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needs to be given more than 10g a day in humans. Canolol at higher
than 0.3% was not pursued in the carcinogenesis study and was not
subjected for further investigations, i.e. pathological studies and exam-
ination of inflammatory cytokines.

Regarding the histopathology of the colon, as Figure 1 shows, the
canolol-treated groups (Figure 1C and D) had much less tissue damage
compared with the DSS control (Figure 1B) showing severe inflamma-
tion and erosion. Inflammation looks more alleviated in the higher dose
(0.3%) group (Figure 1D) resembling normal mucosa (Figure 1A) than
in the lower dose (0.1%) group (Figure 1C). After 7 days of consump-
tion of the canolol diet, mice in both canolol groups showed signifi-
cantly suppressed formation of ulcers in the colonic mucosa compared
with the DSS-induced colitis group without canolol (Figure 1E).

Canolol exhibits anti-inflammatory and antioxidative activity in
DSS-induced colitis

COX-2-specific immunostaining confirmed that DSS-induced colitis
clearly associated with colon inflammation (Figure 2A). The COX-2
expressions in DSS control mice were significantly higher than that
in normal ICR mice. However, we found the scores of COX-2 in the
canolol-treated groups were reduced compared with the DSS control,
though no significance was observed (P = 0.063).

Consistent with these findings, amount of free 8-OHdG in the
plasma, that is a common index for oxidative injury of DNA, was sig-
nificantly increased after DSS treatment, whereas it was suppressed
dose dependently by canolol; a significant difference was observed
between DSS group and DSS + 0.3% canolol group (Figure 2B).

Suppression of inflammatory cytokine production in vivo by
canolol treatment in the DSS-induced colitis model

The anti-inflammatory tissue protective effect of canolol was further
confirmed by measuring the TL-12 and TNF-a levels, which are major

(mean t SD)

Numbers of ulcers/mm

DSS DSS +0.1% DSS + 0.3%
canolol canolol

Fig. 1. Histological examination of the large bowel in DSS-induced colitis,
with and without canolol treatment. (A-D) Hematoxylin and eosin staining
of colon tissue from each experimental group. The arrow indicates the ulcer
(necrosis) in the colonic mucosa. (E) Quantification and summary of the
numbers of ulcers in each experimental group. See text for details. Data are
means * SD; n=6-10. *P < 0.05, **P < 0.01.
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cytokines involved in cell killing, in the serum of mice with DSS-
induced colitis. As seen in Figure 2C and D, DSS-treated mice had
significantly elevated levels of both cytokines, whereas these levels
decreased after treatment with canolol in a dose-dependent manner,
though no significance was observed for 0.1% canolol group com-
pared with DSS control group. This finding is consistent with the
improved symptoms and pathology of colitis as noted in Table 1.

Suppression of macrophage activation and cytokine production by
canolol in vitro

The effect of canolol on the progression of inflammation as mani-
fested by macrophage activation was investigated in vitro with
macrophages from BALB/c mice. Canolol, at concentrations up to
200 puM, showed no apparent cytotoxicity in macrophages and human
colon cancer Caco-2 cells (Supplementary Figure 2A and B, available
at Carcinogenesis Online). Activation of macrophages was induced
by simultaneously adding LPS and interferon-y, and activation was
assessed by measuring the generation of NO as nitrite (Figure 3A).
Under the same conditions, when canolol was added to the cells, mac-
rophage activation was significantly inhibited in a dose-dependent
manner (Figure 3A). Morcover, canolol treatment significantly sup-
pressed generation of inflammatory cytokines (i.e. [L-12 and TNF-a)
by the macrophages (Figure 3B and C). These data clearly indicate the
anti-inflammatory effect of canolol.

Protective effect of canolol against ONOO™-induced cytotoxicity
Canolol is known as a compound with potent antioxidative activity,
which is thought to contribute to its anti-inflammatory and cancer-
preventive effects. To evaluate this, we investigated the cytoprotective
effect of canolol against ONOO™, which is highly cytotoxic to many
cells including bacteria (14,15,20,21). ONOO~ is an endogenous
product of NO plus superoxide anion radical (O,7) in inflammatory
reactions (22), and it can damage DNA, RNA, proteins and other
critical molecules by means of oxidation, nitration and hydroxylation
(23,24). To investigate the cytotoxicity of ONOO™ and the antioxida-
tive cytoprotection of canolol, we selected a normal cell line, human
embryonic kidney cells HEK293. In this in vitro system, we found
that ~50-60% of cells died after treatment with ONOO~, which was
supplied by means of a donor, SIN-1, at 1 mM (Figure 3D). Because
of the short half-lives of SIN-1 (1-2 h in plasma) and ONOO™ (2-3 s
at physiological pH), the cytotoxicity of ONOO™ in this in vitro cul-
ture study may be underestimated. However, the important finding is
the significant inhibition of ONOO™induced cytotoxicity by canolol.
In addition, a dose-dependent effect of canolol observed in HEK293
cells and the cytotoxicity of 1 mM SIN-1 was completely inhibited by
50 uM canolol (Figure 3D). In addition, canolol itself had no apparent
cytotoxicity for this cell line, at least up to 100 uM (Supplementary
Figure 2C, available at Carcinogenesis Online), which suggests that
canolol is safe.

Preventive effect of canolol on AOM/DSS-induced colon
carcinogenesis

Inflammatory colitis is believed to be closely associated with the
occurrence of colon cancer (1-4). We, thus, investigated the preven-
tive effect of canolol in the AOM/DSS-induced colon carcinogenesis
model. The results, as shown in Table I, clearly indicated the suppres-
sive effect of canolol on the occurrence of colon cancer. Compared
with AOM/DSS control mice, 100% of which had colon tumors,
~40% of canolol-treated mice did not have these tumors. In addition,
the multiplicity was significantly reduced by ~50% in the canolol-
treated group compared with the untreated control group (Table I).
This effect showed no clear dose dependence, as 0.1 and 0.3% canolol
produced similar effect.

Suppression of COX-2, TNF-a, iNOS and HO-1 expression
by canolol in AOM/DSS-induced colon carcinogenesis

To investigate the chemopreventive mechanisms of canolol, we meas-
ured mRNA expression of proinflammatory cytokines, i.e. COX-2,
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Fig. 2. Immunohistochemistry of COX-2 (A) in colorectal lesions, and plasma levels of 8-OHdAG (B), as well as production of IL-12 (C) and TNF-« (D) in DSS-
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are means = SD (n = 6-10). *P < 0.05, #*P < 0.01.

TNF-0.and iNOS in AOM/DSS-induced colon carcinogenesis. Similar
to the findings in DSS colitis experiments (Figure 2A and D),
significant decreases of TNF-a and iNOS expression were observed
(Figure 4B and C). As to COX-2, though no significance was
observed (P = 0.054), apparent lowered expression was found after
feeding 0.3% of canolol (Figure 4A), and further immunohistochem-
ical staining of COX-2 in colon mucosa also showed that average
number of COX-2-positive cells in unit length tended to be lower
at 0.46+0.31/mm in canolol group compared with 0.89+0.39/mm
in AOM/DSS control group, although without statistical significance
(data are mean = SD; P = 0.082, Mann—Whitney U-test) (Figure 4E).

Moreover, when we examined the expression of HO-1, a major
antioxidative antiapoptotic molecule in various tumors reflecting
oxidative and other cellular stresses (25), a significantly decreased
expression was observed in canolol group compared with AOM/DSS
control group (Figure 4D), which in part supported the antioxida-
tive effect of canolol, i.e. higher oxidative levels in AOM/DSS group
inducing higher expression of HO-1, whereas suppressed oxidative
stress by canolol resulted in lower expression of HO-1.

Effect of canolol on colon 26 solid tumor model

To further examine the effect of canolol on tumor growth, a syngeneic
mouse colon tumor model (colon 26) was used. After oral adminis-
tration of canolol (100mg/kg) for three times, COX-2 expressions
in tumors were significantly lowered (Figure 4F): average area of
COX-2 was 1.42+0.47% in the control (no canolol) group, whereas
0.215+0.072% in the group fed with 0.3% canolol (data are mean +

SD; P < 0.002, Mann—Whitney U-test). However, only a slight but no
significant suppression of tumor growth was found (Supplementary
Figure 3, available at Carcinogenesis Online).

Safety of canolol

As summarized in Table II, no significant adverse effects such as
decreases in red blood cell and white blood cell counts and hemo-
globin levels were found in ICR mice after feeding 0.3% canolol for
6 weeks, which is the same dose for preventing AOM/DSS-induced
colon carcinogenesis. Also, no significant changes in the liver
enzymes and kidney functions were found under the same conditions.

Discussion

In this study, we demonstrated the protective effect of canolol, a
potent antioxidant that was recently isolated from canola (rapeseed)
oil (12), on IBD in a DSS-induced mouse model. Oral administra-
tion of a diet containing canolol to the mice significantly reduced
the symptoms and suppressed the progression of this disease, as
supported by the lengthening of the large bowel (Table I), as well
as by reduced severity and numbers of ulcers in the colonic mucosa
(Figure 1) and lower levels of COX-2 expression and inflammatory
cytokines (Figure 2A, C and D). These findings were associated with
a decreased occurrence of colon carcinogenesis induced by AOM/
DSS (Table I). However, though suppression of COX-2 expression by
canolol was also found in colon 26 solid tumor (Figure 4F), no signifi-
cant delay of tumor growth was observed (Supplementary Figure 3,
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available at Carcinogenesis Online). Partly consistent with these find-
ings, canolol does not show apparent cytotoxicity against cultured
cells including colon cancer cells Caco-2 (Supplementary Figure 2,
available at Carcinogenesis Online). These data suggested that cano-
lol might not exhibit chemotherapeutic/cytotoxic effect against the
growing tumors, whereas it exhibited significant chemopreventive
effect probably during the stages of initiation and/or promotion via its
antioxidative and anti-inflammatory activities.

Part of this anti-inflammatory effect of canolol may be attributable
to its antioxidative or scavenging activity against the excess ROS that
are produced during inflammation. ROS are known to be involved in
many diseases including inflammation, infections, ischemia/reperfu-
sion injury, neurological disorders, Parkinson’s disease, hypertension
and cancer (26-28). During the process of inflammation, O, is exten-
sively produced in infiltrated neutrophils and activated macrophages
by means of reduced nicotinamide adenine dinucleotide phosphate
oxidase and probably even more by xanthine oxidase, which is highly
expressed in inflamed tissues (27-30). We described similar results
in our previous study with an influenza virus infection model (29,31)
and in our more recent study with a xanthine oxidase inhibitor in a rat
liver ischemia/reperfusion model (30). Excess generation of ROS was
also observed in DSS-induced colitis model and could be suppressed
by xanthine oxidase inhibitor (Fang,J., Yin,H.Z., Liao,L., Qin,H.B.,
Ueda,F., Uemura,K., Eguchi,K., Bharate,G.Y., Nakamura,H., and
Maeda,H., unpublished data). O, is then converted to hydrogen per-
oxide by superoxide dismutase and/or glutathione peroxide, after
which the hydrogen peroxide is converted to hydroxyl radicals in the
presence of transition metals (e.g. Fe**). A massive amount of NO is
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also generated by iNOS that is upregulated in activated macrophages
(22,28), and NO can react rapidly with O, to form the more toxic
species ONOO™. All of these highly reactive biological radicals read-
ily cross cell membranes and react with proteins, DNA and lipids
(23,24,32-34), which results in cell damage. Furthermore, removal
of NO by reaction with O, on the vascular endothelial surface causes
vasoconstriction and triggers neutrophil adherence and accumula-
tion, which will promote the pathological process of inflammation
(20,21). This notion is supported by results of the present study, in
which canolol treatment significantly protected cells against the toxic-
ity of ONOO™ (Figure 4D and E), and moreover it also significantly
decreased the levels of 8-OHdG, one of the major indicators of oxida-
tive stress, in DSS-induced colitis model (Figure 2B).

Moreover, it was also reported that the antioxidative and cyto-
protective effect of canolol is probably partly through upregulating
antioxidative molecules such as NF-E2-related factor, HO-1, catalase
and glutathione S-transferase-pi via an extracellular signal-regulated
kinase-mediated pathway (35). However, in this study we found the
decrease of HO-1 expression in the distal quarter of the colon where
tumors occurred most frequently (Figure 4D). This finding may indi-
cate the different expression profile of HO-1 in normal tissues and
tumor tissues. In normal tissues, upregulated HO-1 protects against
oxidative stress and other damages, whereas many tumors highly
express HO-1 to support their rapid growth and protect against vari-
ous oxidative stresses (25). Moreover, these findings partly agreed
with a recent report showing that HO-1 may protect healthy tissues
against carcinogen-induced injury, but in already growing tumors, it
seems to favor their progression toward more malignant forms (36).
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Table II. Change in RBC, WBC, hemoglobin and plasma liver enzyme levels and kidney function after feeding canolol (0.3% for 6 weeks) in ICR mice*

RBC (10%/uD) WBC (10%/pl) Hb (g/dl)
Normal 992.2+35.9 304x4.2 16.0£0.6
Canolol” 953.0£20.2 28.8+1.9 15.1£04

BUN (mg/dl) Cr (mg/dl) AST (1U/) ALT (1U/) LDH (UM
Normal 20.7+0.8 0.15+0.02 673+2.8 28.4%22 1383.0£54.7
Canolol® 21.5+1.3 0.13+0.01 65.1+45 37.6+£4.2 1036.4+149.3

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cr, creatinine; Hb, hemoglobin; LDH, lactate dehydrogenase; RBC,

red blood cells; WBC, white blood cells.

*No significant difference was found between canolol feeding mice and normal mice in all selected indices. Values are presented as means = SE, n = 5-8.
°Canolol was administered at 0.3% (w/w) in diet. Assays were carried out at 6 weeks after feeding canolol.

Taken together, the association of canolol with HO-1 in AOM/DSS
colon carcinogenesis seems to be different from that in normal tissues
during stresses and damages as described earlier (35); further investi-
gations are thus warranted to make clear the mechanisms involved in
the effect of canolol in different conditions.

COX-2 is the enzyme that catalyzes the conversion of arachidonic
acid to prostaglandins, it is unexpressed under normal conditions in
most cells, but elevated levels are found under inflammatory condition
and is thus largely responsible for causing inflammation (37). Many
studies revealed that the products of COX-2 prostaglandins are highly

involved in the carcinogenesis of many tumors including colorectal
cancer metastasis and tongue and esophageal cancers (38,39). In this
study, we found a decrease in COX-2 expression (both in mRNA and
protein levels) after canolol treatment, though not statistically signifi-
cant, in DSS-induced colitis (Figure 2A) and in AOM/DSS-induced
colon carcinogenesis (Figure 4A). These findings at least partly sug-
gested that suppression of COX-2 expression is probably involved in
the effect of canolol on DSS-induced colitis and colon carcinogenesis.

Both the present study and our previous study (16) of canolol in
vivo showed suppression of a number of inflammatory mediators
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suchas TNF-a,IL-12,IL-1B,iNOS and COX-2 (Figure 2A, C,and D,
Figure 4A-C and ref. 16), which confirms that this suppression
will contribute to the anti-inflammatory activity and the antioxida-
tive effect of canolol against IBD and the subsequent colon car-
cinogenesis. Infiltrated neutrophils and activated macrophages are
major producers of these inflammatory cytokines during inflam-
matory diseases including IBD (40,41). ROS play an important
initial role in both the activation of macrophages and the induction
of inflammatory cytokines. Bulua et al. (42) recently reported that
ROS are crucial in LPS-stimulated macrophages for inducing pro-
duction of several proinflammatory cytokines through an mitogen-
activated protein kinase signaling pathway, as an essential feature
of innate immunity. Apoptosis signal-regulating kinase 1 is also
involved in this immune response (43). Consistent with this result,
we found in this study that the ROS scavenger canolol suppressed
activation of macrophages stimulated by LPS and interferon-vy, as
evidenced by reduced NO generation (Figure 3A) and lower levels
of IL-12 and TNF-o (Figure 3B and C). Also, certain cytokines,
i.e. TNF-a and IL-12, secreted by activated phagocytic cells, can
enhance ROS generation (44,45), which explains the important
role of cytokines in the pathogenic process of inflammation. These
findings suggested that the chemopreventive effect of canolol is
mostly via its antioxidative and anti-inflammatory effect to inhibit
the oxidative stress and inflammation, thus inhibiting the carcino-
genesis cascades.

Canolol is extracted from crude canola oil after roasting the rape
seeds and is a naturally occurring compound in this edible oil whose
concentration is estimated to be ~220-1200 ppm (12), which could
provide doses similar to that used in our study. The amounts of cano-
lol administered orally in the diet in this study were 0.1% and 0.3%,
or equivalent to 1-3 g/kg (dry weight) of feed for humans, which is a
reasonable range for supplement diet. In our previous study, we also
applied the 0.1% concentration in an H.pylori-induced gastric car-
cinogenesis model and showed a significant cancer-preventive effect
(15). Because the present colon carcinogenesis prevention study
revealed no dose dependency (Table I), the 0.1% canolol concentra-
tion may be the level of saturation. That is, 0.1% canolol may be suf-
ficient to prevent colon carcinogenesis.

Furthermore, canolol showed very little cytotoxicity to cells in
culture: it had no apparent toxicity in human HEK293 cells at least
up to 100 uM, in human Caco-2 cells up to 200 pM (Supplementary
Figure 2B and C, available at Carcinogenesis Online) or in mac-
rophages up to 300 pM (0.054 mg/ml), as described previously
(16) and in present study (Supplementary Figure 2A, available at
Carcinogenesis Online), which is a far higher concentration than
the concentration for effective scavenging of ROS (i.e. 1-20 uM)
(12,46). Similar results were obtained in our in vivo study. Mice
receiving a diet containing canolol up to 0.3% for 6 weeks showed
no apparent change in body weight (Table II) and no apparent tox-
icity as reflected by blood cell count and biochemistry of liver and
kidney functions (Table II). This safety profile suggests that canolol
has the potential to be not only a drug but also a food supplement
for disease prevention.

Colon cancer is the most common type of cancer in developed coun-
tries, with the highest incidence and mortality rates (47). With regard
to the mechanisms of colon carcinogenesis, genetic factors seem to
play an important role, as in familial adenomatous polyposis (48).
However, ROS were recently found to be one of the critical factors
in colon carcinogenesis and in familial adenomatous polyposis (49).
Dietary habits are known to be highly associated with the occurrence
of colon cancer (50,51). For example, oxidized oils in high-fat diets,
which are a risk factor for colon cancer, generate lipid peroxyl radi-
cals in the presence of heme or iron, damage DNA and consequently
induce colon cancer (50). Also, ROS contribute to many conditions
other than inflammation, such as virus infections and ischemia/reper-
fusion injury, as described above.

Moreover, an unhealthy diet, with a low consumption of green
vegetables and thus less antioxidants, may lead to the adverse
consequences of these ROS-related diseases. It should be noted
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that purified canola oil that is available in large supermarkets does
not contain canolol because the refining process removes it (12).
It should be also noted that the content of canolol increases dra-
matically by roasting process as used in traditional oil refining
process (12). Thus, the refining process should be modified so
that canolol is retained. The canolol used in this study was syn-
thesized, so synthetic canolol may be used as a preventive agent
for these diseases.

For IBD treatment, drugs commonly used in clinical settings pro-
vide symptomatic or palliative relief. Canolol treatment, however,
aims more at the cause of the disease, i.e. ROS. All these data there-
fore suggest that canolol may be effective not only for IBD-associated
colon cancer but also for ROS-dependent carcinogenesis, as described
for gastric cancer involving H.pylori infection (16). Canolol thus
holds promise as a preventive agent or supplement for both IBD and
colon cancer.

Supplementary material

Supplementary Figures 1-3 can be found at http://carcin.oxfordjour-
nals.org/
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