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A B S T R A C T   

Currently, no specific treatment exists to alleviate metabolic dysfunction-associated fatty liver 
(MAFLD). Previously, Poria cocos (PC) effectively relieved MAFLD, but its bioactive components 
are still unknown. The bioactive substances in PC that regulate mitochondria function to alleviate 
MAFLD were thus determined. The L02 hepatocyte model induced by fat emulsion and the 
MAFLD rat model induced by a high-fat diet (HFD) were developed to explore the efficacy of PC 
against MAFLD. The activity of PC-derived components in the liver mitochondria of HFD-fed rats 
was evaluated using the L02 hepatocyte model. Additionally, the PC-derived components from 
the liver mitochondria were identified by ultra-high performance liquid chromatography/mass 
spectrometry. Finally, the anti-steatosis ability of PC-derived monomers and monomers groups 
was evaluated using the adipocyte model. PC maintained the mitochondrial ultrastructure, alle
viated mitochondrial oxidative stress, and regulated the energy metabolism and the fatty acid β 
oxidation to relieve lipid emulsion-induced cellular steatosis and HFD-induced MAFLD. PC- 
derived components entering the liver mitochondria inhibited oxidative stress injury and 
improved the energy metabolism to fight cellular steatosis. Additionally, 15 chemicals were 
identified in the PC-treated rat liver mitochondria. These identified chemical molecules and 
molecule groups in the mitochondria prevented cellular steatosis by regulating mitochondrial 
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oxidative stress and energy metabolism. PC restores mitochondrial structure and function, alle
viating MAFLD, which is related to oxidative stress, energy metabolism, and fatty acid β oxida
tion. The identified 15 components may be the main effective PC components regulating 
mitochondria function to alleviate MAFLD. Thus, PC may be a promising mitochondrial regulator 
to prevent MAFLD.   

1. Introduction 

Metabolic dysfunction associated fatty liver (MAFLD) is the most common chronic liver disease, closely related to metabolic 
disorders, including centripetal obesity, dyslipidemia, hypertension, hyperglycemia, and abnormal, persistent liver dysfunction [1]. Its 
pathological process temporarily follows the “three strikes” process consisting of steatosis, lipotoxicity, and inflammation. However, 
although MAFLD poses major clinical and public health burdens worldwide, it lacks a definitive treatment strategy. At present, MAFLD 
is mainly managed by promoting weight loss by changing lifestyle, diet control, physical activity, and controlling its major risk factors. 
Therefore, there is an urgent need to find new drugs for treating MAFLD [2–4]. 

Mitochondria are organelles maintaining growth and function in eukaryotic cells. They are involved in oxidative phosphorylation, 
energy generation, metabolic homeostasis, redox regulation, and apoptosis [5]. In liver tissues, MAFLD is characterized by changes in 
mitochondrial ultrastructure and dynamics, decreased respiratory chain complex activity, and impaired ATP synthesis ability. MAFLD 
also induces increased fat production and decreased fatty acid β oxidation, resulting in the accumulation of triglycerides in hepatocytes 
[6]. Subsequently, excessive lipid accumulation promotes intracellular oxidative stress response and reactive oxygen species (ROS) 
production, leading to mitochondrial dysfunction and cell toxicity, exacerbating MAFLD development [7]. However, traditional 
Chinese medicines (TCMs), such as Polygonatum kingianum [8] and Cinnamomum cassia [9], regulate mitochondrial function alleviating 
MAFLD. 

Moreover, Poria cocos (PC), a fungus used as medicine and food, alleviates liver steatosis by regulating lipid metabolism, inhibiting 
endoplasmic reticulum stress, and activating AMPK-dependent autophagy [10]. PC has been used as a TCM in China for over two 
thousand years. Its chemical constituents mainly include triterpenes, polysaccharides, proteins, and amino acids, characterized by 
anti-inflammatory activity, immunomodulatory properties, anticancer properties, anti-hyperglycemia effects, and blood lipid regu
lation ability [11,12]. PC also has potential anti-MAFLD effects [12]. However, the active ingredients of PC against MAFLD remain 
unclear. Besides, it is unknown whether PC alleviates MAFLD by regulating mitochondrial function. 

A previous research developed an efficient mitochondrial pharmacology and pharmacochemistry strategy for searching bioactive 
substances in TCMs (Polygonum multiflorum and Polygonum cuspidatum) that regulate mitochondria function to relieve MAFLD [13]. 
The results demonstrated that this strategy effectively identifies mitochondria-adjusted ingredients in TCMs in vivo. 

Thus, in the present study, mitochondrial pharmacology and pharmacochemistry determined the potential of mitochondria- 
targeted bioactive components in PC extract to alleviate MAFLD triggered by a high-fat diet (HFD). Additionally, the efficacy and 
potential mechanisms of PC against MAFLD were evaluated using in vitro and in vivo pharmacological experiments. The results revealed 
that PC restored mitochondrial structure and function to alleviate MAFLD, which may be related to oxidative stress and energy 
metabolism. Besides, 15 potentially effective PC components were identified in regulating mitochondria to prevent MAFLD. 

2. Methods and materials 

2.1. Reagents, chemicals and materials 

Human hepatocyte cell line L02 (iCell-h054) was sourced from Cellverse Bioscience Technology Co., Ltd. (Shanghai, China). RPMI- 
1640 culture medium was purchased from XP Biomed Ltd. (Shanghai, China). Fetal bovine serum was purchased from Procell Life 
Science & Technology Co., Ltd. (Wuhan, China). Penicillin-streptomycin, trypsin solution, and phosphate-buffered saline (PBS) were 
provided by Saiguo Technology Co., Ltd. (Guangzhou, China). Basic feed and a high-fat diet containing 1 % cholesterol, 10 % refined 
lard, 10 % egg yolk, and 79 % basic feed were provided by Beijing Keaoxieli Feed Co., Ltd. (Beijing, China). Standards including 
dehydrotrametenolic acid (DMA, ≥98 % purity), dehydrotumulosic acid (DTA, ≥98 % purity), dehydropachymic acid (DPA, ≥99 % 
purity), dehydroeburicoic acid (DEA, ≥99 % purity), polyporenic acid C (PPAC, ≥99 % purity), and 16α-hydroxytrametenolic acid 
(HTA, ≥97 % purity) were purchased from Chengdu Pufeide Biotech Co., Ltd. (Chengdu, China). Poricoic acid B (PAB, ≥98 % purity) 
and poricoic acid G (PAG, ≥98 % purity) were sourced from Jiangsu Aikang Biomedical Research and Development Co. Ltd. (Jiangsu, 
China) and Wuhan ChemFaces Biochemical Co., Ltd. (Wuhan, China), respectively. Kits for determining triglycerides (TG), total 
cholesterol (TC), alanine transaminase (ALT), aspartate transaminase (AST), low-density lipoprotein cholesterol (LDL-C), high-density 
lipoprotein cholesterol (HDL-C), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH), ATP synthase (ATPase) 
levels, and assay kits for the determination of proteins (bicinchoninic acid [BCA] kit) were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). Respiratory chain complex I and II (Complex-I/II) detection kits were purchased from 
Jiangsu Enzyme Immune Industrial Co., Ltd. (Jiangsu, China). HPLC-grade methanol and acetonitrile were purchased from Sigma 
Aldrich Trade Co., Ltd. (Shanghai, China). Primers were designed and synthesized by Generay Biotech Co., Ltd. (Shanghai, China). M- 
MLV Reverse Transcriptase, RNA-easy Isolation Reagent, and ChamQ Universal SYBR qPCR Master Mix were purchased from Vazyme 
Biotech Co., Ltd. (Nanjing, China). Dimethyl sulfoxide (DMSO), TriQuick reagent for extracting total RNA, and Highly Efficient RIPA 
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Tissue/Cell Lysate were provided by Solarbio Science & Technology Co., Ltd. (Beijing, China). Deionized water was purified by a Milli- 
Q Water Purification System Purification System (Millipore, Billerica, MA, USA). All other reagents used were of analytical reagent 
grade or higher. The dried PC samples were collected from Jinggu County (Pu’er, China) and stored at the Key Laboratory of Southern 
Medicine Utilization, Yunnan University of Chinese Medicine (Kunming, China). 

2.2. Preparation of PC extract 

Dried PC samples were pulverized and extracted with a three-fold volume of 75 % ethanol at 60 ◦C for 2 h. The filtrate was collected 
after leaching. The residue was extracted sequentially with a three-fold volume of 75 % ethanol at 60 ◦C for 2 h, and the extracted 
liquid was filtered. Next, the two filtrates were condensed using an N-1100D-WD rotatory evaporator (Shanghai Ailang Instrument Co., 
LTD, Shanghai, China), and the concentrate was dried on an FD 5-3 freeze-dryer (SIM International Group Co., Ltd., Newark, DE, USA). 
The obtained dried PC extracts with a yield of 2.66 % were then stored in a desiccator, awaiting further analysis. 

Subsequently, the chemical composition of the PC extract was determined as previously described [14]. Briefly, the PC extract was 
loaded into the Waters 2695 Series HPLC system fitted with a Symmetry Shield RP-C18 (4.6 mm × 250 mm, 5um) column and UV–vis 
detector. The analytical conditions were as follows: (1) the injection volume, column temperature, flow rate, and detection wavelength 
were set at 20 μL, 30 ◦C, 1.0 mL/min, and 243 nm, respectively; (2) the mobile phase comprised of acetonitrile (A) and 0.1 % aqueous 
phosphoric acid solution (B). The elution gradient was as follows: 0–50 min, 44%A; 50–53 min, 44%A-58%A; 53–60 min, 58%A; 
60–70 min, 58%A-75%A; 70–88 min, 75%A; 88–95 min, 75%A-81%A; 95–100 min, 81%A; 100–110 min, 81%A. PAB, PPAC, DTA, 
DPA, and DEA, used as references, were precisely weighed and dissolved in methanol to 0.18, 0.62, 0.63, 0.64, and 0.51 mg/mL. At the 
same time, about 51.55 mg PC extract was accurately weighed and dissolved in 5 mL of methanol. PAB, PPAC, DTA, DPA, and DEA 
peaks were distinguished by comparing their retention times with those of standards. The PAB, PPAC, DTA, DPA, and DEA contents in 
the PC extract were 0.35, 1.09, 0.94, 0.68, and 0.01 %, respectively. 

2.3. PC extract anti-steatosis ability in vitro 

The L02 cells were cultured in RPMI 1640 medium supplemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin 
and incubated at 37 ◦C, 5 % carbon dioxide, and 95 % humidity. Next, the cells were seeded in 96-well plates at a density of 100,000 
cells per well for 24 h. Subsequently, the cells were cultured in RPMI 1640 medium containing 0.2 % serum for 12 h and in RPMI 1640 
medium containing 5 % fat emulsion for 24 h. The cells were then treated with PC extract (0.05, 0.1, 0.2, or 0.4 mg/mL), fenofibrate 
(FC, 150 μM), or RPMI 1640 medium (normal control). After 24 h, the cells were harvested. 

Subsequently, the protein concentration in the harvested cells was determined by the BCA method. In addition, the ALT, AST, 
ATPase, Complex-I/II, GSH, SOD, TC, and TG levels were determined using the commercial kits according to the manufacturer’s 
instructions on a Spectra Max Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA, USA). The cells were then washed twice 
in ice-cold PBS and fixed with 2.5 % paraformaldehyde for 30 min. Next, the cells were treated with 60 % isopropanol and cultured for 
5 min before being stained with 0.2 % oil red O solution for 30 min. After staining, the cells were washed in two changes of PBS and 
stained with hematoxylin for 3 min. Images of the stained cells were captured by the CX31 Olympus imaging system (Olympus 
Corporation, Tokyo, Japan). Quantification of oil red O positive staining areas was measured by software ImageJ (NIH, USA). 

In addition, the L02 cell mitochondrial ultrastructure was observed under a transmission electron microscope (Hitachi HT 7700, 
Hitachi Ltd, Tokyo, Japan). Briefly, the glass slides were immersed in RPMI 1640 medium containing L02 cells. The cell-filled slides 
were sequentially fixed in 1 % osmic acid at 20 ◦C for 2 h, washed with PBS three times for 15 min each time, and dehydrated through a 
50, 70, 80, 90, 95, and 100 % ethanol gradient, and 100 % acetone for 15 min each time. Subsequently, the cells were infiltrated 
overnight (2:1 acetone: embedding medium) before they were sliced into ultra-thin slices (60–80 nm) using an ultra-thin microtome 
(Leica RM 2135, Leica Ltd., Hesse, Germany). The obtained slices were stained with 2 % uranium acetate saturated alcohol solution 
and lead citrate for 15 min each and dried overnight at room temperature. Finally, the cell slides were observed under a transmission 
electron microscope. 

Fatty acid β oxidation genes in L02 cells were also assayed. The total RNA was extracted from the treated cells with the RNA-easy 
Isolation Reagent following the manufacturer’s instructions. The extracted RNA was reverse transcribed using M-MLV Reverse 
Transcriptase at 25 ◦C for 5 min, 42 ◦C for 3 min, and 85 ◦C for 5 s to synthesize the cDNA. Finally, the gene expression levels were 
quantified by quantitative real-time PCR (qRT-PCR) using the SYBR qPCR Master Mix reagent following the manufacturer’s 

Table 1 
The primers sequences for qRT-PCR assay used in PC-treated L02 cells.  

Gene NCBI reference sequence accession number Sequence (5′–3′) Temperature (◦C) 

CPT-1B NM_001031847.3 Forward: TGGTGCTCAAGTCATGGTGG 56.63 
Reverse: TGCCTGCACGTCTGTATTCT 56.43 

FAS NM_000043.6 Forward: GCATCTGGACCCTCCTACCT 55.9 
Reverse: CTGGAGGACAGGGCTTATGG 55.11 

UCP-2 NM_001381943.1 Forward: TCGGAGATACCAAAGCACCG 55.49 
Reverse: TTGGCTTTCAGGAGGGCATC 55.89 

GAPDH NM_001256799.3 Forward: CTGGGCTACACTGAGCACC 55.46 
Reverse: AAGTGGTCGTTGAGGGCAATG 57.03  
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instructions. The gene expression levels were normalized to the internal control (GAPDH) and computed using the 2− ΔΔCT method. The 
primers used in the qRT-PCR reactions are listed in Table 1. 

2.4. Evaluation of the PC extract anti-MAFLD ability in vivo 

2.4.1. Animals and experimental design 
Healthy male Sprague Dawley rats (200 ± 20 g) were obtained from Dashuo Biotech. Co., Ltd. (Hunan, China). The rats were 

acclimatized in a specific pathogen-free environment (24.2 ◦C, 45 % ± 10 % humidity and 12 h light/dark cycle) with free access to 
food and water for one week and then randomly assigned into five groups (n = 6 per group): the normal control group (NC, normal 
saline), model group (MOD, normal saline), fenofibrate group (FC, 20 mg/kg/d), low-dose PC extract group (LPC, 56 mg/kg/d), and 
high-dose PC extract group (HPC, 169 mg/kg/d). The low-dose PC extract used in rat experiments was calculated according to the 
known PC dose of humans (10 g/day/person), which was recorded in the Chinese Pharmacopoeia (2020). All treatments were 
intragastrically administered once daily for 12 consecutive weeks. In addition, rats in all groups, except the NC group, were fed on a 
HFD for 12 weeks to trigger MAFLD. The feed intake of all rats was recorded daily, and body weights were determined once a week. All 
the animal experiment protocols were reviewed and approved by the Institutional Ethical Committee on Animal Care and Experi
mentations of the Yunnan University of Chinese Medicine (Kunming, China) according to the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health. 

2.4.2. Sample collection 
At the end of the 12 weeks, the rats were administered the corresponding test samples. After 1 h, the rats were anesthetized with 10 

% pentobarbital sodium. Blood was taken from the abdominal aorta and allowed to clot at 4 ◦C. Next, the blood samples were 
centrifuged (3500×g/15 min/4 ◦C) and stored at − 80 ◦C, awaiting further analysis. In addition, the rat organs, including the liver, 
kidney, and spleen, were immediately removed, weighed, and stored at − 80 ◦C. Before storage, some liver samples were isolated for oil 
red O staining and hematoxylin-eosin (HE) staining. 

2.4.3. Oil red O and HE staining 
Liver samples were fixed in 4 % paraformaldehyde, embedded in paraffin, sectioned at 5 μm, and stained with HE. The liver samples 

were fixed, embedded in cryo-embedding compound for oil red O staining, and frozen at − 20 ◦C for 30 min. Frozen liver samples were 
sectioned into 8 μm and stained with oil-red O dye. Finally, the stained sections were visualized under a CX31 Olympus imaging system 
(Olympus Corporation, Tokyo, Japan). Quantification of oil red O positive staining areas was measured by software ImageJ (NIH, 
USA). 

2.4.4. Determination of serum and liver bio-parameters 
The ALT, AST, HDL-C, LDL-C, TC, and TG levels in the serum samples were determined using a biochemical analyzer (Beckman 

CX4, Roche, Germany). Briefly, 0.1 g of the liver was weighed, and a liver homogenate was prepared with a 9-fold volume of phys
iological saline. The homogenate was centrifuged at 2000 rpm/min for 10 min. Finally, the TC, TG, LDL-C, HDL-C, ALT, and AST levels 
in the supernatant were determined using the commercial kits according to the manufacturer’s instructions. 

2.4.5. Evaluation of liver mitochondrial indexes 
Mitochondria were isolated from the rat liver per the mitochondrial isolation protocol and resuspended in normal saline [15]. Next, 

the protein concentration in the mitochondrial suspension was determined using the BCA method. In addition, the MDA, SOD, GSH, 
ATPase, and Complex-I/II levels in the mitochondrial suspension were determined using the commercial kits according to the man
ufacturer’s instructions. 

2.4.6. Determination of fatty acid β oxidation related genes in the liver 
Briefly, 0.1 g of the rat liver tissues were weighed and ground in liquid nitrogen. The tissues were then rapidly homogenized in 

RNA-easy Isolation Reagent to extract the total RNAs according to the manufacturer’s protocol. Subsequently, the extracted total RNA 
was reverse transcribed into cDNA using M-MLV Reverse Transcriptase. Finally, the expression level of fatty acid β oxidation-related 
genes was quantified by qRT-PCR using the SYBR qPCR Master Mix reagent. The primers used in the qRT-PCR reactions are listed in 

Table 2 
The primers sequences for qRT-PCR assay used in livers of PC-treated MAFLD rats.  

Gene NCBI reference sequence accession number Sequence (5′–3′) Temperature (◦C) 

ACADL NM_012819.3 Forward: CATACCCGTCCGTGCTCAA 59.84 
Reverse: CCTGCCAAGTGGTCTCCTCC 60.11 

ECHS NM_078623.2 Forward: CGAGCAGTCGGCAAATCA 58.47 
Reverse: CAGTGGCAAAGGTGGAATAGAA 59.61 

PPAR-α NM_013196.2 Forward: GAGGTCCGCATCTTTCACT 54.54 
Reverse: ACGGTTTCCTTAGGCTTTT 53.77 

GAPDH NM_017008.4 Forward: AGTTGCGTTACACCCTTTCTTG 59.03 
Reverse: TCACCTTCACCGTTCCAGTTT 59.44  
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Table 2. 

2.5. Activity assay and structural assignment of PC-derived ingredients in HFD-fed rat liver mitochondria 

2.5.1. Preparation of liver mitochondrial extracts 
Rat liver mitochondria from MOD and HPC groups were isolated following the previously described method [15]. The obtained 

mitochondria were sequentially suspended in 80 % methanol, ultrasonicated for 20 min, and centrifuged at 1000 g for 25 min. The 
supernatant was collected and dried under mild nitrogen purge to obtain mitochondrial extracts. 

Table 3 
The primers sequences for qRT-PCR assay used in PCMM-treated L02 cells.  

Gene NCBI reference sequence accession number Sequence (5′–3′) Temperature (◦C) 

ACADL NM_001608.4 Forward: AGCCACCAAGATGCTGACAT 55.22 
Reverse: GGCCTGCACTTCCATAGAGTT 55.9 

ECHS NM_004092.4 Forward: GCCTCGGGTGCTAACTTTGA 55.96 
Reverse: GCCATCGCAAAGTGCATTGA 55.82 

PPAR-α NM_001113418.1 Forward: GAAAGGCCAGTAACAATCCACC 55.63 
Reverse: CGCCTCCTTGTTCTGGATGC 57.06 

GAPDH NM_001256799.3 Forward: CTGGGCTACACTGAGCACC 55.46 
Reverse: AAGTGGTCGTTGAGGGCAATG 57.03  

Fig. 1. Effects of PC extract on fat emulsion-induced L02 adipocytes. Fat accumulation in oil-red O-stained cells (A). Quantitative analysis of oil red 
O positive area in cells (B). (C) TC; (D) TG; (E) ALT; and (F) AST levels in the fat emulsion-induced L02 adipocytes. Data were obtained from 3 
independent measurements. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. ALT, alanine transaminase; AST, aspartate transaminase; FC, 
fenofibrate control group; MOD, model group; NC, normal control group; PC, Poria cocos; TC, total cholesterol; TG, triglyceride. 
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2.5.2. In vitro determination of the anti-steatosis ability of PC-derived components in mitochondria (mitochondrial pharmacology) 
First, the L02 cells were induced by fat emulsion. Next, the cells were treated with FC (150 μM) and liver mitochondrial extracts 

(50, 100, or 200 μg/mL) from MOD group (MME) and HPC group (PCME) for 24 h. The protein concentration in the cell lysates was 
determined by the BCA method. At the same time, the TG, TC, AST, GSH, SOD, and Complex-I/II levels in the cells were determined 
using commercially available diagnostic kits following the manufacturer’s instructions. In addition, the cells were stained with Oil Red 
O and visualized as described in section 2.3. 

Fig. 2. Effect of PC extract on L02 adipocytes mitochondrial state. L02 cells mitochondrial ultrastructures (A). (B) SOD; (C) GSH (D) Na+-K+- 
ATPase, (E) Ca2+-Mg2+-ATPase, (F) Complex-I and (G) Complex-II levels in the L02 cell mitochondria. Data represent the average of three inde
pendent measurements. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. ATPase, ATP synthase; Complex-I/II, mitochondrial respiratory chain 
complex I and II; FC, fenofibrate control group; GSH, glutathione; MOD, model group; NC, normal control group; PC, Poria cocos; SOD, superox
ide dismutase. 
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2.5.3. Structural assignment of PC-derived ingredients in mitochondria (mitochondrial pharmacochemistry) 
PC extracts and liver mitochondrial extracts isolated from the MOD and HPC groups were redissolved in methanol and filtered 

through a 0.22 μm Millipore filter (Bedford, MA, United States). The filtrate was analyzed by an ultra-high performance liquid 
chromatography (UHPLC) Dionex Ultimate 3000 system coupled with a Thermo Scientific Q-Exactive TM hybrid quadrupole-orbitrap 
mass spectrometry (MS) (Thermo Fisher Scientific, San Jose, CA, United States) as described previously [13]. 

2.5.4. Determination of anti-steatosis capability of PC-derived monomers and monomers group in mitochondria in vitro 
Fat emulsion-induced steatosis L02 cells were stimulated with FC (150 μM), 10, 20, and 40 μM of PC-derived monomers (DMA, 

DTA, DPA, DEA, PPAC, HTA, and PAG), and 5, 10, or 20 μg/mL of monomers group (consisting of HTA, PAG, DMA, DTA, DPA, DEA 
and PPAC in the ratio 15.12: 20.75: 7.57: 1: 21.84: 31.77: 4.38; their concentration ratio in the PCME extract, based on the chro
matographic peak obtained in the PCME UHPLC/MS assay). Based on the earlier investigations conducted by our team, the monomer 
and monomers group dosage spectrum sourced from traditional Chinese medicines have been established to fall within the range of 
1–100 μM and 1–100 μg/mL, respectively. It has been indicated that heightened efficacy is correlated with increasing dosage levels 
[12,13]. The dosages for monomer and monomers group used in the present study were thus set at these regimens. The protein 
concentration in the cell lysates was determined by BCA assay. In addition, the TG, TC, SOD, GSH, Complex-I/II, and ATPase levels in 
the cells were determined using diagnostic kits following the manufacturer’s instructions. Additionally, fatty acid β oxidation-related 
gene expression in the monomer group-treated cells was detected by qRT-PCR according to the method described in section 2.3. The 
primers used in the qRT-PCR reactions are listed in Table 3. 

2.6. Statistical analysis 

All values are presented as the mean ± standard deviation (SD). All statistical analyses were performed using GraphPad Prism 
version 5.01 software for Windows (San Diego, California, USA). Comparisons between groups were performed using one-way ANOVA 
and single comparisons using unpaired Student’s t-test at *P < 0.05, **P < 0.01, or ***P < 0.001 significance levels. 

3. Results 

3.1. Effects of PC extract on fat emulsion-induced adipocytes 

The fat emulsion stimulation increased the intracellular lipid level (Fig. 1A and B). In addition, it significantly increased the TC, TG, 
ALT, and AST levels (P < 0.05, P < 0.01, P < 0.001) after 24 h of fat emulsion stimulation (Fig. 1C–F). However, treatment with PC 
extract significantly prevented the accumulation of lipids in the cells. Additionally, it significantly decreased the TC, TG, ALT, and AST 
levels (P < 0.05, P < 0.01, P < 0.001), suggesting that PC extract inhibited fat emulsion-induced steatosis in L02 cells. 

After the cells were treated with fat emulsion, the inner and outer membranes and cristae of mitochondria were blurred with the 
unclear matrix and a few autophagosomes (shown by the red arrow) (Fig. 2A). However, treatment with PC extract significantly 
improved the mitochondrial ultrastructure and the number of autophagosomes. Furthermore, fat emulsion stimulation for 24 h 
significantly decreased the GSH, SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, and Complex-I levels (P < 0.05, P < 0.01, P < 0.001) 
(Fig. 2B–F), but was significantly increased (P < 0.05, P < 0.01, P < 0.001) after treatment with PC extract. Additionally, fat emulsion 
stimulation for 24 h significantly decreased the Complex-II level (P < 0.001), but was not noticeably affected by PC treatment 
(Fig. 2G). These findings suggest that PC extract prevented the damage to mitochondrial structure and function and enhanced the 
mitochondrial autophagy, alleviating the L02 cells steatosis. 

Cellular treatment with fat emulsion significantly increased the mRNA expression level of uncoupling protein 2 (UCP-2) and fatty 
acid synthetase (FAS) (P < 0.05, P < 0.001), with a downward trend in the mRNA expression levels of carnitine palmitoyl transferase-1 
B (CPT-1B) (Fig. 3). Interestingly, PC extract treatment significantly reduced the mRNA expression levels of UCP-2 and FAS and 
significantly increased the mRNA expression level of CPT-1 B. These results indicate that the PC extract promoted fatty acid β oxidation 

Fig. 3. Effects of PC extract on the mRNA expression levels of fatty acid β oxidation related genes of L02 adipocytes. The mRNA expression levels of 
(A) CPT-1B, (B) UCP-2, and (C) FAS. Data represent the average of three independent measurements. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD 
group. CPT-1 B, carnitine palmitoyltransferase 1 B; FAS, fatty acid synthase; FC, fenofibrate control group; MOD, model group; NC, normal control 
group; PC, Poria cocos; qRT-PCR, quantitative real-time PCR; UCP-2, uncoupling protein 2. 
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to reduce fat emulsion-induced steatosis in L02 cells. 

3.2. Effects of PC extract on HFD-fed rats 

3.2.1. Effects of PC extract on body weight, food intake, and organ indexes 
As shown in Table 4, after 12 weeks of HFD feeding, the liver index increased significantly (P < 0.001), the body weight and spleen 

index showed an upward trend, and the kidney index was not affected. However, after treatment with PC extract, the liver index 
significantly reduced (P < 0.001), with a downward trend in the body weight and spleen and kidney indexes. Besides, there were no 
significant differences in food intake between the groups during the feeding period. These indicate that weight gain and hepatomegaly 
were alleviated by PC extract. 

3.2.2. Effects of PC extract on serum and liver lipid contents 
After 12 weeks of HFD-feeding, the TC, TG, and AST levels were significantly increased (P < 0.05, P < 0.01, P < 0.001), while the 

HDL-C levels were significantly decreased (P < 0.001). At the same time, the ALT, and LDL-C levels showed an upward trend (Fig. 4). 
However, after treatment with PC extract, the TC, TG, and ALT levels were significantly decreased (P < 0.05, P < 0.001), and the AST 
and LDL-C levels showed a downward trend, implying that the PC extract relieved HFD-induced dyslipidemia. 

Moreover, the oil red O staining on the liver revealed severe lipid accumulation and hepatocyte degeneration in the rat liver after 
12 weeks of HFD feeding (Fig. 5A and C). However, the number of lipid droplets in the rat liver decreased, and the liver pathological 
morphology was restored to normal after treatment with PC extract. At the same time, HE staining on the liver illustrated that HFD 
feeding induced fat cavities and liver cell turbidity (which was showed by arrows) in the liver tissue after 12 weeks, which was reversed 
by PC extract treatment (Fig. 5B). Furthermore, the TC, TG, ALT, AST, and LDL-C levels were significantly increased (P < 0.001), and 
the HDL-C level showed a downward trend after 12 weeks of HFD-feeding (Fig. 5D–I). However, after treatment with PC extract, the 
TG, ALT, and AST levels were significantly decreased (P < 0.05, P < 0.001), the HDL-C level was significantly increased (P < 0.01, P <

Table 4 
Effects of PC extract on body weight, food intake, and organ indices of rats.   

NC MOD FC LPC HPC 

Initial body weight (g) 228.33 ± 8.41 227.71 ± 16.21 235.33 ± 14.92 224.14 ± 10.71 225.14 ± 7.24 
Final body weight (g) 562.50 ± 35.32 616.33 ± 38.22 587.33 ± 36.06 609.17 ± 58.01 590.00 ± 22.35 
Body weight gain (g) 334.17 ± 26.92 388.62 ± 22.00 352.00 ± 21.14 385.02 ± 47.33 364.86 ± 15.11 
Food intake (g) 16044 12586 12485 13050 12674 
Liver index (%) 2.19 ± 0.24*** 3.26 ± 0.11 3.85 ± 0.04*** 2.81 ± 0.09*** 2.88 ± 0.12*** 
Kidney index (%) 0.56 ± 0.02 0.55 ± 0.03 0.55 ± 0.03 0.51 ± 0.02 0.51 ± 0.02 
Spleen index (%) 0.15 ± 0.01 0.16 ± 0.01 0.15 ± 0.03 0.15 ± 0.01 0.15 ± 0.01 

***P < 0.001 vs. MOD group. Values represent the mean ± SD from six animals. FC, fenofibrate control group; HPC, high-dose PC extract group; LPC, 
low-dose PC extract group; MOD, model group; NC, normal control group. 

Fig. 4. Effects of PC extract on serum lipid contents of HFD-fed rats. The (A) TC, (B) TG, (C) ALT, (D) AST, (E) LDL-C, and (F) HDL-C levels in the 
serum. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. ALT, alanine transaminase; AST, aspartate transaminase; FC, fenofibrate control group; 
HDL-C, high density lipoprotein cholesterol; HFD, high-fat diet; HPC, high dose of poria cocos extract; LDL-C, low density lipoprotein cholesterol; 
LPC, low dose of poria cocos extract; MOD, model group; NC, normal control group; TC, total cholesterol; TG, triglyceride. 
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0.001), and the TC and LDL-C levels were not significantly affected. These findings suggest that PC extracts alleviated lipid abnor
malities and damage in the liver of HFD-fed rats. 

3.2.3. Effects PC extract on mitochondrial status 
After 12 weeks of HFD-feeding, the SOD and MDA levels were significantly decreased and increased in the liver mitochondria, 

respectively (P < 0.05, P < 0.01). At the same time, the GSH, ATPase, and Complex-I levels showed a downward trend, and the 
Complex-II level was not significantly affected (Fig. 6A–G). However, treatment with PC extract significantly decreased the MDA level 
(P < 0.05, P < 0.01). and significantly increased the Na+-K+-ATPase, Ca2+-Mg2+-ATPase, Complex-II levels (P < 0.05, P < 0.01, P <
0.001). Additionally, the Complex-I level showed an upward trend, and the levels of SOD and GSH were not affected significantly. 

Fig. 5. Effects of PC extract on liver lipid contents of HFD-fed rats. Liver histology after oil red O staining (A) and HE staining (B) in which the black 
arrows indicate macrovesicular steatosis and yellow arrows indicate ballooning of hepatocytes. Quantitative analysis of oil red O positive area in the 
liver (C). Levels of (D) TC, (E) TG, (F) ALT, (G) AST, (H) LDL-C, and (I) HDL-C in the liver. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. ALT, 
alanine transaminase; AST, aspartate transaminase; FC, fenofibrate control group; HDL-C, high density lipoprotein cholesterol; HE, hematoxylin and 
eosin; HFD, high-fat diet; HPC, high-dose of poria cocos extract; LDL-C, low density lipoprotein cholesterol; LPC, low-dose of poria cocos extract; 
MOD, model group; NC, normal control group; TC, total cholesterol; TG, triglyceride. 

Fig. 6. Effects of PC extract on the mitochondrial status of liver from HFD-fed rats. Levels of (A) SOD; (B) GSH; (C) MDA; (D) Na+-K+-ATPase, (E) 
Ca2+-Mg2+-ATPase, (F) Complex-I, and (G) Complex-II in isolated liver mitochondria. mRNA expression levels of (H) ACADL, (I) ECHS, and (J) 
PPAR-α in isolated liver mitochondria. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. ACADL, long chain Acyl-coenzyme A dehydrogenase; 
ATPase, ATP synthase; Complex-I/II: rats mitochondrial respiratory chain complex I and II; ECHS, short chain Enoyl-coenzyme A hydratase; FC, 
fenofibrate control group; GSH, glutathione; HPC, high-dose of poria cocos extract; LPC, low-dose of poria cocos extract; MDA, malondialdehyde; 
MOD, model group; NC, normal control group; PPAR-α, peroxisome proliferator activated receptor α; SOD, superoxide dismutase. 
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These results suggest that the PC extract promoted the mitochondrial function, relieving MAFLD. 
HFD-feeding for 12 weeks significantly decreased the mRNA expressions of the long-chain Acyl-coenzyme A dehydrogenase 

(ACADL) and peroxide proliferator-activated receptor α (PPAR-α) (P < 0.05, P < 0.01). On the contrary, the short-chain Enoyl-co
enzyme A hydratase (ECHS) showed a downward trend (Fig. 6H–J). However, treatment with the PC extract significantly increased the 
ACADL, ECHS, and PPAR-α mRNA expressions (P < 0.001), implying that the PC extract stimulated fatty acid β oxidation to alleviate 

Fig. 7. Effects of PC-derived ingredients in liver mitochondria on fat emulsion-induced L02 adipocytes. Fat accumulation in cells after oil red O 
staining (A). Quantitative analysis of oil red O positive area in cells (B). Cellular (C) TC; (D) TG; (E) AST; (F) SOD; (G) GSH; (H) Complex-I; and (I) 
Complex-II levels. Data represent the average of three independent measurements. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. AST, 
aspartate transaminase; Complex-I/II: mitochondrial respiratory chain complex I and II; FC, fenofibrate control group; GSH, glutathione; MOD, 
model group; MME, liver mitochondrial extract of model group; NC, normal control group; PCME, liver mitochondrial extract of high-dose of PC 
extract; SOD, superoxide dismutase; TC, total cholesterol; TG, triglyceride. 
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Table 5 
UHPLC/MS data and structure assignment of PC-derived chemicals from liver mitochondria.  

NO. tR [M+H]+

[M+Na]+

m/z 

ESI-MS2(+) m/z 
(abundance) 

[M −
H]− m/z 

ESI-MS2(− ) m/z(abundance) Predicted 
formula 

Predicted 
(m/z) 

Measured 
(m/z) 

Diff 
(ppm) 

Assigned identification 

1 7.3009   349.1995 265(42) C21H34O4 349.1975 349.1995 5.59 Pregn-7-ene-2β,3α,15α,20(s)-tetrol [16] 
2 41.3442   571.3627 617(43), 509(38), 507(18), 429(1) C34H52O7 571.3613 571.3627 2.39 3β,16α-Bis(acetyloxy)-29- 

hydroxylanosta-8,24-dien-21-oic acid 
[17] 

3a 41.9280   471.3481 409(29), 275(22), 407(3), 337(7), 
207(3), 453(11), 427(3) 

C30H48O4 471.3482 471.3481 − 0.24 16α-Hydroxytrametenolic acid [16,18] 

4a 43.5626   485.3202 325(25), 387(20), 441(3), 553(10), 
531(5), 467(12) 

C30H46O5 485.3176 485.3202 5.31 Poricoic acid G [17,19,20] 

5 54.5880   543.3615 525(32), 494(7) C33H52O6 543.3686 543.3615 − 13.07 Hydroxypachymic acid [20] 
6 55.9890   559.3641 627(11), 515(15) C33H52O7 559.3672 559.3641 − 5.67 25-Methoxy-29-hydroxyporicoic acid 

HM [17] 
7 57.5569   543.3334 447(22), 429(10), 467(31), 451(10), 

481(5), 525(12), 465(20), 421(29) 
C32H48O7 543.3341 543.3334 − 1.31 26-Hydroxyporicoic acid DM [18,21] 

8 59.4584   501.3209 439(24) C30H46O6 501.3197 501.3209 2.46 26-Hydroxy-poricoic acid G [22] 
9 20.4868 501.3189 465(8), 485(9), 357 

(6), 325(14)   
C30H44O6 501.3167 501.3189 4.36 Poricoic acid E [23] 

10a 35.1149 527.3707 483(97), 449(3)   C33H50O5 527.3683 527.3707 4.47 Dehydropachymic acid [23] 
11a 37.7503 483.3469 483(63), 99(23), 447 

(8), 965(4)   
C31H46O4 483.3469 483.3469 − 0.04 Polyporenic acid C [23,24] 

12a 38.8512 467.3545 323(20), 421(1), 309 
(1)   

C31H46O3 467.3570 467.3545 − 5.32 Dehydroeburiconic acid [23] 

13a 40.7693 485.3600 485(100), 467(2), 
449(4), 453(2)   

C31H48O4 485.3575 485.3600 5.18 Dehydrotumulosic acid [25] 

14 43.755 469.3666 469(60), 293(57), 
423(49)   

C31H48O3 469.3656 469.3666 2.16 Dehydroeburicoic acid [23,25] 

15a 45.7066 455.3537 967(13), 485(11)   C30H46O3 455.3555 455.3537 − 3.87 Dehydrotrametenolic acid [24]  

a Compared with reference substances. 
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Fig. 8. Chemical structures of PC-derived ingredients derived from the liver mitochondria extract.  
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Fig. 9. Effects of PC-derived chemicals from the liver mitochondria on fat emulsion-induced L02 adipocytes. Cellular (A and I) TC; (B and J) TG; (C 
and K) SOD; (D and L) GSH; (E and M) Na+-K+-ATPase; (F and N) Ca2+-Mg2+-ATPase; (G and O) Complex-I; and (H and P) Complex-II levels Data 
represent the average of three independent measurements. *P < 0.05, **P < 0.01, ***P < 0.001 vs. MOD group. ATPase, ATP synthase; Complex-I/ 
II: mitochondrial respiratory chain complex I/II; DEA, Dehydroeburicoic acid; DMA, Dehydrotrametenolic acid; DPA, Dehydropachymic acid; DTA, 
Dehydrotumulosic acid; FC, fenofibrate control group; GSH, glutathione; HTA, 16α-Hydroxytrametenolic acid; MOD, model group; NC, normal 
control group; PAG, Poricoic acid G; PPAC, Polyporic acid C; SOD, superoxide dismutase; TC, total cholesterol; TG, triglyceride. 
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liver fatty degeneration in HFD-fed rats. 

3.3. Effects of PC-derived ingredients from the liver mitochondria on adipocytes 

Fat emulsion stimulation increased intracellular lipid levels (Fig. 7A and B). However, after PCME treatment, intracellular lipid 
accumulation was significantly inhibited. On the contrary, MME treatment failed to inhibit lipid accumulation. Nonetheless, fat 
emulsion stimulation significantly increased the TC, TG, and AST levels (P < 0.05, P < 0.001), and decreased the GSH, SOD, Complex-I, 
and Complex-II levels (P < 0.05, P < 0.01, P < 0.001) (Fig. 7C–I). Interestingly, PCME treatment significantly decreased the TC, TG, 
and AST levels (P < 0.05, P < 0.01, P < 0.001), and significantly increased the GSH, SOD, and Complex-I/II levels (P < 0.05, P < 0.01, 
P < 0.001). However, treatment with MME did not alter the fat emulsion-induced pathological changes except for a significant reversal 
of the Complex-II level. These results suggest that PC-derived ingredients from the liver mitochondrial extracts remediate oxidative 
stress and energy metabolism, alleviating cellular steatosis. 

A comparison of the accurate high-resolution MSn data provided by UHPLC/MS (Table 5) and previously reported data [16–25] 
identified fifteen PC-derived chemicals, including fourteen prototype chemicals and one metabolite (whose prototype was pachymic 
acid) were identified from the PC-treated rat liver mitochondrial extracts (Fig. 8). Among the identified chemicals, there were fourteen 
triterpene acids and one sterol. 

Fig. 10. Effects of PC-derived chemical group from the liver mitochondria on fat emulsion-induced L02 adipocytes. Cellular levels of (A) TC; (B) TG; 
(C) SOD; (D) GSH; (E) Na+-K+-ATPase; (F) Ca2+-Mg2+-ATPase; (G) Complex-I; and (H) Complex-II. The mRNA expression levels of (I) CPT-1B, (J) 
UCP-2, and (K) FAS in the emulsion-induced L02 adipocytes. Data represent the average of three independent measurements. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. MOD group. ATPase, ATP synthase; Complex I/II, mitochondrial respiratory chain complex I/II; CPT-1 B, carnitine palmitoyl
transferase 1 B; FAS, fatty acid synthase; FC, fenofibrate control group; GSH, glutathione; MOD, model group; NC, normal control group; PCMM, PC- 
derived monomers group in mitochondria; qRT-PCR, quantitative real-time PCR; SOD, superoxide dismutase; TC, total cholesterol; TG, triglyceride; 
UCP-2, uncoupling protein 2. 
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3.4. Effects of PC-derived components and component group from the mitochondria on adipocytes 

The TC, and TG levels were significantly increased (P < 0.001), and the GSH, SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, Complex-I, 
and Complex-II were significantly decreased (P < 0.05, P < 0.01, P < 0.001) after 24 h of stimulation with fat emulsion (Fig. 9). 
However, the TC and TG levels were significantly reduced (P < 0.05, P < 0.01, P < 0.001), and the SOD, GSH, Na+-K+-ATPase, Ca2+- 
Mg2+-ATPase and Complex-II levels were significantly increased (P < 0.05, P < 0.01, P < 0.001) after treatment with HTA or PAG. 
Additionally, the Complex-I levels showed an upward trend. At the same time, TC and TG levels were significantly reduced (P < 0.05, P 
< 0.001), the SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, Complex-I, and Complex-II levels were significantly increased (P < 0.05, P <
0.01, P < 0.001), and the GSH level showed an upward trend after treatment with PPAC. DPA treatment significantly reduced the TC 
and TG levels (P < 0.001), significantly increased the GSH, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, Complex-I and Complex-II levels (P <
0.05, P < 0.01, P < 0.001), and induced an upward trend in the SOD levels. Similarly, DTA treatment significantly reduced the TC and 
TG levels (P < 0.001). However, it significantly increased the SOD, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, Complex-I and Complex-II 
levels (P < 0.05, P < 0.01, P < 0.001). Besides, the GSH level showed an upward trend following DTA treatment. On the contrary, DEA 
and DMA treatment significantly reduced the TC and TG levels (P < 0.05, P < 0.01, P < 0.001). At the same time, DEA and DMA 
treatment significantly increased the SOD, GSH, Na+-K+-ATPase, Ca2+-Mg2+-ATPase, Complex-I, and Complex-II levels (P < 0.05, P <
0.01, P < 0.001). These results suggest that PC-derived components regulated oxidative stress and energy metabolism in steatosis 
hepatocytes to reduce lipid accumulation. 

Moreover, treatment with PCMM significantly reduced the TC and TG levels (P < 0.01, P < 0.001) and increased the SOD, GSH, 
Na+-K+-ATPase, Ca2+-Mg2+-ATPase, and Complex-II levels (P < 0.01, P < 0.001), with an upward Complex-I upward trend 
(Fig. 10A–H). These results suggest that oxidative stress and energy metabolism were improved by PCMM, further alleviating cell 
steatosis. Additionally, stimulation with fat emulsion decreased the mRNA expression levels of ACADL, ECHS, and PPAR-α in cells but 
was reversed by PCMM treatment (P < 0.05, P < 0.01, P < 0.001) (Fig. 10I–K) implying that PCMM regulated the gene expression 
levels of fatty acid β oxidation-related genes to alleviate steatosis. 

4. Discussion 

L02 adipocyte and MAFLD rat models induced by fat emulsion and HFD, respectively, were used to explore the efficacy of PC 
against MAFLD [26]. PC reduced TG, TC, ALT, and AST levels and accumulation of lipid droplets in L02 cells induced by fat emulsion. 
Moreover, PC decreased TG, TC, ALT, LDL-C, and AST levels in the serum and liver, increased HDL-C levels in the liver, and reduced 
body weight and hepatomegaly in rats with high-fat diet-induced MAFLD. PC also alleviated the histopathological abnormalities and 
reduced the formation and accumulation of lipid droplets in the liver. These findings suggest that PC effectively reverses lipid 
metabolism disorder in rats with HFD-induced MAFLD. 

Mitochondria are “cell power plants” and key metabolic organelles. MAFLD occurrence and development in the liver mitochondria 
is accompanied by energy metabolism disorder [27], decreased ATPase and mitochondrial respiratory chain complexes I and II, and 
hepatocyte mitochondria ultrastructural changes [26]. In addition, mitochondrial dysfunction produces excess ROS and MDA, 
accelerating oxidative stress. ROS are highly toxic molecules detoxified by the antioxidant system. As detoxifying enzymes, SOD and 
GSH protect biomolecules and cell structures from ROS damage. However, MDA, SOD, and GSH are imbalanced in the mitochondria of 
MAFLD rat model [28,29]. In the present study, PC treatment significantly increased the SOD, GSH, ATPase, and Complex-I levels in 
the liver L02 cells mitochondria, reduced the mitochondrial damage in L02 cells, and improved the mitophagy level in L02 cells. PC 
also significantly increased the ATPase and Complex-II activities and decreased the MDA level in rat liver mitochondria. These results 
indicate that PC improved mitophagy and alleviated the energy metabolism disorder and oxidative stress damage in the liver, 
mitigating the MAFLD symptoms in the rats. 

In addition, impaired mitochondrial fatty acid oxidation plays a major role in the occurrence and development of MAFLD [30]. 
ACADL is a mitochondrial enzyme that catalyzes the initial step of fatty acid oxidation [31]. PPAR-α is a transcription regulatory gene 
involved in the peroxisome, mitochondrial β oxidation, fatty acid transport, and hepatic glucose production. Activated PPAR-α pre
vents fatty accumulation, liver inflammation, and fibrosis [32]. Besides, the ECHS overexpression, a key metabolic enzyme catalyzing 
the β oxidation of mitochondrial fatty acid, reduces steatosis, inflammation, fibrosis, apoptosis, and oxidative stress [33]. Fatty acids 
are generally absorbed into the cytoplasm through CD 36, fatty acid transporters, and fatty acid binding proteins and then transported 
to the mitochondria by CPT-1 B for β oxidation [26]. FAS catalyzes the de novo synthesis of fatty acids, which regulates the expression 
of lipogenesis-related genes and the activation of PPAR-α, a major transcription factor related to fatty acid homeostasis [34]. 

Moreover, the overexpression of UCP-2 decreases the production of mitochondrial ATP, inhibiting the fatty acid β oxidation 
function [35,36]. In this study, PC significantly up-regulated the CPT-1B mRNA expression and decreased that of FAS and UCP-2 
mRNA in L02 cells. PC also significantly up-regulated ECHS, PPAR, and ACADL mRNA levels in the liver of the MAFLD rat model. 
These results indicate that PC regulated the expression of β-oxidation-related genes, alleviating MAFLD. 

The ‘mitochondrial pharmacology and pharmacochemistry’ strategy effectively identifies the main TCMs active components that 
regulate mitochondrial function and prevent human diseases [13]. This study used this strategy to uncover the active substances in PC 
that regulate mitochondrial function and alleviate MAFLD. Mitochondrial pharmacology revealed that PC-derived components in 
MAFLD rat model liver mitochondria alleviated the lipid metabolism disorder in liver L02 cells induced by medicinal fat emulsion by 
attenuating the oxidative stress injury and improving the energy metabolism. Furthermore, 15 PC-derived chemicals, including 
fourteen prototype components (HTA, PAG, DMA, DTA, DPA, DEA, PPAC, Pregn-7-ene-2β, 3α, 15α, 20 (s)-tetrol, 26-Hydroxyporicoic 
acid DM, 3β,16α-Bis(acetyloxy)-29-hydroxylanosta-8,24-dien-21-oic acid, 25-Methoxy-29-hydroxyporicoic acid HM, 

Y. Li et al.                                                                                                                                                                                                               

https://www.baidu.com/link?url=SwcQ041d1QFzFtbZt91c9wZzq15tOfwQz9KRBJpZhnV5GYm5wdgN-MEkGEdjogw3keVWfRXr4ZJ5FZxkCKY-L6cH02fVhkiutbMdyKcgTdy&amp;wd=&amp;eqid=85cf10a0000b000e0000000665214f31


Heliyon 10 (2024) e35645

17

26-Hydroxy-poricoic acid G, Dehydroeburiconic acid, Poricoic acid E), and one metabolite (Hydroxypachymic acid) that entered the 
MAFLD rat model mitochondria treated with PC extract were successfully confirmed by mitochondrial pharmacochemistry. 

Among the 15 compounds identified from PC-treated rat liver mitochondria, DMA [37] can be used as an insulin sensitizer in obese 
hyperglycemic db/db mice. DTA and PPAC reduce lipid levels by inhibiting bile acid uptake transporters within the enterohepatic 
circulation [38]. DEA [39] has the capability of alleviating hyperlipidemia, with the potential to enhance AMPK activity and PPAR-α 
expression while decreasing FAS expression. In this study, seven PC-derived monomers (HTA, PAG, DMA, DTA, DPA, DEA, and PPAC) 
decreased the TC, TG, ALT, and AST levels and increased the SOD, GSH, ATP, Complex-I, and Complex-II levels in hepatocytes. In 
addition, the PC-derived monomer group composed of HTA, PAG, DMA, DTA, DPA, DEA, and PPAC reduced the TC and TG levels and 
increased the SOD, GSH, ATPase, Complex-I and Complex-II levels, and the expression of ACADL, ECHS, and PPAR- α mRNA in he
patocytes. These results demonstrate that the nine compounds are potential bioactive components regulating mitochondria function to 
alleviate dyslipidemia, suggesting that mitochondrial pharmacology and pharmacochemistry results are reliable. The other six 
identified compounds are potential bioactive molecules remedying mitochondria to alleviate dislipidemia that require further 
investigation. Overall, these findings suggest that identified chemical compounds are potential active components of PC, with the 
capacity to alleviate HFD-induced MAFLD. 

5. Conclusion 

PC extract effectively alleviates the lipid metabolism disorder associated with MAFLD by restoring the mitochondria ultrastructure 
and function (Fig. 11). The mitochondria ultrastructure and function are restored by reduced oxidative stress injury, enhanced energy 
metabolism, and regulating the fatty acid β oxidation. Besides, the main PC pharmacological components regulating mitochondria to 
alleviate MAFLD consisted of 15 chemicals. Overall, PC has the potential for use as a medicine/nutrient to repair mitochondria and 
alleviate MAFLD. 
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