

  applsci-11-03696




applsci-11-03696







Appl. Sci. 2021, 11(8), 3696; doi:10.3390/app11083696




Article



Effect of Allium senescens Extract on Sorafenib Resistance in Hepatocarcinoma Cells



Sohyeon Park 1,†, Yoonjin Park 1,2,†, Heejong Shin 1,†, Boyong Kim 1,2,3,*[image: Orcid] and Seunggwan Lee 1,*





1



Department of Clinical Laboratory Sciences, College of Health Science, Korea University, Seoul 02841, Korea






2



Life Together, 13 Gongdan-ro, Chuncheon-si 24232, Korea






3



Mitosbio, 13, Gongdan-ro, Chuncheon-si 24232, Korea









*



Correspondence: erythro74@korea.ac.kr (B.K.); Seunggwan@korea.ac.kr (S.L.); Tel.: +82-10-9105-1435 (B.K.); +82-10-9913-0147 (S.L.)






†



These authors contributed equally to this work.









Academic Editors: António José Madeira Nogueira and Andrea Luísa Fernandes Afonso



Received: 17 March 2021 / Accepted: 16 April 2021 / Published: 20 April 2021



Abstract

:

Although Allium species are involved in bioactivity, to the best of our knowledge, there is no research on the effects of Allium senescens on drug resistance in hepatocarcinoma. Ultra-high performance liquid chromatography was used to determine the concentration of several bioactive compounds in A. senescens extract; flow cytometry, reverse transcription–quantitative polymerase chain reaction, and siRNA-mediated knockdown to estimate the levels of different markers in HepG2 cells. The quantity of p-coumaric acid in the extract was 4.7291 ± 0.06 μg/mL, and the protein of relevant evolutionary and lymphoid interest (PRELI) in the resistant cells decreased 2.1 times in the presence of p-coumaric acid. The resistant cells strongly downregulated the efflux transporters (ABCB1, ABCC2, and ABCG2) when exposed to the extract or p-coumaric acid and when PRELI was knocked down, in contrast to the influx proteins (OCT-1). Additionally, the extract induced mitochondrial apoptosis and suppressed autophagy. Consequently, the extract and p-coumaric acid attenuated drug resistance of HepG2 cells through the downregulation of PRELI, a key protein associated with the modulation of drug transporter expression, the activation of autophagy, and mitochondrial apoptosis. Our results indicate that A. senescens extract is beneficial in protecting cancer cells against drug resistance and sustaining the efficacy of sorafenib against liver cancer.
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1. Introduction


Hepatocellular carcinoma (HCC) is a common liver cancer with approximately 75% of the cases occurring in Asia and Africa [1]. Although various therapies, including liver transplantation, surgical resection, radioembolization, radiofrequency ablation, and trans-arterial chemoembolization [2] have been developed to manage HCC, drug resistance occurs frequently with continuous chemotherapy [3,4] and combinatorial therapy [3,4].



Sorafenib, a multi-target kinase inhibitor, suppresses the proliferation and viability of cancer cells as well as inhibits angiogenesis in breast, skin, pancreatic, colon, and liver cancers [5,6]. It activates the production of reactive oxygen species (ROS), eventually leading to the activation of ROS-mediated apoptotic pathways in HCC cells [7]. Sorafenib exhibits its action by targeting several signaling pathways/molecules: mitogen-activated protein kinase (MAPK) signaling pathway, vascular endothelial growth factor receptors (VEGFRs), platelet-derived growth factor receptor (PDGFR), and autophagy activation through iron regulatory protein (IRE), mammalian target of rapamycin (mTOR), and Beclin [6]. Although sorafenib is an effective HCC treatment option, the survival time of HCC patients can be shortened because of possible drug resistance [5]. In such a case, resistant cells prevent cellular apoptosis through the activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway, autophagy, and epithelial–mesenchymal transition [8]. Moreover, resistant cells alter the tumor microenvironment by increasing the expression of hypoxia-inducible factor-1α (HIF-1α), also known as VEGF inducer, and multidrug resistance 1 (MDR1) gene activator [9].



The protein of relevant evolutionary and lymphoid interest (PRELI) plays an important role in cellular protection under several stress conditions, including chemotherapy, desiccation, and osmotic imbalance [10]. Additionally, PRELI contains tandem repeats of the late embryogenesis abundant (LEA) protein [10]. We previously reported that [11] group 3 LEA (G3LEA) induces drug resistance by modulating ATP-binding cassette (ABC) transporters and decreasing of ROS production in Enterococcus faecium.



Allium senescens, commonly known as German garlic from the lily family, is a perennial herb rich in flavonoids [12]. Reportedly, A. senescens extract attenuates carcinogenesis [13], modulates enzyme activities [14], and possesses antioxidant [15], antithrombotic [13], and antimutagenic [16] properties. Although many studies have been documented, to the best of our knowledge, there is none available on the effects of the A. senescens extract on drug resistance.



The present study documents the bioactive substances involved in modulating PRELI expression and the attenuation of drug resistance in HCC cells. Our findings suggest that A. senescens extract and p-coumaric acid can potentially act as functional biomaterials to suppress drug resistance in HCC cells when treated with sorafenib. Although we propose a further in vivo experiment and research on PRELI signaling, the current findings suggest that PRELI is a key protein to attenuate drug resistance and that the extract is an optimal substance for application as a biofunctional material for pharmaceuticals and as a functional food.




2. Materials and Methods


2.1. Cell Culture and Establishment of Treating Dosage


Human HCC cells (HepG2) (KCLB No. 88065, Seoul, Korea) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) high glucose (Invitrogen, Carlsbad, MA, USA) with 10% fetus bovine serum (FBS) (Sigma, Darmstadt, Germany) at 37 °C and 5% CO2. After exposure to A. senescens extract, p-coumaric acid (Sigma), and sorafenib (Sigma) for 3 days, HepG2 cells were stained using the Annexin V-PI apoptosis detection kit (Invitrogen), and cellular viability was evaluated using a flow cytometer (BD FACScalibur, BD Biosciences, CA, USA) and FlowJo 10.6.1 (BD Biosciences) to establish a cytotoxic concentration (CC50) (Figure S2). In all experiments, the exposure time of all substances was 3 days. In all the samples, the concentrations of A. senescens extract, p-coumaric acid, and sorafenib used were 1 μg/L, 0.002 μmol/L, and 0.015 μmol/L, respectively.




2.2. Modeling of a Drug-Resistant Cell


HepG2 cells were cultured in DMEM with sorafenib at serial concentrations (0.005, 0.007, 0.010, and 0.015 μmol/L) for 70 days to model drug-resistant cells. After the exposure, the cellular viability was evaluated using Annexin V-PI (Invitrogen), a flow cytometer (BD FACScalibur, BD Biosciences), and FlowJo 10.6.1 (BD Biosciences).




2.3. Reverse Transcription–Quantitative Polymerase Chain Reaction (RT–qPCR)


Total RNA was isolated from the treated cells using RiboEx reagent (GeneAll, Seoul, Korea), and cDNA was synthesized from the isolated RNA using Maxime RT PreMix (iNtRON, Seongnam, Korea). qPCR was performed with primers (Table S1) at the following cycling parameters: 1 min at 95 °C, followed by 35 cycles of 35 s at 59 °C, and 1 min at 72 °C. The amplified DNA was estimated quantitatively using iBright FL1000 and iBright Analysis Software 4.0.0 (Invitrogen) (Figure S1).




2.4. Ultra-High Performance Liquid Chromatography (UHPLC)


The A. senescens extract was obtained from Life Together (Chuncheon, Korea) and Mitosbio (Chuncheon, Korea); compounds including p-coumaric acid (CAS Number: 501-98-4, Sigma, St. Louis, MO, USA), ferulic acid (CAS Number: 1135-24-6, Sigma, St. Louis, MO, USA), luteolin (CAS Number: 491-70-3, Sigma, St. Louis, MO, USA), naringenin (CAS Number: 67604-48-2, Sigma, St. Louis, MO, USA), and apigenin (CAS Number: 520-36-5, Sigma, St. Louis, MO, USA) in the extract were evaluated using UHPLC (Dionex Ultimate 3000 system, Thermo Fisher Scientific, Waltham, MA, USA) [17]. After air-drying and grinding (35 mesh), the leaves of A. senescens (Ulleung, Korea) were extracted twice with hydration for 90 min. The filtered extract was concentrated (R-3000, BuCHI Labortechnik AG, Germany) at 60 °C and lyophilized using a freeze dryer (FD8505, Ilshin Lab Co., Seoul, Korea).



To prepare the standards, p-coumaric acid was serially diluted (0.0625–1 mmol) with 100% dimethyl sulfoxide (DMSO). The extract (20 μL) and standards (20 μL) were injected into the column (YMC-triart C18, 250 × 4.6 mm I.D. S-5 μm, 12 nm, p/n TA12S05-2546WT). The flow conditions were as follows: Solvent A, 1% acetic acid; Solvent B, acetonitrile; flow rate, 0.7 mL/min; and gradient elution. The chromatograms were evaluated using a UV detector (Thermo Fisher Scientific) at three different wavelengths (272, 280, and 310 nm) with optimal absorbances for the standards.




2.5. Flow Cytometry


To estimate the levels of the markers, including PRELI, ATP-binding cassette C2 (ABCC2), organic cation transporter 1 (OCT-1), and organic anion transporting polypeptide 1B1 (OaTP1B1), the treated cells were fixed with 2% paraformaldehyde for 2 days and then treated with 0.02% Tween 20 for 10 min [18]. After blocking with an Fc blocking solution (BD Biosciences), the fixed cells were stained using FITC anti-PRELI (GeneTex, CA, USA), PE-anti-OCT-1 (Novusbio, CO, USA), APC-anti-OaTP1B1 (Thermo Fisher, MA, USA), and PerCP-anti-ABCC2 (Cell Signaling, MA, USA) for 3 days at 25 °C. Fluorescence labeling was performed using the Lightning-Link Rapid Antibody Labeling Kit (Fluor 488, 555, 647, 680) (Novusbio). Briefly, cells (5 × 107 cells/mL) were stained with fluorochromes and 104 cells in the samples were evaluated for their fluorescence intensity using a flow cytometer (FACScalibur, BD bioscience) and FlowJo 10.6.1 (BD bioscience). False fluorescent signals were eliminated using a negative control.




2.6. PRELI Knockdown


Briefly, the cultured HepG2 cells were exposed to Lipofectamine 2000 reagent (Invitrogen) with PRELI siRNA or control siRNA oligonucleotide (negative and positive) (Bioneer, Daejeon, Korea) for 24 h, and subsequently to sorafenib for 24 h. Data were compensated with the negative and positive controls. For PRELI overexpression, the cultured HepG2 cells were exposed to PRELI Lentiviral Activation Particles (h): sc-411975-LAC (Santa Cruz Biotechnology, TX, USA) with retronectin (Takara, Shiga, Japan).




2.7. Statistical Analysis


All experiments were performed in triplicates (n = 3), and the data were analyzed using one-way analysis of variance (ANOVA) with the post hoc test (Scheffe’s method) and an independent t-test using SPSS v. 26 (IBM, NY, USA) and Prism 7 (GraphPad, CA, USA) (p < 0.05 is significant).





3. Results


3.1. PRELI Expression in Resistant and Susceptible Cells


This study documented the biological functions of A. senescens extract and p-coumaric acid with respect to drug resistance in HCC cells. Based on the results of the modeling of drug-resistant cells, the resistant cells enhanced their viability against sorafenib with a proportional increase in PRELI level (Figure 1). At 15 µmol/mL, viability of the resistant cells increased by 42% compared to that of the susceptible cells. Additionally, compared with the viability of susceptible cells, the resistant cells were 2.15 times higher in number at 25 µmol/mL (Figure 1a,b).




3.2. Concentration of p-Coumaric Acid in the Extract


UHPLC showed that the extract contained p-coumaric acid at 4.7291 μg/mL, without the detection of other compounds such as ferulic acid, luteolin, naringenin, and apigenin (Figure 2).




3.3. Effects of p-Coumaric Acid on Drug Resistance


When exposed to p-coumaric acid, although the levels of PRELI were upregulated in the susceptible cells, the levels were downregulated in the resistant cells, similarly to the control (Figure 3a).



Although p-coumaric acid was not effective in considering changes in the PRELI levels in the susceptible cells, the PRELI level was downregulated approximately 2.1 times compared to that in the resistant cells without p-coumaric acid (Figure 3a). Similarity to p-coumaric acid, the extract downregulated PRELI level in the resistant cells, but it was more effective than p-coumaric acid (Figure 3b). p-coumaric acid attenuated the RNA levels of the efflux transporters ABCB1, ABCC2, and ABCG2 (Figure 3c). Contrary to the efflux transporters, the levels of the influx transporters OCT-1 and OaTP1β1 were upregulated in the resistant cells treated with p-coumaric acid (Figure 3d). Notably, the levels of ABCB1 and ABCG2 were 3.3–3.5 times downregulated compared to those in the resistant cells without p-coumaric acid (Figure 3c). The levels of OaTP1β1 were 2.6 times higher than those of the resistant cells when the cells were not exposed to p-coumaric acid (Figure 3d).




3.4. Roles of PRELI and the Extract in Drug Resistance


Although the levels of all transporters were not significant in susceptible cells, the transporters without OaTP1β1 were significant in resistant cells under the extract (Figure 4). Following PRELI knockdown (Figure 4a,b), the RNA levels of the efflux transporters were downregulated. Compared with other efflux transporters, alterations in ABCG2 levels were more sensitive to PRELI levels (Figure 4b). Synergistically with PRELI knockdown, the extract induced the downregulation of the RNA levels for efflux transporters in the resistant cells (Figure 4). Corresponding to the RNA levels, PRELI-knocked down resistant cells that showed an attenuated expression of the efflux transporters, and this attenuation was enhanced in the presence of the extract (Figure 5a–d and Table S2). When comparing the expression levels of OCT-1 in the susceptible cells, the resistant cells decreased the levels of the influx transporters by 2.3 times (Figure 5e and Table S2). Although the levels of OCT-1 following PRELI knockdown were not significant, a combination of extract-exposure and knockdown induced an increase in the levels (Figure 5e). Contrary to OCT-1, the levels of OaTP1β1 were not significant in susceptible and resistant cells (S3).




3.5. Role of the Extract in Apoptosis


When evaluating the RNA levels of apoptotic markers (Figure 6), unlike sorafenib, the extract dramatically altered the levels of the markers in the resistant cells. Interestingly, although the extract was not effective against susceptible cells, the resistant cells showed attenuated drug resistance through the modulation of autophagy and mitochondrial apoptosis markers when exposed to the extract (Figure 6). Among the autophagy markers mTOR2, sphingosine-1-phosphate (S1P), and x-box-binding protein (XBP1), the level of mTOR2 was dramatically decreased, that is, approximately 9.5 times lower than that of the resistant cells exposed to the extract (Figure 6a–c). Furthermore, contrary to bcl-2-associated X protein (BAX) and cytochrome p450 C (CytoC), the extract suppressed B-cell lymphoma 2 (BCL2) levels in resistant cells (Figure 6d–f).




3.6. Localization of PRELI in HCC cells


As indicated by Figure 7, although PRELI was stained densely near the cytoplasmic membrane in resistant cells, it was found frequently in the cytoplasm of susceptible cells. Compared with susceptible cells, the number of granules in resistant cells was 10.2 times higher. Furthermore, the counts of the stained cells at the cytoplasmic membrane were 2.1 times higher than those in the susceptible cells. The resistant cells showed results similar to those of the susceptible cells when exposed to the extract.





4. Discussion


HCC, a primary liver cancer, is the second most fatal cancer type worldwide. Obesity is a major causative reason underlying HCC, wherein the modulation of obesity is important to reduce its incidence rate [19]. Notably, drug resistance occurs frequently and adversely affects the efficient HCC treatment. The attenuation of drug resistance is crucial for the effective treatment of HCC and finding a natural bioactive substance that can reduce drug resistance is indeed essential.



Drug-resistant cells express high levels of PRELI, in addition to high cellular viability. In this study (Figure 1), we demonstrated the modeling of resistant cells. Allium species are effective in the treatment of various diseases through their bioactive compounds, including sulfur compounds and polyphenols [20,21]. Notably, A. senescens is involved in suppressing cancer growth and development, it has anti-inflammatory and antioxidative activities, and contains bioactive compounds, such as allicin, alliin, antifungal activators [20,22], and polyphenols (hydroxycinnamic acids such as ferulic acid, p-coumaric acid, and phytosterols) [20]. High-end chromatography revealed that the A. senescens extract contained p-coumaric acid, with the exception of ferulic acid, luteolin, apigenin, and naringenin. As mentioned earlier, sorafenib enhances an increase in cellular ROS levels, and under the influence of sorafenib, polyphenols reinforce resistance to ROS to survive this stress. Unlike the resistant cells with upregulated PRELI levels, cells exposed to p-coumaric acid or the extract showed downregulated levels of PRELI. Notably, the extract strongly downregulated the expression of PRELI (Figure 3) in resistant cells. p-coumaric acid exhibits antioxidant, anti-proliferative, antibacterial, antiangiogenic, antimelanogenic, antimutagenic, and antigenotoxic properties as well as mediates lipoprotein peroxidation [23]. Additionally, although p-coumaric acid has been shown to be cytotoxic to drug-resistant leukemia cell lines [24], the cytotoxic mechanism was not demonstrated in drug-resistant cells. These results indicated that p-coumaric acid attenuates drug resistance through the downregulation of PRELI in resistant cells, wherein bioactive compounds associated with MDR reversing activators, including alkaloids, curcumin, dihydroptychantol A, guggulsterone, phenolic diterpenes, tetrandrine, and vincristine also induce such effects [25].



Contrary to the levels of the influx transporters, the expression of the efflux transporters was downregulated in the extract-exposed-resistant cells (Figure 4 and Figure 5). In addition, at low levels of PRELI, the resistant cells showed upregulated levels of the influx transporters (Figure 4 and Figure 5). Sorafenib is an important anticancer drug that affects HCC cells through OCT-1, and drug-resistant cells break down it to sorafenib glucuronide via cytochrome P450 [26]. The modified sorafenib, sorafenib glucuronide, is excreted by ABC transporters [27]. Resistant cells alter their genetic expression, including increases in ABCB1, ABCC2, and ABCG2, in contrast to OCT-1. In our previous report [11], we found that G3LEA containing the PRELI motif was associated with resistance against vancomycin in bacteria, and that the suppression of PRELI is an effective modulation of efflux and influx transporters in HCC cells. Attenuation of PRELI caused by the A. senescens extract and p-coumaric acid indicates that the two substances are effective in treating HCC without drug resistance. Furthermore, A. senescens was synergized with PRELI knockdown to regulate transporters in HCC cells. In particular, synergistic effects of the extract-exposed and PRELI-knocked down resistant cells are similar to those of the susceptible cells.



In addition to ordinary pathways, sorafenib enhances the apoptosis of HCC cells by altering various pathways, including the 5’ AMP-activated protein kinase (AMPK) pathway, microRNA regulation, sphingolipid metabolism, ER stress, and autophagy [28]. Although autophagic markers were downregulated in the resistant cells after treatment with the extract, mitochondrial apoptosis markers were upregulated in them (Figure 6). Interestingly, PRELI was localized near the cytoplasmic membrane in resistant cells, unlike in susceptible cells (Figure 7). Based on our previous study [11] and the current one, PRELI is involved in the drug resistance of prokaryotic cells, in addition to cellular proliferation, detoxification, and apoptosis. Moreover, many efflux and influx transporters are localized in the cytoplasmic membranes [27]. These results suggest that the extract-attenuated activity of HCC cells occurs through the downregulation of PRELI, which is a crucial protein for the survival of HCC cells under chemical stress.



This study suggests that the A. senescens extract can be applied in further in vivo experiments to elucidate attenuation of drug resistance in HCC. Additionally, the results for PRELI provide directions for further research associated with the signaling pathways and effects of PRELI under stress conditions in HCC cells.




5. Conclusions


This study documents the functions of A. senescens extract with respect to drug-resistant HCC cells. First, the extract enhanced the downregulation of PRELI levels, which acts as a key protein in drug resistance. Second, p-coumaric acid, a compound in the extract, also attenuated the PRELI expression in the resistant cells. Third, the downregulation of PRELI by the extract improved drug resistance in resistant cells by inhibiting autophagy and activating mitochondrial apoptosis. Consequently, A. senescens extract is effective against drug resistance, maintaining the efficacy of sorafenib against HCC. Additionally, microRNA profiling in the induced exosomes of cells exposed to the extract or with knocked down PRELI will provide crucial insights into the development of drugs or biomaterials as functional foods for the prevention and treatment of HCC.
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Figure 1. Modeling of sorafenib resistance and levels of PRELI in hepatocarcinoma cells: (a) modeling of resistant cells; comparison of cellular viability between susceptible and resistant cells exposed to sorafenib; (b) levels of PRELI in the susceptible and resistant cells (* p < 0.05, ** p < 0.01, *** p < 0.001) (error bars = standard deviation). 
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Figure 2. Quantity of p-coumaric acid in Allium senescens extract: (a) detection of bioactive compounds in A. senescens extract; (b,c) standard curves of p-coumaric acid; and (d) the measurement of p-coumaric acid in the A. senescens extract using ultra-high performance liquid chromatography (UHPLC) (p < 0.05). 
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Figure 3. mRNA Levels of PRELI and ABC transporters in drug resistant hepatocarcinoma cells treated with p-coumaric acid and Allium senescens extract: (a) levels of PRELI in susceptible and resistant cells treated with p-coumaric acid (CA); (b) levels of PRELI in susceptible and resistant cells treated with A. senescens extract (A.S.); (c) levels of efflux transporters in the resistant cells treated with p-coumaric acid; and (d) levels of influx transporters in the resistant cells treated with A. senescens extract. S, susceptible cells; R, resistant cells; ns, not significant (* p < 0.05, ** p < 0.01) (error bars = standard deviation). 
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Figure 4. RNA levels of drug transporters in hepatocarcinoma cells following PRELI knockdown: (a) the levels of drug transporters after PRELI knockdown; (b) expressive modulation of drug transporters by the Allium senescens extract (A.S.) in the PRELI-knocked down cells. S, susceptible cells; R, resistant cells; ns, not significant, exposure time for all substances was 3 days (* p < 0.05, ** p < 0.01) (error bars = standard deviation). 
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Figure 5. Protein levels of drug transporters in hepatocarcinoma cells following PRELI knockdown; (a) estimating PRELI levels to confirm PRELI knockdown; (b–d) expression of the efflux transporter ABCB1, AGCC2 and ABCC2 in PRELI-knocked down cells; (e) expression of the influx transporter OCT-1 in PRELI-knocked down cells. A.S., Allium senescens extract; S, susceptible cells; R, resistant cells; knock, PRELI knock down; ns, not significant (* p < 0.05, ** p < 0.01) (error bars = standard deviation). 
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Figure 6. RNA levels of apoptotic markers in hepatocarcinoma cells treated with Allium senescens extract. The markers in panels (a–c) are involved in autophagy, while those in panels (d–f) are apoptotic signals in the mitochondria. A.S., Allium senescens extract; ns, not significant (* p < 0.05, ** p < 0.01, *** p < 0.001) (error bars = standard deviation). 
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Figure 7. Localization of PRELI in hepatocarcinoma cells. All panels show the patterns of PRELI expression in various cell types: (a) images for the localization of PRELI in hepatocarcinoma cells; (b) histograms for counting of PRELI granules; the granules indicate accumulated PRELI. nc, negative control (cells without sorafenib); A.S, Allium senescens extract; SC, susceptible cells; RC, resistant cells; CM, cytoplasmic membrane; ns, not significant, scale bars = 30μm, (* p < 0.05, ** p < 0.01) (error bars = standard deviation). 
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