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ARTICLE INFO ABSTRACT

Keywords:

Oat beta-glucan
Colorectal cancer
Apoptosis

Oat beta-glucan is one of the soluble dietary fibre fractions with a wide spectrum of biological activities such as
anti-inflammatory and anti-tumour properties. In the present study, the effect of low-molar-mass oat beta-glucan
isolate (OBGl) on the level of autophagy and apoptosis in the colorectum of rats with induced early stages of
colorectal cancer was investigated. Forty-five male Sprague-Dawley rats were divided into two main groups:
control and azoxymethane-induced early-stage colorectal carcinogenesis (CRC). Both groups were divided into
three dietary subgroups fed standard feed without OpGl (OpGl-), with 1 % of OBGI (OBGl+1 %) or with 3 % of
OPGl (OBGI+3 %). The expression of autophagy (LC3B, beclin-1) and apoptosis (caspase-3, cleaved caspase-3,
BAX, BCL-2 and PARP-1) markers was determined by immunohistochemistry, Western blot and PCR analysis.
The obtained results showed that the expression of LC3B, caspase-3 and cleaved caspase-3 in the CRC mucosa,
and LC3B-II expression in the CRC wall were higher in the OpGl+3 % compared to the OBGl— rats. A higher BAX/
BCL-2 ratio was also observed in the CRC OBGl+1 % rats compared to the other CRC animals. In summary,
OBGl+3 % has a modulatory effect, stimulating autophagy and the extrinsic apoptosis pathway, while OpGI+1 %
has a stimulatory effect on the intrinsic apoptosis pathway.

1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide
and the second most common in terms of mortality [1]. According to
data from the World Health Organization (WHO) in 2020, the number of
new CRC cases exceeded 1.9 million, with the number of deaths sur-
passing 900,000 [2]. Both environmental and genetic factors determine
the risk of developing CRC, but several studies particularly emphasize
factors such as diet, lifestyle and family history as being particularly
important in the development of CRC. Crucially, CRC can develop for
many years without noticeable clinical symptoms, making both early
medical diagnosis and the search for therapeutic and preventive agents
that act at the early stages of carcinogenesis very important [3]. In fact,
such agents could potentially include biologically active plant-derived
compounds, such as oat beta-glucans [4].

Oat beta-glucans (OPG) are a dietary fibre fraction composed of p-
glucose molecules linked by $-1,3, p-1,4 glycosidic bonds, resulting in a

* Corresponding author.

mostly linear structure with few branches. Due to their specific
conformation, they exhibit many biological activities, such as anti-
diabetic, prebiotic, cholesterol-lowering, anti-inflammatory, immuno-
modulatory and anti-tumour properties [4]. However, the anti-cancer
effects of oat beta-glucans have only been confirmed in one in vivo
study. In this study, Shen et al. [5] showed that OBG increased apoptosis
in colon cells of mice with DMH-induced tumourigenesis. In addition,
results from in vitro studies indicated strong anticancer activity of OpG
against two human lung malignant tumour cell lines (A549, H69AR),
malignant melanoma (Me45), epidermoid carcinoma (A431) and no
toxicity to normal keratinocytes [6,7]. Moreover, they revealed pro-
apoptotic properties against human melanoma HTB-140 cells [8].
Shah et al. [9] also showed increased anti-proliferative properties
against human colon malignant tumour cells (Colo-205) with a decrease
in the molar mass of barley beta-glucan, which has a similar structure
and properties to oat beta-glucan. Besides, our previous studies (in an-
imal models) have shown that OBG has anti-inflammatory [10-12],
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antioxidative [13,14] and prebiotic [15] effects. These studies indicate
that the low-molar-mass fraction has all of the above-mentioned prop-
erties, and in many cases, shows higher activity than the high-molar-
mass fraction. Furthermore, in our previous study, we demonstrated
the effect of OBG on apoptosis and autophagy in the colon altered by
induced inflammation [16]. As it is known, chronic inflammation of the
colon can lead to the development of cancer. Therefore, the evaluation
of the impact of OBG in a colorectal cancer model was the natural
continuation of our previous research.

Cancer is characterised by the accumulation of abnormal cells,
resulting from an imbalance between cell proliferation, repair processes
and programmed cell death. In cancer, a decrease in the apoptosis
process is observed, which promotes the survival and replication of
potential cancer cells. Therefore, the normal process of programmed cell
death, which is regulated by a cascade of intracellular biochemicals, is
essential to prevent tumour formation [17]. The key players in this
process are caspases, the family of cysteine-aspartic proteases involved
in the initiation or execution phases of apoptosis [18]. Caspase-3 (CASP-
3) is one of the most important enzymes in the apoptotic process, linking
both intrinsic and extrinsic pathways as a key executive enzyme. Acti-
vation of CASP-3 makes the apoptosis irreversible, therefore an active
form of caspase-3 (cleaved caspase-3 (cCASP-3)) is the best marker to
assess for intensity of this process in tissues [19]. A critical step in the
activation of the intrinsic apoptotic pathway is the release of cyto-
chrome C from the mitochondria into the cytoplasm, leading to the
formation of the apoptosome and the activation of caspase-3. The
release of cytochrome C is stimulated by pro-apoptotic members of the
B-cell lymphoma protein 2 (BCL-2) family such as BCL-2-associated X
(BAX), BCL-2-antagonist/killer 1 (BAK1) and inhibited by anti-apoptotic
members of the same family such as BCL-2, B-cell lymphoma-extra-large
(BCL-XL) [20]. Poly(ADP-ribose) polymerase-1 (PARP-1) is one of the
DNA repair proteins which detects and repairs DNA damage, thus pro-
tecting cells against tumour induction. On the other hand, PARP-1 may
have tumour-promoting effects through its ability to maintain and drive
inflammation via the innate immune response and promote tumour
growth [21].

Autophagy is a catabolic process of massive degradation and the
removal of cellular components, including damaged/abnormal proteins
and peptides. This process is also closely linked to many fundamental
cellular processes such as the regulation of cell death, proliferation,
inflammation as well as many innate and adaptive immune functions.
Furthermore, it is regarded as a suppressive mechanism during tumour
initiation and malignant transformation. Because of this wide spectrum
of activity, dysregulation of autophagy has been associated with ageing
and various diseases such as cancer, neurodegenerative disorders and
chronic inflammatory diseases [22,23]. Microtubule-associated proteins
1A/1B-light chain 3 (LC3s) are structural components of autophagoso-
mal membranes. In the cell, this protein exists in three forms: pro-LC3,
LC3-I and LC3-II. When autophagy is initiated, the LC3-I form is con-
verted to LC3-II, and the level of LC3-II is directly correlated with the
number of autophagosomes formed. The LC3 protein exists in three
forms in mammalian cells: LC3A, LC3B and LC3C. However, the best-
studied endogenous autophagic marker in the literature is LC3B [24].
Another important autophagy-associated protein is beclin-1 (BECN-1).
BECN-1 plays an important role in initiating the autophagy process. It
interacts with the anti-apoptotic protein BCL-2 to form the BCL-2-beclin-
1 complex, thus also influencing the apoptotic process. Overexpression
of BECN-1 inhibits tumour cell growth and tumour cell formation in
vivo, making it also a reliable marker for evaluating the efficacy of
anticancer agents [25,26]. Environmental factors, including dietary
factors, can modulate both apoptosis and autophagy.

Given the above prerequisites, we hypothesised that the consump-
tion of low-molar-mass oat beta-glucan modulates the process of auto-
phagy and apoptosis in the early stages of colon carcinogenesis. The aim
of the present study was to investigate the effect of two different doses
(1 % and 3 % (w/w)) of low-molar-mass chemically pure oat p-glucan
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isolate (OBGl) on the activity of autophagy and apoptosis in the color-
ectum of rats with induced early stages of colorectal cancer (CRC). Early
stage of CRC was induced by peritoneal injection of azoxymethane
(AOM), a highly specific carcinogen that induces colorectal tumours.
Additionally, the AOM rat model of CRC possesses many characteristics
found in human colon carcinogenesis [27].

2. Materials and methods
2.1. Preparation and characterization of low-molar-mass oat beta-glucan

A low-molar-mass oat 1-3, 1-4, beta-D-glucan preparation was ob-
tained from oat bran (Bestpharma, Warszawa, Poland) by a patented
method described in detail elsewhere [28,29]. Briefly, the raw material
was frozen and then repeatedly milled in a frozen state to effectively
reduce particle size. Subsequently, beta-glucan was isolated using
alkaline water (pH = 8.5; NaOH). The remaining fraction was separated
through centrifugation at 11,000 xg. The supernatant was deproteinised
at the isoelectric point (pH = 4.5), and the protein precipitate was
removed by centrifugation. Further purification was performed by
enzymatic treatment with a group of proteolytic, peptidolytic and
amylolytic enzymes, followed by enzymatic precipitation of proteins at
isoelectric points described in detail elsewhere [28]. The protein content
(Lowry method) was negligible within the sensitivity range of the
method (<0.01 mg/ml). The purity of the beta-glucan preparations was
99.3 %, characterised by an enzymatic methods (AACC Method 32-
23.01, AOAC Method 995.16, AOAC Method 992.28, CODEX Method
Type 11, EBC Method 3.10.1, ICC Standard No. 166 and RACI Standard
Method) and a molar mass of 5.2 x 10* + 0.6 x 10* g/mol (52 + 6 kDa)
as characterised by size exclusion HPLC.

2.2. Animals and experimental design

The experiment was performed on adult (8 weeks old) male outbred
(CRL:CD(SD)) Sprague-Dawley rats (n = 45) purchased from Charles
River Laboratories (Sulzfeld, Germany). After one week of acclimatisa-
tion to the animal house conditions (temperature 22 + 1 °C, relative
humidity 50 + 5 %, light/dark cycle 12/12 h, air exchange 15 times/h),
the rats were separated into single-housed polycarbonate cages and
divided into two main groups: an experimental group - rats with
induced early stage of colorectal cancer (CRC, n = 24) and control group
(C, n = 21). Early stage of colorectal cancer was induced by peritoneal
injection of azoxymethane (AOM) (Sigma-Aldrich, Saint Louis, USA)
once a week for two weeks [27]. In the control groups, an equal volume
of 0.9 % saline solution was injected in the same manner. Animals from
both experimental and control groups were divided into 3 dietary sub-
groups, according to the different content of low-molar-mass oat beta-
glucans (OBGl) added to the standard AIN-93 M feed produced by
ZooLab (Sedziszéw, Poland) according to nutritional recommendation
for rats [30]: (1) without OBGl (OBGl-), (2) with 1 % (w/w) of OBGL
(OBGl+1 %) and (3) with 3 % (w/w) of OBGI (OBGl+3 %). Details of the
oat beta-glucan content in the feed are shown in Supplementary Table 1
and the scheme of animal experiment is presented in Fig. 1. Feed was
weighed at approximately 26 g per day (according to the available
literature [31]) to prevent the rats from becoming obese throughout the
experiment (8 weeks), and the measured average feed intake was 25.3
+ 0.6 g/day. Body weight gain was measured every 7 days, and the
mean body weight gain was 28.8 + 7.7 g/week. There were no signifi-
cant differences in body weight and feed intake among the experimental
groups (Supplementary Table 2 and Supplementary Fig. 1). Mean oat
beta-glucan consumption is presented in Supplementary Table 3.

After 56 days of feeding the experimental or control feeds, the rats
were bled from the heart under deep isoflurane (Aerrane Isoflurane USP,
Baxter, Poland) anaesthesia. Subsequently, representative samples of
the large intestine were collected by dividing them into three sections:
the cecum, colon and rectum. A piece from each of these three sections
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Fig. 1. Scheme of the study. AOM - azoxymethane, CRC - colorectal cancer (in this study AOM-induced early stage of colorectal carcinogenesis), OpGl+1 % — feed
containing 1 % (w/w/) low-molar-mass oat beta-glucan, OBGl+3 % - feed containing 3 % (w/w) low-molar-mass oat beta-glucan, OpGl— — feed without low-molar-

mass oat beta-glucan, 8 — male gender, "%\ - peritoneal injection.

was taken and frozen together in liquid nitrogen for Western blot
analysis, fixed together in 10 % buffered formaldehyde and embedded in
paraffin for immunohistochemistry analysis, or dipped together in
QIAzol lysis reagent (Qiagen, Hilden, Germany) and frozen in liquid
nitrogen for Real-Time PCR analysis. All procedures were approved by
the 2nd Local Ethics Committee in Warsaw (Resolution No. WAW2/
040/2019) in accordance with the EU Directive 2010/63/EU for animal
experiments and Polish law and 3Rs rules (Replacement, Reduction and
Refinement).

2.3. Western blot analysis

Samples from three different parts of the large intestine from each rat
were homogenised together in RIPA buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 % NP-40, 0.25 % Na-deoxycholate, and 1 mM
PMSF) supplemented with a cocktail of phosphatase and protease in-
hibitors (Sigma-Aldrich, Saint Louis, USA) using a tissue homogeniser
(Bio-Gen PRO 200; PRO Scientific, Oxford, CT, USA). After the me-
chanical disruption of the tissue, the homogenates were incubated for
30 min at 4 °C on ice. The lysates were centrifuged at 14,000 rpm for 30
min and the supernatants were collected. The protein concentration in
the lysates was determined using the Thermo Scientific™ Pierce™ BCA
Protein Assay Kit according to the manufacturer’s instructions (Thermo
Scientific, Waltham, MA, USA). Next, the samples (normalised to 50 pg
protein concentrations) were resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred onto PVDF mem-
brane (Bio-Rad, Hercules, CA, USA) using the TransBlot Turbo Transfer
System (Bio-Rad, Hercules, CA, USA). The membranes were blocked for
10 min in EveryBlot Blocking Buffer (Bio-Rad, Waltham, MA, USA).

Subsequently, they were incubated under gentle shaking at 4 °C over-
night with primary antibodies (diluted in EveryBlot Blocking Buffer),
including rabbit anti-LC3B polyclonal antibody (Cat#NB100-2220,
1:2000, Novus Biologicals, Littleton, CO, USA), rabbit anti-beclin-1
polyclonal antibody (Cat#A21695, 1:1250, ABclonal, Woburn, MA,
USA), rabbit anti-caspase-3 polyclonal antibody (Cat#9662, 1:1000,
Cell Signaling Technology, Danvers, MA, USA), rabbit anti-BCL-2 poly-
clonal antibody (Cat#PA5-27094, 1:1000, Invitrogen, Thermo Fisher
Scientific, Inc., Waltham, MA, USA), mouse anti-BAX monoclonal anti-
body (Cat#MA5-14003, 1:200, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), rabbit anti-PARP-1 polyclonal antibody
(Cat#NBP2-13732, 1:1000, Novus Biologicals, Littleton, CO, USA) and
mouse anti-f-actin (8H10D10) monoclonal antibody (Cat#3700,
1:5000, Cell Signaling Technology, Danvers, MA, USA). Following in-
cubation, the membranes were washed three times for 5 min in Tris-
Buffered Saline with 0.1 % Tween 20 Detergent and incubated with
the appropriate secondary antibodies conjugated with IR fluorophores:
IRDye® 680 (anti-mouse antibody) or IRDye® 800 CW (anti-rabbit
antibody) (at 1:5000 dilution). The ChemiDoc Imaging System (Bio-Rad,
Hercules, CA, USA) was used to analyse the protein expression. The
instrument’s scan resolution and intensity were set automatically.
Quantification of the integrated optical density (IOD) was performed
using the Image Lab 6.1 Software (Bio-Rad, Hercules, CA, USA). The
relative levels of the analysed proteins were normalised to $-actin using
a lane normalization factor calculated for each lane membrane accord-
ing to the following formula from the iBright Imaging Systems technical
note (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA):

Lane normalization factor = Observed signal of housekeeping protein for each lane/Highest observed signal of housekeeping protein on the blot
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To normalise the signal of each experimental target band, the
observed signal intensities of each experimental target band were
divided by the lane normalization factor using the following formula:
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object area were measured by using the NIS-Elements BR 5.01 program.
The integrated optical density (IOD) was calculated using the following
formula:

Normalized experimental signal = Observed experimental signal/Lane normalization factor

Integrated Optical Density (IOD) = Object area/Measured area x Mean saturation

Finally, the normalised experimental signals were divided by
1,000,000 to obtain clearer results.

2.4. Immunohistochemical staining

Five-micrometre thick tissue slices containing three representative
pieces of the large intestine from each rat were deparaffinised in xylene
and rehydrated in a series of decreasing concentrations of ethanol.
Subsequently, to recover antigens, the specimens were boiled twice for
5 min in citrate buffer (pH 6.0) in the microwave. Next, endogenous
enzymes were blocked by incubation in the Bloxall Blocking Solution
(Vector Laboratories, Burlingame, California, USA). After this proced-
ure, the samples were incubated for 30 min at room temperature in 2,5
% Normal Horse Serum (Vector Laboratories, Burlingame, California,
USA) followed by treatment with primary antibodies (diluted in 2,5 %
Normal Horse Serum): rabbit anti-LC3B polyclonal antibody
(Cat#NB100-2220, 1:1000, Novus Biologicals, Littleton, CO, USA),
rabbit anti-beclin-1 polyclonal antibody (Cat#NB500-249, 1:1000,
Novus Biologicals, Littleton, CO, USA), rabbit anti-caspase-3 polyclonal
antibody (Cat#9662, 1:400, Cell Signaling Technology, Danvers, MA,
USA), rabbit anti-cleaved caspase-3 polyclonal antibody (Cat#9661,
1:200, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-BCL-2
polyclonal antibody (Cat#PA5-27094, 1:800, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA), mouse anti-BAX monoclonal antibody
(Cat#MA5-14003, 1:300, Invitrogen, Thermo Fisher Scientific, Wal-
tham, MA, USA), rabbit anti-PARP-1 polyclonal antibody (Cat#NBP2-
13732, 1:500, Novus Biologicals, Littleton, CO, USA). The specimens
were incubated with primary antibodies overnight at +4 °C. Subse-
quently, the samples were washed and labelled with polymers consisting
of anti-rabbit or anti-mouse secondary antibodies conjugated to the
horseradish peroxidase (HRP) enzyme complex (Vector Laboratories,
Burlingame, California, USA). To obtain a brown colour, 3,3-dia-
minobenzidine (DAB) was used. Hematoxylin was used for nuclei
counterstaining.

2.5. Image analysis

The immunohistochemically stained slides were examined using a
NIKON Eclipse Ti2 microscope (Nikon, Melville, NY, USA - funding
details in Supplementary Data). The expression of the studied proteins
was assessed in the colorectal mucosa because neoplastic lesions usually
first affect the intestinal crypt cells and a rat model of AOM-induced CRC
causes an increase in DNA mutations in colorectal epithelial cells [27].
On the recorded images, six mucosal areas for each of the three sections
of the colorectum were marked. A total of eighteen marked mucosal
areas for the colorectum from one rat were analysed together. Colori-
metric saturation (brown colours reflecting antigen expression) and

The results present sample images of immunohistochemical prepa-
rations for each subgroup, corresponding to the average expression re-
sults obtained for the proteins studied. To better illustrate the observed
changes in the expression of the proteins studied and the morphology of
the colorectal mucosa, a magnification of x400 was used.

2.6. RNA isolation, reverse transcription and real-time PCR

Total RNA was isolated from the colorectum samples using the
RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. The concentration and purity of RNA
were assessed using a NanoDrop™ 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The integrity of several randomly
selected samples of isolated RNA was measured on an Agilent Bio-
analyzer 2100 system using a RNA 6000 Nano LabChip® kit (Agilent
Technologies, Palo Alto, CA, USA). The analysis showed minimal RNA
degradation, with a RNA integrity number (RIN) higher than 9. Subse-
quently, complementary DNA was synthesised using the RT2 First
Strand Kit (Qiagen, Hilden, Germany). The pathway-focused gene
expression analysis was performed using the Custom RT2 Profiler™ PCR
array (Qiagen, Hilden, Germany) based on the manufacturer’s in-
structions in two technical replicates for each colorectal sample. The
RT2 Profiler PCR Arrays included primers for selected genes involved in
apoptosis and autophagy processes (Parpl, cat. no PPR45370A; Casp3,
cat. no PPR06384B; Mapllc3b, cat. no PPR49409A; Becn-1, cat. no
PPR06523A; Bax, cat. no PPR06496C; Bcl-2, cat. no PPR06577B) (Qia-
gen, Hilden, Germany). Amplification was performed in the AriaMx
Real-time PCR System (Agilent Technologies, Palo Alto, CA, USA) with
an initial 10-min step at 95 °C followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. Relative gene expression was calculated using the AACt
method with B2m (cat. no PPR42607A) and Ldha (cat. no PPR56603B)
as housekeeping genes in GeneGlobe Qiagen Software (Qiagen, Hilden,
Germany). The results are presented as the relative gene expression of
the target vs. reference gene (arithmetic mean), with the control group
calculated as 1.

2.7. Statistical analysis

The obtained data were analysed using Statistica software (version
13.3 PL; StatSoft, Cracow, Poland). Normality of distribution and
equality of variance were determined for all data. To enable statistical
analysis, the following data were transformed to obtain the normal
distribution and equal variance by the square root: Western blot results
of cleaved PARP-1 and immunohistochemical results of caspase-3,
cleaved caspase-3, BCL-2 and PARP-1. Two-way analysis of variance
(ANOVA) was used to evaluate the influence of two experimental factors
(early stage of colorectal cancer and type of dietary intervention) and
the effect of an interaction between these factors. Furthermore, one-way
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Fig. 2. Changes in beclin-1 protein expression in the colorectal mucosa (A-B) using immunohistochemistry analysis (IHC) and beclin-1 protein expression in the
whole colorectal wall (C-D) using Western blot analysis (WB). (A) Light micrographs imaged (x400 magnification). White arrows indicate an area with a high
expression of the beclin-1 (brown precipitate). (B) Changes in the expression of beclin-1 presented as integrated optical density (IOD), (mean + SE). (C) Repre-
sentative immunoblot images. (D) Changes in the expression of beclin-1 presented as IOD, (mean + SE). Different letters denote significant differences among dietary
subgroups in the control/CRC group determined by the Duncan post-hoc test (*®p < 0.05). Significant differences between the control and CRC groups on the same
feed were determined by the Duncan post-hoc test (##p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

ANOVA was used to test whether there were significant differences be-
tween the study subgroups. The significance of differences in results
among the groups was determined by Tukey’s post-hoc test. If Tukey’s
post hoc test showed no significant differences between subgroups,
although the ANOVA p-value was <0.05, an additional Duncan’s post
hoc test was performed to complete the analysis of variance. The results
of all dietary subgroups were compared with the control subgroup
(OBG—) using Dunnett’s post hoc test. Differences were considered sig-
nificant when the p-value was <0.05.

Fisher’s linear discriminant analysis (F-LDA) was conducted using R
statistical software v. 3.3.3. (www.rproject.org/ (accessed on 13 August
2023)) (R: The R Project for Statistical Computing) that analysed the
interaction between assessed parameters.

3. Results
3.1. Autophagy markers expression in the colorectum

The results of beclin-1 protein expression in the colorectal wall and
colorectal mucosa are shown in Fig. 2. Analysis of variance showed no
significant differences in immunohistochemically determined beclin-1
expression in the mucosa (Fig. 2B). However, significant differences in
the expression of this protein were observed in the entire colorectal wall
using the Western blot technique (Fig. 2C-D, ANOVA, p < 0.05). Dun-
can’s post-hoc test showed that the expression of beclin-1 was lower in
rats from the CRC group fed with feed containing 1 % low-molar-mass
oat beta-glucan (OpGl+1 %) compared to the control group of rats fed
the same feed. Consumption of feed containing 3 % oat beta-glucan in
the CRC group resulted in significantly higher expression of beclin-1

compared to the CRC OBGl+1 % group and similar levels to the con-
trol group (Fig. 2D). In addition, low-molar-mass oat beta-glucan did not
affect beclin-1 expression in the control groups.

The results of the expression of the major autophagosome formation
marker (LC3B) are shown in Fig. 3. The expression of LC3B (LC3B-I and
LC3B-II) in the mucosa was determined by immunohistochemical assay.
Two-way ANOVA showed a significant interaction between the devel-
opment of early stages of colorectal cancer and dietary intervention (p <
0.01). LC3B expression was higher in the mucosa of rats from the CRC
group fed with feed containing 3 % OBGl compared to the control groups
(control OBGl— and OBGl+3 %) and the CRC OBGl— group (Fig. 3B). The
LC3B-II form, which directly correlates with the number of autophago-
somes formed and is the most reliable autophagic marker, was deter-
mined in the entire colorectal wall using the Western blot. The results of
the LC3B-II expression in the colorectal wall also showed a significantly
higher expression of this protein in rats from the CRC OBGl+3 % group
compared to the control groups (control OpGl— and OBGl+3 %) and the
CRC OpGl— group. In addition, a higher expression of LC3B-II was
observed in the CRC OBGl+3 % group than in the CRC OBGl+1 % group
(Fig. 3D). OBGI had no influence on LC3B expression in the control
groups. An analysis of LC3B-I expression was also performed. However,
no significant statistical differences were found among the experimental
groups (Supplementary Fig. 2).

3.2. Apoptosis markers expression in the colorectum

Immunohistochemical results show the expression of total (full-
length and cleaved) caspase-3 (CASP-3) (Fig. 4A-B) and cleaved caspase-
3 (cCASP-3) in the mucosa (Fig. 4C-D). Significant differences in
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Fig. 3. Changes in LC3B expression in the colorectal mucosa (A-B) using immunohistochemistry analysis (IHC) and LC3B-II expression in the whole colorectal wall
(C-D) using Western blot analysis (WB). (A) Light micrographs imaged (x400 magnification). White arrows indicate areas with high expression of the LC3B (brown
precipitate). (B) Changes in the expression of LC3B presented as integrated optical density (IOD), (mean =+ SE). (C) Representative immunoblot images. (D) Changes
in the expression of LC3B-II presented as IOD, (mean =+ SE). Different letters denote significant differences among dietary subgroups in the control/CRC group
determined by Tukey post-hoc test (*Ep < 0.05) or Duncan post-hoc test (*°p < 0.05). Significant differences between the control and CRC groups on the same feed
were determined by the Tukey post hoc test (**p < 0.01) or the Duncan post-hoc test (*#p < 0.01). Significant differences from the control group (control OBGl—)
were determined by the Dunnett post-hoc test (**p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

caspase-3 expression were observed for both cases, for CASP-3 and
cCASP-3 (ANOVA, p < 0.05). Induction of early-stage colorectal carci-
nogenesis in rats resulted in lower CASP-3 expression in the mucosa
compared to control rats but, this effect was only confirmed by Duncan’s
post-hoc test (p < 0.05), which has a high risk of type I error, and did not
affect cCASP-3 expression. Significantly higher expression of CASP-3
was found in rats from CRC groups fed with feed supplemented with
1 % or 3 % OBGl compared to the CRC OBGl— group. However, the
expression of cCASP-3 was only significantly higher in the CRC OfGl+3
% group compared to the control groups and other CRC groups. In all
control groups, no changes in the expression of caspase-3 and cleaved
caspase-3 in the colorectal mucosa were observed (Fig. 4B and D).
Changes in cCASP-3 expression in the colorectal wall determined by
Western blot analysis are shown in Fig. 4E-F. The expression of the
active form of caspase-3 in the whole intestinal wall was higher only in
the control OBGl+3 % group compared to the control OfGl+1 % and
CRC OBGI+3 % groups. No differences were observed between the other
subgroups.

The expression of BAX and BCL-2, markers of the intrinsic apoptotic
pathway, is shown in Fig. 5. The results of ANOVA showed no significant
differences in BAX expression in both the mucosa and the entire colo-
rectal wall (Fig. 5B and F). In contrast, the changes in BCL-2 expression
results were statistically significant in both the mucosa and the entire
colorectal wall (p < 0.05). Furthermore, a two-way analysis of variance
showed that the induction of early stages of colorectal cancer signifi-
cantly influenced the decrease in BCL-2 expression in the colorectal wall
(p < 0.01). Post-hoc analysis showed higher expression of BCL-2 protein
in the mucosa of the CRC OpGl+3 % group compared to the CRC
OBGl+1 % group (Fig. 5D). In addition, the expression of this protein

was significantly lower in the entire colorectal wall in the rats from the
CRC OpGl+1 % group compared to the control OBGl+1 % group
(Fig. 5F). No changes in BAX and BCL-2 expression were observed in any
of the control groups. Notably, the ratio of BAX to BCL-2 in the colorectal
mucosa was significantly different among the study groups (ANOVA, p
< 0.05). The BAX/BCL-2 expression ratio was higher in the CRC
OBGl+1 % group than in the CRC OPGl- and OPGl+3 % groups
(Fig. 5G).

3.3. Expression of PARP-1 in the colorectum

Fig. 6 shows changes in the expression of the DNA repair protein
(poly(ADP-ribose) polymerase-1) in the colorectal mucosa determined
by immunohistochemistry as well as full-length and cleaved forms of
this protein in the whole colorectal wall determined by Western blot.
According to the ANOVA results, the induction of early stages of colo-
rectal cancer had a significant effect on the down-regulation of PARP-1
expression in the colorectal mucosa (p < 0.01) and the down-regulation
of full-length PARP-1 expression in the whole colorectal wall (p < 0.05).
Furthermore, significant changes in the expression of this protein be-
tween study subgroups were observed in the colorectal mucosa
(ANOVA, p < 0.05). The expression of PARP-1 in the CRC OpGl— group
was lower than in the control OpGl— group, whereas in the CRC OpGl+1
% and OPGl+3 % groups, the expression of this protein was similar to
that observed in the control groups (Fig. 6B). No significant differences
were observed among the study subgroups in the results of full-length
and cleaved PARP-1 expression in the whole colorectal wall (Fig. 6D).
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Fig. 4. Changes in total caspase-3 (A-B) and cleaved caspase-3 (C-D) expression in the colorectal mucosa using immunohistochemistry analysis (IHC) and cleaved
caspase-3 expression in the whole colorectal wall (E-F) using Western blot analysis (WB). (A, C) Light micrographs imaged (x400 magnification). White arrows
indicate areas with high expression of caspase-3 and cleaved caspase-3 (brown precipitate). (B, D) Changes in the expression of caspase-3 and cleaved caspase-3
presented as integrated optical density (I0D), (mean =+ SE). (E) Representative immunoblot images. (F) Changes in the expression of cleaved caspase-3 presented
as IOD, (mean =+ SE). Different letters denote significant differences among dietary subgroups in the control/CRC group determined by Tukey post-hoc test (*Ep <
0.05) or Duncan post-hoc test (*®p < 0.05). Significant differences between the control and CRC groups on the same feed were determined by the Duncan post-hoc

test (*p < 0.05). Significant differences from the control group (control OBGl—) were determined by the Dunnett post-hoc test (*p < 0.05). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Gene expression of autophagy, apoptosis and DNA repair markers in
the colorectum

The results of the expression of genes associated with autophagy
(Lc3b and Becn-1), apoptosis (Casp-3, Bax, Bcl-2) and DNA repair (Parp-
1) markers in the colorectal tissue are shown in Fig. 7. Significant dif-
ferences were found only for Lc3b gene expression (ANOVA p < 0.05,
Fig. 7A) and insignificant differences for Bcl-2 gene expression (ANOVA,
tendency at p = 0.066, Fig. 7D). Two-way ANOVA showed that the in-
duction of early stage of colorectal cancer had a significant influence on
the decrease of Lc3b gene expression (p < 0.01). Post-hoc analysis
showed that Lc3b gene expression was higher in rats from the CRC group
fed with the control feed and the feed containing 1 % OpGIl compared to
the control groups (control OBG- and OPGl+1 %), while in the CRC
OBGl+3 % group was at a similar level to the control groups.

3.5. Fisher’s Linear Discriminant (FLD) analysis

FLD analysis was used to identify linear combinations of gene and
protein expression of the analysed markers of autophagy and apoptosis,
which allow the best separation between study groups. The method
achieves the greatest possible separation between data groups by using
the optimal linear combination of parameters used in the analysis. The
results of the FLD analysis are shown in Fig. 8. Fig. 8A shows the results
for six isolated experimental groups. The data are presented in the space
between the linear combination of parameters (LDs) labelled LD; and
LDy, which best separate the previously defined groups.

The vectors in Fig. 8B indicate the direction and strength of the
separation of the experimental groups as determined by the relevant
parameters. The graphs show the parameters that had the greatest effect
on separation. High values of the parameter corresponding to a given
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Fig. 5. Changes in BAX (A-B) and BCL-2 (C-D) expression in the colorectal mucosa using immunohistochemistry analysis (IHC) and BAX and BCL-2 expression in the
whole colorectal wall (E-F) using western blot analysis (WB). (A, C) Light micrographs imaged (x400 magnification). White arrows indicate areas with high
expression of the BAX and BCL-2 (brown precipitate). (B, D, F) Changes in the expression of BAX and BCL-2 presented as integrated optical density (IOD), (mean +
SE). (E) Representative immunoblot images. (G) Changes in the ratio of BAX to BCL-2 expression in colorectal mucosa (IHC) and colorectal wall (WB). Different
letters denote significant differences among dietary subgroups in the control/CRC group determined by the Tukey post-hoc test (*p < 0.05) or the Duncan post-hoc
test (*’p < 0.05). Significant differences between the control and CRC groups with the same feed were determined by the Tukey post hoc test (*p < 0.05) or the
Duncan post-hoc test (*p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

vector resulted in a shift of the data in the direction determined by the
vector, and the length of the vector indicates the strength that the
parameter exerted on the separation of the groups. The FLD analysis
complemented the ANOVA and allowed the results to be summarised.
FLD analysis showed that the factors most differentiating the

experimental groups were the protein expression of CASP-3, cCASP-3
and LC3B in the colorectal mucosa, BCL-2 and BECN-1 in the whole
colorectal wall, and the gene expression of Lc3b, Bcl-2 and Bax/Bcl-2 in
the colorectal tissue. The analysis showed that it was possible to identify
a combination of the above parameters that allowed the control OpGl—
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to the web version of this article.)

and OBGIl+1 % groups to be separated from the CRC OBGl— and CRC
OBGl+3 % groups, and to separate the CRC OBGl+1 % group from the
other groups in the vertical plane (LD3). The horizontal plane (LD;)
allowed a clear differentiation of the CRC OpGl+3 % group, as well as
the separation of the CRC OBGl— group from the control groups and the
CRC OBGl+1 % group. LC3B and CASP-3 expression in the colorectal
mucosa and Bcl-2 expression in the whole colorectal wall correlated
most strongly with LD1, Lc3b expression in the whole colorectal wall was
correlated with LDy, while the other parameters were correlated with
both LDs. Thus, it can be concluded that the CRC OpGl+3 % group had
significantly higher expression of LC3B and CASP-3 in the mucosa, and
Bcl-2 in the whole colorectal wall compared to the other study groups,
with the largest difference from the CRC OfGl— group. In addition, this
group also had a higher expression of cCASP-3 in the mucosa compared
to the other groups. The direction of BCL-2 and BECN-1 expression
vectors in the whole colorectal wall indicates lower values of the
expression of these proteins in the CRC OpGl— and OBGl+1 % groups
compared to the other groups. Moreover, FLD analysis shows a higher
Bax/Bcl-2 expression ratio in the CRC OpGl— and OBGl+1 % groups
compared to the other groups, especially compared to the CRC OfGl+3
% group, while ANOVA showed no statistically significant differences.

4. Discussion

To the best of our knowledge, the present study is the first to describe
the effects of high-purity low-molar-mass oat beta-glucan (OpGl) con-
sumption on the early stages of colorectal cancer development. We
investigated the effect of feed supplementation with this polysaccharide
on markers of autophagy, apoptosis and DNA repair in the colorectum
altered by the induction of carcinogenesis. In our study, AOM was used
to induce CRC, particularly aberrant crypt foci, which are an early
marker of CRC that begin to be present after 8-12 weeks following AOM

exposure [27]. We used an 8-week protocol, thus obtaining a very early
stage of carcinogenesis, in which aberrant crypts are just beginning to
become visible histologically, which was observed in rats in the CRC
group, confirming the efficacy of the animal model we constructed
(Supplementary Fig. 3). The strength of our study lies in the use of two
complementary analytical techniques to evaluate protein expression —
Western blot and immunohistochemistry. Immunohistochemistry
allowed us to assess the expression and localisation of the studied pro-
teins in the colorectal mucosa, while Western blot provided an evalua-
tion of protein expression throughout the entire colorectal wall. In the
case of PARP-1, we were able to study the expression of both the full-
length and cleaved forms, and in the case of LC3B, we assessed the
expression of two isoforms, LC3B-I and LC3B-II. In our study, the early
stage of carcinogenesis had little effect on the studied markers. How-
ever, it resulted in a significant reduction in the protein expression of
CASP-3 and PARP-1 in the colorectal mucosa as well as full-length
PARP-1 and BCL-2 in the entire colorectal wall. Not only that, CRC
development decreased the relative gene expression of Lc3b. In the
control groups, the consumption of OPGl+3 % caused only a slight in-
crease in the expression of cleaved caspase-3 in the whole colorectal
wall. The expression of the remaining proteins and their genes studied
did not change in the control groups, indicating that OBGI has no effect
on the normal colorectum. On the other hand, when combined with
azoxymethane, oat beta-glucans caused significant changes in the
expression of a larger number of studied proteins. Our results suggest
that the OpPGI stimulates the autophagy process during CRC develop-
ment. This is indicated by the increased expression of LC3B in the
colorectal mucosa and LC3B-II in the whole colorectal wall in rats with
CRC development fed with feed containing 3 % OBGI. In addition, gene
expression analysis showed that 3 % OPGIl supplementation counter-
acted the reduction in Lc3b expression. Both 1 % and 3 % OBGl added to
the feed increased the expression of caspase-3 in rat mucosa altered by
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Fig. 7. Changes in relative gene expression of markers of autophagy (A-B), apoptosis (C-F), and DNA repair processes (G) in the colorectal tissue. 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.
All values are presented as mean + SE. Different letters denote significant differences among dietary subgroups in the control/CRC group determined by the Duncan
post-hoc test (*Pp < 0.05). Significant differences between the control and CRC groups with the same feed were determined by the Duncan post-hoc test (*p < 0.05).

CRC development, whereas only 3 % OBGI increased the expression of
the active form of caspase-3. Analysis of the expression of cCASP-3 in the
entire colon wall did not show such an effect, suggesting that the
apoptosis stimulation by OBGl was limited to the colorectal mucosa.
OBGl also counteracted the decreased expression of PARP-1, one of the
essential DNA damage repair proteins, in the colorectal mucosa caused
by the onset of carcinogenesis. Fisher’s linear discriminant analysis, as a
complement to ANOVA, confirmed the effect of OBGl on increased
autophagy and apoptosis in the colon mucosa altered by cancer devel-
opment. The higher expression of LC3B, CASP-3 and cCASP-3 in the
colorectal mucosa was one of the main parameters that separated the
CRC OfGl+3 % group from the CRC OPGl— group and other

10

experimental groups. Moreover, several of the studied parameters were
dose-dependent, particularly the protein expression of cleaved caspase-
3, LC3B and BCL-2 in the mucosa, the protein expression of LC3B-II in
the colorectal wall, as well as the gene expression of Bcl-2.

Autophagy may mediate cancer survival and progression by
providing nutrients to cancer cells under the stress conditions. On the
other hand, activation of autophagy may lead to cell death and inhibi-
tion of cancer progression. Depending on the stage of carcinogenesis,
autophagy may act as a suppressor in the early stages or as a promoter in
the advanced stages of cancer development [32,33]. In general, auto-
phagy contributes to the suppression of tumour growth by removing
damaged cells and cellular organelles, thereby limiting cell
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contributing the most to FLDs. (IHC) indicate protein expression in colorectal mucosa marked by using immunohistochemical analysis; (WB) indicate protein
expression in the whole colorectal wall marked by using Western blot analysis; italicized letters indicate gene expression.

proliferation, and genomic instability, which promotes tumour initia-
tion [23]. Genomic instability is also one of the mechanisms of action of
azoxymethane in CRC induction [27]. In our study, the enhancement of
autophagy by the OBGI appeared to have a beneficial effect by reducing
the risk of genomic instability and carcinogenesis initiation following
exposure to AOM. An apparent effect of enhancing autophagy through
an increase in LC3B and Lc3b expression was only observed in rats fed
with feed containing 3 % OpGIl. Additionally, the results of the FLD
analysis indicate that the factors which differentiated the CRC OBGl+3
% group the most from the other groups were the increased expression of
LC3B in the mucosa and LC3B-II expression in the whole colorectal wall.
Whereas the addition of 1 % OpGI slightly affected the decreased
expression of beclin-1 in the whole colorectal wall and the increased
BAX/BCL-2 ratio in the colorectal mucosa altered by carcinogenesis. The
effect of a lower dose of OBGI on beclin-1 expression may be related to
the fact that the beclin-1 can be cleaved upon the increased expression of
pro-apoptotic proteins such as caspases (-3, -7 and -8), or BAX, which is
associated with the intrinsic apoptosis pathway [26].

The autophagy-stimulating effect of oat beta-glucan was demon-
strated in in vivo studies using animal models of colitis. In our previous
study, we induced colon inflammation in rats by rectal administration of
2,4,6-trinitrobensenosulfonic acid solution, creating an animal model of
colitis similar to the human Crohn’s disease. The results indicated that
high-molar-mass oat beta-glucan exhibited autophagy-stimulating ef-
fects. Induced inflammation reduced LC3B expression after 21 days of
the experiment, whereas in rats fed with feed containing high-molar-
mass OPG, the expression of this protein was similar to that observed
in the control group [16]. This effect is also confirmed by the recently
published results of a study by other authors. Xu et al. [34] demon-
strated the autophagy-promoting effect of OBG in a mouse model of
inflammation induced by dextran sulphate sodium and in an in vitro
model using human colorectal adenocarcinoma cells (HT-29) treated
with LPS. The results showed a decreased expression of LC3B-II in in-
testinal epithelial cells and HT-29 cells under induced inflammation,
while OBG increased LC3B-II expression to levels similar to the control
group. In the above studies, the autophagy-stimulating effect was
accompanied by the anti-inflammatory effects of OfG, resulting in
reduced expression of pro-inflammatory cytokines such as TNF-a, IL-1p
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and IL-6 [10,16,34].

While autophagy’s role in carcinogenesis remains controversial, with
suggestions of both cancer-suppressive and cancer-promotion functions,
apoptosis plays an anti-tumour role by inducing the death of cancer or
potentially malignant cells [35]. The results of our study indicate that
the process of apoptosis is enhanced in the colorectal mucosa altered by
the early stage of carcinogenesis in the presence of OpGl. Both doses of
OBGI (1 % and 3 %) caused a significant increase in caspase-3 expression
in the colorectal mucosa with cancer development, while only the higher
dose caused a significant increase in the active form of caspase-3. The
FLD analysis confirmed this, as the high expression of cleaved caspase-3
in the mucosa was one of the factors that differentiated the experimental
rats with induced CRC fed with feed containing 3 % OBGI from other
rats. Furthermore, this effect was not observed in the whole colorectal
wall, but only in the mucosa. Worth noting is the localisation of the
cCASP-3 expression in the mucosa, primarily enhanced in the intestinal
crypt cells in the presence of 3 % OBGI. These cells are the primary site of
tumour initiation and transformation, leading to the formation of
aberrant crypt foci [36]. Additional confirmation of the efficacy of OpG
in stimulating apoptosis is provided by the results of the in vivo study
published to date by Shen et al. [5]. These authors conducted a study on
the effects of the soluble and insoluble fractions of oat beta-glucan at
different doses in preventing colorectal cancer induced by 1,2-dimethyl-
hydrazine in mice. The experimental period was 18 weeks, which
resulted in visible colon tumour lesions on histological evaluation. The
authors also analysed the effect of these polysaccharides on the
apoptosis process of colon tumour cells using Annexin V and PI double
staining. The results showed a significant effect of higher doses (100 mg/
kg body weight) of both fractions of oat beta-glucan on increasing
apoptosis. Several in vitro studies on various human cancer cell lines
indicated anti-cancer properties, including pro-apoptotic effects of OpG.
Choromanska et al. [6] showed that OBGl (6.965 x 10* g/mol), which
has a similar molar mass to the beta-glucan used in our study, reduced
the viability of human malignant melanoma (Me45) and epidermoid
carcinoma (A431) cell lines with no effect on normal human keratino-
cytes (HaCaT). The reduction in viability of these cells was associated
with increased expression of caspase-12 among other factors. Parzonko
et al. [8] investigated the pro-apoptotic properties of 0BGl (13.38 x 10°
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g/mol) against human skin cancer cells (HTB-140). The authors
demonstrated a concentration-dependent effect of OBGl on the induction
of apoptosis in HTB-140 cells, together with a significant activation of
the effector caspase-3 and -7. Taken together, the enhancement of OpG-
mediated programmed cell death at the early stages of colon carcino-
genesis appears highly beneficial due to the increased removal of
potentially cancerous cells. Notably, this effect was observed only in the
mucosa, which is the most susceptible to neoplastic changes. Further-
more, as seen in the microscopic images, the increased expression of the
active form of caspase-3 was limited to single cells within the intestinal
crypts and was not extensive. This indicates a moderate level of
apoptosis, which for example, should not affect the integrity of the in-
testinal barrier.

As it is well known, caspase-3 links both the intrinsic and extrinsic
pathways of apoptosis. Cleaved caspase-3 is the most important of the
apoptotic pathways as it acts as an executioner enzyme, making the
process of programmed cell death irreversible [37]. Therefore, cleaved
caspase-3 expression alone indicates the severity of the active apoptotic
process, but does not determine which pathway it was induced. Both
pathways play a crucial role in cancer prevention, but the intrinsic
source of the signal initiating apoptosis, e.g. DNA damage, appears to be
more important. Furthermore, some approved therapeutic agents, such
as BCL-2 inhibitors, directly target the intrinsic apoptosis pathway [20].
The results of our study indicate a modulating effect of OpGl on BCL-2
expression and the ratio of BAX to BCL-2 expression. The rats with
induced CRC fed with feed containing 3 % OBGI showed increased BCL-2
expression in the colorectal mucosa, with no effect on BAX expression
and maintenance of a low BAX/BCL-2 ratio. This probably indicates that
a high dose of OBGl has a non-stimulatory effect on the intrinsic
apoptotic pathway and, in association with the increased expression of
cleaved caspase-3, may enhance apoptosis by influencing the extrinsic
pathway. In contrast, a lower dose of OBGl showed an effect on
increasing the ratio of pro-apoptotic BAX to anti-apoptotic BCL-2, sug-
gesting an increased release of cytochrome C from mitochondria and a
stimulatory effect on the intrinsic apoptotic pathway. However, the re-
sults of cCASP-3 expression do not indicate an increase in active
apoptosis of colorectal mucosa cells, which may be due to the very early
stage of colorectal cancer development. Stimulation of the extrinsic
apoptosis pathway may also be related to the immunomodulatory effect
of OBG. As shown by the results of Zhang et al. [38], OpG with a mass of
200 kDa indicates a strong anti-tumour effect against melanoma with
lung metastasis in mice. This effect was associated with a strong
immunomodulatory effect in the tumour environment, including
increased levels of inflammatory factors such as interferon-gamma (IFN-
v), tumour necrosis factor-alpha (TNF-a) and interferon regulatory fac-
tor 1 (IRF-1), as well as increased tumour infiltration by granzyme B
produced by T cells. These factors are involved in the induction of
apoptosis by the extrinsic pathway, particularly TNF-a, which binds to
one of the death receptors — tumour necrosis factor receptors (TNFR1
and TNFR2) on the cell membrane surface [20,39]. The linkage of TNF-a
with TNFR1/2 initiates a caspase-related apoptosis cascade that ulti-
mately leads to caspase-3 activation and cell death [37]. In addition,
granzyme B can induce tumour cell apoptosis through various pathways,
including direct and indirect activation of the caspase-associated
apoptosis cascade, and can also directly cleave procaspase-3 to the
active form [40]. Furthermore, our previous study in an animal model of
colitis demonstrated an inhibitory effect on excessive apoptosis after 7
days of the experiment, a period when the expression of cleaved caspase-
3 was highest in inflamed intestinal epithelial cells [16]. It is worth
noting that the effect was stronger for low-molar-mass oat beta-glucan,
which also showed a more pronounced anti-inflammatory effect, leading
to a greater reduction in the expression of pro-inflammatory factors,
including TNF-alpha [10,12].

One of the potential mechanisms underlying the pro-apoptotic effect
of OBGl may be its influence on the gut microbiota, resulting in
increased production of SCFAs. Both in vitro and in vivo studies have
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shown the prebiotic properties of OBG and its capacity to enhance SCFAs
production, especially butyrate and propionate [15,41,42]. Notably, the
SCFAs, particularly butyrate, are recognised for their pro-apoptotic and
anti-proliferative effects on colorectal cancer cells [43]. These fatty
acids induce apoptosis in colorectal cancer cells by modulating the
expression of caspase-3 [44]. In addition, butyric acid has been shown to
reduce the proliferation of colorectal cancer cells while, conversely,
increasing the proliferation of non-cancerous colon cells [45]. More-
over, the anti-cancer properties of SCFAs are closely associated with
their immunomodulatory properties. Both butyrate and propionate can
stimulate T cells, leading to the production of key cytokines such as IFN-
y and TNF-qa, which in turn induce apoptosis in cancer cells and inhibit
their growth [46].

In our study, induction of carcinogenesis by intraperitoneal admin-
istration of azoxymethane resulted in a significant decrease in the
expression of PARP-1 in the colorectal mucosa and full-length PARP-1 in
the colorectal wall, which is an important enzyme involved in DNA
damage repair. PARP-1 deficiency with increased DNA damage induced
by exposure to a carcinogen, without increased apoptosis, is associated
with an increased risk of cancer cell formation and survival. Therefore,
the effect of counteracting the reduction in PARP-1 expression by OpGl,
as was demonstrated in our study, appears to have a beneficial effect
related to enhanced DNA repair. Importantly, OpGl did not induce
overexpression of PARP-1, despite the level of expression being similar
to the control groups. It appears that PARP-1 overexpression could
promote the survival of cells with extensive DNA damage, which would
be associated with a risk of neoplastic transformation [47]. Further-
more, as other studies show, PARP-1 may protect against colorectal
cancer induction by initiating DNA repair, but on the other hand, it may
promote inflammation-driven colorectal cancer progression through
inflammation via the innate immune response and promote colorectal
tumour growth through activation of the IL6-STAT3-cyclin D1 axis [21].
It is therefore important to maintain PARP-1 expression at an appro-
priate level. Such an effect can be exerted by OBGl, as demonstrated in
our study.

Intriguingly, we found no effects of OfGl on the markers of apoptosis
and autophagy in the normal colorectum of rats (no CRC induction),
which proves the safe usage of these polysaccharides. The safety of OpG
is also confirmed by the results of our previous study on the effects of
OBG of different molar masses on inflammation in a model of Crohn’s
disease. The results showed no or very slight effect of OpGs on several
different parameters such as the levels of pro- and anti-inflammatory
cytokines, the expression of chemokines and their receptors, and the
expression of apoptosis and autophagy markers in the colon of rats
without induced inflammation. In contrast, the same results showed
strong beneficial properties of high and low-molar-mass OpG associated
with suppression of induced inflammation including the modulatory
effects on apoptosis and autophagy in colonocytes [10,12,16,48]. OBG
inhibited excessive apoptosis and had a stimulatory effect on autophagy
in colon inflammation, with a stronger effect of low-molar-mass oat
beta-glucan. Three weeks after the induction of inflammation, aberrant
crypts also began to appear on the inflamed colon wall (Supplementary
Fig. 4), proving initial pro-cancerous changes are driven by inflamma-
tion [16]. In summary, these results demonstrate the strong immuno-
modulatory properties of beta-glucans from oats, particularly the low-
molar-mass fraction.

5. Conclusions

Our study demonstrated, for the first time, that low-molar-mass oat
beta-glucan consumption as a feed supplement significantly stimulated
autophagy and apoptosis processes in the colorectal mucosa during the
early stage of the carcinogenesis process by increasing the expression of
LC3B, LC3B-II, caspase-3 and cleaved caspase-3. The dose-dependent
and more substantial effect was exerted by the 3 % addition of OpGl
to the feed. Furthermore, the addition of 3 % OfGI to the feed probably



L. Kopiasz et al.

stimulated apoptosis via the extrinsic pathway by not influencing BAX
expression and the BAX/BCL-2 ratio. In contrast, the addition of 1 %
OBGl did not modulate the expression of LC3B and cleaved-caspase-3.
Instead, it increased the BAX/BCL-2 ratio, indicating a stimulatory ef-
fect on the intrinsic apoptotic pathway. OBGI counteracted the reduction
in PARP-1 expression caused by CRC induction, demonstrating a stim-
ulatory effect on DNA repair. It is also important to note that the
modulatory effect of OBGl on the activity of autophagy and apoptosis
was only observed in colorectum altered by cancer development, and
there was no such effect in healthy tissue. These properties suggest that
OBGI consumption is safe.

5.1. Limitation

The limiting factor for the results of our study is the use of a short
experimental period — minimal to obtain an early stage of carcinogenesis
using azoxymethane. A more extended experimental period, e.g. 12-16
weeks, would have resulted in a stronger effect in cancer lesions in the
colorectum and a more pronounced effect of low-molar-mass oat beta-
glucan would be demonstrated.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2023.127832.
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