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Abstract
AIM: To investigate the mechanistic action of brewers’ rice in regulating the Wnt/ nuclear factor-kappa B (NF-κB)/Nrf2-signaling pathways during colon carcinogenesis in male Sprague-Dawley rats. 
METHODS: Male Sprague-Dawley rats were randomly divided into the following five groups (six rats in each group): (G1) normal, (G2) azoxymethane (AOM) alone, (G3) AOM + 10% (weight (w)/weight (w)) brewers’ rice, (G4) AOM + 20% (w/w) brewers’ rice, and (G5) AOM + 40% (w/w) brewers’ rice. They were intraperitoneally administered 15 mg/kg body weight of AOM in saline once weekly over a two-week period and treated with an American Institute of Nutrition (AIN)-93G diet containing 10%, 20%, and 40% (w/w) brewers’ rice. The mRNA levels of glycogen synthase kinase 3β (GSK3β), β-catenin, key inflammation markers, nuclear factor E2–related factor 2 (Nrf2), and heme oxygenase-1 (HO-1)-dependent transcriptional activity were assessed by quantitative real-time polymerase chain reaction analyses. The colon superoxide dismutase, malondialdehyde, and nitric oxide levels were also analyzed to assess the antioxidant effect of these treatments. The results were analyzed using one-way analysis of variance (ANOVA), and a P-value of < 0.05 was considered significant.
RESULTS: The overall analyses demonstrated that the dietary administration of brewers’ rice in AOM-induced rat colon carcinogenesis resulted in the transcriptional upregulation of GSK3β, inducible nitric oxide synthase (iNOS), Nrf2, and HO-1. We discovered that the dietary administration of brewers’ rice downregulated the β-catenin and NF-κB mRNA levels. A significant reduction in β-catenin expression was found in the groups administered with 20% (0.611 ± 0.034) and 40% (0.436 ± 0.045) (w/w) brewers’ rice compared with that of the group treated with AOM alone (1.000 ± 0.064) (P < 0.05). The NF-κB expression was significantly lower between the AOM-alone group (1.000 ± 0.048) and those groups fed with diets containing 10% (w/w) brewers’ rice (0.255 ± 0.022), 20% (w/w) brewers’ rice (0.450 ± 0.045), or 40% (w/w) brewers’ rice (0.541 ± 0.027) (P < 0.05). Brewers’ rice improved the antioxidant levels, indicating that brewers’ rice can enhance effective recovery from oxidative stress induced by AOM.
CONCLUSION: Our results provide evidence that brewers’ rice can suppress colon cancer via the regulation of Nrf2 expression and the inhibition of the Wnt/NF-κB signaling pathways. 
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Core tip: This study demonstrates that a treatment with 40% (w/w) brewers’ rice modulated the Wnt signaling pathway. Feeding 20% (w/w) brewers’ rice markedly improved the antioxidant level. These results strongly imply the potential use of brewers’ rice in future applications to combat oxidative stress and colon cancer. 
Tan BL, Norhaizan ME, Huynh K, Yeap SK, Hazilawati H, Roselina K. Brewers’ rice modulates oxidative stress in azoxymethane-mediated colon carcinogenesis in rats. World J Gastroenterol 2015; In press
INTRODUCTION
Colorectal cancer has become the third most prevalent cancer after lung and breast cancers and contributes to nearly 10% of the total cases of cancer and approximately 8% of total cancer deaths worldwide[1]. It represents the third and second most commonly diagnosed cancer in males and females, respectively, with more than 1.2 million new cancer cases and 608700 deaths in 2008 worldwide[2]. 

The deregulation of Wnt/β-catenin signaling has been demonstrated to be associated with cancer, particularly colorectal cancer[3]. Chronic infection and inflammation promote the expression of nuclear factor-kappa B (NF-κB)[4] and inflammatory-associated genes, such as inducible nitric oxide synthase (iNOS)[5]. The NF-κB pathway is associated with colorectal cancer, and the inhibition of NF-κB activation can reduce chemoresistance[6]. The nuclear factor E2–related factor 2 (Nrf2) transcription factor signaling pathway has become a target for chemoprevention. A previous study reported that Nrf2 regulates the expression of numerous detoxifying and antioxidant enzymes toward oxidative or electrophilic stress[7].

The health benefits of natural products have led to their recognition as sources of remedy[8]. Most studies have indicated that cancers may be prevented or delayed by treatment with natural dietary products or synthetic compounds[9]. Rice (Oryza sativa L.), an essential cereal crop grown in Asia, has become a major source of carbohydrates in the daily diet. Epidemiological studies have demonstrated that whole grain foods are recognized to be important for providing protection against cancer[10]. Brewers’ rice, known locally as temukut, consists of broken rice, rice bran, and rice germ, which is a waste product of the rice industry. The production of brewers’ rice during rice milling has been described in a previous report[11].

Our earlier study showed that the dietary administration of brewers’ rice can reduce the risk of azoxymethane (AOM)-induced colon carcinogenesis in rats through the downregulation of β-catenin and cyclooxygenase (COX-2)[12]. However, the molecular mechanism underlying these effects remains obscure. We hypothesized that brewers’ rice may provide chemopreventive or chemotherapeutic effects against colorectal cancer via regulation of multiple signaling pathways. The present study sets out to determine whether brewers’ rice confers suppressive effects on the gene expression of β-catenin and key inflammation markers, such as NF-κB and iNOS, which are particularly critical in the development of colon cancer. Glycogen synthase kinase 3β (GSK3β), a destruction complex that modulates the degradation of β-catenin, was also evaluated. Moreover, the potential roles of brewers’ rice in the regulation of Nrf2-dependent transcriptional activity were assessed during AOM-induced colon tumorigenesis in male Sprague-Dawley rats. Nrf2 and heme oxygenase-1 (HO-1) were evaluated to determine the effect of brewers’ rice in carcinogen metabolism against detoxification. The colon superoxide dismutase (SOD), malondialdehyde (MDA), and nitric oxide (NO) levels were also analyzed to assess the antioxidant effect of these treatments. 
MATERIALS AND METHODS
Chemicals and reagents

AOM and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, United States). RNA ShieldTM reagent was obtained from Zymo Research Corp. (Irvine, CA, United States). HiYieldTM Total Ribonucleic Acid (RNA) Mini Kit (Tissue) was purchased from Real Biotech Corporation (Banqiao City, Taipei County, Taiwan). High Capacity RNA-to-cDNA Kit and SYBR® Select Master Mix (CFX) were purchased from Applied Biosystems (Foster City, CA, United States). Specific primers were purchased from Sigma-Aldrich (St. Louis, MO, United States). Griess Reagent Kit was obtained from InvitrogenTM (Carlsbad, CA, United States). All other chemicals and reagents used were of analytical grade and bought from Sigma-Aldrich (St. Louis, MO, United States).
Brewers’ rice

Freshly milled brewers’ rice samples from rice variety MR 219 were obtained from the BERNAS Milling Plant at Seri Tiram Jaya, Selangor, Malaysia. The stabilization of brewers’ rice was conducted as previously reported by Tan et al[13].

Diet and animals 

This study was conducted following the guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of the Faculty of Medicine and Health Sciences, Universiti Putra Malaysia (UPM) Serdang, Selangor (IACUC protocol number: UPM/FPSK/PADS/BR-UUH/00461). A total of 30 four-week-old male Sprague-Dawley rats (Rattus norwegicus) were housed in a well-ventilated room at 25 to 27 °C with 50% ± 10% relative humidity and 12-hour light/dark cycles. Hygienic conditions were maintained by weekly changes of woodchip beds. The animals were acclimatized for seven days and administered an American Institute of Nutrition (AIN)-93G diet and water ad libitum. The animals were randomly divided into the following five groups (six rats in each group): (G1) normal, (G2) AOM alone, (G3) AOM + 10% (weight (w)/weight (w)) brewers’ rice, (G4) AOM + 20% (w/w) brewers’ rice, and (G5) AOM + 40% (w/w) brewers’ rice. Beginning at six weeks of age, the rats were intraperitoneally given injections of AOM at a dose of 15 mg/kg body weight once weekly over a two-week period, whereas the rats in the normal group were given normal saline (vehicle control). The control groups (G1 and G2) were fed an AIN-93G diet, and the G3, G4, and G5 groups were given an AIN-93G diet containing 10%, 20%, and 40% (w/w) brewers’ rice, respectively. The experimental diets were prepared weekly and kept at 4 °C. The composition of the experimental diet (Table 1) was adjusted according to the nutrient content of brewers’ rice with respect to moisture (11.36% ± 0.12%), ash (1.56% ± 0.26%), protein (9.01% ± 0.27%), fat (1.95% ± 0.11%), total available carbohydrates (72.42% ± 1.25%), and total dietary fiber (5.32% ± 0.04%) contents[12]. After twenty weeks of treatment, the animals were sacrificed after anesthesia with diethyl ether, and the colon tissue was removed, rinsed with PBS, opened longitudinally, and fixed with RNA ShieldTM reagent or stored at -20 °C for further analyses.

Total RNA extraction and cDNA synthesis

The extraction of total RNA from colon tissue was performed using the HiYield Total RNA Mini Kit (Tissue). Initially, colon tissue disruption and homogenization were performed according to the manufacturer’s protocols. The colon tissue was homogenized in a mixture of 100 µL of lysis buffer, 400 µL of RB buffer, and 4 µL of β-mercaptoethanol. The sample was then incubated for 5 min at room temperature and centrifuged at 15680 × g for 5 min. The supernatant was passed through the filter column and the collection tube. After centrifugation at 93 × g for 1 min, 400 µL of 70% ethanol was added and passed through the RB column. After adding 400 µL of W1 Buffer and 600 µL of wash buffer, the RNA was eluted with 50 µL of RNase-free water and kept at -80 °C. Two microliters of nuclease-free water was added to the pedestal for a blank sample. After that, 1 μL of RNA sample was added. The RNA concentration was measured at 260 nm using a nanophotometer. Two micrograms of total RNA per 20 µL was reverse-transcribed using the High Capacity RNA-to-cDNA Kit, according to the manufacturer’s protocols. The reverse transcription reaction was performed using an Authorized Thermal Cycler. The reaction was performed at 37 °C for 60 min followed by 95 °C for 5 min to denature the enzyme and then maintained at 4 °C. The cDNA was then ready for use as a template for the amplification of real-time polymerase chain reaction (PCR).

Quantitative real-time polymerase chain reaction analysis
The nucleotide primer sequences of rat origin were obtained from the National Center for Biotechnology Information Gene Bank (Table 2). The specific primers were validated for amplification specificity, amplification efficiency over a concentration range and consistency with the amplification efficiency of housekeeping genes. The mRNA levels of GSK3β, β-catenin, NF-κB, iNOS, Nrf2, and HO-1 were assayed using SYBR® Select Master Mix, CFX in a final volume of 20 µL, according to the manufacturer’s protocols. Initially, the cDNA template, primers, and kit contents (SYBR® Select Master Mix (CFX) and RNase-free water) were thawed on ice. Upon thawing, the reaction mix was prepared and thoroughly mixed. The qPCR reaction was then analyzed based on the following conditions: (1) uracil-DNA glycosylase (UDG) activation at 50 °C for 120 s (1 cycle); and (2) DNA polymerase activation at 95 °C for 120 s (1 cycle); denaturation at 95 °C for 2 s (40 cycles); and annealing/extension at 60 °C for 30 s (40 cycles). All samples and controls were determined in triplicate using an Eco™ Real-Time PCR system, and the v4.0.7.0 software (Illumina, Inc., San Diego, CA, United States) was used for data analysis. The fold inductions of the samples were compared with the control (AOM-alone group). Beta-actin (ACTB), (-2 microglobulin (B2M), and ribosomal protein, large, P1 (RPLP1) were used as housekeeping genes to normalize the expressions of the target genes. 
Colon tissue preparation

The colon tissues of rats were homogenized in ice-cold PBS. Supernatants were collected by centrifugation at 370 × g and 4 °C for 5 min and stored at -80 °C for the SOD[14], MDA[15], and NO[16] assays.

Determination of superoxide dismutase 
The SOD levels in the colon homogenates were analyzed following the inhibition of the reduction of nitroblue tetrazolium (NBT). Tissue supernatant was mixed with 0.1 mol/L of ethylenediaminetetraacetic acid (EDTA), 0.15 mg/mL of sodium cyanide, 1.5 mmol/L of NBT, 0.12 mmol/L of riboflavin, and 0.067 mol/L of phosphate buffer in a 300 µL volume. The sample absorbance was read at 560 nm, and the percentage of SOD inhibition was compared with that of the blank. The concentration of the sample was calculated using the amount of protein required to achieve 50% inhibition and expressed as U/mg of protein.

Determination of malondialdehyde 

Lipid peroxidation was determined by measuring the thiobarbituric acid reactive substance (TBARS) levels. An aliquot of 100 µL of the supernatant was diluted with 400 µL of PBS and added with 12.5 µL of butylated hydroxytoluene (BHT, 8.8 mg/mL) and 250 µL of trichloroacetic acid (TCA, 30%). The mixture was vortexed, allowed to stand for 2 h at 4 °C and centrifuged at 2000 × g for 15 min. The supernatant was boiled for 15 min with 37.5 µL of 0.1 mol/L EDTA and 125 µL of thiobarbituric acid (TBA, 1%). After cooling at room temperature, the absorbance of the pink-colored product was measured at 532 and 600 nm using an ELISA Reader (BioTek Instruments, Inc., Tigan Street, Winooski, United States). An aqueous solution of tetramethoxypropane was used as the standard. The MDA level was expressed as nmol MDA/g of protein and determined using a standard curve.

Determination of nitric oxide 

NO production in the colon was evaluated using a colorimetric Griess Reagent Kit, according to the manufacturer’s protocols. A 100-µL aliquot of the colon supernatant was loaded in the microtiter plate, and 20 µL of Griess reagent [0.1% of N-(1-naphthyl) ethylenediamine dihydrochloride and 1% of sulfanilic acid in 5% phosphoric acid] and 80 µL of deionized water were then added. The absorbance was measured at 540 nm using an ELISA Reader (BioTek Instruments, Inc., Tigan Street, Winooski, United States).

Statistical analysis

Data are expressed as mean ± SD, and statistical analyses were performed using one-way analysis of variance (ANOVA). Differences with P < 0.05 were considered significant. The statistical analyses were performed using the Statistical Package for Social Science (SPSS) version 19.0.

RESULTS
Brewers’ rice promotes GSK3β mRNA level in colon tumorigenesis 

In the current study, we determined the GSK3β mRNA level of the control (normal and AOM alone) groups and the treatment groups through quantitative real-time PCR analyses. We observed that the normal group (2.866 ± 0.058) had the highest GSK3β mRNA level compared with the brewers’ rice-fed groups (Figure 1). The administration of brewers’ rice significantly increased the transcription of the GSK3β gene compared with AOM alone (P < 0.05). These findings clearly demonstrated that the dietary administration of brewers’ rice in AOM-induced rat colon carcinogenesis resulted in a dose-dependent increase in the GSK3β mRNA level. 

Brewers’ rice inhibits the β-catenin pathway in colonic tumors

As shown in Figure 1, our results showed that the colonic tumors in the groups treated with AOM alone had the highest β-catenin mRNA levels, whereas the administration of 20% (0.611 ± 0.034) and 40% (0.436 ± 0.045) (w/w) brewers’ rice markedly decreased the β-catenin mRNA levels. A significant reduction in β-catenin expression was found in the groups administered with 20% and 40% (w/w) brewers’ rice compared with the group treated with AOM alone (P < 0.05). In brewers’ rice-treated AOM-injected colon tumorigenesis rats, the phosphorylation and degradation of β-catenin increased in a dose-dependent manner. A very low β-catenin amount was observed in the normal group (0.011 ± 0.003) (Figure 1). 

Brewers’ rice inhibits the expression of NF-κB in colon tumorigenesis
We hypothesized that brewers’ rice downregulates the expression of NF-κB. As expected, none of the rats exhibited NF-κB expression in the normal colon mucosa (Figure 2). The overall analysis indicated that the colon tissue in the group treated with AOM alone presented the highest NF-κB expression (1.000 ± 0.048) compared with the groups treated with brewers’ rice. A significant reduction in the gene expression of NF-κB was also observed in the rats of the groups treated with brewers’ rice compared with the group treated with AOM alone (P < 0.05). This finding revealed that the administration of brewers’ rice resulted in the inhibition of NF-κB expression, and the maximum effect was obtained with 10% (w/w) brewers’ rice (0.255 ± 0.022). 
Brewers’ rice upregulates the iNOS mRNA level in colon tumorigenesis
In the present study, we observed a high expression of iNOS mRNA in the normal colon mucosa (9.134 ± 0.708). The data presented in this study demonstrated that the groups administered with 20% (9.090 ± 0.519) and 40% (8.582 ± 1.261) (w/w) brewers’ rice exhibited significantly upregulated iNOS mRNA levels compared with the group treated with AOM alone (P < 0.05) (Figure 2). 

Brewers’ rice activates the Nrf2 mRNA level in colon tumorigenesis 
As shown in Figure 2, in the normal group, which was administered saline but not treated with brewers’ rice, prominent Nrf2 gene expression was observed in the normal colon mucosa (4.068 ± 0.155). Our results showed that treatment with 20% (w/w) brewers’ rice (3.596 ± 0.308) effectively activated the gene expression of Nrf2 compared with AOM alone (Figure 2). 

Brewers’ rice induces Nrf2-regulated HO-1 expression in colonic tumors

In the present study, we showed that the group treated with 20% (2.196 ± 0.150) and 40% (1.295 ± 0.063) (w/w) brewers’ rice exhibited upregulated HO-1 expression in colonic tumor tissue. Expectedly, we found that the normal group (3.967 ± 0.094) presented the highest expression of HO-1 (Figure 2). 

Effect of brewers’ rice on the SOD, MDA, and NO levels in colon homogenate
The changes in the colon SOD, MDA, and NO activities after the dietary administration of brewers’ rice on AOM-induced colon carcinogenesis are summarized in Table 3. The SOD levels in the two treatment groups (20% (61.71 ± 2.36 U/mg of protein) and 40% (61.29 ± 4.32 U/mg of protein) (w/w) of brewers’ rice) were significantly elevated compared with that of the group treated with AOM alone (43.43 ± 2.96 U/mg of protein) (P < 0.05) (Table 3). 

In addition to the effects on the SOD level, our findings showed that the highest MDA level was obtained in the group treated with AOM alone (18.01 ± 1.43 nmol/g of protein) compared with the groups treated with brewers’ rice. A significant reduction in the MDA level was found in the two treatment groups (20% (14.24 ± 0.58 nmol/g of protein) and 40% (8.14 ± 1.42 nmol/g of protein) (w/w) of brewers’ rice) compared with that of the group treated with AOM alone (18.01 ± 1.43 nmol/g of protein) (P < 0.05). These findings indicated that the dietary administration of brewers’ rice resulted in reductions in the MDA level in a dose-dependent manner, and the maximum effect was obtained with a concentration of 40% (w/w) brewers’ rice (8.14 ± 1.42 nmol/g of protein) (Table 3). 

Consistent with the high levels of MDA observed in colon tumors, we also observed the highest NO level in the group treated with AOM alone (798.46 ± 30.45 µmol/mg of protein) compared with those of the other treatment groups (Table 3). After twenty weeks of treatment with brewers’ rice, the NO level was reduced. The suppressive effect of brewers’ rice on NO was notable in rats that received 20% (w/w) brewers’ rice (533.40 ± 40.43 µmol/mg of protein). 
DISCUSSION
The current study is an extension of our earlier work, which determined that brewers’ rice was an effective dietary agent for the reduction of tumor incidence and multiplicity in rat colons induced with AOM[12]. We also determined that brewers’ rice markedly suppressed β-catenin expression in both the cytoplasm and the nucleus[12]. In the present study, male Sprague-Dawley rats were given different doses [10%, 20%, and 40% (w/w)] of brewers’ rice. A dosage of 10% (w/w) brewers’ rice was administered as suggested by a previous study performed by Boateng et al[17] on rice bran and rice germ. This dosage has been reported to reduce tumor formation. Moreover, higher concentrations [20% and 40% (w/w) brewers’ rice] were also used to determine the dose-dependent effect of brewers’ rice as a dietary agent in a rat colon cancer experimental model. Our earlier study reported that the highest dose [40% (w/w) brewers’ rice] was well-tolerated and did not suppress the growth of rats[12].
Targeting Wnt signaling upstream of T-cell factor (TCF)/β-catenin signaling is a critical therapeutic option. In the β-catenin destruction complex, GSK3β is one of the crucial components that modulates the degradation or accumulation of β-catenin in the nucleus. To ascertain whether brewers’ rice modulated GSK3β via Wnt/β-catenin signaling, the GSK3β mRNA level was analyzed in the colon of rats induced with AOM. Overall, treatment with brewers’ rice resulted in an increase in the GSK3β mRNA level, and the maximum effect was obtained with 40% (w/w) brewers’ rice. To further verify whether the mechanisms of action of GSK3β observed in the colons of rats injected with AOM suppressed β-catenin expression, the mRNA level of β-catenin in response to brewers’ rice was further analyzed.

The Wnt/β-catenin pathway plays a vital role in tissue homeostasis and cancer susceptibility. The dysregulation of β-catenin and other Wnt molecules results in the nuclear localization of β-catenin, stimulation of Wnt target genes, and tumor formation[18]. Mutations in the β-catenin gene are usually found in AOM-induced colon tumorigenesis in rats and mice[19]. These findings, which are supported by the current data, further indicate that the activation of the β-catenin gene plays a vital role in the development of colon tumors in rats. The finding that the depletion of β-catenin suppresses tumor incidence and multiplicity in brewers’ rice-treated AOM-induced colon tumorigenesis suggests that brewers’ rice may become a potential strategy for the therapeutic control of Wnt/β-catenin signaling in colon cancer. In the present study, treatments with brewers’ rice resulted in increased GSK3β and decreased β-catenin, and the maximum effect was observed with 40% (w/w) brewers’ rice. The effects observed in the treatment with 40% (w/w) brewers’ rice could be explained by its higher concentrations of active compounds in brewers’ rice, which may confer better functional properties in the regulation of Wnt/β-catenin signaling pathway. A very low β-catenin mRNA level observed in the normal group was consistent with the findings reported by Barker et al[20], who found that Wnt/β-catenin signaling played an essential role in intestinal development, which is specific for the intestinal and mammary epithelia. A previous study also demonstrated that most of the β-catenin protein was present at very low amounts in the cytoplasm or nucleus of normal cells[21]. Cytoplasmic β-catenin was maintained at a low level for tissue homeostasis, particularly in strongly proliferative, self-renewing tissues, such as the skin and gut[22]. However, Wnt pathway mutations are not the only factors that promote the activation of β-catenin[23]. A study reported that NF-κB also plays a crucial role in colorectal and colitis-associated tumorigeneses[24]. Aberrant NF-κB stimulation has been identified in more than 50% of colorectal and colitis-associated tumors[25]. Thus, the expression levels of NF-κB in response to brewers’ rice were evaluated in the colons of rats induced with AOM.
The NF-κB family is a group of inducible transcription factors that are involved in immune and inflammatory responses and inhibit cell apoptosis. A previous study revealed that cancer cells with activated NF-κB are resistant against chemotherapeutics and ionizing radiation and that suppression of NF-κB activity markedly increases the sensitivity of cells to chemotherapeutic agents[26]. The inhibition of NF-κB transcriptional activity resulting from the administration of brewers’ rice was further supported by Biswas et al[27] and Xie et al[28], who found that phenolic compounds inhibited NF-κB in cell cultures and promoted anti-inflammatory and antioxidant responses. Although the maximum effect was observed in 10% (w/w) brewers’ rice, there was no significant difference between groups fed with 10% (w/w) brewers’ rice and groups fed with diets containing 20% (w/w) brewers’ rice or 40% (w/w) brewers’ rice (P ˃ 0.05). The reason for the lack of any clear dose-dependence effects remains to be elucidated. One of the possible reasons may be due to the efficiency of brewers’ rice involved in the inhibition of NF-κB transcriptional activity reached with 10% (w/w) brewers’ rice. Collectively, the data presented in this study suggest that brewers’ rice may modulate colon tumor development through NF-κB signaling. In addition to the effects observed in Wnt and NF-κB signaling, the role of iNOS in the suppression of colon tumorigenesis elicited by brewers’ rice remains unknown. Therefore, we further determined the chemoprevention mechanism of iNOS on brewers’ rice in this model.

NO is produced during transcription and translation via iNOS, and once active, iNOS synthesizes high NO levels until substrate depletion[29]. However, our study shows contradictory results. It is possible that multiple cellular factors affect the sensitivity of NO, like specific NO metabolism pathways and interactions with other free radicals. The sensitivity of NO may also be associated with the expression of apoptosis-associated proteins, including Bcl-2, Bax, and Fas[30]. Excessive NO production can decrease the concentration of DNA repair enzymes and inhibit apoptosis through the nitrosylation of caspases[31]. The upregulation of iNOS mRNA levels in the current study was consistent with the results obtained by Radomski et al[32] and Dong et al[33], who reported that the expression of iNOS was inversely associated with metastatic activity in human colon cancer and murine melanoma (K-1735) cells. This finding was further supported by Shi et al[34], who demonstrated that iNOS overexpression not only attenuated the proliferation and metastasis of human renal cell carcinomas and murine fibrosarcoma but also induced apoptosis. However, the study conducted by Shi et al[34] contradicted the results reported by Sheng et al[35] and Di Popolo et al[36], who demonstrated that elevated iNOS mRNA and protein levels partially contributed to the inhibition of apoptosis in colon cancer cells. Therefore, the activation of iNOS at the mRNA level may play a critical role in growth inhibition and apoptosis in a human colorectal cancer (HT-29) cell line, as determined in our earlier studies[13,37]. A previous study showed that Nrf2 enhanced the basal expression of cytoprotective genes and suppressed cytokine-mediated inflammation[38]. Thus, the expression of Nrf2 in AOM-induced colon tissue was evaluated to determine whether brewers’ rice could modulate Nrf2 at the mRNA level. 
Nrf2, which belongs to the Cap‘n’Collar family of basic region-leucine zipper transcription factors, was shown to be a key element in the antioxidant response element (ARE)-mediated transcriptional machinery[39]. Nrf2 plays a crucial role in the regulation of phase II detoxifying and antioxidant enzymes via AREs[40]. To determine whether brewers’ rice decreased colorectal cancer by modulating the antioxidant-mediated pathway, we examined the transcription of Nrf2. Treatment with 20% and 40% (w/w) brewers’ rice effectively activated the gene expression of Nrf2 and may be associated with the modulation of xenobiotic-metabolizing enzymes and responsible for the balance of carcinogen metabolism against detoxification[41]. 
Nrf2 is stimulated by an oxidative signal in the cytoplasm, which allows its translocation to the nucleus where it interacts with DNA ARE regions and promotes the expression of cytoprotective enzymes, such as glutathione S-transferase (GST), SOD, HO-1, and NADPH-quinone oxidase (NQO) (ARE-regulated genes)[42]. Our findings indicated that the manipulation of brewers’ rice in colonic tumor leads to changes in the gene expression of Nrf2-regulated HO-1, further suggesting that brewers’ rice is a positive regulator of Nrf2 signaling. The transcriptional downregulation of β-catenin and NF-κB in carcinogen-injected rats after treatment with a brewers’ rice diet was hypothesized because the carcinogen metabolism may have been shifted via Nrf2 and HO-1 in the colon. Our present study suggests that the possible chemopreventive mechanisms of brewers’ rice against colon carcinogenesis may be associated with both the phase I and II drug-metabolizing enzymes regulated by Nrf2, thus resulting in the detoxification of AOM and the rapid metabolism of AOM by P450. Collectively, this finding suggests that brewers’ rice may represent a promising natural dietary agent for the transcriptional downregulation of β-catenin and NF-κB and the upregulation of Nrf2 and HO-1 levels. 

In addition to the effects observed in Nrf2 and HO-1 activation, the upregulation of Nrf2 and HO-1 activities in rats administered brewers’ rice indicated that brewers’ rice may be associated with an antioxidant enzyme. Therefore, the effect of treatments with brewers’ rice on the SOD, MDA, and NO activities in AOM-injected rats was examined. The decreased SOD levels in the group treated with AOM alone illustrated that the defense mechanism may have been overwhelmed to alleviate the amount of superoxide produced by the carcinogen. The observed effect may also be due to the impairment of antioxidant enzymes, which act as safeguards for cells during reactive oxygen species (ROS) detoxification[43]. This finding implies that the group treated with AOM alone, in which carcinogenesis was induced but no brewers’ rice treatment was administered, exhibited a reduction in SOD activity associated with a decreased antioxidative capacity. The group treated with AOM alone presented an increased MDA level and subsequently, increased lipid peroxidation, which was evident by the accumulation of β-catenin. Taken together, these findings suggest that the increased SOD and decreased MDA formation observed in the groups treated with brewers’ rice may be associated with a high total phenolic content and the bioactive compounds present in brewers’ rice, as reported by Tan et al[13]. Overall, the data obtained in this study suggest that brewers’ rice has the potential to increase SOD levels and reduce the activities of MDA and NO. 
The transcriptional inhibition of β-catenin and NF-κB activities may lead to a suppression of colon cancer development, which implies that the observed effects can likely be attributed to the dietary compositions present in brewers’ rice. Most studies have demonstrated the additive and/or synergistic effects of some phytochemicals and nutrients[44-46]. Therefore, in the current study, rather than isolated compounds, brewers’ rice was administered to the rats. Results from our earlier study indicated that brewers’ rice consisted of a phenolic antioxidant, phytic acid, vitamin E, and γ-oryzanol[13]. The synergistic/additive activities of these components in brewers’ rice may contribute to a negative regulation of the Wnt and NF-κB signaling pathways to induce the phosphorylation and degradation of β-catenin and NF-κB expression, as observed in the present study. In addition to the effects observed in the Wnt and NF-κB signaling pathways, it is plausible that the bioactive constituents present in brewers’ rice facilitates the modulation of Nrf2 and Nrf2-regulated HO-1 expression, which subsequently enhances the antioxidant enzyme to mediate oxidative stress in the carcinogen-treated brewers’ rice-fed groups. In conclusion, this study provides clear evidence that brewers’ rice offers great potential against colorectal cancer via the regulation of Nrf2 expression and the inhibition of the Wnt and NF-κB signaling pathways. However, this study has been limited to the use of brewers’ rice in male Sprague-Dawley rats, and the duration of the treatment was only twenty weeks. Therefore, further studies are warranted in long-term animal studies or human clinical trials to confirm these findings. Uncontrolled signaling through the wingless/Wnt pathway and overexpression of NF-κB have been reported to play crucial roles in the development of colorectal cancer. Nrf2 is responsible in the regulation of phase II detoxification and antioxidant enzymes. Our findings showed that the dietary administration of 40% (w/w) brewers’ rice modulated the Wnt signaling pathway. Feeding 20% (w/w) brewers’ rice improved the antioxidant level, which indicated that brewers’ rice can effectively enhance recovery from oxidative stress induced by AOM. Taken together, these results strongly imply the potential use of brewers’ rice in future applications to combat oxidative stress and colon carcinogenesis. 
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comments
Background

The deregulation of Wnt/β-catenin signaling and overexpression of nuclear factor-kappa B (NF-κB) has been associated with colorectal cancer. Studies have reported that natural products exert many beneficial health effects. Brewers’ rice, known locally as temukut, consists of broken rice, rice bran, and rice germ, which is a waste product produced in the rice industry. Although previous studies have demonstrated the anti-colon cancer activity of brewers’ rice, the molecular mechanisms underlying these effects have yet to be studied.
Research frontiers

The authors aimed to investigate the mechanistic action of brewers’ rice in regulating the Wnt/NF-κB/Nrf2-signaling pathways and assess the antioxidant effect of these treatments during colon carcinogenesis in male Sprague-Dawley rats. 
Innovations and breakthroughs

This is the first study demonstrating that brewers’ rice inhibited colon carcinogenesis via the modulation of multiple signaling pathways. The transcriptional inhibition of β-catenin and NF-κB activities and the activation of Nrf2 and HO-1 may be associated with the synergistic/additive effects of bioactive constituents present in brewers’ rice.
Applications

The authors hypothesize that brewers’ rice may provide chemopreventive or chemotherapeutic effects against colorectal cancer via the regulation of multiple signaling pathways. These findings suggest that brewers’ rice offers great potential against colorectal cancer via the regulation of Nrf2 expression and the inhibition of the Wnt/NF-κB signaling pathways.
Terminology

Uncontrolled Wnt signaling pathway and overexpression of NF-κB have been reported to play a vital role in the development of colorectal cancer. Nrf2 is a key element in the ARE-mediated transcriptional machinery and plays a critical role in the regulation of phase II detoxification and antioxidant enzymes.
Peer-review

This is a very interesting study that attempts to elucidate the molecular mechanisms by which brewers′ rice could be a potential anticancer agent. This study is well-written, and its findings contribute to the understandings of the mechanisms through which rice may be beneficial in anticancer activity.
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Table 1 Composition of experimental diets

	Ingredients

(g/1000 g diet)
	Group

	
	G1
	G2
	G3
	G4
	G5

	Brewers’ rice


	-
	-
	100.0

	200.0
	400.0

	Corn starch


	397.5

	397.5
	315.3

	233.2

	68.9

	Casein



	200.0

	200.0
	191.0
	182.0

	164.0


	Maltodextrin


	132.0
	132.0
	132.0
	132.0
	132.0

	Sucrose


	100.0

	100.0

	100.0

	100.0

	100.0


	Soybean oil


	70.0
	70.0
	68.1
	66.1

	62.2

	Powdered cellulose


	50.0
	50.0


	44.7
	39.4
	28.7

	AIN-93G mineral mix   

	35.0

	35.0
	33.4
	31.9
	28.8

	AIN-93G vitamin mix   

	10.0
	10.0
	10.0
	10.0
	10.0

	L-cystine


	3.0
	3.0
	3.0
	3.0
	3.0

	Choline bitartrate


	2.5
	2.5
	2.5
	2.5
	2.5

	tert-butylhydroquinone


	0.014
	0.014
	0.014
	0.014
	0.014


G1 and G2: AIN-93G diet; G3: AIN-93G diet containing 10% (w/w) of brewers’ rice; G4: AIN-93G diet containing 20% (w/w) of brewers’ rice; G5: AIN-93G diet containing 40% (w/w) of brewers’ rice.

Table 2 Nucleotide sequence of polymerase chain reaction primers (obtained from GenBank database)

	Primer Name
	Oligonucleotides (5’-3’)

	[Accession number]
	Sequence

	GSK3β

[NM_032080]
	F–GGGCACCAGAGCTGATCTTT

R–GCCGAAAGACCTTCGTCCA



	Beta-catenin

[AF121265]
	F–CGTGGAAGCTGGTGGGATG

R–TTCCTGCTTAGTCGCTGCAT



	NF-κB

[NM_001276711.1]
	F–AGAGGATGTGGGGTTTCAGG

R–GCTGAGCATGAAGGTGGATG



	iNOS

[NM_012611.3]
	F–GTACCCTCAGTTCTGTGCCT

R–TGTTGCGTTGGAAGTGTAGC



	Nrf2

[NM_031789.2]
	F– TCTGACTCCGGCATTTCACT

R– CCCCAGAAGAATGTGTTGGC



	HO-1

[NM_012580.2]


	F– CTAGAGCAGGACATGGCCTT

R–GCCTTCTGCGCAATCTTCTT



	ACTB1
[NM_031144.3]
	F–CCACCCGCGAGTACAACC

R–TCAGGATGCCTCTCTTGCTC



	B2M1
[NM_012512.2]
	F–CCCACCCTCATGGCTACTTC

R–GATGAAAACCGCACACAGGC

	RPLP11
[NM_001007604.2]


	F–CAAGGTGCTCGGTCCTTCC

R–GAGCCTTTGCAAACAAGCCA


1Housekeeping gene. ACTB: β-actin; B2M: beta-2 microglobulin; GSK3β: glycogen synthase kinase 3β; HO-1: heme oxygenase-1; iNOS: nitric oxide synthase, inducible; NF-κB: nuclear factor-kappa B; Nrf2: nuclear factor E2–related factor 2; RPLP1: ribosomal protein, large, P1. 
Table 3 Colon superoxide dismutase, malondialdehyde, and nitric oxide levels in azoxymethane-induced colon cancer after twenty weeks treatment 
	Group
	SOD

(U/mg of protein)
	MDA

(nmol/g of protein)
	NO

(µmol/mg of protein)

	Normal
	60.93 ± 5.23
	5.36 ± 0.23
	414.64 ± 11.59


	AOM alone
	43.43 ± 2.96
	18.01 ± 1.43
	798.46 ± 30.45


	AOM + 10% (w/w) of brewers’ rice


	43.85 ± 6.32
	17.34 ± 3.16
	622.70 ± 15.62

	AOM + 20% (w/w) of brewers’ rice


	61.71 ± 2.36
	14.24 ± 0.58
	533.40 ± 40.43

	AOM + 40% (w/w) of brewers’ rice


	61.29 ± 4.32
	8.14 ± 1.42
	619.35 ± 15.04


Each value expressed as mean ± SD (n = 3). Values in the same column with different superscript letter indicate significant difference between groups by Tukey’s test (P < 0.05). MDA: Malondialdehyde; NO: Nitric oxide; SOD: Superoxide dismutase. 
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Figure 1 mRNA levels of GSK3β and β-catenin in AOM-injected colon cancer treated with brewers’ rice (n = 3). Values with different superscript letters indicate significant differences between groups by Tukey’s test (P < 0.05). AOM: azoxymethane; GSK3β: glycogen synthase kinase 3β.
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Figure 2 mRNA levels of nuclear factor-kappa B, inducible nitric oxide synthase, nuclear factor E2–related factor 2, and heme oxygenase-1 in azoxymethane-injected colon cancer treated with brewers’ rice (n = 3). Values with different superscript letters indicate significant differences between groups by Tukey’s test (P < 0.05). AOM: Azoxymethane; HO-1: Heme oxygenase-1; iNOS: Inducible nitric oxide synthase; NF-κB: Nuclear factor-kappa B; Nrf2: Nuclear factor E2–related factor 2.
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