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Abstract: Colorectal cancer (CRC) accounts for 30% of all cancer cases worldwide and is the second
leading cause of cancer-related deaths. CRC develops over a long period of time, and in the early
stages, pathological changes can be mitigated through nutritional interventions using bioactive
plant compounds. Our study aims to determine the effect of highly purified oat beta-glucan on
an animal CRC model. The study was performed on forty-five male Sprague-Dawley rats with
azoxymethane-induced early-stage CRC, which consumed feed containing 1% or 3% low molar mass
oat beta-glucan (OBG) for 8 weeks. In the large intestine, morphological changes, CRC signaling
pathway genes (RT-PCR), and proteins (Western blot, immunohistochemistry) expression were
analyzed. Whole blood hematology and blood redox status were also performed. Results indicated
that the histologically confirmed CRC condition led to a downregulation of the WNT/3-catenin
pathway, along with alterations in oncogenic and tumor suppressor gene expression. However,
OBG significantly modulated these effects, with the 3% OBG showing a more pronounced impact.
Furthermore, CRC rats exhibited elevated levels of oxidative stress and antioxidant enzyme activity
in the blood, along with decreased white blood cell and lymphocyte counts. Consumption of OBG
at any dose normalized these parameters. The minimal effect of OBG in the physiological intestine
and the high activity in the pathological condition suggest that OBG is both safe and effective in
early-stage CRC.

Keywords: azoxymethane; bioactive compounds; colorectal cancer; oat beta-glucan; oxidative stress;
rats; CRC signaling pathway

1. Introduction

Beta-glucans, a group of polysaccharides, are found in microorganisms like bacteria
and yeast, as well as in cereals such as barley and oats. The structural complexity of
beta-glucan varies significantly based on its source and the method of isolation, primarily
differing in the distribution and length of the side chains. Factors such as primary structure,
solubility, degree of branching, and molecular weight play a crucial role in determining
the biological activity of beta-glucan [1]. Our previous study showed that dietary admin-
istration of beta-glucan isolated from oats exhibited anti-inflammatory, antioxidant, and
prebiotic effects in artificially induced enteritis [2]. Furthermore, our results have shown
that these effects are related to the molar mass of beta-glucan [2,3], with low molar mass
fractions showing more pronounced effects. Additionally, in our recent studies focusing
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on the effects of oat beta-glucan supplementation on large intestine inflammation (in the
absence of early signs of carcinogenesis), we observed that low molar mass oat beta-glucan
significantly downregulated the expression of genes associated with pro-inflammatory
proteins, as well as reduced the colonic levels of these proteins [3].

It is important to emphasize that in the case of gastrointestinal disorders, especially
inflammatory bowel disease or gastrointestinal cancers, multi-component, unpurified oat
grain preparations, such as oatmeal or fiber, should not be used as a food ingredient. These
preparations contain a variety of active ingredients, including a fraction of insoluble dietary
fiber that irritates the intestinal mucosa, as well as proteins that may cause hypersensitivity
and/or intolerance. As a more suitable alternative, the use of high purity, low molecular
weight 1-3, 1-4-D-beta-glucan as a dietary supplement is recommended. This formulation
is devoid of other compounds, including soluble proteins. We intend to use this specific
formulation in our in vivo CRC animal model. Based on previous research of its anti-tumor
activity in in vitro studies on skin tumor and lung epithelial cancer cell lines, we anticipate
similar effects in this model [4,5].

Colorectal cancer (colorectal carcinoma—CRC) is a common malignancy of the gastroin-
testinal tract, and its incidence is steadily increasing year by year. Epidemiological statistics
forecast a rise in the number of new cancer cases and associated deaths in Europe, the
United States, and other countries. As a result, colorectal cancer represents a significant
global health challenge and ranks as the second most dangerous type of cancer, affecting
women and men equally. It is estimated that there were more than 1.9 million new cases
of colorectal cancer worldwide in 2020, resulting in approximately 930,000 deaths. The
highest occurrence of this cancer type was noted in Australia/New Zealand and various
parts of Europe [6]. CRC is also one of the most common cancers in the Polish population.
In 2018, it was the third most common malignant neoplasm in men and the second in
women. In that year, almost 12,500 deaths due to CRC were recorded in Poland. This type
of cancer was also the second most common cause of death from malignant neoplasms in
men and the third in women. Despite improvements over the years, 5-year survival rates
for colorectal cancer patients in Poland are still among the lowest in Europe [7].

Colorectal cancer primarily originates from the superficial glandular epithelial cells
lining the colon or rectum. Aberrant crypt foci (ACF), recognized as preneoplastic lesions
of the colon, represent the earliest identifiable intermediate precancerous lesions in CRC.
This phenomenon is observed in both laboratory rodents [8,9] and humans [10] and can
be identified microscopically on the surface of the entire colonic mucosa, serving as a
valuable histological marker in the development of CRC. Furthermore, ACF are also
considered as a unique biomarker to evaluate the potential preventive efficacy of various
factors or compounds against CRC in the early stages of cancer development [10]. Ezuka
et al. (2015) [11], in their comprehensive review, confirmed the potential utility of ACF
as a surrogate biomarker for CRC. Additionally, ACF have been used as an endpoint to
identify and evaluate the preventive or therapeutic roles of natural and pharmacological
compounds, including dietary factors, in CRC development [12-15]. It is important to note
that ACF are a critical juncture at which cancer or tumors may develop. They are readily
induced by colon-specific carcinogenesis in rodents, offering a valuable model for studying
the process of colorectal cancer development.

Rodents, such as rats, typically exhibit a very low incidence of spontaneous can-
cer. Therefore, to study colon carcinoma, they are often administered a carcinogen.
Azoxymethane (AOM), a chemical mutagen and potent genotoxic agent, is frequently
used in these studies. Rodent models of AOM-induced CRC have proven to be highly valu-
able for investigating the mechanisms underlying carcinogenesis [16]. Additionally, these
models are instrumental in studying the preventive effects of various dietary factors [17,18].
The AOM-induced CRC rat model shares many features with human CRC, making it an
important model for exploring various aspects of this disease. It has also been found that
short-term AOM-induced rat ACF serves as an ideal early biomarker for identifying a
range of preventive factors and compounds against CRC [14,19].
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Naturally occurring substances of plant origin, particularly polymers, used in ani-
mal model experiments are very often unpurified and contain other biologically active
compounds, such as polyphenols, protein residues, or other dietary fiber fractions. This
raises concerns about the unambiguous assessment of the bioactivity of the tested formula-
tions. Therefore, in our study, we used a chemically pure preparation of oat beta-glucan
as an integral component of the rat feed. This preparation was devoid of protein and
peptide residues, as well as other components with significant biological potential, such
as polyphenols. The main objective of the current study is to assess the effect of a chemi-
cally pure fraction of low molar mass oat beta-glucan (OBG), administered per os at two
doses (1% or 3% w/w) as a dietary supplement, on the early stages of AOM-induced CRC
development in rats. An additional objective is to monitor changes in selected peripheral
blood parameters.

2. Materials and Methods
2.1. Isolation and Characterization of Low Molar Mass Oat Beta-Glucan

A low molar mass oat 1-3, 1-4, beta-D-glucan isolate was prepared from oat bran
(Bestpharma, Warszawa, Poland) through a unique, patented process outlined in previous
works [20,21]. Initially, the oat bran underwent a freezing process, followed by significant
milling while still frozen, repeated several times to effectively diminish particle size. Sub-
sequently, beta-glucan was extracted via alkaline water (pH = 8.5; NaOH). The residual
fraction was then separated by centrifugation at 11,000 x ¢ and discarded. The supernatant
was deproteinized at the isoelectric point (pH = 4.5), and the resulting protein precipi-
tate was also removed by centrifugation. A combination of proteolytic, peptidolytic, and
amylolytic enzymes was utilized for additional purification, along with enzymatic precipi-
tation of proteins at previously specified isoelectric points [21]. The resulting beta-glucan
preparations exhibited 99.3% purity as verified by enzymatic methodology (employing
AACC Method 32-23.01, AOAC Method 995.16, AOAC Method 992.28, CODEX Method
Type II, EBC Method 3.10.1, ICC Standard No. 166, and RACI Standard Method). These
preparations also displayed a molar mass of 5.2 x 10* £ 0.6 x 10* g/mol (52 & 6 kDa), as
confirmed by size exclusion HPLC as described elsewhere [20]. The isolates were analyzed
for total polyphenol content using Folin-Ciocalteu reagent [22] and antioxidant activity vs.
DPPH, as described previously [23]. Protein content (Lowry method) and total nitrogen
(Kjeldahl) were assessed as well.

2.2. Animals and In Vivo Experimental Design

The in vivo experiment was performed on male outbred Sprague-Dawley rats (n = 45)
purchased from Charles River Laboratories (Sulzfeld, Germany). Experimental details
were described in our previous publication [24]. Briefly, rats were divided into two main
groups: (1) the treatment group (CRC group), in which the early stage of colorectal cancer
was chemically induced by peritoneal injection of azoxymethane (AOM) (Sigma-Aldrich,
Saint Louis, MO, USA), and (2) the control group, consisting of animals administered the
equal volume of 0.9% NaCl solution in the same way as the treatment group. After the
last administration of AOM/NaCl, both the CRC and control groups were further divided
into 3 dietary subgroups fed during 8 weeks with pellet feed (ZooLab, Sedziszéw, Poland)
supplemented with different levels of low molar mass oat beta-glucan (OBG), as shown in
Table 1. All feeds were formulated based on AIN-93M pellets, which were designed for
rats in accordance with the species-specific nutritional recommendations of Reeves et al.
(1993) [25]. Body weight was recorded on a weekly basis, and feed intake was monitored
every day. Clinical status indicators (including appetite loss, body weight loss of more than
10%, loose and bloody stools, diarrhea, anus edema, and rectal bleeding) were monitored
twice daily throughout the experiment.

All experimental procedures were conducted with the approval of the 2nd Local
Ethical Committee in Warsaw, Poland (resolution No. WAW2/040/2019, 15 March 2019)
in accordance with the UE Directive (2010/63/UE), Polish law and the principles of 3R
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rules (Replacement, Reduction, and Refinement). According to the 3R rules, the number
of rats in the study subgroups is the smallest possible from the point of view of statistical
verification of the results and was determined based on the scientific literature [26] using
available tools for estimating the number of animals in the experimental groups (http:
/ /biomath.info/power/ttest.htm; accessed on 3 March 2019).

Table 1. Experimental groups.

Control Groups (n = 21) CRC Groups (n = 24)
OBG_1 OBG_3 OBG_0 OBG_1 OBG_3
Feed Without OBG +1% OBG +3% OBG Without OBG +1% OBG +3% OBG

Symbols indicate CRC—rats after AOM injection; OBG—low molar mass oat beta-glucan.

2.3. Blood and Tissues Sampling

After 8 weeks of feeding, the rats were bled by cardiac puncture under Izoflurane
(Aerrane Isoflurane USP, Baxter, Poland) general anesthesia. Subsequently, the entire
large intestine of each rat was collected. A piece from each of the three parts of the large
intestine (cecum, colon, and rectum) was collected and frozen together in liquid nitrogen
for Western blot analysis or fixed in 10% buffered formalin, designed for histopathology,
histomorphometry, and immunohistochemistry analysis. The other parts were immediately
frozen in liquid nitrogen and stored at —80 °C until biochemical analysis.

2.4. Hematological Analysis and Blood Plasma Separation

Peripheral blood collected from the heart was separated into two portions: one for
whole blood and the other for plasma. The whole blood sample was subjected to hema-
tological analysis using the Abacus Junior Vet analyzer (Diatron, Budapest, Hungary).
This analysis included the determination of the total number of white blood cells (WBC),
monocytes and eosinophils (MID), lymphocytes (LYM), granulocytes (GRA), red blood
cells (RBC), and platelets (PLT). Additionally, mean corpuscular volume (MCV), red cell dis-
tribution width (RDW), mean corpuscular hemoglobin concentration (MCHC), and mean
corpuscular hemoglobin (MCH) in cells, as well as hemoglobin concentration (HGB) and
hematocrit (HCT) of blood were measured. Blood plasma was obtained by centrifugation
of whole blood at 2200x g for 10 min at 4 °C. The obtained plasma samples were stored at
—20 °C until biochemical analyses were performed.

2.5. Histopathological and Histomorphometry Evaluation

The collected biological samples of the large intestine specimens were fixed in 10%
buffered formaldehyde, subsequently dehydrated through graded ethanol and xylene
baths, and then embedded in paraffin wax. Sections of 4 um thickness were prepared
and stained with hematoxylin and eosin (H&E) for examination. The analyses were
examined using a standard light microscope Olympus BX41 (Olympus, Tokyo, Japan)
according to histological criteria of multistep carcinogenesis as proposed by Perse and
Cerar (2011) [14]. The early stage of carcinogenesis was characterized by recognizable
histological changes, beginning with aberrant crypt foci (ACF), which were identified by a
veterinary histopathologist. Mucosal lesions were classified into various categories: normal
mucosa, hyperplastic crypts, dysplastic crypts, adenoma, and carcinoma.

In addition, a histomorphometric examination of colonic crypts, including their length
and width, was performed to provide a more detailed characterization of changes in the
early stages of carcinogenesis. The samples selected for histomorphometry were those of
the highest quality. Histomorphometric analyses were conducted using an Olympus BX41
microscope (Olympus, Tokyo, Japan) coupled to a computer equipped with the CellA®
analysis system. For each colon specimen, areas with clearly visible and well-stained
crypts with visible histologic elements were selected. In each sample, 10 to 30 crypts were
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analyzed. The software was used to measure the length of the crypt and its width in the
upper, middle, and lower thirds of the length.

2.6. Blood Plasma Biochemical Parameters

The blood cell lysate used to assess antioxidant enzyme activity was prepared accord-
ing to the protocol described in the instructions provided with the Randox kit (Randox in
County Antrim, UK). The blood cell lysate was used for the analysis of total antioxidant
status (TAS) and thiobarbituric acid reactive substances concentration (TBARS), as well
as glutathione reductase (GR), glutathione peroxidase (GPx), and superoxide dismutase
(SOD) activity. TAS, GR, GPx, and SOD were determined using the commercial Randox
assay kits (TAS, Glutathione Reductase, RANSEL, and RANSOD kit; Randox Laboratories
Ltd., Crumlin, Co. Antrim, UK) according to the manufacturer’s protocols. The catalog
numbers of the kits were as follows (TAS, cat. no.: NX2332; GR, cat. no.: GR2368; GPx,
cat. no.: RS504/505/506; SOD, cat. no.: SD125). Thiobarbituric acid reactive substances
(TBARS) were analyzed according to the method described by Aguilar Diaz De Leon and
Borges (2020) [27].

2.7. Methods for RNA Isolation, Conversion to cDNA, and Gene Expression Analysis

RNA was extracted from large intestine samples using the RNeasy Lipid Tissue
Mini Kit (Qiagen, Hilden, Germany) according to the supplied protocol. The purity and
concentration of the extracted RNA were determined using the NanoDrop™ 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). To assess the integrity of the
RNA, the Agilent Bioanalyzer 2100 system was used in conjunction with the RNA 6000
Nano LabChip® Kit (Agilent Technologies, Palo Alto, CA, USA) on randomly selected RNA
samples. This assessment revealed a low rate of RNA degradation as evidenced by an RNA
integrity number (RIN) exceeding 9. The RT2 First Strand Kit (Qiagen, Hilden, Germany)
was then used to synthesize complementary DNA. For gene expression analysis focusing on
specific pathways, the Custom RT2 Profiler™ PCR array, provided by Qiagen, was applied
according to the manufacturer’s guidelines. This analysis was performed in two technical
replicates for each colon sample to ensure the accuracy and reliability of the results. The
RT2 Profiler PCR arrays (Qiagen, Hilden, Germany) contain primers for a curated analysis
of genes essential for the mechanisms of carcinogenesis induced by AOM. These include
Ctnnbl (catalog number PPR57457A), Wnt1 (catalog number PPR57724A), Apc (catalog
number PPR52699A), Dclk1 (catalog number PPR52232A), and Smad4 (catalog number
PPR06574C). Amplification was performed using the AriaMx Real-time PCR System (Agi-
lent Technologies, Palo Alto, CA, USA), starting with an initial denaturation at 95 °C for
10 min. This was followed by 40 amplification cycles, each including 15 s of denaturation at
95 °C and 1 min of annealing/extension at 60 °C. The threshold cycle (Ct) method was used
to quantify relative gene expression using B2m (catalog number PPR42607A) and Ldha (cat-
alog number PPR56603B) as reference genes for normalization. Analysis and calculation of
results were facilitated by GeneGlobe Qiagen Software (https://geneglobe.qiagen.com/pl,
accessed on 3 April 2023). The expression levels of the target genes, normalized to B2m and
Ldha, are presented as fold changes relative to a control group, which is established at a
baseline value of 1 to illustrate changes in expression.

2.8. Immunohistochemical Analysis

Immunohistochemical analysis was performed as described by Kopiasz et al. (2024) [24].
Briefly, tissue slices (5 um thickness) containing three representative pieces of the large in-
testine from each rat were deparaffinized in xylene and rehydrated in a series of decreasing
concentrations of ethanol. After recovering antigens and blocking endogenous enzymes,
the samples were incubated with primary antibodies overnight at 4 °C using a rabbit anti-
[3-Catenin polyclonal antibody (Cat#8480, 1:200, Cell Signaling Technology, Danvers, MA,
USA). The samples were then labeled with polymers consisting of anti-rabbit antibodies
conjugated to the horseradish peroxidase (HRP) enzyme complex. 3,3'-diaminobenzidine
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(DAB) was used to obtain a brown color, and hematoxylin was used to counterstain nuclei.
The immunohistochemically stained slides were examined using a NIKON Eclipse Ti2
microscope (Nikon, Melville, NY, USA—funding details in Supplementary Data). On
the recorded images, six mucosal areas were marked for each of the three sections of the
colorectum. A total of eighteen marked mucosal areas for the colorectum from one rat were
analyzed together. Colorimetric saturation (brown colors reflecting antigen expression)
and object area were measured using the NIS-Elements BR 5.01 program.

2.9. Western Blot Analysis

Western blot analysis was conducted following the previously described protocol [24].
Briefly, samples from three different parts of the large intestine from each rat were homoge-
nized together in RIPA buffer supplemented with a cocktail of phosphatase and protease
inhibitors. The lysates were then centrifuged, and the supernatants were collected. The
samples (normalized to a 50 pg protein concentration) were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane. Next,
the membranes were incubated overnight at 4 °C with primary antibodies, including rabbit
anti-p-Catenin monoclonal antibody (Cat#A19657, 1:1250, ABclonal, Woburn, MA, USA)
and mouse anti-p-actin (§H10D10) monoclonal antibody (Cat#3700, 1:5000, Cell Signaling
Technology, Danvers, MA, USA), under gentle shaking. After that, the membranes were
incubated with secondary antibodies conjugated with IR fluorophore (IRDye® 800 CW
anti-rabbit antibody) at 1:5000 dilution. The protein expression was analyzed using the
ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA). The integrated optical density
(IOD) was quantified using the Image Lab 6.1 Software (Bio-Rad, Hercules, CA, USA). The
relative levels of the analyzed proteins were normalized to (3-actin.

2.10. Statistical Analysis

The collected data were analyzed using Statistica software (version 13.3 PL; StatSoft,
Krakow, Poland). Prior to further analyses, the equality of variance and normality of
distribution were determined for all datasets. The results of MID required a square root
transformation to achieve normal distribution and equality of variance. Two-way analysis
of variance (ANOVA) was used to evaluate the effect of two experimental factors—the early
stage of CRC and the type of dietary intervention—as well as their interaction. Tukey’s
post hoc test was used to determine the significance of outcome differences among the
groups. Differences between the control group (control OBG_0) and the other groups were
analyzed using Dunnett’s post hoc test. Pearson’s chi-square test with Cramer’s V value
was used to analyze the results of histopathological changes. Statistical significance was
established at a p-value of less than 0.05. All graphs were generated using GraphPad Prism,
version 9.3.1, from GraphPad Software (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Chemical Characterization of Low Molar Mass Oat Beta-Glucan

The detailed characteristics of the oat beta-glucan isolates used in the present study are
comprehensively presented in Table 2. The extensive process of extraction, followed by iso-
electric precipitation, effectively removes the majority of proteins. Subsequent dissolution
and organic solvent precipitation denatures and hydrolyzes any proteinaceous residues, as
well as enzymes used [21]. Exhaustive extraction and purification are performed to remove
any potentially bioactive molecules, which could bias the assessment of oat beta-glucan
impact. Small molecule antioxidant compounds such as polyphenols can modulate the
system response to an administered substance. The tested sample of oat beta-glucan isolate
was analyzed for total polyphenols content and antioxidative activity vs. DPPH radical,
revealing negligible activity and proving to be free from these two bioactive contaminants.
The bioactivity of beta-glucan depends not only on its purity but also on the molar mass
of the analyzed fractions. The average molar mass of the isolate was determined using
internal standards of oat beta-glucan, resulting in 5.2 x 10* + 0.6 x 10* g/mol.
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Table 2. Physicochemical characterization of low molar mass oat beta-glucan used as a feed additive

(mean =+ SE).
Purity Irc DPPH Protein Nitrogen
OBG Molar Mass [g/mol] [%] [GAE/ [umol TE/1 g s.m.] (%/db) X 5.83 (%/s.m.)
1gs.m.]
Lovr;;‘;:lar 52 x 104 +£06 x 1040 9934023  0.17 4 0.040 5.94 +0.21 0.12 + 0.04 1.52 4 0.18

Symbols indicate TPC (Total phenolic compounds); GAE (Gallic acid equivalents); DPPH (2,2-diphenyl-1-
picrylhydrazyl radical); TE (Trolox equivalents).

3.2. Feeds Nutritional Characteristic, Feed Intake, and Body Weight Gain

In our study, we used a chemically pure beta-glucan from oats as a part of rat feed in
early-stage colon cancer models. The beta-glucan was free of proteins, peptides, polyphe-
nols, and other biologically active compounds. The purity of this polysaccharide allowed
for an accurate evaluation of the therapeutic effects of beta-glucan without the risk of addi-
tional intestinal irritation or hypersensitivity. Our choice of low molar mass beta-glucan
was based on its proven anti-inflammatory and indirect antioxidant properties in previous
studies [2,3]. OBG was added to the feed at 1% and 3% levels, substituting for equivalent
carbohydrate content, maintaining the feed’s balance without altering the insoluble fiber
fraction. Two doses were used based on dose conversion from human to animal and vice
versa, taking into account body surface area, metabolic rate, and physiological processes.
Using appropriate formulas [28], the consumption of feed supplemented with the addition
of OBG at 1% w/w in rats is equivalent to consuming approximately 8-10 g OBG for an
adult human (BW 60-70 kg), while 3% corresponds to approximately 24-30 g. Furthermore,
a dose of 3% was administered to observe any potential dose-dependent effects.

The semi-synthetic purified feeds (pellets) used in the present study were formulated
using natural products (corn starch, maltodextrin, sucrose, x-cellulose, casein, and soybean
oil) as detailed in Supplementary Table S1. The declared and analyzed compositions of
these experimental and control feeds, including proteins, carbohydrates, fat, and fibers, are
shown in Supplementary Table S2. The content of 1-3, 1-4, beta-D-glucan in the feeds was
determined according to AOAC 995.16 method (K-BGLU, Megazyme, Ireland) based on
lichenase digestion. Additionally, the metabolizable energy (ME) of the feeds and the feed
growth efficiency (Table 3) were also calculated using the following formulas in accordance
with Bielohuby et al. (2010) [29].

ME (MJ/kg) = 0.0223 x protein (g) + 0.0341 x fat (g) + 0.017 x starch (g) + 0.0168 x sugar (g) + 0.0074 x

(organic matter — protein — fat — starch — sugar — fiber) (g) — 0.0109 x fiber (g) M

Feed growth efficiency = total weight gain (g)/the calculated amount of energy intake with the feed (M]J) (2)

Table 3. Feed intake, feed growth efficiency, and total body weight gain (mean =+ SE).

Control Groups CRC Groups
OBG_0 OBG_1 OBG_3 OBG_0 OBG_1 OBG_3
Feed intake [g/day] 25844005 25294044 25484015 25244033  2498+017 2523 +033
Total body weight gain [g] ~ 207.6 £357  1961+75 2079 +1058 20514842 2120458  199.1+6.65
Feed gr‘[’w/t&;]fﬁ“emy 9.006 +0.16 88424023 96444047  9107+034  9.6914+024 9342+ 033
(mgg keal) (3865+07) (37.68+10)  (4053+£20) (39.09+15) (41294+10)  (39.26 + 1.4)

The differences are not statistically significant.

The nutrient content of the experimental feeds, as declared by the manufacturer, aligns
with the recommended levels for adult rats. The analytically determined beta-glucan
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content in the feeds did not differ from the assumed level in the experiment. Additionally,
the growth efficiency of all feeds used in the experiment showed no significant differences.
This uniformity in feed quality led to consistent feed intake across all rat groups, with no
notable disparities in body weight gain. The body weight gain of all groups of rats followed
a similar trajectory throughout the study, as shown in Figure 1.

Body weight gains
600 -®- Control OBG_0
-~ Control OBG_1
Control OBG_3
00 CRC OBG_0
— 500-
=y -+ CRCOBG_1
g -+ CRC OBG_3
>
S
S 4007
300 T T T

0 1 2 3 4 5 6 7 8

Time [weeks]
Figure 1. Body weight gain curves during 8 weeks of experiments [mean + SE].

3.3. Clinical Signs, Necropsy Observations, and Macroscopic Large Intestine Evaluation

During the 8-week period following the AOM peritoneal injection, the rats were
monitored twice daily for several health indicators, including appetite, morbidity, stool
consistency, and the appearance of the anus. These clinical observations did not reveal any
signs indicative of poor health, such as lack of appetite, abnormal appearance of the anus,
hair loss, or diarrhea. Similarly, during necropsy, no pathological changes were observed
upon visual examination of the large intestine.

3.4. Histopathological Changes in the Large Intestine

Histopathological examination assessed the appearance of intestinal crypts for the pres-
ence of aberrant crypt foci (ACF), which may be hyperplasia/dysplasia/adenoma/cancer,
as shown in Figure 2. In the Control OBG_0 group and Control OBG_1 group, no morpho-
logical changes of crypts were observed; in one rat from the Control OBG_3 group, the
presence of single hyperplastic crypts was observed. In the CRC groups, hyperplastic crypts
were observed mostly in group CRC_OBG_0 and less commonly in groups CRC OBG_1
and CRC OBG_3. Detailed data on the occurrence of hyperplastic lesions in intestinal
crypts of particular groups of rats are presented in Table 4 and Supplementary Table S3.

Table 4. Large intestine epithelium changes.

Control Groups CRC Groups
2 p-Value/
OBG_0 OBG_1 OBG_3 OBG_0 OBG_1 OBG_3 X \Y%
n=7) n=7) n=7) (n=8) (n=8) (n=8)
NC=6 NC=3 NC=6 NC=7
colon NC=7 NC=7 (86%) (37.5%) (75%) (87.5%) 13.08 0.023/
epithelium changes (100%) (100%) HP =1 HP =5 HP =2 HP =1 ’ 0.54
(14%) (62.5%) (25%) (12.5%)

Symbols indicate HP—hyperplasia; NC—large intestine epithelium cells without histopathological changes;
x?—Pearson’s chi-square; V—Cramer’s V value.
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Figure 2. Histopathological changes in the large intestine mucosa. (A)—normal mucosa,
(B)—hyperplastic crypts with an increased number of epithelial cell nuclei (crowded nuclei), lower
number of goblet cells, and increased mitotic activity (some mitotic figures indicated by black arrows)
restricted to the lower two-thirds of the crypts, (C)—one aberrant crypt (black arrows) is present
among normal crypts—slightly enlarged crypt diameter and low number of goblet cells are visible.
Hematoxylin—eosin staining, magnification: (A)—100x, (B)—200x, (C)—200x.

No significant differences were observed in the measurements of the crypt length and
width at the bottom, upper and middle parts of the crypts between the CRC and control
groups, as detailed in Table 5.

Table 5. The length and width of intestinal crypts (mean + SE).

Intestinal Crypts Parameters Control Groups CRC Groups
OBG_0 OBG_1 OBG_3 OBG_0 OBG_1 OBG_3
Crypt length [um] 196.8 £+ 10.23 196.4 £ 9.96 2142 +9.10 220.5 £+ 6.28 207.5 +8.20 223.54+9.45
Crypt width bottom [um] 33.41+0.33 32.63 £+ 0.52 32.88 4 0.62 36.17 £1.33 34.21 £1.39 35.82 £+ 0.69
Crypt width middle part [um] 34.76 £1.28 34.37 £+ 0.68 35.58 £+ 0.87 34.02 +1.36 33.15 4+ 0.97 34.88 +£1.36
Crypt width upper part [um] 37.39 £ 1.05 38.96 +1.32 39.96 +0.73 40.60 + 1.69 38.51 4+ 0.90 40.65 £+ 1.09

The differences are not statistically significant.

3.5. Red Blood Cells and Platelet Parameters

As shown in Table 6, analysis of variance for RBC, HGB, HCT, MCV, MCH levels,
and PLT counts revealed no significant differences between the study groups. However,
rats from the CRC group that consumed the feed supplemented with 3% OBG had higher
MCHC values compared to the control OBG_3 (p < 0.05) and OBG_0 (p < 0.01) groups.
Additionally, significant differences (p < 0.05) in RDWc values were observed between the
control group (OBG_0) and the CRC-induced group fed with 3% OGB (OBG_3).

Table 6. Erythrocyte parameters and platelet counts (mean =+ SE).

Control Groups CRC Groups
Feature
OBG_0 OBG_1 OBG_3 OBG_0 OBG_1 OBG_3
RBC [10'2/1] 8.18 £ 0.29 8.01 +£0.19 7.85+0.28 8.07+0.15 799 +£0.17 8.09 +£0.17
HBG [g/dL] 1442 £0.26 14.23 £0.23 13.94 £ 042 14.45+£0.17 1424 £0.32 14.50 £ 0.15
HCT [%] 42524+ 0.6 41.24 £+ 0.56 41.03 £ 0.92 40.92 +0.84 39.92 £ 0.8 41.42 4+ 0.59
MCV [fl] 53.00 & 0.68 51.71 +£0.87 51.83 +0.95 51.25 + 0.67 50.00 & 0.46 51.25 4+ 0.80
MCH [pg] 17.64 £ 0.3 17.80 £ 0.25 17.77 £0.18 17.93 £0.21 17.80 £0.19 17.98 £ 0.28
MCHC [g/dL] 33.91+0.2 34.49 £ 0.29 33.97 £ 0434 34.96 + 0.24 * 35.31 £ 0.19 ** 35.30 & 0.22 * A
RDWCc [%] 17.59 £0.23 18.29 £0.24 1798 £0.14 17.70 £0.21 18.04 £0.18 1843 £0.19*
PLT [10°/L] 718.7 £ 38.3 7473 £ 322 7889 £252 710.6 & 22.7 781.4 £455 759.0 £ 36.0

OBG—low molar mass oat beta-glucan, RBC—red blood cells; HGB—hemoglobin; HCT—hematocrit;
MCV—mean corpuscular volume; MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular hemoglobin
concentration; RDWc—red blood cell distribution width; PLT—platelet. The same letters denote significant differ-
ences between experimental groups determined by Tukey’s post hoc test ( p < 0.05). Significant differences from
the control group (control OBG_0) were determined by the Dunnett’s post hoc test (* p < 0.05, ** p < 0.01).
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3.6. White Blood Cells Parameters

The total white blood cell and lymphocyte counts were lower in rats from the CRC
OBG_0 group compared to the control OBG_0 group (p < 0.01). However, there was no
significant difference in the total number of other types of leukocytes among all groups.
Notably, the most significant differences between groups were found in the number of
granulocytes. In the control rats, consumption of feed with 3% OBG resulted in a significant
reduction in the number of granulocytes (p < 0.05). A similar difference was observed in
the CRC rats fed with feed containing 3% OBG compared to the control group (p < 0.001)
(Figure 3).

[1079/1]
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Figure 3. White blood cell parameters (mean + SE). (A)—total white blood cell count;
(B)—lymphocyte count; (C)—granulocyte count; (D)—total number of the other types of white
blood cells not classified as lymphocytes or granulocytes. Significantly different from the control
group (OBG_0) (* p < 0.05; *** p < 0.001) (Dunnett’s post hoc test).

3.7. Peripheral Blood Plasma Redox Status Parameters

Thiobarbituric acid reactive substances (TBARS) are a by-product of lipid peroxidation
and are recognized as a marker of accelerated lipid oxidation. In the present study, an
increased accumulation of TBARS was detected in the systematic circulation of CRC rats
consuming feed without OBG supplementation, with significantly higher values compared
to other CRC and control groups (p < 0.0001). The eight-week dietary intervention with
OBG significantly reduced TBARS levels, with the most significant reduction noted in the
OBG_3 group. In the control groups, TBARS levels were higher in the OBG_1 and OBG_3
groups compared to the values of this parameter in the OBG_0 group (Figure 4A). Total
antioxidant status (TAS) of peripheral blood was significantly lower in the CRC rats fed
with feed without OBG compared to other CRC groups, regardless of the level of OBG
supplementation, and to all control groups (p < 0.0001). Specifically, in the control rats, a
significantly lower TAS was observed in the OBG_1 group compared to the OBG_0 group,
as shown in Figure 4B. There was also a significant increase in the activity of antioxidant
defense enzymes (GPx and SOD) in CRC animals fed with feed without OGB compared to
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control animals fed the same feed (p < 0.0001). SOD activity in rats from the CRC OBG_3
group was significantly decreased compared to the CRC OBG_0 group and did not differ
from the control groups (Figure 4C). In addition, blood GPx activity in the CRC rats from
the OBG_0 group was significantly higher than that observed in the OBG_1 and OBG_3
groups (p < 0.001 and p < 0.0001, respectively). In control animals, GPx activity did not
differ among the nutritional subgroups (Figure 4D). In the blood of CRC rats, GR activity
was found to be higher in the OBG_0 group compared to the OBG_1 and OBG_3 groups
(p <0.001 for all comparisons). Conversely, in the control rats, the highest GR activity was
observed in the OBG_1 group (p < 0.001) (Figure 4E).
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Figure 4. Peripheral blood redox status parameters in CRC and control rats (mean =+ SE):
(A)—thiobarbituric acid-reactive substances (TBARS). (B)—total antioxidant status (TAS);
(C)—superoxide dismutase (SOD); (D)—glutathione peroxidase (GPx); (E)—glutathione reductase
(GR); Significantly different from the control group (OBG_0) (*** p < 0.001) (Dunnett’s post hoc test).
Significant differences within control and CRC groups between dietary subgroups (### p < 0.001)
(Tukey’s post hoc test). Significant differences between the respective control and CRC groups on the
same feed (**® p < 0.001) (Tukey’s post hoc test).
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3.8. CRC Signaling Pathways

The gene expression results associated with the WNT/ 3-catenin signaling pathway,
which is implicated in CRC tumorigenesis, showed a significant effect of both OBG and
rat health status on the modulation of Wnt1 expression (ANOVA, p < 0.01 and p < 0.05,
respectively, Figure 5A). Wnt1 gene expression was downregulated in rats from the CRC
groups, as well as in animals fed with feed supplemented with OBG. Post hoc analysis
revealed that OBG supplementation decreased Wnt1 gene expression at the highest OBG
concentration (3%) in both control and CRC groups (p < 0.05). Additionally, in the CRC
OBG_1 group, Wntl gene expression was significantly lower compared to control rats
receiving feed without OBG.
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Figure 5. CRC signaling pathways. (A,B,G-I)—Changes in relative gene expression in the large intes-
tine of rats: (A)—Wnt1 (Wnt family member 1); (B)—Ctnnbl (B-catenin); (G)—Apc (Adenomatous
polyposis coli); (H)—Smad4 (Mothers against decapentaplegic homolog 4); (I)—Dclk1 (Doublecortin-
like kinase 1). Data are presented in arbitrary units as a ratio of the expression of the target gene to
the mean expression of the reference genes (B2m and Ldha) with the control group calculated as 1.
(C-F)—Changes in 3-catenin protein expression; (C)—in the large intestine mucosa using immuno-
histochemistry analysis (IHC) presented as integrated optical density (IOD), (mean & SE); (D)—in
the whole large intestine wall presented as IOD, (mean + SE); (E)—Light micrographs imaged (400
magnification). Black arrows indicate areas with high expression of 3-catenin (brown precipitate);
(F)—Representative immunoblot images. Significantly different from the control group (OBG_0)
(*p <0.05,** p <0.01, ** p < 0.001) (Dunnett’s post hoc test).
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The expression of -catenin (Ctnnbl), a crucial component of the Wnt/3-catenin
signaling pathway implicated in cell proliferation and tumorigenesis, was examined at
both the gene and protein levels. Ctnnbl mRNA expression in colorectal tissue is shown
in Figure 5B. A significant effect of OBG supplementation on the expression of Ctnnbl
was observed (ANOVA, p < 0.05). Significant downregulation of Ctnnbl was observed in
the CRC group supplemented with the highest level of OBG (CRC OBG_3) compared to
the control group without OBG supplementation (control OBG_0) (p < 0.05). Significant
effects on (-catenin protein expression were found only by Western blot analysis (in the
entire large intestine wall). Induced early-stage carcinogenesis significantly decreased
the expression of this protein (ANOVA, p < 0.01), whereas, in the CRC OBG_3 group,
[3-catenin expression was restored to levels comparable to those observed in the control
groups (Figure 5D,F). The expression of this protein in the mucosa did not significantly
differ between the study subgroups (Figure 5C,E). However, two-way ANOVA revealed
that the early stage of cancerogenesis decreased the expression of this protein (ANOVA,
p <0.01).

Two-way ANOVA revealed that the induction of early-stage CRC significantly af-
fected the downregulation of the Apc gene (Figure 5G), which is a critical regulator in the
WNT signaling pathway and a known tumor suppressor gene, as well as the Smad4 gene
(Figure 5H), also a suppressor gene (ANOVA, p < 0.05). Post hoc analysis revealed a signifi-
cant downregulation of Apc expression in the CRC group without OBG supplementation
(CRC OBG_0) compared to the control group also without OBG (Control OBG_0) (p < 0.05).
Interestingly, supplementation with oat beta-glucan mitigated the adverse effects of CRC on
Apc expression. In the CRC groups receiving OBG, Apc expression levels were restored to
levels comparable to those observed in the control groups. Furthermore, two-way ANOVA
revealed significant effects of both CRC-induced and OBG supplementation on Smad4 gene
expression (ANOVA, p < 0.05). In particular, a distinct downregulation of Smad4 expression
was revealed in CRC OBG_1 compared to the control OBG_0 group. The Smad4 gene was
downregulated by OBG. However, the inclusion of 3% OBG in the feed of CRC-affected rats
restored Smad4 expression levels to those comparable to the corresponding control group.
The expression of the oncogenic Dclk1 gene (Figure 5I) was influenced by all experimental
factors and their interactions (ANOVA, p < 0.05). Post hoc analysis revealed that Dclk1 gene
expression was lower in rats from the CRC groups fed with the control feed compared to
the control group without OBG supplementation (control OBG_0) (p < 0.05). Additionally,
Dclk1 gene expression was lower in the CRC OBG_1, CRC OBG_3, and control OBG_3
groups compared to the control OBG_0 (p < 0.05).

4. Discussion

In our 8-week study, we focused on the impact of OBG supplementation on the rat
CRC model with AOM-induced carcinogenesis. Throughout the study period, rats were
observed for health indicators, including appetite and physical appearance, with no adverse
signs noted in those fed with OBG-supplemented feed. In contrast, CRC rats exhibited
early signs of carcinogenesis, such as ACF in the mucosal layer, as well as its erosion and
hyperplasia. Blood analysis across different groups showed no major differences in most
hematological values, but there were slight MCHC and RDWc changes in CRC rats fed with
3% OBG, alongside notable disparities in white blood cells and granulocytes, indicating an
immune response induction. The induction of CRC resulted in a significant increase in the
concentration of the oxidative stress marker (TBARS level) and a decrease in antioxidant
defense, as evidenced by a significant reduction in total antioxidant status (TAS). This
was accompanied by an increase in endogenous antioxidant enzymes, such as superoxide
dismutase (SOD) and glutathione peroxidase (GPx). Furthermore, OBG supplementation
reduced the TBARS level and enhanced the antioxidant defense, as evidenced by the
increased TAS and decreased activities of antioxidant enzymes such as GPx and SOD.
This suggests a protective role of OBG against oxidative damage. The analysis of gene
and protein expression revealed the effect of OBG supplementation and CRC status on
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the modulation of the WNT/ 3-catenin signaling pathway. This pathway is crucial in cell
proliferation and tumorigenesis. OBG appeared to mitigate the adverse effects of CRC on
this pathway, suggesting its potential as a therapeutic agent for CRC management.

Colorectal cancer (CRC) develops from the superficial glandular epithelial cells lining
the colon or rectum through a multistep process known as carcinogenesis [30]. Aberrant
crypt foci (ACF) are recognized as pre-neoplastic lesions in the colon and represent the
earliest microscopically identifiable intermediate precancerous lesions during colon carcino-
genesis in both laboratory rodents [31-33] and human populations [34]. The identification
of ACF as pre-neoplastic lesions in the colon underscores their significance in CRC research.
Numerous studies have used ACF as a surrogate endpoint for chemoprevention in rats,
illustrating their value in early detection and prevention strategies for CRC [10,35]. ACF
are recognized as a valuable histological biomarker that indicates the development stage of
colorectal carcinogenesis [36]. They have been used to identify and evaluate the preventive
or therapeutic role of various natural and pharmacological compounds, including dietary
factors, in colorectal cancer development [37]. The size and density of ACF can increase
over time, with significantly higher densities noted in the later stages of CRC compared to
the early stages, highlighting their potential as indicators of disease progression [36]. In
our study, colorectal ACF were present in some rats, indicating very early stages of CRC
development, which is also confirmed by other studies [38,39]. Although they were few in
number, these ACF signify the initiated process of carcinogenesis.

The classical diagnosis of CRC in humans primarily relies on colonoscopy, followed
by examination of biopsied tissue using hematoxylin and eosin staining. While consid-
ered the gold standard in the CRC diagnosis, this assessment can be somewhat subjective,
relying on the expertise of pathologists, particularly in ambiguous cases. However, the
integration of artificial intelligence (AI) and other technological innovations into diagnosis
is improving both its accuracy and efficiency [40]. To improve the precision of diagnosis,
novel approaches such as histomorphometry are being developed to provide an unbiased
evaluation of ACFE. This method offers both qualitative and quantitative analysis of tis-
sue structures, providing insights that might be ambiguous to the pathologist, thereby
facilitating standardized examination and objective diagnosis. In our study, histological
examinations successfully identified the presence of ACF, a key early marker in the devel-
opment of CRC. However, the histomorphometric analysis did not reveal any significant
changes in the crypt parameters. This discrepancy suggests that while histology is sensitive
in detecting early morphological alterations associated with ACEF, histomorphometry in our
study did not provide additional insights into these early lesions. The lack of detectable
histomorphometric changes despite the histologic presence of ACF may reflect the subtle
nature of these changes during the early stages of CRC development, which are below the
detection threshold of histomorphometric techniques.

The AOM-induced colon cancer model in laboratory rodents is frequently used to
study the underlying mechanisms of human sporadic colorectal cancer formation. This is
because the tumor development mechanism in animals is very similar to that observed in
humans. Intraperitoneal administration of AOM causes ACF, leading to the development
of malignant adenoma. AOM does not directly interact with DNA and must be activated
in vivo to promote carcinogenesis. Azoxymethane is metabolized by cytochrome P450,
specifically by its CYP2E1 isoform. The first stage of this transformation is the hydroxylation
of the AOM methyl group to form methylazoxymethanol (MAM) and its subsequent
decomposition into formaldehyde and a highly reactive methyl diazonium. This chemical
substance causes DNA mutation, which can initiate the tumorigenesis process by acting on
several key genes in intracellular signaling pathways [16].

Disturbances in redox status play a significant role in the actions of AOM and the
associated risk of CRC formation and development. This association between oxidative
stress and CRC has also been confirmed by various studies in the human population [41-44]
as well as by findings from experiments using animal models of chemically induced
CRC [45,46]. Redox imbalance primarily results in an increase in oxidative stress, which



Nutrients 2024, 16, 1125

15 of 20

involves the excessive generation and accumulation of free radicals in cells. Oxidative
stress plays a critical role in cellular damage and mutation, contributing to the initiation
and progression of CRC [47,48].

Excessive accumulation of free radicals in the cells of the intestinal mucosa causes
oxidative stress, which significantly alters the immune response of this part of the gastroin-
testinal tract. These alterations lead to metabolic changes that are critical for the initiation of
cancer formation through multiple pathways [49,50]. These pathways can impair biological
membranes by oxidizing their constituent lipids, cause DNA oxidative damage within the
nucleus, and oxidize proteins and carbohydrates among the chemical components of the
cell. The byproducts of these pathways can act as potentially destructive factors during the
initiation and development of CRC [51]. In our current study, we found that the plasma
concentration of TBARS was significantly higher in the CRC rats compared to the control
animals. Additionally, this alteration was accompanied by an increase in the activity of
antioxidant enzymes such as SOD, GPx, and GR, which are natural protective mechanisms
that counteract the destructive effects of oxidative stress [47]. The activities of SOD and GPx
in peripheral blood are reliable biomarkers of oxidative stress used in CRC patients [52], as
well as in in vivo studies [53]. Antioxidant enzymes, including SOD, serve as the primary
line of endogenous antioxidant defense and are highly susceptible to oxidative damage
from carcinogens. Agents that counteract the action of carcinogens suppress the activity of
antioxidant enzymes and reduce the overproduction of free radicals, thereby restoring the
redox balance [54]. Supplementation with OBG significantly decreased TBARS levels and
the activity of GPx, GR, and SOD in animals with CRC. Our previous study showed similar
results in animals with TNBS-induced colitis, demonstrating that low molar mass OBG
fractions could reduce oxidative stress and inflammation [55]. In the present study, we used
OBG, which lacks antioxidant activity. This suggests that its effect on the redox status of
CRC rats was indirect. The proposed mechanism of OBG'’s indirect action may involve the
phosphoinositide-3-kinase-protein kinase B/ Akt (PI3K-Akt) signal transduction pathway:.
Furthermore, water-soluble non-starch polysaccharides may also stimulate the insulin
receptor « (IRor)-mediated PI3K-Akt signaling pathway to exert antioxidant activity [56].

The results of our study indicate that the hematological parameters, including red
blood cell (RBC) counts, hemoglobin (HGB) levels, hematocrit (HCT) percentages, mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and platelet counts,
remained consistent among the different experimental groups. This suggests that the
induction of early-stage CRC and the dietary intervention with an OBG feed did not
significantly alter these parameters. These results are consistent with research on patients
with colorectal cancer, where changes in RBC parameters were found in the later stages of
this cancer [57]. Based on a large meta-analysis, the authors suggest that RBC parameters,
as well as WBC and platelet counts, can be used as predictors for referral to clinical testing
for cancer diagnosis in the later stages of CRC [58]. However, as was shown by our results,
a notable exception was observed in the MCHC level, which was significantly higher in rats
from the CRC group consuming the feed supplemented with 3% OBG, indicating a specific
response to dietary intervention at the cellular level that warrants further investigation for
its potential implications in CRC pathophysiology.

During tumorigenesis in the early stages of colorectal cancer, slight changes in hema-
tologic parameters may occur. These changes can provide important insight into the body’s
response to the developing cancer. For example, an increase in RDWc values, associated
with higher variability in erythrocyte size, is a condition that can be caused by several
factors, including inflammation and nutritional deficiencies, which are common in CRC
patients [59,60]. Variations in RDWc are particularly significant as they may reflect the early
systemic impact of CRC. Therefore, monitoring these parameters could provide valuable
prognostic information in the early stages of colorectal cancer [61].

The study observed a reduction in WBC, GRA, and LYM in rats from the CRC OBG_0
group compared to the control group, indicating a potential immunomodulatory effect
of the CRC condition. A decrease in WBC, GRA, and LYM levels in CRC animals could
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potentially indicate a compromised immune response, which is crucial in the body’s defense
against cancer progression. Lymphocytes, including T and NK cells, play a crucial role
in antitumor immunity. A decrease in lymphocyte count may indicate impaired immune
system function, which can promote tumor cell survival and progression [62,63]. Notably,
the significant decrease in GRA counts in control rats fed 3% OBG feed compared to the
control group highlights the anti-inflammatory potential of the OBG feed. This suggests
that dietary OBG may play a role in modulating immune responses.

CRC is a complex disease characterized by the dysregulation of multiple signaling
pathways, among which the WNT/ 3-catenin pathway plays a pivotal role in tumorigen-
esis. This pathway is crucial for maintaining the balance between cell proliferation and
apoptosis, which is essential for intestinal homeostasis and regeneration [64]. The sequence
of sporadic events leading to the development of CRC is still not sufficiently well under-
stood. Most evidence suggests that the initiating event of CRC formation is hyperactivation
of the WNT signaling pathway, primarily through mutations in f-catenin or the APC
gene. Mutations in key components of the WNT/3-catenin pathway, such as APC and
[3-catenin, are frequently observed in CRC patients, further underscoring the significance
of this pathway in CRC development. Abnormalities in the WNT pathway occur in most
patients with sporadic CRC. More than 80% of adenomas exhibit APC mutations, and an
additional 5-10% have mutations or epigenetic changes in other parts of the WNT signaling
pathway, such as (3-catenin. It has been demonstrated that azoxymethane causes mutations
in B-catenin at codons 33 and 41, leading to the accumulation of 3-catenin in the carcino-
genesis process [16]. The results of the present study indicate that OBG supplementation
modulates the WNT/ 3-catenin pathway, which is a key pathway in the development and
progression of CRC. CRC condition and oat beta-glucan supplementation significantly
modulated the expression of Wnt1 and Ctnnbl genes. CRC led to the downregulation of
both genes, while OBG supplementation further decreased their expression, particularly
at the highest concentration (3%). This illustrates the complex interplay between dietary
factors and cancer status in affecting key signaling pathways involved in colorectal tu-
morigenesis. Additionally, WB and IHC results confirm that the effect of AOM-induced
early stage of CRC is the downregulation of 3-catenin protein expression in large intestine
tissue. These results differ from the conventional understanding based on the literature,
where the Wnt/ 3-catenin pathway is typically upregulated in intestinal cancer [65]. It is
interesting to note that dietary factors like OBG might modulate this critical tumorigenic
signaling pathway.

Carcinogenesis in the large intestine can lead to the loss of tumor suppressor genes,
such as APC and SMAD4, which normally prevent cancer development [16]. On the
other hand, during CRC development, the oncogene Dclkl is upregulated, promoting
the proliferation of cancer stem cells, increasing tumor growth, and reducing sensitivity
to conventional therapies. Therefore, Dclkl plays a crucial role in the progression of
the disease [66]. In the present study, early-stage CRC significantly downregulates the
tumor suppressor genes Apc and Smad4, reflecting their pivotal roles in cancer suppressive
pathways. However, OBG supplementation mitigates this effect against the Apc gene,
restoring its expression level closer to normal. The study demonstrates the potential of
dietary interventions in modulating gene expression associated with cancer suppression.
Specifically, the inclusion of 3% OBG in the diet restored Apc expression levels in CRC rats.
This finding suggests that OBG supplementation may be a promising approach for cancer
prevention. These results contribute valuable insights into the mechanistic pathways by
which dietary components, such as beta-glucan, can influence the genetic transformations
that occur during the development of colorectal cancer. This offers promising avenues for
preventive strategies against tumorigenesis.

When investigating the impacts of dietary supplements on health, it is important
to consider their long-term safety. It is worth noting that the consumption of 1-3, 1-4
beta glucan at 1% and 3% levels did not worsen systemic parameters or affect the clinical
condition of the animals in the control groups, including fecal consistency. The addition of
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this polysaccharide to the feed did not affect its sensory qualities or growth performance.
This is supported by the lack of differences in feed intake and equalized weight gains in all
groups, including both CRC and controls. It is important to note that the OBG isolate has
been shown to lack antioxidant activity. Therefore, it can be concluded that its effect on the
redox status of CRC rats was indirect. This confirms that 1-3, 1-4 beta-glucan has a safe
bioactivity profile. Additionally, its positive effects in pathological conditions, such as the
early stages of colon cancer, make beta-glucan a promising candidate for consideration as
a nutraceutical.

5. Conclusions

An in vivo study was conducted in a CRC model with a nutritional intervention that
involved adding low molar mass oat beta-glucan at concentrations of 1% or 3% (w/w)
to animal feed. The study showed the normalizing effects of this cereal polysaccharide.
Particularly interesting were its effects at the 3% level on the redox status of peripheral blood
and the signaling pathways associated with colon carcinogenesis. The precise extraction
and purification process ensured the purity of OBG, which is crucial for accurately assessing
its bioactive impact. This is particularly important in modulating genetic and biochemical
pathways linked to tumorigenesis. The lack of adverse effects on the healthy intestine,
combined with the strong beneficial effects of low molar mass oat beta-glucan in the early
stages of carcinogenesis, underscores the safety and potent therapeutic impact of this
compound. These observations support the consideration of this oat beta-glucan fraction
as a promising nutraceutical. In summary, these findings highlight the potential of OBG
as a dietary intervention to restore or maintain the balance of gene expressions crucial for
preventing CRC progression.
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/ /www.mdpi.com/article/10.3390 /nul16081125/s1, Table S1: Product composition of AIN-93M
experimental feeds declared by the producer; Table S2: Declared and analyzed composition of
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