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Abstract: Administration of crude polysaccharides extract from natural product is a promising gut 17 
microbiota-targeted approach to preventing obesity and associated metabolic disorders. Dietary 18 
restrictions can change the type and number of gut bacteria, which is an important factor in delaying 19 
the onset and burden of diseases. This study aimed to investigate the effects of high-yield crude 20 
polysaccharides from Cordyceps militaris (CMP) on high-fat diet (HFD) mice model and the gut 21 
microbiota community assembly, and to identify whether selenium (Se) addition would improve 22 
CMP action mode during cultivation. We found that the CMP treatment ameliorated adipose and 23 
liver pathologic morphology and fat accumulation in obese mice, while SeCMP intervention was 24 
not superior than CMP in body mass gain, but notably decreasing serum triglyceride level increased 25 
by HFD. The upregulated expression of gene Cyp7a1 in liver and protein UCP1 in brown adipose 26 
tissue (BAT) preliminary indicated that the effect might relate to bile acids (BAs) metabolism 27 
pathway and thermogenesis. In addition, CMP showed a drastic decrease in the gut microbes which 28 
positively correlated with dyslipidemia parameters. Our result reveals the potential of CMP to be 29 
used as functional food in the prevention of diet-induced adipose and liver steatosis, so does SeCMP 30 
has outstanding capacity of improving dyslipidemia. 31 

Keywords: Cordyceps militaris; crude polysaccharides; selenium-rich crude polysaccharides; high-32 
fat diet (HFD); obesity; dyslipidemia; hypertriglyceridemia; gut microbiota 33 

 34 

1. Introduction 35 
Small molecule organic compounds predominate in the list of U.S. Food and Drug 36 

Administration (FDA) approved as obesity prevention medications. However, these managements 37 
have large variations in efficacy in different individuals and severe side effect, along with 38 
environmental issues, due to a large number of organic solvents used in the preparation process [1-39 
3]. It is very challenging to develop effective, safe and inexpensive therapies as alternative to present 40 
drugs. Accumulating evidence has proved water-soluble substances derived from plants and 41 
mushrooms exhibited health benefits relating to the incidence of obesity, type-2 diabetes, 42 
cardiovascular disease and cancer. These effects are due to the high content of fiber, phytochemicals, 43 
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vitamins and minerals [4]. Polysaccharide is a kind of indigestible fiber and is supposed to develop 44 
into anti-obesogenic supplements because they can ameliorate pathological characteristics and 45 
restore gut microbiota community [5-8]. However, isolates from extensive sources differ in internal 46 
mode of action, and questions remain about the effectiveness, mode of action and safety of these 47 
potential supplements and functional foods. 48 

Cordyceps sinensis is used as a tonic in Asian countries. Water extract and a 300 kDa-49 
polysaccharide H1 from C. sinensis have had observed anti-obesogenic effect at a surprising low 50 
dosage of 20 mg/kg bw in HFD-fed mice [9]. Plant and fungi water extract fraction usually take effect 51 
in vivo at 100-1000 mg/kg bw/day dosage [5, 10, 11]. Although C. sinensis extract is a promising for 52 
developing obesity prevention functional foods to some extent, overexploitation and climate change 53 
has generated extensive concern over the sustainability of the collection [12]. Extensive research has 54 
focused on a cultured Cordyceps species -- Cordyceps militaris, which is composed with various 55 
bioactive compounds, including cordycepin, adenosine, guanosine, hypoxanthine, uridine, adenine 56 
[13]. C. militaris and its extracts have potential health effects, such as cell proliferation [14, 15], diabetic 57 
nephropathy [16], immunomodulatory, anti-oxidative activity [17], etc. Many reports also evidenced 58 
that small molecules in C. militaris can reduce obesity. Cordycepin is capable of reducing fat storage 59 
and lipid metabolism [18, 19]. Kim et al. [20] reported administration of 50% ethanol extract from C. 60 
militaris reduced body weight, fat accumulation and hyperlipidemia in HFD-induced obese mice. 61 
One question arising from these observations is, what about the effect of water-soluble profile of C. 62 
militaris on obese mice model? Hence, it is of great interest to explore the in vivo anti-obesogenic effect 63 
of C. militaris crude polysaccharides.  64 

Accumulating evidence has proved the mechanism of anti-obesogenic effect is partially 65 
attributed to shift the community and function of the gut microbiota [21]. Gut microorganisms use 66 
ingested fiber and polysaccharides for fundamental biological processes, and the metabolic outputs 67 
of those processes serve as signaling molecules in the lipid metabolism of the host. The diet-68 
microbiota interaction control appetite, nutrient digestion and absorption, lipid metabolic pathways, 69 
energy expenditure and inflammatory generation [4]. Parabacteroides goldsteinii was a probiotic 70 
generated by supplementing C. sinensis improving insulin sensitivity and anti-inflammation [9]. 71 
Supplementation with Ganodorma lucidum extract prevents endotoxin producing bacteria release pro-72 
inflammatory cytokines (such as lipopolysaccharide, LPS) translocating from intestine to the blood 73 
[8]. Nowadays, the advent of high-throughput sequencing combined with bioinformatics 74 
substantially boosted our ability to study complex microbial communities and identify bacterial 75 
biomarkers that can predict individual’s response to treatment. Despite the intestinal microbial 76 
communities has been screened in mice supplied with C. sinensis polysaccharides [9, 22], the effect of 77 
cultured C. militaris crude polysaccharides (CMP) remains unclear. Cultured C. militaris is a 78 
promising alternative for large-scale isolation of effective bioactive ingredients at low-cost [23-25], 79 
and the solvent includes only water and ethanol used in the extraction process is environmental-80 
friendly, revealing the gut microbiota may shed some lights on uncovering CMP anti-obesogenic 81 
mechanism at a new perspective.  82 

Selenium (Se) is an essential trace element for the development and maintenance human health 83 
associating with its antioxidant property [26]. Recently, Se supplements are a potential prebiotic to 84 
treat obesity. Although some researchers have uncovered the anti-obesity effect of Se protein, Se-85 
enriched bacterial, and Se-rich commercial product, however, few has demonstrated the action of Se-86 
rich crude polysaccharide in the treatment of obesity. Bifidobacterium longum DD98 fermented with 87 
Se in culture medium obtained Se-B. longum DD98 exhibited stronger anti-obesity effect than 88 
Na2SeO3, SeMet, B. longum DD98 and B. longum DD98 + SeMet groups [27]. Surhio et al. [28] found 89 
Se modified exopolysaccharide of Lachnum sp. SeLEP-1b show better effect on body weight reduction, 90 
serum and liver lipids regulation, atherogenic index, and enhanced the activities of antioxidant 91 
enzymes of hyperlipidemic mice than LEP-1b. These results suggested Se combined biological 92 
substances complex have stronger pharmacological activities than normal type, but this is not always 93 
the case. SD rats fed with Se-rich black tea powder did not exhibit better effects in preventing body 94 
weight gain, fat accumulation and attenuating gut microbiota dysbiosis than Se-deficient one, 95 
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although it showed stronger activity in decreasing fasting serum glucose and increasing insulin 96 
sensitivity [29]. Thus, it is worthy to evaluate therapeutic value of Se-rich crude polysaccharides in 97 
obese murine models. 98 

To assess the effect of high-yield crude polysaccharides isolated from C. militaris in preventing 99 
obesity, we analyzed body weight, fat content, lipid gene, thermogenic protein and gut microbiota of 100 
mice using histopathology, q-PCR, Illumina Miseq (hypervariable V3 and V4 regions of the 16S 101 
ribosomal RNA gene). We hypothesized that (i) the high-yield CMP can reduce overweightness, fat 102 
accumulation, serum lipid index and modify gut microbiota community, thus remediate obesity; (ii) 103 
Se addition (SeCMP) can strengthen the effect of the CMP in body fat control; (iii) the intestinal 104 
microbiota community assembly in response to CMP compound result in favorable fat 105 
digestion/processing pathway. Artificial cultivated C. militaris is evidenced safe, widely available and 106 
abundant of polysaccharides, this work is valuable to for future therapeutic application and 107 
functional food development at large-scale. 108 

2. Materials and Methods  109 

2.1. Materials and reagents 110 

C. militaris strain was isolated by Institution of Microbiology, Chinese Academy of Sciences 111 
(Beijing, China) from wild fruit bodies. Additional 0.04 mg/g Na2SeO3 was mixed with C. militaris rice 112 
ferment medium. The product of C. militaris fruit body with/without Se were purchased from 113 
Nanguang Biotech develop Ltd, (Shanghai, China). C. militaris fruit body was identified by Bin Li 114 
(Associate research fellow, Chinese Academy of Sciences, Beijing, China). Chemical reagents were of 115 
analytical grade and purchased from commercial sources. 116 

2.2. Isolation of Crude Polysaccharide  117 

Crude polysaccharide of C. militaris (CMP) and Se-rich C. militaris (SeCMP) were prepared in a 118 
simple and quick method. The fruit bodies were dried and ground into powder. The extracts were 119 
prepared by mixing dried powder with deionized water (1:10, w/v) before ultrasonic concussion for 120 
30 min at 50 ℃, and then boiled at 121 ℃ for 30 min. The solution was centrifugation at 4000 rpm for 121 
15 min at room temperature using Bioridge TD5M-WS centrifuge (Lu Xiangyi Centrifuge Instrument 122 
Co., Ltd, Shanghai, China). The supernatants were concentrated to 1/4 volume at 65 ℃ using EYELA 123 
SB1100 vacuum concentrator (Tokyo, Japan). Three times absolute ethanol was added to the 124 
concentration and stored at 4 ℃ overnight. The precipitates were collected and redissolved in 125 
deionized water, concentrated and lyophilizated into powder using Virtis BenchTop Pro freeze dryer 126 
(USA). Crude polysaccharide [30], crude proteins [31], crude fat [32], hydrolyzed amino acids [33], 127 
total phenol [34, 35] and Se content [36] of SeCMP and CMP were measured according to the previous 128 
reported method with a little modification. Total diet fiber was determined using an enzymatic 129 
gravimetric method (AOAC Methods 2011.25). Moisture and ash content were determined using 130 
gravimetric method. Carbohydrate and energy were calculated from formulas 131 

mCarbohydrate (g) = mTotal sample (g) - mprotein (g) - mMoisture (g) - mAsh (g) - mDiet fiber (g) 132 

E (kcal) = 4 (kcal/g) × mCarbohydrate (g) + 9 (kcal/g) × mFat (g) + 4 (kcal/g) × mProtein (g) 133 

where m is mass and E is energy of each polysaccharides extracts.  134 

2.3. Animal Model and Experimental Design   135 

This study was approved by Institutional Animal Care and Use Committee of Shanghai Jiaotong 136 
University (IACUC; No. 2018089). A total of 32 four-week-old C57BL/6J male mice (specific-137 
pathogen-free grade) were purchased from the Beijing Vital River Laboratory Animal Technology 138 
Co., Ltd. (Beijing, China). The mice were randomly housed 4 individuals per cage with food and 139 
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sterile drinking water ad libitum in a controlled environment (temperature at 26℃ ± 1℃, 12-hour dark-140 
light cycle). Normal diet (5.5% of energy from fat) and high fat diet (60% of energy from fat) were 141 
purchased from Xinhui animal Stall Food Co.,Ltd. (Shanghai, China). After 1-week accommodation 142 
period, mice were divided into 4 groups and fed with sterile water (vehicle) + normal diet (CHOW 143 
group, n = 8); sterile water + HFD diet (HFD group, n = 8); 100 mg/kg bw/day CMP + HFD diet (CMP 144 
group, n = 8); 100 mg/kg bw/day SeCMP + HFD diet (SeCMP group, n = 8) by intragastric gavage 145 
during the 8 weeks. The mice were weighed once per week throughout the experiment period. Food 146 
and water consumption of each cage was monitored twice a week and converted into daily intake 147 
per mouse. The stool lipid content was assessed by gravimetric analysis procedure as issued before 148 
[37]. At the end of animal study, fasting animals were anaesthetised with isoflurane and then the 149 
blood was collected by cardiac puncrure. Brown and white adipose fat (white adipose fat including 150 
subcutaneous, epididymal and perirenal fat) were carefully removed and weighed, along with liver, 151 
heart, spleen, lung, kidney and pancreas. Organs and tissues for staining were immersed in 10% 152 
neutral buffered formalin solution (Sangon biotech, Shanghai, China) or liquid nitrogen and then 153 
stored at -80 ℃ for further analysis. 154 

2.4. Serum cytokines measurement 155 

Whole blood was collected by cardiac puncture in tubes without anticoagulant. It was allowed 156 
to clot for 30 min and then centrifuged at 2000 g for 10 min, collecting supernatant (serum) for 157 
determination. Serum total cholesterol (TC), triglyceride (TC), high-density lipoprotein-cholesterol 158 
(HDL-C) and low-density lipoprotein-cholesterol (LDL-C), alanine aminotransferase (ALT), 159 
aspartate aminotransferase (AST), uric acid (UA), creatinine (CRE), albumin (ALB), total bilirubin (T-160 
BIL) were quantified using commercial kit produced by Nanjing Jiancheng Bioengineering institute 161 
(China). Leptin and adiponectin ELISA kit were purchased from Beyotime Biotechnology (Shanghai, 162 
China). 163 

2.5. Oil red O staining 164 

Formalin fixed liver tissues were stained with Oil Red O (Servicebio, Wuhan, China) for 30 min, 165 
rinsing with 75% ethyl alcohol and then stained with haematoxylin for 2 min. Sections were examined 166 
with the NIKON ECLIPSE TI-SR inverted fluorescence microscope (NIKON, Japan) and scanned 167 
sections were captured using NIKON DS-U3 microscope camera controller (NIKON, Japan). A total 168 
of 3 tissue sections were analyzed for each animal using image J (v1.8.0). 169 

2.6. Histopathological staining 170 

Epididymal white adipose tissues (eWATs) immersed in formalin beforehand were embedded 171 
with paraffin and then stained with hematoxylin and eosin (H&E) for morphological examination. 172 
Slides were scanned and gene expression was quantified as mentioned in 2.5. 173 

2.7. Immunohistochemistry (IHC) staining 174 

IHC staining was performed on paraffin embedded eWATs and BATs sections hybridized with 175 
rabbit anti mouse uncoupling protein 1 antibody (UCP1, Abcam, UK) before exposed to 3,3-176 
diaminobenzidine (DAB). Cell nuclei were counterstained with hematoxylin. Slides were scanned 177 
and gene expression was quantified as mentioned in 2.5. 178 

2.8. RNA Extraction and q-PCR Analysis 179 

Total RNA was extracted from liver and eWATs using TRIzol reagent (Invitrogen, CA, USA), 180 
which was then used to synthesize cDNA with PrimeScript RT reagent kit with gDNA Eraser (Takara, 181 
Japan). Q-PCR was performed using TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Japan) 182 
and Applied Biosystems StepOne Real-Time PCR instrument (Life Technologies, Singapore). Relative 183 
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amounts of target genes were normalized to the housekeeping gene GAPDH and calculated based 184 
on the 2−ΔΔCt method. Genes and primer sequences were listed in Table S5. 185 

2.9. Determination of stool short chain fatty acids (SCFAs)  186 

Stool were reconstituted in deionized water, then acidified the supernatants with 50% H2SO4 187 
and SCFAs were extracted by ethyl ether. Quantitative analysis of stool acetate, propionate, butyrate, 188 
valeric acid, isobutyric acid and isovaleric acid were measured on gas chromatography−triple 189 
quadrupole mass spectrometry (7890B-7000D) with a FFAP capillary column (30 m × 0.25 mm × 0.25 190 
µm) (Agilent Technologies, CA, USA). Carrier gas was 1mL/min helium. The injector temperature 191 
was 250 ℃. The oven temperature was set at 100°C maintained for 1min，raised to 145 °C at 5 °C 192 
/min, increased to 240 °C at 15 °C /min, maintained for 8min. Ion source temperature: 230 °C; 193 
ionization mode: EI+, 70 eV; scanning mode: selected ion monitor (SIM). The contents of stool SCFAs 194 
were calculated with external standard methods. 195 

2.10. Cecal microbiota DNA extraction 196 

Faeces samples were snap-frozen in liquid nitrogen after separation from cecal and stored at -197 
80℃. Total bacterial genomic DNA were extracted using the Mag-Bind® DNA Kit (QIAGEN, Inc., 198 
Netherlands). The quality and quantity of the extracted DNAs were measured using a NanoDrop 199 
ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel 200 
electrophoresis, respectively. Then, the V3-V4 regions of 16S rRNA were amplified using composite 201 
primers containing the forward primer 338F (5'-ACTCCTACGGGAGGCAGCA-3') and the reverse 202 
primer 806R (5'-GGACTACHVGGGTWTCTAAT-3'). The PCR amplicons were purified using 203 
Agencourt AMPure Breads (Beckman Coulter, Indianpolis, IN), then quantified with the PicoGreen 204 
dsDNA Assay Kit (Invitrogen, Garlsbad, CA, USA). The amplicons were pooled into equal amounts 205 
after the individual quantification step and paired-end 2×300 bp sequencing was performed on an 206 
Illumina MiSeq platform with MiSeq Reagent Kit V3 at Shanghai personal Biotechnology Co., Ltd 207 
(Shanghai, China). The sequence data were submitted to NCBI sequence read archive (SRA) 208 
(accession number: SRR12927607-SRR12927629). 209 

2.11. Bioinformatics and statistics  210 

Sequence data analyses were performed with QIIME 2 software (2019.4) with slight modification 211 
according to the official tutorials. Briefly, raw sequence data were demultiplexed following by 212 
primers cutting. Sequences were then qualified for high-quality reads through filtering, denoising, 213 
merging and chimera removing process using the DADA2 plugin. Non-singleton amplicon sequence 214 
variants (ASVs) were aligned and used to construct a phylogeny. To avoid sampling depth bias, the 215 
abundance of ASVs are randomly rarefied from each sample to reach a uniform depth (at 95% of the 216 
smallest samples amounts) (Qiime feature-table rarefy). Alpha-diversity metrics Observed species, 217 
Simpson [38] and Pielou’s evenness [39] indexes were calculated using QIIME2. Beta diversity 218 
analysis was performed to using bray-curtis distance based nonmetric multidimensional scaling 219 
(NMDS) and unweighted pair-group method with arithmetic means (UPGMA) hierarchical 220 
clustering [40] based on Bray-curtis distance were calculated using the diversity plugin in QIIME2. 221 
The significance of differentiation of microbiota structure among groups was assessed by 222 
PERMANOVA (Permutational multivariate analysis of variance) and ANOSIM (Analysis of 223 
similarities) [41] using R software. Taxonomy was assigned to ASVs using the classify-sklearn naïve 224 
Bayes taxonomy classifier in feature-classifier plugin [42] against the Greengenes 13_8 [43] 99% OTUs 225 
reference sequences. Taxa abundances at the phylum, class, order, family, genus and species levels 226 
were statistically compared between groups by multivariate statistical analysis. LEfSe (Linear 227 
discriminant analysis effect size) was performed to detect differentially abundant taxa across groups 228 
using Python LEfSe package, R software [44]. 229 
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The chemical content in CMP and SeCMP were compared using two-tailed independent student 230 
t test. Data among groups were assessed using one-way analysis of variance (ANOVA) followed by 231 
Tukey’s post hoc test or the non-parametric Kruskal-Wallis test with Dunnett's T3 multiple 232 
comparison test by GraphPad Prism 8.0 (GraphPad Software, USA). Data are presented as mean ± 233 
standard error (SE). Correlation coefficients between bacterial species and obesity traits were 234 
determined using Pearson’s correlation analysis with Origin 2021. P values < 0.05 were considered to 235 
be statistically significant. 236 

3. Results 237 

3.1. Effects of CMP on physiological indicators in HFD-induced obese mice 238 

CMP and SeCMP were obtained at the rate of 14.3 ± 0.7% and 15.2 ± 0.9%, respectively, 239 
suggesting these extracts were high-yield compared with purity polysaccharides [45] and organic 240 
solvent extraction [20]. Table 1 shows chemical characteristics of the CMP and SeCMP samples in this 241 
study. Polysaccharides content is an important indicator for this assay. High content of crude 242 
polysaccharide and carbohydrate in CMP and SeCMP, implying the extracts were abundant in sugars. 243 
The Se content in Se-deficient C. militaris fruit body was much lower than in Se-rich C. militaris at 0.1 244 
± 0.0 mg/kg and 3.9 ± 0.6 mg/kg (p < 0.001), while Se content in SeCMP was 50 times higher than in 245 
CMP, indicating the Se yield ratio was not that high in water extract fraction. Apart from Se and 246 
polysaccharides content, protein also present the major component in extracts. Minor compounds 247 
included diet fiber, phenol, and fat. Although a few discrepancies in compounds presented between 248 
the two extracts, these might also be potential contributor to differing biological action. 249 

Table 1. Chemical characterization of CMP and SeCMP (Per 100 g dried sample) 
 CMP SeCMP 

Se* 0.1 ± 0.0 mg/kg 5.1 ± 0.2 mg/kg 

Diet fiber* 12.4 ± 0.3 8.8 ± 0.2 

Carbohydrate* 37.8 ± 0.2 45.0 ± 0.3 

Crude polysaccharide* 47.4 ± 2.0% 56.7 ± 3.9% 

Protein* 35.1 ± 0.0 31.1 ± 0.2 

Fat 1.2 ± 0.2 1.3 ± 0.2 

Hydrolyzed amino acids* 20.8 ± 0.4 18.5 ± 0.3 

Phenol* 2.1 ± 0.0 1.7 ± 0.0 

Energy* 302.2 ± 0.8 kcal 316.3 ± 1.3 kcal 
Data are presented as mean ± SE (n = 3). Data were analyzed by two-tailed independent student 
t test using GraphPad Prism 8.0. * Indicated significant variation between groups; *p < 0.05. 

Daily administration of CMP and SeCMP did not affect mean food intake, water intake and stool 250 
fat excretion (Figure S1), indicating that body weight and tissue fat accumulation regulation effect 251 
might derive from CMP and SeCMP induced internal physiological modulation instead of affecting 252 
appetite, food digestion or lipid extraction. Body weight (Figure 1a-c) and fat accretion in fat depots, 253 
including perirenal, epididymal and subcutaneous fat pad (Table 2) of mice fed with HFD were 254 
remarkably increased than the control CHOW group mice (p < 0.0001). These symptoms were not 255 
affected by CMP administration (Figure 1a-c). Diminished adipocytes size was observed in CMP-256 
treated mice versus HFD-treated group (p < 0.01) (Figure 1d). Diet-induced hepatic steatosis was fully 257 
inhibited by CMP treatment contrast to HFD group (p < 0.01), as indicated by quantitative result of 258 
total hepatocytes lipids using Oil Red O staining assay (Figure 1e). However, these parameters were 259 
not improved by SeCMP intervention versus CMP group. Taken together, these results indicated that 260 
CMP ameliorated HFD-induced obesity mice adipocyte and liver morphological phenotype rather 261 
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than body weight gain, while Se addition showed no significant promotion compared with simply 262 
CMP remedy. 263 

 264 

Figure 1. The effect of CMP and SeCMP on diet-induced obesity in mice. Mice were treated daily 265 
with CHOW, HFD, HFD+CMP (100 mg/kg) and HFD+SeCMP (100 mg/kg) by intragastric gavage for 266 
8 weeks. The body weight (a), body weight gain (b) throughout the experiment and body weight gain 267 
at the 8th week (c) are shown. Data are expressed as mean ± SE (n = 8 for each group). Data were 268 
analyzed using one-way ANOVA analysis with Tukey’s post hoc test or the non-parametric Kruskal-269 
Wallis test with Dunnett's T3 multiple comparison test. Superscript characters indicate significant 270 
variation among treatments. 271 

Table 2. Organs and tissues weight (g)   

 Liver Perirenal fat 
Epididymal 

fat 
Subcutaneous 

fat 
Brown adipose 

tissues 

CHOW 1.041±0.02 a 0.120±0.019 a 0.425±0.047 a 0.235±0.028 a 0.129±0.010 a 

HFD 0.832±0.016 b 0.471±0.043 b 1.221±0.090 b 0.703±0.070 b 0.138±0.007 a 

CMP 0.821±0.021 b 0.430±0.049 b 1.110±0.079 b 0.617±0.060 b 0.122±0.007 a 

SeCMP 0.755±0.021b 0.499±0.054 b 1.231±0.076 b 0.722±0.066 b 0.130±0.009 a 

Data are expressed as mean ± SE (n = 8 for each group). Data were analyzed using one-way ANOVA 
analysis with Tukey’s post hoc test or the non-parametric Kruskal-Wallis test with Dunnett's T3 
multiple comparison test. Superscript characters indicate significant variation among treatments. 

The HFD dramatically elevated serum lipid parameters, including serum cholesterol (p < 0.0001), 272 
triglyceride (p < 0.05), HDL-C (p < 0.0001) and LDL-C (p < 0.0001) compared with CHOW-fed mice 273 
(Figure 2a-d). No profound decrease was observed between HFD and CMP group, whereas SeCMP 274 
treatment fully prevented HFD increased serum triglyceride level compared with CMP (p < 0.05). 275 
Serum LDL-C level was slightly reduced by SeCMP treatment versus HFD-fed mice (p = 0.095), yet 276 
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not significant. Tissues weight were not affected by CMP and SeCMP intervention (Table S1), as well 277 
as, serum ALT, AST, UA, CRE, T-BIL and ALB parameters (Table S2), indicating that CMP and 278 
SeCMP did not cause liver and kidney function damage. In summary, CMP was not a good 279 
hyperlipidemia alleviator, however, SeCMP intervention blunted dyslipidemia more notably than 280 
CMP, as indicated by lower serum triglyceride and LDL-C response. 281 

 282 

Figure 2. The modulation effect of CMP and SeCMP on dyslipidemia in obesity mice. Serum (a) 283 
cholesterol, (b) triglycerides, (c) HDL-C and (d) LDL-C (n = 8 for each group) were shown. Q-PCR 284 
analysis was performed to quantify lipid absorption, distribution, and metabolism genes expression 285 
in (e) liver and (e) hepatic tissues. The genes expression involved lipogenesis (fatty acid synthase, Fas; 286 
acetyl-CoA carboxylase, ACC1; sterol regulatory-element binding protein 1c, Srebp1c), lipid transport 287 
(microsomal triglyceride transfer protein, MTP; fatty acid transport protein, Fatp), lipolysis 288 
(hormone-sensitive lipase, HSL; adipose triglyceride lipase, ATGL; cholesterol 7α-hydroxylase, 289 
Cyp7a1) or β-oxidation (carnitine palmitoyltransferase 1, CPT1). Data represent mean ± SE (n = 6 for 290 
each group). Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test or the 291 
non-parametric Kruskal-Wallis test with Dunnett's T3 multiple comparison test. Superscript 292 
characters indicate significant variation among treatments. 293 

3.2. Mechanism of CMP and SeCMP supplementary on dyslipidemia in HFD-induced obese mice 294 

We determined genes expression involved in lipogenesis, transport, lipolysis and β-oxidation in 295 
hepatic and adipose tissues to elucidate the underlying mechanism of CMP and SeCMP on lipid 296 
absorption and metabolism (Figure 2e, f). Compared with CHOW mice, HFD intervention did not 297 
affect gene expression tested in this study. The expression of gene Srebp1c (p < 0.01) and Cyp7a1 (p < 298 
0.01) relating to lipid synthesis and BAs synthesis pathways were notably increased by CMP 299 
treatment in liver, respectively, versus CHOW group, implying the modulating dyslipidemia effect 300 
of CMP in HFD model mice might associate with accelerating cholesterol transform into BAs, which 301 
was also observed in SeCMP administration mice. 302 
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BAT is dense capillary nurture adipocytes in mice providing source of heat against cold 303 
exposure and enabling distribution of heat to the rest of body [46]. We determined expression of 304 
mitochondrial UCP1, which was identified before as a major regulator of thermogenesis in adipose 305 
tissues. Both CMP and SeCMP administration improved morphological changes by HFD. Notably, 306 
the expression of UCP1 protein in BAT was remarkably suppressed by HFD supplement (p < 0.0001), 307 
but no difference was observed between CMP and HFD group. SeCMP showed no difference versus 308 
CMP group, but increased UCP1 expression compared with HFD group (p < 0.05) (Figure 3), 309 
suggesting SeCMP restrained fat accumulation in tissues might through improving BAT 310 
thermogenesis in HFD-fed mice. 311 

 312 

Figure 3. CMP and SeCMP induce expression of thermogenic markers in HFD fed mice. 313 
Representative images of UCP1-stained epididymal visceral adipose tissue (eWAT) and BAT. Scale 314 
bars, 50 µm. UCP1 protein expression was quantified using image J. Data represent mean ± SE (n = 6-315 
8 mice for each group). Data were analyzed using one-way ANOVA followed by Tukey’s post hoc 316 
test or the non-parametric Kruskal-Wallis test with Dunnett's T3 multiple comparison test. 317 
Superscript characters indicate significant variation among treatments. 318 

Previous study has evidenced that fiber and polysaccharide fermentation restored the 319 
abundance of health-beneficial microbes and increased liner-chain SCFAs production, such as acetate 320 
acid, propionate acid, and butyrate acid to promote body weight loss, while gut microbes fermented 321 
with protein and fat enriched diet produced branched-chain SCFAs metabolites such as isobutyrate 322 
acid, isovalerate acid and 2-methylbutyrate acid, which were reported associating with insulin 323 
resistance [47, 48]. Hence, gut microbes favored polysaccharides for growth from diet and produced 324 
beneficial liner-chain SCFAs for modulating gut dysbiosis and in turn enhanced human health. In 325 
this work, CMP and SeCMP did not affect caecal production of acetic acid, propionic acid, butyric 326 
acid, isobutyric acid, valeric acid and isovaleric acid (Figure S2). 327 

3.3. Effects of CMP on gut microbiota dysbiosis in HFD-driven obese mice 328 

Gut microbiota diversity was described by richness, diversity and evenness indexes to evaluate 329 
the effect of polysaccharide intervention on obesity mice models. Bacterial richness (Observed species) 330 
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was reduced in HFD mice gut compared with CHOW-fed mice (p < 0.05), CMP showed no effectual 331 
action on increasing microbial richness. Simpson and Pielou’s evenness indeses were not difference 332 
between HFD and CHOW groups, however, these parameters were significantly decreased after 333 
CMP treatment (p < 0.05). These results implied the overall gut microbial diversity in mice fed with 334 
HFD could not be improved by CMP intervention. Bray-curtis distance based nonmetric 335 
multidimensional scaling (NMDS) revealed a distinct clustering of bacterial composition between 336 
HFD group and CHOW group. CMP group showed significant separation to HFD group, indicating 337 
that CMP intervention alter the composition of gut bacteria in the HFD-fed mice (Figure 4a). These 338 
findings were verified by Bray-curtis distance based UPGMA hierarchical clustering (Figure S3a). 339 
Pair-wise PERMANOVA and ANOSIM tests indicated a statistically significant separation between 340 
groups (p < 0.05), supporting the NMDS result (Table S3 and Table S4). The alpha and beta diversity 341 
trend of SeCMP group coincided with that of CMP group. The above results indicated that CMP and 342 
SeCMP relieved dyslipidemia might via altering the composition in the gut microbiota. 343 

 344 

Figure 4. CMP and SeCMP do not affect richness, diversity and evenness of gut microbiota, as well 345 
as bacteria at phylum and class level. Alpha diversity indexes of observed species, Simpson and 346 
Pielou’s evenness index is represented (a-c). Bray-curtis distance based nonmetric multidimensional 347 
scaling (NMDS) (d) was performed to investigate the structural variation of microbial communities 348 
across samples. (e) Bacterial taxonomic profiling in the phylum level of bacteria. (f) The relative 349 
abundance of the profound altered bacteria at order level. Data represent mean ± SE (n = 5-6 mice for 350 
each group). Data were analyzed using Tukey’s post hoc test or the non-parametric Kruskal-Wallis 351 
test with Dunnett's T3 multiple comparison test. Superscript characters indicate significant variation 352 
among treatments. 353 
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We used multivariate statistical analysis to identify the indicator microbes in each group. In 354 
accordance with the previous studies the mouse microbiome was greatly dominated by the phyla 355 
Firmicutes (72.8%) and Bacteroidetes (11.3%) [49] (Figure 4b). We observed no significant difference 356 
between treatments on gut bacterial populations at the phylum and class level. At the order level, we 357 
found greater relative abundance of Lactobacillales in HFD group (Figure 4h), but was lower in CMP 358 
(p < 0.05). At the genus level (Figure 5 and supplementary figure 4), the abundance of Lactobacillus，359 
Dorea， Clostridium， Streptococcus and Christensenella significantly increased in HFD-induced 360 
hyperlipidemic mice (p < 0.05) were prominently reversed by CMP intervention. In addition, LEfSe 361 
approach ranked above mentioned genus as the main features of HFD group mice. In conclusion, we 362 
decided to focus on Lactobacillus，Dorea，Clostridium and Streptococcus as markers stimulated by 363 
CMP. 364 

 365 
Figure 5. CMP and SeCMP affect specific bacteria at genus level. (a) Heatmap showing the levels of 366 
54 bacterial genera significantly altered by CHOW, CMP and SeCMP intervention in comparison 367 
with the HFD group based on MetagenomeSeq analysis. (b) Bacterial genera from panel (a) and 368 
changes induced by the treatments indicated. Red and green blocks indicated genera that were 369 
more and less abundant in the groups compared with HFD group. Black stars indicated genera 370 
levels were significantly altered by HFD but reversed by treatments. 371 

The Pearson’s correlation analysis was used to clarify the correlation of relative abundance top 372 
10 genera and indicator genera (Figure 6) with obesity indexes. The CMP and SeCMP groups 373 
depleted genus Lactobacillus, Dorea, Clostridium and Coprobacillus were positive associated with the 374 
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lipid metabolism-related parameters, especially LDL-C level (p < 0.05), suggesting that they may be 375 
the most important genera for the development of hyperlipidemia. Notably, Ruminococcus showed a 376 
slight decrease tendency under CMP intervention revealed positive association with obesity-related 377 
serum lipid indexes (p < 0.05), indicating that it might also play a role in improving fat accumulation 378 
and dyslipidemia. In conclusion, CMP intervention decreased specific obesity-relating gut microbes 379 
in HFD fed obese mice.  380 

 381 

Figure 6. CMP and SeCMP supplementary reduce pernicious bacteria positively correlate with 382 
obesity traits. Correlation matrix between the indicator genera (relative abundance top 10 genera and 383 
identified in multivariate statistical analysis) and obesity traits using Pearson's correlation analysis. 384 
＊p < 0.05. 385 

4. Discussion 386 

4.1 Intervention of CMP on fat accumulation and hyperlipidemia  387 
Substances from cultured C. militaris have been proved safe and excellent alternations for obesity 388 

prevention [50] because water-soluble fraction overcome the disadvantage of low yield rate, sever 389 
side effect and pollution issues of the small organic molecule. Here we obtained high-yield crude 390 
polysaccharides using a simple and eco-friendly method with yield ratio at about 15%, which was 391 
much higher than extract from C. militaris isolated with 50% ethanol (6.2%) [20], because of the high 392 
content of polysaccharide and various water-soluble nutritions in the extracts. The organic 393 
constituents can reduce body weight remarkably at 100-300 mg/kg bw fed with 27% fat in diet, which 394 
was different from our results, this might be due to the intolerance caused by the rather high-in-fat 395 
feeding (60%) and low test dosage adopted in this work. Administration of CMP proved decreasing 396 
fat accumulate in liver and adipose and hypertriglyceridemia effect, which was consistent with 397 
previous findings [6, 20], indicating the prospective application as obesity remedy. These findings 398 
support our first hypothesis CMP can reduce obesity-induced fat accumulation in obesity murine. C. 399 
militaris can be a candidate developed as functional food due to the simple preparation procedure 400 
and culturally available trait. 401 

To identify the ingredients that actually work, compounds and nutrients in CMP and SeCMP 402 
were characterized, suggesting polysaccharide composed the majority of the extracts (about 50%). 403 
Although polysaccharides are predominantly enriched in the extracts, we could not rule out the 404 
possibility that other bioactive compounds present in the extract may also contribute to normalizing 405 
hyperlipidemia effects. It is widely acknowledged pharmacological activity is largely determined by 406 
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molecular weight of polysaccharide [6, 51]. Nevertheless, which fraction regulated the lipid 407 
metabolism of obese mice in our study is still not clear. CSP from C. sinensis purified with DEAE-52 408 
chromatography was capable of relieve obesity at 300 mg/kg bw [22]. However, although molecular 409 
weight is an important factor affecting biological activities, to obtain pure polysaccharide is a time-410 
consuming, high-cost and complicated procedure, and it is not always necessarily beneficial for 411 
pharmacological effect promotion. Thus, application of crude extracts as functional food tended to 412 
be more practical than pure polysaccharides.  413 

Se-based products are widely marketed for their alleged health-promotion effect via strong anti-414 
oxidant and anti-inflammatory potential [52]. Previous studies have generally shown some Se-415 
prebiotics supplementation; for instance, Se fermented probiotics complex [27], Se modified 416 
polysaccharide [28] and Se-rich product [29] were recognized to improve lipid metabolism and 417 
enhanced the activities of antioxidant enzymes of hyperlipidemic mice. What about Se-rich crude 418 
polysaccharide? We showed that mice treated daily with the same dose of SeCMP at 100 mg/kg bw 419 
(Se content is 5.1 mg/kg) did not display stronger body weight gain and fat accumulation effect 420 
compared with CMP-fed mice, which is consistent with previous study [29]. Although Se content was 421 
high enough to be adsorbed on C. militaris fruit body, it was much lower than assembled with bacteria 422 
or pure polysaccharide, that result in poor effect. Hence, we assert a higher level of Se concentration 423 
is a necessity for biological activities and the vital of Se in obesity treatment has been exaggerated to 424 
some extent.  425 

Obesity is associated with a series of serum lipid metabolic abnormalities characterized by hyper 426 
serum TG, TC, LDL-C and lower HDL-C. TG, TC and LDL-C are risk factors for cardiovascular 427 
disease such as arteriosclerosis [53, 54]. HDL-C particles play a vital role in protecting against arterial 428 
disease due to their ability to promote cholesterol efflux from macrophages in the artery wall [55]. 429 
Previous studies had observed negative correlation between polysaccharide and serum TG, TC and 430 
LDL-C levels [5, 11]. Our result was in agreement with previous study, who reported that serum lipid 431 
TC and LDL-C were sensitive to Se-rich complex supplementation in diet, implying SeCMP was more 432 
effective in improving lipid homeostasis than CMP. Nowadays, metabolically health is a new strategy 433 
to evaluate the degree of obesity in supplementary of the body mass index (BMI). Accumulating 434 
evidence [56] suggests that, although the risk of all-cause mortality and cardiovascular events might 435 
be higher in people with metabolically healthy obesity compared with metabolically healthy people 436 
of a normal weight, whereas, the risk is substantially lower than in individuals with metabolically 437 
unhealthy obesity [57, 58]. Therefore, SeCMP supplementation is potential benefit to metabolically 438 
unhealthy individuals because of its profound ability to relieve murine of hypertriglyceridemia.  439 

4.2. CMP alleviate the HFD-induced obesity via modifying gut dysbiosis. 440 
Previous studies showed that the preventiveness of polysaccharides on obesity was closely 441 

associated with the restoration of intestinal microbiota [59-61]. Diets supplemented with sodium 442 
selenite positively stimulates mice gut bacteria diversity compared with Se-deficient diet in HFD fed 443 
mice [62]. We observed no significant difference in bacterial diversity between CMP and HFD 444 
supplementation. This outcome appears counterintuitive given the commonly accepted association 445 
between a lower gut bacterial diversity and poor health [21]. Nevertheless, previous studies have also 446 
found that dietary supplementation of a single fermentable substrate can reduce gut bacterial 447 
diversity, yet improve metabolic responses [63].  448 

Multivariate statistical analysis of caecum bacteria samples revealed dietary intervention 449 
modified gut bacterial composition by reversing the HFD-induced flora dysbiosis. CMP altered the 450 
gut microbiome by profoundly reducing the genus Lactobacillus which was strongly correlated with 451 
serum cholesterol, triglyceride and LDL-C level. Lactobacillus is known to express bile salt hydrolases 452 
(BSH) result in the accumulation of intestinal conjugated bile acid [64]. Earlier study proposed that 453 
tempol increased conjugated bile acid (T-β-MCA), then downregulated FXR in germ-free mice that 454 
showed a lean phenotype in mice, indicating Lactobacillus triggered anti-obesity effect probably by 455 
inhibiting FXR-mediate signaling in the intestine [65]. In our study, the upregulated CPY7a1 gene 456 
expression by CMP is a signal that the mechanism probably relating to BAs metabolism. Hence, 457 
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further study is warranted to determine correlation between gut microbiota community and BAs 458 
metabolism pathway in remodeling lipid disorder. 459 

Among the members of gut microbiota altered by CMP, the majority of microbes were positively 460 
correlated with host lipid metabolism parameters, which were enriched by HFD but reduced by CMP. 461 
Previous studies showed that some Clostridium microbes might produce toxins. Chitosan 462 
administration increased the anti-obesity-related species Clostridium leptum, and significantly 463 
decreased Clostridium lactatefermentans and Clostridium cocleatum [66]. Ruminococcus and Dorea were 464 
common in inflammatory bowel disease or colitic individuals which were strongly correlated with 465 
inflammatory cytokine, such as TNF-ɑ, these microbes might act as proinflammatory factors 466 
aggravating obesity progress [67, 68]. Most of genus Streptococcus were conditioned pathogen and 467 
were associated with the development of multiple metabolic disorders IBD by promoting 468 
inflammatory cytokines [69]. The relative abundance of a series pathogen Clostridium, Ruminococcus, 469 
Dorea and Streptococcus were decreased in our study, unraveling CMP alleviated HFD-induced lipid 470 
disorder effect probably relating to reducing translocation inflammation cytokines from harmful 471 
bacteria. 472 

5. Conclusions 473 
We obtained two high-yield crude polysaccharide CMP and SeCMP using a simple and quick 474 

method, which ameliorated fat accretion in obese mice and modified gut microbiota dysbiosis. In 475 
addition, SeCMP exhibited superior protective effect against hyper triglyceride than CMP. In the 476 
future, study on large experimental animals or clinical trials were recommended to elucidate effect 477 
and mechanism relating to lipid regulation and therapeutic potential of obesity. In summary, this 478 
work provided theoretical basis for CMP and SeCMP in treating obese-induced fat accumulation and 479 
hyperlipidemia and successful development of CMP and SeCMP into functional food. 480 

Supplementary Materials: Figure S1: Polysaccharides supplementation do not affect energy intake, water intake 481 
and energy extraction, Figure S2: CMP and SeCMP do not affect production of short chain fatty acids, Figure S3: 482 
The effect of CMP and SeCMP on gut bacteria beta diversity and the relative abundance at phylum level, Figure 483 
S4: The relative abundance of gut microbiota at genus level, Table S1: Organs weight, Table S2: Biochemistry 484 
analysis of serum of mice, Table S3: Group significance using ANOSIM analysis based on Bray-Curtis distance, 485 
Table S4: Group significance by PERMANOVA analysis based on Bray-Curtis distance; Table S5: Q-RCP primer 486 
sequences; Supplementary dataset (Microsoft Excel file): Relative abundance of bacterial species showing 487 
differences between the HFD-treated group and CHOW/CMP/SeCMP-intervented groups after feeding for 8 488 
weeks (related to figure 5). 489 
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