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Abstract 

Background The purpose of this study was to explore the effects of sodium butyrate (NaB), grape seed proanthocya‑
nidin extract (GSPE), or their combination against dimethylhydrazine (DMH)‑induced aberrant crypt foci (ACF) forma‑
tion, which is a proxy for colon carcinogenesis in the rat colon.

Results After inducing colon cancer, all treatments markedly decreased the overall numbers of ACF, with the NaB–
GSPE combination eliciting the most pronounced reduction. All the treatments significantly inhibited cell proliferation 
as indicated by the lower percentages of Ki67‑positive cells in the colonic mucosa. Also, caspase‑3‑immunolabeled 
cells were found to be significantly increased after all treatments, indicating more apoptotic activity in the initiated 
colonocytes. Further, the treatments significantly modulated the levels of antioxidant biomarkers, including malondi‑
aldehyde, superoxide dismutase, reduced glutathione, and total antioxidant capacity, suggesting a potently induced 
antioxidant activity, especially after the combination treatment. All treatments, especially the combination, dramati‑
cally downregulated the expression of COX-2 and APC, both of which are directly linked to colon cancer.

Conclusions NaB and GSPE exert potent anti‑carcinogenic effects, both alone but more effectively in combination, 
in a rat colon cancer model. They could be important for colon cancer treatment and for adjuvant therapy in humans.

Keywords Colon cancer, Sodium butyrate, Grape seed proanthocyanidin extract, Aberrant crypt foci, APC, COX-2, 
Ki67, Caspase‑3, Antioxidant activity

Background
Colon cancer or colorectal cancer is the world’s third-
leading cause of cancer-related mortality and the 
fourth most-recognized malignancy, accounting for 
about 935,173 deaths and 1,931,590 new cases in 2020. 
According to GLOBOCAN 2020, it is the seventh most 

diagnosed and deadly cancer in Egypt, causing around 
5231 new cases and 2852 deaths in 2020 (Sung et  al., 
2021). While great advances have been made in the treat-
ment and prevention of colon cancer over the last dec-
ades, finding new approaches and substances that can be 
utilized in early cancer intervention is necessary.

Sodium butyrate (NaB), the sodium salt of butyrate, 
is a short-chain fatty acid that inhibits class I and II his-
tone deacetylases by endogenously binding to their zinc 
sites, which causes histone hyperacetylation, a change 
in DNA conformation, and chromatin uncoiling, even-
tually producing anticancer effects (Abramova et  al., 
2006). Butyrate also augments the expression of func-
tional genes and proteins involved in the differentiation 
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of cells, inducing apoptosis (Li et  al., 2015). Butyrate 
could be why soluble fibers help prevent colon can-
cer. It affects the development of cancerous as well as 
normal colon cells in various ways. Butyrate has been 
shown to suppress the gene expression of the cyclins D1 
and E in vitro by inducing  G1/S phase cell cycle arrest, 
resulting in cellular death. A correlation was reported 
between butyrate, colon cancer, obesity, and insulin 
resistance (McNabney & Henagan, 2017). In vivo, NaB 
combined with Cetuximab® chemotherapy significantly 
lowered the numbers of rat aberrant crypt foci (ACF) 
and mucin-depleted foci, proxy markers for colon can-
cer, and importantly brought the mucus secretion in 
the colonic mucosa back to normal (Elbassiouni et  al., 
2018).

Grapeseed extract (GSE) is widely utilized as a dietary 
supplement to treat various health ailments, including 
venous insufficiency, wounds, and inflammation. In the 
United States, the National Center for Complementary 
and Integrative Health is sponsoring GSE research for 
Alzheimer’s disease and hereditary hemochromatosis. 
Similarly, the National Cancer Institute in the United 
States is funding research investigating the use of GSE to 
prevent lung, colon, and prostate cancers (Gupta et  al., 
2020). The most active ingredient of GSE, proantho-
cyanidin, is a strong antioxidant. The in  vivo impact of 
grape seed proanthocyanidin extract (GSPE) on chronic 
diseases, especially oxidative stress, inflammation, and 
metabolic syndrome-related disorders, has recently been 
the focus of much research (Gupta et  al., 2020). Better-
designed animal experiments with standardized dosages 
and GSPE composition are needed to more accurately 
illuminate the cause-effect link between GSPE and its 
effect on the health of people (Rodríguez-Pérez et  al., 
2019).

This work aimed to investigate the therapeutic potential 
of a NaB–proanthocyanidin combination in a rat colon 
carcinogenesis model, focusing on the underlying histo-
pathological, biochemical, and molecular mechanisms.

Methods
Chemicals and drugs
1,2-dimethylhydrazine dihydrochloride (DMH. 2HCl) 
and NaB were purchased from Sigma–Aldrich (St. 
Louis, MO, USA). A highly purified GSPE (HPLC 
grade, 99.5% pure; proanthocyanidin peak concentra-
tion 3634.2 ± 115.7  mg/100  g fresh seed weight) was 
purchased from The Arab Co. of Pharmaceuticals and 
Medicinal Plants (MEPACO MEDI FOODS, Enshas El-
Raml- El-Sharkeya, Egypt) with the chemical formulation 
 C30H12O6 (CAS Number 84929.27.1).

Rats
Seventy-five healthy, male, 6-week-old Sprague–Daw-
ley rats were bought from Vaccera Co. (Helwan-Giza, 
Egypt). They were housed in plastic cages with metal 
grids, wood chips, and eiderdown in the animal facil-
ity at Tanta University’s Faculty of Science and acclima-
tized for a week. The experimental design was approved 
by the Institutional Animal Care Committee at Tanta 
University’s Faculty of Science’s Zoology Department 
(No. IACUC/SCI/TU/0183). The rats were provided 
free access to tap water and a standard experimental 
pelleted animal diet. The animals were closely moni-
tored every day, and their body weights, food consump-
tion, and water intake were meticulously recorded 
every week to identify any indicators of toxicity or 
abnormalities.

Experimental design
Colon cancer model
For 4 weeks, 60 rats were randomly selected and subcu-
taneously injected with DMH diluted in a normal 0.9% 
saline solution at a dose of 40 mg/kg body weight, after 
their acclimatization period. 15 rats were used as nor-
mal control (Salim et al., 2016, 2020).

Experimental groups and treatment
The DMH-injected rats as well as controls were ran-
domly divided into five groups (15 per group) using a 
RAND () function spreadsheet on Excel (Microsoft 
office professional plus 2016). Group 1 (G1) was subcu-
taneously injected with DMH four times and served as 
a positive control. G2 was administered DMH and then 
intravenously injected with NaB in 0.9% saline at a dose 
of 20 mg/kg body weight (Taylor et  al., 2019), twice a 
week until the end of the experiment. G3 was admin-
istered DMH and then injected with GSPE thawed in 
normal saline solution via intragastroluminal gavages at 
a dose of 300 mg/kg body weight (Cheah et al., 2014), 
twice a week until the end of the experiment. G4 was 
administered DMH followed by a combination of NaB 
and GSPE at the same doses as in G2 and G3, respec-
tively, until the end of the experiment. G5 was injected 
with the vehicle (0.9% saline) and served as the normal 
control group.

All treatments started 2 days after the last carcinogen 
injection. NaB was administered intravenously because 
it is absorbed rapidly into the upper gastrointestinal 
tract if taken “free” (no-compound form). It must reach 
the colon for the most beneficial effect (Bedford et al., 
2017).

After 16 weeks, all the rats were sacrificed following 
anesthesia with excess ethyl ether. During the sacrifice, 
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they were examined grossly and macroscopically. After 
the organs were necropsied, the absolute and relative 
organ weights (%) were calculated per the following 
formula: organ weight/body weight × 100.

Preparation of the colon for ACF counting
The entire colon was removed during necropsy, inflated 
with cold saline, opened longitudinally, and rinsed in 
saline. Briefly, the cecum was removed and the colon 
was separated into three segments, each representing 
one of three colonic regions: proximal, middle, and distal 
colon. Each segment’s length and width were calculated 
followed by fixing them flat on a filter paper for at least 
48  h at 4 ℃ in fresh 10% phosphate-buffered formalin, 
washing them, and staining them with 0.1% methylene 
blue in water for 3 min to count ACF (Salim et al., 2019). 
Two pathologists examined the specimens under a light 
microscope at 200 × and 400 × magnifications with the 
mucosal side facing up. ACF with different multiplicities 
were counted and divided into groups based on the num-
ber of crypts: foci containing 1 crypt (1 AC), 2 AC, 3 AC, 
or 4 AC. The quantity of ACF, their distribution patterns, 
and the colon and crypt multiplicities were determined. 
Colons from each rat were fixed in paraffin, stained with 
hematoxylin and eosin, and evaluated for histopatho-
logical and immunohistochemical (IHC) alterations after 
ACF counting.

IHC investigation of Ki67 and caspase‑3 levels
In 4-µm sections of each area of the colon tissues, the 
avidin–biotin complex technique was used to evalu-
ate Ki67 and caspase-3 levels (Hsu, 1981). Briefly, IHC 
was performed on at least 10 sections from 10 different 
rats, two out of the three parts of each colon. To calcu-
late the labeling indices (LI%) for the specific antibodies, 
the total number of positively stained nuclei or cells in all 
complete crypts detected in each section was tallied and 
divided by the total number of nuclei in each crypt (%). 
The IHC results were analyzed by two animal patholo-
gists who were unaware of the experimental groups.

Measurement of antioxidant enzyme activities
The lipid peroxidation level of malondialdehyde (MDA) 
was measured according to Yoshioka et  al (1979). The 
superoxide dismutase (SOD) activity in serum was meas-
ured using the method of Shiraishi et  al (2005), and 
reduced glutathione (GSH) concentration was evaluated 
using the method of Vobornikova and Pohanka (2016). 
The total antioxidant capacity (TAC) was determined 
using a kit according to the manufacturer’s protocol 
(Abnova kit, Walnut, CA. 91788, USA).

Quantitative reverse transcription‑polymerase chain 
reaction (qRT‑PCR) analysis for APC and COX‑2
The mRNA levels of APC and COX-2 were estimated 
using qRT-PCR. The housekeeping gene β-Actin was 
used as a reference. The sequences of primers used are 
listed in Table  1. The colon was cut longitudinally, and 
the layer of mucosa was scraped using clean slide glasses 
from the inner lining of the colon and stored at − 80  °C 
until the required analyses were performed. A complete 
RNA isolation kit (Analytika Jena, Germany) was used 
to extract RNA from the mucosa according to the manu-
facturer’s instructions. Sensiscript Reverse Transcriptase 
(Synthesis Kit) was used to make single-stranded comple-
mentary DNA from 100 ng of pure RNA using random 
hexamers, according to the manufacturer’s instructions.

The Applied Biosystems Step One™ Instrument was 
used for all PCR experiments. To avoid inter-run vari-
ance, samples from the same group were always run 
together. Preliminary tests were carried out before the 
main experiment to establish the best primer concen-
trations, SYBR Green RT-PCR reactants, and reaction 
conditions. Hot Start was used to perform qRT-PCR 
reactions. QIAGEN Taq DNA Polymerase was modified 
to create Taq DNA Polymerase.

Analysis of qRT‑PCR data
The threshold cycle  (CT) was utilized to determine the 
level of gene expression in all the different treatment 
groups. Applied Biosystems Step One™ Instrument soft-
ware was then used to calculate the gene expression level. 

Table 1 The primer’s nucleotide sequences of the rat colon cancer‑related genes and housekeeping gene

All primer sequences were obtained from the gene bank of NCBI BLAST

Gene Rat primer sequence (5′–3′) Size of PCR product Gene accession number

β-actin F: 5′‑AGG ATG CGT CCA CCA AGA AG‑3′
R: 5′‑TGT CCA GCC CAT GAT GGT TC‑3′

249 bp NM_001101.3

COX-2 F: 5′‑ TGG TGC CGG GTC TGA TGA TG‑3’
R: 5′‑ GCA ATG CGG TTC TGA TAC TG ‑3′

252 bp NC_005112.4

APC F: 5′‑ CAG ACT CCA AAA GGG ACT GC‑3′
R: 5′‑ TGA ATA CAA GGG GCG TCT CC ‑3’

297 bp NC_005117.4
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The results were expressed as the ratio of reference gene 
to target gene expression using the following formula: 
ΔCT (number of cycles at the threshold level of a log-
based fluorescence/normalized to endogenous control 
genes) =  CT (target genes)–CT (control genes). The rela-
tive expression levels were determined according to the 
following formula: ΔΔCT = ΔCT (Treated)—ΔCT (Con-
trol). Consequently, the expression values were expressed 
as n-fold variations in relation to the calibrator. The 
expression of the concerned genes was calculated as  2−

ΔΔCT using Microsoft Excel software.
Blinding was used for each step of the experimental 

process such as allocation, the conduct of the experi-
ment, the assessment of the outcomes, and during the 
data analysis.

Statistical analyses
Group values expressed as means ± standard deviations 
were evaluated by the t-test or analysis of variance while 
percentage data were analyzed by the chi-squared test 
using Statistical Package for Social Science ver. 17 (USA). 
P < 0.05 was considered to be statistically significant.

Results
Average body weight and absolute and relative organ 
weights
No mortality was recorded until the end of the experi-
ment. All animals remained healthy and were included 
in the experiment without any exclusion. The final body 
weights were comparable among all groups except G4 

(NaB + GSPE following DMH), wherein the animals 
showed significantly decreased body weights compared 
with those in G2 (DMH only). Moreover, the average 
relative spleen weights in the DMH-only group were con-
siderably higher than in the normal control group, but all 
treatments lowered the absolute spleen weights to near-
normal levels. The relative organ weights did not differ 
considerably between the groups (Fig. 1, Table 2).

Effect of NaB, GSPE, or their combination on average 
numbers of ACF
Morphologically, the ACF varied in size and shape: some 
were only one big aberrant crypt (1 AC), while others 
were clustered in foci containing 2 ACs, 3 ACs, or larger 
aberrant crypts (≥ 4 ACs) in one focus. The incidence of 
ACF was 100% in all DMH-treated animals. Calculations 
for the ACF criteria are shown in Table 3. In comparison 
to the other DMH-treated groups, G1 had the greatest 
total ACF counts, while the numbers of ACF observed 
in G2 and G3 were significantly lower than those found 
in G1. Treating DMH-induced rats with NaB, GSPE, or 
their combination significantly reduced the total num-
ber of aberrant crypts as well as the number of 1, 2, 3, 
and 4 ACs when compared with the DMH-treated group 
(Fig. 2).

Histopathological findings in the colonic epithelium
Histological examination of hematoxylin and eosin-
stained colonic epithelia from different groups revealed 
that G1 rats showed slight to moderate dysplasia, 

Fig. 1 Average body weight curves for rats in all experimental groups. G1: DMH, G2: DMH + NaB, G3: DMH + GSPE, G4: DMH + NaB + GSPE, and G5: 
normal control. *G4 is significant versus G1 at P < 0.05 (ANOVA). Data of 15 rats/ group are shown. DMH, 1,2‑dimethylhydrazine; NaB, sodium 
butyrate; GSPE, grape seed proanthocyanidin extract; ANOVA, analysis of variance
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Table 2 Final body, absolute and relative organ weights

a Mean ± S.D
b No. in parentheses is relative organ wt.: ratio of organ wt/body wt (%)

*Significant versus G1 at P < 0.05 (ANOVA, analysis of variance); DMH: 1, 2-dimethylhydrazine; NaB: Sodium butyrate; GSPE: Grapeseed proanthocyanidin extract. Data 
of 15 rats/ group are shown.;

Group/treatment Final body wt (g) Liver wt (g) R. Kidney wt (g) L. Kidney wt (g) Spleen wt (g)

G1 (DMH) 275 ± 27 a 6.49 ± 0.84
(2.36)b

0.72 ± 0.11
(0.26)

0.74 ± 0.09
(0.27)

1.03 ± 0.18*
(0.37)

G2 (DMH + NaB) 270 ± 22.3 6.19 ± 0.93
(2.29)

0.72 ± 0.11
(0.26)

0.74 ± 0.11
(0.27)

0.86 ± 0.12 *
(0.31)

G3 (DMH + GSPE) 273 ± 28.3 6.24 ± 0.93
(2.28)

0.74 ± 0.11 (0.27) 0.76 ± 0.16
(0.27)

0.88 ± 0.15*
(0.32)

G4 (DMH + NaB + GSPE) 254 ± 26.9* 6.18 ± 0.98
(2.43)

0.73 ± 0.16
(0.28)

0.74 ± 0.20
(0.29)

0.87 ± 0.2*
(0.34)

G5 (normal control) 277 ± 13.4 5.71 ± 0.9*
(2.06)

0.70 ± 0.08
(0.25)

0.69 ± 0.0*
(0.25)

0.79 ± 0.15*
(0.28)

Table 3 Mean numbers of aberrant crypt foci (ACF)

a Means ± standard deviations

*Significant versus G1 at P < 0.05 (ANOVA); ACF: Aberrant crypt foci; DMH: 1,2-dimethylhydrazine; NaB: Sodium butyrate; GSPE: Grapeseed proanthocyanidin extract. 
Samples from 10 rats/group were subjected to the ACF analysis assay

Group/treatment Total no. of ACF No. of foci containing:

1 AC 2 ACs 3 ACs  ≥ 4 ACs

G1 (DMH) 208 ± 34.8a 92.4 ± 12.1 59.3 ± 14.1 35.7 ± 0.1 20.1 ± 7.1

G2 (DMH + NaB) 91.6 ± 24.2* 41.4 ± 10.3* 24.4 ± 8.4* 16.0 ± 3.8* 9.7 ± 3.2*

G3 (DMH + GSPE) 96.3 ± 21.5* 43.0 ± 10.9* 13.8 ± 6.9* 8.75 ± 2.1* 7.50 ± 1.3*

G4 (DMH + NaB + GSPE) 52.3 ± 13.2* 26.1 ± 6.1* 15.6 ± 3.7* 7.6 ± 2. 7* 2.8 ± 13.2*

Fig. 2 A Average total numbers of ACF observed in the colons of rats from all experimental groups; *significance versus G1 at P < 0.05; 
**significance vs. G2 and G3 at P < 0.05 (ANOVA); samples from 10 rats/group were subjected to the ACF analysis assay. B–I Photomicrographs 
of whole colons stained with methylene blue. B normal epithelium with normal crypts; C colonic epithelium of a rat injected with DMH showing 
aberrant crypts; D a focus with 1 aberrant crypt (1 AC); E a focus with 2 ACs; F a focus with 3 ACs; G a focus with 4 ACs; H a focus with ≥ 4ACs; I 
a magnified portion of H. ACF, aberrant crypt foci
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increased numbers of lymphocytes in intra-cryptal 
zones, slightly elongated crypts, and comparatively lesser 
mucin-secreting cells. None of these histopathological 
changes were observed in the colonic epithelia of nor-
mal rats. Treatment with NaB, GSPE, or their combina-
tion induced a marked decrease in dysplasia, lowered the 
extent of lymphocytic infiltration, produced shorter to 
normal length colonic crypts, and increased the number 
of mucin-secreting cells. These recovery changes were 
most obvious in G4, the combination treatment group 
(Fig. 3C–G).

Changes in Ki67 in the colonic epithelium
In comparison to the other groups, Ki67 LI (%) was the 
highest in G1 (Fig.  3A). In addition, DMH injection 

lengthened the proliferative zone in the colonic crypts, 
as evidenced by increased numbers of tagged cells in 
the upper third of the crypts as compared with the nor-
mal control (Fig. 3H–L). The four DMH-injected groups 
showed statistically significant differences when com-
pared with the normal control. Treatment with NaB, 
GSPE, or their combination significantly reduced the 
Ki67 LI (%) when compared with that in G1. Moreover, 
compared with G2 and G3, the Ki67 LI (%) in G4 was 
dramatically reduced (Fig. 3A).

Changes in caspase‑3 in the colonic epithelium
The staining was predominantly nuclear and limited 
to the epithelial cells of the colonic crypt walls; how-
ever, it was also visible in some intra-cryptal cells in the 

Fig. 3 A, B Calculated IHC labeling indexes (%) of Ki67 (A) and caspase‑3 (B); *significance vs. G1 at P < 0.05; **significance versus G2 and G3 
at P < 0.05 (ANOVA); samples from 10 rats/group were subjected to IHC analysis. C–G Photomicrographs of hematoxylin and eosin‑stained rat 
colonic epithelia; C DMH‑administered control (G1); D DMH + NaB‑treated rats (G2); E DMH + GSPE‑treated rats (G3); F DMH + NaB + GSPE‑treated 
rats (G4); G normal control (G5). 10 rats/group were subjected to hematoxylin and eosin staining. H–L IHC staining photomicrographs of Ki67. 
H DMH‑injected rats; I DMH + NaB‑treated rats; J DMH + GSPE‑treated rats; K DMH + NaB + GSPE‑treated rats; L normal control. M–Q IHC staining 
photomicrographs of caspase‑3. M DMH‑injected rats; N DMH + NaB‑treated rats; O DMH + GSPE‑treated rats; P DMH + NaB + GSPE‑treated rats; Q 
normal control. IHC, immunohistochemistry



Page 7 of 10Salim et al. The Journal of Basic and Applied Zoology           (2023) 84:24  

submucosal areas (Fig.  3M–Q). Caspase-3 LI (%) was 
moderately detected in G1 rats (14.2%). Treatment with 
NaB or GSPE significantly increased caspase-3 LI (%) to 
25.2% and 31.9%, respectively (Fig. 3B). The combination 
treatment induced the highest increase of 62.3% among 
the treatment groups (P < 0.05).

Serum levels of oxidative stress markers
Compared with the normal control group, MDA activ-
ity was significantly lower in all the treatment groups. 
The combination treatment significantly inhibited MDA 
activity compared with DMH treatment, while individual 
treatment with NaB or GSPE brought it to a level similar 
to that after DMH treatment. On the other hand, SOD 
activity in all the treatment groups was significantly 
higher than in the normal control, with G4 showing a sig-
nificantly higher SOD activity than all the other groups. 
Further, G2–4 showed significantly higher GSH levels 
compared with G1, with G4 showing the least increase 
among them. The TAC levels were at their minimum in 
normal control rats while G2 and G3 rats exhibited a sig-
nificant increase in TAC compared with G1 rats (Fig. 4).

COX‑2 and APC gene expression
G1 rats showed a significant increase in COX-2 expres-
sion compared with G2–4 rats. COX-2 was significantly 
downregulated by ninefold in G2 rats and by almost 

fourfold in G3 rats. The combination treatment affected 
a 22-fold decrease in COX-2 expression. Similarly, APC 
expression was considerably higher in G1 rats than in the 
other groups. It was downregulated by 2.5-fold in G2, 
sevenfold in G3, and 14-fold in G4 (Fig. 5).

Discussion
Accumulative data have shown previously that ACF can 
be used successfully in human chemoprevention stud-
ies (Roncucci et al., 2000). ACF was successfully induced 
in this study. The numbers of large and small foci were 
significantly reduced after treatment with NaB or GSPE, 
while the greatest decrease was recorded after the combi-
nation treatment.

NaB exerts several biological effects within the cellu-
lar matrix: it inhibits replication, induces differentiation, 
and modulates gene expression. Being a short-chain fatty 
acid that includes cellulose acetate, it regulates cell cycle 
kinetics (Ma et  al., 2018). ACF formation was found to 
decrease more significantly when the diet of rats was 
supplemented with fish oil/butyrate compared with 
maize oil/butyrate (Kruh, 1981). This study suggests that 
butyrate’s protective mechanism against colon carcino-
genesis could rely on nutritional fat and other mecha-
nisms that need exploration.

The current study shows that the inhibitory effects of 
NaB, GSPE, or their combination on colon carcinogenesis 

Fig. 4 Antioxidant enzyme activities in the sera of normal and treated rats. A lipid peroxidation activity (MDA); B SOD activity; C GSH activity; D TAC 
levels. *Significance versus G1 at P < 0.05; **significance versus G2 and G3 at P < 0.05; ***significance versus G1, G2, G3, and G4 at P < 0.05 (ANOVA). 
Samples from 5 rats/group were subjected to the antioxidant enzyme activity assay. MDA, malondialdehyde; SOD, superoxide dismutase; GSH, 
reduced glutathione; TAC, total antioxidant capacity
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are associated with a subsequent inhibition of cell pro-
liferation in the colonic epithelium, which may have 
contributed significantly toward reducing the number 
of ACF and may eventually prevent polyp formation 
and colonic tumors. GSPE has been demonstrated to 
inhibit the proliferation of several cancer cells, including 
colon cancer cells, as well as to elicit an increased drug 
response (Cheah et al., 2014). Dimers, trimers, and other 
oligomers of flavan-3-ols found in GSPEs are known to 
possess antiproliferative properties (Cheah et  al., 2014). 
Also, NaB alone has been shown to attenuate cell prolif-
eration in rat colons during carcinogenesis (Medina et al., 
1998). In a recent study, the number of Ki67-positive cells 
was considerably lower in rats treated with black grape 
extract than in the untreated group (Yang et al., 2020).

Our caspase-3 IHC results are consistent with those 
of Ghareeb et  al. (2018), who demonstrated that DMH 
injection decreased the expression of the apoptotic 
markers P53 and caspase-3, subsequently supporting 
higher cell proliferation levels in the colon epithelium. 
In a recent study, qPCR results showed that caspase-3 
expression in the GSPE-treated population was much 
higher than in the control groups  (Guo et  al., 2018). By 
stimulating caspase, degenerating mitochondrial mem-
brane potential, and triggering cytochrome C release, 
GSPE could induce apoptosis in the human prostate can-
cer cells, DU145 (Agarwal et  al., 2002). Contrarily, Tu 
et  al. (2019) postulated that GSPE can inhibit apoptosis 
by preventing the activation of Bax and caspase-3. GSPE 
exerts antioxidant, anti-inflammatory, and anticancer 
effects. NaB was found to promote apoptosis by lowering 
Bcl-2, elevating Bax, decreasing survivin, and activating 

caspase-3 (Taylor et al., 2019). These findings justify the 
apoptosis-inducing effects exerted by both treatments in 
the rat colonic epithelia.

Oxidative stress is linked to the incidence and progres-
sion of various cancers (Wu et  al., 2017). In this study, 
NaB, GSPE, or their combination significantly affected 
the serum activities of MDA, SOD, GSH, and TAC. Con-
sistent with the present results, a previous study showed 
that GSPE modulated the serum levels of SOD, glu-
tathione peroxidase, TAC, catalase, and MDA in a linear 
fashion (Ao & Kim, 2020). GSPE oil effectively regulates 
the antioxidant protection mechanism by inhibiting lipid 
peroxidation and enhancing antioxidant enzyme activi-
ties (Belviranl et al., 2012). We have previously published 
similar results documenting the antioxidative stress 
potential of GSPE in rat liver carcinogenesis (Sherif et al., 
2017).

The present data agree with previous studies which 
reported elevated MDA levels in rat serum after admin-
istration of azoxymethane (Sharma et al., 2018) or DMH 
(Manju et al., 2005). The ability of the GSPE–NaB com-
bination to inhibit MDA formation is indicative of its 
anti-carcinogenic effect. The significant elevation in SOD 
activity further supports this conclusion. SOD serves 
to defend against the potentially harmful reactivates of 
superoxide and hydrogen peroxide. Also, both GSPE 
and NaB increased the GSH activity. In a previous study, 
DMH was found to decrease GSH antioxidant potential 
in rats (Saleem et al., 2019). Our findings about TAC lev-
els being increased after all treatments corroborate those 
of El-Kholy et al. (2017), who showed that many therapies 
induced an increase in TAC in the heart and liver.

Fig. 5 qRT‑PCR normalized fold change data for mRNA expression in the studied groups. A COX-2 gene expression; B APC gene expression 
in the studied groups; *significance versus calibrator (G1) at P < 0.05 (t‑test). **significance vs. G2 and G3 at P < 0.05 (ANOVA); Samples from 5 rats/
group were subjected to the qRT‑PCR assay. qRT‑PCR, quantitative reverse transcription‑polymerase chain reaction; COX‑2, cyclooxygenase‑2; APC, 
adenomatous polyposis coli
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COX-2 is mainly expressed in cancerous conditions via 
the activation of inflammatory cytokines (Umesalma & 
Sudhandiran, 2010). By inhibiting apoptosis and enhanc-
ing cancer-induced angiogenesis, it promotes cancer cell 
proliferation (Wendum et al., 2004). The present COX-2 
gene expression results are consistent with those of Mao 
et al. (2016), who reported that GSPE exerts antineoplas-
tic properties by inhibiting the COX-2–prostaglandin E2 
eicosanoid pathways. NaB has also been shown to down-
regulate COX-2 expression (Jia et al., 2020). In our study, 
the combination of NaB and GSPE was the most efficient 
in reducing the expression of COX-2. Similarly, while the 
expression of APC was downregulated by all treatment 
groups in this study, the combination treatment was the 
most efficient. The colonic APC gene has been shown 
to get mutated after DMH administration in rats during 
the early stages of initiation (Sohn et al., 1999). Our data 
is consistent with previous studies involving the use of 
nutraceuticals against DMH-induced colon carcinogen-
esis (Sadik & Shaker, 2013).

Conclusions
NaB and GSPE exert direct therapeutic effects on most 
biomarkers of rat colon carcinogenesis and they are 
strongly related to the metabolic processes within cells. 
The results at the genetic level are associated with the 
phenotypes of the various stages of colon carcinogenesis. 
Therefore, NaB and GSPE could play important thera-
peutic roles in the targeted treatment of precancerous 
colon cells.
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