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Food-Borne Radiolytic Compounds (2-Alkylcyclobutanones)
May Promote Experimental Colon Carcinogenesis

Francis Raul, Francine Gossé, Henry Delincée, Andrea Hartwig, Eric Marchioni,
Michel Miesch, Dalal Werner, and Dominique Burnouf

Abstract: Food irradiation is acknowledged as a safe process
to improve food quality by reducing microbial contamina-
tion. Information on the toxicological potential of 2-alkylcy-
clobutanones (2-ACBs), radiolytic derivatives of triglycer-
ides found exclusively in irradiated food, is scarce.. Wistar
rats received daily a solution of highly pure 2-tetradecylcy-
clobutanone (2-tDCB) or 2-(tetradec-5"—enyl)-cyclobutanone
(2-tDeCB) at a concentration of 0.005% in 1% ethanol as
drinking fluid, while control animals received 1% ethanol.
All animals received a single intraperitoneal injection of the
chemical carcinogen azoxymethane (AOM) at Weeks 3 and 4.
At 3 mo after AOM injection, no significant changes were ob-
served in the total number of preneoplastic lesions in the co-
lon of AOM controls and 2-ACB-treated animals. After 6 mo,
the total number of tumors in the colon was threefold higher
in the 2-ACB-treated animals than in the AOM controls. The
colon of four of six AOM control rats exhibited only one small
tumor (~6 mm?3). Multiple tumors were observed in four and
three of six animals treated with 2-tDCB or 2-tDeCB, respec-
tively. Medium (6 < S < 25 mm?) and larger (>25 mm?) tu-
mors were detected only in 2-ACB-treated animals. This is
the first demonstration that a compound found exclusively in
irradiated dietary fats may promote colon carcinogenesis in
animals treated with a chemical carcinogen.

Introduction

Foodirradiation is considered a highly effective processing
technology to improve and maintain food safety. Application
of this process to food products effectively reduces the number
of microbial pathogens, which are annually responsible for
millions of food-borne illnesses worldwide (1). Furthermore,
nutritional, genetic, and toxicological studies of shelf-stable
chicken sterilized by ionizing radiation have failed to reveal
any evidence of genotoxic effects in mice, rats, and rabbits (2).

Thirty years ago, LeTellier and Nawar (3) reported that a fam-
ily of compounds, namely, the 2-alkylcyclobutanones
(2-ACBs), is produced by high-dose irradiation of synthetic
triglycerides. More recently, Stevenson et al. (4) detected
these compounds in irradiated fat-containing food, such as
minced chicken meat. Further work confirmed the presence of
2-ACBsinotherirradiated meats such as pork, lamb, beef, and
mechanically recovered meat, as well as in irradiated liquid
whole egg (5). Recently, the 2-ACBs were identified in irradi-
ated cheese, chicken, beef, fish (sardines and trout), mango,
and rice (6), in mango, papaya, Camembert, and salmon (7),
and in rice irradiated at a very low dose (0.1 kGy) and in pre-
cooked meals containing small amounts of irradiated ingredi-
ents (8). The 2-ACBs are formed during the irradiation of
fat-containing foods as a result of the radiation-induced cleav-
ageof triglycerides. The 2- ACBs have the same number of car-
bons (n) as their fatty acid precursors, with an alkyl chain of
(n-4) carbons in ring position 2 (4). They have been found ex-
clusively in irradiated fat-containing food and have not been
detected in nonirradiated foods treated by other food pro-
cesses such as freezing, heating, microwave heating, ultravio-
let irradiation, high-pressure processing, or simple preserva-
tion treatments (5,6,9,10). These compounds are thus
considered unique markers for food irradiation. However, it
would no doubt be more cautious to state that the amounts of
2-ACBs possibly presentin the nonirradiated foodstuffs are al-
ways below the limit of detection of the analytical method
used. Concerns about the safety of this group of radiolytic
compounds have been raised with regard to public health risk,
despite the fact that only very small amounts are present in the
human diet. For example, the amount of 2-ACBs ingested by
humans consuming 200 g of irradiated (at 3 kGy) chicken meat
can be estimated to be ~80 LLg. Preliminary results have indi-
cated slight genotoxic effects of 2-dodecylcyclobutanone inin
vitro (11) and in vivo (12) studies. However, longer in vivo
studies of the genotoxic potentials of 2-ACBs in animals have
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not been performed. Therefore, the aim of the present study
was to determine whether the 2-ACBs, which can be consid-
ered markers for food irradiation, modulate carcinogenesis in
an experimental animal model of colon carcinogenesis.

Materials and Methods

Chemicals

The 2-ACBs used for the experimental study were 2-tetra-
decylcyclobutanone (2-tDCB, derived from stearic acid) and
2-(tetradec-5’-enyl)-cyclobutanone (2-tDeCB, derived from
oleic acid). These compounds were obtained as follows: the
2,2-dimethylhydrazone derived from cyclobutanone was
treated with a base, and, after addition of the required pri-
mary alkyl halide (1-bromotetradecane for 2-tDCB and
1-bromotetradec-5-ene for 2-tDeCB), an acidic hydrolysis
delivered the desired 2-ACB in a highly pure state (13,14).

Animals and Housing

The experiments were conducted according to National
Research Council guidelines for the use and care of labora-
tory animals (authorization no. 67-49, French Ministry of
Agriculture and Fishery).

Male Wistar rats (n = 36) weighing 260-270 g were
housed under standardized conditions (22°C, 60% relative
humidity, 12:12-h light-dark cycle, 20 air changes/h). The
rats were randomly divided into three groups (12 rats/group),
which received ad libitum the same isoenergetic diet (UAR
A04, Villemoisson/Orge, France). This nonirradiated diet
contained 16% protein as casein and fish protein, 60% carbo-
hydrate as wheat starch, 3% lipid as soy and fish oil, 6% salt
mixture, and 1% vitamin mixture. The fatty acid composition
of the diet was palmitic acid at 2.6 mg/g, stearic acid at 0.5
mg/g, oleic acid at 8§ mg/g, and linoleic acid at 14.5 mg/g.

Experimental Design

The two experimental groups received a freshly prepared
aqueous solution of highly pure 2-tDCB or 2-tDeCB at a con-
centration of 0.005% (wt/vol) in 1% ethanol as drinking fluid
daily at 5 PM throughout the experimental procedure; control
animals received 1% ethanol. Fluid consumption was re-
corded daily, and the average consumption of 2-tDCB or
2-tDeCB was ~1.6 mg per rat per day. The 2-ACB molecules
did not undergo any molecular transformation in 1% ethanol
as observed with a 'H nuclear magnetic resonance spectrum
(200 MHz, CDCl3) as well with an infrared spectrum (CCly).

The body weight was measured once a week throughout
the experimental period. After an initial period of 2 wk, all
rats were injected with azoxymethane (AOM, 15 mg/kg body
wt ip) once a week for 2 wk (at Weeks 3 and 4). AOM is a
chemical carcinogen that sequentially induces colon pre-
neoplastic lesions [aberrant crypt foci (ACF)], adenomas,
and adenocarcinomas in rats (15).
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Assessment of Aberrant Crypts
and Tumors in the Colon

At 3 and 6 mo after the last AOM treatment, six animals of
each group were sacrificed, and the total number of aberrant
crypts and ACF in the distal colon was recorded. The number
and size of tumors throughout the colonic mucosa were mea-
sured under a dissecting microscope or a microscope with a
low-power objective.

Determination of aberrant crypts was performed on a
5-cm-long segment corresponding to the distal half of the co-
lon. These preneoplastic lesions, when present, are detectable
only in the distal flat colonic mucosa. The segment was
washed with physiological saline, cut open, pinned out flat,
and fixed in 10% buffered formalin. The colon samples were
stained with 0.2% methylene blue for 5 min, rinsed in Krebs-
Ringer buffer, placed on a glass slide, and examined micro-
scopically using alow-power objective (x5) for assessment of
the number of aberrant crypts following a procedure described
previously (16). All measurements were made by a blinded
observer. The criteria for the identification of aberrant crypts
were 1) increased size, 2) thicker epithelial cell lining, and 3)
increased pericryptal zone relative to normal crypts.

Statistics

Values are means + SE. Statistical differences between
groups were evaluated by one-way analysis of variance, and
specific differences were identified using the Student’s 7-test.

Results

The two compounds (2-tDCB or 2-tDeCB) given at a con-
centration of 0.005% in the drinking fluid showed no toxic or
adverse effects on rat growth and behavior throughout the ex-
perimental period. The body weight gain was similar for the
2-tDCB, 2-tDeCB, and AOM control groups [412 + 30, 437
+ 18, and 416 + 35 (SE) g, respectively] throughout the
experimental period. These observations are in accordance
with previous studies (2) showing that no acute toxicity was
observed in animals fed a diet containing high-dose-irradi-
ated chicken meat (i.e., 2-ACBs).

Assessment of the number of ACF is a an early indicator
of tumorigenic processes. At 3 mo after AOM injection, the
surface density, expressed as the number of ACF per centi-
meter of colon, and the total number of aberrant crypts were
similar in the AOM control, 2-tDCB, and 2-tDeCB groups
(Table 1). These data indicate that, within 3 mo after injec-
tion of the carcinogen, neither 2-tDCB nor 2-tDeCB en-
hanced the number of preneoplastic lesions induced by AOM
injection at this stage.

However, at 6 mo after AOM treatment, a significant in-
crease (+80%) in the total number of aberrant crypts was ob-
served in animals treated with 2-tDeCB (394 = 37 vs. 218 +
39 in AOM controls). In the group treated with 2-tDCB, the
total number of aberrant crypts (261 + 42) was not signifi-
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Table 1. Preneoplastic Lesions (ACF and Total Number
of ACs per Colon) in the Mucosa of the Distal Half (5 cm)
of the Colon«?

No. of ACF/cm Total No. of ACs

Groups 3 mo 6 mo 3 mo 6 mo
Controls 182 14+2 253 £24 218 £39*
+2-tDCB 17+3 17+2 221 +58 261 +42%
+2-tDeCB 20+3 19+2 260 + 32 394 + 37

a: Values are means + SE of 6 rats/group at each time period (3 and 6 mo).
AC, aberrant crypt; ACF, AC foci; 2-tDCB, 2-tetradecylcyclobutanone;
2-tDeCB, 2-(tetradec-5"-enyl)-cyclobutanone.

b: Statistical significance is as follows: *, P < 0.05 vs. 2-tDeCB.

cantly enhanced compared with the control group (Table 1).
Similarly, a higher number of ACF containing more than four
aberrant crypts was recorded in the colon of 2-tDeCB-treated
rats, whereas this effect was less marked in animals receiving
2-tDCB (Table 2). In contrast, the number of ACF was not in-
creased significantly in the colon of rats receiving 2-tDCB or
2-tDeCB compared with the AOM control group (Table 1).
These observations indicate that the size of the ACF was in-
creased in the colon of rats receiving 2-ACBs because of an
increased number of aberrant crypts per foci.

Tumors were only detected 6 mo after AOM treatment.
Although no significant differences were observed in tumor
incidence between the groups, individual differences in the
total number and size of tumors were observed between
AOM controls and 2-ACB-treated rats. The total number of
tumors was 4 in the AOM control group, 14 in the 2-tDCB
group, and 13 in the 2-tDeCB group. Only one small tumor
was detected in four of six AOM control rats as a result of
carcinogenesis initiation by the chemical carcinogen (Fig. 1).
Their size never exceeded 6 mm3, and never was there more
than one tumor per rat. In contrast, in the colon of rats addi-
tionally receiving 2-ACBs, the number of tumors increased
dramatically compared with AOM controls. In the group re-
ceiving 2-tDCB, five animals exhibited tumors, and, among
them, four rats presented multiple tumor formations. In the
2-tDeCB group, the colon of four animals exhibited tumors,
with three rats showing multiple tumor formations. Medium
(6 < S <25 mm3) and large (>25 mm?3) tumors were detected
only in 2-ACB-treated animals.

Table 2. Distribution of ACF Containing 1, 2, 3, 4, or
More Individual ACs in the Distal Half of the Colon®?

No. of AC per ACF

Groups 1 2 3 4 >4
Controls 2454  295+3 236%2 1142 11 *2
+2-tDCB 22 2 32 £3 20 %2 135+1 125+2
+2-tbeCB 13 =2 303+3 20.7x2 14 +£2 22 +3*

a: Values are means + SE in percent of 6 rats/group 6 mo after azoxy-
methane (AOM) injection.

b: Statistical significance is as follows: *, significantly different from con-
trols (P < 0.05).
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Figure 1. Number and size of colonic tumors observed in 2-alkylcyclo-
butanone (2-ACB)-treated and control rats 6 mo after azoxymethane treat-
ment. 2-tDCB, 2-tetradecylcyclobutanone; 2-tDeCB, 2-(tetradec-5"-enyl)-
cyclobutanone. Squares represent individual animals; open, grey, and black
circles represent small (<6 mm?), medium (6 < S < 25 mm?), and large (>25
mm?) colonic tumors, respectively. Multiple medium and large tumors were
observed only in 2-ACB-treated animals.

Discussion

Administration of AOM to rodents causes numerous mor-
phological changes, ranging from normal intestinal epithe-
lium to carcinoma, that are biologically and histologically
quite similar to those seen in humans (17). Because of the po-
tential progression of early changes to malignancy, the study
of preneoplastic lesions (aberrant crypts) and tumor forma-
tion is crucial for the understanding of the pathogenesis of
colon cancer. In this regard, identification of dietary constitu-
ents that are able to enhance or suppress the premalignant
processes is an important issue in cancer prevention. The
data reported in this study suggest that 2-ACBs may not initi-
ate colon carcinogenesis per se, because the number of
preneoplastic lesions 3 mo after AOM treatment was not sig-
nificantly different between animals treated solely with
AOM and those also receiving 2-ACBs. However, in the long
term (>6 mo), the 2-ACBs potentiated the effects of the
chemical carcinogen, as revealed by the development of
preneoplastic ACF of larger size. These larger ACF, resulting
from a higher number of aberrant crypts per foci, exhibit an
increase in their growth autonomy and represent a more ad-
vanced stage of preneoplastic development (18). One may
assume that 2-ACBs favor progression of the preneoplastic
process by stimulating growth of preexisting ACF. This
seems to be corroborated by a threefold increase in the num-
ber of tumors in the colon of 2-ACB-treated animals com-
pared with AOM controls. Therefore, the main conclusion of
this study is that 2-ACBs, which are unique radiolytic prod-
ucts formed specifically in irradiated foods, may be promot-
ers of intestinal tumor formation. In a previous study carried
out in the laboratory, Horvatovich et al. (19) specifically de-
tected the 2-ACBs (2-tDCB or 2-tDeCB) fed to treated ani-
mals in body fat, and they also showed that ~1% of the in-
gested daily amount of 2-ACBs was not absorbed by the
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digestive tract and remained in the feces, in direct contact
with the colonic mucosa. This continuous exposure of the ep-
ithelial cells to the chemical could also account for the induc-
tion of colon tumors in the exposed animals.

Several fatty acids have been implicated in the modulation
of tumorigenesis. In the present study, the fatty acid precur-
sors stearic acid for 2-tDCB and oleic acid for 2-tDeCB do
not seem to be involved in the procarcinogenic effects of the
2-ACBs. Indeed, it was reported that stearic and oleic acids
inhibited tumor cell growth in vitro (20,21). Both fatty acids
also exhibited antitumoral effects in vivo, either in a murine
model (22) or in AOM-induced colon carcinogenesis in rats
(23), a model similar that used in the present study. There-
fore, the effects we observed on colon carcinogenesis appear
to be directly related to the 2-ACB molecules.

The present report is the first demonstration that pure com-
pounds, known to be exclusively produced on irradiation in di-
etary fats, may promote colon carcinogenesis in animals. The
relevancy of these results for the risk assessment of human
consumption of irradiated food remains to be elucidated. It
must be emphasized that the daily amount of pure 2-ACB ad-
ministered to rats corresponds to a pharmacological dose (3.2
mg/kg body wt), which is not comparable to the amount in-
gested by humans eating irradiated food products, which can
be estimated to be <5-10 pg/kg body wt. In addition, these
food products may also contain several components that may
reduce the bioavailability of 2-ACBs. The benefits of food ir-
radiation to protect public health against food-borne patho-
genic bacteria are becoming increasingly recognized (24). In
light of the expected extended application of food irradiation,
however, it seems necessary to further clarify the potential tox-
icity of 2-ACBs and their contribution to a possible risk associ-
ated with human consumption of irradiated fat-containing food.

Acknowledgments and Notes

This work was supported in part by INTERREG II, Upper Rhine Centers
Southern Programme Project 3.171. Address correspondence to F. Raul, 1,
place de I'Hopital, 67091 Strasbourg-Cedex, France. Phone: (33) 3 88 11 90
23. FAX: (33) 3 88 11 90 97. E-mail: francis.raul @ircad.u-strasbg.fr.

Submitted 26 April 2002; accepted in final form 22 July 2002.

References

1. Steele JH: Food irradiation: a public health opportunity. Int J Infect Dis
4, 62-66, 1999.

2. Thayer DW, Christopher JP, Campbell LA, Ronning DC, Dahlgren
RR, et al.: Toxicology studies of irradiation-sterilized chicken. J Food
Prot 50, 278-288, 1987.

3. LeTellier PR and Nawar WW: 2-Alkylcyclobutanones from radiolysis
of lipids. Lipids 7, 75-76, 1972.

4. Stevenson MH, Crone AVJ, and Hamilton JTG: Irradiation detection.
Nature 344, 202-203, 1990.

5. Stevenson MH: Validation of the cyclobutanone protocol for detection
of irradiated lipid-containing foods by interlaboratory trial. In Detec-
tion Methods for Irradiated Foods—-Current Status, McMurray CH,

Vol. 44, No. 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Stewart EM, Gray R, and Pearce J (eds). Cambridge, UK: R Soc
Chem, 1996, pp 269-284.

. Ndiaye B, Jamet G, Miesch M, Hasselmann C, and Marchioni E:

2-Alkylcyclobutanones as markers for irradiated foodstuffs. II. The
CEN (European Committee for Standardization) method: field of appli-
cation and limit of utilization. Radiat Phys Chem 55, 437445, 1999.

. Stewart EM, Moore S, Graham WD, McRoberts WC, and Hamilton

JTG: 2-Alkylcyclobutanones as markers for the detection of irradiated
mango, papaya, Camembert cheese and salmon meat. J Sci Food Agric
80, 121-130, 2000.

. Ndiaye B, Horvatovich P, Miesch M, Hasselmann C, and Marchioni E:

2-Alkylcyclobutanones as markers for irradiated foodstuffs. III. Im-
provement of the field of application on the EN 1785 method by using
silver ion chromatography. J Chromatogr A 858, 109-115, 1999.

. Crone AVJ, Hamilton JTG, and Stevenson MH: Effect of storage and

cooking on the dose response of 2-dodecylcyclobutanone, a potential
marker for irradiated chicken. J Sci Food Agric 58, 249-252, 1992.
Crone AVJ, Hand MV, Hamilton JTG, Sharma ND, Boyd DR, et al.:
Synthesis, characterization and use of 2-tetradecylcyclobutanone to-
gether with other cyclobutanones as markers of irradiated liquid whole
egg. J Sci Food Agric 62,361-367, 1993.

Delincée H and Pool-Zobel BL: Genotoxic properties of 2-dodecyl-
cyclobutanone, a compound formed on irradiation of food containing
fat. Radiat Phys Chem 52,3942, 1998.

Delincée H, Pool-Zobel BL, and Rechkemmer G: Genotoxizitidt von
2-Dodecyl-cyclobutanon. In 5 Deutsche Tagung Lebensmittelbestrah-
lung, Knorr M, Ehlermann DAE, and Delincée H (eds). Karlsruhe,
Germany: Berichte der Bundesforschungsanstalt fiir Erndhrung, 1999,
pp 262-269.

Mino T, Masuda S, Nishio M, and Yamashita M: Synthesis of lactones
by Baeyer-Villiger oxidation with magnesium monoperphthalate hex-
ahydrate. J Org Chem 62, 2633-2635, 1997.

Miesch M, Horvatovich P, Burnouf D, Delincée H, Hartwig A, et al.:
Efficient reaction pathway for the synthesis of saturated and mono-un-
saturated 2-alkylcyclobutanones. Radiat Phys Chem. In press.

Bird RP: Role of aberrant crypt foci in understanding the pathogenesis
of colon cancer. Cancer Lett 93, 55-71, 1995.

Bird RP: Observation and quantification of aberrant crypts in the
murine colon treated with a colon carcinogen: preliminary findings.
Cancer Lett 37, 147-151, 1987.

Druckrey H: Production of colon carcinoma by 1,2-dialkylhydrazines
and azoxyalkanes. In Carcinoma of the Colon and Antecedent Epithe-
lium, Burdette WJ (ed). Springfield, IL: Thomas, 1970, pp 267-279.
Caderni G, Giannini A, Lancioni L, Luceri C, Biggeri A, et al.: Char-
acterisation of aberrant crypt foci in carcinogen-treated rats: associa-
tion with intestinal carcinogenesis. Br J Cancer 71, 763-769, 1995.
Horvatovich P, Raul F, Miesch M, Burnouf D, Delincée H, et al.: De-
tection of 2-alkylcyclobutanones, markers for irradiated foods, in adi-
pose tissues of animals fed with these substances. J Food Prot 65,
1610-1613, 2002.

Fermor BF, Masters JR, Wood CB, Miller J, Apostolov K, et al.: Fatty
acid composition of normal and malignant cells and cytotoxicity
of stearic, oleic and sterculic acids in vitro. Eur J Cancer 28A,
1143-1147, 1992.

Colquhoun A and Curi R: Effects of saturated and polyunsaturated
fatty acids on human tumor-cell proliferation. Gen Phamacol 30,
191-194, 1998.

Galdiero F, Carratelli CR, Nuzzo I, Bentivoglio C, De Martino L, et al.:
Beneficial effects of myristic, stearic or oleic acids as part of liposomes
on experimental infection and antitumor effect in a murine model. Life
Sci 55, 499-509, 1994.

Sakaguchi M, Hiramatsu Y, Takada H, Yamamura M, Hioki K, et al.:
Effect of dietary unsaturated and saturated fats on azoxymethane-in-
duced colon carcinogenesis in rats. Cancer Res 44, 1472—1477, 1984.
Steele JH: Food irradiation: a public health challenge for the 21st cen-
tury. Clin Infect Dis 33, 376-377,2001.

191



Copyright of Nutrition & Cancer is the property of Lawrence Erlbaum Associates and
its content may not be copied or emailed to multiple sites or posted to a listserv
without the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



