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35 ABSTRACT 

36 Colorectal cancer (CRC) is fourth cancer with the most new cases reported in 2018 

37 worldwide. Jointly with lifestyle, eating patterns plays a role in the risk of developing 

38 CRC. Consumption of fruit and vegetables are protective factors against the risk of 

39 CRC. Beyond this, diet flavonoids could orchestrate these healthy effects. Apart from 

40 containing the typical apple flavonoids, red-fleshed apples also contain anthocyanidins, 

41 mainly cyanidin-3-O-galactoside (Cy3Gal). Through an azoxymethane rat 

42 carcinogenesis model a study was carried out in order to assess the possible protective 

43 effects of apple polyphenols, with special attention to anthocyanins, in the early stages 

44 of CRC. In addition, apart from negative and positive controls, a group with 

45 chemotherapy with 5-fluorouracil was included to compare their performance against 

46 the output collected from the animal treatments with white-fleshed apple (WF), red-

47 fleshed apple (RF) and Cy3Gal (AE). 

48 Rats fed with white-fleshed apples (‘Golden Smoothee’) (WF) were able to achieve 

49 41.3% aberrant crypt foci inhibition, while none of the challenged treatments (WF, RF, 

50 AE) suffered mucin depletion. Regarding the immunohistochemistry results, it is worth 

51 noting the reduced protein expression of MMP-2 and MMP-9 in the apple consumption 

52 groups. Finally, gene expression changes of seventeen genes related to CRC were 

53 assessed. Apart from the chemotherapeutic group, both apple groups were also 

54 capable of changing gene expression in the desired direction.

55 Overall, our study suggests a buffering effect of apple polyphenols and Cy3Gal against 

56 colon carcinogenesis, retarding/diminishing the appearance of the precancerous 

57 markers studied.

58

59

60



61 1. INTRODUCTION

62 Worldwide, colorectal cancer (CRC) is the second most common form of cancer in 

63 women (superseded by breast cancer) and the third in men (overtaken by lung and 

64 prostate cancer). The incidence of CRC in 2018 varied significantly between 

65 populations, Japan and Hungary being the countries with the highest rates, while the 

66 countries of western/central Africa had the lowest incidence [1]. In the United States, 

67 CRC continues to be the fourth most prevalent cancer with 145,600 estimated new 

68 cases in 2019, 8.3% of all new cancer cases [2]. The most recent data available for 

69 Europe [3] maintains CRC as the second most common cancer in both sexes. In Asia, 

70 Japan, Korea, China, Malaysia, Singapore and Turkey had the highest 5-year 

71 prevalence rates  [4]. Unfortunately, the global incidence of CRC is 

72 expected to rise by 75% in both sexes by 2040 [5].

73 CRC, as general rule, follows the internationally-recognized adenoma-carcinoma 

74 sequence (ACS): the normal colonic mucosa undergoes long-term progress changes, 

75 from normal epithelial cells to the appearance of a preneoplastic lesion (aberrant crypt 

76 foci, ACF) which is characterized by anomalous colonocyte enlargement and de-

77 structuring. Some of these ACF can progress further to adenoma, adenocarcinoma and 

78 metastasis [6,7]. Approximately 75% of new CRC cases are sporadic ones influenced 

79 by environmental factors [8]. Jointly with lifestyle, eating patterns play an important role 

80 in the risk of developing CRC [4,9]. Hence, several studies have focused on diet as the 

81 major strategy to counteract and prevent colon cancer [10]. Unlike the Mediterranean 

82 diet, the westernized diet contributes to the development of cancer in the digestive tract 

83 [4,9,11]. On the other hand, general consumption of fruit, vegetables and fibre acts as 

84 a protective factor against CRC [4,12]. A European Prospective Investigation into 

85 Cancer and Nutrition (EPIC study) with 452,755 subjects demonstrated that a high 

86 consumption of fruit and vegetables is associated with a reduced risk of colon cancer 

87 [13].



88 Focusing on fruit, apples are widely consumed on all continents, available year-round 

89 in markets, are low in cost, and have a good “health image” [14]. One of the first 

90 studies to explore the possible relationship between apple intake and CRC was a case-

91 control study carried out in Uruguay. This study found an inverse relation between 

92 apple consumption and CRC [15]. Two more recent case-control studies of CRC went 

93 one step further and found that consuming one or more medium size apples was 

94 associated with a reduction of colorectal cancer compared with no intake of apples 

95 [16,17]. From these findings, research has moved towards studying practically each 

96 one of the chemical subclasses of polyphenols in foods, flavonoids being the more 

97 widely researched. Focusing on apple compounds, although some in vitro and in vivo 

98 studies showed no effect (e.g. for proanthocyanidins) [18], the general rule was a 

99 beneficial effect on CRC and/or intestinal inflammation: phenolic acids [19]; 

100 dihydrochalcones [20,21]; flavonols, flavones and anthocyanidins [22]; apple peel 

101 triterpenoids [23]; fibre [24,25]; and apple polysaccharides [26].

102 The present study has focused on red-fleshed apples which, in contrast to white ones, 

103 contained anthocyanins in their flesh. Different in vivo studies have demonstrated the 

104 effect of anthocyanins on colon cancer, mainly through their antioxidant and anti-

105 inflammatory effects. This protective effect of anthocyanins on the colon could be partly 

106 explained because not all polyphenols are absorbed in the stomach and/or small 

107 intestine and are thus capable of reaching the large intestine [27,28]. Interestingly, it 

108 was found that at 4 h after pigs were given black raspberries, approximately 50% of the 

109 total anthocyanins were recovered in the colon [28]. After gastrointestinal digestion,  

110 flavonoids and anthocyanins are extensively metabolized by the colonic microbiota, 

111 and absorbed as simple phenolic acids [27,28]. 

112 Although the occurrence of adenoma is not a mandatory initial step in colon cancer, the 

113 vast majority of CRCs follow the adenoma-carcinoma sequence (ACS) [6,7]. 

114 Azoxymethane (AOM) and its precursor (1,2-dimethylhydrazine, DMH) are carcinogens 



115 commonly used to study colon carcinogenesis in rodents [6,29]. They are preferred 

116 model carcinogens because they mimic the human CRC multistep process (ACS) [30].

117 Finally, despite the extensive efforts to improve CRC diagnostic and screening tools, 

118 the limited therapeutic efficacy of current chemotherapy (5-fluorouracil (5FU)) is an 

119 important challenge for CRC management [31]. For this reason, developments of 

120 potential alternative CRC chemopreventive strategies through diet are welcome. 

121 On the basis of the aforementioned data, we performed a study which used an AOM 

122 rat carcinogenesis model to assess the possible protective effects of apple 

123 polyphenols, with special interest in anthocyanins, in the early stages of CRC. In 

124 addition, apart from negative and positive controls, a group with chemotherapy with 

125 5FU was included to compare its performance against the output collected from the 

126 animal treatments with white-fleshed, red-fleshed and the main apple anthocyanin, 

127 cyanidin-3-O-galactoside (Cy3Gal). To the best of our knowledge, no previous studies 

128 have addressed the potential of the new red-fleshed apple cultivars as a dietary 

129 strategy for preventing CRC.

130 2. MATERIALS & METHODS

131 2.1. Drugs and chemicals

132 AOM (ref. A5486, batch: SLBQ3104V) and 5FU (ref. F6627, batch MKBX3795V) were 

133 purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Cyanidin-3-O-galactoside 

134 (Cy3Gal) standard (ref. 0923S, batch: 17) was acquired from Extrasynthese (Genay 

135 Cedex, France). Unless otherwise stated, all other reagents used were of analytical 

136 grade.

137 2.2. Plant material used in the study

138 Two different apple flesh pools from white- (‘Golden Smoothee’) and red-fleshed (‘RS-

139 1’, Red Moon Companie, Italy) varieties were lyophilized and subsequently used to 

140 prepare the feedstuff. For each apple cultivar, 30-40 apples were used and pooled. 



141 Agronomic details and the lyophilisation process were detailed in depth in our previous 

142 study [14]. Each apple flesh pool was kept individually in sealed plastic bottles at -80ºC 

143 until its UPLC-MS/MS analysis (method described in [14]) and its incorporation into the 

144 feedstuff enriched with apple flesh (described in section 2.3.). The flavonoid 

145 concentrations of the lyophilized apple flesh pools are shown in Table 1.

146 2.3. Animals, induction of colon cancer, treatment approach and diets

147 All animal care and experimental procedures were in accordance with the EU Directive

148 2010/63/EU guidelines for animal experiments, ARRIVE guidelines [32] and approved 

149 by the Animal Ethics Committee at the University of Lleida (CEEA 02/06-16). Sixty 

150 healthy male Wistar rats weighing between 150 and 175 g were purchased from 

151 Charles River Laboratories (Saint-Germain-sur-l’Arbresle, France).  The animals were 

152 housed in polycarbonate cages (two rats per cage) in a single room in the University of 

153 Lleida animal facilities. Temperature (20ºC ± 2ºC), humidity (55% ± 10% RH) and 

154 constant 12-h light-dark cycles were used. 

155 Figure S1 gives a detailed description of the experimental design (named LLARS). 

156 Briefly, the rats were allowed to acclimatise for 5 days before starting the study. 

157 According to the subsequent treatments, the rats were randomly assigned to the 

158 following six groups (10 rats/group): group 1 (negative control, NC), 0.9% saline 

159 solution-injected rats with a standard diet (Envigo Teklad Global Diet 2014, batch 3201, 

160 Settimo Milanese, Italy) (specification sheet in Figure S2); group 2 (positive control, 

161 PC), AOM-injected rats with a standard diet; group 3 (5FU), AOM-injected rats + 5FU 

162 treatment, with a standard diet; group 4 (white-flesh, WF), AOM-injected rats with a 

163 standard diet enriched with the flesh of white-fleshed apple pool; group 5 (red-flesh, 

164 RF), AOM-injected rats with a standard diet enriched with the flesh of red-fleshed apple 

165 pool; and group 6 (anthocyanin, AE), AOM-injected rats with a standard diet and 

166 administered with cyanidin-3-O-galactoside (Cy3Gal) standard by oral gavage. Cy3Gal 

167 is the main anthocyanin in the red-fleshed apples used in the experiment [14]. The 



168 methodology described by [33] was used to induce CRC.  Briefly, each 100-mg AOM 

169 vial was resuspended in 2 mL of phosphate buffered saline (PBS), and individual 250 

170 µL aliquots were stored at -80ºC until use. A working stock solution of 1.25 mg/mL of 

171 AOM was made by diluting individual 250 µL aliquots into the 10 mL of saline solution 

172 (0.9% NaCl). The necessary volume of working solution to achieve the dose of AOM at 

173 15 mg/kg rat was injected intraperitoneally into the animal, once per week for two 

174 consecutive weeks. This posology was previously described [31]. 

175 In group 3, 5FU was freshly prepared in saline solution (0.9% NaCl) and injected 

176 intraperitoneally during the 9th and 10th weeks post AOM injection with a posology 

177 similar to that used in the treatment of human CRC (first week: 12 mg/kg/day for four 

178 successive days; and the second week: 6 mg/kg/day for four consecutive days), a 

179 pattern based on [31]. Moreover, for each treatment group, after the first sacrifice of 5 

180 rats, the rest of the animals were submitted to colonoscopy (see Figure S1). The 

181 colonoscopy was conducted under anesthesia (isoflurane) using a Coloview rigid 

182 colonoscope (Karl Storz, Tuttlinegen, Germany) 7 hours after the start of the daylight 

183 cycle. In that time period, due to low rat feed intake during daylight, no excessive stool 

184 was present and no rectal enemas were required.

185 In relation to the animal feed used, all the animals were fed ad-libitum with water and a 

186 standard diet for rodents. Moreover, their weight and solid and liquid intake were 

187 monitored throughout experiment.

188 As many people discard the peel before eating apples, mainly for cultural reasons but 

189 also to avoid/reduce ingestion of pesticide residues [14], only the apple flesh was used 

190 in our experiment. The daily apple dose selected in the LLARS study was decided 

191 based on the criteria of the human equivalent dose of the consumption of the flesh of 

192 one apple a day (mean considered: 35.72 g, from the average lyophilized flesh weight 

193 mean of three common cultivars: ‘Granny Smith’, ‘Golden Smoothee’ and ‘Zhen Fuji 

194 Aztec’). The lyophilisation process is a strategy to ensure the stability of the apple 

195 phenolic compounds throughout the dietary supplementation carried out. From the 



196 daily dose selected (35.72 g), a mathematic formula to translate the human dose to 

197 rats was applied [34]. The dose selected in our study was 3553 mg of lyophilized 

198 flesh/kg rat/day, equivalent to human intake of one apple (without peel).  In detail, for 

199 the WF and RF groups, commercial feed pellets were crushed with the aid of an 

200 industrial mill, then the desired dose of lyophilized flesh was incorporated into the 

201 ground feed pellet and mixed properly. New feed pellets were prepared by extrusion, 

202 freeze-dried, sealed in plastic bags and maintained at -80ºC until use. In each week of 

203 the study, new feed pellets were prepared in order to correct for the change in weight 

204 of the rats during the experiment to ensure the apple flesh dose selected, as stated 

205 above.

206 For the treatment of AE group, before starting the experiment, the content of the main 

207 representative anthocyanin compound in the red-fleshed apple flesh pool, cyanidin-3-

208 O-galactoside (Cy3Gal), was determined. In detail, 182 mg Cy3Gal/kg of lyophilized 

209 flesh was quantified. The Cy3Gal standard used for the AE group during the study was 

210 dissolved in sterile distilled water to the desired concentration (correcting for the rats’ 

211 weight) in order to ensure the same dose of Cy3Gal administered in the RF group 

212 through lyophilized red-apple flesh. The dose was administered by oral gavage. In 

213 order to minimize the total number of gavages/rat, we only gavaged twice a week. 

214 Each gavage assured the administration of the equivalent Cy3Gal dose for 3.5 days. In 

215 all cases, a small volume (< 2 mL) was administered in order to ensure the welfare of 

216 the animals and avoid any passive reflux. 

217 2.4. Measurement of apple phenol metabolites in urine and faeces

218 To verify the intake and absorption of apple polyphenols, phenolic metabolites were 

219 used as markers of apple consumption. The UPLC-MS/MS technique was used to 

220 measure the apple phenol metabolites in the rat urine and faeces. The samples were 

221 collected from each rat through the use of the metabolic cages during 24 hours at two 



222 stages in the study: second week and the day before of their sacrifice. The samples 

223 were stored at -80ºC until the chromatographic analysis. 

224 For the analysis of urine samples, these were pre-treated by micro-elution solid-phase 

225 extraction (µSPE) using OASIS HLB (2 mg, Waters, Milford, MA) micro-cartridges, as 

226 previously reported in our study [35]. To analyse the faeces, first of all, approximately 

227 10 g of faeces/rat/period were lyophilized. Then, 0.1 g of lyophilized samples were 

228 mixed in 1 mL of methanol/HCl/Milli-Q water (79.9/0.1/20, v/v/v) and centrifuged (8784 

229 g for 5 min at 4º C) after 15 min of shaking, as described in our previous studies 

230 [36,37]. The details of the chromatographic analysis of the phenol metabolites were 

231 reported in our previous studies [35]. Two analyses were carried out, one for the 

232 anthocyanin metabolites and the second for the rest of the phenolic metabolites. 

233

234 2.5. Sampling and whole colon resection

235 Figure 1 summarizes the colon sampling items collected for posterior analysis. 

236 At the end of the two experimental periods (the “short-term” (ST) at week 12, week 14 

237 in the case of the 5FU group; and, the “long-term” (LT) in the 18th week), the rats were 

238 sacrificed. This was performed through intracardiac puncture after isoflurane 

239 anaesthesia (ISOFlo, Veterinaria Esteve, Bologna, Italy). The caecum and whole colon 

240 were resected, flushed with water and split longitudinally at the same time. Then, they 

241 were washed again with phosphate-buffered-saline solution. The surface area of each 

242 isolated caecum and colon section (ascendant, middle and distal) was measured. 

243 Then, the longitudinally-split colon was cut into two parts along its longitudinal axis. 

244 One half of each colon part (apparently normal mucosa) was immediately frozen in 

245 liquid nitrogen and then stored at -80º C until analysis. Two fragments of the distal 

246 colon part, the most relevant region in CRC studies with the DMH/AOM induced model 

247 [38], were immediately immersed in RNAlater stabilization solution (AM7020, 

248 ThermoFisher Scientific) following the manufacturer’s instructions. 



249 2.6. Histopathological exploration

250 For histopathological analysis, the other half of each colon part and cecum from the 

251 polyp (if present) and non-polyp areas were fixed in 10% (v/v) formalin for a minimum 

252 of 24 hours [39] between layers of clean filter paper with the mucosa on the upper side. 

253 Then, the cecum, upper and middle colon were cut into one fragment 2 cm in length 

254 and 0.5 cm in width while the distal colon was each cut into three slices of the same 

255 size stated above, each one. The rest of the fragments and polyp areas were put into 

256 histology cassettes to proceed with the fixation process and posterior embedding of the 

257 tissue in paraffin as a final step to obtain an FFPE tissue block. Each of the 2 x 0.5 cm 

258 fragments was stained with 0.45 µm PVDF filtered 0.2% methylene blue solution in 

259 PBS for 1.5 min, placed on a microscope slide with the mucosa side upward in order to 

260 count the number of aberrant crypt foci (ACF) for each fragment, based on the 

261 methodology described in [31]. The variables used to assess the aberrant crypts were 

262 their occurrence and multiplicity. Crypt multiplicity was defined as the number of crypts 

263 in each focus. Multicrypts (large ACFs) were categorized as those containing five or 

264 more aberrant crypts/foci. Once the ACFs had been measured, the fragments stained 

265 with 0.2% methylene blue were washed in tap water for 8-10 min. Then, they were 

266 stained with Alcian blue in 3% acetic acid for 30 min to measure the mucin-depleted 

267 foci (MDF) areas, based on [40]. Once ACFs and MDFs had been screened, these 2 x 

268 0.5 cm fragments were fixed in order to obtain an FFPE tissue block and then 

269 sectioned (5 µm thickness) to perform a confirmatory staining for ACF (haematoxylin 

270 and eosin (HE), in the Hospital Arnau de Vilanova clinical laboratory) and MDF (Alcian 

271 blue-periodic acid Schiff (AB-PAS)) through the use of an Alcian Blue/PAS Stain Kit 

272 (ref. 38016SS5, Leica, Richmond, USA).

273 2.7. Immunohistochemistry (IHC) for  Ki67, MMP2, MMP9 and 

274 H2AX

275 IHC staining for  Ki67, MMP2, MMP9 and  was mainly carried out on 

276 the FFPE samples without methylene blue staining from the polyp and non-polyp 



277 regions.  In detail, the 5 µm sections were deparaffinised and hydrated. After this 

278 process, three washes of phosphate-buffered saline (PBS) were performed followed by 

279 the antigen retrieval step using 10 mM citrate buffer at pH 6.0. Three more PBS 

280 washes were performed and then they were incubated with 3% H2O2 in PBS solution 

281 for 30 min at room temperature to inactivate endogenous peroxidases. Then, they were 

282 incubated with bovine serum albumin (BSA) 3% in PBS solution for 90 min at room 

283 temperature. The slides were again washed 3 times with PBS. The sections were 

284 incubated with the primary antibody for  (sc-59737, dilution 1:75, Santa Cruz 

285 Biotechnology, CA, USA), Ki67 (VP-RM04, dilution 1:100, Vector Laboratories, 

286 Burlingame, CA, USA), MMP-2 and MMP-9 (sc-53630 and sc-13520, dilution 1:50, 

287 Santa Cruz Biotechnology, CA, USA) and  (#9718, dilution 1:240, Cell 

288 Signalling Technology, MA, USA) in a humidity chamber overnight at 4ºC. Three PBS 

289 washes were carried out prior to incubation for 30 min with 1:200 diluted biotinylated 

290 universal secondary antibody (BA-1400, Vector Laboratories, Burlingame, CA, USA) in 

291 a humidity chamber protected from light. Thereafter, sections were again washed in 

292 PBS for 5 min and exposed to VECTASTAIN ABC (Avidin Biotinylated Complex) 

293 reagent (PK6100, Vector Laboratories, Burlingame, CA, USA) for 30 min in a humidity 

294 chamber protected from light. A last PBS wash was carried out prior to perform the 

295 reaction with the DAB kit (SK4100, Vector Laboratories, Burlingame, CA, USA), which 

296 contained horseradish peroxidase jointly with 3,3’-diaminobenzidine (DAB). The 

297 revealing process required 10 min. After this, the slides were washed in tap water, 

298 counterstained with Harris haematoxylin (10-2331, Casa Álvarez, Madrid, Spain) for 30 

299 sec, washed again in tap water for 2 min, followed by a conventional dehydration 

300 process. Finally, each tissue section was mounted with the aid of DPX mounting media 

301 (A20500, Deltalab, Spain). Negative controls were obtained from reactions done 

302 without primary antibodies.

303 2.8. Image acquisition and immunohistochemistry analysis



304 Images were captured using an Olympus BX50 upright microscope (Shinjuku, Japan) 

305 equipped with an Olympus SC50 camera, interfaced with cellSens Entry® Olympus 

306 software. The images were captured at 4X, 10X and 20X. 

307 Fiji-ImageJ v.1.52p software [41] was used to analyse all the images obtained from all 

308 the IHC reactions and Alcian Blue/PAS (AB-PAS) stains.

309 For AB-PAS interpretation, each image was colour deconvoluted (with the Colour 

310 deconvolution v1.7 plugin [42]). Once the Alcian blue channel had been separated, the 

311 best auto-threshold from all those available in the ImageJ software was sought. In 

312 detail, the Li auto-threshold algorithm method was selected. The threshold value was 

313 obtained from each image according to the Li algorithm, which permitted the calculation 

314 of the Alcian blue area in relation to the area of the whole image, expressed as a 

315 percentage.

316 For the ki67 and MMP-2 proteins, the ImmunoRatio ImageJ plugin [43] was used. 

317 Regarding the proteins of  and MMP-9, the IHC Profiler ImageJ plugin [44] 

318 was used.

319
320 2.9. Thiobarbituric acid reactive substances (TBARS)

321 In detail, 25 mg of distal colon tissue (in duplicate) was weighed from the distal colon 

322 tissue maintained at -80º C since the rat sacrifice. The assay was performed according 

323 to the manufacturer’s instruction manual (700870, Cayman Chemical Company, USA) 

324 for tissue homogenate protocol and following a colorimetric determination of the 

325 malondialdehyde (MDA) concentration. Prior to TBARS, the colon tissue was 

326 homogenized in RIPA lysis buffer (10010263, Cayman Chemical Company, USA) 

327 containing protease inhibitor cocktail (10009303, Cayman Chemical Company, USA), a 

328 choice recommended by Cayman’s technical service.

329 2.10. Gene expression

330 2.10.1. RNA isolation, purification and cDNA synthesis



331 Details of the RNA isolation, purification and cDNA synthesis are well described in our 

332 previous study [38]. 

333 2.10.2. Gene expression analysis

334 Seventeen different CRC related genes (Apc, Aurka, Bax, Bcl2,  Ccnd1, 

335 Cdkn1a, Cox2, Gsk3beta, IL-33, iNOs, Nrf2, p53, RelA, Smad4,  and Vegfa) and 

336 one reference gene (B2m) were validated in our previous study, taking the MIQE 

337 guidelines into account [38]. The primer sequences used in the real-time quantitative 

338 PCR to detect the transcription activities of the aforementioned genes were shown in  

339 [38].

340 All qPCR reactions were performed in duplicate in a total volume of 20 µL comprising 

341 10 µL of SYBRTM Select Master Mix 2X (Thermo Fisher Scientific, MA, USA), the 

342 volume (µL) needed of each gene-specific primer (each primer concentration was 

343 optimized), 2 µL (60 ng) of cDNA, and filled up to 20 µL with nuclease free water 

344 (BP561-1, Fisher Scientific, MA, USA).

345 The amplification was carried out on a Bio-Rad CFX96 real-time PCR system (Bio-Rad 

346 Laboratories, Hercules, CA, USA) under the following conditions: 2 min of uracil-DNA 

347 glycosylase (UDG) activation at 50 ºC, 2 min of polymerase activation at 95 ºC, 

348 followed by 40 cycles of denaturation at 95 ºC for 15 sec, and annealing/extension at 

349 the corresponding annealing temperature for 1 min. Furthermore, no template control 

350 (NTC) was included for each primer pair and run. The data resulting from the qPCR 

351 were managed using the Bio-Rad CFX Maestro 1.1 software.

352 For the relative gene expression calculations, the Pfaffl method [45] was used.

353 2.11. Statistical Analysis

354 Statistical analysis was performed with R 3.6.1 software [46].  Unless otherwise stated, 

355 all the results are expressed as mean ± standard deviation (SD) and studied through a 

356 one-way ANOVA followed by Tukey’s test. The response variables were log-



357 transformed if necessary to obtain normally distributed data. If the assumption of 

358 homogeneity of variances was violated, ANOVA Welch followed by Games-Howell’s 

359 post-hoc test was used. In all the ANOVA studies, a 5% level of significance was 

360 established prior to analysis.

361 For the growth curve comparison between treatments, a linear mixed model (LME) was 

362 performed. In detail, a quadratic or second degree polynomial model was selected as 

363 the more meaningful from all the models assayed. The growth curves were statistically 

364 tested with ANOVA + Tukey for each week, based on the linear mixed model selected.

365 The main R packages used were the following: car, dplyr, emmeans, ggplot2, lme4, 

366 lsmeans, multcomp, openxlsx, readODS, userfriendlyscience and xlsx. 

367 3. RESULTS

368 3.1. Determination of biomarkers of apple consumption

369 To verify the apple phenol intake, the concentrations of the apple phenol metabolites 

370 were analysed in the urine and faeces of the three phenol intervention groups (WF, RF 

371 and AE), and compared with the control treatments (NC, PC, 5FU) at different sampling 

372 times (2, 12 and 18 weeks) (Table S1). In addition, within each treatment, the changes 

373 in the concentration of the phenolic metabolites measured in the urine and faeces were 

374 compared between 2 weeks after the start of apple or Cy3Gal intake, and after 12 and 

375 18 weeks of diet supplementation (Table 2). The main purpose of both tables is to 

376 emphasize the apple metabolites detected exclusively in the three phenol intervention 

377 groups and not in the other three groups only fed with the basal rodent diet. These 

378 metabolites could be selected as candidates for apple intake biomarkers.

379 As can be seen in Table 2, more apple phenolic metabolites were detected in urine 

380 than in faeces.  Focusing into the urine samples and the two apple flesh treatments 

381 (WF and RF), the former group presented more metabolites types, while 

382 dyhydroxyphenyl- -valerolactone glucuronide (diOHVGluc) was the unique flavan-3-ol 



383 metabolite detected in both groups (WF and RF). For the dihydrochalcone metabolites 

384 subclass, two compounds were detected in both treatments: phloretin glucoside (PGI) 

385 and phloretin xyloside glucoside (PXGI). Regarding anthocyanin metabolites, as could 

386 be expected, these only were detected in the RF and AE groups, Cy3Gal being the 

387 main representative.

388 Moving towards the faeces, no apple biomarker candidates were found. It is worth 

389 highlighting the Cy3Gal detected in the RF group but not in the AE group. This is 

390 discussed in the Discussion section.

391 3.2. Comparison of rat growth curves within treatments

392 The growth curves were plotted by treatment (Figure S3). With the exception of the 

393 negative control (NC group), all the treatments presented an interruption of linear 

394 growth during weeks 4 and 5 due to the AOM intraperitoneal injection, in contrast to the 

395 placebo intraperitoneal injection of NaCl 0.9% solution in the negative control (NC) 

396 treatment. Another fact to emphasize was that until the 8th week, the AE group 

397 presented the lowest weight value. This surely could be attributable to the time required 

398 by the animals to interpret the oral gavage as not a stressful action. Also, as expected, 

399 the 5FU group underwent a second interruption of growth in weeks 13 and 14 due to 

400 the administration of chemotherapy. Regarding the final growth registered at the end of 

401 the experiment (18th week), the treatments with apple intake (WF and RF) achieved the 

402 highest weight values, indeed better than the negative control. On the contrary, the 

403 5FU group had the lowest weight values although they did not differ from the negative 

404 and positive controls. No differences were detected between the negative and positive 

405 controls. 

406

407

408 3.3. Other measurement data



409 Table 3 shows different types of data collected during the sacrifice, mainly the surface 

410 area (length x width in cm2) of different parts of the large intestine (caecum, proximal, 

411 mid and distal colon); liver, spleen and kidney weights; urine pH; and, the colon 

412 malondialdehyde (MDA) concentration (TBARS test).

413 Regarding the surface area (cecum and colon), the apple (WF and RF) and 

414 anthocyanin (AE) groups showed higher surface areas than either controls (negative 

415 and positive controls, NC and PC respectively). In the short-term (ST), the positive 

416 control (PC) and chemotherapy (5FU) groups also presented higher caecum surface 

417 areas compared with the negative control but these differences disappeared in the 

418 long-term (LT). In relation to the proximal colon surfaces, no statistical differences were 

419 detected between either treatments and/or time period. Slightly differences were 

420 detected between apple treatments (WF and RF) in the mid-colon surface in the ST but 

421 none were detected in the LT (Table 3). Finally, in the distal colon section, the most 

422 relevant region in CRC studies in the DMH/AOM induced model [35], no differences 

423 were detected between the apple (WF and RF) and AE treatments, and the negative 

424 control (NC). Nevertheless, the RF treatment showed a significant (p<0.05) increase in 

425 the distal colon surface in comparison with the positive control (PC). Taking into 

426 account the whole colon surface, the pattern detected is similar to the distal colon with 

427 the exception of the RF group, which showed significantly higher colon surfaces 

428 (p<0.05) than the negative control (NC) but not the positive control (PC). 

429 In relation to the weight of some of the organs studied (liver, spleen and kidneys), no 

430 significant differences were detected in either the short- or long-term studies (Table 3). 

431 However, in the LT in the RF group, a significant increase in the weight of the spleen 

432 was detected. 

433 No differences between treatments were detected in the urine pH values. Therefore, 

434 the organic acids contained in the flesh of the white and red-fleshed apple varieties 

435 selected for the study were not capable of modifying the urine pH.



436 Regarding the malondialdehyde (MDA) concentration in the distal colon (Table 3), in 

437 the ST, the diet supplementation with apple (WF and RF) was capable of reducing 

438 significantly the “normal levels” of MDA defined by the negative control (NC). 

439 Nevertheless, it was not until the LT period when the more interesting findings were 

440 observed. Only the treatments with consumption of the anthocyanin Cy3Gal, through 

441 apple ingestion (RF group) or oral gavage (AE group) showed a significant reduction in 

442 MDA concentration, with mean values similar to those in the 5FU group. Therefore, the 

443 apple anthocyanin (Cy3Gal) was capable of reducing MDA in the colon mucosa in an 

444 AOM rat carcinogenesis model.

445 In relation to the colonoscopies performed, some representative snapshots are 

446 attached in Figure S4. As can be seen, the study was long enough to detect tumour 

447 appearance and growth. 

448  Finally, it is noteworthy that in the ST study (12 weeks) no tumours were detected 

449 macroscopically and confirmed by histology (Figure S5). The plausible tumour 

450 highlighted in Figure S5 in the AE group was confirmed as lymphoid plaque, while a 

451 tumour was detected in the 5FU group, but due to the chemotherapy treatment, the 

452 rats in the ST study of the 5FU treatment were sacrificed in week 16 instead of week 

453 12. On the other hand, in the LT (18 weeks), tumours developed in all the groups 

454 treated with AOM, except in some animals/group. Therefore, within 6 weeks (between 

455 the 8th and 14th weeks post-AOM) CRC progressed rapidly in this model. In addition, 

456 although it was not our purpose because our study was focused on the early phases of 

457 CRC (prior to adenoma/adenocarcinoma, mainly during ACF formation and in the 

458 apparently normal mucosa), the incidence of tumours per treatment was annotated 

459 (Table S2).

460 3.4. Aberrant crypt foci & mucin-depleted foci results



461 Table 4 shows a summary of the aberrant crypt foci (ACF) counts for all the colon 

462 segments studied. For a detailed ACF count per each colon section, see Table S3. A 

463 “large ACF” was considered those with  5 crypts/foci, the classification used by [47]. 

464 Some representative images of ACF are depicted in Figures S6 (methylene blue stain) 

465 and S7 (haematoxylin and eosin, as ACF confirmatory staining).

466 It is worth emphasizing that in the ST study, the ACF count of the apple groups (WF 

467 and RF) was not statistically different from the negative control (NC) and lower than in 

468 the positive control (PC) (Table 4). However, this pattern changed in the LT study, 

469 where the WF group showed a significant reduction in the number of ACF (41.3% of 

470 ACF inhibition) in comparison with the positive control (PC).  However, the red-fleshed 

471 apple (RF) and anthocyanin Cy3Gal (AE) groups did not reduce the number of ACF. 

472 The chemotherapy group (5FU) demonstrated the best performance in reducing the 

473 ACF value, achieving an ACF inhibition of 70.1%. 

474 In relation to mucin-depleted foci (MDF), Figure S8 shows representative images of 

475 MDF zones detected in our study. It was our first attempt to study MDF in the colon 

476 carcinogenesis model but we decided to include this analysis because, jointly with 

477 ACF, MDF could be considered biomarkers predicting carcinogenesis status [31]. In 

478 addition, as in [31], a confirmatory staining (AB-PAS) was performed to confirm the 

479 mucin-depleted-foci within treatments but implementing an automated Alcian blue 

480 detection protocol for each slide through ImageJ software (Figure S9). In the LT, the 

481 PC and 5FU groups showed a significant (p<0.05) depletion of mucin in their crypts, in 

482 contrast to the rest of the treatments which showed no statistical differences from the 

483 negative control (NC).

484

485

486 3.5. qPCR findings of gene expression study



487 Figure 2 summarizes the results of the relative gene expression study performed on 

488 apparently normal colon mucosa. 

489 In detail, only nine (highlighted in the figure through a black rectangle) of the seventeen 

490 genes showed some changes in their expression (Apc, Aurka, Bax, Bcl2, Cox2, IL-33, 

491 iNOs, p53 and Vegfa). In relation to the Apc gene (Figure 2A), no extraordinary 

492 changes were detected. Changes were only detected in the LT and a down-regulation 

493 was detected in the 5FU group. With regard to the AURKA gene (Figure 2B), both in 

494 the ST and LT, the positive control (PC) presented an increase in the Aurka mRNA 

495 expression but this was not statistically significant compared to the negative control 

496 group (NC). On the other hand, the groups supplemented with Cy3Gal (RF and AE) 

497 presented a significant downregulation of the Aurka mRNA that, in the LT study, 

498 returned to the levels of the negative control (NC). By contrast, the 5FU and WF groups 

499 also reduced their mRNA expression significantly, but only in the LT (18 weeks). 

500 Regarding the Bax and Bcl2 genes, in the ST study, strange behaviour (low 

501 expression) of the Bax and Bcl2 gene was detected in the RF (Figure 2C) and PC 

502 (Figure 2D) groups, respectively. In the LT study, no changes in expression were 

503 detected within treatments. With reference to the Cox2 gene (Figure 2H), an important 

504 increase in Cox2 expression was observed in the positive control (PC) in the ST study, 

505 although not enough to be statistically significant compared to negative control (NC). In 

506 addition, only in the ST for the AE group, and in the LT for the 5FU treatment group, did 

507 we observe a significant decrease in the Cox2 mRNA compared with the positive 

508 control (PC). The results obtained for IL-33 showed an increase in gene expression 

509 (Figure 2J) especially in the ST for the positive control group (PC), and a significant 

510 decrease in the Cy3Gal groups (RF and AE). In the LT, no treatment differed 

511 significantly from the positive control (AOM) (PC).

512 The inflammatory effect of NF-kB is mediated via the induction of downstream 

513 cytokines, such as Vegfa, iNOs, Tnfa and Cox2 [48]. Comparing the results obtained 



514 for the iNOs (Figure 2K) and Tnfa (Figure 2P) genes, we confirmed this relationship. 

515 The treatment groups with a higher expression of the iNOs gene (PC and RF) also 

516 presented higher expression values for Tnfa, although no statistical differences were 

517 detected in this latter gene.

518 In relation to the Vegfa gene (Figure 2Q), no up-regulation of the positive control (PC) 

519 was detected. Nevertheless, in both treatments (RF and AE) containing anthocyanin, 

520 Cy3Gal demonstrated its aptitude to downregulate the Vegfa gene expression. This is 

521 desirable to prevent angiogenic action. Finally, some findings were detected for the p53 

522 gene expression (Figure 2M). In detail, in the ST, a general down-regulation of p53 

523 was detected but a statistically significant down-regulation was only observed in the 

524 positive control group (PC). By contrast, in the LT study a general up-regulation was 

525 detected except for the positive control (PC), although this was not great enough to be 

526 statistically significant compared with the negative control (NC). 

527

528 3.6. Immunohistochemistry (IHC) results

529 Figure 3 shows representative images of immunohistochemistry results from 

530 apparently normal mucosa. The statistical results from the interpretation of DAB 

531 images through ImageJ software are detailed in Table 5. Additional IHC photos from 

532 lymphoid plaques, adenoma and adenocarcinoma are attached in Document S1. As 

533 can be seen, no differences were detected between treatments for  and Ki67 

534 protein expression. However, the matrix metalloproteinases studied are worth 

535 emphasizing: MMP-2 and MMP-9. The low levels of MMP-2 detected in the apple 

536 treatments (WF and RF) are worth highlighting, the RF being statistically significant in 

537 contrast to the positive control (PC) in the LT study. Focusing on MMP-9, as can be 

538 seen in Table 5, both apple groups complemented each other. In the ST, the WF group 

539 had a similar MMP-9 expression to the negative control (NC), while in the LT, the 



540 “effect” of the white-fleshed apples disappeared but the red-flesh apple “effect” 

541 appeared with an expression close to that of the MMP-9 expression in the negative 

542 control. 

543 Finally, to the best of our knowledge, this is the first time that the expression of 

544 phospho-histone H2AX  has been studied in the AOM colon cancer model for 

545 assessing DNA damage. As can be seen in the Table 5, due to its low presence in 

546 apparently normal mucosa, the results for this nuclear protein were expressed as the 

547 number of animals per group that presented some positive  nuclei staining. The 

548 zones with more  staining were detected in the tumour zones (see Document 

549 S1).

550

551 4. DISCUSSION

552 Biomarkers are constituents of foods or metabolites thereof which can be detected in 

553 urine, faeces or serum samples and are indicative for nutritional intake. Although our 

554 study was not performed in fully healthy rats due to the administration of the 

555 carcinogen, apple consumption was monitored by urinary biomarkers, as commented 

556 in sections 2.4 and 3.1 above. In detail, the plausible urinary phenol metabolites 

557 selected as candidates for apple consumption biomarkers in our study were 

558 dihydroxyphenyl- -valerolactone glucuronide (diOHVGluc), phloretin glucoside (PG) 

559 and phloretin xyloside glucoside (PXG). Certainly, the phloretin metabolites could be 

560 the most selective as apple consumption biomarkers due to their reduced 

561 chemotaxonomy in the nature. As well as in apples, dihydrochalcones were also found 

562 in plums and pomegranates, but neither of these fruits are consumed in amounts 

563 comparable to apples [14,49]. Our results reinforce the results in humans published by 

564 [49] which confirmed phloretin glucoside as the best urinary biomarker of apple intake. 

565 On the other hand, cyanidin-3-O-galactoside (Cy3Gal) and peonidin glucuronide 



566 (PeoGluc) were identified as intake biomarkers of red-fleshed apples and Cy3Gal 

567 anthocyanin. The detection of intact Cy3Gal in urine is not new, as it was also reported 

568 by [50]. Furthermore, as pointed out in section 3.1, an amount of Cy3Gal was detected 

569 in faeces in the RF group but not in the AE group, although as stated in the Material & 

570 Methods section, both groups received the same Cy3Gal dose. This fact could be 

571 related to the existence of a food matrix effect. In the RF group, Cy3Gal was 

572 administered jointly with the other components of the red-fleshed apple, while in the AE 

573 group, only the Cy3Gal was administered. Although it was outside of the scope of this 

574 study, due to their absence in faeces, it seems that Cy3Gal bioavailability increases 

575 strongly when is it administered alone by oral gavage. 

576 AOM has been proven to alter the metabolic balance of the intestinal epithelial layer, 

577 producing hydrogen peroxidase that in turns leads to an increase in MDA and the 

578 formation of free radicals [47]. Therefore, any strategy to mitigate/retard their increase 

579 could be a good prevention tool. Only the treatments with the consumption of Cy3Gal 

580 through apple ingestion (RF group) or through oral gavage (AE group) showed a 

581 significant reduction in MDA concentration. Other natural products and drug 

582 compounds are described in the literature as being able to reduce MDA concentration 

583 [31,47,51]. 

584 This study was mainly focused on assessing the potential protective effect of apple 

585 polyphenols, with special attention to anthocyanins, in the early stages of CRC. For this 

586 proposal, the formation of ACF and MDF could be considered as relevant markers for 

587 CRC protection. Although the WF group (41.3% ACF inhibition) failed to reach the 70% 

588 inhibition described for the leaf extract treatments by [47,51], a ‘Golden Smoothee’ anti-

589 ACF effect was detected. The contents of flavan-3-ols, phenolic acids and flavonols in 

590 the flesh of the white-fleshed apples (‘Golden Smoothee’) used in the present study 

591 were higher than in the red-fleshed ones ‘RS-1’ (Table 1). From this, we hypothesized 

592 that the reduction in the number of the ACF in the WF group could be partially related 



593 to the higher daily dose of flavan-3-ols, and to a lesser extent, to phenolic acids and/or 

594 flavonols, overrepresented in the ‘Golden Smoothee’ (white-fleshed) in comparison 

595 with the ‘RS-1’ (red-fleshed). Nonetheless, taking into account the meta-analysis 

596 performed by [22], flavonols and especially diOHkaempferol derivatives 

597 (diOHkaempferol and diOHkaempferol glucoside) could also explain the better 

598 performance of ‘Golden Smoothee’ towards ACF. The ‘Golden Smoothee’ contents of 

599 flavan-3-ols and diOHkaempferol derivatives (dOHk) were 472 mg/kg and 88.41 mg/kg 

600 lyophilized flesh, respectively (Table 1). Therefore, and taking into account the dose 

601 selected in our study (3553 mg lyophilized flesh/kg rat/day), the daily dose was 

602 approximately 1.70 mg for flavan-3-ols and 0.31 mg for dOHk in the WF group, in 

603 contrast to 0.12 mg and 0.13 mg respectively in the RF group. However, compared 

604 with the doses of 250 mg and 500 mg plant extract/kg rat in the studies of [47,51], the 

605 lower daily dose of flavan-3-ol/flavonol used in the present study, more appropriate to 

606 normal daily intake, it was able to produce a 41.3% inhibition of ACF. These promising 

607 results open the door to future studies focusing on apple varieties that ensure a daily 

608 dose of flavan-3-ols of over 1.70 mg /kg rat/day and dOHk more than 0.31 mg in order 

609 to evaluate if a further increase in the % of ACF inhibition is achieved.

610 In relation to MDF, the apple supplementation demonstrated its efficacy at retarding 

611 mucin depletion, at least until 14 weeks after AOM injection. The results reported by 

612 [31], only detected no mucin depletion in the treatment group of chemotherapy + 

613 thymoquinone (drug assayed) but also detected mucin depletion in the group with 

614 chemotherapy alone, in line with our results. 

615 Regarding the relative gene expression study, a discussion for each one of the nine 

616 genes in which an expression change was detected is described below.

617 The adduct that appears to be the most important in carcinogenesis due to AOM is O6-

618 methylguanine (O6-mG), which produces translational mutations (G•C  A•T) [52]. 

619 With a dose of 10 mg AOM/kg mouse, the inactivation of one Apc allele due to the 



620 adduct action is plausible [52]. However, inactivation of Apc requires both alleles and it 

621 is very unlikely that this phenomenon would be observed in the AOM colorectal cancer 

622 models using a small number of animals [52]. 

623 Therefore, analysing our results and taking into account the above information, it is not 

624 surprising that no changes were observerd in the mRNA of Apc gene (Figure 2A). 

625 However, the 5FU group showed a downregulation of mRNA, probably generated by a 

626 mutation of one allele of the Apc gene. Analogous down-regulation of Apc mRNA was 

627 detected in the AOM group by [47]. 

628 The Bax gene is a member of the Bcl2 gene family, considered a tumour-suppressor 

629 with a pro-apoptotic role [53]. Bcl2 is defined as a proto-oncogene with an anti-

630 apoptotic role (it inhibits the intrinsic apoptosis pathway) [54]. An overexpression of the 

631 Bcl2 gene has been described in a wide variety of cancers [54]. In the present study, in 

632 the short term (ST), strange behaviour by the Bax gene (low expression) was detected 

633 in the RF group, and by the Bcl2 gene in the PC group. This behaviour differs from the 

634 results in [48,55], which detected an overexpression of the Bax and downregulation of 

635 the Bcl2 in the treatments with probiotics [48] or polysaccharides [55] in comparison to 

636 the positive control (PC). No changes in expression between the negative (NC) and 

637 positive (PC) controls were observed in the long-term (LT), similarly to [55].

638 Islam et al. [56] first studied the plausible role of a novel pro-inflammatory cytokine 

639 called interleukin-33 (IL-33) involved in inflammation and  carcinogenesis process in a 

640 mouse cancer model induced by AOM. Its role in cancer has yet to be elucidated 

641 [57,58] but increasing evidence implies that IL-33 triggered signals may be involved in 

642 cancer progression. Overexpression of IL-33 was found in human colorectal cancer 

643 (CRC) [59]. The results obtained in our study suggested a plausible effect of Cy3Gal as 

644 a candidate to prevent the overexpression of IL-33. 



645 Due to their common role in inflammation processes, the discussion of the NF-kB 

646 (subunit p65 or RelA), iNOs,  and Vegfa genes are performed together. NF-kB 

647 activation is involved in the proinflammatory response in tumour development and 

648 progression [48]. RelA or p65 is one type of NF-kB subunit implied in their canonical 

649 pathway and protagonist of the inflammatory pathway in both human and rodent colitis 

650 and carcinoma tissues [60]. The inflammatory effect of NF-kB is mediated via the 

651 induction of downstream cytokines, such as Vegfa, iNOs,  and Cox2 [48]. In 

652 addition, iNOs is regulated and induced, at least partly, via activation of the NF-kB 

653 pathway by such cytokines as , Il-1Beta and interferon gamma. Comparing the 

654 results obtained for the iNOs and  genes, we observed this relationship between 

655 them. The treatment groups with a higher expression of iNOs gene (PC and RF) also 

656 presented a higher expression of . Due to its wide standard deviation, no 

657 significant differences were observed in the RF group. Nevertheless, the tendency 

658 detected is similar to the pattern observed by Gamallat et al. [48]  and Femia et al. [61]. 

659 In these studies, the positive control group (AOM induced) showed an up-regulation of 

660 NF-kB (subunit p65) coupled with an up-regulation of the other genes involved in the 

661 NF-kB signalling pathway:  iNOs, Vegfa, and Cox2. By contrast, in our study, 

662 neither up-regulation of positive control (PC) nor any differences in the expression 

663 gene between the groups were detected in RelA or Vegfa. This fact could be 

664 attributable to [61] having studied specifically rat tumours. All the gene expression 

665 analysed in the present study was performed in non-polyp mucosa, as stated in the 

666 Materials and Methods (section 2.5 and Fig. 1). However, it is worth emphasizing the 

667 down-regulation of Vegfa expression in the AE group in the ST study. This was 

668 maintained in the LT study accompanied with the red-fleshed group (RF). Therefore, 

669 from these findings, we can propose a plausible anti-angiogenic effect of the Cy3Gal 

670 through the ingestion of red-fleshed apples, at a dose equivalent to one apple (without 

671 peel) per day in humans. 



672 To conclude the relative gene expression discussion, p53, Cox2 and Aurka genes are 

673 discussed together because the ACF count phenotype of 5FU and WF treatments in 

674 long-term study could be attributed to apoptotic pathway changes orchestrated through 

675 the p53, Cox2 and Aurka genes together with other genes not studied here. In relation 

676 to p53, although the effects were more pronounced in the ST, the tendency was 

677 maintained in the LT. The PC group (AOM treatment) showed reduced expression of 

678 this pro-apoptotic gene. This action could foster the avoidance of apoptosis [62–65]. In 

679 the present study the supplementation with apple and Cy3Gal in AOM exposed rats 

680 induced apoptosis, as evidenced by the increased expressions of p53 (especially in the 

681 AE group). Analogous results were obtained by [65] who studied the chemopreventive 

682 effect of rosmarinic acid in a DMH rat colon model and also by other studies [62,64,66]. 

683 Apart from the up-regulation of p53, these studies also detected a down-regulation of 

684 Cox2. The p53 gene suppresses Cox2 expression [67]. Cox2 is overexpressed in CRC. 

685 This promotes the synthesis of prostaglandin E2, which stimulates Bcl2 and inhibits 

686 apoptosis [67,68]. In our study, only the chemotherapeutic group (5FU) experienced a 

687 significant reduction compared with rats treated only with AOM (PC). However, Cox2 

688 expression in the apple treatments showed similar trend to the 5FU group. 

689 Nevertheless, in our study an over-expression of Cox2 was not detected and therefore 

690 the unchanged Bcl2 gene expression observed (see Fig. 2D) makes sense. 

691 The higher expression of p53 in 5FU (although not statistically different from PC) jointly 

692 with the downstream of Cox2 expression in 5FU (statistically significant from PC), could 

693 promote apoptosis, and be implied in the phenotype of the ACF count in the 5FU 

694 group, which was the treatment with the highest reduction of ACF.

695 From the above genes (p53 and Cox2), we could propose a plausible reason through 

696 apoptosis regulation for the results obtained in the ACF count in the 5FU group. 

697 However, what about WF group? Aurka is an oncogene which is highly overexpressed 

698 in human colon cancer [69] and its overexpression has been implicated in apoptosis 



699 resistance [70]. As can be seen in the LT study (Fig. 2B), a statistically significant 

700 reduced expression of Aurka gene was detected in the 5FU and WF groups compared 

701 with the PC group, which experienced an increased expression tendency for this gene. 

702 Moreover, the PC group, with the highest mean value of Aurka mRNA expression, also 

703 presented the lowest p53 expression. Lu et al. [71] demonstrated in colon cell lines that 

704 one active compound from a traditional Chinese herbal medicine induced apoptosis 

705 through the roles of Aurka and p53. In detail, these authors demonstrated that in 

706 malignant cells, a higher Aurka level is usually associated with minimal expression of 

707 p53. Moreover, the same compound from traditional Chinese herbal medicine 

708 downregulated the Aurka expression that fosters an increase in p53. In addition, 

709 Saiprasad et al. [70] demonstrated that the flavonoid hesperidin in the AOM mouse 

710 model was capable of reducing the Aurka expression and also its protective effect 

711 against experimental colon carcinogenesis by stimulating apoptosis. 

712 Therefore, and considering all the previous information, the phenotype with lower 

713 counts of ACF in the LT in the 5FU and WF treatments could be partially attributed to 

714 the expression changes of Aurka, p53 and Cox2 which are related to apoptosis. The 

715 best phenotype of ACF was achieved by the 5FU group. This group presented the 

716 lowest expression of Aurka and Cox2 compared with the PC group and an increased-

717 tendency for p53 expression. The second ACF-reduced phenotype (WF group) 

718 presented the lowest expression of Aurka, a lower tendency of Cox2 expression and 

719 increased-tendency of p53 expression.

720 The immunohistochemistry (IHC) analysis revealed no changes in the expression of 

721 the  protein (Table 5), which is in agreement with the gene expression results. 

722 In apparently normal mucosa in all the treatments,  was localized exclusively 

723 in the plasma membrane of the colonocytes (the normal cell region for  

724 expression). However,  expression in the cytosol and nuclei was only 

725 detected in polyps (see Document S1), as stated in the literature [72]. Also, no 



726 expression changes were detected between treatments for Ki67, demonstrating that 

727 the apparently normal mucosa presented a Ki67 expression pattern like the normal 

728 colon [73]. The expression of Ki67 increased in the mucosa affected (see Document 

729 S1), which is in agreement with [73]. In relation to matrix metalloproteinases, MMP-2 

730 (gelatinase A) and MMP-9 (gelatinase B) were studied for their role in CRC 

731 progression/dissemination as proangiogenic factors [74]. The results obtained in the 

732 apple groups (WF and RF) suggested a tendency to control/retard the overexpression 

733 of metalloproteinases detected in colon carcinogenesis models, with an effect detected 

734 comparable to that of red wine polyphenols [74]. Finally, although MMP-2 expression in 

735 the large intestine is localized mainly in the cytosol of epithelial cells facing the 

736 intestinal lumen and extracellular matrix [75], a nuclear expression of MMP-2 in non-

737 intestine tissues has been discovered in recent years [76]. However, although the 

738 authors do not highlight their findings, nuclear MMP-2 IHC staining was detected in the 

739 jejunum in a study of a rat model of intestinal mucositis [77]. Nevertheless, to the best 

740 of our knowledge, our results demonstrate for a first time the nuclear localization of 

741 MMP-2 in the large intestine.

742

743 Overall, this study illustrates the potential chemopreventive effect of apple phenols in 

744 the early stages of an AOM colorectal cancer model at a daily dose equivalent to the 

745 consumption of one apple (without peel) per day in humans. In relation to the ACF and 

746 MDF, recognized as precancerous markers of colorectal carcinogenesis, rats fed with 

747 white- (WF) and red-fleshed (RF) apples presented the lowest incidence of ACF in the 

748 ST (8 weeks after AOM injection). By contrast, in the LT (14 weeks after AOM 

749 injection), only the diet supplementation with white-fleshed apples was capable of 

750 achieving a 41.3% ACF inhibition, probably attributable to the higher daily intake of 

751 flavan-3-ols/flavonols, which altered the expression of genes related to apoptosis. 

752 Therefore, in a future study it seems interesting to increase the daily apple dose in 



753 order to check the dose-response relationship between flavan-3-ol/flavonol and ACF 

754 inhibition. In the case of MDF, all the treatments with apple and anthocyanin 

755 consumption (WF, RF, AE) underwent no significant mucin depletion (like the negative 

756 control). Similar findings were detected in the MDA distal colon concentration, 

757 reinforcing the antioxidant activity of apple polyphenols and the anthocyanin Cy3Gal. 

758 Regarding IHC, the reduced protein expression of MMP-2 and MMP-9, and the MMP-2 

759 nuclear staining in the large intestine is worth noting. Depending on the phase of CRC 

760 development (ST or LT), the best results corresponded to the WF or RF groups, 

761 demonstrating the complementarity of both apple varieties. 

762 From all the above-mentioned data, our study suggests a buffering effect of apple 

763 polyphenols and Cy3Gal on colon carcinogenesis, retarding/diminishing the 

764 appearance of the different precancerous markers studied (ACF, MDF, genes and 

765 proteins related to CRC progression). Nevertheless, it would be very interesting in 

766 further studies to increase the daily apple (and consequently polyphenols) dose in 

767 order to try to extend the initial and promising findings obtained in the present study. 
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1046 FIGURE LEGENDS

1047 Figure 1. Sampling of the LLARS study.

1048

1049 Figure 2. Findings of qPCR on apparently normal colon mucosa. Bar height 

1050 denotes the relative gene expression mean and error bars of the bar chart 

1051 represent the standard deviation. Short-term: n=5 animals/group // Long-term: 

1052 n=5 animals/group.

1053 Notes: NC: negative control; PC: positive control, AOM-injected rats; 5FU: AOM-

1054 injected rats and then treated with 5FU; WF: white apple flesh and AOM-injected rats; 

1055 RF: red apple flesh and AOM-injected rats; AE: cyanidin-3-O-galactoside and AOM-



1056 injected rats. Different letters in the bars indicate significant differences between 

1057 groups (p<0.05).

1058
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1061

1062 Figure 3. Representative images of immunohistochemical analysis performed on 

1063 apparently normal colon mucosa. 

1064 Notes: All images were captured at 20X. ST: short-term (n=5/group); LT: long-term 

1065 (n=5/group).

1066 NC: negative control; PC: positive control, AOM-injected rats; 5FU: AOM-injected rats 

1067 and then treated with 5FU; WF: white apple flesh and AOM-injected rats; RF: red apple 

1068 flesh and AOM-injected rats; AE: cyanidin-3-O-galactoside and AOM-injected rats
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1079

1080

1081

1082

1083 Table 1.  Contents of the main flavonoids (mg/kg liof.) in the two lyophilized apple flesh pools, white and 
1084 red flesh, used to prepare the foodstuffs studied. *

Red-Flesh White-Flesh

'RS-1' ‘Golden Smoothee’

                      Compounds (n=36) (n=40)

Total anthocyanins: 194.69 ± 1.28 na

cyanidin arabinoside 14.85 ± 0.11 na

cyanidin 3-O-galactoside 175.52 ± 0.53 na

delphinidin rhamnoside 3.97 ± 0.6 na

           Total phenolic acids: 1213.19 ± 91.32 602.95 ± 20.23

chlorogenic acid 1139.43 ± 80.1 575.55 ± 18.29

vanillic acid 1.43 ± 0.15 0.55 ± 0.16

vanillic acid hexoside 55 ± 0.91 13.65 ± 1.08

ferulic acid hexoside 6.67 ± 7.74 6.74 ± 0.49

           Total dihydrochalcones: 70.51 ± 30.25 128.26 ± 29.11

phloridzin 34.32 ± 9 67.74 ± 18.38

phloretin xylosyl-glucoside 35.92 ± 21.15 59.43 ± 10.58

           Total flavan-3-ols: 34.25 ± 1.92 471.72 ± 31.77

epicatechin 17.37 ± 1.83 206.82 ± 11.97

dimer 14.65 ± 0.07 229.76 ± 18.27

trimer 2.23 ± 0.02 20.13 ± 0.60

           Total flavones: 3.63 ± 0.64 0.33 ± 0.14

luteolin glucoside 3.48 ± 0.61 0.26 ± 0.05

           Total flavonols: 94.64 ± 10.67 124.33 ± 4.61

quercetin arabinoside 23.43 ± 4.07 8.40 ± 0.37

quercetin glucoside + galactoside 5.81 ± 0.63 1.04 ± 0.22

quercetin rhamnoside 20.49 ± 3.1 20.09 ± 1.31

diOHkaempferol 19.64 ± 0.05 87.54 ± 1.96



diOHkaempferol glucoside 17.42 ± 1.69 0.87 ± 0.12

           Total flavanones: 9.44 ± 0.25 0.80 ± 0.47

eriodictyol hexoside 6.04 ± 0.02 0.55 ± 0.42

naringenin glucoside 3.4 ± 0.24 0.25 ± 0.05

1085 Data are shown as mean ± standard deviation. n: number of independent samples (apple flesh number) 
1086 that formed each pool; na: not analyzed. White-fleshed apples only present a value lower than the limit 
1087 of detection (LOD) for anthocyanin. 

1088 *The total value for each flavonoid subclass could not be the sum of the individual compounds. Only 
1089 the major compounds are shown in the table.
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1106 Table 2. Time changes in the apple phenol metabolite concentrations detected in urine and faeces.  Data are shown as mean ± standard deviation.

2 weeks Vs 12 weeks (n=5/group)
NC PC 5FU WF RF AE

Urine (nmol/urine 24h) 2w 12w 2w 12w 2w 12w 2w 12w 2w 12w 2w 12w

Flavan-3-ols metabolites
OHVGluc nd nd nd nd nd nd 9.50 ± 0.90 14.2 ± 7.40 10.3 ± 13.3 0 nd nd
diOHV nd nd nd nd nd nd 108.7 ± 39.3 76.1 ± 46.6* 40.1 ± 51 nd nd nd
diOHVGluc nd nd nd nd nd nd 96.8 ± 28.6 60.1 ± 32.3 48.1 ± 78.6 56.1 ± 16.5 nd nd
CatGluc nd nd nd nd nd nd 18.0 ± 2.00 46.1 ± 20.1* nd nd nd nd
MeCatGluc nd nd nd nd nd nd nd 27.4 ± 17.3* nd nd nd nd
MeEpiCGluc nd 4.70 ± 6.20 nd nd nd 4.90 ± 5.70 30.1 ± 20.1 75.4 ± 45.5 nd nd nd nd
Dihydrochalcone metabolites
PGl nd nd nd nd nd nd 0.20 ± 0.00 0.30 ± 0.10* 0.30 ± 0.20 0.10 ± 0.10 nd nd
PXGl nd nd nd nd nd nd 0.10 ± 0.01 0.10 ± 0.04 0.1 ± 0.1 0.10 ± 0.04 nd nd
Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 0.02 ± 0.01 0.10 ± 0.10 nd nd
PeoGluc nd nd nd nd nd nd nd nd 0.04 ± 0.04 0.05 ± 0.03 0.03 ± 0.01 0.04 ± 0.01

Faeces (nmol/kg dw 
faeces)

Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 33.7 ± 5.1 21.3 ± 5.1* nd nd

2 weeks Vs 18 weeks (n=5/group)
Urine (nmol/urine 24h) 2w 18w 2w 18w 2w 18w 2w 18w 2w 18w 2w 18w

Flavan-3-ols metabolites
OHVGluc nd nd nd nd nd nd 7.40 ± 4.50 28.7 ± 4* 17 ± 4.80 nd * nd nd
diOHV nd nd nd nd nd nd 91.4 ± 54.7 61.6 ± 24.6 78.3 ± 15.4 nd * nd nd
diOHVGluc nd nd nd nd nd nd 112 ± 95 54.9 ± 40.0 48.3 ± 33 41 ± 23 nd nd
CatGluc nd nd nd nd nd nd 18.3 ± 11.3 31.3 ± 15.0 nd nd nd nd
MeCatGluc nd nd nd nd nd nd nd 40.7 ± 19.7* nd nd nd nd
MeEpiCGluc nd nd nd nd nd 7.00 ± 7.10 44.0 ± 20.3 86.1 ± 36.0 nd nd nd nd
Dihydrochalcone metabolites
PGl nd nd nd nd nd nd 0.16 ± 0.03 0.19 ± 0.03* 0.10 ± 0.10 0.30 ± 0.10 nd nd
PXGl nd nd nd nd nd nd 0.05 ± 0.01 0.10 ± 0.03* 0.01 ± 0.01 0.20 ± 0.10 nd nd
Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 0.05 ± 0.06 0.05 ± 0.04 nd 0.01 ± 

0.03
CyGluc nd nd nd nd nd nd nd nd 0.02 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 0.07 ± 

0.06
PeoGluc nd nd nd nd nd nd nd nd <LOD <LOD <LOD <LOD

Faeces (nmol/kg dw 
faeces)

Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 30.5 ± 11.7 25.1 ± 13.2 nd nd
Phenolic acid metabolites



1107

1108 nd. not detected. dw. dry weight.

1109 NC: negative control; PC: positive control, AOM-injected rats; 5FU: AOM-injected rats and then treated with 5-FU; WF: white apple flesh and AOM-injected 
1110 rats; RF: red apple flesh and AOM-injected rats; AE: cyanidin-3-O-galactoside and AOM-injected rats
1111 Key.  Paired t-test was performed for each treatment and each compared period.  OHVGluc: hydroxyphenyl- -valerolactone glucuronide; diOHV: 
1112 dihydroxyphenyl- -valerolactone; Benz: hydroxybenzoic acid; CatSul: catechin sulphate; diOHVGluc: dihydroxyphenyl- -valerolactone glucuronide; PGl: 
1113 phloretin glucoside; PXGI: phloretin xyloside glucoside; CatGluc: catechin glucuronide; MeEpiCGluc: methyl epicatechin glucuronide; MeCatGluc: methyl 
1114 catechin glucuronide; CyGal: cyanidin galactoside, CyGluc: cyanidin glucuronide; PeoGal: peonidin galactoside; PeoGluc: peonidin glucuronide; HA: hippuric 
1115 acid; and Csulf: catechol sulphate.
1116

1117

1118

1119

1120

1121

1122

1123

HA nd 18.8 ± 11.7* nd 14.6 ± 11.0* nd 7.90 ± 4.60* nd 12.5 ± 7.6* nd 4.50 ± 
0.80*

nd 4.80 ± 
0.60*

Catechol metabolites
Csulf nd 11.0 ± 8.00 nd nd nd nd nd nd nd nd nd 0.70 ± 

0.10*



1124 Table 3. Rat  data collected, urine pH and MDA distal colon concentration for each treatment 
1125 and period of time. Data are shown as mean ± standard deviation.

1126

1127

1128

1129

1130

1131

1132

1133

NC PC 5FU WF RF AE
Short-term study (12 weeks, n=5/group)

Cecum surface (cm2) 16.4 ± 
1.7a

26.6 ± 2.4b 26.1 ± 1.9b 21.8 ± 
3.9ab

27.3 ± 
3.4b

27.5 ± 4.9b
Proximal colon 
surface (cm2)

3.9 ± 0.9a 5.2 ± 1.3a 4.5 ± 0.8a 3.7 ± 0.6a 5.2 ± 
1.3a

4.9 ± 1.0a

Mid colon surface 
(cm2)

3.6 ± 
0.6ab

3.9 ± 0.3ab 3.8 ± 0.3ab 3.1 ± 0.5a 4.3 ± 
0.9b

3.4 ± 0.5ab

Distal colon Surface 
(cm2)

10.7 ± 
1.6a

12 ± 0.8a 9.4 ± 2.0a 10.1 ± 
2.2a

9.2 ± 
1.3a

10.6 ± 1.5a

Colon surface (cm2) 18.1 ± 
1.1a

21 ± 1.1a 17.7 ± 2.6a 17.0 ± 
1.9a

18.8 ± 
3.2a

18.9 ± 1.4a
Liver (g) 11.9 ± 

1.2a
11.0 ± 1.1a 10.3 ± 0.6a 11.1 ± 

0.9a
11.4 ± 
1.2a

11.2 ± 0.8a
Spleen (g) 0.68 ± 

0.1a
0.73 ± 0.1a 0.66 ± 0.1a 0.71 ± 

0.1a
0.67 ± 
0.1a

0.74 ± 0.1a
Kidneys (g) 2.4 ± 0.3a 2.7 ± 0.3a 2.4 ± 0.1a 2.5 ± 0.2a 2.5 ± 

0.2a
2.6 ± 0.2a

Urine pH 8.2 ± 0.9a 7.3 ± 1.3a 7.5 ± 0.8a 7.1 ± 0.8a 7.6 ± 
0.7a

7.2 ± 0.6a
MDA (µM) 5.1 ± 1.5b 3.3 ± 0.3ab 3.4 ± 0.3ab 2.3 ± 0.7a 2 ± 0.8a 3.3 ± 0.9ab

Long-term study (18 weeks, n=5/group)
Cecum surface (cm2) 18.7 ± 

1.4a
22.1 ± 2.5a 25 ± 2.8ab 33.2 ± 

6.6b
33.5 ± 
4.5b

33.6 ± 6.0b
Proximal colon 
surface (cm2)

4.5 ± 0.8a 4.7 ± 1.2a 4.8 ± 0.5a 5.2 ± 1.5a 4.2 ± 
1.1a

5.9 ± 0.9a

Mid colon surface 
(cm2)

3.5 ± 0.8a 4.1 ± 0.5a 4.6 ± 0.4a 4.2 ± 0.6a 4.3 ± 
0.7a

4.7 ± 1.0a

Distal colon surface 
(cm2)

10.4 ± 
1.9ab

10.3 ± 1.6a 11.9 ± 
1.7ab

11.6 ± 
2.5ab

14.6 ± 
2.5b

10.4 ± 
1.7ab

Colon surface (cm2) 18.3 ± 
1.9a

19.1 ± 
2.1ab

21.3 ± 
2.1ab

21 ± 2.7ab 23 ± 2.7b 21.1 ± 
1.6abLiver (g) 11.6 ± 

0.6ab
10.0 ± 0.6a 11.1 ± 

1.3ab
12.9 ± 
1.4b

11.7 ± 
0.2ab

12.4 ± 1.8b
Spleen (g) 0.65 ± 

0.1a
0.64 ± 0.1a 0.69 ± 

0.1ab
0.74 ± 
0.1ab

0.90 ± 
0.1b

0.7 ± 0.2ab
Kidneys (g) 2.5 ± 0.2a 2.4 ± 0.3a 2.3 ± 0.5a 2.7 ± 0.5a 2.8 ± 

0.2a
2.4 ± 0.3a

Urine pH 6.8 ± 0.3a 7.1 ± 0.3a 7.6 ± 0.6a 7.5 ± 0.8a 7.0 ± 
0.5a

7.6 ± 0.7a
MDA (µM) 4.4 ± 

0.5ab
8.8 ± 0.1a 2.4 ± 1.4ab 4.1 ± 

3.5ab
2.4 ± 
0.5b

2.3 ± 1.1b



1134 Table 4. Summary table of the aberrant crypt foci (ACF) number per treatment and period. Data are shown as mean ± standard deviation.

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

NC PC 5FU WF RF AE

Short-term study (12 weeks, n=5/group)

Crypts/foci

1 0a 377 ± 40d 55 ± 11.3c 13.3 ± 10.2b 23.5 ± 10.8bc 67.5 ± 19.6c

2 0b 44 ± 6.5c 12.3 ± 5.1a 2.5 ± 2d 7.6 ± 5.1ad 13.8 ±  6.7a

3 0a 11 ± 4.6c 9 ± 3.3bc 2.5 ± 1.4a 4.1 ± 1.6ab 8.3 ± 3.8bc

4 0a 3.2 ± 1.6ab 3.5 ± 1b 1.6 ± 1.3ab 2.9 ± 1.7ab 4.4 ± 2.8b

A
ll 

co
lo

n 
se

g
m

en
ts

 5 0a 0.7 ± 0.8abc 1.8 ± 1.3cd 0.3 ± 0.1ab 0.9 ± 0.5bcd 3.8 ± 2.9d

Total ACF 0a 436 ± 42d 81 ± 18bc 20 ± 13a 39 ± 17ab 98 ± 35c

Long-term study (18 weeks, n=5/group)

Crypts/foci

1 0a 451.1 ± 48.5d 111.5 ± 11.3b 227.1 ± 74.3c 431 ± 51.6d 465.1 ± 74.1d

2 0a 42.3 ± 13.4c 19.5 ± 8b 41 ± 2.6c 55 ± 12.5c 40.3 ± 9.5c

3 0a 12.5 ± 7.1b 11.9 ± 6b 20.8 ± 4.1b 19.8 ± 5.3b 12.7 ± 5.3b

4 0a 4.1 ± 2.4ab 5.9 ± 2.8b 9.1 ± 4.2b 6.9 ± 2.6b 5.1 ± 1.6abA
ll 

co
lo

n 

se
gm

en
ts

 5 0a 4.9 ± 3.8a 4.9 ± 3.1a 4.5 ± 2.8a 2.6 ± 1.8a 2.5 ± 1.6a

Total ACF 0a 515 ± 67d 154 ± 21b 302 ± 83c 515 ± 44d 526 ± 82d



1146

1147 Different letters in the same row indicate significant differences between groups (p<0.05). All colon segments: caecum, proximal, middle and 
1148 distal colon.

1149

1150 Table 5. Immunohistochemistry (IHC) results for each treatment and time period. Data are shown as mean ± standard deviation*.

1151

1152

1153  results are expressed as the number of animals with  staining per group. In parentheses, the total number of nuclei  
1154 positive per group is stated.

NC PC 5FU WF RF AE

Protein Short-term study (n=5/group)
H-score 49 ± 29 42 ± 16 19 ± 8 17 ± 8 24 ± 24 36 ± 23

Ki67 % nuclei stained /total nuclei 10 ± 7 16 ± 9 13 ± 8 19 ± 10 16 ± 10 11 ± 6
MMP-2 % nuclei stained /total nuclei 2 ± 1a 6 ± 3abc 20 ± 15c 3 ± 2a 3 ± 1ab 15 ± 12bc
MMP-9 H-score 1 ± 1a 32 ± 25c 8 ± 6abc 2 ± 2ab 20 ± 15bc 10 ± 9abc

Incidence/group 0/5 2/5 (11) 2/5 (3) 1/5 (1) 0/5 1/5 (3)

Protein Long-term study (n=5/group)
 -catenin H-score 45 ± 20 28 ± 12 28 ± 16 28 ± 15 20 ± 12 27 ± 9

Ki67 % nuclei stained /total nuclei 21 ± 13 19 ± 8 19 ± 11 16 ± 7 10 ± 6 24 ± 14

MMP-2 % nuclei stained /total nuclei 5 ± 2ab 18 ± 7b 8 ± 8ab 5 ± 2ab 4 ± 2a 11 ± 6ab
MMP-9 H-score 1 ± 1a 14 ± 10bcd 3 ± 1abc 28 ± 11d 3 ± 3ab 19 ± 19cd

Incidence/group 0/5 3/5 (11) 1/5 (1) 1/5 (1) 1/5 (12) 0/5
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Supplementary document 1 (Document S1): 

Representative images of Immunohistochemistry (IHC) in lymphoid plaques, 
adenocarcinoma zones and adjacent mucosa 

 

 -catenin: 

 

Left:  Image of a lymphoid plaque (20X, short-term (ST) period -catenin was not 
expressed in any lymphoid plaques. Right: -catenin expression in adenocarcinoma zone
(20X, long-term (LT) period). As can be seen, -catenin is detected in the cytosol and nuclei.

Ki67: 

 

Exacerbated Ki67 expression in lymphoid plaques (left, 20X, LT study) and inside 
adenocarcinomas (right, 20X, ST study). 
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MMP-2: 

 

Top left: Image of a lymphoid plaque (20X, LT). Top right: Image of two lymphoid plaques 
(4X, ST). In both images was detected an increase of MMP-2 nuclear staining was detected. 

Bottom left: Image of muscular layer (20X, ST) with detection of MMP-2. MMP-2 is capable 
of cleaving collagen type IV. Bottom right: Image of an adenocarcinoma (20X, LT) with 
strong staining for MMP-2. 
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MMP-9: 

 

 

 

 

 

 

 

 

Top left: A lymphoid plaque (20X, ST) with 
weak DAB staining. Top right: Muscular 
layer (20X, LT) with positive staining for 
MMP-9. Bottom left: An adenocarcinoma 
(20X, LT) stained strongly. 
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Top left:  A lymphoid plaque (20X, LT) with 
some nucleus stained (meaning DNA damage). 
Top right: Adenocarcinoma adjacent to mucosa 
(20X, LT) with nucleus stained at the apical zone 
of the mucosa. Bottom left: Adenocarcinoma
(20X, LT) with nucleus stained. As can be seen, 
although a large number of nucleus positively

 the 
adenocarcinomas, adjacent mucosa and 
lymphoid plaques, their affectation is scarce in 
CRC. 

 

 

 

 

 

 



LleidaAppleRat Study (LLARS)  
 

 

60 male Wistar rats (150-175 g) were separated randomly in different cages (each cage containing two rodents). 
 

Acclimation  
      5 days 

 (week)   0                                    4              5                                     12           13           14            15            16           17           18 
            Standard diet 

for rodents 
(Teklad Global 
2014, batch 
3201) 

5FU: 5-
Fluorouracil 
group (n=10) 

NC: Negative 
control 
(n=10) 

Acclimation  
      5 days 

Standard diet 
for rodents 
(Teklad Global 
2014, batch 
3201) 

 (week)      0                                    4              5                                     12           13           14            15            16           17            18 
            

Acclimation 
      5 days 

Standard diet 
for rodents 
(Teklad Global 
2014, batch 
3201) 

PC: Positive 
control 
(n=10)  (week)    0                                     4              5                                     12           13           14            15            16           17           18  

           

Acclimation  
      5 days 

 (week)    0                                     4              5                                     12           13           14            15            16           17           18  
                       

Standard diet for rodents 
enriched with 
Smoothee pulp 
(equivalent dose 1 
apple/day) 

WF: White 
Flesh group 
(n=10) 

Acclimation  
      5 days 

 (week)    0                                     4              5                                     12           13           14            15            16           17           18 
                       

Standard diet for rodents 
enriched with -
(equivalent dose 1 
apple/day) 

Acclimation  
      5 days 

 
Standard diet for rodents + Administration of 
Cyanidin 3-O-galactoside standard (equivalent dose 
of 1 apple/day) through gastric gavage process. 

 (week)    0                                     4              5                                     12           13           14            15            16           17           18 
                       

RF: Red Flesh 
group (n=10) 

AE: Cyanidin 
Galactoside 
group (n=10) 

Legend: 
 
 

 

Saline solution 
(0.9%) i.p.  
injection. Dose: 
15 mg/kg Azoxymethane 

i.p. injection. 
Dose: 15 mg/kg 

Colonoscopy Sacrifice 
Fluorouracil i.p. 
injection. Dose: 
12 and 6 mg/kg 
(4 doses each) 

Sacrifice of 5 rats.  

Sacrifice of 5 rats.  

Sacrifice of 5 rats.  

Sacrifice of 5 rats.  

Sacrifice of 5 rats.  

Sacrifice of 5 rats.  
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Carbohydrate (available) b % 48.0 Vitamin E IU/kg 120
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Sodium % 0.1 C16:0 Palmitic % 0.5
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Table 1.  Contents of the main flavonoids (mg/kg liof.) in the two lyophilized apple flesh pools, white and red flesh, used to 
prepare the foodstuffs studied. *

Red-Flesh White-Flesh
'RS-1' ‘Golden Smoothee’

                      Compounds (n=36) (n=40)

Total anthocyanins: 194.69 ± 1.28 na
cyanidin arabinoside 14.85 ± 0.11 na

cyanidin 3-O-galactoside 175.52 ± 0.53 na
delphinidin rhamnoside 3.97 ± 0.6 na

           Total phenolic acids: 1213.19 ± 91.32 602.95 ± 20.23
chlorogenic acid 1139.43 ± 80.1 575.55 ± 18.29

vanillic acid 1.43 ± 0.15 0.55 ± 0.16
vanillic acid hexoside 55 ± 0.91 13.65 ± 1.08
ferulic acid hexoside 6.67 ± 7.74 6.74 ± 0.49

           Total dihydrochalcones: 70.51 ± 30.25 128.26 ± 29.11
phloridzin 34.32 ± 9 67.74 ± 18.38

phloretin xylosyl-glucoside 35.92 ± 21.15 59.43 ± 10.58

           Total flavan-3-ols: 34.25 ± 1.92 471.72 ± 31.77
epicatechin 17.37 ± 1.83 206.82 ± 11.97

dimer 14.65 ± 0.07 229.76 ± 18.27
trimer 2.23 ± 0.02 20.13 ± 0.60

           Total flavones: 3.63 ± 0.64 0.33 ± 0.14
luteolin glucoside 3.48 ± 0.61 0.26 ± 0.05

           Total flavonols: 94.64 ± 10.67 124.33 ± 4.61
quercetin arabinoside 23.43 ± 4.07 8.40 ± 0.37

quercetin glucoside + galactoside 5.81 ± 0.63 1.04 ± 0.22
quercetin rhamnoside 20.49 ± 3.1 20.09 ± 1.31

diOHkaempferol 19.64 ± 0.05 87.54 ± 1.96
diOHkaempferol glucoside 17.42 ± 1.69 0.87 ± 0.12

           Total flavanones: 9.44 ± 0.25 0.80 ± 0.47
eriodictyol hexoside 6.04 ± 0.02 0.55 ± 0.42
naringenin glucoside 3.4 ± 0.24 0.25 ± 0.05

Data are shown as mean ± standard deviation.  n: number of independent samples (apple flesh number) that formed each pool; 
na: not analyzed. White-fleshed apples only present a value lower than the limit of detection (LOD) for anthocyanin. 

*The total value for each flavonoid subclass could not be the sum of the individual compounds. Only the major 
compounds are shown in the table.



Table 2. Time changes in the apple phenol metabolite concentrations detected in urine and faeces.  Results expressed as mean ± standard deviation.

nd. not detected. dw. dry weight.

2 weeks Vs 12 weeks (n=5/group)
NC PC 5FU WF RF AE

Urine (nmol/urine 24h) 2w 12w 2w 12w 2w 12w 2w 12w 2w 12w 2w 12w

Flavan-3-ols metabolites
OHVGluc nd nd nd nd nd nd 9.50 ± 0.90 14.2 ± 7.40 10.3 ± 13.3 0 nd nd
diOHV nd nd nd nd nd nd 108.7 ± 39.3 76.1 ± 46.6* 40.1 ± 51 nd nd nd
diOHVGluc nd nd nd nd nd nd 96.8 ± 28.6 60.1 ± 32.3 48.1 ± 78.6 56.1 ± 16.5 nd nd
CatGluc nd nd nd nd nd nd 18.0 ± 2.00 46.1 ± 20.1* nd nd nd nd
MeCatGluc nd nd nd nd nd nd nd 27.4 ± 17.3* nd nd nd nd
MeEpiCGluc nd 4.70 ± 6.20 nd nd nd 4.90 ± 5.70 30.1 ± 20.1 75.4 ± 45.5 nd nd nd nd
Dihydrochalcone metabolites
PGl nd nd nd nd nd nd 0.20 ± 0.00 0.30 ± 0.10* 0.30 ± 0.20 0.10 ± 0.10 nd nd
PXGl nd nd nd nd nd nd 0.10 ± 0.01 0.10 ± 0.04 0.1 ± 0.1 0.10 ± 0.04 nd nd
Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 0.02 ± 0.01 0.10 ± 0.10 nd nd
PeoGluc nd nd nd nd nd nd nd nd 0.04 ± 0.04 0.05 ± 0.03 0.03 ± 0.01 0.04 ± 0.01

Faeces (nmol/kg dw 
faeces)

Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 33.7 ± 5.1 21.3 ± 5.1* nd nd

2 weeks Vs 18 weeks (n=5/group)
Urine (nmol/urine 24h) 2w 18w 2w 18w 2w 18w 2w 18w 2w 18w 2w 18w

Flavan-3-ols metabolites
OHVGluc nd nd nd nd nd nd 7.40 ± 4.50 28.7 ± 4* 17 ± 4.80 nd * nd nd
diOHV nd nd nd nd nd nd 91.4 ± 54.7 61.6 ± 24.6 78.3 ± 15.4 nd * nd nd
diOHVGluc nd nd nd nd nd nd 112 ± 95 54.9 ± 40.0 48.3 ± 33 41 ± 23 nd nd
CatGluc nd nd nd nd nd nd 18.3 ± 11.3 31.3 ± 15.0 nd nd nd nd
MeCatGluc nd nd nd nd nd nd nd 40.7 ± 19.7* nd nd nd nd
MeEpiCGluc nd nd nd nd nd 7.00 ± 7.10 44.0 ± 20.3 86.1 ± 36.0 nd nd nd nd
Dihydrochalcone metabolites
PGl nd nd nd nd nd nd 0.16 ± 0.03 0.19 ± 0.03* 0.10 ± 0.10 0.30 ± 0.10 nd nd
PXGl nd nd nd nd nd nd 0.05 ± 0.01 0.10 ± 0.03* 0.01 ± 0.01 0.20 ± 0.10 nd nd
Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 0.05 ± 0.06 0.05 ± 0.04 nd 0.01 ± 

0.03
CyGluc nd nd nd nd nd nd nd nd 0.02 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 0.07 ± 

0.06
PeoGluc nd nd nd nd nd nd nd nd <LOD <LOD <LOD <LOD

Faeces (nmol/kg dw 
faeces)

Anthocyanin metabolites
CyGal nd nd nd nd nd nd nd nd 30.5 ± 11.7 25.1 ± 13.2 nd nd
Phenolic acid metabolites
HA nd 18.8 ± 11.7* nd 14.6 ± 11.0* nd 7.90 ± 4.60* nd 12.5 ± 7.6* nd 4.50 ± 

0.80*
nd 4.80 ± 

0.60*
Catechol metabolites
Csulf nd 11.0 ± 8.00 nd nd nd nd nd nd nd nd nd 0.70 ± 

0.10*



NC: negative control; PC: positive control, AOM-injected rats; 5FU: AOM-injected rats and then treated with 5-FU; WF: white apple flesh and AOM-injected rats; RF: red apple flesh and AOM-
injected rats; AE: cyanidin-3-O-galactoside and AOM-injected rats
Key.  Paired t-test was performed for each treatment and each compared period.  OHVGluc: hydroxyphenyl- -valerolactone glucuronide; diOHV: dihydroxyphenyl- -valerolactone; Benz: 
hydroxybenzoic acid; CatSul: catechin sulphate; diOHVGluc: dihydroxyphenyl- -valerolactone glucuronide; PGl: phloretin glucoside; PXGI: phloretin xyloside glucoside; CatGluc: catechin 
glucuronide; MeEpiCGluc: methyl epicatechin glucuronide; MeCatGluc: methyl catechin glucuronide; CyGal: cyanidin galactoside, CyGluc: cyanidin glucuronide; PeoGal: peonidin galactoside; 
PeoGluc: peonidin glucuronide; HA: hippuric acid; and Csulf: catechol sulphate.



Table 3. Rat  data collected, urine pH and MDA distal colon concentration for each treatment and period of 
time. Data are shown as mean ± standard deviation.

Different letters in the same row indicate significant differences between groups (p<0.05)

NC PC 5FU WF RF AE
Short-term study (12 weeks, n=5/group)

Cecum surface (cm2) 16.4 ± 1.7a 26.6 ± 2.4b 26.1 ± 1.9b 21.8 ± 3.9ab 27.3 ± 3.4b 27.5 ± 4.9b

Proximal colon surface (cm2) 3.9 ± 0.9a 5.2 ± 1.3a 4.5 ± 0.8a 3.7 ± 0.6a 5.2 ± 1.3a 4.9 ± 1.0a

Mid colon surface (cm2) 3.6 ± 0.6ab 3.9 ± 0.3ab 3.8 ± 0.3ab 3.1 ± 0.5a 4.3 ± 0.9b 3.4 ± 0.5ab

Distal colon Surface (cm2) 10.7 ± 1.6a 12 ± 0.8a 9.4 ± 2.0a 10.1 ± 2.2a 9.2 ± 1.3a 10.6 ± 1.5a

Colon surface (cm2) 18.1 ± 1.1a 21 ± 1.1a 17.7 ± 2.6a 17.0 ± 1.9a 18.8 ± 3.2a 18.9 ± 1.4a
Liver (g) 11.9 ± 1.2a 11.0 ± 1.1a 10.3 ± 0.6a 11.1 ± 0.9a 11.4 ± 1.2a 11.2 ± 0.8a
Spleen (g) 0.68 ± 0.1a 0.73 ± 0.1a 0.66 ± 0.1a 0.71 ± 0.1a 0.67 ± 0.1a 0.74 ± 0.1a
Kidneys (g) 2.4 ± 0.3a 2.7 ± 0.3a 2.4 ± 0.1a 2.5 ± 0.2a 2.5 ± 0.2a 2.6 ± 0.2a
Urine pH 8.2 ± 0.9a 7.3 ± 1.3a 7.5 ± 0.8a 7.1 ± 0.8a 7.6 ± 0.7a 7.2 ± 0.6a
MDA (µM) 5.1 ± 1.5b 3.3 ± 0.3ab 3.4 ± 0.3ab 2.3 ± 0.7a 2 ± 0.8a 3.3 ± 0.9ab

Long-term study (18 weeks, n=5/group)
Cecum surface (cm2) 18.7 ± 1.4a 22.1 ± 2.5a 25 ± 2.8ab 33.2 ± 6.6b 33.5 ± 4.5b 33.6 ± 6.0b

Proximal colon surface (cm2) 4.5 ± 0.8a 4.7 ± 1.2a 4.8 ± 0.5a 5.2 ± 1.5a 4.2 ± 1.1a 5.9 ± 0.9a

Mid colon surface (cm2) 3.5 ± 0.8a 4.1 ± 0.5a 4.6 ± 0.4a 4.2 ± 0.6a 4.3 ± 0.7a 4.7 ± 1.0a

Distal colon surface (cm2) 10.4 ± 1.9ab 10.3 ± 1.6a 11.9 ± 1.7ab 11.6 ± 2.5ab 14.6 ± 2.5b 10.4 ± 1.7ab

Colon surface (cm2) 18.3 ± 1.9a 19.1 ± 2.1ab 21.3 ± 2.1ab 21 ± 2.7ab 23 ± 2.7b 21.1 ± 1.6ab
Liver (g) 11.6 ± 0.6ab 10.0 ± 0.6a 11.1 ± 1.3ab 12.9 ± 1.4b 11.7 ± 0.2ab 12.4 ± 1.8b
Spleen (g) 0.65 ± 0.1a 0.64 ± 0.1a 0.69 ± 0.1ab 0.74 ± 0.1ab 0.90 ± 0.1b 0.7 ± 0.2ab
Kidneys (g) 2.5 ± 0.2a 2.4 ± 0.3a 2.3 ± 0.5a 2.7 ± 0.5a 2.8 ± 0.2a 2.4 ± 0.3a
Urine pH 6.8 ± 0.3a 7.1 ± 0.3a 7.6 ± 0.6a 7.5 ± 0.8a 7.0 ± 0.5a 7.6 ± 0.7a
MDA (µM) 4.4 ± 0.5ab 8.8 ± 0.1a 2.4 ± 1.4ab 4.1 ± 3.5ab 2.4 ± 0.5b 2.3 ± 1.1b



Table 4. Summary table of the aberrant crypt foci (ACF) number per treatment and period. Data are shown as mean ± standard deviation.

Different letters in the same row indicate significant differences between groups (p<0.05). All colon segments: caecum, proximal, middle 
and distal colon.

NC PC 5FU WF RF AE
Short-term study (12 weeks, n=5/group)

Crypts/foci
1 0a 377 ± 40d 55 ± 11.3c 13.3 ± 10.2b 23.5 ± 10.8bc 67.5 ± 19.6c
2 0b 44 ± 6.5c 12.3 ± 5.1a 2.5 ± 2d 7.6 ± 5.1ad 13.8 ±  6.7a
3 0a 11 ± 4.6c 9 ± 3.3bc 2.5 ± 1.4a 4.1 ± 1.6ab 8.3 ± 3.8bc
4 0a 3.2 ± 1.6ab 3.5 ± 1b 1.6 ± 1.3ab 2.9 ± 1.7ab 4.4 ± 2.8b

A
ll 

co
lo

n 
se

gm
en

ts

 5 0a 0.7 ± 0.8abc 1.8 ± 1.3cd 0.3 ± 0.1ab 0.9 ± 0.5bcd 3.8 ± 2.9d
Total ACF 0a 436 ± 42d 81 ± 18bc 20 ± 13a 39 ± 17ab 98 ± 35c

Long-term study (18 weeks, n=5/group)
Crypts/foci

1 0a 451.1 ± 48.5d 111.5 ± 11.3b 227.1 ± 74.3c 431 ± 51.6d 465.1 ± 74.1d
2 0a 42.3 ± 13.4c 19.5 ± 8b 41 ± 2.6c 55 ± 12.5c 40.3 ± 9.5c
3 0a 12.5 ± 7.1b 11.9 ± 6b 20.8 ± 4.1b 19.8 ± 5.3b 12.7 ± 5.3b
4 0a 4.1 ± 2.4ab 5.9 ± 2.8b 9.1 ± 4.2b 6.9 ± 2.6b 5.1 ± 1.6ab

A
ll 

co
lo

n 
se

gm
en

ts

 5 0a 4.9 ± 3.8a 4.9 ± 3.1a 4.5 ± 2.8a 2.6 ± 1.8a 2.5 ± 1.6a
Total ACF 0a 515 ± 67d 154 ± 21b 302 ± 83c 515 ± 44d 526 ± 82d



Table 5. Immunohistochemistry (IHC) results for each treatment and time period. Data are shown as mean ± 
standard deviation*.

Different letters in the same row indicate significant differences between groups (p<0.05). 

 results are expressed as the number of animals with  staining per group. In 
parentheses, the total number of nuclei  positive per group is stated.

NC PC 5FU WF RF AE
Protein Short-term study (n=5/group)

H-score 49 ± 29 42 ± 16 19 ± 8 17 ± 8 24 ± 24 36 ± 23
Ki67 % nuclei stained /total nuclei 10 ± 7 16 ± 9 13 ± 8 19 ± 10 16 ± 10 11 ± 6

MMP-2 % nuclei stained /total nuclei 2 ± 1a 6 ± 3abc 20 ± 15c 3 ± 2a 3 ± 1ab 15 ± 12bc
MMP-9 H-score 1 ± 1a 32 ± 25c 8 ± 6abc 2 ± 2ab 20 ± 15bc 10 ± 9abc

Incidence/group 0/5 2/5 (11) 2/5 (3) 1/5 (1) 0/5 1/5 (3)

Protein Long-term study (n=5/group)
 -catenin H-score 45 ± 20 28 ± 12 28 ± 16 28 ± 15 20 ± 12 27 ± 9

Ki67 % nuclei stained /total nuclei 21 ± 13 19 ± 8 19 ± 11 16 ± 7 10 ± 6 24 ± 14
MMP-2 % nuclei stained /total nuclei 5 ± 2ab 18 ± 7b 8 ± 8ab 5 ± 2ab 4 ± 2a 11 ± 6ab
MMP-9 H-score 1 ± 1a 14 ± 10bcd 3 ± 1abc 28 ± 11d 3 ± 3ab 19 ± 19cd

Incidence/group 0/5 3/5 (11) 1/5 (1) 1/5 (1) 1/5 (12) 0/5



Table S1. Phenol apple metabolites detected in the urine and faeces for each intervention group and sampling time. Results expressed as mean ± 
standard deviation.

nd. not detected. dw: dry weight.
NC: negative control; PC: positive control, AOM-injected rats; 5FU: AOM-injected rats and then treated with 5-FU; WF: white apple flesh and AOM-
injected rats; RF: red apple flesh and AOM-injected rats; AE: cyanidin-3-O-galactoside and AOM-injected rats
Key.  OHVGluc: hydroxyphenyl- -valerolactone glucuronide; diOHV: dihydroxyphenyl- -valerolactone; Benz: hydroxybenzoic acid; CatSul: catechin 
sulphate; diOHVGluc: dihydroxyphenyl- -valerolactone glucuronide; PGl: phloretin glucoside; PXGI: phloretin xyloside glucoside; CatGluc: catechin 
glucuronide; MeEpiCGluc: methyl epicatechin glucuronide; MeCatGluc: methyl catechin glucuronide; CyGal: cyanidin galactoside, CyGluc: cyanidin 
glucuronide; PeoGal: peonidin galactoside; PeoGluc: peonidin glucuronide; HA: hippuric acid; and Csulf: catechol sulphate

NC PC 5FU WF RF AE
2 weeks (n=10)

Urine (nmol/urine 24h)
Flavan-3-ol metabolites
OHVGluc ndb ndb ndb 6.3 ± 4.70a 18.1 ± 6.10a ndb

diOHV ndc ndc ndc 99 ± 46.5a 52.6 ± 42.7b ndc

diOHVGluc ndb ndb 3.00 ± 5.80b 105.2 ± 70.1a 62.0 ± 52.8a ndb

CatGluc ndb ndb ndb 18.1 ± 7.50a ndb ndb

MeCatGluc nd nd nd nd nd nd
MeEpiCGluc ndb ndb ndb 42.5 ± 15.5a ndb ndb

Dihydrochalcone metabolites
PGl ndb ndb ndb 0.18 ± 0.00a 0.21 ± 0.16a ndb

PXGl ndc ndc ndc 0.1 ± 0.00a 0.10 ± 0.10b ndc

Anthocyanin metabolites
CyGal ndb ndb ndb ndb 0.10 ± 0.04a ndb

PeoGal nd nd nd nd nd nd
PeoGluc ndb ndb ndb ndb 0.10 ± 0.04a 0.04 ± 0.02a

Faeces (nmol/kg lyoph)
Anthocyanin metabolites
CyGal ndb ndb ndb ndb 32.1 ± 8.70a ndb

12 weeks (n=5)
Urine (nmol/urine 24h)

Flavan-3-ol metabolites
OHVGluc ndb ndb ndb 14.2 ± 7.40a ndb ndb

diOHV ndb ndb ndb 76.1 ± 46.6a ndb ndb

diOHVGluc ndb ndb ndb 60.1 ± 32.3a 56.1 ± 16.5a ndb

CatGluc ndb ndb ndb 46.1 ± 20.1a ndb ndb

MeCatGluc ndb ndb ndb 27.4 ± 17.3a ndb ndb

MeEpiCGluc 4.70 ± 6.20a nda 4.90 ± 5.70a 75.4 ± 45.5a nda nda

Dihydrochalcones metabolites
PGl ndc ndc ndc 0.30 ± 0.10a 0.10 ± 0.10b ndc

PXGl ndb ndb ndb 0.10 ± 0.04a 0.10 ± 0.04a ndb

Anthocyanin metabolites
CyGal nda nda nda nda 0.10 ± 0.10a nda

PeoGal nd nd nd nd nd nd
PeoGluc nda nda nda nda 0.05 ± 0.03a 0.04 ± 0.01a

Faeces (nmol/kg dw faeces)
Anthocyanin metabolites 
CyGal ndb ndb ndb ndb 21.3 ± 5.10a ndb

18 weeks (n=5)
Urine (nmol/urine 24h)

Flavan-3-ol metabolites
OHVGluc ndb ndb ndb 28.7 ± 4a ndb ndb

diOHV ndb ndb ndb 61.6 ± 24.6a ndb ndb

diOHVGluc ndb ndb ndb 55 ± 40.1a 40.9 ± 22.6a ndb

CatGluc ndb ndb ndb 31.3 ± 15.0a ndb ndb

MeCatGluc ndb ndb ndb 40.7 ± 19.7a ndb ndb

MeEpiCGluc ndb ndb 7.00 ± 7.10ab 86.1 ± 36.0a ndb ndb

Dihydrochalcone metabolites
PGl ndc ndc ndc 0.2 ± 0.03b 0.30 ± 0.10a ndc

PXGl ndc ndc ndc 0.1 ± 0.03b 0.20 ± 0.10a ndc

Anthocyanin metabolites
CyGal ndb ndb ndb ndb 0.05 ± 0.04a 0.01 ± 0.03ab

CyGluc nd nd nd nd 0.02 ± 0.01 0.07 ± 0.06
PeoGal nd nd nd nd nd nd

Faeces (nmol/kg dw faeces)
Anthocyanin metabolites
CyGal ndb ndb ndb ndb 25.1 ± 13.2a ndb

Phenolic acid metabolites
HA 18.8 ± 11.6a 10.6 ± 10.6a 7.90 ± 4.60a 12.5 ± 7.60a 4.50 ± 0.80a 3.90 ± 2.20a

Catechol metabolites
Csulf 6.60 ± 8.30a ndb ndb ndb ndb 0.30 ± 0.40ab



Table S2. Tumours suspected and confirmed through haematoxylin and eosin stain.

NC: negative control; PC: positive control; 5FU: 5-Fluorouracil group; WF: white-fleshed group; RF: 
red-fleshed group; AE: anthocyanin standard group.

Note: In the column of tumours confirmed by H&E (haematoxylin and eosin stain), the number without 
parentheses means the number of tumours confirmed while the number within parentheses refers to 
the protuberances/tumours detected macroscopically confirmed as lymphoid plaques.

Protuberances/tumours 
detected macroscopically

Tumours confirmed by H&E

NC 0 0
PC 6 1(1)
5FU 5 3(1)
WF 5 3(2)
RF 6 4(1)
AE 8 3(4)



Table S3. Number of aberrant crypt foci (ACF) for each colon section and treatment. Results are expressed as mean ± standard deviation.

Different letters in the same row indicate significant differences between groups (p<0.05).

NC PC 5FU WF RF AE
Crypts/foci Short-term study (12 weeks, n=5/group)

1 0d 156 ± 14a 23 ± 4bc 5 ± 4d 12 ± 6cd 27 ± 4b
2 0d 18 ± 5a 6 ± 2bc 1 ± 1cd 4 ± 3bcd 7 ± 2b
3 0c 5 ± 2a 4 ± 2ab 2 ± 1bc 3 ± 1abc 5 ± 2a
4 0b 2 ± 1ab 2 ± 1a 1 ± 1ab 2 ± 1ab 2 ± 1aD

is
ta

l

 5 0 1 ± 0.4 2 ± 1 0.3 ± 0.1 1 ± 0.5 2 ± 1
1 0b 107 ± 21a 17 ± 8b 8 ± 7b 9 ± 5b 17 ± 6b
2 0b 16 ± 2a 5 ± 4b 1 ± 1b 3 ± 2b 5 ± 4b
3 0 4 ± 3 3 ± 3 1 ± 1 1 ± 1 2 ± 2
4 0 1 ± 1 0.5 ± 0.4 0.5 ± 0.4 1 ± 1 1 ± 1M

id
d

le

 5 0 0.2 ± 0.5 0 0 0 0
1 0c 31 ± 9a 5 ± 4bc 0c 1 ± 1c 11 ± 4b
2 0b 4 ± 1a 0.4 ± 0.5b 0.2 ± 0.4b 0.2 ± 0.4b 1 ± 0.5b
3 0 1 ± 0.5 1 ± 1 0 0 1.4 ± 1.5
4 0 0 0.6 ± 1 0 0.2 ± 0.5 1.2 ± 1.3P

ro
xi

m
al

 5 0 0 0 0 0 1.2 ± 1.8
1 0b 83 ± 19a 10 ± 4b 0b 2 ± 2b 13 ± 10b
2 0b 6 ± 3a 1 ± 1b 0b 1 ± 1b 1 ± 2b
3 0 1 ± 1 1 ± 2 0 1 ± 1 0.4 ± 0.6
4 0 0 0.4 ± 0.6 0 0.4 ± 1 0.2 ± 0.5

C
a

ec
um

 5 0 0 0 0 0 0.2 ± 0.5
Total ACF 0a 436 ± 42d 81 ± 18bc 20 ± 13a 39 ± 17ab 98 ± 35c

Crypts/foci Long-term study (18 weeks, n=5/group)
1 0c 185 ± 23a 46 ± 9b 107 ± 37b 204 ± 13a 207 ± 34a
2 0c 19 ± 5b 7 ± 2c 22 ± 4ab 29 ± 7a 20 ± 4b
3 0d 6 ± 2bc 4 ± 1cd 10 ± 2ab 11 ± 4a 7 ± 3abc
4 0c 2 ± 1bc 3 ± 1ab 5 ± 2a 4 ± 2ab 2 ± 1bcD

is
ta

l

 5 0 4 ± 4 4 ± 3 3 ± 2 2 ± 2 2 ± 1
1 0c 162 ± 11a 33 ± 9bc 66 ± 31b 144 ± 49a 163 ± 48a
2 0b 16 ± 6a 8 ± 5ab 11 ± 3a 16 ± 4a 13 ± 6a
3 0b 5 ± 4ab 6 ± 3a 6 ± 3a 5 ± 2ab 4 ± 3ab
4 0 1 ± 1 2 ± 3 2 ± 2 2 ± 1 1 ± 1M

id
d

le

 5 0 1 ± 1.2 1 ± 1 1 ± 1 0.4 ± 0.6 0.2 ± 0.5
1 0c 18 ± 6ab 11 ± 5b 15 ± 4ab 17 ± 5ab 24 ± 7a
2 0b 2 ± 1ab 2 ± 1ab 4 ± 2a 4 ± 2a 3 ± 1a
3 0c 1 ± 1abc 1 ± 1abc 2 ± 1a 2 ± 1ab 1 ± 1bc
4 0 0.2 ± 0.5 0.4 ± 1 1 ± 1 1 ± 1 1 ± 1P

ro
xi

m
al

 5 0 0 0 0 0 0
1 0b 86 ± 34a 21 ± 8a 40 ± 15a 66 ± 19a 71 ± 32a
2 0b 5 ± 3a 2 ± 2ab 4 ± 1ab 6 ± 3a 4 ± 3ab
3 0 1 ± 1 1 ± 2 2 ± 1 3 ± 2 1 ± 1
4 0 0.2 ± 0.5 0 1 ± 1 0.2 ± 0.5 1 ± 1

C
a

ec
um

 5 0 0 0.2 ± 0.5 0.4 ± 0.6 0 0
Total ACF 0a 515 ± 67d 154 ± 21b 302 ± 83c 515 ± 44d 526 ± 82d
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