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Abstract

:

Use of natural products is one strategy to lessen cancer incidence. Rice bran, especially from colored rice, contains high antioxidant activity. Cancer chemopreventive effects of hydrophilic purple rice bran extract (PRBE) and white rice bran extract (WRBE) on carcinogen-induced preneoplastic lesion formation in livers of rats were investigated. A 15-week administration of PRBE and WRBE did not induce hepatic glutathione S-transferase placental form (GST-P) positive foci formation as the biomarker of rat hepatocarcinogenesis. PRBE and WRBE at 500 mg/kg body weight significantly decreased number and size of GST-P positive foci in diethylnitrosamine (DEN)-initiated rats. The number of proliferating nuclear antigen positive hepatocytes were also reduced in preneoplastic lesions in both PRBE and WRBE fed DEN-treated rats. Notably, the inhibitory effect on GST-P positive foci formation induced by DEN during the initiation stage was found only in rats treated by PRBE for five weeks. Furthermore, PRBE attenuated the expression of proinflammatory cytokines involving genes including TNF-α, iNOS, and NF-κB. PBRE contained a higher number of anthocyanins and other phenolic compounds and vitamin E. PRBE might protect DEN-induced hepatocarcinogenesis in rats via attenuation of cellular inflammation and cell proliferation. Anthocyanins and other phenolic compounds, as well as vitamin E, might play a role in cancer chemopreventive activity in rice bran extract.
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1. Introduction


Hepatocellular carcinoma (HCC) is the most common type of liver cancer and presents a significant problem, particularly in developing countries [1]. Viral hepatitis B and C infection and carcinogen exposure through alcohol and aflatoxins are major risk factors of HCC development [2]. Cancer can be prevented either by avoiding carcinogen exposure or routine consumption of natural anticarcinogens. Phytonutrients and phytochemicals in fruits, vegetables, cereals, and edible mushrooms have known capabilities to prevent various chronic diseases such as cancer. Natural products and synthetic agents based on phytochemicals are considered a complementary strategy to improve organism resistance to cancer formation [3]. For example, anthocyanins derived from colored vegetables and fruits could improve intracellular antioxidant systems and detoxifying enzyme activities, resulting in reduction of initiated cell formation [4]. Some phenolic acids detected in numerous grains could inhibit cancer cell metastasis by suppressing enzyme matrix metalloproteinase-2 (MMP-2) via Ras/Akt/NF-κB signaling pathway [5]. Flavonoids such as quercetin and kaempferol have been shown to modulate metabolic activation of carcinogen via inhibition of CYP1A1 and AhR functions [6]. Thus, interest in these candidate compounds that can either prevent or inhibit carcinogenesis has increased.



Rice bran is a by-product from the rice milling process and contains several phytonutrients and phytochemicals including vitamins, γ-oryzanol, and phenolic compounds [7]. Many researchers have found that phytochemicals in rice bran presented numerous beneficial effects such as antioxidant activity [8] and anticancer activities in liver, colon, and breast [7]. Defatted rice bran residues retain some precious polar phytochemicals. Anthocyanins, which occur particularly in colored rice, exhibit numerous chemopreventive effects including suppression of enzyme α-glucosidase activity [9], antimutagenicity [10], and anti-inflammatory activities [11]. Our previous studies demonstrated that methanol extract of purple rice seed presented antimutagenicity against AFB1-and MeIQ-induced mutagenesis in Salmonella mutation assay [12]. Suwannakul et al. [13] found that methanol extract of purple rice bran reduced micronucleated hepatocytes in aflatoxin B1-initiated rats via modulation of carcinogenic metabolizing enzymes. In addition, polar extracts of white rice bran inhibited growth of breast and colon cancer cells [14]. However, there is no evidence concerning a comparative study between purple and white rice brans. Thus, this research aimed to compare chemopreventive effects between defatted brans of purple and white rice against carcinogen-initiated hepatocarcinogenesis in rats and their possible inhibitory mechanism.




2. Results


2.1. Phytochemical Constituents in Defatted Rice Bran Extracts


One kilogram of defatted purple and white rice bran provided 38 ± 11 g of purple rice bran methanol extract (PRBE) and 52 ± 33 g of white rice bran methanol extract (WRBE), respectively. The PRBE contained a greater number of phenolic compounds, including flavonoids, anthocyanins, and tocols, than the WRBE. Major anthocyanins in PRBE were cyanidin 3-glucoside and peonidin 3-glucoside. Protocatechuic acid and vanillic acid were predominantly found in PRBE, while p-coumaric and 4-hydroxybenzoic acid were contained in WRBE. The major tocol isoform was γ-tocotrienol. Interestingly, a higher amount of γ-oryzanol was found in WRBE than PRBE (Table 1).




2.2. Effect of 15-Week Administration of Rice Bran Extracts on Promotion Stage of Hepatocarcinogenesis


Final body weight of rats treated with diethylnitrosamine (DEN) significantly decreased when compared with the control group. Final body weight also decreased in 500 mg/kg bw PRBE-fed rats; however, food and water intake and relative organ weights did not change in each group (data not shown). Glutathione S-transferase placental form (GST-P) positive foci in the livers of both PRBE- and WRBE-treated rats were not detected and extracts did not show carcinogenicity. DEN induced GST-P positive foci formation, while administration of 500 mg/kg bw of PRBE and WRBE suppressed both number and size of hepatic GST-P positive foci in DEN-initiated rats (Figure 1A).



Proliferating cell nuclear antigen (PCNA) protein, a cell proliferation biomarker, was markedly detected in the liver of DEN-treated rats. Interestingly, high dose of 500 mg/kg bw of PRBE administration decreased the number of PCNA labeled cells in GST-P positive foci and also in the surrounding areas of the liver of DEN-treated rats. However, WRBE reduced only PCNA positive cells in normal area when compared with positive control. Both extracts did not affect cell proliferation in normal rat livers (Figure 2).




2.3. Effect of Five-Week Administration of Rice Bran Extracts on Initiation Stage of Hepatocarcinogenesis


Due to the result of the 15-week administration, 500 mg/kg bw concentration of the extracts was chosen for further study on the initiation stage protocol. Although DEN injection decreased the body weight of rats, administration of extracts did not alter final body weight. Food intake, water intake, and relative organ weights did not change (data not shown). PRBE and WRBE treatments did not induce GST-P formation in rats nor indicate hepatocarcinogenicity in rat liver. Interestingly, only treatment of PRBE decreased the number but not the area of hepatic GST-P positive foci in DEN-initiated rats (Figure 1B).



To investigate the inhibitory mechanism of PRBE on the initiation stage, xenobiotic metabolizing enzymes and inflammation were evaluated. Results showed that activities of cytochrome P450 1A1, 1A2, and 3A2 were not modulated when treated with PRBE (Appendix A; Figure A1). Moreover, activity of glutathione S-transferase, one of the detoxifying enzymes, did not change in PRBE treated rats (Appendix A; Figure A2). Gene expression of proinflammatory cytokines and their related genes including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, NF-κB, and nitric oxide synthase (iNOS) were also investigated. The expression of these genes was induced in DEN-treated rat groups; however, gene expressions were not altered in the PRBE-treated group. Notably, PRBE attenuated the expression of TNF-α, NF-κB, and iNOS when compared with the DEN-treated group (Table 2).





3. Discussion


Certain phytonutrients and phytochemicals found in plants have been accepted as cancer chemopreventive agents in daily life. They are able to either block or retard entire steps of carcinogenesis. Our findings showed that defatted rice bran extracts reduced preneoplastic GST-P positive focal development in the liver of DEN-initiated rats. A 15-week administration of both purple and white rice bran extracts at high dose during DEN exposure decreased number and size of hepatic GST-P positive foci in rats. However, anticarcinogenicity of white rice bran extract was not observed during the first five weeks of the experiment. Thus, purple rice bran displayed greater cancer chemopreventive potential than white rice bran, possibly caused by lower polyphenol and vitamin E contents in white rice bran. Although γ-oryzanol level was higher in white rice bran than purple rice bran, the amount of γ-oryzanol presented here did not act on the initiation stage of DEN-induced hepatocarcinogenesis in rats.



Diethylnitrosamine (DEN) is a classical hepatocarcinogen commonly used in rodent models, providing related histopathogenic consequences to human liver cancer. The ultimate form of DEN produced from metabolic activation can cause DNA alkylation and oxidative damage, which disrupt cell proliferation and apoptosis in hepatocytes leading to precancerous and cancerous formation [15]. GST-P positive foci in the liver have been accepted as preneoplastic lesions in rat liver [16]. We found that sticky rice bran extracts reduced GST-P positive foci formation in the liver of DEN-initiated rats. It is well known that one cancer preventive mechanism involves the alteration of cancer cell numbers by either reducing cell proliferation or inducing apoptosis [3]. Purple rice bran extract reduced numbers of PCNA, a marker of cell proliferation, in both preneoplastic lesions and the surrounding areas during the promotion stage of DEN induced hepatocarcinogenesis. Our results affirmed that purple rice bran extract presented stronger cancer chemopreventive effects than white rice bran extract.



Chronic inflammation involving NF-κB, MAPK, and STAT pathways is considered as a critical factor contributing to cellular transformation and tumor development [17]. We also found that repeated DEN exposure increased NF-κB expression, leading to activation of various pro-inflammatory cytokines, which concurred with other groups [18]. TNF-α plays an important role in hepatocarcinogenesis by modulation of downstream signaling such as NF-κB, p38 MAPK, and Jun-(N)-terminal kinase (JNK) pathways [19]. Limtrakul and group [20] found that extracts of Thai black rice exhibited suppression of inflammatory responses by down-regulation of NF-κB and AP-1 signaling pathways in macrophages. Furthermore, iNOS also plays a crucial role in hepatocellular carcinoma development via interaction with NF-κB and Ha-RAS/extracellular signal-regulated kinase (ERK) [21]. Our study determined that PRBE attenuated the expression of NF-κB, TNF-α, and iNOS in the liver of DEN-induced rats. Consequently, we suggest that protective effects of PRBE in DEN-induced preneoplastic lesion formation in the liver occurred through the attenuation of pro-inflammatory cytokines involved in the NF-κB pathway.



PRBE, which exhibited stronger cancer chemopreventive potential than WRBE, contained higher content of vitamin E and phenolic compounds especially anthocyanins. Several studies have demonstrated that anthocyanin-rich extracts from colored fruits and vegetables presented chemopreventive effects against various chemically induced stages of hepatocarcinogenesis in rats. Their inhibitory mechanisms could be involved with the modulation of antioxidant systems and the induction of apoptotic pathways, as well as suppression of the inflammatory response through modulation of the NF-κB signaling pathway [22,23,24,25]. Anthocyanins might act as cancer chemopreventive agents in defatted purple rice bran. Recently, the validation of individual anthocyanins on cancer chemopreventive activity in animal models has been limited, which might be due to the high cost and complicated synthesis. Thus, the use of purple rice to deliver anthocyanins might be more pragmatic. Anthocyanins are rarely absorbed in the small intestine, but can be degraded to their aglycones and subsequently converted to protocatechuic acid by colonic microflora, which can then be absorbed into the blood circulation [26,27,28] Protocatechuic acid and other phenolic acid metabolites are also contained in PRBE, which showed anticarcinogenicity in line with previous studies [29,30,31]. Several reports have reviewed the beneficial effects of various vitamin E isoforms on the chemopreventive properties in different types of cancer [32]. Our study found that PRBE contained higher levels of vitamin E, especially tocotrienols, than WRBE. Tocotrienols have been shown to suppress cancer cell proliferation, the induction of cancer cell apoptosis and the modulation of proinflammatory cytokine expression [33,34]. These phytochemicals might be a candidate for anticarcinogens in purple rice bran. In order to confirm the chemopreventive efficacy of PRBE, the chemically induced formation of tumors in the liver and also in different organs in animal models needs to be investigated. Furthermore, no epidemiological reports exist concerning the beneficial effects of purple rice. Thus, further studies are required involving the bioavailability of the active compounds and chemopreventive potential of purple rice bran in humans.



In this study, the cancer chemopreventive dose of PRBE was 500 mg/kg bw, which approximates to 4.865 g for daily intake by humans. The safety of this dose was approved in male rats under administration for 105 days. Furthermore, this dose did not influence the principal xenobiotic metabolizing enzymes including CYP3A2. Activation or inhibition of human CYP3A4 or 3A2 in rats by natural products was frequently found in interaction with certain drugs, resulting in undesired effects from hyperactivity or inactivity [35]. Thus, the ingestion of PRBE, together with particular drugs, such as antihypertensive drugs, may have less adverse effects on phytochemical–drug interaction. These findings contribute to the value of Thai purple rice as a natural alternative for cancer prevention and to further applied research concerning the use of purple rice products as health foods.




4. Materials and Methods


4.1. Chemicals


Diethylnitrosamine (DEN) was obtained from Sigma Aldrich (St. Louis, MO, USA). Anti-rat GST-placental form was obtained from MBL (Nagoya, Japan). EnvisionTM G/2 Doublestain System, Rabbit/Mouse (DAB+/Permanent Red) was obtained from Dako (Denmark). The phenolic acids, flavonoids, anthocyanins, sodium phytate, γ-oryzanol, and tocol standards for chemicals analysis were high-performance liquid chromatography (HPLC)-grade. All other chemicals were analytical grade.




4.2. Preparation of Methanol Extract from Sticky Rice Bran


Rice (Oryza sativa L.) was cultivated from August to November 2016 at the Faculty of Agriculture, Chiang Mai University, Thailand. The Kum Doi Saket and Sanpatong varieties used as purple and white sticky rice, respectively, are commonly cultivated in Northern Thailand. After rice milling, the brans were defatted by hexane extraction. The resulting residues were macerated in absolute methanol and the filtrates were evaporated and lyophilized. The purple rice bran extract (PRBE) and white rice bran extract (WRBE) were kept at −20 °C in a refrigerator until required for analysis.




4.3. Determination of Chemical Constituents in Sticky Rice Brans Extracts


The Folin–Ciocalteu method and aluminum chloride colorimetric method were used to evaluate total phenolic compounds [36] and flavonoids, respectively [37]. Total phytic acids were evaluated using the colorimetric Wade reagent method [38]. Total anthocyanins were measured using the pH-differential method [39]. The HPLC technique was used to investigate some phenolic acids, flavonoids, and anthocyanins according to Punvittayagul et al. [12]. p-Coumaric acid, ferulic acid, gallic acid, protocatechuic acid, vanillic acid, catechin, epicatechin, rutin, quercetin, cyanidin-3-glucoside, cyanidin-3-rutinoside, and peonidin-3-glucoside were used as standards.



Vitamin E and γ-oryzanol were evaluated by HPLC according to Insuan et al. [40], while γ-oryzanol contents were measured at a UV-visible wavelength of 325 nm under isocratic elution. Vitamin E contents were compared with standard α, β, γ and δ forms of tocopherols and α, β and γ forms of tocotrienols. Fluorescence detection wavelengths were an excitation wavelength of 294 nm and an emission wavelength of 326 nm.




4.4. Anticarcinogenicity of Methanol Extracts of Sticky Rice Bran on DEN-treated Rats


Three-week-old (90–100 g) male Wistar rats were purchased from the National Laboratory Animal Center, Mahidol University, Nakhon Pathom, Thailand. All rats were housed in stainless steel cages and fed with a pellet diet and tap water ad libitum with temperature control of 25 ± 1 °C under a dark–light cycle. All animal experimental designs were approved by the Animal Ethics Committee of the Faculty of Medicine, Chiang Mai University (20/2560). The rats were separated into 8 groups. Groups 1 to 3 were intraperitoneally injected with normal saline, whereas groups 4 to 8 were intraperitoneally injected with 100 mg/kg bw of DEN at weeks 2, 3, and 4 of the experiments. Groups 1 and 4 served as negative and positive controls, respectively. Two weeks before DEN injection, 100 mg/kg bw of PRBE was orally fed to group 5, while 500 mg/kg bw of PRBE was given to groups 2 and 6. Group 7 was treated with 100 mg/kg bw of WRBE, whereas groups 3 and 8 were fed with 500 mg/kg bw of WRBE. At week 5 of the experiment, every 5th rat of groups 1, 4, 6, and 8 was sacrificed to study the effect of PRBE and WRBE on the initiation stage of hepatocarcinogenesis. The remaining rats were sacrificed at week 15 to evaluate the effect of the extracts on the promotion stage of hepatocarcinogenesis. The treatment procedure is shown in Figure 3.




4.5. Evaluation of Glutathione S-Transferase Placental form Positive Foci in Liver Tissues


The glutathione S-transferase placental form (GST-P) positive foci were stained by the avidin–biotin complex method according to Thumvijit et al. [41]. The liver tissues were deparaffinized and rehydrated with xylene and ethanol, respectively, at optimal concentration. To inhibit pseudoperoxidase, 3% hydrogen peroxide was added, while non-specific binding protein was inactivated using 1% skim milk. The specimens were incubated with rabbit polyclonal rat anti-GST-P antibody followed by anti-mouse IgG biotinylated antibody. After that, they were continually incubated with ABC-PO (Rabbit IgG) kit and drenched with diaminobenzidine (DAB). Number and area of GST-P positive foci greater than 0.15 mm2 and 0.20 mm2 were measured in the 5- and 15-week experiments, respectively, using the LAS Interactive Measurement program.




4.6. Determination of Cell Proliferation in Liver Tissues by Double Staining Immunohistochemistry


To determine the effect of rice bran extract on cell proliferation in preneoplastic lesions in the liver, proliferating cell nuclear antigen (PCNA), a cell proliferation biomarker, was measured in liver tissues obtained from the 15-week experiment. They were performed using the EnVision Doublestain system according to the manufacturer’s recommendations. Firstly, the liver sections were incubated with citrate buffer at 98 °C for 10 min and incubated with H2O2. After that, the slides were incubated with dual endogenous enzyme block, followed by anti-PCNA antibody and polymer/horseradish peroxidase. The slides were drenched with DAB and the brown color of PCNA protein was observed in the nucleus of the hepatocyte. Then, double stain block was added followed by rat GSTP polyclonal antibody, Rabbit/Mouse link and polymer/alkaline phosphatase (AP). Permanent Red was used as a substrate of AP and the reddish color of GST-P was inspected in the cytoplasm of the hepatocyte. Numbers of PCNA positive hepatocytes labeled in GST-positive foci and the surrounding area were counted under a light microscope.




4.7. Determination of Phases I and II Xenobiotic Metabolizing Enzyme Activities


Frozen liver (5-week protocol) was homogenized in homogenizing buffer and continually centrifuged at 10,000× g for 20 min at 4 °C. The supernatant was carried to further centrifuge at 100,000× g for 1 h at 4 °C. The cytosolic supernatant and the microsomal pellet were measured for total protein content using the Lowry method.



Activities of cytochrome P450 (CYP) 1A1, 1A2, and 3A2 were determined according to Suwannakul et al. [13] using ethoxyresorufin-O-deethylation (EROD), methoxyresorufin O-demethylation (MROD) and erythromycin N-demethylation (ENDM) methods, respectively. Briefly, the reaction mixture containing Tris buffer pH 7.8, NADPH, and EROD for CYP1A1, or MROD for CYP1A2, was added to the microsomal fraction. Activity was measured by a spectrofluorometer at an excitation wavelength of 520 nm and an emission wavelength of 590 nm. For CYP3A2, NADPH was added to the reaction mixture consisting of phosphate buffer saline, erythromycin, and MgCl2 and microsomal fraction. After incubation at 37 °C for 20 min, trichloroacetic acid was added to stop the reaction and the mixture was centrifuged. Then, the supernatant was mixed with Nash reagent and incubated at 15 °C for 15 minutes. Activity was measured at a wavelength of 405 nm and results were reported as nmole/min/mg protein.



Glutathione S-transferase (GST) activity was examined using 1-chloro,2,4-dinitrobenzene (CDNB) as a substrate [42]. Liver cytosol was mixed with a reaction mixture that contained glutathione and CDNB and then incubated at 37 °C. The mixture was measured using a spectrophotometer at a wavelength of 340 nm. Results were reported as U/mg protein.




4.8. Determination of Pro-Inflammatory Cytokine Gene Expression by Real-time PCR


Total RNA was extracted from rat liver using PurezolTM RNA Isolation Reagent according to the manufacturer’s instruction. cDNA synthesis was performed using high-capacity cDNA reverse transcription kit (Applied Biosystems®, Foster City, CA., USA.) following the manufacturer’s manual. Primer lists are shown in Table 3. The qPCR amplification was performed using SensiFASTTMSYBR Lo-ROX Kit (Bioline Reagent Ltd, London, UK.) at 95 °C for 52 min, followed by 40 cycles at 95 °C for 5 s, 60 °C for 10 s, and 72 °C for 20 s. Gene expression was normalized with β-actin and quantified using the 2-ΔΔct method normalized to the level of β-actin [43].




4.9. Statistical Analysis


Results were expressed as mean ± SD. Statistical comparisons between groups were calculated via independent sample t-test and one-way analysis of variance (ANOVA) followed by LSD post hoc test. Differences were measured as significant for p < 0.05.





5. Conclusions


Methanol extract of sticky rice bran was not hepatocarcinogenic in rats. Purple rice bran exhibited stronger cancer chemopreventive action than white rice bran. Anthocyanins and other phenolic compounds, as well as vitamin E, might be the candidate cancer chemopreventive agents in defatted rice bran. The aberration of NF-κB signaling pathway by purple rice bran extract might suppress some pro-inflammatory cytokines like TNF-α and inflammatory enzymes like iNOS, and diminish preneoplastic cell proliferation in DEN-induced early stages of hepatocarcinogenesis in rats.







Author Contributions


Conceptualization, R.W.; funding acquisition, A.D., C.P., P.L.(D.), and R.W.; investigation, A.D.; methodology, A.D., C.P., O.I., and R.W.; project administration, R.W.; supervision, P.L.(D.), R.W.; writing—original draft preparation, A.D., C.P.; writing—review and editing, R.W.




Funding


This research was supported by the grants from Chiang Mai University (Grant No. 346522/2016-2017), and Faculty of Medicine, Chiang Mai University (Grant No. BIO-2560-04759 and 096/2560) and Functional Food Research Center for Well-being, Faculty of Medicine, Chiang Mai University, Thailand.




Acknowledgments


We would like to thank Medical Science Research Equipment Center, Faculty of Medicine, Chiang Mai University for equipment facilities.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Molecules 24 02142 g0a1 550]





Figure A1. Effect of PRBE on phase I metabolizing enzymes activity in 5-week protocol. (A) CYP1A1 and 1A2 activities, (B) CYP3A2 activity. The results are shown as mean ± SD. DEN: Diethylnitrosamine, PRBE: Purple rice bran extract, CYP: Cytochrome P450. 






Figure A1. Effect of PRBE on phase I metabolizing enzymes activity in 5-week protocol. (A) CYP1A1 and 1A2 activities, (B) CYP3A2 activity. The results are shown as mean ± SD. DEN: Diethylnitrosamine, PRBE: Purple rice bran extract, CYP: Cytochrome P450.



[image: Molecules 24 02142 g0a1]







[image: Molecules 24 02142 g0a2 550]





Figure A2. Effect of PRBE on Glutathione S-transferase activity in 5-week protocol. The results are shown as mean ± SD. DEN: Diethylnitrosamine, PRBE: Purple rice bran extract. * Significantly different from group 1 (p < 0.05). 






Figure A2. Effect of PRBE on Glutathione S-transferase activity in 5-week protocol. The results are shown as mean ± SD. DEN: Diethylnitrosamine, PRBE: Purple rice bran extract. * Significantly different from group 1 (p < 0.05).



[image: Molecules 24 02142 g0a2]







References


	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, 359–386. [Google Scholar] [CrossRef] [PubMed]

	



Fattovich, G.; Stroffolini, T.; Zagni, I.; Donato, F. Hepatocellular carcinoma in cirrhosis: Incidence and risk factors. Gastroenterology 2004, 127, 35–50. [Google Scholar] [CrossRef]

	



Zhou, Y.; Li, Y.; Zhou, T.; Zheng, J.; Li, S.; Li, H.B. Dietary natural products for prevention and treatment of liver cancer. Nutrients 2016, 8, 156. [Google Scholar] [CrossRef] [PubMed]

	



Shih, P.H.; Yeh, C.T.; Yen, G.C. Anthocyanins induce the activation of phase II enzymes through the antioxidant response element pathway against oxidative stress-induced apoptosis. J. Agric. Food Chem. 2007, 55, 9427–9435. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.H.; Chen, J.H.; Chou, F.P.; Wang, C.J. Protocatechuic acid inhibited cancer cell metastasis involving the down-regulation of Ras/Akt/NF-kB pathway and MMP-2 production by targeting RhoB activation. Br. J. Pharmacol. 2011, 162, 237–254. [Google Scholar] [CrossRef] [PubMed]

	



Galati, G.; O’Brien, J.P. Potential toxicity of flavonoids and other dietary phenolics: Significance for their chemopreventive and anticancer properties. Free Radic. Biol. Med. 2004, 37, 287–303. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, A.J.; Ollila, C.A.; Kumar, A.; Borresen, E.C.; Raina, K.; Agarwal, R.; Ryan, E.P. Chemopreventive properties of dietary rice bran: Current status and future prospects. Adv. Nutr. 2012, 3, 643–653. [Google Scholar] [CrossRef] [PubMed]

	



Jun, H.I.; Song, G.S.; Youn, Y.; Kim, Y.S. Antioxidant activities and phenolic compounds of pigmented rice bran extracts. J. Food Sci. 2012, 77, 759–764. [Google Scholar] [CrossRef]

	



Yao, Y.; Sang, W.; Zhou, M.; Ren, G. Antioxidant and alpha-glucosidase inhibitory activity of colored grains in China. J. Agric. Food Chem. 2010, 58, 770–774. [Google Scholar] [CrossRef]

	



Nam, S.H.; Choi, S.P.; Kang, M.Y.; Kozukue, N.; Friedman, M. Antioxidative, antimutagenic and anticarcinogenic activities of rice bran extracts in chemical and cell assays. J. Agric. Food Chem. 2005, 53, 816–822. [Google Scholar] [CrossRef]

	



Hu, C.; Zawistowski, J.; Ling, W.; Kitts, D.D. Black rice (Oryza sativa L. indica) pigmented fraction suppresses both reactive oxygen species and nitric oxide in chemical and biological model systems. J. Agric. Food Chem. 2003, 51, 5271–5277. [Google Scholar] [CrossRef] [PubMed]

	



Punvittayagul, C.; Sringarm, K.; Chaiyasut, C.; Wongpoomchai, R. Mutagenicity and antimutagenicity of hydrophilic and lipophilic extracts of Thai Northern purple rice. Asian Pac. J. Cancer Prev. 2014, 15, 9517–9522. [Google Scholar] [CrossRef] [PubMed]

	



Suwannakul, N.; Punvittayagul, C.; Jarukamjorn, K.; Wongpoomchai, R. Purple rice bran extract attenuates the aflatoxin B1-induced initiation stage of hepatocarcinogenesis by alteration of xenobiotic metabolizing enzymes. Asian Pac. J. Cancer Prev. 2015, 16, 3371–3376. [Google Scholar] [CrossRef] [PubMed]

	



Hudson, E.A.; Dinh, P.A.; Kokubun, T.; Simmonds, M.S.J.; Gescher, A. Characterization of potentially chemopreventive phenols in extracts of brown rice that inhibit the growth of human breast and colon cancer cells. Cancer Epidemiol. Biomarkers Prev. 2000, 9, 1163–1170. [Google Scholar] [PubMed]

	



Schiffer, E.; Housset, C.; Cacheux, W.; Wendum, D.; Desbois-Mouthon, C.; Rey, C.; Clergue, F.; Poupon, R.; Barbu, V.; Rosmorduc, O. Gefitinib, an EGFR inhibitor, prevents hepatocellular carcinoma development in the rat liver with cirrhosis. Hepatology 2005, 41, 307–314. [Google Scholar] [CrossRef] [PubMed]

	



Takada, N.; Matsuda, T.; Otoshi, T.; Yano, Y.; Otani, S.; Hasegawa, T.; Nakae, D.; Konishi, Y.; Fukushima, S. Enhancement by organosulfur compounds from garlic and onions of diethylnitrosamine-induced glutathione S-transferase positive foci in the rat liver. Cancer Res. 1994, 54, 2895–2899. [Google Scholar] [PubMed]

	



Nikolaou, K.; Sarris, M.; Talianidis, I. Molecular pathways: The complex roles of inflammation pathways in the development and treatment of liver cancer. Clin. Cancer Res. 2013, 19, 2810–2816. [Google Scholar] [CrossRef]

	



Rinkenbaugh, A.L.; Baldwin, A.S. The NF-κB pathway and cancer stem cells. Cells 2016, 5, 16. [Google Scholar] [CrossRef]

	



Roderburg, C.; Gautheron, J.; Luedde, T. TNF-dependent signaling pathways in liver cancer: Promising targets for therapeutic strategies. J. Dig. Dis. 2012, 30, 500–507. [Google Scholar] [CrossRef]

	



Limtrakul, P.; Yodkeeree, S.; Pitchakarn, P.; Punfa, W. Suppression of inflammatory responses by black rice extract in RAW 264.7 macrophage cells via downregulation of NF-kB and AP-1 signaling pathways. Asian Pac. J. Cancer Prev. 2015, 16, 4277–4283. [Google Scholar] [CrossRef]

	



Calvisi, F.D.; Pinna, F.; Ladu, S.; Pellegrino, R.; Muroni, M.R.; Simile, M.M.; Frau, M.M.; Tomasi, M.L.; De Miglio, M.R.; Seddaiu, M.A.; et al. Aberrant iNOS signaling is under genetic control in rodent liver cancer and potentially prognostic for the human disease. Carcinogenesis 2008, 29, 1639–1647. [Google Scholar] [CrossRef] [PubMed]

	



Bishayee, A.; Mbimba, T.; Thoppil, R.J.; Háznagy-Radnai, E.; Sipos, P.; Darvesh, A.S.; Folkesson, H.G.; Hohmann, J. Anthocyanin-rich black currant (Ribes nigrum L.) extract affords chemoprevention against diethylnitrosamine-induced hepatocellular carcinogenesis in rats. J. Nutr. Biochem. 2011, 22, 1035–1046. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, Y.P.; Choi, J.H.; Yun, H.J.; Han, E.H.; Kim, H.G.; Kim, J.Y.; Park, B.H.; Khanal, T.; Choi, J.M.; Chung, Y.C.; et al. Anthocyanins from purple sweet potato attenuate dimethylnitrosamine-induced liver injury in rats by inducing Nrf2-mediated antioxidant enzymes and reducing COX-2 and iNOS expression. Food Chem. Toxicol. 2011, 49, 93–99. [Google Scholar] [CrossRef] [PubMed]

	



Taya, S.; Punvittayagul, C.; Inboot, W.; Fukushima, S.; Wongpoomchai, R. Cleistocalyx nervosum extract ameliorates chemical-Induced oxidative stress in early stages of rat hepatocarcinogenesis. Asian Pac. J. Cancer Prev. 2014, 15, 2825–2830. [Google Scholar] [CrossRef] [PubMed]

	



Thoppil, R.J.; Bhatia, D.; Barnes, K.F.; Háznagy-Radnai, E.; Hohmann, J.; Darvesh, A.S.; Bishayee, A. Black currant anthocyanins abrogate oxidative stress through Nrf2-mediated antioxidant mechanisms in a rat model of hepatocellular carcinoma. Curr. Cancer Drug Targets 2012, 12, 1244–1257. [Google Scholar] [CrossRef] [PubMed]

	



Hassimotto, N.M.A.; Genovese, M.I.; Lajolo, F.M. Absorption and metabolism of cyanidin-3-glucoside and cyanidin-3-rutinoside extracted from wild mulberry (Morus nigra L.) in rats. Nutr. Res. 2008, 28, 198–207. [Google Scholar] [CrossRef] [PubMed]

	



Dangles, O.; Fenger, J.A. The chemical reactivity of anthocyanins and its consequences in food science and nutrition. Molecules 2018, 23, 1970. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Wang, D.; Wang, L.S.; Bei, D.; Wang, J.; See, W.A.; Mallery, S.R.; Stoner, G.D.; Liu, Z. Pharmacokinetics of protocatechuic acid in mouse and its quantification in human plasma using LC–tandem mass spectrometry. J. Chromatogr. B 2012, 908, 39–44. [Google Scholar] [CrossRef] [PubMed]

	



Ayano, I.; Katsuhiro, I.; Masuo, K.; Masaya, K.; Masakuzu, K.; Makoto, T.; Kiyohito, Y. Hepatoprotective effect of syringic acid and vanillic acid on concanavalin A-induced liver injury. Biol. Pharm. Bull. 2009, 32, 1215–1219. [Google Scholar] [CrossRef]

	



Nilnumkhum, A.; Punvittayagul, C.; Chariyakornkul, A.; Wongpoomchai, R. Effects of hydrophilic compounds in purple rice husk on AFB1-induced mutagenesis. Mol. Cell Toxicol. 2017, 13, 171–178. [Google Scholar] [CrossRef]

	



Tanaka, T.; Tanaka, T.; Tanaka, M. Potential cancer chemoprevention activity of protocatechuic acid. J. Exp. Clin. Med. 2011, 3, 27–33. [Google Scholar] [CrossRef]

	



Ju, J.; Picinich, S.C.; Yang, Z.; Zhao, Y.; Suh, N.; Kong, A.; Yang, C.S. Cancer-preventive activities of tocopherols and tocotrienols. Carcinogenesis 2010, 31, 533–542. [Google Scholar] [CrossRef] [PubMed]

	



Ahsan, H.; Ahad, A.; Iqbal, J.; Siddiqui, W.A. Pharmacological potential of tocotrienols: A review. Nutr. Metab. 2014, 11, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Kannappan, R.; Gupta, S.C.; Kim, J.H.; Aggarwal, B.B. Tocotrienols fight cancer by targeting multiple cell signaling pathways. Genes Nutr. 2012, 7, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Bailey, D.G.; Dresser, G.; Arnold, O.M. Grapefruit–medication interactions: Forbidden fruit or avoidable consequences. Can. Med. Assoc. J. 2013, 185, 309–316. [Google Scholar] [CrossRef]

	



Ma, Y.T.; Cheung, P.C. Spectrophotometric determination of phenolic compounds by enzymatic and chemical methods—A comparison of structure-activity relationship. J. Agric. Food Chem. 2007, 55, 4222–4228. [Google Scholar] [CrossRef]

	



Maksimovic, Z.; Malencic, D.; Kovacevic, N. Polyphenol contents and antioxidant activity of Maydis stigma extracts. Bioresour. Technol. 2005, 96, 873–877. [Google Scholar] [CrossRef]

	



Gao, Y.; Shang, C.; Saghai Maroof, M.A.; Biyashev, R.M.; Grabau, E.A.; Kwanyuen, P.; Burton, J.W.; Buss, G.R. A modified colorimetric method for phytic acid analysis in soybean. Crop. Sci. 2007, 47, 1797–1803. [Google Scholar] [CrossRef]

	



Inácio, M.R.; De Lima, K.M.G.; Lopes, V.G.; Pessoa, J.D.C.; De Almeida Teixeira, G.S. Total anthocyanin content determination in intact açaí (Euterpe oleracea Mart.) and palmitero-juçara (Euterpe edulis Mart.) fruit using near infrared spectroscopy (NIR) and multivariate calibration. Food Chem. 2013, 136, 1160–1164. [Google Scholar] [CrossRef]

	



Insuan, O.; Chariyakornkul, A.; Rungrote, Y.; Wongpoomchai, R. Antimutagenic and antioxidant activities of Thai rice brans. J. Cancer Prev. 2017, 22, 89–97. [Google Scholar] [CrossRef]

	



Thumvijit, T.; Taya, S.; Punvittayagul, C.; Peerapornpisai, Y.; Wongpoomchai, R. Cancer chemopreventive effect of Spirogyra neglecta (Hassall) Kützing on diethylnitrosamine-induced hepatocarcinogenesis in rats. Asian Pac. J. Cancer Prev. 2014, 15, 1611–1616. [Google Scholar] [CrossRef] [PubMed]

	



Sankam, P.; Punvittayagul, C.; Sringam, K.; Chaiyasut, C.; Wongpoomchai, R. Antimutagenicity and anticlastogenicity of glutinous purple rice hull using in vitro and in vivo testing systems. Mol. Cell Toxicol. 2013, 9, 169–176. [Google Scholar] [CrossRef]

	



Li, X.; Xu, Z.; Wang, S.; Guo, H.; Dong, S.; Wang, T.; Zhang, L.; Jiang, Z. Emodin ameliorates hepatic steatosis through endoplasmic reticulum–stress sterol regulatory element-binding protein 1c pathway in liquid fructose-feeding rats. Hepatol. Res. 2016, 46, 105–117. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Not available.












[image: Molecules 24 02142 g001 550]





Figure 1. Effect of sticky rice bran extracts on glutathione S-transferase placental form (GST-P) positive foci formation of rats, (A) 15-week administration rats, (B) 5-week administration rats. NSS: Normal saline solution, DEN: Diethylnitrosamine. * Significantly different from group 1 (p < 0.05). ** Significantly different from group 4 (p < 0.05). 
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Figure 2. Effect of sticky rice bran extracts on cell proliferation in rat liver of 15-week protocol. NSS: Normal saline solution, DEN: Diethylnitrosamine, PRBE: Purple rice bran extract, WRBE: White rice bran extract. * Significantly different from group 1 (p < 0.05). ** Significantly different from group 4 (p < 0.05). 
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Figure 3. The experimental protocol for studying on diethylnitrosamine induced early stages of hepatocarcinogenesis in rats. PRBE: Purple rice bran extract; WRBE: White rice bran extract. 
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Table 1. The components of phytochemicals in methanol sticky rice bran extracts.
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	Compounds

(Per Gram Extract)
	Purple Rice Bran
	White Rice Bran





	Spectrophotometry analysis
	
	



	Total phenolic compounds (mg)
	74.2 ± 3.6 *
	16.5 ± 1.0



	Total flavonoids (mg)
	50.7 ± 1.4 *
	12.7 ± 1.8



	Total anthocyanins (μg)
	29.7 ± 0.2 *
	ND



	Total phytic acids (mg)
	9.71 ± 2.4
	7.39 ± 1.9



	HPLC method
	
	



	Total γ-oryzanol (mg)
	3.71 ± 0.02
	5.05 ± 0.04 *



	Total vitamin E (μg)
	321.4 ± 9.3 *
	274.7 ± 4.4



	α-tocopherol (μg)
	24.5 ± 0.3
	13.6 ± 0.1



	β-tocopherol (μg)
	ND
	26.1 ± 0.3



	γ-tocopherol (μg)
	44.1 ± 1.9
	39.4 ± 0.3



	δ-tocopherol (μg)
	5.6 ± 0.1
	ND



	α-tocotrienol (μg)
	14.1 ± 0.1
	ND



	γ-tocotrienol (μg)
	202.6 ± 6.9
	167.3 ± 5.1



	δ-tocotrienol (μg)
	30.5 ± 0.4
	28.0 ± 0.2



	p-Coumaric acid (mg)
	0.35 ± 0.00
	0.84 ± 0.02 *



	Protocatechuic acid (mg)
	7.12 ± 0.03 *
	ND



	Vanillic acid (mg)
	4.73 ± 0.02 *
	ND



	4-Hydroxybenzoic acid (mg)
	ND
	0.35 ± 0.01 *



	Cyanidin-3-glucoside (μg)
	5.7 ± 0.0 *
	ND



	Peonidin-3-glucoside (μg)
	3.6 ± 0.0 *
	ND







Values are presented as mean ± SD, ND: Not Detected, n = 3. * Significantly different between the extract (p < 0.05).
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