3.5.1 (R Core Team, 

2013). Non-parametric multivariate analysis of variance (PERMANOVA) (Anderson et 

al., 2001) was performed using the R vegan package (Dixon, 2003). Krukal-Wallis H 

test was performed using STAMP software to screen for significantly different taxa 

(Parks et al., 2014). The R pheatmap package (R Core Team, 2013) was used to draw 

heatmap. The significantly differential taxa were also screened using the linear 

discriminant analysis effect size (LEfSe) (Segata et al., 2011). P-value < 0.05 was 

considered as statistical significance. 

Results 

Baicalin significantly reduced weight gain and insulin resistance induced by HFD 

The body weight of HFD mice was significantly higher than that of NCD mice. After 

baicalin treatment, the body weight of HFD mice decreased significantly, although it 

was still significantly higher than that of NCDBCL mice (One-way ANOVA, p < 0.05; 

Fig. 1A). Tukey-Kramer post-hoc test results indicated that starting from the fourth 

week, the body weight of HFD mice significantly higher than those of NCD and 

NCDBCL mice. Although the body weight of HFDBCL mice was slightly lighter than 

that of HFD mice, the difference was not significant (Appendix 1). ITT results showed 

that the BGLs of HFD mice were significantly higher than those of NCD mice, and the 

BGLs were significantly decreased after baicalin treatment (One-way ANOVA, 

p < 0.05; Fig. 1B). Tukey-Kramer post-hoc test results indicated that the blood glucose 

levels of HFDBCL mice at different times were significantly lower than those of HFD 

mice, although the blood glucose levels of HFDBCL mice were still higher than those 

of NCD mice (Appendix 2). These results indicated that HFD significantly increased the 

body weight and insulin resistance of mice, and baicalin treatment could slightly reduce 

the increase in body weight and the enhancement of insulin resistance in HFD mice. 

 

Baicalin reduced liver inflammation and liver fat accumulation in mice 

Oil red staining of tissue sections showed that there was a large amount of fat 

accumulation in the liver of HFD mice, and the fat accumulation was significantly 

reduced after baicalin treatment (Fig. 2). F4/80 immunohistochemical results showed 

that the proportion of macrophages in the liver of HFD mice was significantly 

increased, and baicalin treatment significantly reduced the proportion of macrophages in 

the liver of HFD mice (One-way ANOVA, p < 0.05; Fig. 3A-D and I). CD4 

immunofluorescence results showed that the relative proportion of T cells in the liver of 

HFD mice was significantly higher than that of NCD group, and the number of T cells 

in the liver of HFDBCL mice was significantly lower than that of HFD group (One-way 

ANOVA, p < 0.05; Fig. 3E-I). The results indicated that HFD significantly increased 
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liver fat accumulation and the proportion of macrophages and T cells in the liver of 

mice. Baicalin treatment significantly reduced the fatty inflammation and fat 

accumulation in the liver of mice induced by HFD. 

 

 

Figure 1. Body weight (A) and insulin tolerance (B) of mice fed with different diets. NCD, HFD, 

NCDBCL, and HFDBCL indicate normal control, high-fat diet, baicalin-treated normal control 

and baicalin-treated high-fat diet groups, respectively. *p < 0.05; **p < 0.01; ***p < 0.001 

 

 

 

Figure 2. Liver histological sections of mice with different treatments. Adipocytes in the 

sections were stained with oil red. (A), normal control group; (B), baicalin-treated normal 

control group; (C), high-fat diet group; (D), baicalin-treated high-fat diet group 
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Figure 3. Histological analysis of mice liver with different treatments. (A) - (D), F4/80 

immunohistochemical analysis of the effect of berberine on the number of liver macrophages in 

mice with different treatments. Blue stain indicates the nucleus, whereas brown stain marks 

macrophages. (A), (B), (C), and (D) were normal control (NCD), high-fat diet (HFD), baicalin-

treated NCD (NCDBCL), and baicalin-treated HFD (HFDBCL) groups, respectively. (E) - (H), 

CD4 immunofluorescence detection showing the effect of berberine on the number of T cells in 

the mice livers with different treatment. Blue stain indicates the nucleus, whereas red stain 

labels T cells. (E), (F), (G), and (H) were NCD, HFD, NCDBCL, and HFDBCL groups, 

respectively. (I) Statistical results of the number of macrophages and T cells. *p < 0.05; 

**p < 0.01 

 

 

Baicalin significantly changed the structure and metabolic characteristics of IM in 

HFD mice 

To exclude the interference of different sequencing depths on the results, 98230 

high-quality sequences were finally randomly selected from each sample for subsequent 

analysis. There was significant difference in Shannon index of IM between NCD and 

HFDBCL groups (p < 0.05), whereas there was no significant difference in the other α-

diversity indices of IM among the groups (p > 0.05; Table 1). 

Except for a few sequences that could not be determined at the phylum level, a total 

of 20 phyla were detected in mice fecal samples, among which Bacteroidetes, 

Firmicutes and Proteobacteria were the dominant phyla (relative abundance > 1% in at 

least one sample). In the NCD group, the proportions of Bacteroidetes, Firmicutes and 

Proteobacteria were 80.44% ± 0.91%, 17.84% ± 0.82% and 1.29% ± 0.06%, 

respectively. In the HFD mice, Bacteroidetes, Firmicutes, and Proteobacteria accounted 
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for 8.31% ± 0.54%, 89.16% ± 0.58%, and 1.08% ± 0.02%, respectively. In the 

NCDBCL mice, the proportions of Bacteroidetes, Firmicutes, and Proteobacteria were 

64.21% ± 0.43%, 33.93% ± 0.42% and 1.39% ± 0.01%, respectively. In the HFDBCL 

mice, the proportions of Bacteroidetes, Firmicutes, and Proteobacteria were 

7.79% ± 0.26%, 79.41% ± 0.21%, and 11.91% ± 0.33%, respectively (Fig. 4A). PCoA 

based on weighted UniFrac distance combined with PERMANOVA test showed 

significant differences in IM among the groups (PERMANOVA, p < 0.05; Fig. 4B). 

 
Table 1. α-diversity indices of mice intestinal microbiota with different treatments. NCD, 

HFD, NCDBCL, and HFDBCL indicate normal control, high-fat diet, baicalin-treated of 

normal control and baicalin-treated of high-fat diet groups, respectively. Different letters in 

the upper right corner of the number indicate significant differences (p < 0.05) 

Group OTU number Shannon index Chao1 index Simpson index 

NCD 2343.33 ± 34.91 7.07 ± 0.02a 3302.45 ± 135.35 0.97 ± 0.00 

HFD 2293.33 ± 91.51 7.61 ± 0.38ab 3381.11 ± 133.42 0.99 ± 0.00 

NCDBCL 2439.00 ± 32.05 7.46 ± 0.01ab 3411.29 ± 169.24 0.97 ± 0.01 

HFDBCL 2335.00 ± 34.39 7.65 ± 0.01b 3353.45 ± 40.79 0.99 ± 0.00 

 

 

 

Figure 4. Dominant phylum composition (A) and PCoA profile based on OTU composition (B) 

of mice with different treatments. NCD, HFD, NCDBCL, and HFDBCL indicate normal control, 

high-fat diet, baicalin-treated normal control, and baicalin-treated high-fat diet groups, 

respectively 

 

 

At the genus level, a total of 22 dominant genera were detected in the mice IM 

(relative abundance in at least one sample > 1%) (Fig. 5A), and the relative abundance 

of these genera varied between groups (Fig. 5B). Prevotella and unidentified genera in 

Bacteroidetes, Bacteroidia, S24_7, and Prevotellaceae were significantly enriched in the 

IM of NCD mice. Ruminococcus, Clostridium, Odoribacter, Clostridia, and 

unidentified genera in Firmicutes, Erysipelotrichi, Clostridiales, Erysipelotrichales, 

Lachnospiraceae, Erysipelotrichaceae, Odoribacteraceae and Rikenellaceae were 

significantly enriched in the IM of HFD mice. Lactobacillus, Coprococcus, 

Bacteroides, and unidentified genera in Lactobacillales, Bacilli, Bacteroidaceae and 

Lactobacillaceae were significantly enriched in the IM of NCDBCL mice. Escherichia, 

Oscillospira, Roseburia, Klebsiella, Citrobacter, and unidentified genera in 

Gammaproteobacteria, Proteobacteria, Enterobacteriales, Bacteroidales and 

Ruminococcaceae were significantly enriched in the IM of HFDBCL mice (Fig. 5). 

Moreover, although our results showed that the IM of HFDBCL mice was significantly 
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different from that of HFD mice, this alteration was not restored to the level of NCD 

mice. Furthermore, the IM composition of HFDBCL mice more closely those of HFD 

mice but those of NCD mice (Fig. 5). 

PICRUSt results showed that both HFD and baicalin treatment significantly changed 

the metabolic characteristics of IM compared with the NCD mice, and baicalin 

treatment also significantly changed the metabolic characteristics of IM in HFD mice 

(PERMANOVA, p < 0.05; Fig. 6). Baicalin treatment significantly reduced the relative 

abundance of genes involved in cysteine and methionine metabolism, 

glycerophosphatidylcholine metabolism in the IM metagenome of both NCD and HFD 

mice (One-way ANOVA, p < 0.05; Fig. 6). Compared with NCD mice, the relative 

abundance of genes involved in bisphenol degradation, glycolysis/gluconeogenesis, 

tetracycline biosynthesis, ansamicin biosynthesis, chloralkanes and chloralkanes 

degradation, pentose phosphate pathway, porphyrin and chlorophyll metabolism, starch 

and sucrose metabolism, glyceride metabolism, fatty acid biosynthesis, and linoleic acid 

metabolism in the IM metagenome of HFD mice were significantly enhanced. These 

genes were significantly decreased through baicalin treatment, although not to the level 

of NCD mice (One-way ANOVA, p < 0.05; Fig. 6). In addition, although compared 

with the NCD mice, the relative abundances of IM genes involved in steroid hormone 

biosynthesis, atrazine degradation, flavonoid and flavonol biosynthesis, flavonoid 

biosynthesis, D-arginine and D-ornithine metabolism, selenium compound metabolism, 

nitrotoluene degradation, protein kinase, benzoic acid degradation, pentose and 

glucuronic acid interconversion, fructose and mannose metabolism, xylene degradation, 

ketone body synthesis and degradation, dioxin degradation, retinol metabolism, 

chlorocyclohexane and chlorobenzene degradation, glyoxylate and dicarboxylic acid 

metabolism, α-linolenic acid metabolism, ascorbic acid and uronic acid metabolism, 

unsaturated fatty acid biosynthesis, caprolactam degradation, styrene degradation, 

butyric acid metabolism, and propionic acid metabolism were significantly increased in 

the HFD mice, baicalin treatment did not only significantly reduce the relative 

abundances of these genes, but also significantly increased the relative abundances of 

these genes (One-way ANOVA, p < 0.05; Fig. 6). 

Discussion 

Previous studies have shown that baicalin has a protective effect on hyperlipidemia 

stress and redox imbalance induced by HFD in rats (Shambhoo et al., 2020), and the 

reason may be that baicalin accelerates lipid influx into mitochondria for oxidation by 

activating carnitine palmitoyltransferase 1 (CPT1), the controlling enzyme of fatty acid 

oxidation in the liver (Dai et al., 2018). Experiments on fatty HepG2 cell model treated 

with high oleic acid also showed that baicalin could reduce the levels of triglyceride and 

total cholesterol in fatty liver HepG2 cells (Sun et al., 2020). Our results showed that 

HFD could significantly increase the body weight and liver fat content of mice, and 

baicalin treatment could significantly improve the HFD-induced body weight gain and 

liver fat cell increase, suggesting that baicalin could effectively regulate liver lipid 

metabolism. Other studies have shown that HFD causes a significant increase in fasting 

blood glucose concentration and insulin resistance in mice (Fu et al., 2014), and our 

study also exhibited similar results, and the increase trends were significantly improved 

after baicalin treatment. The reason may be that baicalin promotes the transduction of 

P38MAPK/PGC-1α/GLUT4 and AKT/AS160/GLUT4 signaling pathways by activating 
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GALR2, increasing GLUT4 expression and membrane translocation in muscle cells, 

thereby reducing insulin resistance (Fang et al., 2017). Whether this process is related to 

the metabolism of IM needs further experimental analysis. 

 

 

Figure 5. Heatmap profile (A) and LEfSe result (B) of dominant genera in mice intestinal 

microbiota with different treatments. NCD, HFD, NCDBCL, and HFDBCL indicate normal 

control, high-fat diet, baicalin-treated normal control and baicalin-treated high-fat diet groups, 

respectively 
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Figure 6. Heatmap profile of intestinal microbial genes of mice with different treatments. NCD, 

HFD, NCDBCL, and HFDBCL indicate normal control, high-fat diet, baicalin-treated normal 

control, and baicalin-treated high-fat diet groups, respectively 
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Macrophages and T cells play important role in the phagocytosis, cellular immunity, 

and molecular immunology (Lee et al., 2022; Ma et al., 2023), and they are closely 

related to the occurrence of fatty metabolic diseases in the liver (Wiering and Tacke, 

2022). Excessive energy intake and fat accumulation can activate cells and related 

cytokines mainly involved in innate immunity (Cani et al., 2007; Cai et al., 2005). 

Meanwhile, various mature immune cells (including mast cells, macrophages, and 

dendritic cells) and adipocytes are further recruited and activated to jointly enhance the 

inflammatory response (Lumeng et al., 2011). In the present study, the HFD increased 

the percentages of macrophages and T cells in the liver of mice, and both percentages 

were significantly decreased after baicalin treatment (Fig. 3). These results indicated 

that HFD could hinder fat metabolism and increase inflammatory response in the liver 

of mice, and baicalin treatment could significantly relieve this situation. 

There are many microorganisms in the intestinal tract of vertebrates, among which 

the number of bacteria is equivalent to that of their own cells (Ron et al., 2016), and 

they are closely related to the nutrition, metabolism, and immunity of the host (Jin et al., 

2020). Among these microorganisms, Bacteroidetes, Firmicutes and Proteobacteria are 

the most important members (Yang et al., 2017). In this study, the analysis of the 

dominant phyla in the mouse gut also showed that, except for a few sequences that 

could not be determined at the phylum level, a total of 20 phyla were detected in mouse 

fecal samples, of which Bacteroidetes, Firmicutes, and Proteobacteria were the 

dominant phyla (Fig. 4A). Previous studies showed that OTUs number in HFD group 

was significantly higher than that in NCD group, and it was significantly decreased after 

baicalin treatment with high dose (50 mg·kg-1·d-1) (Liu et al., 2016). The Shannon index 

of the HFD group was significantly lower than that of the NCD group, while the low-

dose baicalin group (25 mg·kg-1·d-1) was significantly higher than that of the NCD 

group. The Chao1 index of the HFD group was higher than that of the NCD group, 

while there was no significant difference after baicalin treatment (Liu et al., 2016). Our 

results indicated that there were significant differences in Shannon index of IM between 

NCD and HFDBCL groups (p < 0.05), whereas there was no significant difference in 

other α-diversity of IM among the groups. It is speculated that this may be caused by 

the physiological condition of the experimental mice, the intervention concentration of 

baicalin and the feeding conditions of the mice. 

The ratio of Firmicutes to Bacteroidetes not only affects carbohydrate metabolism 

and the production of short-chain fatty acids, but also leads to insulin resistance and 

increased ghrelin production. The proportion of Bacteroidetes increased relative to that 

of Firmicutes when obese individuals dieted to lose weight. In contrast, when obese 

individuals return to their previous diet and gain weight, the proportion of Firmicutes 

increases (Anthony et al., 2017). Similar results were found in our results. In the HFD 

group, the proportions of Firmicutes and Bacteroidetes were 89.16% ± 0.58% and 

8.31% ± 0.54%, respectively, while in the NCD group, the proportion of Firmicutes and 

Bacteroidetes were 17.84% ± 0.82% and 80.44% ± 0.91%, respectively. Moreover, 

Firmicutes and unidentified genera in Blastomyces, Erysipelothrix and Erysipelothrix of 

Firmicutes were significantly enriched in fecal samples from HFD mice. After baicalin 

treatment, an unidentified genus of Bacteroidetes was significantly enriched in the IM 

of HFD mice, and unidentified genera of Bacteroidetes and Bacteroidetes were 

significantly enriched in the IM of NCD mice. Prevotella exists in the human 

microbiome, and its species diversity and function are affected by factors such as host’s 

diet, lifestyle, age, gender, and geographical location (Adrian et al., 2021). We detected 
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an unidentified genus of Prevotaceae and Prevotella were significant enriched in the IM 

of NCD mice. Lactobacillus is negatively correlated with the severity of autoimmune 

encephalomyelitis, whereas Rikenellaceae and Clostridium are positively correlated 

with it (He et al., 2019). Consistent with this finding, unidentified genera in 

Clostridiales and Rikinaceae was significantly enriched in the IM of HFD mice. 

Lactobacillus was significantly enriched in the IM of NCDBCL mice. Crohn’s disease 

was associated with an increase in flagellin-specific CD4 + memory T cells in a variety 

of Tricspirillaceae (Alexander et al., 2021), and we also detected significant enrichment 

of an unidentified genus in Tricspirillaceae and Ruminococcus in samples of HFD mice. 

Oscillosporia and Citrobacter negatively correlated with host inflammatory index 

(Konikoff et al., 2016; An et al., 2021). Roseburia inulivorans is enriched in the gut of 

healthy people and promotes short-chain fatty acid biosynthesis and secondary bile acid 

levels (Paramsothy et al., 2019). Our results show that in the HFDBCL mice, abundance 

of Oscillosporia, Citrobacter, and Roseburia were significantly enhanced (Paramsothy 

et al., 2019). Ruminococcus gnavus plays an up-regulated role in the expression of 

intestinal oxidative stress-related genes in patients with inflammatory bowel disease 

(Hall et al., 2017). Our results showed that this bacterium was significantly enriched in 

the IM of HFD mice, but not detected in the IM of HFDBCL mice. These results 

suggest that HFD induced chronic inflammatory response, and baicalin can be used to 

treat obesity-induced liver fat accumulation. During the treatment process, regulating 

IM structure is one of the important ways to improve lipid metabolism and 

inflammation. 

A study on the IM and blood succinic acid concentration in obesity patients showed 

that obesity was related to increased blood succinic acid and abnormal glucose 

metabolism. Prevotellaceae produces succinic acid, Odoribacteraceae and 

Clostridiaceae degraded succinic acid, and the ratio of succinic acid 

producing/degrading bacteria significantly affects the concentration of blood succinic 

acid (Serena et al., 2018). However, in our study, we found that unidentified genera in 

Clostridiales and Odoribacteraceae, and Clostridium were significantly enriched in the 

IM of HFD mice. Moreover, patients with steatosis have an increase in endotoxin-

producing bacteria (especially Proteobacteria) (Hoyles et al., 2018), and HFD alters the 

biological function of mitochondria in the colonic epithelium, thereby increasing 

choline degradation to trimethylamine in Escherichia coli (Yoo et al., 2021). 

Periodontitis led to an increase in a variety of Klebsiella and Enterobacter in oral cavity 

(Kitamoto et al., 2020), whereas our results showed that unidentified genera in γ-

Proteobacteria, Enterobacteriales and Ruminococcaceae, as well as Escherichia and 

Klebsiella were significantly enriched in the IM of HFDBCL mice. The specific reasons 

and related mechanisms need to be further studied. 

Baicalin effectively reduced lipid accumulation in the liver of the HFD mice, but it 

had no significant effect on body weight, blood glucose, and liver fat accumulation in 

the NCD mice (Figs. 1 and 2). Previous studies of patients with steatosis exhibited a 

significantly negative correlation between steatosis and Coprococcus (Alferink et al., 

2020). When diet-induced obesity status is improved, the abundance of Bacillus reduced 

(Ziętak et al., 2016). Bacteroides regulate hepatic lipid metabolism and reduce NAFLD 

through activating the Bacteroides -folate-liver axis (Qiao et al., 2020). It is worth 

mentioned that Coprococcus, Bacillus and Bacteroides were significantly enriched in 

the IM of HFDBCL mice, suggesting that baicalin may also have a beneficial effect on 

the health of HFD mice. 
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Sex differences in liver metabolic activity have been reported extensively (Maggi, 

2022). The liver of males is good in alcohol clearance and lipid metabolism, while the 

liver of females is better in cholesterol metabolism (Ullah et al., 2021). These metabolic 

differences lead to sex differences in the incidence rates of liver diseases and 

complications. For instance, approximately two-thirds of all liver-related deaths occur 

in males (Devarbhavi et al., 2023). A greater prevalence of NAFLD in men than in 

women (39.7% [36.6-42.8] vs 25.6% [22.3-28.8]; p < 0.001) (Browning et al., 2004; 

Riazi et al., 2022). Moreover, men have more cardiovascular complications associated 

with obesity than women (Palmisano et al., 2018). Therefore, we analyzed the impact of 

baicalin on male mice. This does not mean that the results in female mice are not 

important, and further research is needed on the impact of baicalin on female mice. 

Conclusions 

HFD induced liver inflammation and excessive fat accumulation in mice, and 

baicalin alleviated these effects, which might be related to the regulation of baicalin on 

the structure of IM. This study helps to improve our understanding of host-IM 

interactions in the treatment of obesity with baicalin, and provides a theoretical basis for 

further studies on the mechanism of IM in the treatment of metabolic syndromes with 

baicalin. 
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APPENDIX 

 

Appendix 1. Effects of HFD and baicalin on the body weight of male mice. (A) First week; (B) 

second week; (C) third week; (D) fourth week; (E) fifth week; (F) sixth week; (G) seventh week; 

(H) eighth week; (I) ninth week; (J) tenth week; (K) eleventh week. *p < 0.05; **p < 0.01; 

***p < 0.001 



Li: Effect of baicalin on the intestinal microbiota in obese mice induced by high-fat diet 

- 5959 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(6):5941-5959. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2106_59415959 

© 2023, ALÖKI Kft., Budapest, Hungary 

 

Appendix 2. Effects of HFD and baicalin on the blood glucose levels of male mice at the end of 

experiment. (A) Zero min; (B) 15 min; (C) 30 min; (D) 60 min; (E) 90 min; (F) 120 min; (G) 

150 min. **p < 0.01; ***p < 0.001 


