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Fig. 3. Generation of free radicals in infection and
cancer. (a) Nitric oxide synthase (NOS) can generate
nitric oxide (NO) and superoxide (O;), and then
peroxynitrite (ONOO™) «can nitrate guanine
(— 8-nitroguanine), and 8-nitroguanine (NitroGuo)
can become a substrate of NOS or cytochrome ¢
reductase, thereby generating O;. The total system
thus works as a progressive reaction, with a
stoichiometry of greater than 1:1. (b) Generation of
O; from heterocyclic amine (HCA) in the presence
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+Fet*
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of cytochrome (Cyt.) P450 reductase and NADPH,
which results in DNA damage or cleavage and
mutation.®>%557) (¢) Heme oxygenase (HO)-1 can
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\ reductase effect
Fp(red) 01 ¢
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generate carbon monoxide (CO), which results in
the enhanced permeability and retention (EPR)
effect. HO-1 is usually upregulated in most tumors.
Nitroglycerin (d) Enhancement of the EPR effect by application

(NG) of nitroglycerin. FAD, flavin adenine dinucleotide;
FMN, flavin mononucleotide; fp(ox), flavoprotein
oxidized form; fp(red), flavoprotein reduced
form_(SO.SS

cancer-promoting effects resulting from inflammation, in which
the oxygen burst caused by Nox and the NO generation
induced by iNOS derived from infiltrated leukocytes®' %67
were crucial requirements. This concept has now became a
textbook example of an essential component of carcinogenesis,
including that in humans.”

Vascular permeability leading to tumor-targeted drug
delivery, lymphotropism, and mechanism of the EPR
effect of macromolecules

Uniqueness of tumor vasculature, and extravasation of macro-
molecules given i.v. As mentioned earlier, we simultaneously
carried out multiple research projects in my laboratory. The
anticancer agent composed of a conjugate of a polymer (SMA)
and a protein (NCS) (i.e. SMANCS) showed considerable
lymphotropic accumulation, consquenﬂ% it became effective
against metastatic tumors in rats.**® Another important
finding was the markedly high accumulation of SMANCS in
tumor tissues, as we expected,” %7378 which was approxi-
mately 10-100 times greater than that in normal tissues
(Fig. 4). We also found that the plasma concentration (or
AUC) of SMANCS at 24 h after i.v. inoculation in both mice
and patients was more than 20 times greater than that of the
parent drug NCS.

To understand the mechanism underlying this tumoritropic
behavior of biocompatible macromolecules and SMANCS, we
carried out additional investigations with biocompatible mac-
romolecules such as albumin (68 kDa), transferrin (90 kDa),
and IgG (160 kDa) as well as small proteins (NCS, 13 kDa,
and ovomucoids, 29 kDa).**® The results showed a progres-
sive increase in accumulation of large proteins in solid
tumors over time. Concentrations of these proteins in most
tumors strikingly exceeded their concentrations in blood.
Also, drug accumulation in tumors paralleled the AUC for
macromolecules.”'*™'* SMANCS (16 kDa), which binds
with plasma albumin (resulting in a size of 90 kDa) mani-
fested tumoritropic characteristics, and we proposed a new
concept of tumor-selective drug delivery based on the EPR
effect (Fig. 4) 501569 14 thig concept, tumor uptake of
drugs is not transitory, as observed by angiography for low-
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molecular-weight contrast agents; instead, tumor tissues show
persistent retention of macromolecules for a very long time,
for example, many weeks.

To elucidate the EPR effect, we collaborated with Duncan,
Ulbrich, and others and used the well-characterized biocompat-
ible P-HPMA, whose size ranged from 4.5 kDa to 800 kDa
and had a neutral charge."*'® As a putative macromolecular
drug, P-HPMA showed progressive accumulation in tumor
issue (Fig. 4f). The EPR effect, therefore, results in little
delivery of macromolecular drugs to normal tissues and thus
fewer systemic toxic effects compared to the delivery of low-
molecular-weight drugs,®>’® which have no tumor selectivity.
Kimura et al. reported that i.v.-injected Bifidobacterium bifidum,
with a size >1 pum, accumulated preferably in tumor tissue
compared with other normal tissues.”" Subsequently, we and
Skinner et al. showed that polymer resin of acrylamide that was
given i.v. extravasated into interstitial tissue of solid tumor.”*™">

In addition, we observed the EPR effect in small (200-pum
diameter) tumor nodules in liver that were metastatic from
colon cancer (Fig. 4d).** Numerous laboratories have now
reported on the EPR effect, and as of 2012 more than 12 000
published reports cited our own papers on this matter.”*%

Clinical demonstration of vascular permeability and the EPR
effect after arterial infusion of SMANCS/Lipiodol. The classic
example of the clinical demonstration of the EPR effect may be
gallium scintigraphy, in which radioactive %’Ga citrate is
injected i.v.®*” We now interpret this finding to indicate that the
gallium ion forms a complex with the plasma protein transferrin,
thereby becoming a 90-kDa macromolecule in vivo. Conse-
quently, because of the EPR effect, the tumor-selective accumu-
lation of radioactive ’Ga would produce a distinct tumor image
in a day or two after i.v. injection, as seen by radioscintigraphy.

We also found that CT obtained striking tumor images after
a lipidic radiocontrast agent, Lipiodol® (a product of Labora-
toire Guerbet, France, which is iodinated poppy seed oil ester),
was injected into the tumor-feeding artery, as discussed blow
(Fig. 4e, e;). This result is clearly based on the EPR
effect,(1:75.77.82-86)

Shortly after biochemical, physical, and preclinical charac-
terizations of SMANCS were completed, our colleagues at
Kumamoto University were quite fascinated with its tumor

doi: 10.1111/cas. 12152
© 2013 Japanese Cancer Association



60 M stomach ca. liver met.

Fig. 4.

)
~—

44 OTumor
B Kidney
B Liver

Ratio of tissue conc (6 h/5 min)
~N

45K 162K 40K 80K 150K 300K 600K 800K
Molecular size of HPMA copaolymers

10 @
10 §
AlUC =
g £
—é Ci
Tumor level 1&g £
weid =
o =
¥ ©
® =
0 2
01 @
f=.]
€L 2
o
E
T 001 g
10* 3 -
10 o

Molecular size

Enhanced permeability and retention (EPR) effect. (a) A S180 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.®757% (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 pm in diameter, showed distinct extravasation of polymer resin in small nodules (T). () 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 li-induced hypertension (see text, and refs 79 and 89. 60 M, patient, 60 yr old male; SX i.a. 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
(0), urinary clearance (CL, o), and area under the concentration versus time curve (AUC) of plasma (4).(121577

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.(7281-90

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 Il-induced hyperten-
sion, which augmented drug delivery.®*%"=*” 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.!"*>767")

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.’> #9192
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 large
as 4 um 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*7%7") 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).9522 This same mechanism was found to occur in
cancer tissues.!>!®!18323% we subsequently determined that
NO, ONOO™, carbon monoxide, prostaglandins, and collagen-
ases among others, are mediators that facilitate the EPR effect
(Fig. Sa,c,d),"”‘w‘z"%’ as summarized in_ Table 1. Recent
reviews give good accounts on these issues,?!7¢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. %% 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. %102

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).\1972134109 AJj 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® or ISDN,®”
which warrants further exploration.

(a) P-HPMA ZnPP

i

(a’) Free ZnPP

—
Non-micellar form
No EPR

Micellar form
EPR (+)

EPR (+) Heterogeneity

(¢) BSA-rhodamine conjugate  (¢')
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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*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 Brominent at the tumor periphery, where tumor growth is
rapid. "¢ 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. 4ee’). 77759

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"5'21'22’76'79) 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 g})take 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 probes but not for free rhodamine B or ZnPP
(Fig. 5b vs 5b").7% 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. (c) is
same as (c) 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. 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 maleyl 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 SMANCS.("%%-"'2 Cell 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%
maleyl residues of SMA are replaced for proton and the remaining carboxy! residues are free.

agent nitroglycerin in this model produced a more uniform The term theranostic was coined by Funkhouser in 2002¢%®
uptake in the tumor and elevated and prolonged plasma drug  and is becoming quite popular. A recent comprehensive review
concentration, which favor a greater EPR effect (Fig. 5c vs 5¢). 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,  prug uptake by tumor cells and drug release from
it also generates singlet oxygen ('0,), which has cytocidal nanomedicines
effects on tumor cells, the result beingmsigniﬁcant tumor

regression and cure in an in vivo model. ™ This theranostic Interactions with the cell surface: Influence of charge and
approach was confirmed with ZnPP-SMA micelles in autoch-  hydrophobicity. The most desirable anticancer agents must
thonous breast cancer in Sprague-Dawley rats in vivo.' 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.! "' T%M D 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 maley! 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’).(1 LIOITD Afso,
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 eifects 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, 2013). 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,
2013). Also, micelles or liposomes should be stable during
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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 environment 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 conj}ug{ate that we developed that pos-
sesses the EPR effect, (6977795489

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 sit.'” 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
CcT 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
o7 superoxide anion radical
ONOO™ peroxyuitrite
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Protection from inflammatory bowel disease and colitis-associated carcinogenesis
with 4-vinyl-2,6-dimethoxyphenol (canolol) involves suppression of oxidative stress
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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 potent antioxidant compound obtained from crude canola oil.
Oral administration of 2% dextran sulfate sodium (DSS) resulted
in the progression of colitis with shortening of the large bowel
length. Administering a diet containing canolol significantly
suppressed pathogenesis; diarrhea markedly improved and the
length of large bowel returned to almost normal. Pathological
examination clearly revealed improvement of colonic ulcers.
Production of inflammatory cytokines, i.e. interleakin-12 and
tumor necrosis factor-a, was significantly increased during this
pathological process; their production was markedly inhibited by
canolol. In the azoxymethane/DSS-induced colon cancer model,
mice receiving canolol had a reduced occurrence of cancer, to
60% , compared with control mice, 100% of which had colon can-
cer. The numbers of tumors in each mouse were also significantly
reduced in mice receiving the canolol-containing diet (5.6+2.0)
compared with azoxymethane/DSS control mice (10.8+4.2). No
apparent toxicity of canolol was observed. Moreover, inflam-
matory cytokines (i.e. cyclooxygenase-2, inducible nitric oxide
synthase and tumor necrosis factor-o) and oxidative responding
molecules, i.e. heme oxygenase-1, in colon were suppressed during
this treatment. In a mouse colon 26 solid tumor model, canolol
significantly suppressed cyclooxygenase-2 expression; however,
no significant tumor growth inhibition was observed, suggesting
that canolol preferably shows chemopreventive effects during the
stages of initiation/promotion. Canolol may, thus, be considered a
potential cancer preventive agent or supplement.

Abbreviations: 8-OHdG, 8-hydroxydeoxyguanosine; AOM, azoxymethane;
BHT, butylated hydroxytoluene; COX-2, cyclooxygenase-2; DAI, disease
activity index; DSS, dextran sulfate sodium; ELISA, enzyme-linked immuno-
sorbent assay; HO-1, heme oxygenase-1: IBD, inflammatory bowel disease;
IL-12, interleukin-12; iNOS; inducible NO synthase; LPS, lipopolysaccharide;
NO, nitric oxide; ROS, reactive oxygen species; SIN-1, 3-(4-morpholinyl)syd-
nonimine hydrochloride; TNF-q, tumor necrosis factor-a.
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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 ulcer-
ative colitis. Although IBD itself is rarely fatal, it can greatly dimin-
ish 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
colon cancer in patients with ulcerative colitis begins to rise signifi-
cantly above that of the general population approximately 8-10 years
after diagnosis (1-4).

At present, a common therapeutic modality for IBD is use of
anti-inflammatory agents, including sulfasalazine (Salazopyrin) and
acetylsalicylic acid, steroid hormone and other immunosuppressive
agents. Most of these treatments are symptomatic and palliative
because the etiology of the disease is not yet established. As a result,
the disease persists for a long time. Therefore, a therapeutic/preven-
tive strategy that is based on 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, immunological, 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 of ROS, may contribute to initiation and propaga-
tion 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 com-
pound in crude canola (rapeseed) oil, 4-vinyl-2,6-dimethoxyphenol
(canolol), which exhibits a more potent alkylperoxyl (ROO") radi-
cal scavenging activity than many well-known antioxidants, such
as o-tocopherol, vitamin C, f3-carotene, rutin and quercetin (12).
Recently canolol was also found in mustard seed oil (13). We pre-
viously reported a strong inhibitory capacity of canolol against the
endogenous mutagen peroxynitrite (ONOO™), which is a potent oxi-
dizing and nitrating agent, and suppression by canolol of bacterial
mutation, via protection from DNA damage (14,15). In related stud-
ies, we demonstrated a protective effect of canolol against gastritis
and gastric ulcers and a preventive effect on gastric carcinogenesis in
the H.pylori-infected, carcinogen-treated Mongolian gerbil, which is
an excellent animal model of H.pylori-induced, chronic active gastri-
tis similar to IBD and involving ROS (16).

Addition of dextran sulfate sodium (DSS) to the drinking water of
mice induced acute colitis characterized by bloody diarrhea, ulcera-
tion and inflammatory infiltration 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 inflam-
matory 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 and
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colitis-associated carcinogenesis using a DSS-induced mouse colitis
model and AOM/DSS-induced colon carcinogenesis in mice, respec-
tively. We also investigated the effect of canolol on oxidative stress
and inflammatory cytokines during development of colitis and colon
carcinogenesis. The toxicity of canolol and its effect on a mouse colon
26 solid tumor model were also examined.

Material and Methods

Chemicals

Canolol (molecular weight, 180 Da), with >95% purity, was synthesized
by Junsei Chemical Co., Ltd. (Tokyo, Japan). Antioxidant 2,6-di-zerz-butyl-
4-methylphenol [butylated hydroxytoluene (BHT), Sigma, St Louis, MO]
was added to canolol solution (in ethanol) at the concentration of 300 ppm.
BHT at this concentration had 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 was from Sigma. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide was purchased from Dojindo Chemical Laboratory
(Kumamoto, Japan).

Diets

The AIN93G diet containing canolol was used in this study with some mod-
ifications. Componeunts 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; AIN93G vitamin mixture, 10;
L-cystine, 3.0; choline bitartrate, 2.5; and BHT, 0.014. L-Cystine and BHT
were purchased from Sigma; 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 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 moditied Eagle’s medium (Invitrogen, Carlsbad,
CA), and mouse colon cancer cells colon 26 were cultured in Roswell Park
Memorial Institute 1640 medium (Invitrogen), at 37°C in an atmosphere of
5% CO,/95% air.

Animals and experimental protocol

Female ICR mice, 6 weeks old and weighing 20 to 25 g, and female BALB/c
mice, 8 weeks old, were obtained from Kyudo (Tosu city, Saga, Japan). All
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 Protocol of Animal Handling, Sojo
University, and were approved by the Animal Care Committee of Sojo
University.

As to the experimental protocol for the DSS-induced colitis model, ICR
mice of canolol treatment groups were fed with diet containing different con-
centrations of canolol during the entire experimental period (7 days). Control
ICR mice were fed with the same diets but without canolol. Two hours after
feeding canolol-containing diet, water containing 2% DSS was supplied to
all groups except the healthy normal ICR mouse group, for entire 7 days
(Supplementary Figure 1A, available at Carcinogenesis Online). 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 indi-
cating the severity of colitis obtained by macroscopic observation, such as
characteristics of fecal pellets, diarrhea and hematochezia, were recorded. On
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 staining, as well as for immunohistochemical staining as described
below. Serum obtained from the blood collected was used to determine
levels of tumor necrosis factor-o. (TNF-at) and interleukin-12 (IL-12), as
described below.

As to the experimental protocol for colon carcinogenesis in ICR mice
induced by AOM/DSS, on day 1, AOM (at 10mg/kg) dissolved in saline was
administered intraperitoneally, and after 1 week, 2% DSS was given orally
in the drinking water for 1 week. The diet was changed to the canolol-con-
taining diet from 2h before AOM administration and was continued for the

2834

entire experimental period of 6 weeks (Supplementary Figure 1B, available at
Carcinogenesis Online). The amount of food consumed was calculated daily.
Six weeks after the AOM injection, mice were killed, and colon 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 inflam-
mation, and by using histology after hematoxylin and eosin 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: more than 20%
loss), three grades of stool consistency (0: normal; 2: 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 transplanted tumor

The effect of canolol on tumor was further investigated in a mouse colon can-
cer model. Cultured colon 26 cells (2x 10°) were implanted subcutaneously
in the dorsal skin of Balb/c mice. Ten days after tumor inoculation, when
tumor reached a diameter of 5-6 mm, canolol (dissolved in corn oil) was orally
administration at the dose of 100mg/kg (0.1 ml), and corn oil without canolol
was used for control mice. Administration was carried out every second day,
totally for three times. Growth of the tumors was monitored every 2-3 days
by measuring tumor volume with a digital caliper, which was estimated by
measuring longitudinal cross-section (L) and transverse section (W) according
to the formula V = (L x W2)/2. On day 15 after the first canolol administra-
tion when tumor reached a diameter ~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

Expressions of cyclooxygenase-2 (COX-2) in colon mucosa of mice with DSS-
induced colitis and in mice with AOM/DSS-induced colon carcinogenesis, and
also in colon 26-implanted syngeneic solid tumor, were detected immunohis-
tochemically as described previously (16), using a rabbit anti-mouse COX-2
polyclonal antibody (diluted 1:500, Cayman Chemical, Ann Arbor, MI) with
3,3’-diaminobenzidine (Wako Pure Chemical) for visualization. Images were
analyzed with TmageJ software (National Institutes of Health, Bethesda, MD)
for brown deposition of 3,3"-diaminobenzidine as COX-2 positive. One pathol-
ogist (T.T.) who was not informed about the samples examined the immu-
nostained slides.

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

In the experiments using colon 26 solid tumor, three representative photo-
graphs were taken from each tumor using an AxioCam HRc digital camera
and AxioVision v.4.8.2.0 software (Carl Zeiss, Oberkochen, Germany), and
average positive areas in the each frame were compared between control and
canolol groups.

Enzyme-linked immunosorbent assay for 8-hydroxydeoxyguanosine in the
plasma of DSS-induced colitis mice with/without canolol treatment

Oxidative stress in the DSS-induced colitis mice with or without canolol treat-
ment was examined by detecting 8-hydroxydeoxyguanosine (8-OHdG) in
plasma, using an enzyme-linked immunosorbent assay (ELISA) kit (8-OHdG
Check, JalCA, Fukuroi, Shizuoka, Japan). In brief, blood was drawn from the
inferior vena cava after mice were killed, plasma samples were obtained by
centrifugation (4°C, 5000g for 20min) and DNA in each sample was then
extracted using QuickGene DNA tissue kit (DT-S, Wako Pure Chemical), fol-
lowed by hydrolysis using an 8-OHAG Assay Preparation Reagent Set (Wako
Pure Chemical). The ELISA was then performed to detect 8-OHdG according
to the manufacturer’s instructions.

Effects of canolol on production of IL-12 and TNF-a in DSS-induced colitis

Serum samples from mice with DSS-induced colitis were obtained as
described above, and levels of TNF-¢ and IL-12 were quantified by using an
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