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Abstract 
Cruciferous vegetables have great health benefits, and their components may be sig-
nificant in the inhibition of colon tumors. The objective of this study was to investi-
gate and compare the chemopreventive potential of cabbage, turnip greens, collard 
greens and canola greens on azoxymethane (AOM)-induced colon cancer. Following 
a one-week acclimatization period, forty-two Fisher-344 male rats were randomly as-
signed to five groups (treatment groups: n = 8; control: n = 10). Four groups were fed 
treatment diets consisting of the selected cruciferous vegetables at 5%, while the C 
group was fed AIN-93 growth diet. Colon tumors were induced by administration of 
AOM at 7 and 8 weeks of age and rats were killed by CO2 asphyxiation at 45 weeks of 
age. Results show a 42.85% tumors incidence in rats fed canola greens compared to 
100% in the rats fed cabbage and the control. Rats fed control had higher tumors/ 
tumor bearing rat (TBR) ratio (4.5) compared to those seen in treatment groups (1 - 
1.71). Significant differences (P ≤ 0.05) were noted in weight gain, cecal wall weight 
and total cecal weight in the control compared to treatment groups. Hepatic catalase 
(CAT) and Glutathione-S-Transferase (GST) activities (43.05 and 2.02 µmol/mg, re-
spectively) in rats fed canola were significantly higher (P ≤ 0.05) compared to the 
control (10.22 and 0.58 µmol/mg) and other treatment groups. Superoxide dismutase 
(SOD) activity (µmol/mg) in rats fed canola (0.29), cabbage (0.26) and turnip greens 
(0.25) were similar, however, significantly higher (P ≤ 0.05) compared to the control 
(0.09). Activities of glutathione peroxidase (GPX) increased in the order: collard 
greens > canola greens > turnip greens > cabbage > control. Selected cruciferous veg-
etables, including canola leafy greens, were effective in reducing incidence of AOM- 
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induced colon tumors in Fisher-344 male rats and may be useful as dietary chemo-
preventive agents. 
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Antioxidative Enzymes, Cancer, Canola, Cruciferous Vegetables, Detoxification  
Enzymes 

 

1. Introduction 

Lifestyle diseases such as cancer, obesity, and diabetes are among the primary cause of 
mortality in many industrialized nations, accounting for millions of deaths yearly [1]. 
Cancer, the second leading cause of deaths in the United States, remains one of the 
greatest challenges to the public health system [2] with pronounced economic impact. 
In the United States, colorectal cancer is ranked the third most commonly diagnosed 
cancer and the third leading cause of cancer deaths in humans [3].  

It has been established that diet and lifestyle play an important preventive role in 
cancer, accounting for a 30% - 40% tumor reduction [2]. Oxidative damage, which oc-
curs from excess reactive oxygen species (ROS) in cells, is a major cause of diseases in 
humans, and as such, foods that are rich sources of antioxidants play an integral role in 
reducing the incidence of cancer and other chronic diseases [4].  

Vegetables are among the many studied foods that offer health protective properties 
with varying mechanism [2]. In particular, vegetables of the cruciferous family have 
been evaluated for their nutritional and phytochemical benefits as they relate to che-
moprevention [5]-[7]. Cruciferous vegetables such as turnip greens (Brassica campe-
stris var. rapifera), cabbage (Brassica oleraceae L. var. capitata) and collard greens (Bras-
sica oleraceae var. viridis), provide numerous nutrients that work synergistically to 
prevent cancer [8]. Canola (Brassica napus), a member of the family of cruciferous veg-
etables, is a highly desirable oilseed commodity crop. However, there has been limited 
research on the utilization of canola’s biomass as a green leafy vegetable. Miller-Cebert 
et al. [9] in their study of nutrients composition in canola leafy greens, suggest that ca-
nola greens may be as nutritious as other cruciferous vegetables such as collard greens, 
kale and cabbage. 

The objective of this study was to evaluate the chemopreventive potential of selected 
cruciferous vegetables (canola greens, cabbage, turnip greens and collard greens) in re-
ducing colon cancer in Fisher-344 male rats.  

2. Materials and Methods 
2.1. Chemicals 

Azoxymethane (AOM) was obtained from Midwestern Research Institute, NCI, Chem-
ical Repository, Kansas City, MO, USA. All other chemicals and reagents were of ana-
lytical grade and were purchased from Sigma Chemical Company, St Louis, MO.  
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2.2. Cruciferous Vegetables 

Collard greens, cabbage and turnip greens were obtained from a local health-food store. 
Canola was obtained from the Winfred Thomas Agricultural Research Station (Ala-
bama A&M University). All leafy vegetable samples were washed in deionized water, 
and stored in a −80˚C freezer. Frozen samples were later transferred from −80˚C to a 
Consul 24 Virtis freeze-dryer (The Virtis Company, Gardiner, NY). The freeze-dried 
samples were milled using a Robot Coupe, Blixer RS1 BX3 Food Processor (Robot 
Coupe U.S.A. Inc. Ridgeland, MS).  

2.3. Animal Housing and Diet 

Fisher-344 male rats were obtained from Harlan, IN and housed in stainless steel cages. 
Following one week of acclimatization, the rats were randomly assigned to five groups; 
eight rats in each treatment group and ten rats in the C group. The rats were fed AIN 
(American Institute of Nutrition) 93G C growth diet [10] [11], canola greens, collard 
greens, cabbage, and turnip greens at 5%. Temperature and relative humidity were 
maintained at 21˚C and 50% respectively, with 12-hour light and dark cycles. Biweekly 
body weights and feed intakes were recorded throughout the experimental period. 

2.4. Carcinogen Injection and Sample Preparation 

All animals received two subcutaneous injections of AOM (NCI Repository, Kansas, MO) 
at 7 and 8 weeks of age, at 16 mg/kg body weight. Rats were killed by CO2 asphyxiation 
at 45 weeks of age. Liver samples were collected and stored at −80˚C for enzyme analy-
sis. Cecum was removed; cecal contents and weight of cecal wall were determined. 

2.5. Characteristics of Colon Tumors 

For the characterization of tumor size, tumor location and tumor per tumor bearing rat 
ratio (TBR), the protocol of Shackelford and others was employed [12]. 

2.6. Detoxification Enzyme Analysis 

Hepatic Glutathione S Transferase (GST) was determined following the manufacturer’s 
protocol (Cayman Chemical Company). GST activity was measured at an absorbance of 
340 nm using a microplate reader (Biotek Synergy HT, Winooski, Vermont).  

2.7. Antioxidant Enzyme Analysis 

Glutathione (GSH), Glutathione Peroxidase (GPX) and Superoxide Dismutase (SOD) 
were determined using a microplate reader (BioTek Synergy HT Winooski, Vermont) 
as described in the manufacturer’s protocol (Cayman Chemicals, Ann Arbor, MI). 
Change in absorbance was monitored at 412, 340, 460 nm, respectively. Catalase (CAT) 
activity was determined using an established protocol as described by Johansson and 
Borg (1988) [13]. Quantification was carried out by measuring the absorbance at 540 
nm using a microplate reader (Biotek Synergy HT, Winooski, Vermont) and catalase 
activity was compared with those obtained from formaldehyde standards. 
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2.8. Statistical Analysis 

Data were analyzed using the SAS system version 9.1 (SAS Institute, Cary, NC). Values 
are given as means ± SEM and were separated using Duncan’s Multiple Range Test, 
with significance at P ≤ 0.05 level. 

3. Results 
3.1. Effects of Cruciferous Vegetables on Feed Intake, Body Weight,  

Cecal Weight and Cecal pH 

Feed intake in rats fed canola greens was significantly (P ≤ 0.05) lower (13.26 g/week) 
compared to the rats fed collard greens (14.78 g/week). The group fed the control diet 
had a significantly higher (P ≤ 0.05) feed intake (16.80 g/week) compared to the rats fed 
the selected vegetables (Table 1). There were no significant differences among the 
treatment groups in terms of body weight, total cecal weight and cecal pH. Highest 
weight gain (g/41 week) was seen in rats fed collard greens (258.75), while the lowest 
weight gain was observed in the animals that were fed the control (222.62). No signifi-
cant differences were observed in cecal weight (g) among the rats fed the selected vege-
tables, but significantly lower (P ≤ 0.05) cecal weight was noted in the control group 
compared to the treatment groups. Cecal weight ranged from a low of 1.26 in canola 
greens to 3.13 in turnip greens.  

Ingestion of the selected cruciferous vegetables affected cecal wall weight (g) in the 
rats used in this study. As shown in Table 1, the control group had significantly (P ≤ 
0.05) lower cecal wall weight (0.48) compared to the treatment groups. Comparing the 
treatment groups, cecal wall weight was significantly (P ≤ 0.05) higher in the rats fed 
the turnip greens diet compared to cabbage and canola greens diets at 1.18 and 1.21 re-
spectively, but were not significantly different from the rats fed the collard greens diet 
(1.37). Though no significant differences were observed among all the groups, cecal pH 
ranged from a low of 7.59 in rats fed the canola greens diet to a high of 7.99 in the  
 
Table 1. Effect of cruciferous vegetables on feed intake, total cecal weight, cecal wall weight and 
cecal pH. 

Groups 
Feed intake 

(g/week) 

Weight 
gain (g/41 

week) 

Total cecal 
weight (g) 

Cecal wall 
Weight (g) 

Cecal pH 

Control 16.80a ± 1.66 222.62b ± 5.20 1.26b ± 0.04 0.48b ± 0.02 7.99a ± 0.08 

Cabbage 14.58bc ± 2.88 256.25a ± 6.87 2.88a ± 0.12 1.18b ± 0.12 7.64a ± 0.07 

Turnip 
greens 

13.64bc ± 1.16 248.87a ± 6.80 3.13a ± 0.12 1.47a ± 0.07 7.60a ± 0.06 

Collard 
greens 

14.78b ± 2.78 258.75a ± 7.58 3.08a ± 0.18 1.37ab ± 0.07 7.65a ± 0.9 

Canola 
greens 

13.26c ± 3.72 246.28a ± 0.123 2.86a ± 0.18 1.21b ± 0.08 7.59a ± 0.15 

Values are means ± SEM.abc Means in a column with the same superscript do not significantly differ (P ≤ 0.05) using 
Duncan Multiple Range Test. 
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group fed the control diet. 

3.2. Effects of Selected Cruciferous Vegetables on Colonic Tumor  
Number and Size in Fisher-344 Male Rats 

The highest number of tumors was observed in the rats fed the control diet compared 
to the rats fed the treatment diets. Tumor numbers in rats fed the control diet were 
higher in both distal (15) and proximal (30) colon compared to the treatment diets 
(Table 2). Among the treatment groups, total tumor numbers ranged from a low of 3 in 
the rats fed canola greens to a high of 12 in those fed cabbage and collard green diets. 
With the exception of the rats that were fed the collard greens diet, higher number of 
tumors was seen in the distal portion of the colon compared to the proximal. Among 
the treatment groups, the smallest tumors (mm) were observed in rats fed collard 
greens diet (1.45) compared to those fed canola greens diet (4.33). This represents ap-
proximately 80% smaller tumors compared to the control, while the rats fed cabbage 
and canola greens had tumors that were at least 40% smaller than the rats fed the con-
trol diet. 

3.3. Tumor Incidence and Tumor/Tumor Bearing Rat Ratio (TBR) 

Tumor incidence was highest in the rats fed the control and cabbage diets, compared to 
the other groups (Table 2). With the exception of the group fed the cabbage diet, tumor 
incidence was higher in the distal colon compared to the proximal colon. Rats fed the 
canola greens diet, had lower tumor incidence (42.85%) compared to their counter-
parts. Tumors per tumor bearing rat ratio (TBR) is the ratio of the number of tumors 
seen in rats with tumors [14]. TBR is used in endpoint animal model studies, because it 
is a suitable tool for studying the effects of different phytochemicals in various foods, 
and their ability to inhibit tumor development [15]. Among the treatment groups, TBR 
ranged from 1 in the group fed canola greens diet to 1.71 in the group fed the collard 
greens diet. Although the rats fed the collard greens diet had a lower tumor incidence 
(87.5%) compared to the group fed the cabbage diet (100%), TBR was higher in the rats 
fed the collard greens diet (1.71) compared to rats fed the cabbage (1.5) diet. 

3.4. Antioxidative Enzyme Activities in Liver of Fisher-344 Male Rats 

Table 3 shows selected enzyme activities in rats fed the control, canola greens, collard  
 

Table 2. Tumor number, size, location, tumor incidence and tumor/tumor bearing rat (TBR) in the colon of Fisher-344 male rats. 

Groups 
Number of 

rats 
Rats with  
tumors 

Number of 
tumors 

Size of 
Tumors (mm) 

Tumors/tumor  
bearing rats 

Tumor  
incidence% 

Location 
proximal distal 

Control 10 10 45 7.46 4.5 100 15 30 

Cabbage 8 8 12 3.91 1.5 100 4 8 

Turnip greens 8 6 8 2.25 1.33 75 3 5 

Collard greens 8 7 12 1.45 1.71 87.5 8 4 

Canola greens 7 3 3 4.33 1 42.85 1 2 
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Table 3. Effects of feeding cruciferous vegetables on antioxidative enzymes Catalase (CAT), Su-
peroxide Dismutase (SOD), Glutathione Peroxidase (GPX) activities (µmol/mg) in Fisher-344 
male rats. 

Groups SOD CAT GPX GSH 

Control 0.09c ± 0.02 10.22d ± 0.68 0.32c ± 0.15 54.16c ± 2.98 

Cabbage 0.26b ± 0.08 27.51b ± 1.47 3.00b ± 0.59 203.90b ± 10.98 

Turnip greens 0.25b ± 0.00 14.79c ± 1.49 3.59ab ± 0.33 236.07a ± 10.20 

Collard greens 1.71a ± 0.25 27.58b ± 2.17 4.38a ± 0.24 221.66ab ± 7.60 

Canola greens 0.29b ± 0.07 43.05a ± 2.81 4.24a ± 0.57 217.22ab ± 7.15 

Values are means ± SEM. abcdMeans in a column with the same superscript do not significantly differ (P ≤ 0.05) using 
Duncan Multiple Range Test. 

 
greens, turnip greens and cabbage diets. Significantly lower (P ≤ 0.05) superoxide dis-
mutase activity (SOD) (µmol/mg) was observed in the control fed rats (0.09) compared 
to the treatment groups. Among the treatment groups, SOD activity was higher in the 
rats fed collard greens, showing a significantly higher (P ≤ 0.05) activity (1.71) com-
pared to the canola greens (0.29), cabbage (0.26), and turnip greens (0.25) fed rats. No 
significant differences were observed in SOD activity among rats fed canola greens, 
cabbage and turnip greens.  

Hepatic catalase (CAT) activity (µmol/mg) in rats fed the control diet was signifi-
cantly lower (P ≤ 0.05) compared to the treatment groups, and ranged from a low of 
10.22 in the control to a high of 43.05 in rats fed canola greens. A 31% to 76% higher 
catalase activity was noted in rats fed the treatment diets compared to the control. All 
groups showed significantly (P ≤ 0.05) different CAT activity with the exception of 
cabbage (27.51) and collard greens (27.58) fed group where no significant differences 
were observed.  

Glutathione peroxidase (GPX) activity in rats fed cabbage (3.0) was significantly (P ≤ 
0.05) lower compared to activities in groups fed collard (4.38) and canola greens (4.24). 
However, all treatment groups had significantly (P ≤ 0.05) higher GPX activity com-
pared to the control (0.32). Glutathione (GSH) levels (µmol/mg), ranged from 203.90 
(cabbage) to 236.07 (turnip greens) in rats fed the treatment diets. GSH levels in the 
rats fed the treatment diets were at least three fold higher compared to the levels ob-
served in the rats fed the control diet (54.16). 

3.5. Detoxification Enzyme Activity 

Hepatic Glutathione S Transferase (GST) activity (µmol/mg) in rats fed treatment diets 
was significantly (P ≤ 0.05) higher compared to the control (Figure 1). Among the 
treatment groups, rats fed canola greens had the highest GST activity (2.02) while the 
lowest activity was seen in the group fed the cabbage (1.39) diet. There were no signifi-
cant differences seen in GST activity between rats fed turnip greens and collard greens. 
GST activity in rats fed treatment diets was three to four fold higher compared to the 
control. 
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Figure 1. Effects of feeding diets containing cabbage, turnip green, collard green and canola 
greens on Hepatic Glutathione S Transferase (µmol/mg) in Fisher-344 male rats. abcdBars with the 
same letter do not significantly differ (P ≤ 0.05) using Duncan Multiple Range test. 

4. Discussion 

Epidemiological studies and clinical trials support the notion that natural plant com-
pounds such as isothiocyanates and indole-3-carbinol found in cruciferous vegetables 
may provide protective effects both in vivo and in vitro carcinogenic models [6] [8] 
[16]. Isothiocyanates, nitriles and thiocyanates, the three major breakdown products 
from the hydrolysis of glucosinolates are bioactive agents that upregulate detoxification 
enzymes [17]. Similar to other monofunctional inducers, isothiocyanates stimulate 
transcription of phase 2 enzymes by acting on an AP-1-like enhancer element present 
in certain GST genes [18]. Not only do these bioactive compounds act as monofunc-
tional inducers by regulating phase II detoxification enzymes such as GST, but they 
may also be capable of biofunctional properties, thereby inducing phase 1 enzymes 
such as Cytochrome P1A1 [7]. The former, however is the most associated mechanism 
of action for the reduction seen in numerous cancer studies using cruciferous vegeta-
bles. This study was designed to evaluate and compare the effects of canola leafy greens 
and traditional cruciferous vegetables in preventing colon carcinogenesis.  

The results of this study indicate that rats fed the control diet had significantly (P ≤ 
0.05) lower weight gain (g/41 week) compared to the treatment diets (Table 1). The 
higher weight gain seen in rats fed the cruciferous vegetable diets compared to the con-
trol may be a result of the production of short chain fatty acids (SCFA) which occurs 
during the fermentation of fiber and may translate into a decrease in tumor burden. 
Tumor burden, which refers to the size of tumors, is an independent prognostic factor 
that can predict a disease state in certain cancers [19]. A marked increase in the size of 
the tumors in the rats fed the control diet compared to those fed the treatment diets 
was observed. One effect of increased tumor burden in a subject is its ability to cause 
profound alteration in metabolism, thereby preventing the absorption of nutrients. The 
metabolic alterations that accompany malignancies affect macromolecules, such as 
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carbohydrates, proteins and lipids [20]. It has been documented that the colonocytes 
utilize SCFAs, butyrate, acetate and propionate as metabolic fuels, with butyrate possi-
bly responsible for over 70% of oxygen consumed by tissues [21]. Wong and colleagues 
[22] proposed that, unlike butyrate which functions primarily in the colon, acetate en-
ters the peripheral circulation to be metabolized, while propionate is taken up by the 
liver.  

Although no significant differences (P ≤ 0.05) were observed among the treatment 
groups, rats fed canola greens had the lowest weight gain. Studies have shown that a 
lower weight gain can decrease the carcinogenic response [23]. Previous study indicate 
that in most cancer studies using animal models, the lowest weight gain is often found 
in animals with the lowest tumor numbers [24]. This is consistent with the results seen 
in the treatment groups used in this study, with rats fed canola leafy greens having the 
lowest weight gain and tumor numbers compared to the rats fed other green leafy veg-
etable.  

While no significant differences in cecal weight were observed among the treatment 
groups, significantly (P ≤ 0.05) lower cecal weight was observed in the control group. A 
study by Sakata suggests that SCFA has the potential to accelerate cell proliferation re-
sulting in an increase in cecal tissue weight [25]. The increase in cecal weight and cecal 
wall weight, as purported by Campbell, Fahey, and Wolf, may be due to the presence of 
soluble dietary fiber in the treatment diets which causes fermentation, thus providing 
butyrate as an energy source and ultimately increasing crypt depth and cell density 
[26].  

The lower pH observed in the treatment groups compared to the control is likely the 
result of soluble fiber which is naturally present in cruciferous vegetables. Studies have 
shown that dietary fiber alters the colonic microflora, thereby decreasing the growth of 
pathogenic bacteria, creating an anti-carcinogenic environment [27], which is normally 
associated with lower pH. In addition, butyrate which has been studied for its role in 
nourishing the colonic microflora, may decrease the transformation of primary bile ac-
ids to secondary bile acids as a result of colonic acidification [22] [28]. Research has 
shown that butyrate inhibits colonic tumors by promoting apoptosis, differentiation 
and cell cycle arrest of transformed colonocytes [29] [30]. The apoptosis-inducing 
property of compounds such as ITCs present in cruciferous vegetables is one proposed 
mechanism by which these vegetables offer chemopreventive protection in animal 
models [31]. 

Findings in this study indicate a reduction in tumor number, tumor size, tumor in-
cidence and tumor/tumor-bearing rat in the treatment groups compared to the control. 
The presence of tumors of varying sizes may be dependent on the tumors’ blood vessel 
supply [32]. The lower number of tumors in the treatment groups may be due to the 
inhibition of angiogenesis by the presence of compounds present in cruciferous vegeta-
bles. Another possible mechanism for the reduction of tumors may be the flavonoids 
and other phenolic compounds in Brassica vegetables which have antioxidant and free 
radical scavenging potentials [33]. Some studies propose that an increase in tumor in-
cidence is associated with inflammation [34] [35]. Plant foods possess phytochemical 
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compounds which are inhibitors of cyclo-oxygenase (COX) [36] [37]. Sulforaphane 
which is abundant in cruciferous vegetables, may act as an anti-inflammatory agent 
[38], thereby inhibiting the activation of nuclear factor Kappa B (NF-κB) and COX-2 
which are both implicated in inflammatory diseases such as cancer [39] [40]. Among 
the vegetables tested in this study, a noticeable decrease in tumor incidence and tumor 
number was observed in the rats fed the canola greens diet. Research by Barrett and 
colleagues demonstrated that feeding rats with canola seed meal resulted in a lower 
tumor incidence compared to rats fed a soybean meal diet [41]. The authors implicated 
the effects seen in canola meal to the level of glucosinolates and other active compo-
nents present in the canola plant which may have protective properties against tumor 
formation. 

Glucosinolates from cruciferous vegetables are known for their ability to induce 
phase II detoxification enzyme system. One such enzyme is the GST detoxification en-
zyme which offers cellular protection by catalyzing the conjugation of carcinogenic 
electrophiles in the presence of glutathione, promoting the detoxification of carcino-
gens [42] [43]. The vegetables used in this study showed marked detoxification activity 
compared to the control. The lower tumor incidence seen in rats fed canola greens may 
be due to the ability of this cruciferous vegetable to stimulate their GST enzyme, there-
by influencing detoxification of xenobiotics.  

The antioxidant activity of the selected cruciferous vegetables provides some insight 
regarding the results seen in our treatment groups when compared to the control. Rats 
fed turnip greens had significantly (P ≤ 0.05) higher levels of GSH compared to those 
fed the cabbage diet, however not significantly (P ≤ 0.05) different from the rats fed 
collard greens and canola greens. The protective role of glutathione in cancer therapy is 
important because of the antioxidant’s ability to conjugate and detoxify carcinogens 
[44] [45]. Sulforaphane and other precursors of glucosinolates, act not only in the de-
toxification of carcinogens, but also in inducing anti-oxidative cellular potential, while 
inhibiting angiogenesis [38]. Scientific data have reported an increase in antioxidant ac-
tivities as a result of the presence of phenolic compounds which exert their chemopro-
tective properties by targeting or disrupting crucial events that are involved in cancer 
development [46]. The presence of bioactive compounds such as phenethylisothiocya-
nates (PEITC), benzyl isothiocyanates (BITC) and sulforaphanes in cruciferous vegeta-
bles may inhibit tumor initiation and promotion and decrease carcinogen activation 
[47]. 

5. Conclusion 

The beneficial role of food compounds in effecting optimal health in humans cannot be 
overstated. Cruciferous vegetables have attracted much attention and, therefore, studied 
extensively because of their naturally occurring compounds which play a critical role in 
inhibiting neoplastic effects of carcinogens, thus reducing the risk of cancers in various 
organs. The detoxification and antioxidant potential of the vegetables used in this study 
were noticeable, not only in the traditional vegetables investigated but also in canola 
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leafy greens. The results from this experiment indicate that cruciferous vegetables in-
cluding canola greens may be effective in the inhibition of colon carcinogenesis which 
are consistent with epidemiological studies [8] [48] on cruciferous vegetables and their 
role in carcinogenesis. The hypothesized mechanism of action involves the modulation 
of biotransformation enzyme activities by glucosinolate hydrolysis products, and also 
their ability to act as suppressing agents during the promotion stage of the neoplastic 
process [36] [49]. 
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