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Enhanced permeability and retention (EPR) effect. (a) A 5180 tumor on the skin of a mouse. The tumor shows relatively homogeneous

uptake of Evans blue/albumin, but normal skin in the background contains no blue color.®>7%7% (b) Heterogeneity of the EPR effect. Only the
tumor periphery took up Evans blue/albumin. {c) Blood vessels in normal liver had no leakage of polymer resin. (d} Metastatic tumor nodule (N)
in liver, approximately 200 um in diameter; showed distinct extravasation of polymer resin in small nodules (T). (e) Computed tomography of a
patient that shows selective uptake of Lipiodol in a tumor (white area) in the liver that was metastatic (met.) from gastric cancer (ca.): two
tumors (arrows) are intensely stained (white) by Lipiodol, Styrene-maleic acid copolymer conjugated with neocarzinostatin/Lipiodol was infused
into the hepatic artery under angiotensin Il-induced hypertension (see text, and refs 79 and 89. 60 M, patient, 60 yr old male; SX ia. AT,
SMANCS given via ia route under angiotensin Il induced hypertension. (e’) Computed tomography of the same patient approximately 1 month
later, showing a considerably reduced tumor size (arrows). Drug retention lasted for more than 1 month. (f) Relationship between radiolabeled
polymers of N-(2-hydroxypropyl) methacrylamide (P-HPMA) various molecular sizes and their uptake by tumor, kidney, and liver. The EPR effect
depended on time (6 h vs 5 min is shown). conc, concentration. (g) Relationship between the molecular size of drugs and tumor uptake of drug

(o), urinary clearance (CL, ), and area under the concentration versus time curve (AUC) of plasma (4).0%1577

selectivity and high antitumor potency. With Toshimitsu
Konno, M.D., a surgeon, we developed one of the most
effective tumor-targeting methods, arterial infusion of
SMANCS dissolved in Lipiodol. Because of its high lipophi-
licity, despite it being a macromolecule, SMANCS could be
dissolved in Lipiodol and a homogeneous solution could be
obtained. We believed that SMANCS/Lipiodol would pene-
trate the interstitial tumor tissue directly through the tumor’s
vascular walls after arterial infusion given into the tumor-
feeding artery. This technique was the first theranostic
approach (see later), in that the uptake of Lipiodol by the
tumor tissue allowed highly sensitive X-ray visualization of
the tumor, preferably CT.(7>#1=99

Quantitative evaluation of uptake by the tumor of *C-labeled
Lipiodol that we synthesized showed the extremely high tumor
selectivity of this approach: the tumor Lipiodol concentration
was 2000 times higher than that of blood at 15 min after, and
more than 3000 times higher at 3 days after intra-arterial infu-
sion.”>#!) The imaging potential with an X-ray system was thus
clear.®*%> These results were then applied to difficult-to-treat
human tumors, specifically hepatoma and other abdominal and
renal cancers, with or without angiotensin_II-induced hyperten-
sion, which augmented drug delivexy.(84‘87_89) Tumors such as
metastatic liver cancer and cancers of the gallbladder, pancreas,
liver, and kidney responded quite well to this treatment.*? A
marked therapeutic effect and diagnostic value, even early
detection, were obtained. Also, as a unique result, estimation of
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the level of drug (SMANCS/Lipiodol) delivered to the tumor
using CT became possible (Fig. 4e,e”). This protocol produced
very few adverse effects such as bone marrow suppression or
anorexia. Also, the prolonged retention of drug in the tumor
meant less frequent drug administration (once in 3—4 months)
was required, so that patient compliance was quite good.

As an extension of this method, bronchoarterial infusion of
ISDN (Nitrol®, Eisai, Tokyo. Japan), which also enhanced
tumor blood flow and drug delivery, followed by intra-arterial
infusion of SMANCS/Lipiodol for advanced lung cancer gave
very encouraging results.”” Several reports provide descrip-
tions of these results.!2>7%77

Influences on and augmentation of the EPR effect

Architectural differences in tumor vasculature. The enhanced
vascular permeability of solid tumors depends on two features.
One is the microanatomical architecture of tumor blood ves-
sels, which was observed by electron microscopy.‘n_“’gl’gz’
The tumor vasculature was extremely irregular, for example:
the vascular network branched and stretched; endothelial cell-
cell junctions had large gaps between them, with pores as lar%e
as 4 pm rather than the <10-nm pores of normal vessels®
the vascular diameter was larger, with a uniquely irregular
shape, and frequently missing pericytes or the smooth muscu-
lar layer that surrounds blood vessels; and leakage of acrylic
polymer resin occurred, similar to leakage of albumin into the

’
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interstitial space, as seen in Figure 4(a,b).">7*7%7D The gec-
ond feature concerns vascular mediators, as described below.

Factors that facilitate the EPR effect and artificial augmentation
of the effect. Pharmacological factors that facilitate the EPR
effect. As described earlier, we began our study of vascular
permeability in the bacterial infection and activation of the
kallikrein cascade, which resulted in the generation of kinin
(Fig. 1)."522 This same mechanism was found to occur in
cancer tissues. !> !%183239 e qubsequently determined that
NO, ONOO™, carbon monoxide, prostaglandins, and collagen-
ases among others, are mediators that facilitate the EPR effect
(Fig. 3a,c,d),“7”9'2"°4) as summarized in Table 1. Recent
reviews give good accounts on these issues.?H7¢"7%

Augmentation of the EPR effect. With the above-described
knowledge in hand, we continued to develop methods of aug-
menting the EPR effect for drug delivery to tumors. We first
infused angiotensin II i.v.,"® during the arterial infusion of
SMANCS/Lipiodol, to raise the blood pressure, as discussed
earlier. 7% This strategy takes advantage of the architectural
defects of tumor vessels to make drugs more permeable. The
second method used NO-releasing agents such as nitroglycerin
ISDN, and others, which are known to be quite safe.’ 7.90.96)
Frequently, the tissue of many tumors is hypoxic compared with
normal tissues, similar to infarcted heart tissue. This situation
means that denitrase is involved in NO formation by reducing
nitrite to NO, as Figure 3(d) shows. This process of NO genera-
tion is preferred by hypoxic tissues such as metastatic cancers
and other hypoxic cancers of the prostate and pancreas. Yasuda,
Jordan, and Mitchell and their colleagues also showed the use
of NO-releasing agents to be beneficial in conventional cancer
chemotherapy in terms of redox modulation.**~1%%

The third method uses bradykinin-potentiating agents such
as inhibitors of angiotensin I-converting enzyme to inhibit
kinin degradation in tumor tissue, which would result in a
higher kinin level at the site of kinin generation (tumor)
(Fig. 1).192134199 AJl these methods enhanced the EPR
effect and thereby drug delivery by two- to threefold. The lim-
ited clinical applications have indicated the potential for deliv-
ery of SMANCS/Lipiodol to tumors, as noted in descriptions
of methods using elevated blood pressure(sg) or ISDN,®®
which warrants further exploration.

(@) Free ZnPP

{(a) P-HPMA ZnPP

Sesomecsy 7
Micellar form
EPR (+)

e .
Non-micellar form  EPR (+) Heterogeneity

No EPR

()  BSA-thodamine conjugate  (c)

N,

BSA-rhodamine + NG

Heterogeneity of the EPR effect. The heterogeneity of the
EPR effect poses a problem in that some areas of tumor tissue
resist the uptake of drugs (of nanomedicines) for both chemo-
therapy and tumor imaging (see below), and drugs have great
difficulty reaching the tumor interstitium.’ However, we
demonstrated that augmentation of the EPR effect led to result
in a more uniform and enhanced drug delivery.”®7%%" Large
necrotic areas of tumor (as seen in Fig. 4b vs 4a) did not show
uptake of Evans blue/albumin, whereas the EPR effect was
more gronlinent at the tumor periphery, where tumor growth is
rapid."*7%#? Angiography revealed that pancreatic and pros-
tate cancers are hypovascular (so, less uptake of the contrast
agent occurs). However, even in these hypovascular tumors,
angiotensin II-induced hypertension seemed to improve drug
delivery to tumors (Fig. deen) TOT758)

Enhanced permeability and retention (EPR) effect in
tumor imaging

We first demonstrated the use of the EPR effect in tumor
imaging by injecting Evans blue dye i.v., so that the blue
tumor could be visualized (Fig. 4a).(5"5'21’22’7°_79’ To make
tumor detection more sensitive, we recently developed fluores-
cent-labeled macromolecules, named fluorescent nanop-
robes. 7104

Figure 5(a) compares detection using low-molecular-weight
free ZnPP and macromolecular HPMA polymer conjugated with
ZnPP. The free low-molecular-weight fluorophore (ZnPP,
molecular size 626.0) does not show tumor-selective uptake
(Fig. 5a"), whereas the polymer-conjugated ZnPP showed
marked tumor-selective uptake and remained in the tumor even
after 48 h (Fig. 52)."%” Another example involves free
rhodamine B (molecular size 479.0) versus rhodamine isothiocy-
anate-conjugated albumin (67 kDa). Here again, the EPR effect-
based tumor uptake was demonstrated and was unique for
macromolecular _grobes but not for free rhodamine B or ZnPP
(Fig. 5b vs 5b").""” These tumor images were obtained by using
the in vivo fluorescence detection system IVIS XR (Caliper Life
Sciences, Hopkinton, MA, USA) with intact animals. This find-
ing suggests that fluorescent endoscopy for detecting human
tumors should be possible. Treatment with the NO-releasing

(b) BSA-rhodamine (b’)Free rhodamine

Fig. 5. (a,b) Staining of tumors (T) with fluorescent
nanoprobes and free low-molecular-weight probes.
(a) Polymer N-(2-hydroxypropyl) methacrylamide
(P-HPMA)-conjugated zinc protoporphyrin  ZnPP
{micelles). {b) Rhodamine-conjugated BSA. These
drugs were given i.v. and show clear tumor-selective
fluorescence. The low-molecular-weight fluorescent
counterparts, free ZnPP and free rhodamine B
(images (a') and (b’), respectively), manifested no
tumor-selective fluorescent staining. EPR; enhanced
permeability and retention effect. (c) Fluorescence
after surgical organ removal, only tumor (T) and
blood plasma (P) showed fluorescent staining. (¢’) is
same as (¢) except that this mouse was treated with
nitroglycerin (NG). Results here show a more uniform
tumor delivery (T) and higher plasma level of the
nanoprobes than seen in (c). H, heart; K, kidney; Li,
liver; Lu, lung; S, spleen.

No EPR
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Fig. 6. Barriers to targeting of drugs to tumors
before the target molecules in tumor cells are
reached, from the vascular level to the molecular
target at the subcellular level. EPR, enhanced
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Fig. 7. Chemical structure of styrene-maleic acid copolymer conjugated-neocarzinostatin (SMANCS), and the styrene-maleic acid copolymer
(SMA) residue as a pH sensor and lipophilicity enhancer. (a) Chemical structure of SMANCS, which consists of a protein portion of neocarzinosta-
tin (NCS) and two chains of SMA copolymers linked at the N-terminal alanine and at lysine 20. (b,b) Close-up views of the SMA unit with styrene
and maleyl residues, in which the maley! carboxyl group has the role of a pH sensor. In acidic pH (b’), the R-COOH of maley! residues becomes to
COOH, which possesses higher lipophilicity than does the COO™ form. SMANCS would thus have greater cell-binding affinity, a more than 10 to
100-fold higher cellular uptake in weakly acidic pH, with cytotoxicity increasing in parallel. (b) At neutral or higher pH of normal tissues, depro-

tonation occurs, with formation of the negatively charged R-COO™ and more hydrophilicity of SMANC

5.(199-113) Col| interaction is thus impeded

and internalization into cells is lower. buSMA indicates the n-butylated ester form of maleyl residues in SMA, in which approximately 37 mol%
maley! residues of SMA are replaced for proton and the remaining carboxy! residues are free.

agent nitroglycerin in this model produced a more uniform
uptake in the tumor and elevated and prolonged plasma drug
concentration, which favor a greater EPR effect (Fig. 5c vs 5¢).

The term theranostic was coined by Funkhouser in 2002109

and is becoming quite popular. A recent comprehensive review
of this topic can be found in ref. 107.

A unique property of ZnPP is that it not only emits fluores-

cence during endoscopic imaging with xenon light irradiation,
it also generates singlet oxygen ('O,), which has cytocidal
effects on tumor cells, the result being significant tumor

(09 This theranostic
approach was confirmed with ZnPP-SMA micelles in_autoch-
thonous breast cancer in Sprague-Dawley rats in vivo.

regression and cure in an in vivo model.
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Drug uptake by tumor cells and drug release from
nanomedicines

Interactions with the cell surface: Influence of charge and
hydrophobicity. The most desirable anticancer agents must
ultimately possess properties to overcome various barriers, as
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given in Figure 6.7 The first, most crucial barrier is the
vascular wall, and the EPR effect plays a key role here. To
take advantage of the EPR effect, drugs must have macromo-
lecular characteristics (or nanomedicines), which permit selec-
tive extravasation into tumor tissues but not normal tissues
(Figs 4.,5).

Among other critical steps, cellular internalization of drugs
is indispensable and can be a great barrier to therapeutic effec-
tiveness (Fig. 6). A contradictory issue exists in the interaction
between nanoparticles and cell surfaces of normal as well as
tumor cells. Requisites for the EPR effect include a sustained
high concentration of nanomedicines in plasma during circula-
tion that requires less interaction of nanomedicines with sur-
faces of cells such as vascular endothelial cells, and escape of
nanomedicines from clearance by phagocytic cells. In this
respect, the “stealth” characteristic of PEGylated and HPMA-
polymer conjugates is now known as a favorable feature.
Hatakeyama et al. reported, however, that such stealth nano-
particles are poorly taken up by cancer cells."°® In our labora-
tory, we compared HPMA-, PEG-, and SMA-conjugated
micelles, and found that among these, SMA conjugates had the
highest cellular uptake, whereas both PEG- and HPMA-
polymer conjugates had much less efficient cellular uptake.!%

In our earlier studies of SMANCS, we showed that conjuga-
tion of SMA conferred far greater cellular uptake, which corre-
sponded to cytotoxicity." """ That is, more efficient cellular
uptake (50 to 100-fold) occurred with the hydrophobic SMA-
polymer conjugate (SMANCS) than with the parental NCS, and
more potent cytotoxicity (20 to 100-fold) was observed in a
weakly acidic environment, as in tumors, than in the neutral pH
of normal tissues. In the weakly acidic setting, the protonated
(COOH) form of the maleyl residue in SMA has stronger hydro-
phobicity and a higher affinity for cell membranes than does the
ionized COO™ form of SMA (see Fig. 7b vs 7b")."' 119110 Ao,
many cell surfaces are negatively charged, so that interaction
with negatively charged nanoparticles is repelled, which results
in less cellular uptake. Maleyl carboxyl residues would therefore
provide a pH-sensing property in the tumor environment.

These results show that hydrophobicity and charge are
important for the cell-binding property. However, this hydro-
phobic feature should be carefully controlled, or hemolysis or
cell lysis may be induced.™'? This hydrophobic property of
cell lysis and strong anionic nature would also cause rapid
uptake by the liver or spleen. These effects may be another
drawback, but they can be controlled by proper modification
of the carboxyl group (Tsukigawa K and Maeda H, unpub-
lished data).

Drug release from drug complexes or carriers. Release of
drugs from nanoparticles is another critical step for tumor-
selective drug delivery. We found that HPMA-ZnPP and
SMA~ZnPP micelles, for example, disintegrated during endo-
cytosis, not during circulation, and that disintegration in the
cell made the drug more accessible to the target molecules.”'*”
A similar phenomenon of disruption of micelles was seen after
treatment with lecithin or detergent. "% Many researchers con-
jugated active ingredients to the polymers using specific prote-
ase-cleavable peptides with preferred amino acid sequences, or
ester or other chemical bonds.''® For example, SMA was
conjugated to NCS by amide bonds in SMANCS, and the
maleyl amide underwent spontaneous hydrolysis in acidic pH.
In addition, the hydrazone linker bond between the polymer
and ZnPP spontaneously released ZnPP in the weakly acidic
pH of tumor tissues (Nakamura H, Subr V, Ulbrich K, Maeda
H, unpublished data). We also found disruption of an SMA-
cisplatin complex on endocytosis or incubation at weakly
acidic pH was 6-7-fold faster than that at neutral pH (Saisyo
A, Maeda H, and Nakamura H, unpublished data). Also,
micelles or liposomes should be stable during circulation but

release the drug as it arrives at the tumor site is needed. Many
improved ways to control the release of drugs from conjugates
or complexes as based on the condition of the tumor environ-
ment are thus anticipated.

Conclusion

The vascular permeability of infected, inflamed, and tumor tis-
sues results from multiple factors such as vascular mediators
listed in Table 1, and architectural defects in tumor vessels, as
described earlier. This phenomenon occurs especially with
macromolecules and nanoparticles, but tumor tissue manifests
great differences in this phenomenon, in that it tends to retain
macromolecules in the tissue interstitium for far longer than
does normal inflamed tissue. We named this phenomenon the
EPR effect of macromolecules in cancer. SMANCS (Fig. 7a)
was the first polymer conjugate that we developed that pos-
sesses the EPR effect, (6977798489

Different mechanisms participate in the generation of ROS
and RNS in infected, inflamed, and cancer tissues. These
mechanisms include ONOO™, a product of O; and NO, which
is one of the most potent oxidizing, nitrating, and DNA/RNA-
cleaving molecules that is involved in mutagenesis, drug
resistance, carcinogenesis, vascular permeability, and tumor
metastasis (Fig. 3).

We previously demonstrated the EPR effect using Evans
blue (Fig. 4a,b), but it can also be visualized by using fluores-
cent probe-labeled macromolecules for tumor imaging in vivo
(Fig. 5). However, the EPR effect as seen with Evans blue
albumin staining is heterogeneous (Fig. 4b), which may
impede uniform macromolecular drug delivery. This poor drug
delivery to an area of a tumor with an apparently low EPR
effect may be augmented by raising systemic blood pressure
using slow infusion of angiotensin II or prodrugs of vascular
mediators such as nitroglycerin.

To achieve efficient nanomedicine drug delivery to
tumors on the basis of the EPR effect, a number of barri-
ers, such as molecular size, surface charge, hydrophobicity,
and drug release, must be overcome (Fig. 6). Differences
between the environments of tumor tissues and normal tis-
sues can be exploited to achieve greater tumor-selective
drug release at the cellular level; examples include the
weakly acidic pH of tumor tissues by using the hydrazone
bond, and by using tumor-secreted proteases such as
cathepsin or collagenases to cleave linker peptides. All
these effects are more important in vivo than in cell-free
systems or at the molecular level.

We are now working on endoscopic detection of tumors at a
very early stage by using light irradiation of tumors to gener-
ate ROS, that is, phonon-generated singlet oxygen, as the
active principle. We have developed fluorescent nanoprobes
such as polymer-bound ZnPP that show tumor-selective accu-
mulation and that, together with tumor-selective generation of
ROS, will kill tumor cells in situ."° Such a theranostic
approach will provide a highly tumor-selective therapeutic
method to achieve the least invasive and most patient-friendly
cancer treatment.
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Abbreviations

AUC area under the concentration versus time curve
[ #4 computed tomography
EPR enhanced permeability and retention
HPMA N-(2-hydroxypropyl) methacrylamide
ISDN isosorbide dinitrate
NCS neocarzinostatin
NO nitric oxide
NOS nitric oxide synthase
Nox NADPH oxidase
(09 superoxide anion radical
ONOO™ peroxynitrite
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Abstract

Oxidative stress is associated with various pathological processes including inflammatory
bowel disease, which is a major cause of colon cancer. Here, we examined the antioxidative
and anti-inflammatory effects of 4-vinyl-2,6-dimethoxyphenol (canolol), a recently identified
potent antioxidant compound obtained from crude canola (rapeseed) oil. Our models were
dextran sulfate sodium (DSS)-induced colitis and azoxymethane (AOM)/DSS-induced colon
carcinogenesis in mice; . Oral administration of 2% DSS resulted in the progression of colitis
with diarrhea, hematochezia and shortening of the large bowel length. Administering a diet
containing 0.1% or 0.3% ‘Ca:n’olyokl significantly sﬁppressed pathogenesis; diarrhea markedly
improved and the length of large b(”)Wél“ returned to almost normal. Pathological examination
clearly ;evealed improvement of colof'r/x’i;:k‘ ﬁlcc;s that had been induced by oral administration of
DSS. Production of inflammatory cytokines;“i:é;;~ interleukin-12 and TNF-a, was significantly
increased in mice with DSS-induced colitis. However, ,:prod,uction was markedly inhibited by
the diet containing canolol. k’In éddition, m thé AOM/DSS-lnduced colon cancer model, mice
receiving canolol in the diet had a reduced occurrence of caﬁ;cgfggfco 60%, compared with control
mice, 100% of which had colon cancer. The numbers of tumorsm each mouse were also
significantly reduced in mice eating the canolol-containing diet (56;1- 2.0) compared with
untreated control mice (10.8 + 4.2). Moreover, inflammatory cytokines (i.e., COX-2, iNOS,
TNF-a) and oxystress-responding molecules (i.e., HO-1) in colon were suppressed during this
treatment. Taken together, these data indicate that canolol effectively suppressed inflammation
and colitis-associated carcinogenesis. Canolol may thus be considered a potential cancer

preventive agent or supplement.
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Carcinogenesis

Abstract

Oxidative stress is associated with various pathological processes including inflammatory
bowel disease, which is a major cause of colon cancer. - Here, we examined the antioxidative
and anti-inflammatory effects. of 4-vinyl-2,6-dimethoxyphenol (canolol), a recently identified

potent antioxidant compound obtained from crude canola (rapeseed) oil. Our models were

dextran sulfate sodium (DSS)-induced colitis and azoxymethane (AOM)/DSS-induced colon

carcinogenesis in mice. ;’kOryal administration of 2% DSS resulted in the progression of colitis
with diarrhea, hematochézia and shortening of the large bowel length. Administering a diet
containing 0:1% or 0.3% ca‘hoibl significantly suppressed pathogenesis; diarrhea markedly
improved and the length of large:deQIV‘retumed to almost normal. Pathological examination
clearly revealed improvement of coloﬁilcyfljlylcerks that had been induced by oral administration of
DSS. Production of inﬂarnmatoryfcytokiﬁésg' ie. inteﬂeukin-l2 and TNF-a, was significantly
increased in mice with DSS-induced colitis. However, production was markedly inhibited by
the diet containing canolol. In addition, in the AOM/I?SS“-induced colon cancer model, mice
receiving canolol in the diet had a reduced occurrence of caﬁcef, 10 60%, compared with control
mice, 100% of which had colon cancer. The numbers of tumorsm each mouse were also
significantly reduced in mice eating the canolol-containing diet (56i20) compared with
untreated control mice (10.8 + 4.2). Moreover, inflammatory cytokines (i.e., COX-2, iNOS,
TNF-a) and oxystress-responding molecules (i.e., HO-1) in colon were suppressed during this
treatment. Taken together, these data indicate that canolol effectively suppressed inflammation
and colitis-associated carcinogenesis. Canolol may thus be considered a potential cancer
preventive agent or supplement.
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Introduction

Inflammatory bowel disease (IBD) comprises a group of common diseases that manifest
chronic inflammation of the colon and small intestine (1-3). The major types of IBD are
Crohn’s disease and ulcerative colitis. Although IBD itself is rarely fatal, it can greatly
diminish the quality of life because of pain, vomiting, diarrhea, and other socially unacceptable
symptoms. More important, patients with IBD commonly have an increased risk of colorectal
cancer; i.e., the risk “of:cély,oncancer in patients with ulcerative colitis begins to rise significantly
above that of the general-,pdpulationapproximately 8 to 10 years after diagnosis (1-4).

At present, a common thérépe‘utic,modality for IBD is use of anti-inflammatory agents,
including sulfasalazine (Salazopyrin): ‘and -acetylsalicylic acid, steroid hormone, and other
immunosuppressive agents. Most of "thesg;treatments are symptomatic and palliative because
the etiology of the disease is not yet establi’skhed." Asa result, the disease persists for a long time.
Therefore, a therapeutic/preventive strategy that is -b’a§e’,djon the mechanism of IBD is an urgent
necessity.

Although the exact cause of IBD must be determined,"‘dySfunCtional immunoregulation is
thought to be the primary reason (1-4). Genetic, infectious, imﬂilindlogical, and psychological
factors have also been implicated as influencing the development of IBD Recently it was also
reported that, similar to Helicobacter pylori-induced gastritis, bacterial infection may be
involved in pathogenesis of IBD, and combination therapy with antibiotics produced a
significant therapeutic effect (5-8).

Another possibility concerns reactive oxygen species (ROS): high levels were produced in
IBD, which suggests that ROS may be implicated in the molecular etiology of IBD (9, 10). The

destructive effects of ROS on DNA, proteins, and lipids, because of the highly reactive nature
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of ROS, may contribute to initiation and propagation of the disease (6, 7). The investigation of
antioxidant agents may thus help illuminate the etiology, treatment, and prevention of IBD.
Indeed, many researchers proved antioxidant treatment of IBD to be effective, not only in
animal experiments but also in clinical settings (9, 11). - -

In our laboratory, we identified a potent antioxidant phenolic compound in crude canola
(rapeseed) oil, 4-vinyl-2,6-dimethoxyphenol (canolol), which: exhibits a more potent
alkylperoxyl (ROO) radiéal scavenging activity than many well-known antioxidants, such as
a-tocopherol, vitamin C, B-parotene, rutin, and quercetin (12).  Recently canolol was also
found in mustard seed oil ('13'). We previously reported a strong inhibitory capacity of canolol
against the endogenous mutagenlpjéréxjkmitrite (ONOQ"), which is a potent oxidizing as well as
nitrating agent, and suppression by ckano,lo‘l' -of bacterial mutation, via protection from DNA
damage (14, 15). In related studies, we démbhstrated a protective effect of canolol against
gastritis and gastric ulcers and a preventive *refféct::bn gastric carcinogenesis in the H.
pylori-infected carcinogen-treated Mongolian gerbii; Which is an excellent animal model of H.
pylori-induced chronic active gastritis similar to IBD and ‘iﬁ\:folfving ROS (16).

Addition of dextran sulfate sodium (DSS) to the drinking wa't"e;bf‘mice induced acute colitis
characterized by bloody diarrhea, ulceration, and inflammatory inﬁﬂfraﬁoﬁ' of leukocytes in the
colon, as a result of toxicity to gut epithelial cells and distortion of the integrity of the mucosal
barrier (17). The DSS-induced colitis model, which we used in this study, is commonly utilized
as a model of inflammatory colitis (5, 6). Application of azoxymethane (AOM) together with
DSS produces a model of chronic colitis and colitis-associated colon carcinogenesis (18). The

purpose of our present study was to evaluate the effectiveness of canolol for inhibition of IBD
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and colitis-associated carcinogenesis. We also investigated the effect of canolol on induction of

inflammatory cytokines during development of colitis.

Material and Methods

Chemicals

Canolol (molecular weight, 180), with >95% purity, was synthesized by Junsei Chemical Co.,
Ltd. (Tokyo, Japan). . «Aﬁﬁéxidant 2,6-di~tert-butyl-4-methylphenol (butylated hydroxytoluene
[BHT], Sigma Chemical, "Stfi{ Louis, MO) was added to canolol solution (in ethanol) at the
concentration of 300 ppm, whlch hgd_no significant therapeutic effect on colitis and colon
cancer prevention (16). The preparation in solid form or solution was sealed under helium or
nitrogen, and stock solution in ethanol was’kept at —80°C. DSS was purchased from Wako Pure
Chemical (Osaka, Japan), and AOM VWas “‘from’ Sigma Chemical - (St. - Louis, MO).
3-(4,5-Dimethy1—2—thiazolyl)-2,5-diphenyl—2H-tetraquiﬁm bromide (MTT) was purchased

from Dojindo Chemical Laboratory (Kumamoto, Japa‘n)’:;r’, '3

Diets

The AIN93G diet containing canolol was used in this study thh “some modifications.
Components of the modified AIN93G diet are as follows (g/kg): corn starch, 397; casein, 200;
a~corn starch; 132; sucrose, 100; soybean oil, 70; cellulose, 50; AIN93G mineral mixture, 35;
AINO93G vitamin mixture, 10; L-cystine, 3.0; choline bitartrate, 2.5; and BHT, 0.014. 1-Cystine
and BHT were purchased from Sigma Chemical (St. Louis, MO); other components were from
Oriental Yeast Co., Ltd (Tokyo, Japan). Canolol was first dissolved in soybean oil and then

mixed into the diet to the concentration of 0.1% or 0.3%. The control diet contained the same
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components but no canolol. The diets were sealed under vacuum and were stored at —30°C;
they were given daily after being thawed. Each day, leftovers from the previous day’s feeding

were measured, and new food was provided to replace the amount eaten.

Cell culture

Human embryonic kidney cells HEK293, and human colon cancer cells Caco-2 were cultured
in Dulbecco’s modiﬁcdiﬁagle’s medium (Invitrogen, Carlsbad, CA), mouse colon cancer cells
colon 26 were cultured m RgﬁSWeH Park Memorial Institute (RPMI) 1640 medium (Invitrogen,

Carlsbad, CA), at 37°C in an ‘étmosphere of 5% C0,/95% air.

Animals and experimental protocol ‘

Female ICR mice, 6 weeks old and weighiﬂg!.‘?.(y)"‘to 25 g, and female BALB/c mice, 8 weeks old,
were obtained from Kyudo Inc. (Kumamoto, Japan) Al animals were maintained under
standard conditions and were fed water and murine chow ad libitum. All experiments were
carried out according to the Guidelines of the Laboratory l;'ro"t"ocbl of Animal Handling, Sojo
University, and were approved by the Animal Care Committéeéf ébjo University.

Figure 1A illustrates the experimental protocol for the DSS-indﬁécé colitis model. During
the entire experimental period (7 days), mice of canolol treatment groups were fed -diets
containing different concentrations of canolol. Control mice were fed the same diets but
without canolol. Two hours after the diet was changed to canolol-containing diet, water
containing 2% DSS was supplied to all groups except the healthy normal mouse group, for
entire 7 days. Fresh diet was supplied daily, and the body weights of mice and amounts of

consumed diet were determined each day. According to this protocol, symptoms indicating the
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severity of colitis obtained by macroscopic observation, such as characteristics of fecal pellets,
diarrhea, and hematochezia, were recorded. At day 7, the mice were killed, and specimens of
blood, colon, and liver were collected for biochemical and pathological examinations. After
the length of each colon was measured, the colon specimen was fixed with 20% formalin
solution and embedded in paraffin. Paraffin-embedded sections (6 pm thick) were prepared as
usual for histological examination after hematoxylin and eosin (H&E) staining, as well as for
immunohistochemical stéining as described below. Serum obtained from the blood collected
was used to determine levyels“ of TNF-a and interleukin-12 (IL-12), as described below.

Figure 1B shows the experi‘mental‘ protocol for colon carcinogenesis induced by AOM/DSS.
On day 1, AOM (at 10 mg/kg) diséolved in saline was administered intraperitoneally (i.p.), and
after 1 week, 2% DSS was given orally’in:‘the;drinking water for 1 week. The diet was changed
to the canolol-containing diet from 2 h béfdr’é“AOM administration and was continued for the
entire experimental period of 6 weeks. The amount éffObd consumed was calculated daily. Six
weeks after the AOM injection, mice were killed, and cplbﬂf'~and liver specimens were collected.

The numbers of tumors in the colon of each mouse were measured.

Evaluation of colitis severity

We evaluated the colitis severity by measuring disease activity index (DAI) semiquantitatively,
by measuring colon length as an indirect marker of inflammation, and by using histology after
H&E staining. The DAI was determined by scoring changes in animal weight, presence of
occult blood, gross bleeding, and stool consistency, as described in the literature (19). We used
five grades of weight loss (0: either a gain of weight or no weight loss; 1: 1% to 5% loss; 2: 5%

to 10% loss; 3: 10% to 20% loss; 4: 20% loss), three grades of stool consistency (0: normal; 2:
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loose; and 4: diarrhea), and three grades of occult blood (0: negative; 2: occult blood-positive;
and 4: gross bleeding). Individual mice were graded, and the mean value for each experimental
group was obtained.

Further, histological evaluation of ulcer was carried out to quantitate the degree of colitis.
The numbers of ulcer regions. were counted in whole colon mucosa and divided by the total
length: of the evaluated colon specimens. The numbers of ulcers are expressed in unit length

(mm).

Effect of canolol on colon 26 ftrc;ixspZanfed tumor

The effect of canolol on tumor was further investigated in a mouse colon cancer model.
Cultured colon 26 cells (2 x 10%) Wefe‘irﬁplagnted subcutaneously in the dorsal skin of Balb/c
mice. Ten days after tumor inoculation,n when tumor reached a diameter of 5-6 mm, canolol
(dissolved in corn oil) was orally administration at:ihe,d"('k)se of 100 mg/kg (0.1 ml), and corn oil
without canolol was used for control mice. Admin,is’tr\‘@ztjiqnﬂwas carried out every second day,
totally for 3 times. Growth of the tumors was monitored éVexy 2-3 days by measuring tumor
volume with a digital caliper, which was estimated by measuring ‘kleﬁgimdinal cross section (L)
and transverse section (W) according to the formula V= (L x WZ)&;;‘:;‘fAtiday 15 after the first
canolo!l administration when tumor reached a diameter about 12-13 mm, mice were killed and
tumor tissues were excised for histological examination and immunohistochemical analysis as
described below. -

Immunohistochemical analyses of cyclooxygenase-2 (COX-2)

Expression of COX-2 in colon mucosa and colon 26 solid tumors upon different treatments was

detected immunohistochemically as described previously (16), using a rabbit anti-mouse
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COX-2: polyclonal antibody (diluted 1:500, Cayman- Chemical, Ann Arbor, MI) with
3,3’-diaminobenzidine (DAB, Wako Pure Chemical, Osaka, Japan) for visualization,  Tmages
were analyzed with Imagel software (National Institutes of Health, Bethesda, MD) for brown
deposition of DAB as COX-2 positive. One pathologist (T. Tsukamoto) who was not informed
of the samples' information examined the immunostained slides.

To quantitate the degree of staining, numbers of COX-2 positive cells were counted in whole
colon mucosa in DSS indﬁced colitis experiment, or counted in a distal quarter of colon mucosa
which is the target region ofAQM/DSS in colon carcinogenesis experiment, and divided by the
total length of the evaluated colon specimens to compare each sample equally. The numbers of
COX-2 positive cells are illustratedkiﬁﬁnit length (mm).

In the experiments using colon 26 Séiié tumor, three representative photographs were taken
from each tumor using an AxioCam HR‘c‘digitai camera and AxioVision v.4.8.2.0 software
(Carl Zeiss, Oberkochen, Germany), and average‘; t_pésitive areas in the each frame were

compared between control and canolol groups.

ELISA for 8-OHdAG (8-hydroxydeoxyguanosine) in the plasmc’k'z,’Of‘DSS induced colitis mice
with/without canolol treatment g

Oxidative stress of the DSS induced colitis mice with or without canolol treatment was
examined by detecting 8-OHdG in plasma, by use of an ELISA kit (8-OHdG Check, JalCA,
Fukuroi, Shizuoka, Japan). In brief, blood was withdrawn from the inferior vena cava after
mice were killed and plasma samples were obtained by centrifugation (4°C, 5000g for 20 min),
DNA in each sample was then extracted by using QuickGene DNA tissue kit (DT-S, Wako Ltd.,

Osaka, Japan), followed by hydrolysis using an 8-OHdG Assay Preparation Reagent Set (Wako

10

Page 10 of 43



Page 11 of 43

OCOONOOTA WN -

10

11

13

14

15

16

17

18

19

20

21

22

23

Carcinogenesis

Ltd., Osaka Japan). The ELISA assay was then performed to detect 8-OHdG according to the

manufacturer’s instructions.

Effects of canolol on production of IL-12 and TNF-o. in DSS-induced colitis
Serum samples from mice with DSS-induced colitis were obtained as described above, and
levels of TNF-a and IL-12 were quantified by using an ELISA kit (Pierce Biotechnology, Inc.,

Rockford, IL) according:tbf'the manufacturer’s instructions.

Inhibitory effect of canolol ohyaczlétivation of macrophages from the BALB/c mouse
Macrophages were obtained from fhé~pefitoneal fluid of mice stimulated with casein. In brief,
1 mL of 5% casein sodium (Wako Lt’d’:k," Qsaka Japan) in PBS was injected i.p. into BALB/c
mice. After 3 days, mice were killed, and SmL of cold PBS was injected into the peritoneal
cavity, after which peritoneal lavage fluid (ab'ékqt 5 mL) was collected, followed by
centrifugation of the fluid (1,000 rpm, 5 min) at 4°C. T’lnl"”e;xyhacrophages were washed with PBS
3 times by centrifugation, and then 15 mL of RPMI mediﬁfﬁ ’(»Invitrogen, Carlsbad, CA) with
10% FBS was added and macrophages were cultured in a plas"t’icfl?‘(’éﬁ"i, dish (100 x 26 mm; Nunc
A/S, Roskilde, Denmark).

To activate the macrophages in culture, lipopolysaccharide (LPS) (1.0 pg/mL) and IFN-y
(0.1 pg/mL) (Sigma Chemical, St. Louis, MO) were added to the cells for 24 hours. Culture
medium was then collected for measurement of the concentration of nitrite, which is formed
from nitric oxide (NO). A significantly high amount of NO was generated by activated
macrophages, which was attributable to the action of inducible NO synthase (iNOS). The

nitrite concentration was quantified by using a Griess reagent kit (NO»/NO3 Assay Kit-C 1I;

11
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Dojindo Laboratories, Kumamoto, Japan), according to the manufacturer’s instructions. The
production of inflammatory cytokines, i.e., TNF-a and IL-12, was also measured in culture

media by using the ELISA method as mentioned above.

Protective effect of canolol against ONOO™ -induced cytotoxicity

HEK293 cells were plated at 3000 cells/well in a 96-well plate (Nunc A/S). After overnight
preincubation, | mM or 2 mM SIN-1 [3-(4-morpholinyl)sydnonimine hydrochloride (Dojindo
Laboratories, Kumamoto,ﬁ'.fapan)], from which ONOQO™ was produced, was added to the cells.
Canolol at various concent‘ryéit'i’ons‘ was then added. After an additional 48 hours of incubation,

cell viability was determined by usiiig the MTT assay.

Expression of COX-2, TNF-a, iNOS and heme oxvgenase-1 (HO-1) in colon tissues of
AOM/DSS induced carcinogenesis mice wzfzh/withoizf feéding canolol

To examine the antioxidative, anti-inflammatory mech’anyi’sms of canolol in chemoprevention
against AOM/DSS induced colon carcinogenesis. mRNA expressions of representative
oxidative inflammatory molecules (i.e., COX-2, TNF-q, H.O-'ikf ;kamjiwiNOS) were detected by
RT-PCR. Briefly, after the protocol of AOM/DSS induced carcihéé&nési.s, total RNA from
colon tissues of distal quarter in which most tumors were observed, was extracted by using
Sepasol®-RNA I Super reagent (NACALAI TESQUE, INC., Kyoto, Japan), according to the
manufacturer’s instruction. The nucleotide sequences of the oligonucleotide primers and cycle
conditions of PCR are as follows: COX-2, forward 5’-ACA CAC TCT ATC ACT GGC ACC-3°,
reverse, 5°-TTC AGG GAG AAG CGT TTG C-3’, 35 cyeles of 15 sec at 94°C, 15 sec at 55°C

and 1 min at 72°C to obtain a 274 bp ¢cDNA; TNF-¢ forward 5°-CTA TGT CTC AGC CTC TTC

12
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