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Abstract

Ovarian cancer is the second most common gynecologic cancer with an estimated 13,940 

mortalities across the United States in 2020. Natural polyphenols have been shown to double the 

survival time of some cancer patients due to their anticancer properties. Therefore, the effect of 

polyphenols extracted from Chinese hickory seed skin Carya cathayensis (CHSP) on ovarian 

cancer was investigated in the present study. Cell viability results showed that CHSP is more 

effective in inhibiting ovarian cancer cells than normal ovarian cells, with the IC50 value for 

inhibition of cell proliferation of Ovarian cancer cells (OVCAR-3) being 10.33 ± 0.166 μg/mL for 

a 24 h treatment. Flow cytometry results showed that the apoptosis rate was significantly increased 

to 44.21% after 24 h treatment with 20 μg/mL of CHSP. Western blot analysis showed that CHSP 

induced apoptosis of ovarian cancer cells through a p53-dependent intrinsic pathway. Compared 

with control values, levels of VEGF excreted by OVCAR-3 cancer cells were reduced to 7.87% 

with a 40 μg/mL CHSP treatment. Consistent with our previous reports, CHSP inhibits vascular 

endothelial growth factor (VEGF) secretion by regulating the HIF-1α-VEGF pathway. In addition, 

we also found that the inhibitory effect of CHSP on ovarian cancer is related to the up-regulation 

of Phosphatase and tension homolog (PTEN) and down-regulation of nuclear factor kappa-B (NF-
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kappa B). These findings provide some evidence of the anti-ovarian cancer properties of CHSP 

and support the polyphenols as potential candidates for ovarian cancer adjuvant therapy.
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1. Introduction

Ovarian cancer is the second most common gynecologic cancer with an estimated 21,750 

new cases and 13,940 mortalities predicted to occur across the United States in 2020 [1]. 

Globally, there are 239,000 new cases and 152,000 deaths due to ovarian cancer every year 

[2]. More than two-thirds of all women diagnosed with epithelial ovarian cancer will die 

from the disease, a fact that has not changed considerably in the last three decades. The lack 

of effective screening results in 50% to 60% of patients being diagnosed with advanced 

stage disease [3]. Although treatment for ovarian cancer, including surgery and platinum-

based chemotherapy, has improved, the 5- and 10-year survival rates of advanced ovarian 

cancer stages were only 32% and 15%, respectively [4]. Approximately 80% of ovarian 

cancer patients initially respond to chemotherapy, but more than 60% of these patients who 

receive standard treatment will relapse and die due to chemoresistance [5]. Thus, recent 

research has focused on natural polyphenol compounds, which have been shown to double 

the survival time of the cancer patients in this century [6].

Nuts are known for their health benefits, including anti-cardiovascular disease and anti-

oxidative properties. Recently, a significant inverse association between nut consumption 

and overall mortality was observed by The National Institutes of Health-American 

Association of Retired Persons (AARP) Diet and Health Study. This study showed that nut 

consumption was significantly associated with reduced risk of cancer and cardiovascular, 

respiratory, infectious, renal, and liver disease mortality [7]. Hardman et al. found that 

walnut consumption could suppress growth and survival of breast cancers in mice [8]. 

Recent reports show that phenols have the ability to inhibit tumors [9]. It has been reported 

that polyphenolic compounds, a large family of natural compounds abundant in nuts, have 

been associated with a possible reduced risk of colon cancer [10], breast cancer [11] and 

melanoma [12].

Chinese hickory (Carya cathayensis), which has been commercially cultivated for more than 

500 years, is a native nut species of Zhejiang Province in China. Our previous research 

showed that, like other nuts, Chinese hickory nuts are rich in polyphenols (78.28 ± 0.378 mg 

gallic acid equivalents/g) [13]. However, there is no report on the anti-tumor function of 

Chinese hickory polyphenols. The flesh of the walnut seed is surrounded by a brown 

leathery coating, called the skin or the seed coat, which protects the walnut kernel from 

oxidation and microbial contamination. Component analysis shows that polyphenols are 

mainly present in the skin of nuts [14,15]. Research on these polyphenols will help the 

comprehensive utilization of Chinese hickory, but there is little research on the seed skin of 

Chinese hickory nuts to evaluate anti-tumor activity. The purpose of this study was to 
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investigate the inhibitory effects of Chinese hickory seed skin polyphenols (CHSP) on 

ovarian cancer cell lines. Furthermore, the inhibitory mechanism of CHSP on ovarian cancer 

cells was also analyzed by using Western blot and enzyme-linked immunoassay (ELISA).

2. Materials and Methods

2.1. Cell Culture and Reagents

The human ovarian carcinoma cell lines Ovarian cancer cells (OVCAR-3), A2780/CP70 and 

human immortalized ovarian surface epithelial cells (IOSE 364), were kind gifts from Dr. 

Bing-Hua Jiang at Thomas Jefferson University and Dr. Auersperg at the University of 

British Columbia, respectively. Cells were cultured in RPMI1640 medium (Sigma, St. Louis, 

MO, USA) incorporating 10% fetal bovine serum (FBS) (Invitrogen, Grand Island, NY, 

USA). Cells were grown in a humidified incubator containing 5% CO2 at 37 °C.

Reagents, Dead Cell Apoptosis Kits with Annexin V AlexaFluor® 488 and propidium iodide 

(PI), were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Caspase-Glo® 

3/7 Assay Systems were purchased from Promega (Madison, WI, USA). Antibodies against 

Bax and Puma, were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). 

The primary antibodies against p53, HIF-1α, Cleaved PARP, Bad, NF-kappaB, PTEN, and 

glyceraldehyde-3phosphate dehydrogenase (GAPDH)were purchased from Santa Cruz 

Biotechnology Inc. (Santa Cruz, CA, USA). Quantikine Human vascular endothelial growth 

factor (VEGF) Immunoassay kit was purchased from R&D Systems (Minneapolis, MN, 

USA).

2.2. Preparation of CHSP

Chinese hickory (Carya cathayensis) seeds were harvested in the mountainous areas of 

Lin’an, Zhejiang Province, China. Chinese hickory seeds were broken carefully to remove 

the kernels. All kernels were immersed in a water bath (45 °C) for 30 min. After immersion, 

the kernels were peeled manually, and the skin was collected in sealed plastic bags at room 

temperature. Then, the skin was dried in a vacuum oven (DZF-6094A, Shanghai Yiheng 

Scientific Instrument Ltd. Co., Shanghai, China) at 70 °C for 10 h. Dried skin was ground 

into powder by a squeezer. Extraction was prepared by macerating 28 g of defatted kernel 

powder with 280 mL of 80% methanol. The mixture was kept in a rotary shaker overnight 

and then centrifuged at 3000× g for 20 min. The supernatant was carefully separated and 

evaporated in a rotary evaporator (40 °C) (RE-52, Shanghai Yarong biochemistry Instrument 

Factory, Shanghai, China). Condensed extracts were lyophilized using a freeze dryer 

(FD-1A-80, Beijing Boyikang Instrument Experimental Instrument Co., Beijing, China). 

Finally, 8.25 g of dried methanol extract (powder) of Chinese hickory skin was obtained and 

stored at 4 °C.

A stock solution of CHSP was prepared in dimethyl sulfoxide (DMSO) at 100 mg/mL and 

stored at −20 °C. Different concentrations of CHSP were prepared in RPMI-1640 medium 

for cell treatments, and DMSO was included in the preparations to ensure equal 

concentrations of DMSO in each treatment.
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2.3. Determination of Total Phenolic Content and Total Flavonoid Content

Total phenolic content was measured using the Folin-Ciocalteu method with minor 

modifications. Briefly, 0.01 g CHSP was dissolved in 250 mL methanol. Then, 0.6 mL of the 

methanol solution of the CHSP was mixed with 3.0 mL of Folin-Ciocalteu reagent (diluted 

10-fold) and 2.4 mL of 0.765 mol/L Na2CO3 kept for 30 min in the dark. Subsequently, 

absorbance was measured at a wavelength of 765 nm using a spectrophotometer. The total 

phenolic content (TPC) was determined as micrograms of gallic acid equivalents per gram 

CHSP. The equation of the calibration curve was y = 0.0083x + 0.0174, with a correlation 

coefficient of R2 = 0.9977.

Furthermore, 0.01 g CHSP was dissolved in 4 mL methanol. Then, 0.4 mL of the methanol 

solution of the CHSP was transferred to a 10 mL centrifuge tube and mixed with 0.3 mL of 

5% sodium nitrite (w/v). The mixture was incubated for 6 min. Next, 0.3 mL of 10% 

aluminum chloride (w/v) was added and incubated for 6 min. After adding 4 mL of 4% 

NaOH (w/v) and incubating in the dark for 15 min, absorbance was measured at 510 nm 

using ultraviolet (UV)spectrophotometer. The total flavonoid content was determined as 

micrograms of rutin equivalents per gram CHSP. The equation of the calibration curve was y 
= 0.4872x − 0.0038, with a correlation coefficient of R2 = 0.9996.

2.4. Assessment of Cell Viability

Ovarian cancer cells (OVCAR-3, A2780/CP70) and normal ovarian cells (IOSE 364) were 

seeded in 96-well plates at a density of 1 × 104/well (medium RPM-1640 + 10% FBS) and 

incubated at 37 °C for 16 h. Then, the culture medium was removed and cells incubated with 

different concentrations of CHSP (5–40 μg/mL) or DMSO (as vehicle) for 24 h. After 

treatment, the cells were washed twice with phosphate-buffered saline (PBS), introduced to 

100 μL freshly prepared Aqueous One Solution (MTS tetrazolium compound) (Promega, 

Madison, WI, USA) in medium, and incubated for 1 h at 37 °C. Cells were then transferred 

to a microplate reader and the absorption peak was checked at 490 nm. Cell viability was 

expressed as a percentage of the control.

2.5. Apoptosis Analysis

Cells were treated with CHSP (5–20 μg/mL) or DMSO (as vehicle) for 24 h. Then, cells 

were collected and stained with Annexin V Alexa Fluor® 488 and propidiumiodide (PI) 

according to the manufacturer’s instructions. Data acquisition and analysis were performed 

following flow cytometry with accompanying software (FACS Calibur; BD Bioscience, San 

Jose, CA, USA).

2.6. Detection of Caspase-3/7 Enzyme Activities

OVCAR-3 cells were seeded into 96-well plates (1 × 104/well) and incubated overnight at 

37 °C. Cells were treated with different concentrations of CHSP (5–20 mg/mL) or DMSO 

for 4 h. After treatment, the Caspase-Glo 3/7 Assay kit (Promega) was used to detect 

caspase-3/7 enzymatic activities in OVCAR-3 cells. Enzymatic activities were normalized 

by total protein levels and were expressed as a percentage of the untreated control.
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2.7. Western Blot

OVCAR-3 cells (106) were seeded in 60-mm dishes and incubated overnight before 

treatment of CHSP. The cells were washed once with PBS buffer, lysed in 100 μL 

mammalian protein extraction reagent including 1 μL Halt Protease, 1 μL phosphatase 

inhibitor, and 2 μL ethylenediaminetetraacetic acid (EDTA). Cell lysates were separated by 

10% Sodium dodecyl sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE), and proteins 

were transferred to a nitrocellulose membrane using the Mini-Protean 3 System (Bio-Rad 

Laboratories, Hercules, CA, USA). The membrane was blocked with 5% nonfat milk Tris-

buffer containing 0.1% Tween-20 for 1 h (room temperature), and then incubated with the 

appropriate concentrations of primary and secondary antibodies for the appropriate time. 

After washing with Tris Buffered saline Tween (TBST) buffer, the Super Signal West Dura 

Extended Duration Substrate (Pierce) antigen-antibody mixture was added to develop color 

and luminescence. Protein bands were quantitated with NIH ImageJ software and 

normalized by GAPDH bands for analysis.

2.8. ELISA for VEGF

The effect of CHSP on VEGF protein secretion was analyzed by ELISA with a Quantikine 

Human VEGF Immunoassay kit (R&D Systems, Minneapolis, MN, USA), targeting 

VEGF165 in the cell culture supernatant. OVACAR-3 cells (6 × 105) were seeded in 60-mm 

cell culture dishes and grown for 16 h at 37 °C before treatment with various concentrations 

of CHSP (5–40 μg/mL) or DMSO (as vehicle) for 24 h. Culture supernatants were collected 

for the VEGF assay. The inhibition of VEGF protein secretion was expressed as a 

percentage of the control. Cell lysates were also assayed for total protein levels using a BCA 

protein assay kit (Pierce, Rockford, IL, USA) to adjust VEGF levels.

2.9. Transient Transfection and Luciferase Assay

OVCAR-3 cells (1 × 104 cells/well) were seeded onto 96-well plates and incubated 

overnight before transfection with HIF-1α plasmids (Addgene, Cambridge, MA, USA). 

Cells were transfected with VEGF luciferase reporter (0.05 μg) and HIF-1α plasmids (0, 

0.0625, 0.125, and 0.25 μg) or SR-a (as vehicle) plasmids using 0.6 μL of jetPRIME reagent 

(VWR, West Chester, PA, USA) for 4 h. After transfection, all of the cells were treated with 

CHSP (10 μg/mL) or vehicle for 16 h. The cells were harvested and analyzed for luciferase 

activity and total protein levels using a BCA Protein Assay Kit (Pierce), and the activities of 

the VEGF reporter were normalized to corresponding total protein levels for statistical 

analysis.

2.10. Statistical Analysis

Each experiment was conducted at least three times. The experimental data were expressed 

as means ± standard deviation (SD). The experimental results were analyzed by a post hoc 

test (Duncan test) and one-way analysis of variance (ANOVA) to test differences between 

each treatment and control. A p-value of <0.05 was considered statistically significant.
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3. Results

3.1. Determination of the Total Phenolic Content and Total Flavonoid Content of CHSP

Phenolic compounds of nuts are generally concentrated in the brown skin as soluble free and 

bound forms [16]. In this research, the total phenolic content and total flavonoid content of 

CHSP were determined. The results showed that the total phenolic content and total 

flavonoid content of CHSP were 767.9 ± 11.2 micrograms of gallic acid equivalents per 

gram CHSP and 511.6 ± 9.6 micrograms of rutin equivalents per gram CHSP.

3.2. Inhibitory Effect of CHSP on Proliferation of Ovarian Cancer Cells

To assess cell viability, the CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

was performed. As shown in Figure 1, CHSP showed significant inhibitory effect on two 

ovarian cancer cell lines OVCAR-3 and A2780/CP70 in a concentration-dependent manner. 

When the CHSP concentration increased from 5 to 40 μg/mL, the cell viability of OVCAR-3 

was decreased from 87.6% to 4.7% and A2780/CP70 from 84.7% to 5.5%. The IC50 value 

OVCAR-3 and A2780/CP70 were found to be 10.33 ± 0.17 and 11.43 ± 0.76 μg/mL. At 40 

μg/mL, the cell viability of CHSP on IOSE364 was 62.4%, which is much larger than the 

value of OVCAR-3 and A2780/CP70 cells.

3.3. CHSP Induces Apoptosis in Ovarian Cancer Cells through the p53-Dependent 
Intrinsic Pathway

Annexin V and propidium iodide (PI) staining was performed for flow cytometry analysis. 

As shown in Figure 2, an increase in cell apoptosis in OVCAR-3 cells was induced in a 

concentration-dependent manner after CHSP treatment. At 20 μg/mL of CHSP, the apoptosis 

rate was 44.21%. Similar to the results of cell viability above, there was also no significant 

apoptosis rate of normal cells (IOSE364). In this study, caspase-3/7 enzymatic activities 

were detected by using a Caspase-Glo 3/7 Assay kit. As shown in Figure 2c, compared to 

controls, the caspase-3/7 enzymatic activities were maximally increased to 3.57-fold in 

OVCAR-3 cells when treated with 20 μg/mL CHSP for 24 h. Moreover, it was identified that 

there is an up-regulation in pro-apoptotic proteins including Bax (1.73-fold), BAD (1.53-

fold), cleaved PARP (1.5-fold), and Puma (2.9-fold), shown in Figure 3.

3.4. CHSP Inhibits Ovarian Cancer Cell Proliferation via the HIF-1α/VEGF Pathway

As shown in Figure 4a, levels of VEGF excreted by OVCAR-3 cells were inhibited to 57.12, 

36.66, 22.55 and 7.87% by 5, 10, 20 and 40 μg/mL CHSP treatments, respectively. Also 

shown in Figure 4, HIF-1α expression was significantly inhibited by CHSP treatment. 

Compared to the control level, HIF-1α expression at 20 μg/mL of CHSP decreased by 

65.8%. Shown in Figure 4b, this inhibition of VEGF was significantly reversed by forced 

expression of HIF-1α protein.

3.5. CHSP Up-Regulates the Expression of PTEN and NF-Kappa B Protein in Ovarian 
Cancer Cells

As shown in Figure 5, the expression of PTEN was increased by treatment of OVACAR-3 

cells with CHSP. Compared to control values, PTEN expression at 10 μg/mL of CHSP 
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increased by 75.1%. Represented in Figure 5, the expression of NF-kappa B was down-

regulated after CHSP treatment. In addition, NF-kappa B expression at 20 μg/mL of CHSP 

decreased by 65.8% as compared to the control level.

4. Discussion

Polyphenols, found in nuts, fruits, vegetables, grains, spices, tea, coffee, and wine, are 

known for their powerful antioxidant properties [17]. Epidemiological studies on the 

anticancer effects of natural polyphenols have yielded mixed results due to the difficulty of 

measuring dietary intake of these compounds [18]. This observation suggests that even more 

research, such as the current study, is needed to evaluate the therapeutic utility and safety of 

polyphenolic compounds. CHSP is more effective in inhibiting ovarian cancer cell 

proliferation than paeonol [19] or extracts of strawberry, Korean raspberry, and mulberry 

[20]. The lower cell viabilities demonstrate that CHSP has high potential for the prevention 

and therapy of ovarian cancer. Cell viability with 40 μg/mL of CHSP on IOSE364 was much 

larger than that of OVCAR-3 and A2780/CP70 cells, indicating that the inhibitory effects of 

CHSP on normal ovarian cells were less than that on the ovarian cancer cells. Therefore, 

CHSP selectively inhibits cancer cells while having significantly weaker inhibitory effects 

on normal ovarian cells.

Next, we assessed whether CHSP treatment in ovarian cancer cells resulted in cellular 

apoptosis. CHSP was shown to promote apoptosis in OVCAR-3 cells. There was also no 

significant apoptosis induction in IOSE364 by CHSP, further confirming the selective 

inhibitory effects of CHSP on ovarian cancer cells compared with normal ovarian cells. 

Apoptosis is a form of programmed cell death [21]. The intrinsic (mitochondria-mediated) 

and extrinsic (receptor-mediated) pathways are two major apoptotic pathways. The up-

regulation in pro-apoptotic proteins by CHSP are related to the mitochondrial apoptosis 

pathway [22,23]. Therefore, mitochondrial apoptosis pathway is likely to be the main reason 

for CHSP-induced apoptosis. However, some studies in breast cancer patients found that 

daily intake of natural polyphenols may stimulate cancer growth due to the interaction 

between the polyphenolic compound and endogenous steroid hormones [24].

Our previous work reported that polyphenols, prodelphinidins [25], theaflavin-3′-gallate 

[26] and galangin [27], induced apoptosis in ovarian cancer cells through the activation of 

p53 protein. To determine whether p53 is involved in CHSP-induced apoptosis of ovarian 

cancer cells, the expression of p53 protein was detected by Western blot. Consistent with 

previous results from other purified polyphenols, after CHSP treatment, p53 protein in 

OVACAR-3 cells was also up-regulated. This result indicates that p53 plays an important 

role in the apoptosis of ovarian cancer cells induced by polyphenols and CHSP can induce 

apoptosis through the p53-dependent pathway.

VEGF plays an important role in ovarian cell proliferation and angiogenesis [28,29]. To 

assess the effect of CHSP on proteins affecting cell proliferation, levels of VEGF were 

examined. Numerous studies have shown that HIF-1α is a primary regulator of VEGF 

production [30–32]. Thus, we first examined the influence of CHSP treatment on HIF-1α 
expression. To confirm that HIF-1α expression is not only regulated by CHSP treatment but 
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also plays a role in the inhibition of VEGF secretion by CHSP, OVCAR-3 cells were 

transfected with the VEGF-promoter reporter, together with HIF-1α plasmids. The higher 

the expression of HIF-1α, the higher the increase in the expression of the VEGF reporter. 

These results demonstrated that CHSP inhibits VEGF production through a HIF-1α-

dependent pathway. This finding is consistent with our previous report that gallic acid, an 

important polyphenol found in Chinese hickory, inhibits the secretion of VEGF from ovarian 

cancer cells through the HIF-1α pathway [33].

Several phytochemicals, which contain polyphenols, have shown promising results for 

cancer therapeutics due to their inhibition of VEGF production in ovarian cancer cells [34]. 

However, all polyphenols have varying effects on cancer cell growth [35]. Our previous 

research showed that gallic acid, a polyphenolic compound, inhibits the secretion of VEGF 

by up-regulating the expression of PTEN protein. Out of eight tested phenolic compounds, 

gallic acid exhibited the most significant inhibitory effect on OVCAR-3 cells [36]. Varela-

Rodriquez et al. reported that gallic acid reduced cell viability by 50% in OVCAR-3 cells at 

43 μg/mL [37]. Liao et al. also reported anticancer effects of gallic acid, showing that gallic 

acid regulated cell proliferation of bladder cancer cells via the PI3K/AKT and MAPK/ERK 

pathway, as well as inhibited bladder cancer cell growth, invasion, and migration through 

fatty acid synthase inhibition [38]. Not only is gallic acid an effective anticancer agent 

individually, it was also found to enhance the effects of cisplatin in the inhibition of cancer 

cell proliferation and induction of apoptosis in non-small lung cancer [39].

Several studies reported that PTEN and NF-kappa B are associated with apoptosis and anti-

proliferation of cancer cells. Over-expression of PTEN can effectively promote apoptosis of 

liver cancer cells [40], while the loss of PTEN can inhibit apoptosis in ovarian cancer cells 

[41]. Xue et al. reported that PTEN inhibition reduced cell apoptosis and enhances 

proliferation in human umbilical vein endothelial cells [42]. PTEN expression was up-

regulated with CHSP treatment which shows a possible correlation with the increase of 

apoptosis and anti-proliferation.

The NF-kappa B family of eukaryotic nuclear transcription factors exists widely in cells 

from insects to humans and is involved in cell differentiation, cell proliferation, apoptosis, 

adhesion, and inflammatory responses. When various external signals act on cells, activated 

NF-kappa B enters the nucleus and performs its functions. Some reports showed that 

inhibition of NF-kappa B signal pathways can promote apoptosis [43]. Previously, it was 

shown showed that plumbagin inhibits tumor cell proliferation of gastric cancer through the 

NF-kappa B pathway [44]. NF-kappa B was down-regulated with CHSP treatment, showing 

that similar to PTEN, promotion of apoptosis and anti-proliferation in ovarian cancer cells 

may also be attributed to the down-regulation of NF-kappa B protein.

5. Conclusions

Cell proliferation inhibition and apoptosis induction by CHSP in ovarian cancer cells were 

investigated in this study. The IC50 of inhibition on cell proliferation of OVCAR-3 cells was 

found to be 10.33 ± 0.166 μg/mL. Flow cytometry results showed that the apoptosis rate was 

significantly increased after CHSP treatment. A 20 μg/mL treatment of CHSP induced 
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ovarian cancer cell apoptosis of 44.21%. Western blot analysis showed that CHSP induced 

apoptosis of ovarian cancer cells through a p53-dependent intrinsic pathway. In this 

research, the anti-proliferation of ovarian cancer cells by CHSP was also detected. 

Compared with control values, levels of VEGF excreted by OVCAR-3 cells were inhibited 

to 7.87% at 40 μg/mL of CHSP. Consistent with our previous reports, CHSP inhibited VEGF 

secretion by regulating the HIF-1α-VEGF pathway. In addition, we also found that the 

inhibitory effect of CHSP on ovarian cancer was related to the up-regulation of PTEN and 

down-regulation of NF-kappa B.

Acknowledgments:

We would like to acknowledge the technical help from Kathy Brundage, Flow Cytometry Core at West Virginia 
University with the apoptosis analysis.

Funding: This research was supported in part by NIH grants P20RR016477 from the National Center for Research 
Resources and P20GM103434 from the National Institute for General Medical Sciences (NIGMS) awarded to the 
West Virginia IDeA Network of Biomedical Research Excellence. This research was funded by the key research 
and development program of Zhejiang Province (No. 2020C02040; 2020C02019), the cooperation projects between 
the People’s Government of Zhejiang Province and the Chinese Academy of Forestry (2019SY03), and the Public 
Projects of Zhejiang Province (LGC19C200008). This research was supported by Grant Number P20GM104932 
from NIGMS, a component of the National Institutes of Health (NIH) and its contents are solely the responsibility 
of the authors and do not necessarily represent the official view of NIGMS or NIH. This study was also supported 
by COBRE grant GM102488/RR032138, ARIA S10 grant RR020866, and FORTESSA S10 grant OD016165.

References

1. Siegel RL; Miller KD; Jemal A Cancer statistics, 2020. CA Cancer J. Clin 2020, 70, 7–30. 
[PubMed: 31912902] 

2. Lheureux S; Braunstein M; Oza AM Epithelial ovarian cancer: Evolution of management in the era 
of precision medicine. CA Cancer J. Clin 2019, 69, 280–304. [PubMed: 31099893] 

3. Trinidad CV; Tetlow AL; Bantis LE; Godwin AK Reducing ovarian cancer mortality through early 
detection: Approaches using circulating biomarkers. Cancer Prev. Res. (Phila.) 2020, 13, 241–252. 
[PubMed: 32132118] 

4. Kim J; Park EY; Kim O; Schilder JM; Coffey DM; Cho CH; Bast RC Jr. Cell origins of high-grade 
serous ovarian cancer. Cancers (Basel) 2018, 10, 433.

5. Lavoué V; Thédrez A; Levêque J; Foucher F; Henno S; Jauffret V; Belaud-Rotureau M-A; Catros V; 
Cabillic F Immunity of human epithelial ovarian carcinoma: The paradigm of immune suppression 
in cancer. J. Transl. Med 2013, 11, 147–158. [PubMed: 23763830] 

6. Demain AL; Vaishnav P Natural products for cancer chemotherapy. Microb. Biotechnol 2011, 4, 
687–699. [PubMed: 21375717] 

7. Amba V; Murphy G; Etemadi A; Wang S; Abnet CC; Hashemian M Nut and Peanut Butter 
Consumption and Mortality in the National Institutes of Health-AARP Diet and Health Study. 
Nutrients 2019, 11, 1508.

8. Hardman WE; Primerano DA; Legenza MT; Morgan J; Fan J; Denvir J Dietary walnut altered gene 
expressions related to tumor growth, survival, and metastasis in breast cancer patients: A pilot 
clinical trial. Nutr. Res 2019, 66, 82–94. [PubMed: 30979659] 

9. Gu H-F; Mao X-Y; Du M Prevention of breast cancer by dietary polyphenols-role of cancer stem 
cells. Crit. Rev. Food Sci. Nutr 2020, 60, 810–825. [PubMed: 30632783] 

10. Shin PK; Zoh Y; Choi J; Kim MS; Kim Y; Choi SW Walnut phenolic extracts reduce telomere 
length and telomerase activity in a colon cancer stem cell model. Nutr. Res. Pract 2019, 13, 58–63. 
[PubMed: 30788057] 

11. Hilbig J; Policarpi P.d.B.; Alves de Souza Grinevicius VM; Ramos Santos Mota NS; Toaldo IM; 
Bordignon Luiz MT; Pedrosa RC; Block JM Aqueous extract from pecan nut Carya illinoinensis 

He et al. Page 9

Appl Sci (Basel). Author manuscript; available in PMC 2021 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Wangenh) C. Koch shell show activity against breast cancer cell line MCF-7 and Ehrlich ascites 
tumor in Balb-C mice. J. Ethnopharmacol 2018, 211, 256–266. [PubMed: 28807853] 

12. Koutsoulas A; Carnecka M; Slanina J; Toth J; Slaninova I Characterization of Phenolic 
Compounds and Antiproliferative Effects of Salvia pomifera and Salvia fruticosa Extracts. 
Molecules 2019, 24, 2921.

13. He ZP; Fu MR; Mao LC Changes of Phenolics, Condensed Tannins and Antioxidant Activity of 
Chinese Hickory (Carya cathayensis Sarg.) after Different Thermal Processing. Asian J. Chem 
2012, 24, 1685–1688.

14. Krol K; Gantner M; Piotrowska A; Hallmann E Effect of Climate and Roasting on Polyphenols and 
Tocopherols in the Kernels and Skin of Six Hazelnut Cultivars (Corylus avellana L.). Agriculture 
2020, 10, 36.

15. Leon-Bejarano M; Durmus Y; Ovando-Martinez M; Simsek S Physical, Barrier, Mechanical, and 
Biodegradability Properties of Modified Starch Films with Nut By-Products Extracts. Foods 2020, 
9, 226.

16. Tas NG; Gokmen V Phenolic compounds in natural and roasted nuts and their skins: A brief 
review. Curr. Opin. Food Sci 2017, 14, 103–109.

17. Mocanu M-M; Nagy P; Szollosi J Chemoprevention of Breast Cancer by Dietary Polyphenols. 
Molecules 2015, 20, 22578–22620. [PubMed: 26694341] 

18. Zhou Y; Zheng J; Li Y; Xu D-P; Li S; Chen Y-M; Li H-B Natural Polyphenols for Prevention and 
Treatment of Cancer. Nutrients 2016, 8, 515.

19. Gao L; Wang Z; Lu D; Huang J; Liu J; Hong L Paeonol induces cytoprotective autophagy via 
blocking the Akt/mTOR pathway in ovarian cancer cells. Cell Death Dis 2019, 10, 609–621. 
[PubMed: 31406198] 

20. Lee D; Sung KK; Lee S; Ju CEUN; Kim HY Cytotoxic Effects of Strawberry, Korean Raspberry, 
and Mulberry Extracts on Human Ovarian Cancer A2780 Cells. Preventive Nutr. Food Sci 2016, 
21, 384–388.

21. Luo X; Li Z; Zhao J; Deng Y; Zhong Y; Zhang M Fyn gene silencing reduces oligodendrocytes 
apoptosis through inhibiting ERK1/2 phosphorylation in epilepsy. Artif. Cells Nanomed. 
Biotechnol 2020, 48, 298–304. [PubMed: 31852295] 

22. Chen X; Wang J; Qin Q; Jiang Y; Yang G; Rao K; Wang Q; Xiong W; Yuan J Mono-2-ethylhexyl 
phthalate induced loss of mitochondrial membrane potential and activation of Caspase3 in HepG2 
cells. Environ. Toxicol. Pharmacol 2012, 33, 421–430. [PubMed: 22387354] 

23. Wu C-Y; Tang Z-H; Jiang L; Li X-F; Jiang Z-S; Liu L-S PCSK9 siRNA inhibits HUVEC apoptosis 
induced by ox-LDL via Bcl/Bax-caspase9-caspase3 pathway. Mol. Cell. Biochem 2012, 359, 347–
358. [PubMed: 21847580] 

24. Poschner S; Maier-Salamon A; Thalhammer T; Jaeger W Resveratrol and other dietary 
polyphenols are inhibitors of estrogen metabolism in human breast cancer cells. J. Steroid 
Biochem. Mol. Biol 2019, 190, 11–18. [PubMed: 30851384] 

25. Fu Y; Ye X; Lee M; Rankin G; Chen YC Prodelphinidins isolated from Chinese bayberry leaves 
induces apoptosis via the p53-dependent signaling pathways in OVCAR-3 human ovarian cancer 
cells. Oncol. Lett 2017, 13, 3210–3218. [PubMed: 28529565] 

26. Pan H; Kim E; Rankin GO; Rojanasakul Y; Tu Y; Chen YC Theaflavin-3, 3′-digallate inhibits 
ovarian cancer stem cells via suppressing Wnt/beta-Catenin signaling pathway. J. Funct. Foods 
2018, 50, 1–7. [PubMed: 30984291] 

27. Huang H; Chen AY; Ye X; Guan R; Rankin GO; Chen YC Galangin, a Flavonoid from Lesser 
Galangal, Induced Apoptosis via p53-Dependent Pathway in Ovarian Cancer Cells. Molecules 
2020, 25, 1579.

28. Hefler LA; Mustea A; Konsgen D; Concin N; Tanner B; Strick R; Heinze G; Grimm C; Schuster E; 
Tempfer C Vascular endothelial growth factor gene polymorphisms are associated with prognosis 
in ovarian cancer. Clin. Cancer Res 2007, 13, 898–901. [PubMed: 17289883] 

29. Yamamizu K; Furuta S; Hamada Y; Yamashita A; Kuzumaki N; Narita M; Doi K; Katayama S; 
Nagase H; Yamashita JK kappa Opioids inhibit tumor angiogenesis by suppressing VEGF 
signaling. Sci. Rep 2013, 3, 3213–3220. [PubMed: 24225480] 

He et al. Page 10

Appl Sci (Basel). Author manuscript; available in PMC 2021 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Dzhalilova DS; Diatroptov ME; Tsvetkov IS; Makarova OV; Kuznetsov SL Expression of Hif-1 
alpha, Nf-kappa b, and Vegf Genes in the Liver and Blood Serum Levels of HIF-1 alpha, 
Erythropoietin, VEGF, TGF-beta, 8-Isoprostane, and Corticosterone in Wistar Rats with High and 
Low Resistance to Hypoxia. Bull. Exp. Biol. Med 2018, 165, 781–785. [PubMed: 30353332] 

31. Forsythe JA; Jiang B-H; Iyer NV; Agani F; Leung SW; Koos RD; Semenza GL Activation of 
Vascular Endothelial Growth Factor Gene Transcription by Hypoxia-Inducible Factor 1. Mol. Cell. 
Biol 1996, 16, 4604–4613. [PubMed: 8756616] 

32. Jin CE; Kim GJ; Lee TH; Jeonghyun L Genipin inhibits hypoxia-induced accumulation of HIF-1α 
and VEGF expression in human cervical carcinoma HeLa cells. Kosin Med. J 2019, 34, 106–116.

33. He Z; Chen AY; Rojanasakul Y; Rankin GO; Chen YC Gallic acid, a phenolic compound, exerts 
anti-angiogenic effects via the PTEN/AKT/HIF-1alpha/VEGF signaling pathway in ovarian cancer 
cells. Oncol. Rep 2016, 35, 291–297. [PubMed: 26530725] 

34. Rais J; Jafri A; Siddiqui S; Tripathi M; Arshad M Phytochemicals in the treatment of ovarian 
cancer. Front. Biosci 2017, 9, 67–75.

35. Kwon Y Food-derived polyphenols inhibit the growth of ovarian cancer cells irrespective of their 
ability to induce antioxidant responses. Heliyon 2018, 4, e00753. [PubMed: 30186979] 

36. He Z; Li B; Rankin GO; Rojanasakul Y; Chen YC Selecting bioactive phenolic compounds as 
potential agents to inhibit proliferation and VEGF expression in human ovarian cancer cells. 
Oncol. Lett 2015, 9, 1444–1450. [PubMed: 25663929] 

37. Varela-Rodriguez L; Sanchez-Ramirez B; Ivonne Hernandez-Ramirez V; Varela-Rodriguez H; 
Daniel Castellanos-Mijangos R; Gonzalez-Horta C; Chavez-Munguia B; Talamas-Rohana P Effect 
of Gallic acid and Myricetin on ovarian cancer models: A possible alternative antitumoral 
treatment. BMC Complement. Med. Ther 2020, 20, 660–685.

38. Liao C-C; Chen S-C; Huang H-P; Wang C-J Gallic acid inhibits bladder cancer cell proliferation 
and migration via regulating fatty acid synthase (FAS). J. Food Drug Anal 2018, 26, 620–627. 
[PubMed: 29567231] 

39. Zhang T; Ma L; Wu P; Li W; Li T; Gu R; Dan X; Li Z; Fan X; Xiao Z Gallic acid has anticancer 
activity and enhances the anticancer effects of cisplatin in nonsmall cell lung cancer A549 cells via 
the JAK/STAT3 signaling pathway. Oncol. Rep 2019, 41, 1779–1788. [PubMed: 30747218] 

40. Li MF; Guan H; Zhang DD Effect of overexpression of PTEN on apoptosis of liver cancer cells. 
Genet. Mol. Res 2016, 15, 1–9.

41. Cheng L; Zhang R; Yan Y; Zhang Z; Ye Y; Liu X miR-142 promotes human ovarian granulosa cell 
growth by targeting PTEN. Int. J. Clin. Exp. Med 2020, 13, 2044–2051.

42. Xue L; Huang J; Zhang T; Wang X; Fu J; Geng Z; Zhao Y; Chen H PTEN inhibition enhances 
angiogenesis in an in vitro model of ischemic injury by promoting Akt phosphorylation and 
subsequent hypoxia inducible factor-1alpha upregulation. Metab. Brain Dis 2018, 33, 1679–1688. 
[PubMed: 29936638] 

43. Patricia Martinez G; Rodney Mijares M; Chavez K; Isabel Suarez A; Santi Compagnone R; 
Chirinos P; Bautista De Sanctis J Caracasine acid, an ent-3,4-seco-kaurene, promotes apoptosis 
and cell differentiation through NFkB signal pathway inhibition in leukemia cells. Eur. J. 
Pharmacol 2019, 862, 172624. [PubMed: 31449809] 

44. Yang C; Feng X; Li Z; He Q Plumbagin inhibits tumor angiogenesis of gastric carcinoma in mice 
by modulating nuclear factor-kappa B pathway. Transl. Cancer Res 2020, 9, 556–564.

He et al. Page 11

Appl Sci (Basel). Author manuscript; available in PMC 2021 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Effect of Chinese hickory seed skin Carya cathayensis (CHSP) on cell viability of ovarian 

cancer cells (OVCAR-3, A2780/CP70) and normal ovarian cells (IOSE 364). * p < 0.05 as 

compared to control. ** p < 0.01 as compared to control.
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Figure 2. 
CHSP induced apoptosis in ovarian cancer cells (OVCAR-3) and normal ovarian cells (IOSE 

364). (a) CHSP induced apoptosis was analyzed by flow cytometry. Cells treated with CHSP 

for 24 h were collected, stained with PI and Annexin V, and analyzed by flow cytometry. (b) 

Calculation of the apoptotic rate of the data in A. (c) Induction of caspase by CHSP. 

OVCAR-3 cells were treated with CHSP for 4 h, and caspase-3/7 enzymatic activity was 

determined using a Caspase-Glo 3/7 assay kit. * p < 0.05 as compared to control. ** p < 

0.01 as compared to control.
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Figure 3. 
CHSP activated the p53-dependent intrinsic pathway. (a) CHSP increased the levels of 

Puma, Bax, Bad, cleaved PARP, and p53 in OVCAR-3 cells. (b) p53. (c) Puma. (d) Bax. (e) 

Bad. (f) cleaved PARP. * p < 0.05 as compared to control. ** p < 0.01 as compared to 

control.
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Figure 4. 
CHSP inhibited cell proliferation via the HIF-1α/VEGF pathway in OVACAR-3 cells. (a) 

Cells were treated with CHSP for 24 h. Culture supernatants were collected for the VEGF 

assay by ELISA with a Quantikine Human VEGF Immunoassay kit. (b) CHSP decreased 

the levels of HIF-1α and HIF-1α bands were quantitated with NIH Image J software for 

analysis. (c) Cells were transfected with VEGF luciferase reporter and HIF-1α plasmids. 

After transfection, all the cells were treated with or without CHSP (10 μg/mL) for 16 h and 

the luciferase activity was determined. * p < 0.05 as compared to control. ** p < 0.01 as 

compared to control.
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Figure 5. 
CHSP up-regulated the expression of PTEN and down-regulated NF-kappa B protein in 

OVACAR-3 cells. (a) CHSP increased the levels of PTEN and decreased the levels of NF-

kappa B in OVCAR-3 cells. (b) PTEN. (c) NF-kappa B. * p < 0.05 as compared to control. 

** p < 0.01 as compared to control.
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