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Abstract

:

Obesity is considered a risk factor for the development of colorectal cancer. In rodents, high-fat (HF) diets are able to increase the formation of azoxymethane (AOM)-induced polyps. Polyphenol-rich apple extracts have antioxidant and anti-inflammatory activities and may induce an amelioration of the manifestations of colorectal cancer. Twenty-seven male Crl:CD-1 mice received AOM during four weeks and were subsequently divided into three groups fed a HF diet (n = 9 each group): a non-supplemented group, a second group supplemented with apple extract at 1%, and a third group supplemented with the same apple extract at 1.5%. Energy metabolism and the respiratory quotient were not affected by the supplementation with the apple extract. Although body weight was not affected by the treatment, the mice supplemented with the apple extract showed less signs of cachexia than the non-treated mice. In the intestine, the mice supplemented with the apple extract showed lower sucrase, dipeptidyl-peptidase IV, and aminopeptidase N activities, and less intestinal lesions (aberrant crypt foci and polyps). Administration of a polyphenol-rich apple extract reduces the number of neoplastic lesions in mice with AOM-induced colorectal cancer and contributes to preserve adipose tissue mass.






Keywords:


obesity; polyps; aberrant crypt foci; chlorogenic acid; phloridzin












1. Introduction


Colorectal cancer is the second most frequent cause of cancer deaths (irrespective of sex) and represents approximately 10% of all cancers. However, it is also one of the most preventable cancers as it has been related with several modifiable risk factors, such as overweight and obesity, sedentarism, smoking, eating red and processed meat, and drinking alcohol, and some protective dietary factors, such as fiber-rich plant foods [1].



Azoxymethane (AOM) intraperitoneal administration is, together with the Apc(Min/+) mouse, the main animal model used to study the effects of chemopreventive agents on colorectal cancer [2]. In rodents, AOM induces colonic mucosal damage and neoplasia, particularly the occurrence of aberrant crypt foci (ACF) [3,4]. ACF are precursors of colon cancer and are being used as a surrogate end point for tumors in animals and humans. ACF are two to three times larger than normal crypts, are microscopically elevated, have a slit-like opening and a thick epithelial lining that stains darker than normal crypts with a large pericryptal zone [5]. In this sense, they provide a simple and economical tool for preliminary screening of potential chemopreventive agents.



A high-fat (HF) diet is usually considered a risk factor in the development of colorectal cancer in animals [6,7]. HF has been associated with an increase in the number and size of large polyps, but not total polyps, in animal models [8]. However, for the moment, little support for an association between dietary fat and colorectal cancer risk has been found in humans [9]. On the other hand, plant foods are rich in bioactive compounds with beneficial effects on disease prevention, including cancer [10,11]. The consumption of freeze-dried vegetables or some plant extracts rich in polyphenols has been reported to reduce the number of aberrant crypt multiplicity and the inhibition of tumor growth in several types of cancer [12,13,14,15]. Some of the phenolic compounds that could likely act as preventive agents against colorectal cancer are quercetin, genistein, curcumin, and epigallocatechin gallate (EGCG) [16,17]. In this sense, apple extracts (AS) and their polyphenols have shown beneficial antioxidant and anti-inflammatory effects in different experimental studies [18,19,20,21]. Moreover, several case-control studies have shown that the adjusted risk of colorectal cancer was inversely correlated with the daily number of apple servings [22,23]. In relation to colorectal cancer models, a crude apple extract from waste, rich in phenolic compounds, beneficially influenced key stages of carcinogenesis in colon cells in vitro, protecting against DNA damage, improving barrier function, and inhibiting invasion [24]. An apple peel extract with powerful antioxidant activity and a mixture of different phenolic compounds extracted from apple, mainly quercetin, epicachetin, chlorogenic acid, phloridzin, and caffeic acid, decreased cell viability and induced apoptosis in in vivo cancer cells [21,25]. In Apc(Min/+) mice, apple polyphenols reduced polyp number and growth, eliminated high-grade dysplasia, and prevented cachexia [25]. In 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis in rats, dietary supplementation with polyphenol-rich apples reduced inflammation and increased apoptosis. However, all the animal studies have been performed with diets with low or moderate amount of fat [21,25].



Given that previous studies have suggested the potential beneficial effects of AS on the reduction of colorectal cancer occurrence, the objective of the present study was to evaluate the effects of an apple extract of known composition on the metabolic complications of AOM-induced colorectal cancer in mice fed a HF diet.




2. Materials and Methods


2.1. Analysis of Phenolic Compounds by HPLC


The powdered apple extract was dissolved in a water:methanol solution (50:50 v/v) at a concentration of 2.5 mg Ml−1 After filtration, the extracts were injected with a 45 μm syringe filter directly into HPLC system. The HPLC system was composed of a Waters 2695 instrument and a variable detector VIS/UV Waters 996 (Waters, Milford, MA, USA). Separation was achieved at 40 °C using a column LiChrospher RP-18 (250 × 4 mm and 5 µm, Merck, Darmstadt, Germany) protected by a precolumn LiChrospher 100 RP-18 (30 × 4 mm and 5 µm (Merck). The injections for extract samples and standards were 20 μL. The solvent system for dihydrochalcone, flavonols, and polyphenolics acids was composed of methanol (solvent A) and 2% acetic acid in water (solvent B). Elution was performed at 0.8 mL min−1 with the following gradient program of solvent A: 0–50 min, 0–100%; 50–60 min, 100%; 60–65 min, 100–0%; 65–80 min, 0%. The solvent system for flavanols was methanol (solvent A) and 0.06% perchloric acid in water (solvent B). Elution was performed at 1 mL min−1 with the following gradient program of solvent A: 0–55 min, 0–22%; 55–65 min, 22–100%; 65–75 min, 100%; 75–100 min, 100–0%. Dihydrochalcones and flavanols were detected at 280 nm, polyphenolic acids at 320 nm, and flavonols at 360 nm. Calibration curves of pure standards were used for quantification.




2.2. Animals and Treatments


Twenty-seven male Crl:CD-1 mice (ICR, Charles River Laboratories Inc., Barcelona, Spain) were used, with an initial body weight of 26.8 ± 1.2 g. The animals were housed in filtered-cages containing nesting material under controlled conditions (22 ± 2 °C of temperature and 55% ± 5% of humidity), under a 12:12-h light-dark cycle. All the animals received a high-fat diet (Purified Diet 235HF; SAFE, Barcelona, Spain) with 46.0% of energy as fat. The composition of the experimental diets is shown in Table 1.



After one week of acclimatization, all the animals received once a week, during four weeks, an intraperitoneal dose of 10 mg AOM/kg body weight. Then, the mice were divided into three groups (n = 9 each group): an AOM group fed the HF diet, and two AOM groups fed the same HF diet supplemented with an apple extract (SelectSieve® Apple PCQ, Principium SA, Viganello, Switzerland) at 1% (AS1), and 1.5% (AS15), respectively.. The experimental period lasted 13 weeks, during which animals had ad libitum access to food and water. At the endpoint, the animals showed no sign of rectal bleeding. Five additional Crl:CD-1 mice were fed the HF diet but did not receive AOM and were used as healthy controls.



Body weight and the consumption of food and water were recorded daily. At the end of the study, all animals were anesthetized with CO2 and killed by guillotine, and organs were dissected, weighed and stored in liquid nitrogen. The study was approved by the Ethics Committee of the Universidad Pública de Navarra (approval code PI:07/06). and the sacrifice followed the procedures established in the guide of the Canadian Council of Animal Care [26].




2.3. Indirect Calorimetry


In the 6th and 12th weeks, indirect calorimetry measurements were performed. The animals were housed in metabolic cages (Oxylet, Panlab SL, Barcelona, Spain) and oxygen consumption (VO2) and CO2 production (VCO2) were recorded at 3 min intervals for 2 h. Respiratory quotient (RQ) was calculated as the ratio of VCO2 to VO2. Total energy expenditure (TEE) was calculated with the Weir equation [27], modified according to García-Diaz et al [28] in order to refer the data to the metabolically active weight:



TEE (kcal/day/kg body weight0.75) = VO2 (mL/min) × 1.44 × [3.815 + [1.232 × RQ]]




2.4. Enzyme Activities


Brush-border membrane vesicles were prepared according to the procedure described by Shirazi-Beechey et al. [29]. Protein content of the brush-border membrane vesicles was determined by the Bradford method [30]. The activities of the enzymes sucrase, maltase, aminopeptidase N, and dipeptidyl peptidase-4 were analyzed as previously described [31].




2.5. Histopathological Assessment


The rodent model of AOM-induced colorectal cancer has been widely used to evaluate anticarcinogenic properties of dietary factors as azoxymethane induces the growth of putative premalignant lesions called ACF [32].



The animals were euthanized at the end of treatment and the colons were removed. Each colon was flushed with physiologic saline, and cut open longitudinally along the mesenteric attachment.



For identification of colonic ACF, the formalin-fixed (10% buffered formalin overnight) colonic tissues were cut into middle (3–4 cm from anus) and distal (1–3 cm from anus) segments, and then transferred to 70% ethanol. The distal segment was stained in a 0.2% methylene blue solution for 10 min. ACF were identified under a microscope (40×) as large thick crypts that are more darkly stained than normal crypts (Supplementary Figure S1). The number of ACF observed per distal colon was recorded. ACF containing more than 3 AC/focus were classified as ACF in this study. The lesions with crypt multiplicity were considered large ACF by light microscopy, which were also defined elsewhere as tumors. ACF were evaluated using the method described by Bird [33] and classified by the method of Paulsen et al. [34]



The middle segments of the colon were evaluated histopathologically with blinded review. A 0.5-cm section was taken from the most distal region of the middle segments of colon. The colon tissue was processed and embedded in paraffin and were cut (5 µm) serially for at least 10 slides and stained with hematoxylin and eosin. Tissue slides were examined in a light microscope.




2.6. Fatty Acid Analysis


Fatty acid methyl esters (FAMES) of the feed and feces were performed in duplicate, following the method described by Sukhija and Palmquist [35]. FAMES of freeze-dried liver were formed in duplicate, according to the method proposed by Lee et al. [36]. The final organic layers with the FAMES were transferred to a 2 mL vial and stored at −20 °C until analysis.



FAMES from feed, feces and liver were analyzed by gas chromatography equipped with a flame ionization detector (Perkin-Elmer Autosystem-1:A, Massachusetts, USA) and an Omegawax™ 320 capillary column (30 m × 0.32 mm i.d., 0.25 μm film thickness) (Supelco, Bellefonte, PA, USA). Samples were injected (1.0 μL) in the split mode at a 1:50 split ratio with helium as the carrier gas at a constant flow of 9 psig. The detector and injector oven temperatures were set at 255 °C and 250 °C, respectively. The temperature profile of the oven was 150 °C for 1 min, increasing by 6 °C/min to 190 °C and after that, 1 °C/min to 210 °C and held for 23 min. The different FAMES were identified by comparison with their standard (FAME mixture; Sigma-Aldrich, St. Louis, MO, USA). Results were expressed as a percentage of the total FAMES.




2.7. Statistical Analysis


Results are expressed as mean ± standard deviation (SD). Differences among the experimental groups were analyzed by one-way ANOVA and Duncan’s post-hoc test. Histological data were analyzed by Kruskal-Wallis test followed by Mann-Whitney U-test. A p value < 0.05 was considered statistically significant for all results. SPSS Statistics 21.0 software (IBM Corp., New York, NY, USA) was used for statistical analyses.





3. Results


Phenolic compounds present in the apple extract and their concentrations are listed in Table 2. Chlorogenic acid (CGA) was present in the highest concentration, followed by phloridizin, phloretin, and epicatechin. Quercetin was present at low concentrations. It has been estimated that a 200 mL cup of roast and ground coffee might supply from 20 to 675 mg CGA depending on type of roast [37]. Thus, the dose of CGA used in this study corresponds to the average intake consumed by human while drinking three cups of coffee per day.



Food intake at the beginning of the experimental period was 0.22 ± 0.03 (grams of food per gram of body weight). At the end of the experimental period, all groups decreased food intake (35–40%), with no statistical differences between groups (data not shown). Body weight gain was similar in the different groups (Table 3), but the amount of perirenal fat was higher in the groups treated with AS. No statistical differences were observed between groups in the weight of the other organs and fat depots (Table 3).



Energy metabolism was not affected by the supplementation with the AS. The three groups showed a RQ ranged from 0.82 ± 0.06 to 0.84 ± 0.06. No significant differences were detected in TEE. At 12th week were 271.4 ± 52.0 (HF), 272.0 ± 52.9 (AS1), and 263.9 ± 51.2 (AS1.5) kcal/day/kg body weight0.75.



Mice supplemented with AS showed reduced sucrase activity in a dose-dependent manner (Table 4). However, maltase activity was not affected by the supplementation. Both, aminopeptidase N and dipeptidyl peptidase-4 activities were reduced in the AS1.5 group, although the dipeptidyl peptidase-4 activity was slightly increased in the AS1 group.



The data about density, number and anatomical location of ACF are based on the study of colorectal resections. It was found that ACF increased from the proximal to the distal region of the colon. Non-supplemented mice had a higher average number of ACF and tumors in the distal colon than those supplemented with AS, which demonstrates that the administration of the polyphenol-rich AS significantly reduced the pathological alterations of the colon. The inhibitory effect of AS on ACF was not dose-dependent. The crypt multiplicity (number of aberrant crypts/focus) did not differ between both doses of the polyphenol-rich AS. Neither ACF nor tumors were detected in the AOM-untreated (healthy control) mice; they were only observed in the three groups of AOM-administered animals (Figure 1).



The histological evaluation showed that the AOM-administered mice had hyperplastic and dysplastic crypts. The tissue architecture alterations comprise crypt multiplicity [32], mucosa alteration [38], dysplasia [39], mucin depletion [40], immune cell infiltration [41], and hyperchromasia with mitotic activity [42]. In the present study, the administration of AS significantly reduced the effect of AOM in the middle segments of the colon, as observed by microscope.



In feces and urine, the most abundant phenolic compounds were chlorogenic acid, caffeic acid, and phloridzin (Table 5). All the detected compounds were found in a dose-dependent manner, being higher in the AS1.5 group.



The most abundant fatty acids in the liver were the monounsaturated fatty acid (MUFA) C:18:1 (oleic acid) and the saturated fatty acid (SFA) C16:0 (palmitic acid), while in the feces the major fatty acids were the SFA C18:0 (estearic acid) and C16:0 for all treatments (Table 6). Polyunsaturated fatty acids (PUFA) percentages, such as those of C18:2 (linoleic acid) or C20:4 (arachidonic acid), were low in faeces, but higher percentages were observed in the liver (14.8% and 6.89% for C18:2 and C20:4 respectively). Fatty acid composition of both liver and feces was not affected by AS supplementation.




4. Discussion


Chemoprevention is defined as the use of natural compounds that can delay, prevent, or even reverse the development of adenomas, as well as the progression from adenoma to carcinoma. The molecular mechanisms of their chemopreventive action are associated with the modulation of signaling cascades and the expression of genes involved in the regulation of cell proliferation, differentiation, and apoptosis and the suppression of chronic inflammation, metastasis, and angiogenesis [43]. Numerous compounds occurring in plant foods exert their anticarcinogenic effects through either blocking cancer initiation or suppressing promotion [44]. In this context, anticarcinogenic properties have been attributed to some polyphenol-rich extracts. As there are no animal models that develop colon cancer spontaneously, AOM is commonly used to induce tumors, which are histologically similar to those found in humans [4].



Cachexia is one of the signs usually accompanying cancer and is associated with a poor prognosis. In the present study, the administration of AS contributed to protect the loss of perirenal fat depots, although this protective effect was not observed in other fat depots. This result is corroborated by RQ values of around 0.82–0.84 in all groups, suggesting the use of proteins as a primary fuel source, but it also suggests fat mobilization from the adipose tissue and dietary fat oxidation [45]. The present study shows that AS supplementation does not affect the TEE. Other studies showed contradictory effects. A transient increase in energy expenditure at treatment initiation was observed in HF-fed mice supplemented with 0.8% quercetin [46], while a decrease in energy expenditure was appreciated in HF-fed animals supplemented with 0.5–1% EGCG [47].



The results of gut enzyme activities are consistent with those obtained by other authors when quercetin was included in the diet of healthy animals [31]. On the other hand, the intestinal disaccharidase activity in diabetic rats was observed to be reduced by a quercetin-supplemented diet [48]. The lower nitrogen uptake in the groups supplemented with AS is probably associated with increased protein catabolism. In this context, an increased fecal N excretion was observed in healthy rats whose diet was supplemented with tea extract. It has been reported that polyphenols can bind to dietary protein and decrease absorption of dietary nitrogen. In fact, it has already been described that endogenous nitrogen may make a significant contribution to the observed increase in fecal N [49]. Our data suggest that, at the doses tested, the effects of the polyphenol-rich extract are not dose-dependent for most of the parameters measured. However, according to the data shown in Table 4 regarding the disaccharidase and peptidase enzyme activities in the jejunum, a dose-dependent effect is observed. This could be explained because these enzymes are located on the surface of the colonocytes, and the polyphenols can act more directly over them.



Previous studies have shown that HF diets are associated with an increase in the number of large polyps [50,51], and with the development of ACF by activation of β-catenin [52]. The present study confirms the inhibitory effect of a polyphenol-rich AS on mouse colon tumorigenesis model fed a HF diet. Previous studies providing a diet supplemented with apples have shown a reduction of intestinal lesions, specifically of the number of polyps [25] and ACF [53], in mice with colon cancer. Certain polyphenols, such as chlorogenic acid, have been reported to decrease the multiplicity of AOM-induced colon tumors in rats [54]. Others, like EGCG, have been demonstrated to inhibit DNA methyltransferases in vitro. For example, oral administration of EGCG showed a dose-dependent effect on the levels of intestinal S-adenosylmethionine and reduced DNA methylation in mice [55]. Also, a reduction of ACF was observed in AOM-induced colon cancer rats fed a HF diet when they received a preparation consisting of 65% EGCG and 22% of other catechins. In these rats, increased apoptosis and decreased β-catenin levels were also observed [56]. In ApcMin/+ mice treated with the same preparation, apoptosis stimulation and a decrease in β-catenin expression were observed [57].



At the genetic level, mutations in genes implicated in the Wnt signaling pathway occur in crypt formation. At the subcellular level (membrane, cytoplasm and nucleus compartments), alterations of signaling proteins (β-catenin and E-cadherin) occur in the regulation of crypt production and maintenance [58]. Polyphenols like EGCG have been reported to inhibit the Wnt/β-catenin pathway, which is aberrantly upregulated in colorectal cancers. For example, EGCG suppresses the β-catenin response transcription activated by Wnt3a-conditioned medium [59].



In addition to Wnt/β-catenin, EGCG has shown to reduce the level of cyclooxygenase (COX)-2, one of the main mediators in the inflammatory signaling pathway, by inhibiting the activation of the epidermal growth factor receptor (EGFR) in CRC cells [60]. The ability of EGCG to bind the tyrosine domain of EGFR inhibiting its activation is widely known [60], as is the fact that 60–80% of cases of sporadic colorectal cancer (CRC) are associated with EGFR expression [61].



The deposition of fatty acids in the liver depends on dietary fatty acids and de novo lipogenesis [62]. This is consistent with data observed in the present study, with high content of C16:0 and C18:0 in the mice diets and liver. C18:0 serves as a substrate for endogenous synthesis of C18:1 [63], which can explain the high proportion of C18:1 observed in the liver. The fatty acid composition of feces can be affected by dietary fatty acids, intestinal fatty acid absorption, and by the activity of colonic bacteria [64]. In this study, fatty acid composition of the feces reflected the fatty acid composition of the diets, and the supplementation did not significantly affect fatty acid composition of liver and feces.




5. Conclusions


The present work demonstrates the inhibitory effects of a polyphenol-rich apple extract on the development of polyps and ACF in AOM-treated mice fed a HF diet.
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The following are available online at https://www.mdpi.com/article/10.3390/foods10040863/s1, Figure S1: Topographical view of ACF. The colons were opened, stained with methylene blue solution and observed on a glass slide by transillumination in an optic microscope (Olympus). Increased size, bright blue staining and flat appearance hidden in the surrounding mucosa were used a criteria to identify ACF (arrow). Original magnification: 10×.
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Figure 1. Number of aberrant crypt foci (ACF) and number of polyps in the three experimental groups: high-fat diet (AOM-HF); HF supplemented with apple extract 1% (AOM-HF-AS1); and HF supplemented with apple extract 1.5% (AOM-HF-AS1.5). Data are Mean ± SEM. Different letters are significant at p < 0.05 by Mann-Whitney U-test. 
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Table 1. Composition of the high-fat (HF) experimental diet.
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	Component
	Content (g kg−1 Diet)





	Casein *
	200.0



	Cornstarch *
	130.0



	Sucrose *
	293.0



	Cellulose *
	50.0



	Maltodrextrin *
	22.0



	Lard *
	200.0



	Soy oil *
	25.0



	Mineral additive (SAFE mineral 205B) *
	70.0



	Vitamin additive (SAFE vitamin 200) *
	10.0



	Fatty acid profile **
	



	 Lauric acid (C12:0)
	27.4



	 Myristic acid (C14:0)
	5.9



	 Pentadecanoic acid (C15:0)
	0.6



	 Palmitic acid (C16:0)
	107.0



	 Heptadecanoic acid (C17:0)
	1.4



	 Stearic acid (C18:0)
	56.7



	 Palmitoleic acid (C16:1)
	1.4



	 Oleic cid (C18:1)
	22.9



	 Linoleic cid (C18:2)
	1.4



	 α-Linolenic acid (C18:3)
	0.3







* Data according to the manufacturer. ** Data according analysis.
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Table 2. Polyphenol compounds of the apple extract, assessed by high-performance liquid chromatography.






Table 2. Polyphenol compounds of the apple extract, assessed by high-performance liquid chromatography.









	Compound
	Content (g kg−1)





	Phenolic acids
	



	 Chlorogenic acid
	165.3 ± 2.4



	 p-Coumaric acid
	30.7 ± 1.7



	 Caffeic acid
	58.7 ± 20.0



	 Ferulic acid
	49.2 ± 2.4



	 Gallic acid
	nd



	Dihydrochalcones
	



	 Phloridzin
	122.2 ± 3.5



	 Phloretin
	4.5 ± 0.1



	 Phloretin derivative
	38.7 ± 1.1



	Flavanols
	



	 Epicatechin
	35.9 ± 1.3



	 Catechin
	14.2 ± 0.2



	 Procyanidin B1
	13.8 ± 0.2



	 Procyanidin B2
	25.2 ± 0.5



	Flavonols
	



	 Quercetin
	4.9 ± 0.3



	 Quercetin-3-glucoside
	2.8 ± 0.2







Values are mean ± SD (n = 4).
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Table 3. Body and organ weights (in grams) in the three experimental groups.
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	AOM-HF
	AOM-HF-

AS1
	AOM-HF-

AS1.5





	Initial body weight (week 0)
	26.8 ± 1.3
	26.8 ± 1.2
	26.8 ± 1.2



	Final body weight (week 12)
	40.0 ± 4.5
	38.9 ± 2.3
	39.0 ± 3.4



	Liver
	1.454 ± 0.229
	1.384 ± 0.191
	1.483 ± 0.152



	Spleen
	0.145 ± 0.071
	0.135 ± 0.079
	0.155 ± 0.075



	Kidneys
	0.562 ± 0.057
	0.525 ± 0.079
	0.542 ± 0.047



	Gastrocnemius muscle
	0.187 ± 0.024
	0.187 ± 0.021
	0.194 ± 0.024



	Jejunum
	0.311 ± 0.040
	0.314 ± 0.043
	0.318 ± 0.044



	Colon
	0.191 ± 0.050
	0.190 ± 0.043
	0.179 ± 0.028



	Epididimal fat depot
	0.943 ± 0.449
	1.111 ± 0.414
	0.994 ± 0.472



	Suprarenal fat depot
	0.217 ± 0.090 b
	0.313 ± 0.093 a
	0.314 ± 0.086 a



	Abdominal fat
	0.294 ± 0.092
	0.365 ± 0.113
	0.296 ± 0.170







Values are mean ± SD (n = 9 mice/group). Different superscripts in the same row denote significant differences at p < 0.05 as assessed by the Duncan’s multiple range test. AOM-HF, high-fat diet; AOM-HF-AS1, high-fat diet + apple extract 1%; AOM-HF-AS1.5, high-fat diet + apple extract 1.5%.
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Table 4. Disaccharidase and peptidase enzyme activities in the jejunum of the three experimental groups.
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	Enzyme Activity

(nmol Substrate mg−1 Protein min−1)
	AOM-HF
	AOM-HF-AS1
	AOM-HF-AS1.5





	Sucrase
	1082 ± 102 a
	856 ± 91 b
	758 ± 79 c



	Maltase
	1089 ± 74
	1077 ± 96
	1040 ± 62



	Dipeptidyl-peptidase IV
	619 ± 28 b
	704 ± 42 a
	453 ± 17 c



	Aminopeptidase N
	6091 ± 925 a
	5879 ± 937 a
	4794 ± 815 b







Values are mean ± SD (n = 9 mice/group). Different superscripts in the same row denote significant differences at p < 0.05 as assessed by the Duncan’s multiple range test. AOM-HF, high-fat diet; AOM-HF-AS1, high-fat diet + apple extract 1%; AOM-HF-AS1.5, high-fat diet + apple extract 1.5%.













[image: Table] 





Table 5. Phenolic compounds excreted (mg/100 g) by faeces and urine in the three experimental groups.
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Faeces

	
Urine




	
Compound

	
AOM-HF

	
AOM-HF-AS1

	
AOM-HF-AS1.5

	
AOM-HF

	
AOM-HF-AS1

	
AOM-HF-AS1.5






	
Chlorogenic acid

	
nd

	
5.18 ± 2.23

	
9.23 ± 3.53 *

	
nd

	
4.64 ± 2.94

	
5.33 ± 2.21




	
p-Coumaric acid

	
nd

	
2.90 ± 1.71

	
4.60 ± 3.18

	
nd

	
1.81 ± 0.55

	
3.99 ± 0.21 *




	
Caffeic acid

	
nd

	
4.79 ± 3.66

	
6.50 ± 3.75

	
nd

	
1.81 ± 0.30

	
3.33 ± 1.06




	
Ferulic acid

	
nd

	
0.57 ± 0.43

	
1.00 ± 0.81

	
nd

	
0.63 ± 0.10

	
1.22 ± 0.21 *




	
Gallic acid

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
Phloridzin

	
nd

	
4.05 ± 1.39

	
5.50 ± 1.82

	
nd

	
1.57 ± 0.62

	
2.92 ± 1.33




	
Phloretin

	
nd

	
0.32 ± 0.25

	
0.38 ± 0.25

	
nd

	
0.30 ± 0.30

	
1.97 ± 0.45 *




	
Phloretin derivative

	
nd

	
1.55 ± 0.25

	
2.63 ± 0.97 *

	
nd

	
nd

	
nd




	
Epicatechin

	
nd

	
14.47 ± 8.30

	
28.39 ± 14.10

	
nd

	
nd

	
nd




	
Catechin

	
nd

	
7.91 ± 3.59

	
9.62 ± 3.63

	
nd

	
nd

	
nd




	
Procyanidin B1

	
nd

	
3.50 ± 1.25

	
6.49 ± 2.95 *

	
nd

	
nd

	
nd




	
Procyanidin B2

	
nd

	
1.43 ± 0.99

	
1.93 ± 0.89

	
nd

	
nd

	
nd




	
Quercetin

	
nd

	
nd

	
0.26 ± 0.30

	
nd

	
0.12 ± 0.01

	
0.15 ± 0.05




	
Quercetin-3-glucoside

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd








Values are mean ± SD (n = 9 mice/group). Asterisk in the same row denotes significant difference at p < 0.05 as assessed by the Student’s test. AOM-HF, high-fat diet; AOM-HF-AS1, high-fat diet + apple extract 1%; AOM-HF-AS1.5, high-fat diet + apple extract 1.5%.
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Table 6. Fatty acids (mg/100 g total fatty acids) of liver and feces in the three experimental groups.
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Liver

	
Faeces




	

	
AOM-HF

	
AOM-HF-AS1

	
AOM-HF-AS1.5

	
AOM-HF

	
AOM-HF-AS1

	
AOM-HF-AS1.5






	
Lauric acid C12:0

	
nd

	
nd

	
nd

	
0.11 ± 0.03

	
0,08 ± 0.01

	
0.07 ± 0.04




	
Myristic acid C14:0

	
0.25 ± 0.09

	
0.31 ± 0.06

	
0.28 ± 0.11

	
0.74 ± 0.08

	
0.71 ± 0.12

	
0.63 ± 0.07




	
C15:0

	
0.07 ± 0.01

	
0.07 ± 0.01

	
0.08 ± 0.03

	
0.37 ± 0.04

	
0.28 ± 0.12

	
0.25 ± 0.05




	
C16:0

	
20.29 ± 1.89

	
19.82 ± 1.06

	
20.02 ± 2.78

	
20.69 ± 0.35

	
21.10 ± 0.65

	
21.54 ±0.13




	
C17:0

	
0.25 ± 0.03

	
0.24 ± 0.03

	
0.27 ± 0.02

	
0.66 ± 0.03

	
0.64 ± 0.04

	
0.68 ± 0.02




	
C18:0

	
9.20 ± 2.47

	
8.71 ± 2.91

	
10.63 ± 2.29

	
46.63 ± 4.31

	
45.73 ± 4.74

	
49.28 ± 2.82




	
C20:0

	
0.18 ± 0.05

	
0.19 ± 0.11

	
0.28 ± 0.11

	
2.76 ± 0.22

	
2.54 ± 014

	
2.45 ± 0.09




	
C22:0

	
nd

	
nd

	
nd

	
1.31 ± 0.11

	
1.21 ± 0.12

	
1.17 ± 0.10




	
C23:0

	
nd

	
nd

	
nd

	
0.25 ± 0.01

	
0.18 ± 0.04

	
0.15 ± 0.03




	
C24:0

	
nd

	
nd

	
nd

	
0.53 ± 0.05

	
0.39 ± 0.14

	
0.50 ± 0.04




	
C16:1

	
1.82 ± 0.66

	
1.99 ± 0.78

	
1.44 ± 0.56

	
0.80 ± 0.19

	
0.78 ± 0.25

	
0.58 ± 0.14




	
C17:1

	
0.18 ± 0.06

	
0.18 ± 0.04

	
0.16 ± 0.05

	
0.11 ± 0.01

	
0.09 ± 0.01

	
0.08 ±0.01




	
C18:1

	
40.04 ± 8.71

	
41.76 ± 9.01

	
38.16 ± 5.12

	
18.77 ± 2.52

	
19.64 ± 2.75

	
17.25 ± 1.84




	
C20:1n9

	
0.86 ± 0.30

	
1.10 ± 0.36

	
1.23 ± 0.28

	
1.41 ± 0.36

	
1.30 ± 0.20

	
1.19 ± 0.07




	
C22:1n9

	
nd

	
nd

	
nd

	
0.40 ±0.09

	
0.36 ± 0.04

	
0.37 ± 0.04




	
C18:2

	
14.17 ± 1.46

	
14.84 ± 1.48

	
15.33 ± 2.00

	
3.54 ± 0.96

	
3.98 ± 1.13

	
2.93 ± 0.79




	
C18:3

	
nd

	
nd

	
nd

	
0.40 ± 0.05

	
0.45 ± 0.09

	
0.38 ± 0.05




	
C20:2

	
nd

	
nd

	
nd

	
0.16 ± 0.02

	
0.20 ± 0.04

	
0.20 ± 0.01




	
C20:3

	
0.99 ± 0.33

	
0.92 ± 0.40

	
1.11 ± 0.29

	
0.11 ± 0.02

	
0.11 ± 0.02

	
0.10 ± 0.03




	
C20:4

	
7.38 ± 3.34

	
6.24 ± 3.74

	
7.06 ± 2.26

	
0.24 ± 0.05

	
0.23 ± 0.02

	
0.22 ± 0.09




	
C22:5

	
0.33 ± 0.13

	
0.30 ± 0.13

	
0.32 ± 0.12

	
nd

	
nd

	
nd




	
C22:6

	
3.72 ± 1.85

	
3.14 ± 2.00

	
3.37 ± 1.15

	
nd

	
nd

	
nd








Values are mean ± SD (n = 9 mice/group). AOM-HF, high-fat diet; AOM-HF-AS1, high-fat diet + apple extract 1%; AOM-HF-AS1.5, high-fat diet + apple extract 1.5%.
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