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A B S T R A C T   

Background: Poria acid (PAC) is a triterpene compound found in Poria cocos, a traditional Chinese 
medicine (TCM). The current study aims to explore the therapeutic effects and potential mech-
anisms of PAC on the migration and proliferation of human renal cell carcinoma (RCC) cells as 
well as tumor growth in animal model. 
Methods: Cell viability and proliferative capacity of normal renal cells and RCC cells were 
investigated by MTT assay. In addition, 786-O cells were divided into four groups and treated 
with different concentrations of PAC (0, 20, 40, and 60 μM) for 48 h. Cell scratch test and cell 
invasion assay were performed to evaluate the effects of PAC on the invasion and migration of 
RCC cells, respectively. The effects of PAC on apoptosis of RCC cells and expression levels of 
PI3K/Akt/NF-kB signaling pathway-related biomarkers were investigated using TUNEL staining 
and Western blotting methods, respectively. Effects of PAC on the inhibitory activity of RCC 
tumor in mice were evaluated in a 786-O CDX model. 
Results: The study found that PAC inhibited the viability of RCC cells in a dose-dependent manner, 
as demonstrated by in vitro cell assays (p < 0.05). However, PAC showed no significant inhibitory 
effect on normal renal cells (p > 0.05). PAC also significantly inhibited the migration and invasion 
of RCC via EMT/MMP signaling pathways (p < 0.05). Immunofluorescence and immunoblotting 
results showed that PAC induced the apoptosis of RCC, which was accompanied by changes in the 
expression levels of apoptosis-related proteins (p < 0.05). Moreover, PAC significantly down-
regulated the PI3K/Akt/NF-kB signaling pathway in a concentration-dependent manner (p <
0.05). The effect of PAC on RCC apoptosis was dramatically reversed by 740Y–P (PI3K agonist) (p 
< 0.05) but significantly enhanced in the presence of LY294002 (PI3K inhibitor) (p < 0.05). The 
results of in vivo experiment also demonstrated that the antitumor activity of PAC was achieved 
by affecting the PI3K/Akt/NF-kB signaling pathway. 
Conclusions: PAC can effectively suppress the proliferation, invasion and migration of RCC cells, 
and exhibit anti-tumor effects in RCC model by inhibiting the PI3K/Akt/NF-kB signaling pathway.   
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1. Introduction 

In recent years, the incidence of kidney cancer, a common malignant tumor of the urinary system, has been increasing [1,2]. The 
early symptoms of renal cancer are often hidden, leading to many being diagnosed after the cancer has already metastasized [3]. While 
treatments such as surgery, radiotherapy and molecularly targeted therapies have improved the survival status of patients to some 
extent, the postoperative survival rate remains low [4–6]. Remote metastasis is a major cause of treatment failure and recurrence in 
patients with renal cancer [6]. 

Tumor metastasis is a unique property of tumor cells, characterized by the process of tumor cells leaving the primary lesion and 
continuing to proliferate and grow in secondary tissues or organs. This can occur through various mechanisms such as direct diffusion, 
lymphatic metastasis, hematogenous metastasis, and hair transplantation [7]. The ability of tumor cells to metastasize is a major 
challenge in clinical practice, as it makes it difficult to surgically remove malignant tumor lesions and achieve a cure [7–9]. Recent 
evidence suggests that metastasis and invasion of RCC are closely related to a process called Epithelial-mesenchymal transition (EMT) 
[10–12]. EMT refers to the phenotypic changes induced in epithelial cells [11], where they lose contact between cells and the cell 
basement membrane, and acquire a spindle-shaped morphology similar to mesenchymal/myofibroblast cells [11]. Abnormal induc-
tion of EMT has been shown to contribute to the spread and progression of cancer [13,14]. Matrix metalloproteinases (MMPs) play a 
critical role in the process of EMT by degrading many proteins in the extracellular matrix (ECM) [15]. The study of therapeutic 
strategies for EMT, MMP, and the development of drugs targeting these mechanisms has become a research hotspot in RCC. 

At present, Traditional Chinese Medicine (TCM) has shown remarkable effects in preventing and treating the invasion and 
metastasis of various types of cancers [16]. Poria cocos is a type of dried sclerotia of the Poria cocos. It has different sizes and uncertain 
shapes, with a dark brown or light brown epidermis and a white or slightly pink endoplasm [17]. Poria cocos contains a variety of 
chemical components, including polysaccharides, triterpenoids, sterols, volatile oils, proteins, amino acids, nucleotides, and trace 
elements [17]. Among them, polysaccharides were shown to have antitumor activity and antioxidant activity [18]. In addition, clinical 
studies have shown that the aqueous extract of Poria cocos sclerotia can inhibit cAMP/PKA pathway, TonEBP/Sgk1 signaling pathway, 
regulate renal water balance, and also show anti-apoptotic activity on the kidney [19]. 

Previous research has shown that Poria cocos can inhibit the invasion of ovarian and pancreatic cancer cells by participating in the 
EMT/MMP signaling pathway [20,21]. Li et al. found that PAC had moderate cytotoxic activity against human colon cancer cell lines 
and inhibited both DNA topoisomerase I and II [22]. In addition, Ling et al. showed that PAC could reduce the degradation of NF-κB 
inhibitor α (IκBα), inhibit NF-κB signaling pathway, and decrease the expression of MMP-9, thereby inhibiting the invasive ability of 
breast cancer cells [23]. Invasion and metastasis of tumor cells is one of the main reasons for RCC progression and difficult to cure. PAC 
is one of the active ingredients in Poria cocos and has been found to inhibit the invasion and metastasis of gastric cancer cells [24]. 
However, the antitumor effects of PACs in RCC and their underlying mechanisms remain unknown. Therefore, the aim of this study 
was to investigate the effect of PAC on proliferation, invasion and metastasis of renal cell carcinoma cells and to elucidate its possible 
molecular mechanism. Finally, the in vivo antitumor activity of PACs was investigated in Renca-bearing mice. 

2. Materials and methods 

2.1. Materials and reagents 

Poria acid (analytical standard, HPLC ≥97 %) was purchased from Shanghai Yuanye Bio-Technology (Shanghai, China) and dis-
solved in dimethyl sulfoxide (DMSO) (Catalog No. 20688, Thermo Fisher Scientific, USA) at a concentration of 10 mmol/L. It was then 
diluted to the required concentration with culture medium at the time of use. The MTT kit (Catalog No. C0009S), EDU kit (Catalog No. 
C0088S), and crystal violet staining solution (Catalog No. C0121) were obtained from Beyotime Biotechnology (Shanghai, China). The 
740Y–P (Catalog No. S7865) and LY294002 (Catalog No. S1105) were purchased from Selleck Chemicals (Houston, USA). All anti-
bodies, including N-cadherin (Catalog No. MA5-15633), E-cadherin (Catalog No. 13–1700), MMP-2 (Catalog No. 35-1300Z), vimentin 
(Catalog No. MA5-16409), MMP-9 (Catalog No. MA5-15886), TIMP-1 (Catalog No. MS608PABX), β-actin (Catalog No. MA1-140), and 
HRP-labeled goat anti-rabbit secondary antibodies (Catalog No. 31460), were purchased from Thermo Fisher Scientific, USA. BCL-2 
(Catalog No. ab692), BAX (Catalog No. ab270742), Caspase-3 (Catalog No. ab13585), Cleaved Caspase-3 (Catalog No. ab32042), PI3K 
(Catalog No. ab302958), phospho-PI3K (Catalog No. ab278545), Akt (Catalog No. ab179463), phospho-Akt (Catalog No. ab38449), 
IκBα (Catalog No. ab76429), phospho-IκBα (Catalog No. ab133462), NF-κB (Catalog No. ab288751), and phospho–NF–κB (Catalog No. 
ab76302) were purchased from Abcam (Cambridge, UK). All other reagents not mentioned specifically were obtained from Abcam 
(Cambridge, UK). 

2.2. Cell culture 

The human renal cancer cells (786-O cells, human renal clear cell adenocarcinoma cells, Catalog No. TCHu186) and HK-2 cells 
(Human renal tubular epithelial cells, Catalog No. SCSP-511) were obtained from the cell bank of the Chinese Academy of Sciences 
(CAS) (Shanghai, China). The cells were incubated in a water bath at 37 ◦C and shaken. They were then cultured in a cell culture 
medium consisting of 10 % phosphate-buffered saline (PBS), 1 % Dulbecco’s Modified Eagle’s Medium (DMEM) medium with 1 % 
penicillin/streptomycin, and centrifuged at 2000 g, resuspended, and subcultured in a CO2 incubator at 37 ◦C. Mycoplasma 
contamination testing was performed to confirm the negative infection of mycoplasma contamination. The cell lines used have been 
authenticated using short tandem repeat profiling. 
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2.3. Cell viability determination 

The MTT assay was performed to examine cell viability. First, the cells were counted and plated into 96-well plates. Different 
concentrations of PAC (0, 20, 40, 60, 80, and 100 μM), 740Y–P or LY294002 were added for 48 or 72 h of incubation. Then, 10 μL of a 
5 mg/mL MTT solution was added to each well for 4 h and then 150 μL DMSO was added. The 96-well plates were then deposited on a 
shaker with low speed for 10 min to fully dissolve the crystals. The absorbance value was measured at OD490 nm using a microplate 
reader. 

2.4. EDU proliferation assay 

The EDU kit was used to determine cell proliferation after transfection. First, 6 × 104 cells were plated in a 24-well plate, and 1 mL 
EDU solution diluted in culture medium (1000:1 for culture medium: EDU solution) was added to each well. The plate was then 
incubated at 37 ◦C. After 2 h, 200 μL of 4 % paraformaldehyde was used to fix the cells for 30 min. According to the instructions of the 
EDU kit, glycine solution (2 mg/mL) and Appollo staining solution were added to each well in turn. Finally, the nuclei were stained for 
30 min with DAPI and observed and imaged with a fluorescence microscope (Olympus BX51). 

2.5. Determination of cell invasion 

Transwell® inserts were used for invasion assays. The chamber was humidified for 2 h before the experiment. Matrigel was diluted 
with serum-free medium and 50 μL was added to Transwell® inserts to solidify the gel overnight. Excess gel was gently washed with 
PBS. A cell suspension of 200 μL was placed in the upper chamber. The lower chamber was filled with cell culture medium containing 
10 % fetal bovine serum (FBS) and the setup was incubated. Subsequently, the cells were washed twice with PBS and fixed in 4 % 
paraformaldehyde for 30 min. Crystal violet staining was performed for 15 min, and images were taken after staining to observe and 
count the cells. Image J software was utilized to calculate the number of transmembrane cells. 

2.6. Cell scratch test 

786-O cells were digested with trypsin to prepare cell suspensions. The cells were then seeded in 6-well plates containing DMEM 
with 10 % FBS. A straight line was drawn with a 10 μL tip perpendicular to the bottom of the plate. The cells were gently washed three 
times with PBS buffer and cultured in DMEM with 2 % FBS. Various concentrations (0, 20, 40, and 60 μM) of PAC were used for cell 
treatment. After 24 h, cells were imaged using a light microscope (Olympus, Tokyo, Japan) and the wound area was measured. 

2.7. TUNEL staining 

1 × 104 786-O cells were deposited in 24-well plates and treated with different concentrations of PAC (0, 20, 40, and 60 μM) for 48 
h. After incubation, the cells were fixed with 4 % paraformaldehyde and apoptosis was detected using the TUNEL apoptosis kit. 
Apoptotic cells were observed as fluorescent green under a laser scanning confocal microscope (Olympus, Tokyo, Japan). 

2.8. Western blotting 

The Cell Total Protein Extraction Kit (Abcam, Cambridge, UK) was used to extract total protein from cells. The protein concen-
tration was determined using the BCA kit (Beyotime Biotechnology, China). Equivalent proteins in different samples, which were 
treated with different concentrations of PAC (0, 20, 40, 60, 80, and 100 μM), 740Y–P or LY294002, were isolated by SDS-PAGE 
electrophoresis and then transferred onto PVDF membranes (Merck Millipore, Billerica, MA, USA). All PVDF membranes were 
incubated at 4 ◦C overnight with the primary antibody. After washing the membranes several times with Tris-buffered saline with 
Tween-20 (TBST), the imprints were incubated with secondary antibodies (1:3000). Signals of protein bands were visualized using ECL 
developer (Merck Millipore, Billerica, MA, USA). β-Actin was utilized as a normalization endogenous protein. The greyscale of protein 
bands was detected with Image J software. Image J software setting: Image-Type = 8 bit; Set Measurements choose Area, Integrated 
density, Mean gray value. 

2.9. Tumor model establishment, grouping and administration 

Forty female BALB/c nude mice (4 weeks old) were purchased from Shanghai Experimental Animal Center (Shanghai). The 786-O 
cells were cultured in RPMI 1640 culture medium after recovering. Then the 786-O cells were harvested and then suspend at a final 
concentration of 1E7 cells/mL. The 786-O cells were cultured in RPMI 1640 culture medium after recovering. Then the 786-O cells 
cells were harvested and then suspend at a final concentration of 1E7 cells/mL. Then 100 μL cell was injected into the armpit of each 
animals. When tumors grew to approximately 60 mm3, animals were randomly assigned to four groups based on average body weight 
and tumor size, receiving PBS, PAC, 740Y–P, and PAC in combination with 740Y–P. Mice in the vehicle control group were intra-
gastrically administered with 400 μL PBS once daily; mice in the PAC and 740Y–P group was intragastrically administered with 60 mg/ 
kg and 100 μmol/kg once daily, respectively; mice in the combined treatment group were intragastrically administered with PAC (20 
mg/kg) and 740Y–P (100 μmol/kg) once daily for 14 days after inoculation. 
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2.10. Statistical analysis 

Each experiment was repeated at least three times. All the values are displayed as mean ± standard deviation (SD) and statistical 
analysis was performed using the SPSS 22.0 software (IBM, Armonk, NY, USA). All measurement data were tested for normal dis-
tribution and conformed to normal distribution. A two-tailed Student’s t-test was used to compare two groups, while ANOVA was 
employed to compare multiple groups. A p-value <0.05 was considered statistically significant. 

3. Results 

3.1. PAC inhibits the viability of RCC in vitro 

To evaluate the potential anti-cancer activity of PAC in vitro, different concentrations of PAC (0, 20, 40, 60, 80, or 100 μM) were 

Fig. 1. In vitro cell viability of renal cell carcinoma (RCC) cells after exposure to poria acid (PAC). (A) Cell viability of normal cells and RCC 
as well as (B) inhibition rate of RCC by Methyl Thiazolyl Tetrazolium (MTT) assay. (C) Percentage of EdU positive cells, and (D) proliferation of RCC 
(786-O cells) by EdU proliferation assay (scale: 100 μm). Mean ± SD (n = 6). ***p < 0.001 vs. 0 μM PAC group. 
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added to renal cancer cell lines (786-O cells) as well as normal HK-2 cells (renal cell lines). The cell viability was tested by MTT assay. 
The RCC activity was significantly inhibited with the increase of PAC concentration in the dose range of 20–80 μM (p < 0.05) 
(Fig. 1A–B). In addition, PAC can inhibit the proliferation of RCC in a concentration-dependent manner at the dose range from 20 to 60 
μM. Similarly, this conclusion was verified by the results of EDU staining shown in Fig. 1C–D. However, treatment of the PAC at 80 μM 
or 100 μM also slightly inhibited the viability of normal renal cells but did not show significant change. Therefore, the concentrations 
of 0, 20, 40, and 60 μM of PAC were selected for further effects on tumor cell invasion and migration to exclude the cytotoxicity of 
PACs. 

3.2. PAC inhibits the migration and invasion of RCC cells 

The effects of PAC on the migration and invasion of RCC cells were evaluated by cell scratch assay and Transwell® assay, 
respectively. As shown in Fig. 2A–B, RCC cells treated with PAC showed a significant decrease in wound healing ability (p < 0.05). 
Nevertheless, no dose-dependency was evident when the concentration of PAC was more than 40 μM. Consistent with the results of cell 
scratch assays, Transwell® assays demonstrated that 24-h treatment of PAC could significantly inhibit the invasive ability of RCC cells 
(Fig. 2A–C). With increasing concentrations of PAC (0, 20, 40, and 60 μM), the number of RCC cells passing through the membrane 
significantly decreased (p < 0.01). These results collectively suggest that PAC effectively inhibited the migration and invasion of RCC 
cells in vitro. 

Fig. 2. In vitro cell migrated and invasive capacities of RCC cells after exposure to PAC. (A) Representative images of RCC cell (786-O cells) 
migration (scale: 100 μm) and cell invasion (scale: 200 μm) and (B) quantitative assessment of cell scratch test and (C) Transwell invasion assay. 
Mean ± SD (n = 5). *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 0 μM PAC group. 
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3.3. PAC affects expression levels of the migration- and invasion-associated proteins through EMT/MMP signaling pathways 

Previous studies have shown that the expression levels of vimentin and N-cadherin are positively correlated with tumor cell 
proliferation and metastasis, while the expression of E-cadherin is negatively correlated [25]. The results indicate that the expression 
levels of vimentin and N-cadherin were significantly decreased (p < 0.001) in the PAC-treated group compared to the control group 
(Fig. 3A–D). On the other hand, the expression of E-cadherin was significantly increased in the PAC-treated group (p < 0.001), sug-
gesting that PAC treatment could effectively reduce biomarkers associated with the migration and invasion of tumor cells. In addition, 
we performed Western blotting for matrix metalloproteinases (MMP-2/9, TIMP-1) and found that PAC treatment simultaneously led to 
a decrease in the expression of these proteins (Fig. 3E–H) (p < 0.01). These results further support the idea that PAC may reduce the 
invasion and migration of RCC cells by inhibiting the EMT/MMP signaling pathway. 

3.4. PAC promotes RCC cells apoptosis 

The effect of PAC on the apoptosis of RCC cells was further confirmed by TUNEL staining (Fig. 4A–B). The proportion of apoptosis 
increased significantly with increasing doses of PAC (p < 0.05). In addition, the results of the Western blot showed that the expression 
levels of pro-apoptotic proteins, including BAX and cleaved caspase-3, were both significantly increased (p < 0.01), while the 
expression levels of the anti-apoptotic protein BCL-2 were significantly decreased after PAC treatment (p < 0.001) (Fig. 4C-F). These 
results suggest that PAC can expedite the apoptosis of RCC cells in vitro in a dose-dependent manner. 

3.5. Inhibition of the PI3K/Akt/NF-κB signaling pathway enhances the pro-apoptotic effects of PAC on RCC 

To further investigate the underlying mechanism of PAC-induced cell apoptosis, the expression levels of the PI3K/Akt/NF-κB 
signaling pathway and the viability of PAC-treated RCC cells in the presence of 740 Y–P (PI3K agonist) or LY294002 (PI3K inhibitor) 
were examined by Western blot analysis and MTT assay (Fig. 5A–B). PAC significantly inhibited the viability of RCC cells (p < 0.001). 
However, treatment with 740 Y–P, a PI3K agonist, significantly reversed the PAC-induced decrease in cell viability (p < 0.05). In 
contrast, LY294002, a PI3K inhibitor, significantly enhanced the effect of PACs on cell viability (p < 0.05). Further results of Western 
blot analysis showed that PAC treatment dramatically decreased the phosphorylation levels of the PI3K/Akt/NF-κB signaling pathway- 
related proteins (p < 0.01) (Fig. 5C-F). Interestingly, enhanced phosphorylation levels of the PI3K/Akt/NF-κB signaling pathway were 
significantly reversed by the presence of 740 Y–P (p < 0.001). In addition, LY294002 significantly enhanced PAC-induced phos-
phorylation of Akt, PI3K, NF-κB, and IκBα (p < 0.05). These results collectively suggest that PAC-induced RCC cell apoptosis may be 
relevant to the PI3K/Akt/NF-κB signaling pathway. 

3.6. PAC exhibit anti-RCC activity vi inhibiting PI3K/Akt/NF-κB signaling pathway in RCC CDX animal model 

As shown in Fig. 6A, PAC alone can significantly inhibit the growth of renal cancer in mice with an tumor growth inhibition (TGI) 

Fig. 3. The impact of PAC on expression of signaling pathways associated with EMT and MMP in RCC. (A) Representative images and 
quantitative assessment of (B) E-cadherin/β-actin, (C) Vimentin/β-actin, and (D) N-cadherin/β-actin of EMT signaling pathways in RCC by Western 
blot. (E) Representative images and quantitative analysis of (F) MMP-2/β-actin, (G) MMP-9/β-actin, and (H) TIMP-1/β-actin of MMP signaling 
pathways in RCC after by Western blot. Mean ± SD (n = 5). *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 0 μM PAC group. 
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rate of 81.4 %, which was significant lower than that of PBS (p < 0.001). Moreover, the anti-tumor activity of PAC was reversed after 
adding the 740 Y–P, a PI3K agonist, and showed no significant difference with PBS group (p > 0.05, Fig. 6B). Similar trend are also 
presented in the survival rate of animals in different groups (Fig. 6B). Above results collectively demonstrated that the PAC exhibit 
anti-RCC activity vi inhibiting PI3K/Akt/NF-κB signaling pathway in RCC CDX animal model. 

4. Discussion 

In recent years, RCC has become one of the common tumors of the urinary system with high morbidity and mortality [26]. The 
cause of RCC onset is still unknown, and the main clinical treatment plan is surgery, as there is currently no effective treatment 
available for advanced and metastatic tumors [26]. Therefore, medical experts are actively searching for new treatment strategies for 
renal cancer. While Western medicine has made significant advancements in the therapeutic effect of malignant tumors, its high 
toxicity and cost limit its widespread use. In contrast, TCM has shown advantages in the prevention and treatment of renal cell car-
cinoma invasion and metastasis [27]. TCM offers the potential for safer, more efficient, and less toxic natural products that can reduce 

Fig. 4. The impact of PAC on RCC cells apoptosis and related proteins expression. (A) Representative images (scale: 100 μm) and (B) per-
centage of TUNEL positive cells (786-O cells) by TUNEL staining. (C) Representative images and quantitative assessment of (D) cleaved caspase-3, 
(E) B-cell lymphoma 2 (BCL-2), and (F) BCL-2 associated X (BAX) in RCC by Western blot. Mean ± SD (n = 5). **p < 0.01 and ***p < 0.001 vs. 0 μM 
PAC group. 
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side effects on the liver, kidney, and gastrointestinal tract, ultimately improving the quality of life for patients. TCM has several ad-
vantages in the treatment of tumors, including its significant inhibitory effect on tumors, low likelihood of drug resistance develop-
ment, and minimal damage to the body with fewer side effects [28]. Therefore, studying the anti-tumor effect of TCM holds broad 
clinical application value. 

Invasion and metastasis are the primary causes of cancer-related deaths [24]. Tumor cells proliferate and invade surrounding 
tissues while spreading through the bloodstream, resulting in the typical characteristics of tissue invasion and metastasis [21]. Recent 
studies have shown that PAC can affect the invasion and metastasis of RCC cells through the Wnt signaling pathway [29]. In cervical 
cancer, the same phenomenon was found in the polysaccharide component extracted from PAC [30]. In the present study, it was first 
found that PAC inhibited the activity of RCC cells by MTT assay. Further EDU staining results showed that PAC could significantly 
reduce the number of clonal populations of kidney cancer cells and inhibit the proliferation of kidney cancer cells. This finding 
preliminarily indicated that PAC had a therapeutic effect on kidney cancer. Inhibition of the adhesion of tumor cells is a key step to 
control invasion and metastasis. In addition, some scholars have proposed that inhibition of cell motility may be an effective way to 
inhibit tumor metastasis [31]. The Transwell® assay showed that PAC could significantly inhibit the invasive ability of renal 

Fig. 5. The impact of PAC on the RCC pathway involving phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/nuclear factor (NF) -κB 
pathway in RCC. (A) Representative images, (B) cell viability of RCC by MTT assay and quantitative assessment of (C) p-PI3K/PI3K, (D) p-Akt/Akt, 
(E) p-IκBα/IκBα and (F) p–NF–κB/NF-κB in RCC cells with or without the presence of 740 Y–P and LY294002. (B) Cell viability of RCC. Mean ± SD 
(n = 5). *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 0 μM PAC group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. the single PAC treated group. 

Fig. 6. Therapeutic effects of PAC alone or combined with 740 Y–P in the Renca-bearing mice. The (A) tumor size and (B) survival individual 
of Renca-bearing mice were investigated. **, ***p < 0.01, 0.001 vs PBS control; #, ##, ###p < 0.05, 0.01, 0.001 vs combined group. All results were 
showed as means ± SD (n = 5). 
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carcinoma cells, indicating that PAC could significantly inhibit the invasion of RCC cells at the initial stage of migration. To further 
verify the inhibitory effects of PAC on the invasion and metastasis of RCC cells, the cell scratch assay was performed, and the result 
demonstrated that the PAC could effectively inhibit the migration of RCC cells in vitro. 

Tumor invasion and metastasis are characterized by the passage of cancer cells through the extracellular matrix (ECM) and 
basement membrane [32]. Cancer cells secrete many proteolytic enzymes, such as those of the MMP family to penetrate ECMs [32]. 
Among them, MMP-2 and MMP-9 are considered to be the main ECM-degrading proteases [33]. Current experimental results showed 
that PAC could down-regulate the expression levels of MMP-2 and MMP-9, which are consistent with the results that MMP-2/9 could 
be used as a key effector of ECM remodeling as well as a potential target for anti-tumor therapy [20,34]. Tissue inhibitors of metal-
loproteinases family members (TIMPs) are natural inhibitors that promote cancer metalloproteinases, of which TIMP-1 was earlier 
found to be a representative of the TIMP family due to its multifunctionality [35]. PAC was also found to upregulate the TIMP-1 
expression. The proteolytic activity of MMPs is strictly regulated by the typical anti-proteolytic function of TIMPs, while the 
absence of TIMPs leads to enhanced matrix proteolytic hydrolysis, and the increase of TIMPs levels leads to the accumulation of ECM. It 
is believed that the increased expression of TIMPs tries to balance the degradation activity of ECM, but fails to reflect it [36]. In cancer, 
protease inhibition is thought to prevent aggressive features of malignancy [37]. The imbalance of MMP/TIMP can promote tumor 
proliferation, invasion and metastasis, so it can also be used as a therapeutic target for tumor invasion and metastasis by regulating 
MMP/TIMP imbalance [38]. The process of PAC inhibiting invasion and migration of RCC cells is likely to be achieved by regulating 
the homeostasis of MMP/TIMP. 

Apoptosis is one of the main types of cell death, and the induction of tumor cell apoptosis is a crucial mechanism targeted by many 
anti-cancer drugs [39]. In the context of RCC, the effect of PAC on the apoptosis of RCC cells was examined using a TUNEL assay. The 
results showed a significant enhancement of apoptosis in RCC cells induced by PAC. Furthermore, Western blot analysis revealed that 
PAC induced apoptosis in RCC cells through the activation of caspase-3 and the modulation of the Bcl-2 protein family. The proteins of 
the Bcl-2 family can be divided into two groups: Bcl-2, which promotes apoptosis, and BAX, which inhibits apoptosis. The release of 
mitochondrial cytochrome C and activation of mitochondria-dependent caspase upregulated BAX and downregulated Bcl-2 to induce 
apoptosis. 

Previous literature has shown that the PI3K/AKT/NF-κB signaling pathway plays a crucial role in inducing tumor cell proliferation, 
migration and invasion in many cancers by regulating EMT and MMPs [40]. NF-κB is not only a downstream target of PI3K/AKT 
signaling, but also an upstream regulator of EMT and MMPs gene transcription, which is closely related to tumor cell proliferation, 
invasion and metastasis [41]. Persistent activation of NF-κB in a variety of tumor cells can induce the expression of different 
anti-apoptotic proteins and lead to chemotherapy and radiotherapy tolerance [42]. In addition, studies have shown that PAC can 
suppress the invasion and metastasis of gastric cancer cells by altering the expression of EMT-related proteins [24]. In this study, we 
found that PAC significantly decreased the expression of proteins related to the PI3K/Akt/NF-κB signaling pathway, including p-PI3K, 
p-Akt, p-IκBα, and p–NF–κB, in RCC cells. This suggests that PAC may inhibit the proliferation, migration and invasion of renal cancer 
cells through the PI3K/Akt/NF-κB signaling pathway. In addition, the activation of PI3K further causes downstream AKT phosphor-
ylation and activation. To further investigate the role of the PI3K/Akt/NF-κB signaling pathway in PAC-induced apoptosis, the PI3K 
agonist 740 Y–P and PI3K inhibitor LY294002 were used. The PI3K agonist (740 Y–P) reversed PAC-induced RCC cell apoptosis and 
upregulated the expression levels of, p-Akt, p–NF–κB, p-IκBα and PI3K, while the presence of the PI3K inhibitor (LY294002) further 
promoted PAC-induced apoptosis and downregulated the phosphorylation levels of the PI3K/Akt/NF-κB signaling pathway. Further 
studies in the RCC CDX animal model also demonstrated that the PAC exhibit anti-RCC activity via inhibiting PI3K/Akt/NF-κB 
signaling pathway. These findings collectively suggest that PAC may inhibit the proliferation, invasion and migration of RCC cells and 
promote their apoptosis by inhibiting the phosphorylation of related proteins in the PI3K/Akt/NF-κB signaling pathway. 

This study has the following limitations: 1) This study applies only to a single RCC cell line (786-O cells), which may not represent 
the diversity of RCC cases in the clinical setting; 2) The xenograft mouse model used in this study does not fully replicate the 
development of human RCC; 3) The long-term potential toxicity of PAC for normal cell or animal are still unknown, and further studies 
are needed to understand the long-term effects and potential toxicity of PAC in the therapeutic setting; 4) As a preliminary study, the 
efficacy and safety of PAC in humans still need to be clinically verified subsequently. 

5. Conclusions 

In summary, this study found that PAC can inhibit the proliferation, migration and invasion of RCC cells, and promote their 
apoptosis. The degree of inhibition is more significant with the increase in drug concentration. In addition, the tumor suppressor effect 
of PAC may be associated with the inhibition of phosphorylation of related proteins in the PI3K/Akt/NF-κB pathway. This study 
provides experimental basis and new ideas for PAC treatment of RCC. Furthermore, PACs are likely to be key antitumor components in 
Poria cocos. This will lay a huge experimental foundation for further development and utilization of Poria cocos as anticancer agents. 
Because it is a preliminary in vitro and in vivo study, further attempts to clarify the potential effects of PAC in a broader range of RCC 
subtypes or in combination with other treatments, or modify the structure of PACs to improve their antitumor activity and 
bioavailability are needed in the future. Meanwhile, other signaling pathways involved in PAC against RCC still need to be clarified. 
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