
Wet pulverization combined with temperature cycling strategy for 
extraction of Stropharia rugosoannulata protein with attenuating hepatic 
steatosis on obese mice

Peng Liu a,1, Chen Gao a,b,1, Wen Li a, Wanchao Chen a, Zhong Zhang a, Di Wu a, Tingzhao Li c,d,  
Shuai Sun c,*, Yan Yang a,*

a Institute of Edible Fungi, Shanghai Academy of Agricultural Sciences, Key Laboratory of Edible Fungi Resources and Utilization (South), Ministry of Agriculture, P. R. 
China, National Engineering Research Center of Edible Fungi, Shanghai 201403, China
b University of Shanghai for Science and Technology, Shanghai 200093, China
c Amway Innovation & Science Co, Ltd, Shanghai 201203, China
d Amway Botanical R&D Center, Wuxi 214115, China

A R T I C L E  I N F O

Keywords:
Stropharia rugosoannulata
Obesity
Protein
Hepatic steatosis
Preparation strategy

A B S T R A C T

Stropharia rugosoannulata is an edible fungus with high protein content and excellent bioactivities. However, the 
effective extraction of S. rugosoannulata protein has been a challenge, and the amelioration of it against obesity 
still remain unclear. Herein, S. rugosoannulata protein (SRA) with mainly molecular weight of 15, 40 and 50 kDa, 
complete amino acid composition and typical α-helix structure, was obtained by wet pulverization combined 
with temperature cycling strategy. SRA alleviated the pathological progression in obese mice induced by high-fat 
diet via regulating lipid metabolism in liver and adipose tissues. SRA could obviously improve hepatic steatosis, 
which may be attributed to inhibiting MAPK/PGC-1α pathway. Moreover, SRA repaired the cross-talk between 
gut microbiota and liver via modulating intestinal microecology, and restoring the integrity and function of the 
intestinal barrier in obese mice. This study highlights an efficient and easy strategy for preparing S. rugo
soannulata protein and its effects against obesity.

1. Introduction

Obesity is one of the most common metabolic disease with increasing 
prevalence, which causes a global health concern, due to the significant 
correlation between obesity and many chronic diseases such as hyper
lipidemia, hyperglycemia, and hypertension related to coronary artery 
disease (Li, Wu, Liu, & Yang, 2020). Obesity is characterized in the 
excessive or inappropriate fat accumulation, partially accompanied by 
elevated liver triglycerides (i.e., hepatic steatosis) (Bray, Kim, Wilding, 
& World Obesity, 2017; Liu et al., 2023). Therefore, obesity is a risk 
factor for developing nonalcoholic fatty liver disease, which can further 
pose hepatitis, hepatic fibrosis, dyslipidemia, and may induce liver 
cancer. There is evidence that the morbidity of hepatic steatosis reaches 
up to 80 % in obese individuals (Spagnuolo et al., 2019). Alleviating 
obesity is an effective strategy to reduce nonalcoholic fatty liver disease, 
fatty liver and other metabolic diseases. Recent studies described a close 

interaction between dietary, gut and liver metabolism, with pathways 
involving intestinal permeability, the composition of gut microbiota and 
systemic inflammation, etc. (Di Ciaula et al., 2020). Therefore, modu
lation of the gut-liver crosstalk in obesity opens an avenue for targeted 
intervention in the future. Currently, some strategies to improve obesity, 
such as increasing energy expenditure and reducing dietary intake, are 
difficult to persist in the long term. There is accumulating evidence 
regarding the importance of diet for health across the lifespan, func
tional foods as the basic building blocks of our biology play both the 
roles of food and beneficial health. The utilization of potent natural 
nutrients as a novel approach for the prevention and treatment of 
obesity is in line with current strategies.

Edible fungi are considered as food with nutritional functions and a 
source of physiologically beneficial molecules. Stropharia rugosoannulata 
is a popular edible and medicinal fungus with a long history of usage. 
Numerous studies have explored that S. rugosoannulata possessed 
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widespread nutrients, such as proteins, carbohydrates, lipids, vitamins, 
inorganic salts, and dietary fiber, etc., and simultaneously exerted 
various bioactivities (Gao et al., 2022; W. Li et al., 2022). It was reported 
that edible fungi protein usually displayed a complete essential amino 
acid profile, met dietary requirements, and provided health advantages 
by eliciting antioxidant over animal proteins (Ayimbila & Keawsom
pong, 2023). Moreover, the peptides prepared from S. rugosoannulata 
could exert excellent antihypertensive effect via binding to the amino 
acid residues in the angiotensin-converting enzyme active pocket (W. Li 
et al., 2022). However, the relevant research of protein component from 
S. rugosoannulata is still unclear, especially its effect on obesity.

Currently, the solvent-assisted methods using organic, alkali and 
acid are common strategies for protein extraction, while most of them 
face the challenge of contaminating easily and complex solvent removal 
process. Other methods such as ultrasonic and microwave are difficult to 
adapt to industrial preparation, because of the complex equipment and 
high costs. Wet pulverizing strategy is widely used to prepare nanofibers 
of cellulose or depolymerize the polysaccharide, which could overcome 
the disadvantages, such as low efficiency and solvent pollution. Addi
tionally, temperature cycling method has been regarded as a residue- 
free and cost-effective tool for improving protein functional properties 
(Xu et al., 2023). Tiwari SC et al. isolated microtubule associated pro
teins from cells and tissues by applying temperature cycling method 
based on the characteristics of protein solubility changing with tem
perature (Tiwari & Suprenant, 1993). However, research on the appli
cation of wet pulverization systems combined with temperature cycling 
method in mushroom protein extraction is rare.

Accordingly, in this study, wet pulverization strategy combined with 
temperature cycling method was employed to obtain protein-riched 
extraction from S. rugosoannulata (SRA). Moreover, the reversal effect 
and molecular mechanism of SRA on high-fat diet induced obesity in 
vitro and in vivo were explored. Based on the gut-liver axis theory, the 
effects of SRA in gut microbiota and intestinal barrier function were 
analyzed simultaneously. This study will indicate the controlling effect 
and action mechanism of SRA derived from S. rugosoannulata on obesity, 
which provides a theoretical basis for the development and utilization of 
functional proteins of S. rugosoannulata.

2. Materials and methods

2.1. Materials

S. rugosoannulata was stored in Institute of Edible Fungi, Shanghai 
Academy of Agricultural Sciences. Oil red O staining solution was ob
tained from Shanghai yuanye Bio-Technology Co., Ltd. (Shanghai 
China). SYBR was bought from Thermo Scientific (Waltham, MA, USA). 
Oleic acid was purchased from Beyotime Biotechnology (Shanghai 
China). The antibodies of F4/80, PGC-1α, HNF-4α, PPAR-α, SREBP, 
ERK1/2, P-ERK1/2, JNK, P-JNK, P38, P–P38 and β-actin were pur
chased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Preparation and process optimization of the S. Rugosoannulata 
protein (SRA)

Concretely, 200 g fruiting bodies of fresh S. rugosoannulata fruiting 
bodies was placed at − 20 ◦C, 5 ◦C, and 25 ◦C for 6 h respectively, and 
then placed at 25 ◦C for 4 h, repeat two times. It was crushed with 
distilled water (1.0 L) using high pressure homogenization. The liquid 
was centrifuged at 8000 rpm (10 min) to obtain the supernatant. Ul
trafiltration on the supernatant was performed to obtain components 
with a molecular weight greater than 10,000 Da. Then the protein was 
subsequently precipitated from the supernatant by salting out with a 
series of ammonium sulfate concentrations, including 40 %, 50 %, 60 %, 
and 70 %. After that, it was centrifuged at 10,000 rpm (30 min) to obtain 
the precipitation. The samples were placed in dialysis buffer to intercept 
molecular weights greater than 3500 Da, and dialysis at 4 ◦C for at least 

72 h, followed by lyophilized to yield the S. rugosoannulata protein 
(SRA).

2.3. Characterization of SRA

2.3.1. Protein content, SEM and particle size analysis
The protein content of SRA was analyzed by the Dumas combustion 

method (Marco, Rubio, Compano, & Casals, 2002). The ultrastructural 
features of SRA were collected using a scanning electron microscopy 
(SEM) (Zeiss, Oberkochen, Germany). The particle size of SRA was 
determined by a NanoBrook 90Plus PALS nanoparticle size zeta poten
tial meter.

2.3.2. Amino acids and molecular weight analysis
The amino acids analysis of SRA was conducted. In brief, added 6 

mol/L hydrochloric acid solution 10 mL in the hydrolysis tube, dropped 
in phenol 3–4 drops and mixed in vortex. Then filled it with nitrogen for 
3 times and tighten the screw cap immediately. The covered hydrolysis 
tube was placed at 110 ◦C for 22 h. Filtered the hydrolysate through a 
filter paper into a 50 mL volumetric flask, precisely absorbed 1 mL of the 
above filtrate, evaporated until nearly dry (repeat three times). Finally 
added 1 mL Sodium Citrate buffer solution (pH = 2.2), passed through 
0.22 μm filter membrane for amino acid determination using HPLC 
(Agilent 1100, USA). The molecular weight determination of SRA was 
used sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE).

2.3.3. FT-IR and CD analysis
The Fourier transform infrared (FT-IR) spectra of SRA sample was 

obtained using a Nicilet Is20 infrared spectrometer with a wave number 
range of 4000–400 cm− 1. The sample was added into 0.1 cm path length 
quartz cuvettes for the detection of circular dichroism (CD) spectra at 
190–250 nm using Biologic New MOS-450CD spectrometer.

2.4. Cell culture and treatment

L-O2 cells were cultured in RPMI 1640 medium supplemented with 
10 % fetal bovine serum at 37 ◦C in a humidified 5 % CO2 environment. 
Cells were added into 96-well culture plate, after 24 h, cells were 
incubated with serum-free medium containing 1.0 mM OA. Simulta
neously, SRA with different concentration (SRAL: 50 μg/mL, SRAM: 100 
μg/mL, SRAH: 200 μg/mL) was added to the medium for 24 h. The lipid 
content in cells was detected by oil red O staining, and visualized 
through an inverted optical microscope.

2.5. Animals

Male ICR mice (20 ± 2 g) were obtained from Shanghai SLAC Lab
oratory Animal Co., Ltd. Mice were fed in accordance with the Guide for 
the Care and Use of Laboratory Animals published by the National In
stitutes of Health and were approved by the related ethical regulations of 
Shanghai Academy of Agricultural Sciences (the ethical permission 
number: SAASPZ0423090).

2.5.1. Animal feeding
Mice were divided into five groups (n = 5 per group): CTL, HFD, SIM, 

SRAL and SRAH groups. Mice in the CTL group were received normal 
feed, all mice in the other groups were fed with high fat diet (60 % fat). 
Simultaneously, mice in the SRA groups were gavaged with SRA (SRAL: 
400 mg/kg and SRAH: 1000 mg/kg), mice in the SIM group were filled 
with 8 mg/kg simvastatin, and mice in the CTL and HFD groups were 
received the same volume of distilled water, once a day for 6 weeks. The 
doses in SRAL and SRAH groups were separately equivalent to 44 and 
110 mg/kg daily of human calculated based on body surface area.
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2.5.2. Sample collection
Three days before concluding the experiment, feces were collected at 

regular intervals, and stored at − 80 ◦C. After completing the experi
ment, all mice were anesthetized prior to cervical dislocation. Blood was 
then collected from the eye, centrifuged and stored. The liver, adipose 
and small intestine tissues were collected for subsequent hematoxylin- 
eosin (H&E) staining and other projects, respectively.

2.6. Biochemical analysis of serum and liver tissue

Serum total antioxidant capacity (T-AOC) and malondialdehyde 
(MDA), and the total cholesterol (TC) and triglycerides (TG) in liver 
tissue were detected according to kit instructions (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).

2.7. Histopathological and immunohistochemistry analysis

After being buried in paraffin, it was sliced to produce paraffin tissue 
flakes. Then, they were analyzed by Hematoxylin & eosin staining 
(H&E) and immunohistochemical analysis. Positive areas were 
measured quantitatively by ImageJ software (NIH, USA).

2.8. Western blotting analysis

Whole protein was extracted from liver, thereby were separated and 
transferred to PVDF membranes. After antibody incubation, the target 

blots were visualized by ECL reagents (Beyotime Biotechnology, China)

2.9. qRT-PCR analysis

Total RNA was obtained with TRIzol for cDNA synthesis. The system 
included SYBR Green Master Mix, 10 nM primer pair (Table S1) and 0.2 
μg cDNA. Relative mRNA levels were detected by real-time PCR system 
(QuantStudio™6 Flex, ABI), and analyzed by 2-(△△CT) method.

2.10. 16S rRNA gene pyrosequencing and analysis

Total fecal bacterial genomic DNA from CTL, HFD, SIM, SRAL and 
SRAH groups was extracted by the cetyltrimethylammonium bromide/ 
sodium dodecyl sulfate method. The V3-V4 region of 16S rRNA was 
amplified using the forward primers 341F-805R. Sequencing libraries 
were generated, and then sequenced on an Illumina Miseq platform. The 
sequences were clustered into bins called operational taxonomic units 
(OTUs) based upon similarity (Chen et al., 2020). The detailed data 
analysis referred to previous report (Liu et al., 2023).

2.11. Statistical analysis

All data were expressed as mean ± standard error. One-way analysis 
of variance (ANOVA) was performed. Normality and homogeneity of the 
results were evaluated by Shapiro-Wilk test. Significance is indicated as 
p < 0.05.

Fig. 1. Preparation and characterization of SRA. The protein content in SRA (A) and their yields (B) at different temperatures. The protein content in SRA (C) and 
their yields (D) at different concentration of ammonium sulphate. The SEM images (E), SDS-PAGE profile (F), FT-IR spectra (G) and CD spectra (H) were showed. All 
values are presented as means ± SEM (n = 3). In the same substance content, different letters represent statistical significance (P < 0.05).
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3. Results and discussion

3.1. Preparation of SRA

SRA was extracted from S. rugosoannulata fruiting bodies via wet 
pulverization strategy combined with temperature cycling method in 
different temperatures. The results showed that SRA was processed at 
5 ◦C with the highest protein content (54.40 %), compared to other 
treatment temperatures (Fig. 1A). Moreover, the data of yield also 
indicated that the yield of samples processed under 5 ◦C was 52.50 %, 
which was significantly higher than that of samples processed under 
− 20 ◦C (40.48 %) and 25 ◦C (33.85 %) (Fig. 1B). The lower protein 
content obtained at − 20 ◦C might be due to protein denaturation caused 
by freezing and thawing at low temperature and further lost by ultra
filtration. Previous studies proved that freeze can induce complex 
physical and chemical changes in the solvent/solute conditions, result
ing in denaturation and degradation of proteins (Kolhe, Amend, & 
Singh, 2010). Herein, after temperature cycling from 5 ◦C to 25 ◦C, the 
protein content was increased, which might be attributed to the 
enhanced cell sensitivity at 5 ◦C due to factors such as shrinkage and re- 
expansion of cells, and changes in intracellular electrolyte concentra
tion, playing a pivotal role in cell wall damage and protein release. 
Because of protein solubility affected by ions, the ammonium sulfate was 
used to isolated protein fraction and its addition concentration was 
optimized in this study. The results showed that ammonium sulfate- 
induced salting-out could isolate and purify SRA, evidencing that the 
protein content was significant increased, especially at concentrations of 
50 % and 60 %, where the protein content reached approximately 80 % 
(Fig. 1C). Comparative studies of the yield demonstrated that the yields 
under 60 % and 70 % concentration ammonium sulfate treatment were 
significantly higher than that under 40 % and 50 % concentration 
(Fig. 1D). In conclusion, 60 % ammonium sulfate was employed to 
isolate SRA with the higher protein content (79.08 %) and yield (5.89 
%).

3.2. Characterization of SRA

3.2.1. Morphological characteristics, molecular weight and amino acid 
composition analysis

SEM was widely applied in the surface morphology of bio
macromolecules. The microstructure of SRA exhibited irregular block, a 
surface with several fragments, stratified structure and slight potholes 
(Fig. 1E). The average particle distribution of SRA in deionized water 
exhibited a narrow and symmetrical signal around (266.91 ± 2.70) nm. 
SRA was separated by SDS-PAGE, and the results showed four main 
bands at 70, 50, 40 and 15 kDa apparent molecular mass, approxi
mately. The 15 kDa protein seemed to account for a larger proportion of 
the SRA, compared to other protein bands (Fig. 1F). Amino acid com
positions of SRA were analyzed and the data showed in Table 1. 17 

amino acids were identified, in which glutamate, aspartate, leucine and 
alanine were dominant amino acids in SRA, accounting for 15.89 %, 
13.01 %, 9.85 % and 8.13 %. It was reported that glutamate as one of the 
most abundant of the amino acids played critical roles in nutrition, 
metabolism and signaling. For example, it is of fundamental importance 
to synthesis the glutathione and the polyglutamated folate cofactors 
(Brosnan & Brosnan, 2013). Additionally, SRA contained a quantity of 
essential amino acids as well, including lysine, phenylalanine, isoleu
cine, leucine, valine and methionine. The most abundant essential 
amino acid was leucine, followed by valine. Edible mushroom proteins 
generally possess complete essential amino acid, are promising alter
native proteins, compared to plant proteins lacking some essential 
amino acids (Gonzalez et al., 2020).

3.2.2 FTIR and CD analysis.
To confirm the molecular structure of SRA, FTIR analysis was 

employed. It showed the typical absorption characteristics of protein 
(Fig. 1G). Near 1100 cm− 1 was the C–O bond absorption peak, which 
was attributed to the protein molecule containing a pyran ring (Luo, 
Huang, Chen, Zong, & Lou, 2023). The characteristic peaks of 1450, 
1542 cm− 1 corresponding to N–H stretching, which were attributed to 
the protein molecule containing amides (Luo et al., 2023; Tatulian, 
2019). The absorption peak near 1640 cm− 1 was the carbonyl (C=O) 
stretching vibration or N–H variable angle vibration (J. Zhang et al., 
2022). It was reported that the amide I mode occurred between 1700 
and 1600 cm− 1 and was generated primarily by the C––O stretching 
vibration, plus CN and CCN out-of-plane bending vibrations and mini
mally by the NH in-plane bending mode (S & J, 1978). The amide I mode 
was by far the most useful absorbance band in structural characteriza
tion of proteins and peptides (Tatulian, 2019). It is worth noting that the 
strong absorption in the 1644 cm− 1 was might be contributions from the 
α-helix structure (Tatulian, 2019). CD spectra was further applied to 
analyze secondary structure of SRA. It indicated that a positive spectral 
peak at 192 nm, and a large negative band approximately between 205 
and 210 nm were showed (Fig. 1H), which were speculated to be 
contributed by the characteristic bands of random coil at 200 nm and 
α-helix at 208 nm (Cao et al., 2023). Therefore, the secondary structure 
of SRA determined by CD spectroscopy was consistent with the results of 
FTIR, suggesting that α-helix might be the dominant secondary structure 
of SRA.

3.3. Regulation of adipocyte lipolysis of SRA in obese mice induced by 
high-fat diet

A high-fat diet induced hyperlipidemia mouse model was established 
to further investigate the hypolipidemic activity of SRA. The epididymal 
fat index of mice in the HFD group was also increased, while it was 
significantly reduced after SRAL and SRAH interventions (Fig. 2A). 
These data indicated that SRA can improve obesity symptoms caused by 
HFD. Generally, obese mice show typical characteristics of hyperlipid
emia, such as high levels of TC and TG (Cong et al., 2021). Consistently, 
compared with healthy mice, the levels of TC and TG in serum of mice 
with a HFD treatment were obviously elevated, which were significantly 
higher than that of SRAL and SRAH treatments (Fig. 2B, C). Edible fungi 
with low energy were favorable for weight loss, and could admittedly 
improved obesity (Chang et al., 2015).

HFD can induce steatosis of adipose tissue and was related to various 
serious health risks. Edible fungi as low in fat are considered the the 
ultimate diet for treating obesity. Compared to the CTL group, the size of 
adipocytes in the HFD model was significantly enlarged, which was the 
main causes of obesity and increased adipose tissue (Fig. 2D-G). SRAL 
and SRAH interventions improved the aforementioned pathological 
symptom of adipocyte enlargement (Fig. 2D-G). To further investigate 
the regulatory effect of SRA on lipid metabolism in epididymal fat, the 
mRNA expression levels of related genes were measured. The results 
indicated that an obvious decline in acetyl-CoA carboxylase-1 (ACC-1), 
farnesoid X receptor (FXR), peroxisome proliferator-activated receptor 

Table 1 
Amino acid composition of SRA.

Amino acids Relative amount 
(%)

Amino acids Relative amount 
(%)

Aspartate 
(Asp)

13.01 Proline (Pro) 6.39

Threonine 
(Thr)

5.34 Tryptophan (Trp) 1.92

Serine (Ser) 4.31 Lysine (Lys) a 5.37
Glutamate 

(Glu)
15.89 Phenylalanine (Phe) 

a
1.25

Glycine (Gly) 6.73 Isoleucine (Ile) a 5.31
Alanine (Ala) 8.13 Leucine (Leu) a 9.85
Cysteine (Cys) 0.85 Valine (Val) a 8.16
Arginine (Arg) 3.48 Methionine (Met) a 1.01
Histidine (His) 3.02

a : Represented essential amino acids.
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gamma coactivator-1 alpha (PGC-1α) and peroxisome proliferator- 
activated receptor gamma (PPAR-γ) expression was observed in the 
HFD group, whereas the expression levels of them were enhanced by 
SRAL and SRAH treatments (Fig. S1A–D). Moreover, the mRNA levels 
of uncoupling protein 1(UCP-1), sterol regulatory element-binding 
protein-1c (SREBP-1c), fatty acid binding protein 1 (FABP1) and 
hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) were upre
gulated in epididymal fat of mice fed a HFD, while they were reversed by 
SRAL and SRAH (Fig. S1E–H). Some edible fungi (such as Kluyver
omyces marxianus and Auricularia polytricha etc.) possessed hypolipi
demic effect by competitively inhibiting 3-hydroxy-3-methyl-glutaryl 
coenzyme A (HMG-CoA) reductase activity, which was responsible for 
the cholesterol biosynthesis (Xie et al., 2015; Zhao et al., 2015). 
Therefore, numerous studies have indicated that the mechanism of 
reducing cholesterol of these edible fungi was related to the regulation 
of cholesterol synthesis metabolism, such as regulation of lipoprotein 
lipase and diacylglycerol acyl-transferase activities (Sun et al., 2007). In 
summary, SRA played a critical role in regulating adipocyte differenti
ation and lipid deposition.

3.4. Moderation of SRA on hepatic steatosis in mice with obesity

3.4.1. Inhibition of lipid aggregation in vitro and in vivo
To investigate the hypolipidemic effects of SRA, an oleic acid 

induced hyperlipidemia model in L-O2 cells was adopted in vitro. Oil red 
O staining was performed on cells to explore the lipid accumulation. The 
results showed that the intracellular lipid droplet content in the OA 
group (oleic acid treatment) significantly increased, compared to the 
CTL group. SRA with a mass concentration in the range of 50–200 μg/mL 
can significantly reduce oleic acid induced lipid aggregation (Fig. 3A). 

The results preliminary indicated that SRA possessed an inhibitory effect 
on lipid aggregation in liver cells induced by oleic acid. Oil red O 
staining of the liver was further performed. SRAL and SRAH alleviated 
the hepatic lipid droplets compared with no-treatment HFD mice 
(Fig. 3B, D). This suggested that long-term consumption of a HFD 
induced the development of fatty liver in mice, while it can be relieved 
by SRA administration. Furthermore, HFD can cause certain liver injury 
in mice, as indicated by pathological damage, elevation of MDA level 
and decrease of T-AOC level. SRAL and SRAH treatments ameliorated 
pathological symptoms, such as inflammation, cell infiltration, and 
swelling in liver cells (Fig. 3C), and inhibited oxidative stress response in 
liver tissue by enhancing T-AOC level and reducing MDA level (Fig. 3E, 
F). Taken together, these results demonstrated that SRA administration 
evidently relieved hepatic fat accumulation and liver injury induced by 
HFD.

3.4.2. Regulation of lipid metabolism
To analysis the molecular mechanisms of SRA regulated hepatocytic 

lipid droplet aggregation on HFD induced mice, the levels of gene and 
protein related to lipid metabolism in liver were measured, including 
hepatocyte nuclear factor receptor-4α (HNF-4α), PPAR-α, SREBP-1, 
PPAR-γ, ACC-1, FXR, fatty acid synthetase (FASN) and cluster of dif
ferentiation 36 (CD36). Among them, HNF-4α plays a key role in 
improving diabetes and obesity via hydrolyzing triglycerides and 
inhibiting fat production (Y. Li et al., 2016). SREBP-1, PPARs ACC-1 and 
FXR are key factors that regulate numerous genes involved in lipid 
biosynthesis (Gu et al., 2022). Upregulation of PPAR-α level and the 
downregulation of SREBP-1 level could alleviate hepatic steatosis 
through permitting fatty acid transport into and oxidation in the mito
chondrion (Jin et al., 2021). In this study, the protein levels of HNF-4α 

Fig. 2. SRA improved hyperlipidemia symptoms and adipocyte proliferation in obese mice induced by HFD. The epididymal fat index (A), and the levels of 
TC (B) and TG (C) were showed. H&E analysis of retroperitoneal white adipose tissue (200 ×) (D) and epididymal white adipose tissue (200 ×) (E), and positive 
staining areas were showed (F-G). All values are presented as means ± SEM (n = 5). Significantly different (*P < 0.05, **P < 0.01) versus the HFD group. 
Significantly different (#P < 0.05, ##P < 0.01, ###P < 0.001) versus the CTL group.
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and PPAR-α were significantly lower, and the protein level of SREBP-1 
was evidently higher in HFD-fed mice than in the normal diet mice, 
while the levels of them were reversed by SRAL and SRAH treatments 
(Fig. 4A-F). Meanwhile, the results showed that the mRNA level of 
PPAR-α was down-regulated in HFD-induced mice, while it returned to 
basal levels in the SRAL and SRAH groups. SRA can increase the mRNA 
level of SREBP-1c in the liver tissue of mice induced by HFD (Fig. 4G, H). 
This result supported the aforementioned conclusion. Additionally, the 
mRNA levels of PPAR-γ, ACC-1, FXR, FASN and CD36 were also detec
ted. The mRNA levels of ACC-1 and CD36 were elevated and the mRNA 
levels of PPAR-γ, FXR and FASN were diminished in HFD group 
compared with normal diet group, SRAL and SRAH treatments can 
reverse the mRNA levels of these genes (Fig. 4I-M). Herein, it was worth 
noting that SRA increased the mRNA levels of FASN and PPAR-γ in HFD- 
induced mice. Diniz TA et al. (Diniz et al., 2021) indicated that PPAR-γ 
upregulation could improve the machinery of lipid droplets expansion, 
while some studies have shown that ablation of PPAR-γ in hepatocytes 

had a protective effect against steatosis development under high-fat 
regimen. Additionally, lipogenic enzyme FASN participated in fatty 
acid uptake and de novo synthesis (M. Zhang et al., 2023). However, 
there are also different conclusion, it was reported that HFD treatment 
could decrease expression of encoding lipid metabolism genes FASN 
(Yan et al., 2022). Therefore, the regulation of lipid metabolism by 
PPAR-γ and FASN is complex, while the regulatory mechanism of SRA 
on them needs further exploration. In summary, the protection of SRA 
on HFD-induced obesity was attributed to regulating the expression of 
these genes related with lipid metabolism.

Accumulating evidences suggested that PGC-1α as a target for anti- 
obesity played a central role in the regulation of lipid metabolism 
(Cheng, Ku, & Lin, 2018; Liang & Ward, 2006). It was reported that cells 
with reduced PGC-1α can control expression of key enzymes in lipolysis 
and the glycerolipid/free fatty acid cycle, such as FXR and PPARs 
(Haemmerle et al., 2011; Oropeza et al., 2015; Y. Zhang, Castellani, 
Sinal, Gonzalez, & Edwards, 2004). To further explore the molecular 

Fig. 3. SRA improved hepatic steatosis and liver function in obese mice. SRA inhibited lipid aggregation in L-O2 induced by oleic acid, Scale: 20 μm (A). Oil red 
(B) and H&E (C) staining of liver tissue were showed (200 ×), the positive staining areas of oil red staining was analyzed (D). The levels of T-AOC (E) and MDA (F) in 
liver tissue were detected. All values are presented as means ± SEM (n = 5). Significantly different (*P < 0.05, **P < 0.01, ***P < 0.001) versus the HFD or OA 
group. Significantly different (#P < 0.05, ###P < 0.001) versus the CTL group. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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mechanism of SRA in regulating liver lipid metabolism, the levels of 
PGC-1α and the status of MAPK pathway were determined. Immuno
histochemical analysis suggested that the protein level of PGC-1α was 
significantly lower in HFD-fed mice than in the normal diet mice, while 
the level of it was reversed after SRAH treatment (Fig. 5A, B), and the 
trend of mRNA level change in PGC-1α was consistent with it (Fig. 5C). 
Previous studies are consistent with the results of this study, Rius-Pérez S 
et al. also indicated that the PGC-1α level can lower in the obese mice 
liver (Rius-Perez, Torres-Cuevas, Monsalve, Miranda, & Perez, 2020). 

This might be caused by lack of exercise, a fat-rich diet and a poly
morphism in PGC-1, which may variously combine their effects to 
decrease PGC-1 expression (Pessayre, 2007). Moreover, the levels of key 
protein in the MAPK pathway were analyzed, it was showed that the 
levels of phosphorylated p38, phosphorylated JNK and phosphorylated 
ERK-1/2 were enhanced in the liver of HFD-induced mice, suggesting 
that the MAPK pathway was overactivated by HFD, while it can be 
inhibited by SRA (Fig. 5D-G). This is consistent with existing report that 
obesity and saturated fatty acids decreased PGC-1 through MAPK- 

Fig. 4. SRA regulated lipid metabolism in liver cells of obese mice. Immunohistochemical analysis of HNF-4α (A), PPAR-α (B) and SREBP-1 (C) were showed 
(200 ×), and the positive staining areas of HNF-4α (D), PPAR-α (E) and SREBP-1 (F) was analyzed. The mRNA levels of PPAR-α (G), SREBP-1 (H), PPAR-γ (I), ACC-1 
(J), FXR (K), FASN (L) and CD36 (M) were detected. All values are presented as means ± SEM (n = 5). Significantly different (*P < 0.05, **P < 0.01, ***P < 0.001) 
versus the HFD group. Significantly different (#P < 0.05, ##P < 0.01, ###P < 0.001) versus the CTL group.
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dependent transcriptional pathway (Coll et al., 2006; Crunkhorn et al., 
2007). Therefore, the regulatory effect of SRA on liver lipid metabolism 
might be attributed to suppressing MAPK/PGC-1α pathway.

3.5. Balance of SRA on intestinal microecology

3.5.1. Improvement of intestinal microbiota homeostasis
The intestinal microbiota has been recognized as a key factor in the 

obesity process, and as well as an endocrine organ participated in 
maintaining energy homeostasis. Therefore, the effects of SRA on in
testinal microbiota with HFD-treated mice were explored. Principal 
component analysis showed that a distinct shift of intestinal microbiota 
composition in mice treated with HFD, compared with mice with normal 
diet and SRA (Fig. 6A). At phylum level, compared with CTL group, the 
relative abundance of Firmicutes, Desulfobacterota and Actino
bacteriota were increased, and the relative abundance of Bacteroidota 
and Verrucomicrobiota were decrease in the HFD group, with the intake 
of SRA, these abnormal changes were reversed (Fig. 6B). Further anal
ysis revealed that 28 OTUs were screened out, their relative abundance 
showed significant differences in the HFD group, compared to that of the 
CTL group. Among them, the relative abundance of 7 OTUs were 
reversed by SRAL, including Corynebacterium_stationis, Corynebacter
ium_urealyticum, Muribaculaceae, Rikenella, Limosilactobacillus_vaginalis, 
Erysipelatoclostridiaceae and Clostridium_sensu_stricto_1 (Fig. 6C). 
Erysipelatoclostridiaceae was a biomarker of obesity (Hu et al., 2022), 
and the relative abundance of it was increased in mice with obesity, it 
was fortunately decreased by SRAL treatment. Previous studies have 
indicated that Corynebacterium_stationis and Corynebacterium_urealyticum 

were associated with chronic infection and liver function damage 
(Costales, Alsyouf, Napolitan, Wang, & Hu, 2019; Ma et al., 2021). 
Rikenella and Muribaculaceae were strongly associated with obesity- 
related parameters, for example, increase of the relative abundance of 
Muribaculaceae as beneficial bacteria might prevent HFD-induced 
metabolic disorders (Paone et al., 2022), which supports the conclu
sion of this study. Additionally, the intestinal microbiota participated in 
the integrity and function of the intestinal barrier in the homeostasis (Di 
Tommaso, Gasbarrini, & Ponziani, 2021). As showing in the data, the 
key intestinal microbiota taken part in the alleviation of HFD in mice by 
SRA.

3.5.2. Restoration of intestinal barrier function
Gut microbiome plays a major role in driving barrier changes. 

Additionally, our dietary habits influence the barrier function at 
different levels (Paone & Cani, 2020; Yang et al., 2022). HFD may lead 
to changes in the microbiota, and in the long run can further induce 
intestinal barrier dysfunction (Shi et al., 2020). It can also promote in
testinal permeability directly or elevate barrier-disrupting cytokines 
indirectly (Rohr, Narasimhulu, Rudeski-Rohr, & Parthasarathy, 2020). 
Although the factors affecting the gut barrier have been studied for 
decades, the exact mechanisms are various and complementary. Herein, 
SRAL and SRAH treated groups showed significantly fewer damaged 
crypts and epithelial structures of small intestine, as well as the higher 
mucosal thickness and crypt depth, compared to the HFD treated group 
(Fig. S2A, S2C, S2D). Mice induced by HFD were companied with the 
decrease of the number of goblet cells and thinning of the mucous layer, 
which were rehabilitated after SRAL and SRAH interventions (Fig. S2B, 

Fig. 5. SRA regulated MAPK/PGC-1α pathway in liver cells of obese mice. Immunohistochemical analysis of PGC-1α (200 ×) (A) and the positive staining area of 
it (B) were showed. The mRNA level of PGC-1α was detected (C). Western blotting analysis of key proteins of MAPK pathway (D). The grayscale analysis of P-ERK 1/2 
(E), P–P38 (F) and P-JNK (G) were showed. All values are presented as means ± SEM (n = 5). Significantly different (*P < 0.05, **P < 0.01, ***P < 0.001) versus the 
HFD group. Significantly different (#P < 0.05, ###P < 0.001) versus the CTL group.
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S2E). To assess the protection of SRA on intestinal barrier integrity, the 
protein levels of tight junction genes, including zonula occludens-1 (ZO- 
1) and claudin-1 were analyzed. The data suggested that mice with HFD 
exposure possessed remarkably lower levels of ZO-1 and claudin-1 
compared to mice with normal diet. SRAL and SRAH treatments 
exhibited an amelioration in intestinal permeability in mice with HFD, 
reflecting in the increased ZO-1 and claudin-1 levels (Fig. 7A-D). These 
data indicated that the protection of SRA on HFD induced mice involved 
maintenance of intestinal barriers function.

4. Conclusion

A protein rich component SRA with molecular weight mainly of 15, 
40 and 50 kDa was prepared by applying wet pulverization strategy 
combined with temperature cycling method, which possessed the ad
vantages of simplicity and low cost. SRA exhibited the effect on obesity 
control, reflecting in inhibiting lipid aggregation and steatosis in liver, 
and resisting proliferation of the adipocytes. The restorative mechanism 
of SRA might depend on regulating lipid metabolism and biosynthesis by 

Fig. 6. SRA regulated intestinal microbiota in obese mice. PLS–DA of 16S rRNA genes (A). Composition of gut microbiota in phylum level (B). The abundance of 
28 OTUs different between CTL and HFD groups was displayed by Heatmap and their detailed information (C).
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MAPK/PGC-1α pathway. Moreover, SRA acted favorably on the intes
tinal barrier and relieved intestinal microbiota dysfunction in mice with 
HFD-induced obesity (Fig. 8). This study provides a high efficiency and 
low-cost method for protein extraction, and demonstrates the potential 
applications of S. rugosoannulata protein against obesity and related 
disorders.
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Fig. 8. The mechanism of the effect of SRA on improving obesity caused by high-fat diet.
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