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Water extracts of Polygonum Multiflorum 
Thunb. and its active component emodin 
relieves osteoarthritis by regulating cholesterol 
metabolism and suppressing chondrocyte 
inflammation
Lanqing Li1, Haiying Xu1, Linghang Qu1, Maryam Nisar2, Muhammad Farrukh Nisar2, Xianqiong Liu1,*, Kang Xu1,*

Abstract 
Objective: Polygonum multiflorum Thunb. (PMT) is a widely used traditional Chinese herbal medicine with a variety of 
pharmacological effects. This study investigates the chemical composition of a water extract of PMT and its potential as a 
therapy for osteoarthritis (OA).

Methods: The components of the aqueous extract of PMT were determined using high-performance liquid chromatography 
(HPLC). Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of a gene expression 
dataset downloaded from the Gene Expression Omnibus (GEO) were performed using Limma in R language. Differential 
chondrocyte metabolites were determined using gas chromatography-mass spectrometry (GC-MS) before and after treatment.

Results: The water extract of PMT showed good ability in improving OA, and the content of the active ingredient emodin 
increased significantly after processing. Analysis of the GEO database further demonstrated a strong association between OA 
and metabolic pathways. Emodin promotes chondrocyte proliferation and significantly reduces the number of inflammatory 
factors. The metabolomic results showed that emodin affected five metabolic pathways related mainly to primary bile acid 
biosynthesis, steroid biosynthesis, and biosynthesis of unsaturated fatty acids.

Conclusions: This study revealed the pharmacological effects of PMT and emodin as the main active components, thereby 
providing a scientific basis for the treatment of OA.

Keywords: Blood components, Emodin, Metabonomics, Osteoarthritis, Polygonum multiflorum Thunb.

Graphical abstract: http://links.lww.com/AHM/A51.

Introduction

Osteoarthritis (OA) is a common chronic joint dis-
ease that can lead to the loss of motion and function. 
It is mainly characterized by progressive destruction of 

articular cartilage and osteophytes, frequently accom-
panied by joint inflammation and pain[1]. Age, obesity, 
and genetics are important factors that contribute to 
the development of OA[2–3]. Approximately 240 million 
people worldwide suffer from OA[4–5]. Various surgi-
cal and nonsurgical treatment options are available[6]. 
Surgical treatment mainly involves arthroplasty and joint 
fusion, whereas non-operative treatments include oral 
or intra-articular injection of non-steroidal anti-inflam-
matory drugs (NSAIDs) or glucocorticoids and general 
treatments such as physiotherapy or varus thrust[7–8]. 
However, existing treatment modalities have major lim-
itations and side-effects. Surgical treatments are limited 
by age or physical fitness and are therefore not applicable 
to all patients with OA. In addition, the long-term use of 
NSAIDs as first-line drugs for OA can lead to gastrointes-
tinal irritation, ulceration, and bleeding[9]. Therefore, new 
therapeutic strategies and drugs that overcome these lim-
itations with minimal side-effects are urgently required.

Disturbances in the metabolic environment are 
important triggers for OA development. Lipid metab-
olism disorders can lead to the accumulation of lipids 
that can destroy cartilage and reduce bone densitometry 
and mass[10]. Glucose metabolism disorders can upregu-
late inflammatory factor levels through oxidative stress 
and increased inflammation, causing cartilage degrada-
tion and further aggravating OA[11]. Disorders of bone 
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metabolism can lead to joint inflammation mainly 
through the degradation of cartilage and osteophytes[12]. 
Many other metabolic pathway disorders exacerbate the 
development of OA. Therefore, targeting metabolic path-
ways may be beneficial in the treatment of human OA.

Traditional Chinese medicine (TCM) has shown 
good therapeutic effects with few side-effects in clini-
cal practice. Polygonum multiflorum Thunb. (PMT) is 
a popular Chinese herbal medicine (CHM) with many 
pharmacological effects including anti-inflammatory and 
anti-oxidation properties[13–14]. PMT is one of the main 
ingredients of Shouwu Yanshou Dan (SWYSD), which 
has been shown to prevent and treat OA[15]. According 
to the TCM theory, appropriate processing can reduce 
toxicity and improve the curative efficacy of CHMs[16]. 
The free anthraquinone content of PMT increased after 
processing, and emodin was identified as the main com-
ponent. Though emodin has showed good anti-inflamma-
tory effects[17–18], its potential to treat OA by modulating 
metabolism has not been reported.

In this study, we used metabolomics techniques to 
investigate the ability of processed PMT to improve OA 
by regulating metabolic pathways.

Materials and Methods

Preparation of rat chondrocyte cultures

Cartilage tissues were obtained from the knee joints of 
healthy male Sprague–Dawley rats (n = 5, body weight: 
50 g). The cartilage tissue was cut into small pieces, gen-
tly rinsed with phosphate-buffered saline (PBS) (Aspen, 
Wuhan) and 1% penicillin-streptomycin (Solarbio, 
Beijing) and transferred to culture flasks containing 2 mg/
mL collagenase type II (Sigma, Santa Clara, California). 
After incubation for 2 to 4 h at 37°C under 5% CO2, 
the medium was replaced with DMEM/F12 (1:1, Gibco, 
Grand island, New York) containing 10% FBS (Gibco, 
Grand island, New York). Second and third-passage 
chondrocytes were used in the experiments. All animal 
experiments were approved by the Institutional Review 
Board of Hubei University of Chinese Medicine.

Emodin and TNF-α treatment

Stock solutions (100 mM) of emodin (Shanghai Yuanye 
Biotechnology, Ltd., Shanghai, China) and dexametha-
sone (DEX; Selleck Chemicals, USA) were prepared sepa-
rately by dissolving them in dimethyl sulfoxide (DMSO). 

Rat chondrocytes were treated with different concentra-
tions (5, 10, 20, 40, and 80 μM) of emodin, and DMSO 
was used as a control. Morphological changes in cells 
were observed under a microscope. In addition, chon-
drocytes were treated with 10 ng/mL tumor necrosis 
factor (TNF) -α alone (TNF-α–treated group), TNF-α 
+ emodin 20 μM (TNF-α + emodin-treated group), or 
TNF-α + DEX 10 μM (TNF-α + DEX-treated group) for 
24 h (with TNF-α and emodin or TNF-α and DEX added 
in the same order). All experiments were performed inde-
pendently and in triplicates.

Cell viability assay

Cell viability and drug toxicity were evaluated using the 
Cell Counting Kits 8 (CCK-8, Beyotime, Beijing, China). 
Rat primary chondrocytes were seeded in 96-well plates 
(5,000 cells/well) and treated with different concentra-
tions of emodin, DMSO was used as the control. After 
24 h, the cells were incubated with the CCK-8 reagent 
for 2 to 4 h at 37°C. The absorbance in each well was 
measured at 450 nm using a microplate reader (BioTek, 
Santiago, California). All experiments were performed 
independently and in triplicates.

RT-qPCR and data analysis

Rat chondrocytes were seeded in 6-well plates and 
treated for 24 h with TNF-α or TNF-α + emodin, DMSO 
was used as a control. TRIzol (1 mL) reagent (Invitrogen, 
Thermo Scientific, USA) was added to each well and 
total RNA was extracted by scratching the cells at each 
corner of the bottom of the six-well plate with a 1,000 
μL gun. After purification, RNA was used as a template 
to generate cDNA by reverse transcription using a com-
mercial kit (ABclonal Co., Ltd., RK20429). cDNA was 
used as a template for the RT-qPCR analysis of gene 
expression. The NCBI website was used to design prim-
ers, and the accuracy of the primers was verified using 
BLAST. Finally, Invitrogen was used for synthesis. The 
primer sequences used are listed in Supplementary Table 
1, http://links.lww.com/AHM/A50. The data were ana-
lyzed using the 2−ΔΔct method (Table 1).

Western blotting analysis

Rat chondrocytes were seeded in six-well plates and 
treated for 24 h with TNF-α or TNF-α + emodin, DMSO 

Table 1.

Sequences of the real-time qPCR

RT-qPCR primers

Gene name Forward Reverse 

ACAN AACTTCTTCGGAGTGGGTGGT CAGGCTCTGAGACAGTGGGG
COL2A AATTTGGTGTGGACATAGGG AAGTATTTGGGTCCTTTGGG
IL-6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA
IL-1β TGACTTCACCATGGAACCCG GACCTGACTTGGCAGAGGAC
PTGS2 ATTACTGCTGAAGCCCACCC GGCCCTGGTGTAGTAGGAGA
MMP1 TAGGTGTGGGGTGCCTGATG GCTCTCTCGATGGCGTTTTCT
MMP3 AATCCCTCTATGGACCTCCCAC AAGAACAAGACTTCTCCCCGC
MMP13 ACCCAGCCCTATCCCTTGAT TCTCGGGATGGATGCTCGTA
β-actin TCCCTGGAGAAGAGCTATGA ATAGAGCCACCAATCCACAC
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was used as a control. Lysis was performed using RIPA 
protein extraction reagent (Beyotime). After SDS-
polyacrylamide gel electrophoresis, the proteins were 
transferred onto PVDF membranes, which were then 
closed with 5 % skim milk powder for 1 h, and the mem-
branes were incubated with the antibodies overnight at 
4°C. It was then washed thrice with TBST for 5 min each 
and incubated with a secondary antibody (rabbit or mouse 
antibody) for 1 h at 25°C. Finally, the PVDF membrane 
was washed thrice with TBST for 5 min each. A chemilu-
minescent reagent (WBKLS0010, Millipore) was added 
for the immunoassay. The protein bands were observed 
using a Tanon-4800 system (Tanon, Beijing, China). The 
gray scale values of each band were analyzed using Tanon 
software and quantified using Image-J (V1.8.0).

Preparation of samples for GC-MS analysis

Rat chondrocytes were seeded in six-well plates and 
treated for 24 h with TNF-α or TNF-α + emodin, DMSO 
was used as a control. The cell surface was then quickly 
and gently rinsed twice with 37°C in 0.9% saline. Next 
the cells were rinsed twice with pre-cooled PBS. The six-
well plate was transferred to ice, and 250 µL of −80°C 
pre-cooled methanol solution was added. They were then 
placed in liquid nitrogen for 10 min and thawed at room 
temperature for 5 min, followed by repeated freezing and 
thawing thrice. The freeze-thawed samples were centri-
fuged at 4°C at 12,000 rpm. The supernatant was trans-
ferred to a new EP tube and dried at 37°C using a nitrogen 
blower. The samples were then processed using a two-step 
method. First, 80 μL of methoxypyridine solution (20 mg/
mL) was added, centrifuged for 2 min and incubated for 
2 h at 37°C. Then 80 μL BSTFA was added, centrifuged 
for 2 min, and incubated for 1 h in a water bath at 80°C. 
Finally, the processed samples were transferred into 200 
μL sample tubes and metabolomic analysis was performed 
using a Trace 1300 GC-MS System (Thermo, USA).

GC-MS analysis

The system was equipped with a DB-5MS capillary 
column (30 m × 250 μm inner diameter, 0.25 μm film 
thickness). High-purity helium was used as the carrier 
gas at a flow rate of 1.0 mL/min. The feeder split ratio 
was set at 10:1. The temperatures of the mass spectrom-
eter, ion source, and injector were 280°C, 200°C, and 
280°C, respectively. The sample volume for injection was 
1 μL at a time. A full scan was conducted with an initial 
temperature of 80°C and a mass-to-charge ratio (m/z) 
between 50 and 650 Da[19–21].

Drug preparation

Black beans were purchased from Nantong, Jiangsu, 
China, and PMT tablets were purchased from Beijing 
Huamiao Pharmaceutical Company Ltd. (Beijing, 
China; XE3141). An appropriate amount of PMT tab-
let was added to 10 times the volume of water and 
boiled for 2 h. Water was collected before eight times 
the volume of water was added, and the tablets were 
boiled for the second time for 1.5 h. The two decoc-
tions were combined and concentrated to obtain 

PMT aqueous extract (group S). Treated black beans 
were added to water (eight volumes) and boiled for 
approximately 4 h, before adding a further eight vol-
umes of water to the soybean dregs and boiling for 
approximately 3 h. The two decoctions were combined 
and concentrated to obtain the final black bean to 
black-bean-juice ratio of 1:2.5. Appropriate amounts 
of raw PMT slices were immersed in black bean juice 
at a black bean/PMT ratio of 1:10. When all black 
bean juice was absorbed, the mixture was placed in 
an appropriate container and steamed until the PMT 
turned brown. Finally, the water extract of the PMT-
processed product (group Z) was prepared using PMT 
water extract treatment method.

High-performance liquid chromatography analysis

The chromatographic column was an Agilent Extend C18  
column (250 mm × 4.6 mm, 5 μm). Mobile phases A 
(acetonitrile) and B (0.1% phosphate) were used, and all 
mobile phases were chromatographically pure. For the 
injection analysis, the sample volume was 10 μL, and 
the flow rate was 1 mL/min. Linear gradient elution was 
performed as follows: 0 to 10 min, 10% to 20% A; 10 to 
15 min, 20% to 30% A, 15 to 30 min, 30% to 45% A, 30 
to 35 min, 45% to 80% A, 35 to 40 min, 80% to 90% A, 
40 to 60 min, 90% to 10% A.

Animal model of OA

Sprague–Dawley rats weighing 200 to 250 g were pur-
chased from the Hubei Research Center of Laboratory 
Animals (license number: SCXK (Hubei, China) 2020-
0018; Certificate No.: 42000600048137). The OA model 
was established in 70 Sprague–Dawley rats (200–250 g) 
according to a previous report[22]. OA was induced by 
a single injection of sodium iodoacetate (6 mg/kg body 
weight, 50 μL) into the knee joint. The rats were main-
tained at 25°C to 27°C, with free access to food and 
water. OA rats were then randomly divided into seven 
groups: control, sodium iodoacetate model group (MIA), 
diclofenac sodium enteric-coated tablet suspension 
group (DIC, 6 mg/kg), S low-dose group (SD 600 mg/
kg), S high-dose group (SG 1,200 mg/kg), Z low-dose 
group (ZD 1,200 mg/kg), and Z high-dose group (ZG 
2,400 mg/kg). After 4 weeks of drug treatment, the rats 
were euthanized by pentobarbital sodium anesthesia fol-
lowed by cervical dislocation. Knee joint specimens were 
collected for macroscopic and microscopic examina-
tions. This animal study was reviewed and approved by 
the Animal Care Committee of the Hubei University of 
Chinese Medicine (approval: No. 00273285, November 
10, 2021).

Histological analysis

After 31 d of MIA treatment, knee samples were collected 
from OA model animals and fixed in 4% paraformalde-
hyde for 2 d. Subsequently, the samples were decalcified in 
10% EDTA solution for 1 month, and the EDTA solution 
was changed every 3 d. Finally, the samples were dehy-
drated in a series of alcohol solutions and placed in 75% 
ethanol for long-term storage. Dehydrated knee samples 
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Figure 2.  Histological analysis of knee cartilage after PMT treatment. (A) H&E and Safranin-O/green staining after 31 d of MIA administration. (B) 
Quantitative analysis of the Safranin-O/green staining. (C) OARSI score. ##P < 0.01 versus the control Con group; *P < 0.05, **P < 0.01 versus the 
Mod group. PMT: Polygonum multiflorum Thunb.; MIA: Monosodium Iodoacetate; OARSI: Osteoarthritis Research Society International.

Figure 1.  Macroscopic evaluation of knee cartilage after PMT treatment. (A) Flow chart of PMT water extract preparation. (B) Necrosis is indicated 
by a black arrow. (C) Pathology scores.  ##P < 0.01 versus the control Con group; *P < 0.05, **P < 0.01 versus the Mod group. PMT: Polygonum 
multiflorum Thunb.
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were embedded in paraffin and sectioned to a thickness 
of 10 μM. All samples were stained with hematoxylin and 
eosin (H&E) and Safranin-O/green. H&E staining was 
performed to observe changes in the surface of the articu-
lar cartilage, cartilage levels, and number and morphology 
of cartilage cells.

Statistical analysis

One-way analysis of variance (ANOVA) was performed 
on the data using SPSS 22.0 and GraphPad Prism 8.0. 
Significant differences between groups were deter-
mined and expressed as the mean ± standard deviation 
(SD), P < 0.05 was considered statistically significant.

Results

PMT-processed water extract alleviates cartilage 
degeneration induced by sodium iodoacetate (MIA) in rats

The PMT water extract was divided into two groups, 
with high- and low-dose groups for each defined as the 

PMT water extract groups (SL, SH) and the processed 
water extract groups (ZL, ZH) (Figure  1A). An OA 
model was established by intra-articular injection of 
MIA, and healthy rats were used as the control group. 
Visual observation of the rat knee joint showed signifi-
cant cartilage degeneration in the Mod group and min-
imal visible lesions in the remaining treatment groups 
(Figure 1B). The histological scores of each group were 
significantly different from those of the Mod group 
(Figure 1C, P < 0.01)[23], with higher scores representing 
greater cartilage damage (P < 0.05 or P < 0.01).

H&E and safranin-O/green staining revealed the nor-
mal morphology of the cartilage cells in the Con group. 
The cartilage matrix was rich, and the tide line was 
complete. In contrast, the Mod group exhibited vary-
ing degrees of cartilage degradation. Similar to the Mod 
group, thinning of the cartilage matrix and degradation 
of the cartilage were observed in the SL and SH groups. 
The cartilage in the positive drug group [Diclofenac 
Sodium Enteric-coated Tablets (DIC)] and the ZL and 
ZH groups were more similar to that of the Con group, 

Figure 3.  HPLC chromatograms of water extracts of PMT decoction pieces S and Z groups. (A) HPLC sample preparation flow chart of PMT 
prepared slices S and Z groups. (B) Mixed control chart.     . Gallic acid;	   . stilbene;    . Emodin;    . Physcion. (C) Water extract atlas of PMT pre-
pared slices in groups S and Z. (D) Characteristic atlas of water extracts from six b a t c h e s of PMT prepared slices in groups S and Z. (E) 
OPLS-DA diagram of water extracts of six batches of PMT prepared slices in groups S and Z. (F) Two hundred permutations of the OPLS-DA model 
for serum. HPLC: High-performance liquid chromatography; PMT: Polygonum multiflorum Thunb.; OPLS-DA:Orthogonal Partial Least Squares 
Discriminat.
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with an intact tide line and no osteophytes (Figure 2A). 
In addition, there were significant differences in the 
OARSI scores and quantitative analysis of safranin-O/
green staining between the Mod and Con groups (P < 
0.05). The treatment effect was more pronounced in the 
DIC group than in the ZL and ZH groups (Figure 2B, 
C, P < 0.05). These results show that ZL and ZH inhib-
ited cartilage matrix degradation and promoted cartilage 
matrix recovery, which may contribute to improvements 
in OA symptoms.

Analysis of the chemical composition of the water extract of 
PMT before and after processing

High-performance liquid chromatography (HPLC) anal-
ysis of the PMT water extracts before and after process-
ing was performed (Figure  3A). The mixed reference 
substances, gallic acid, stilbene, emodin, and physcion 
(Figure  3B), were used to identify the main active com-
ponents of the PMT water extract samples according to 
the corresponding retention times (Figure  3C). Emodin 
was identified as the major component, and the content 
of the water extract of emodin significantly increased after 
concoction. To ensure the stability of the preparation pro-
cess, we prepared six batches of S and Z simultaneously 
(Figure 3D). The OPLS-DA analysis model we developed 
showed that the S and Z groups clustered into one category 
separately, and the S and Z groups were well differentiated 
(Figure 3E). The 200 external validations demonstrated the 
good predictive power of the OPLS-DA model (Figure 3F).

Cytotoxic effects of emodin on chondrocytes

The chemical structure of emodin has been presented in 
Figure 4A. The CCK-8 assay was used to investigate the 
cytotoxic effects of emodin on rat chondrocytes. Emodin 

(10 μM) promoted chondrocyte activity, while the viability 
was significantly decreased by emodin ≥ 20 μM (Figure 4B). 
The IC50 value of emodin for chondrocytes was 28.57 
μM (Figure 4C). Therefore, 10 μM emodin was used in 
this study. Chondrocyte proliferation was evaluated after 
5 days of emodin treatment. Compared with the DMSO 
group, 10 μM emodin treatment promoted chondrocyte 
proliferation (Figure 4D), whereas emodin treatment at 5 
to 10 μM had no significant effect on chondrocytes. After 
treatment with emodin at ≥40 μM, a significant decrease in 
the number of chondrocytes and significant morphological 
changes were observed (Figure 4E).

Emodin improves TNF-α-induced gene and protein 
expression in vitro

TNF-α treatment of chondrocytes leads to decreased 
expression of ACAN and COL2A, and increased expres-
sion of inflammatory factors. Degradation of the chon-
drocyte matrix and increased inflammation further 
contribute to the development of OA. To explore the 
protective effects of emodin on TNF-α–treated chondro-
cytes, we examined the expression of related genes and 
proteins using RT-qPCR and Western blotting. TNF-α 
treatment decreased the mRNA expression of ACAN 
and COL2A, while emodin (10 μM) and DEX treatment 
restored the mRNA expression of ACAN and COL2A. 
As shown in Figure 5A, TNF-α treatment increased the 
mRNA expression levels of IL-1β, IL-6, MMP1, MMP3, 
MMP13, and PTGS2, whereas emodin (10 μM) and 
DEX treatment significantly down-regulated the mRNA 
levels of these genes. Western blotting showed that emo-
din (10 μM) and DEX treatment reversed the decrease in 
protein expression levels of ACAN and COL2A induced 
by TNF-α. The protein expression of IL-1β, IL-6, MMP1, 
MMP3, MMP13, and PTGS2 was inhibited to some 

Figure 4.  Cytotoxicity of emodin-treated chondrocytes. (A) Chemical structure of emodin. (B) Viability of chondrocytes treated with different con-
centrations of emodin for 48 h. *P < 0.05, **P < 0.01 versus the Con group. (C) IC50 values of chondrocytes treated with emodin. The horizontal 
coordinate represents Log(C). (D) Chondrocytes proliferation after treatment with 10 μM emodin for 5 d. (E) Images of chondrocytes treated with 
different concentrations of emodin for 48 h.
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extent (Figure 5B). These results suggested that emodin 
has the potential to improve OA by activating cartilage 
matrix synthesis and inhibiting the expression of inflam-
matory genes.

GEO database search and pathway enrichment analysis

We downloaded a gene expression dataset generated by 
RNA sequencing (RNA-Seq) from the Gene Expression 
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) 
under GEO accession number GSE114007. The data-
set comprised 38 independent samples (18 normal and 
20 arthritic cartilage tissues). We re-analyzed the data 
using Limma in the R language and identified 3,874 
differentially expressed genes (DEGs; adjP < 0.05) 
(Figure  6A). We then performed GO functional anno-
tation (Figure 6B) of DEGs using the “Wu Kong” plat-
form (https://www.omicsolution.com/wkomics/main/). 
In addition, KEGG enrichment analysis showed that OA 
was highly enriched in metabolic processes as well as the 

PI3K-Akt signaling pathway, MAPK signaling pathway, 
and other functions (Figure 6C).

Effect of emodin treatment on chondrocyte metabolism

As chondrocyte metabolic disorders are involved in the 
development of OA, we performed metabolomic analysis 
of chondrocytes after treatment with emodin by GC-MS 
identification of the differential metabolites between the 
control Con, Mod, and emodin-treated groups (Figure 7A, 
B). Principal component analysis (PCA) showed close 
clustering of metabolites between the Con and TNF-α-
induced chondrocyte Mod groups (Figure 7C), indicating 
significant metabolic differences. Non-significant variables 
were excluded using OPLS-DA analysis. Only statistically 
significant signals were assessed. The Con group differed 
significantly from the TNF-α-induced chondrocyte Mod 
group (Figure 7D). As shown in Figure 7E, TNF-α treat-
ment affected the production of several metabolites in the 
chondrocytes. In addition, 200 external experiments were 

Figure 5.  Emodin improves TNF-α–induced abnormal gene and protein expression. (A) The mRNA expression levels of ACAN, COL2A, IL-1β, IL-6, 
MMP1, MMP3, MMP13, and PTGS2 after stimulation of chondrocytes treated with TNF-α, emodin (10 μM), or DEX for 48 h. (B) Protein expression 
levels. #P < 0.05, ##P < 0.01 versus the control Con group; *P < 0.05, **P < 0.01 versus the Mod group.
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used to avoid overfitting and demonstrate the good pre-
dictive performance of our OPLS-DA model (Figure 7F). 
Finally, using P < 0.05 and VIP > 1 as selection condi-
tions, statistical analysis showed that TNF-α treatment 
of chondrocytes affected the metabolic pathways, such 
as primary bile acid biosynthesis, steroid biosynthesis, 
and biosynthesis of unsaturated fatty acids. (Figure 7G). 
The main differential metabolites regulated by emodin 
included stearic acid and cholesterol (Figure 7H). These 
results suggest that emodin can improve OA by regulat-
ing metabolic pathways.

Molecular docking simulation of emodin with targets related 
to cholesterol metabolism

Cholesterol metabolism plays an important role in OA 
development. We performed KEGG analysis of choles-
terol metabolic pathway-related regulatory proteins and 
constructed a PPI network diagram (Figure  8A). The 
top 10 proteins were listed according to their associated 
enrichment scores (darker red indicates higher enrich-
ment). The degree of binding of emodin to the related 
proteins was demonstrated by molecular docking simu-
lations (in which APOB could not be docked successfully 
and was discarded). The five molecular docking schemat-
ics shown in Figure 8B–8F revealed that emodin binds 

stably to APOE, ABCA1, LDLR, APOA1, and SCARB1, 
with combined free energy values of 7.8, 8.5, 8.7, 8.5, 
and 6.2 kcal/mol, respectively. These results confirm that 
emodin can improve the occurrence and development of 
OA by affecting cholesterol metabolism.

Discussion

OA is a chronic disease caused by progressive cartilage 
destruction combined with an inflammatory response[24]. 
Therefore, suppression of the inflammatory response 
and protection of cartilage tissue represent promising 
strategies to slow the progression of OA. However, no 
drugs can cure OA. In recent years, there has been a 
significant breakthrough in the treatment of OA using 
natural products that reduce the production of inflam-
matory factors and regulate chondrocyte proliferation 
and apoptosis[25–26].

PMT, a CMH used by clinicians has shown thera-
peutic effects in osteoporosis[27]. Under the guidance of 
Chinese medicine theory, the black bean juice stewing 
method can enhance its tonic effect and strengthen mus-
cles and bones[28]. In the present study, macroscopic and 
microscopic evaluation of rat knee joints showed that 
the water extract of PMT attenuated cartilage damage 
and inhibited the development of OA.

Figure 6.  GEO database analysis of differential gene expression between the normal and OA groups. (A) Volcano plot of DEGs between the normal 
and OA groups (984 genes up-regulated; 962 genes down-regulated; fold change > 1). (B) GO functional enrichment analysis of DEGs (GO-BP, 
GO-CC, GO-MF). (C) KEGG enrichment analysis of DEGs. DEGs: Differentially expressed genes; GEO: Gene Expression Omnibus.
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Modern studies have shown that emodin is the main 
component of PMT[29]. The results of our HPLC anal-
ysis showed that the Z group had the highest increase 
in emodin content compared with the S group. In addi-
tion, according to multiple LC-MS studies, emodin and 
its derivatives were detected in the plasma of rats with 
orally administered PMT extracts[30–31], indicating that 
emodin can enter the blood and reach all parts of the 
body via circulation. Emodin has anti-inflammatory and 
analgesic effects and protects the joints. Accumulating 
evidence also shows that emodin has good anti-inflamma-
tory effects[18–32], significantly inhibiting IL-1β–induced 

inflammatory responses in chondrocytes of patients 
with OA[33–34]. We showed that the proliferation of chon-
drocytes increased slightly after treatment with 10 μM 
emodin, while 40 μM emodin had a significant inhib-
itory effect on chondrocyte proliferation. Additionally, 
RT-qPCR and Western blotting showed that emodin 
reversed the degree of inflammation in TNF-α–treated 
chondrocytes and reduced cartilage matrix degradation. 
These results suggest that emodin exerts a protective 
effect on chondrocytes.

Metabolic disorders play a crucial role in the devel-
opment of diseases and improving the metabolic 

Figure 7.  Emodin improves OA by regulating metabolic pathways. (A) GC-MS chromatograms of metabolites from the Con, Mod and emodin (10 
μM) treatment groups. (B) Flow chart of chondrocyte sample pre-processing and data processing. (C) PCA analysis of the Con and Mod groups. 
(D) OPLS-DA analysis of metabolites in the Con and Mod groups. (E) Heat map of metabolites in the Con versus Mod groups. (F) 200 external 
validations of the OPLS-DA model. (G) Emodin-regulated metabolites for KEGG pathway analysis. (H) Statistical analysis of emodin-modulated 
metabolites between groups (n = 8 replicates per group). All data were analyzed using unpaired t-tests and expressed as mean ± SD. #P < 0.05, 
##P < 0.01 versus the control Con group; *P < 0.05, **P < 0.01 versus the Mod group. GC-MS: Gas chromatography-mass spectrometry; OA: 
Osteoarthritis; PCA: Principal component analysis.
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environment can be beneficial for disease treatment. 
Lipid and glucose metabolism disorders have been 
reported to play key roles in the development of OA[35]. 
In our study, enrichment analysis of the GEO dataset 
showed that OA was highly correlated with metabo-
lism. We used GC-MS metabolomic analysis to inves-
tigate the ability of emodin to improve the metabolic 
environment for OA treatment. Differential metab-
olite analysis revealed that total cholesterol and stea-
ric acid were significantly increased in TNF-α–treated 
chondrocytes, whereas their levels were significantly 
decreased after emodin treatment[36]. We hypothesized 
that total cholesterol is the most important metabolite 
in the development of OA as previous studies have also 
shown that total cholesterol was significantly increased 
in IL-1β– or TNF-α–treated primary chondrocytes[37]. In 
this study, we showed that the CH25H-CYP7B1-RORα 
axis of cholesterol metabolism is an important catabolic 
regulator of OA pathogenesis. However, it is unclear 
whether emodin improves the metabolic environ-
ment for OA treatment through this axis. Studies have 
reported that primary bile acid biosynthesis is the main 
catabolic pathway associated with cholesterol metabo-
lism[38]. Therefore, we performed a molecular docking 
simulation of cholesterol metabolism-related proteins 
and emodin and showed that emodin binds stably to 
the top 10 proteins. This suggests that APOE, ABCA1, 
and other targets may be potential targets of emodin 
in the treatment of OA through cholesterol metabo-
lism. Therefore, we speculate that the increase in emo-
din content after PMT processing facilitates entry into 
the blood, thereby improving its ability to treat OA by 
regulating cholesterol metabolism and further reflecting 
the effect of PMT concoction on “strengthening tendons 
and bones.”

In the present study, we demonstrated for the first 
time the therapeutic effect of the aqueous extract of 
PMT after concoction on OA, and revealed that the 
incremental component emodin could improve OA by 
regulating cholesterol metabolism. Our results suggest 
that the water extract after PMT concoction may exert 
anti-inflammatory effects by modulating potential tar-
gets, such as APOE, ABCA1, LDLR, APOA1, SCARB1, 
and related signaling pathways, such as inflammatory 
and metabolic pathways. In addition, glucose metabo-
lism plays a crucial role in the development of OA, and 
we will investigate the effects of glucose metabolism on 
OA in the future. However, to overcome the limitations 
of this study, we will validate stable molecular docking 
targets and further investigate the molecular mecha-
nism by which PMT consumption is associated with the 
incremental component emodin in the treatment of OA.
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