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Abstract

Polyunsaturated fatty ac1ds (PUFASs), such as arachidonic ac1d (ARA) and docosahexaenoic acid (DHA) are natural constltuents
found in buman milk, fish oil or egg yolk. Until recently, infant formulas, though prowdmg the essential fatty acid precursors for
these PUFAs, did not contain preformed ARA or DHA,

In this study the safety of SUNTGA408 as source of ARA, not only for use in mfant formulas but also for nutritional products
or food supplements, was evalbated in a subchronic study in Wistar rats, preceded by a 4-week pretreatment period of parental (Fy)
rats and exposure of the Fy dams throughout mating, gestation and lactation. SUNTGA40S was administered at dietary levels of
0.5%,'1.5% and 5% (wt/wt) adjusted with com oil to 5.76% added fat. An additional group received 3.65% (wt/wt) SUNTGA40S in
conjunction with 2.11% (wt/wt) high DHA Tuna oil, prov1dmg an ARA: DHA ratio of 2.7:1. High-fat and low-fat controls received
basal diet with or without 5.76% corn-oil supplement. ’

" The content, stability and homogeneous distribution of the test substances in the diet were confirmed under study conditions. The
administration of SUNTGAA0S, with or without DHA. oil, did not affect health, growth, fcrtlhty or réproductive performance of the
~ parental rats, nor pup characteristics (condition, weight gain, viability, number per litter or sex ratio). Iz the subchronic study with
/" ™ the offspring (F;) rats, no significant differences were found in condition, neurobehavioural observations, ophthalmoscopy, growth,
urinalysis or macroscopic and microscopic findings between the test groups and the low-fat or the high-fat controls. In males of
the 5% SUNTGA40S and the SUNTGA40S/DHA. group, red blood cell counts, haemoglobin concentration and packed cell volume
were lower and reticulocytes were slightly higher than in the high-fat and low-fat control groups. Cholesterol, triglycerides and phos-
pholipids in plasma were Iower than in the high-fat controls in both sexes in the 5% SUNTGA40S and the SUNTGA40S/DHA group
and (for triglycerides only) in the 1.5% SUNTGA group. Due to the administration of extra dietary fat, food intake and prothrombin
time (males only) were lower and alkaline phosphatase activity was higher in-all the high-fat groups, including the corn-oil controls, as
compared fo thelow-fat controls. The weight of the spleen was higher in males of the 5% SUNTGA40S and the SUNTGA40S/DHA
group compared to both the low-fat and the high-fat controls. The effects noted in this study at high dose levels of SUNTGA40S
are consistent with previously reported physiological responses to dietary intake of high PUFA containing oils. The present results
provide evidence that SUNTGA40S is a safe source of arachidonic acid. Except during lactation when the intake in dams doubled, 5%

Suntga40S in the diet was equivalent to an overall intake of approximately 3 g/kg body wc:ght/day in Fyand Fy ammals

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The human body can synthesize ARA and DHA

through desaturation. and elongation of the 18-carbon’ -

fatty acids linoleic acid (C18:2(n — 6)) and linolenic acid
(C18:3(n — 3)). The human fetus and neonate initially
obtains ARA and DHA by placental transfer and via
human milk. In contrast to human milk, standard infant
formulas contain only trace amounts of ARA and DHA.

Many advisory bodies (e.g. ESPGAN, 199]; the Brit-
ish Nutrition Foundation Task Force, 1992, SCF, 1993)

et al, 1994); 0.6%, 0.1%, 6.0 for American wornen
(Putnam 1982); 0.54%, 0.59%, 0.91 for women on’
a balanced meat and vegetable diet (Sanders et al.,
1978): 0.72%, 0.23%, 3.1 for women consuming a vegan
diet in United Kingdom (Sanders et al.,
0.35%, 1.46%, 0.23 for Japanese women (Tanaka
et al., 1994), respectively.

" 2. Materials and methods’

and other scientists have sugpested that infant formulas

should contain the same amounts of DHA and ARA as
human milk. For these reasons, there is an increasing
interest in highly purified oils rich in ARA or DHA, be-
cause they can be mixed. to provide a ratio of ARA/
. DHA. similar to that of human milk while minimizing
the exposure to other fatty acids.

Furthermore other arguments stress the need for
fortifying human diet with ARA. There is an age-
~ dependent decrease in the concentration of ARA in the
hippocampus, and aged rats exhibit an impaired ability
to sustain long-term potentiation (LTP) (Soderberg
" et al, 1991; McGahon et al., 1997). The age-dependent

suppression of LTP is restored by chronic supplementa-

tion of ARA. or vy-linolenic acid (McGahon et al., 1997).

Many safety stidies of ARA enriched triglyceride
obtained from Mortierella alpina have been reported
(Streekstra, 1997; Hempenius et al, 1997, 2000). ‘The
objective of this study was to assess the safety of SUN-
TGA40S, a newly extracted oil from M. alping and

The stady was conducted in accordance with the

- OBCD Principles of Good Laboratory Practice (OECD,

1998b), and conformed to OECD Guidelines for the
Testing of Chemicals 408 (OECD, 1998a) and EEC
Directive 87/302/EEC (1988).

2.1. Materials

Arachidonate-enriched Triglj;/ceride ol (SUN-
TGA40S), a clear yellow oil, lot niumber 01030351,

_produced by Suntory Limited, Osaka, Japan, was ex-

highly purified, in 2 subchronic study in F; rats, pre-

ceded by a 4-week pretreatment period of parental .

(Fp) rats and exposure of the F dams througheout mat-
ing, gestatlon and lactation. This design was used in
“order to mimic the intended exposure of pregnant wo-
men and infants to the oil. SUNTGA40S was adminis-
tered at dietary levels of 0.5%,. 1.5% and 5% (wt/wt).
‘Because feeding high levels of SUNTGA40S might

result in an imbalance between # — 6 and n — 3 polyun- .

saturated fatty acids, SUNTGAA40S was also adminis-

tered at a level  of 3.65% in conjunction with 2.11%

high DHA Tuna oil. This combination group provided
a total of ARA + DHA identical to the amount of
ARA in the 5% SUNTGA40S group and a ratio ARA:

DHA of 2.7:1, considering the ARA and DHA ratio of'

human milk reported in many papers.
Average'ARA and DHA contents in total fatty acids

"~ The reference substance (corn oil),

tracted from a biomass of submerged fermented M. alpina
and refined by high purification processes. SUNTGA40S
contained 41.5% arachidenic acid (ARA,; C20:4(n — 6)),
0.1% eicosapentaenoic acid (EPA; C20:5(n — 3)) and no
docosahexaenoic acid (DHA C22:6(n — 3)). It 'had a
peroxide value of 0.42 meg/kg, low unsaponlﬁable mat-
ters not more than 1.0%..

DHA-containing oil (high DHA Tuna oil), a Wh.ltlsh
cloudy oil, lot number 030121 was obtained from Nis-
sui, Tokyo, Japan. High DHA Tuna oil contained
26.6% docosahexaenoic acid (C22:6(n — 3)), 7.1% eico-
sapentaencic acid (C20:5(m —3)) and 0.5% total
tocopherols (peroxide value 0 meq/kg). Both test materi-
als were stored in a freezer (<—18 °C) under nitrogen.
lot numbers
1405366 and 1405195 was obtained: from Olichoorn,
Zwaag, The Netherlands and stored in a refrigerator
(2-10 °C). '

2.2. Animals and maintenance

The welfare of the animals was maintained in accor- -

" dance with the general principles of the European Com-

and ARA/DIA, ratio of breast milk are 0.1%, 0.3%, 0.3 -

for European and African women (Koletzko et al,
1992); 0.36%, 0.22%, 1.6 for German women (Kohn
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munities (Directive 86/609/EEC) 4nd the Netherlands
legislation (the Experiments on Animals Act 1397), gov-

erning the use of animals in toxicity experiments. Paren- -

tal (Fo) male and female rats (75 males and 150 females),

Wistar outbred (Crl:(WI)WU BR), were obtained from

Charles River Deutschland, Sulzfeld, Germany. At the

1978); and
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commencement of the treatment period, the Fyrats were
approximately 9-10-week old and their body weight
variation did hot exceed 4:20% of the mean weight. Of-
spring (F;) rats were selected from the Fy litters at day

21 post partum. The rats were housed in one room-in .

hacrolon cages with sterilized wood shavings as bedding
material. During the mating period, two females were
caged with one male from the same group until they
were mated. During gestation and lactation, the dams
were housed one/cage. In: the subchronic study, the F,
rats were housed in groups of five of the same sex. Hou-
" sing ‘conditions were conventional, room' temperature
was targeted at 22 == 3 °C and relative humidity at 30—
70%; the number of air changes in the animal room
was at least 10/h. -Artificial light was provided by fluo-

rescent tubes for 12 h/day continuously. The animals |

were fed a commercial rodent diet (RM3:-diet, SDS
Special Diets Services, Witham, England). Diet and
tap water were provided ad: libitum.

2.3. Experimental 'de.s"fgn

The study comprised two phases: (1) an in utero
exposure phase in which parental (Fg) animals were
fed the various fest or control diets. starting 4 weeks
prior to mating, throughout mating, gestation and lacta-
tion until weaning of the F rats; and (2) a subchronic
study in which the selected offspring (F; rats) recewed
" the test or control diets for 13 weeks.

‘There were two control groups, viz. one high-fat con-
trol group fed RM3 diet supplemented with 5.76% corn
oil (containing the C18 fatty acids o-linolénic acid and
linoleic acid, but no C20 or C22 polyunsaturated fatty
. acids), and one carrier (low-fat) control group receiving
the RM3 diet without additions to serve as a reference
group. SUNTGA40S was administered at dietary levels
of 0.5%, 1.5% and 5% (wt/wt). These test diets were ad-
justed with corn oil to 5.76% added fat (Table 1).

‘¥
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Tuna oil. This combination group provided a total of
ARA + DHA identical to the amount of ARA. in the
5% SUNTGAA40S group ‘and a ratio ARA:DHA of
2.7:1. Fresh batches of the test and control diets were
prepared approximately once every month, sealed in air-
tight plastic containers under nitrogen blanket to avoid
oxidation, and stored in a freezer (<—18°C). Twice a
week, containers were thawed and the féed in the animal
feeders was replaced by fresh portions. The content and
homogeneous distribution of the test substances in the
diet, and the stability in the animal room (4 days)
or freezer (5 weeks) were confirmed by quantitative
determination of the level of ARA and DHA by gas
chromatography with flame ionization detection after
chloroform/methanol extraction, saponification and
derivatisation

23.L Parenral (Fp) rats

Twenty four females and 12 males were allocatcd ran-
domly to each group of Fy rats, which number was suf-
ficient to provide at least 20 litter per group. After a

‘premating period of 4 weeks, in which the Fy rats were

fed their fespective test or control diets, the females were
mated (two females with ome male from the same

_group). Vaginal smears were made daily. The day on

" which sperm was observed in the smears was considered

In addition, SUNTGA40S was administered at a

level of 3.65% in conjunction with 2.11% high DHA

. Table 1

day 0 of gestation. The administration of test or control
diets was continued throughout gestation and lactation.
The morning after birth was considered day 1 post par-
tum. On day 4 post partum, litters of more than eight
pups were adjusted by eliminating surplus pups by ran-
dom selection, fo obtain (as nearly as possiblé) four
males and four females per litter. At day 21 post partum,
the F litters were weaned. All surviving female parent
rats were killed under CO,/O, anaesthesia shortly after

_weaning of the pups.

The following observations were made:
Clinical signs. Durmg premating, matmg, gestation’

~and lactation, the general condition and behaviour of

all animals were checked daily.

Treatment and overall infake of test substances . ] .
Group Low-fat = High-fat 0.5% 1.5% 5.0% 3.65%
(carrier) (corn oil) SUNTGA40S SUNTGA40S SUNTGA40S SUNTGA40S +2.11%
control control ’ high DHA Tuna oil
Dietary supplement (| gl] 00 g feed)
Comn oil - 5.76 5.26 4.26 0.76 -
SUNTGA40S = - 0.5 1.5~ 5.0 - 3.65
High DHA. Tuna oil - - - - - 211
Overall test substance intake (gllg body wexght!day) . .
SUNTGA40S SUNTGA408 SUNTGA40S SUNTGA40S SUNTGA40S SUNTGA40S DHA oil
Fy, pre-mating period males/females - - 0.3/0.3 0.9/0.9. 3.0/3.0 2.2/2.2 1.3/1.2
Fq, gestation period females - - 0.3 0.9 3.1 2.3 L3
Fy, lactation period females -, - 0.7 2.0 6.7 4.6 2.7
F), sub-chronic study males/females © — - 0.3/0.3 0.8/0.9 2.8/2.9 20022 1.2/12
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Body weight. The body weight of each animal was re-
corded when starting the administration of the test sub-
stance and once every week thereafter, Mated females
were weighed on days 0, 7, 14 and 21 of g'estation‘
Females that gave birth were weighed on days 1, 4, 14
and 21 post partum.

Food consumption. During the premating period, food
consumption of both mates and females was measured
per cage weekly. Food consumption of mated females
was recorded during pregnancy over successive periods
(days 0-7, 7-14 and 14-21),-and during lactation on
days 1-4, 4-7 and 7-14. The intake of test substance
. per kg body weight was calculated from the nominal
dietary concentration, the food consumption and the
body weight.

Reproductive data and indices. For assessment of the
fertility and reproductive performance, mating, fertility,
fecundity, gestation, live births and viability indices were
calculated, and the sex ratio of pups was determined.
For each litter, the litter size (dead and live pups), num-
ber of male and female pups, and number of pups with
external abnormalities were determined on post natal
(PN) days 1, 4, 7, 14 and 21. The litters were weighed
“on PN days 1, 4 (before and after culling), 7 and 14.
"At weaning (PN day 21) all pups were weighed

individually. '

2.3.2, Oﬁ.'s*pnng (F;) rats
*. At day 21 post partum, F; rats were randomly
selected from the K, litters (10 rats/sex/group, each
selected from a different litter). During the period
between weaning and the start of the subchronic study,
the feeding of the respective test or control diets to the
selected F) rats was continued. The following observa-
_ tions were made:
Clinical observations. The general condition and
behaviour of all animals were checked daily. Neuro-
behavioural - testing, comprising detailed clinical obser-

vations outside the home cage, was conducted on all.

animals once weekly. In addition, behavioural endpoints
(functional observational battery) and motor activity
assessment were performed during the last week of the
treatment period (Moser et al., 1997). Ophthalmoscopic
examinations were made in the first week and in the last
week of the 13-week study in all rats of the high-fat con-
trol group, the SUNTGA. high-dose group and the
SUNTGA/DHA bil group, using a slit lamp after induc-
" tion of mydriasis with atropine sulphate. .

Haematology and clinical chemistry. Ko-EDTA blood,
collected from the abdominal aorta of all rats at- necropsy

was examined for haemoglobin, packed cell volume, red-

blood cell count, reticulocytes, total white blood cell
count, prothrombin time, thrombocyte count (ABX Pen-
tra 120-Haematology Analyzer) and differential white

blood -cell .count (microscopic examination), and the |
-indicés mean corpuscular volume (MCV), mean corpus-
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cular haemoglobin (MCH) and mean corpuscular hae- |

moglobin concentration (MCHC) were calculated.
‘Whole blood collected from the tip-of the tail after over-

night fasting in week 13 was examined for fasting glucose

*(Hitachi-911 analyzer). Clinical chemistry analyses were
“performed on plasma samples derived from heparinised

blood at necropsy. The measurements comprised afka-
line phosphatase activity (ALP), aspartate aminotrans-
ferase activity (ASAT), alanine aminotransferase
activity (ALAT), gamma glutamyl transferase (GGT),
total protein, albumin, ratio albumin to globulin, urea,
creatinine, total bilirubin, total chlolesterol, triglyce-
rides, phospholipids, calcium, sodium, potassinm, chlo-

_ride and inorganic phosphate (Hitachi-911 analyzer).

- tary, prostate, rectum;, skeletal muscle (thigh), sciatic

Body weights. The body weight of each animal was

recorded at initiation of the 13-week study {day 0),
and once per week thereafter.

Food conswmption. The- quantity of food consumed
was measured per cage, over successive periods of 3 or
4 days. The intake of test substance per kg body weight
was calculated from the nominal dietary concentration,
the food consumption and the body weight.

68

Renal  concentration test and wrinalysis. ' Urine,

collected from all rats during the Iast 16h of a 244"
.deprivation period of food and water in week 13, was

analysed for volume, density (refractometer), appear-
ance, pH, glucose, occult blood, ketones, protein bilira-
bin, urobilinogen (Combur-7 test stnps) and mlcroscopy
of the sediment.

_ Necropsy. The animals were killed under CO3/O,-
anaesthesia and subjected to a complete macroscopic
examination. The weights of the adrenals,- brain,
eprdidymes, heart, kidneys, liver, ovaries, spleen, semi-
nal vesicles (with coagulating glands), testes, thymus
and uterns were recorded and related to the final body
weight. In addition to these organs, specimens of follo-
wing tissues were preserved in meutral 4% formalin,
embedded in paraffin wax, sectioned at 5 pm and stained
with haematoxylin and eosin: aorta, axillary lymph
nodes, caecum, colon, eyes, gut associated lymphoid tis-
sue (GALT, including Peyer's patches), lungs, mammary
gland (females), mesenteric lymph nodes, oesophagus,
pancreas, parathyroid, parotid salivary glands, pitui-

nerve, skin, small intestine (duodenum, jejunum and
ileumn), spinal cord (retained in vertebral column, at least
three levels were examined microscopically), sternum
with bone marrow, stomach (glandular and non-glandu-
lar part were examined microscopically), sublingual and
submaxillary salivary glands, thyroid, trachea/bronchi,
urinary bladder, vagina as well as-any tissue showing
gross lesions. Histopathological examination was per-

-formed on a]l tissues listed for all animals in the bigh-

fat control group and the SUNTGA high-dose group.
In addition, the kidneys, liver and relevant gross lesions
were examined microscopically in all rats.

P
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2 4 Statistical analysis.

Means = standard error of the mean (SEM) were
calculated. Two separate statistical analyses were
conducted, viz. the test groups were compared with
the high-fat control group, and all high-fat groups were
compared with the low-fat {carrier) control group. Anal-
‘ysis of variance (Anova) followed by Dunnett’s multiple
comparison tests or the least significant difference (LSD)

test were used for evaluating data on body weights, food

consumption, haematology, clinical chemistry, volume
and density of the urine and organ weights. Body

B.A.R Lina et al. | Food and Chemical Toxicology 44 (2006) 326-333

iod (females) were similar among the test groups, the
low-fat control group and the corn-oil control group.
There were no significant differences in food intake be-
tween the treatment groups and the high-fat controf
group. Food intake.in the low-fat control group was sta-
tistically significantly higher (overall about 10%) than in
all high-fat groups during the premating and the gesta-
tion period.

Reproduction indices, There were no treatment-
related differences in fertlhty and reproductive perfor-

. mance among the groups. Indices for mating, female

weights. of F rats were analysed by one-way analysis -

- - of covariance (covariate: body weight on day 0). Fisher’s
exact probability test was used for the evaluation of data
on reproductive performance (the numbers of mated .

and pregnant females, females with liveborn pups, fe-
males surviving delivery, females with stillborn pups or
“lost litters, liveborn and stillborn pups, pups lost at
various stages, pups surviving 21 days), and for the eval-
uation- of histopathclogical changes. Kruskal-Wallis

non-parametric Anova followed by Mann-Whitney’

U-tests was used for evaluating precoital time, duration
of gestation and litter size, reticnlocytes, relative differ-
ential white blood cell counts, and semi-quantitative uzi-
nary parameters. Functiondl observational battery and
motor activity results were evaluated by Anova followed
by Dunnett’s multiple comparison fests (continuous
data); - by. Kruskal-Wallis non-parametric Anova
“followed by multxple comparison tests (rank order data);
or by Pearson ? test (categorical data),

3. Resilts .
3.1 Intake of the test substances

. Except during lactation when the intake in dams dou-
bled, the overall intake of SUNTGA40S in the Fg- and
'Fy-animals was approximately 0.3, 0.9 and 3 g/kg bw/
day in the low-, mid- and high-dose group, respectively
(Table 1); in the SUNTGA40S/DHA. group, the overall

intake was approximately 2.2 g SUNTGA40S 1.2 g

- high DHA Tuna oilfkg bw/day (Table 1).

3.2. Results obtained in Fy rats and observations
in' pups

Clinical observations, growth and food intake. General
condition and behaviour of Fy rats were not adversely
_affected by the test-substances and none of the parental
rats died untimely. Gross examination of the Fy animals
at sacrifice did not reveal any effect of the test substances
on maternal organs and tissues. Body weights and body
weight gain in F, rats in the prematidg period (both
sexes), and in the gestation period and the lactation per-

-

fecundity, female fertility, male fertility and gestation,
birth and viability, as well as precoital and gestation
times were similar among the pgroups (Table 2). The
number of pregnant females in the. high-fat controls
was statistically significantly lower than. in the SUN-
TGA405/DHA. group, but this was con51dered to be a
fortuitous finding,

Observations in pups. There weie no relevant d:ﬁ'er—
ences among the groups in general condition and body
weighits of the pups, or in viability, sex ratio or number

of pups per litter (Table 2). On days 14-21, pup weight .

and weight gain were statistically significantly higher in
the 0.5% SUNTGA40S group than in low-fat controls.
Because these differences were not dose-related, they
were not ascribed to treatment.

3.3. Results obtained in Fy rats in the subchronic study

Clinical obse: vations and mortahty None of the rats
died during the study and there were no ftreatment-
related- clinical signs. Clinical observations outside the
homecage, and the results of the neurobehavioural
observations and motor activity assessment did not indi-
cate any neurotoxic potential of the test substances.
Oplithalmoscopic examination did not reveal any treat-

~ ment-related changes.

Growth and food intake. There were no. statistically
significant differences in body weights between the test
groups and the low-fat control group or the corn-oil
control group. Food intake was significantly higher
(overall about 11%) in males and females of the low-
fat control group compared to all high-fat groups. Com-
pared to the high-fat control group, food intake was
occasionally increased in males of all test groups, but
these changes were. neither consistent nor dose-related
(data not shown).

" Haematology. In males of the 5% SUNTGAA40S and

- the SUNTGA40S/DHA: group, haemoglobin concentra- -
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tion and packed cell volume were statistically signifi-
cantly lower and reticulocytes were slightly higher than
in the high-fat control group and/or the low-fat control
group. Red blood cell count was also slightly decreased
in males of these groups (statistically significant in the
5% SUNTGAA40S group only). Mean corpuscular hae-
moglobin concentration (MCHC) was slightly, though
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Table 2
Natural delivery and litter data
Parameters Control groups. Test groups
Low-fat . High-fat 0.5% 1.5% 5.0% 3.65%
(carrier) (corn oif) SUNTGA40S SUNTGA40S SUNTGAA0S SUNTGAA40S +
control control 8 2.11% DHA oil*
No. of fernales mated - 24 23 24 24 24 23
No. of females pregnant 22 18 23 22 20 . 23%
Mean pre-coital time (days) 27(04° 2705  2.6(0.5) 3.0 (0.6) 2.9 (0.5) 2.2 (0.2)
Live birth index (%)° 9% . 100 99 100 99 100
Mean litter size at birth 101 (0.5) 102(0.5  10.5(0.5) 10.8 (0.4) 10.3 (0.5) 10.3 {0.5)
Mean litter size day 4% 9.6 {0.5) 10.1{0.5) 9.6 (0.6) 10.7 (0.4) 9.9 (0.5) 10.1 (0.5)
Mean litter size day 21 76 (0.2) 17.7(0.2) 1.7 (0.2) 7.9 (0.1) 7.8 (0.1) 7.7(0.2)
Viability index days 4-21 {%)° 100 100 o8 100 100 100
Sex ratio at day 1° 51 51 54 55 47 49
Sex ratio at day 21° - 49 51 54 51 512 49
Post-implantation loss (%)® 15029 9.5 (3.8) 7.3 (2.1) 9.0 (2.2) 12.1 (5.3) 9.3(2.7 '
Mean pup weight day 1 {g) _ 530D 5.2 (0.1) 53{0.2) 5.1(0.0) 5.2 (0.2) 5.1(0.2)
Mean pup weight day 14 (g) 269 (0.6) 28704 303 (0.5 28.2 (0.5) 28.6 (0.5) 28.1 (0.6)
Mean mals pup weight day 21 (g 445(09) 41609 502 (0.9 £7.4 (0.7 46.6 (0.7) 46.9 (1.0)
Mean female pup weight day 21 (g) © 43.6 (0.9)  450(0.7) 481 (08)***  454(0.8) 46.0 (0.6)

# p < 0,05; fisher exact probability test; significantly different from corn oil controls,

448 (0.8)

# p < 0.001; fisher exact probability test; significantly different from carrier (10w fat) conirols.

2 High DHA Tuna oil.

® In brackets } is given the standard error of the mean (SEM).
¢ Number of pups born alive/total number of pups x 100.

o Preculling.

® Number of live weaniings/number of pups alive on day ¢ post partumx 100, |

T The number of live male pups/number of live pups.

& (Number of implantation sites — number of pups born alive)/number of iraplantation sites x 100.

statistically significantly increased in these groups in
both sexes and in males of the 1.5% SUNTGA group,
whereas mean corpuscular volume (MCV) was
decreased in males of the SWTGAAIOS/DHA group
(Table 3).

Prothrombin time was not changed in all high-fat

' groups, but was higher in males of the low-fdt control.

group as compared to all ‘high-fat groups, including
- the corn-0il controls. There were no treatment-related

changes in total or-differential white blood cell counts.

Clinieal chemistry. Compared to the low-fat controls,

cholesterol concentration was higher in the high-fat con-~~

trol group and in the 0.5% and 1.5% SUNTGA40S
- group in both sexes (not statistically significant.in fe-
males of the 0.5% SUNTGA40S group). At the higher
SUNTGAA40S levels (in the 5% SUNTGA40S and SUN-
TGA40S/DHA groups) cholesterol levels were lower
than in the high-fat controls (statistically significant in
females only) and were comparable to those'in the low
fat controls {Table 4). In both sexes, plasma triglycerides
and phospholipids were statistically significantly lower
in the 5% SUNTGA40S and the SUNTGA40S/DHA
. groups as compared to the low-fat controls and/or the

high-fat controls. In addition, triglycerides were lower - -

in the 1.5% SUNTGA40S than in high-fat controls in
both sexes. Bilirubin concentration was lower in females
of the 3% SUNTGA group as compared to the low-fat

controls only. Alkaline phosphatase activity was statisti-
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cally significantly higher in several high-fat groups,
including’ males and females of the corn-oil controls,
when compared to the low-fat controls, but there were
no differences between the corn-oil controls and the test
groups. Ar few other changes in - clinical chemistry
parameters reached the level of statistical significance
(viz. aspartate aminotransferase activity, albumin/glob-
ulin ratio and total protein and sodium levels). These

SUNTGA40S because they did mot show a- dose-
tesponse relationship or did not differ significantly from
the comn-oil controls.

Urinalysis. The renal concentration test did not show -

any significant changes in urinary volume or density,
and semi-quantitative (dipstick) urinary -observations
and microscopy of the urinary sediment did nof reveal
relevant changes.

Organ weights. The absolute weight (not shown) and

the relative weight (Table 5) of the spleen were higher in

males of the 5% SUNTGA40S and the SUNTGA40S/
DHA group both compared to the low-fat controls
and the high-fat controls. Due to slight fluctnations in
terminal body we1ght the relative weight of the brain
was decreased in -males of the SUNTGA40S/DHA
group and increased in females of the 1.5% SUN-
TGAA40S group. A fortvitous finding of a decreased
relative - weight of the uferus was observed in the
high-fat controls and the 0,5% SUNTGA40S group.

‘changes were not ascribed -to -the administration of -~

-
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Table 3 .
- Selected haematological parameters in blood collected from 10 rats/sex/group at necropsy

Parameters .Control groups Test groups

Low-fat High-fat 0.5% 1.5% 5.0% 3.65%

(carrier) {com oil) - SUNTGA40S  SUNTGA40S  SUNTGA40S SUNTGA40S +

control control ' . 2.11% DHA oil®
Muales . . ' -
Red blood cells (10'2MAP 8.08 (0.09)" 214 (0.08) - 839(0.13) 8.33 {0.10) 7.79 (0.08)" 7.0 {0 03)
Haemoglobin (mmo)/)/ 9.6 (0.1) - 9.6 (0.1) 9.8 (0.1) 9.9 (0.1) 9.2 {0.1)" 9.1 (0.1~
Packed cell vohume (1 0.413 (0.006)  0.418 (0.005)  0.420 (0.005)  0.422 (0.004)  0.388 (0.005)™*¥  0.380 (0.005)* %
MCVe ()P 51.2 (0.7) . 51.4 (0.6) 50.1 (0.6) 50.8 (0.6) 49.9 (0.3) 482 (0.3)"#¥
MCH? (fmol)? 1.15 {0.01) -1.18 (0.01) 1.16 (0.01) 1.19 (0.02) 1.18 (0.01) 1.16 (0.01) *
MCHC {mmol/Iy*? 23.3(0.1) - 229 (0.1 23.2 (0.1) 23.5(0.1)" 23.7 (0.1)% 24.0 (0.1)"%#
Reticulocytes (per 1000)*™  34.4-(1.3) 323 (L5 . 336 (LD 31.8(1.3) 39.0 (L3)y#¥ 39,6 (2.5
Prothrombin time (s) 39.4 {0.5) 37.0 (0.5)" 36.2 {0.5)™ 37.1 (0.6) 37.3 (0.6)" . . 370 (0.5) -
Females . .
Red blood cells (10'3/1yAP 7.60 (0.10) 7.62 (0.06) 7.73 (0.08) - 7.45(0.13) 7.57 (0.06) 7.56 (0.05)
Haemoglobin (mmol/1)™? 9.3 {0.1) 9.4 {0.1) 9.3 (0.1) 9.3 (0.1) 9.4 (0.1) 9.4 (0.1)
Packed cell volume (/P 0.403 (0.003) 0404 (0.005)  0.410 (0.003)  0.399 (0.005)  0.400 (0.004) 0.396 (0.006)
MCVe (f)VP 53.1 (0.7) 53.1 {0.6) 53.1 {0.6) 53.6 (0,7) 52.8 (0.5) 52.4 (0.6)
MCHY(fmoly*? 1.23 (0.02) 123 (0.02) . 121(0.01) ° 1.24 (0.02) 1.24 (0.01) 1.24 (0.02)

" MCHC (mmol/)*/P 23.1(0.)) 23.1 (0.1) 22.7 (0.1)* 232 (0.2) 236 (0.1)% 23.7 (0.1)""¥

Reticulocytes (per lOOD)K’M 37.7 (2.2) 36.1 (1.2) 33.9 (1.3) 35.5 (2.9) 34.6 (1.4) 36.9 (1.4)
Prothrombin time (s)A/® 34.8 (0.6) 34.1 (0.6) 34.5 (0.6) 34.1 (0.4) 36.1 (0.4) . 3.4 (0.6)

A/D Andva + Dunnett tests.
- BME miskal Wallis Anova + Mann-Whitney U-test,

p < 0.05; "*p < 0.01; significantly different from carrier (low-fat) conirols.

#p < 0.05; #¥p < 0.01; significantly different from corn oil controls.
* High DHA Tuna oil.
® In brackets is given the standard error of the mean (SEM)
¢ Mean corpuscular volume. .
9 Mean corpuscular haemoglobin.
® Mean corpuscular haemoglobin concentration,

Pathology. Macroscopic examination at necropsy and
microscopic examindtion of organs and tissues did not
reveal any freatment-related ﬁ.ndings All histopatholo-
gical changes observed were comimon findings in rats
of this strain and age, and their incidences were comipa-

. rable amongst the exammed Broups.

4. Discussion

This; 13-week subchronic study in Fy rats, preceded-

by a pretreatment period of Fy rats and exposure of
the FFp dams throughout mating, gestation and lactation,
using SUNTGAA40S at dietary levels of 0.5-5%, provides
evidence that this oil is a safe source of arachidonic acid.
The administration of SUNTGA40S, with or without
DHA oil, did not affect health, growth, fertility or repro-
ductive performance of the parental rats, nor pup char-
acteristics. In the subchronic study with the offspring
rats, no significant. différerices were found in condi-
tion, neurobehavioural observations, ophthalmoscopy,
growth, urinalysis or macroscopic and microscopic fin-
dings between the test groups and the low-fat or the
high-fat controls. The feeding of SUNTGA40S at high
doses in the subchronic study was, however, associated

71

with a few differences in haematolo gy, clinical chcmlstry
and spleen weight. -

Changes in red blood cell parameters similar to those .
observed in the present study in F; rats fed high levels of
SUNTGA40S, with or without DHA, have been
reported in other- studies with PUFAs. MCHC was
elevated in rats administered a combination of ARA
and DHA-containing oil for 4 weeks (Hempenius
et al,, -1997). Increased MCHC and decreased packed
cell volume were also noted in rats fed high levels of

"ARA or ARA/DHA-containing oil for 13 weeks

(Hempenius et al., 2000). Decreased haemoglobin and
packed cell volume. were found in another study in rais
fed ARA/DHA (2:1)-containing oil for 13 weeks (Burns
et al., 1999). As in the present study, these effects were
noted especially in males. Accurnulation of polyursatu-
rated fatty acids in red blood cell membranes may in- -
crease lipid peroxidation and red blood cell senescence,
Both the administration of bigh levels of » —~ 3 PUFA
(DHA)-containing oil to rats and mice (Calviello
et al., 1997, OQarada et al., 2000) and n— 6 PUFA
(ARA)-containing oil to piglets (Sarkadi et al., 2003)
has been associated with increased oxidative sensitivity.

“In humans it has been reported that both fish oil (high in

n — 3 fatty acids) and safflower oil (high in n — 6 fatty
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Table 4 . ,
Selected clinical chemistry parameters in plasma collected from 10 rats/sex/group at necropsy
Parameters Control groups Test groups
Low-fat High-fat 0.5% 1.5% 5.0% 3.65%
(carrier) ‘{com oil} SUNTGA4)8  SUNTGAA40S SUNTGA40S SUNTGAA0S +
control conirol ° - ) 2.11% DHA oil?
Males .
Cholesterol (mmo}/1) 1.83 (0.06)° 222 (0.08)° 236 (0.10)™ 2,30 (0.10)™ 1.92 {0.08) 1.94 (0.10)
Triglycerides (mmol/1) 1.92 (0.22) 2.33 (0.30) 1.97 (0.28) 1.42 (0.17)% 0.87 (0.10y** 112 (0.13)%*
Phospholipids {(mmol/l) 196 (0.09)  226(0.08)  2.28(0.11) 208 (0,10} 1.66 (0.08)** 173 (0.08)%%
Bilirubin (pmel/l) - 12(02) . 1.2 (0.1) LI{0.1) 0.9 (0.2) 1.1(0.0) 0.9 (0.1)
Alkaline phosphatase (U/l) 79 (4) 118 (6™ 116 (7)™ 100 {6) 110 (7)* 115 (4)™
Aspartate aminotransferase (Ufl)  85(5) , 75 (3) 88 (4)* 70 (3)° 76 {4) 82(2)
Total protein (g/1) 70 {0) 67 (1) 70 (1)* 70 (1)* . 68 (0) 68 (1)
Albumin/globulin ratio 1.82(0.04) 1.84 (0.05) 1.79 (0.03) - 1.59 {0.05)## 1,77 (0.05) 1.80 (0.05)
Sodium (mmol/l) 152 (1) 151 (1) 130 (0)* 150 {0) 150 (0) 149 (1)**
Females ) ’
Chelesterol {mmol/1) 1.70 (0.06)  2.00 (0.08)°  1.93 (0.06) 2.13 (0.08) 1.60 (0.06)"* 1.57 (0.09)**
Triglycerides (mmol/i) 122 (0.14) © 136(0.18) ~ L01{0A8) - 0.73 (0.06)* 0.66 (0.117%* . 0.71 (0.09)*
Phospholipids (mmoi/l) 2.08 (0.07) 228 (0.08) - 2.17 (0.09) 2.15 (0.06) 1.61 (0.06)**  1.69 (0.09)""* e~
Bilirubin {pmol/lj 0.9 (0.1) 0.7 {0.1) 1.0 {0.1) 0.8(0.2) 0.3 (0.)" 0.640.1) . .
Alkaline phosphatase (1J/1) 74 (8) 59 (8)* 92(3) - 78 {5) 74 (4) 87 (5) . -
Aspartate aminotransferase {U/l) 80 (4) 78 (4) 80 (2) 76 (1) 67 (3) - 86 (5)
Total protein (g/) 69 (1) 68 (1) .69 (1) 65 (1) 66 (1) 67 (1)
Albumin/globulin ratio 234 (0.07)  241(0.05 230 (0.08) 2.30 (0.07) 2.19 (0.06) 2.44 (0.04)
Sodium (mrhol/i) 150.(0) 149 (1) 149 (0) 149 (0) 149 (0) 150 (0)

Anova - Dunnett tests. -

*p < 0.05; **p <0.01; significantly different from carrier (low-fat} controls.

#p < 0.05; ¥ p <0.01; sigpificantly different from corn oil controls.
* High DHA Tuna oii.
¥ In brackets is given the standard error of the mean (SEM).

acids} increased the susceptibility of erythrocytes to oxi-
dative damage by free radical generatlon (Mills et al.,

1995). It may be speculated that, in the present study, l

‘modification of the fatty acid composition of the eryth-
rocyte membrane by high dietary levels of PUFAs af-
fected the survival time of the erythrocytes mn the
circulation. The effects on the red blood cell systemn are
not specifically dscribed fo the fest substance, but are
rather attributable to exposure to- hlgh levels of polyun-
Ssaturated fatty acids.

Plasma triglycerides and phospholipids were reduced
in both sexes in the 5% SUNTGA40S and the SUN-
TGA405/DHA group and- (for triglycerides only) in
the 1.5% SUNTGA group. Cholesterol concentration
was higher in the high-fat control group and the 0.5%
and 1.5% SUNTGA groups than in low-fat controls.
In the high-dose (5% SUNTGA40S and SUN-
TGA40S/DIHA) groups, however,

ing a cholesterol lowering effect of substituting ARA-
and ARA/DHA-containing oil for corn oil. The
observed diminution of phospholipids, cholesterol and

cholesterol levels
- were decreased compared to the high-fat controls, show-

The increased weight of the spleen in males of the 5%
SUNTGA and the SUNTGA/DHA group was not
accompanied by histopathological changes in this organ.
Many authors reported increased spleen weights without
effects on splenic morphology in mice, rats and piglets
administered high PUFA diets (Danse and Verschuren,
1978; McGuire et al.,, 1997; Hempenius et al., 1997,
2000; Burns et al., 1999; Rabbani et al.,
et al., 2003). The increased spleen weight in these stu-
dies, without histopathological correlates indicative of
a toxic action, is generally considered to be a physiolog-
ical adaptation to high dietary levels of unsaturated
fatty acids and not a manifestation of toxicity.

A few changes observed were not specifically related
to the administration. of PUFA-containing oil, but

rather attributable to the incorporation of extra fat in

the diet. The de_creased food intake in all high-fat
groups, including the high-fat controls, 1s due to the

. higher caloxic density of these diets. The decreased pro-
thrombin time in males of all high-fat groups as com-

pared to the low-fat control group is also ascribed to

- the high-fat content of the test diets and the corn-oil

triglycerides with ARA- or DHA-containing oil are as- -

cribed to the lowering effects of these PUFAs on
blood lipids (Harris, 1989; Hempenius et al., 2000; Ham-
mond et al,, 2001; Kroes et al., 2003; Memtt et al.,

. 2003).

control diet, A decreased prothrombin time has been
reported previously in rats fed diets high in corn oil or
PUFA-containing oils (Hempenits et al, 2000). The

increase in alkaline phosphatase activity in several

high-fat groups incliding the corn-oil controls is also
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Parameters Contro] groups Test groups

Low-fat High-fat 0.5% L.5% 5.0% 3.65%

(cartier) (comn oil) SUNTGA408 SUNTGA40S SUNTGA40S + SUNTGAA40S +

control “control : - 2.11% DHA oil®
Males )
Terminal body weight 408 (3)° 395 (7) - 413 (10) 411 (9) o 302(8) 419 (8)
Adrenals - 0.117 (0.004) 0.118 (0.004) 0.116 (0.005) 0.114 (0.004) 0.124 (0.004) 0.116 (0.004)
Brain 4.78 (0.08) 4.92 (0.08) 4.74 (0.10) 4.75 (0.09) 4.97 (0.07) 4.58 (0.06)*
Heart - 2,92 (0.08) ' 3.07 (0.06) 2.5 (0.06) 2.88 {0.05) 3.07 (0.07) 2.92 (0.06) -
Kidneys . : 5.26 (0.09) 5.56 (0.12) 5.15 (0.10) 5.16 (0.25) 5.23 (0.10) 5.24 (0.16)
Liver : 35.6 (1.5) 3.0 (10) 317.0 (0.9) . 33.6 (0.9) 36.4 (1.4) 36.5 (0.8)
Spleen 1.76 (0.04) 1.76 (0.05) 1.72 {0.06) 1.73 (0.06) 2.17 (0.07)"=#¥ 1.98 (0.06)~*
“Thymus 0:90'(0.03) 0.98 (0.07) 0.94 (0.07) 0.97 (0.04) 1.00 (0.04) ©0.90 (0.05)

_ Testes £.34 (0.31) 872 (0.24) 8.39 (0.24) 8.48 (0.27) 9.01 (0.22) 8.42 (0.20)
Seminal vesicles 3.65 {0.23) 3.54 (0.17) 3.54 (0.17) 3.66 (0.13) 3.43 (0.15) . 408 [0.16)

_ Epididymides 3.32 (0.10) 3.34 (0.10) 3.29 (0.10) 3.27 (0.10) 3.28 (0.07) 3.31 (0.08)
Females . o :
Terminal body weight 223 (3) 224 (4) ) 224 (5) 215 (3) | 223 (4) 230 (5)
Adrénals 0.265 (0.009) 0.250,(0.007) 0,243 (0.015) 0.281 (0. 009) 0.257 {0.007) 0.278 {0.011)
Brain 794 (014 . 7.70:(0.15) 7.90 (0.21)- . - 834 (0.13)* 7.99 (0.13) 7.65 (0.16)
Heart 3.48(0.09) . 3.50 (0.06) 3.53 (0.08) 3.62 (0.09) 3.32 (0.05) 3.43 (0.08)
Kidneys 6.06 {0.11) 6.06 (0.11)’ 6.14 (0.14) '6.09 (0.11) 5.74 (0.13) 612 {0.13)
Liver 34.6 (1.6) 34.7 (1.5) 35.2(1.3) 349 (1.8) 32.0 (0.7) 354 (1.5)
Spleen 2.20 (0.07) 2.11 (0.07) 2.14 (0.06) 2.33.{0.10) 2.37 (0.05) 2.28 (0.09)
Thymus 1.26 (0.03) 1.18 (0.06) 1.22 (0.05) 1.27 {0.05) . 1.16 (D.06) 1.24 (0.08)
Ovaries 0.334 (0.015) 0287 (0.017)  0.314 (0.013) 0.321 (0.011) 0.302 (0.016}. " 0.326 (0.014)
Uterus 3.973 (0.544) . 2.517(0.271)* 2.579 (0.213)* 3.694 (0.476) 2.813 (0.268) 3.112 {0.265)
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Mean terminal body weight {g) and relative organ we1gh15 (g/kg body weight)

Anova + Punnett tests. -

p < 0.05; ™ p <.0.01; significantly dlﬂ'crcnt from carrier (low-fat) controls.

#p < 0.08; ## b < 0.01! significantly different from comn ocil controls.
2 High DHA Tuna oil.
® In brackets is given the standard error of the mean (SEM).

attributed to the administration of extra fat in the diet.
Similar increases in alkaline phosphatase activity have

been reported previously with high-fat diets (corn oil, .

canola oil as well as PUFA-containing oils) (Burns
et al., 1999; Hempenius et al., 2000; Kroes et al., 2003).

The fundamental issue in this study was not the safety
of ARA per se, but rather to investigate whether SUN-
TGA40S as a source of this fatty acid is-safe. Changes

observed in some blood and clinical chemistry parame- . *

ters and spleen weight in the present study at high dose

levels of SUNTGA40S are consistent with the previ-

-ously reported physiological responses to dietary intake

of high PUFA containing oils. The results of this study
support the safety of SUNTGA40S under-the conditions

of intended use in infant formulas, traditional foods,"

speciality foods or food supplements.
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The eyes are riched in long-chain polyunsaturated fatty acids (LC-PUFAs) such as arachidonic acid [ARA;
20:4 (n—6)] and docosahexaenoic acid {DHA; 22:6 (n—3)]. Despite their abundance in the eyes, ARA and
DHA cannot be sufficiently synthesized de novo in mammals. During gestation, eye development is excep- .
tionally rapid, and substantial amounts of LC-PUFAs are needed to ensure proper eye development. Here,

Keywordst we studied the influences of dietary LC-PUEAs in dams {CS7BLf6 and C3H/He) an the eye morphogenesis
zﬂltcropttha!mla and organogenesis of their pups. Intngumgly. fetuses.and newborn mice from CS7BL{6 dams fed an LG-
ataract

PUFA (particularly ARA)}-enriched diet displayed a much higher incidence of eye abrormalities such as
- microphthalmia (small eye) and corneal opacity than thosé from dams fed an LCG-PUFA+ -poor diet. The
effects of LC-PUFAs on eye anomalies were evident only in the female pups of C57BLJ6 inbred mice,
not in these of C3H/He mice or miale C57BL{6 mice. These results demonstrate a gene-by-environment
(GXE} interaction in eye development in mice. Furthermore, our molecular analysis suggested the poten-

Corneal opacity
Mouse inbred strain
Gene expression
GxE interaction

tial roles of Pitx3 and Pax6G in the above interaction m\'olvmg ARA,

© 2010 Elsevier Inc. AlI rights reserved.

1. Introduction '

Long-chain polyunsaturated fatty acids (LC—PUFAs) have mani-
“old effects on health and development. For insiance, during gesta-
tion, large amounts of arachidonic acid [ARA; 20:4 (n~6)] and
docosahexaenoic acid [DHA; 22:6 (n—~3}] are deposited in the fetal
eyes and brains, suggesting that these faity acids are critical for
normal visuat and neuronal development [1]. Indeed, recent stud-
ies have shown that ARA and DHA may play an important role in
eye and brain development during infancy [2). The composition
of LC-PUFAs influences the membrane stability, fluidity and func-
tion of many cell types through its effects on gene expression
and tissue differentiation [1]. Fatty acid utilization in fetuses is lar-
gely dependent on the supply of what from the dam's blood, which
is determined by the dam’s fatty acid intake.

The mature eye is a complex argan that develops through a
- highly organized process during embryogenesis. Abnormalities in
the ocular developmental program can lead to a variety of strc-

end of the anomaly spectrum are anophthalmia (absence of eyes)
and extreme microphthalmia (small eye) [4]. Microphithalmia has.
a complex aetiology including chromosomal and gene defects
and environmenta) risk factors. Genes that have been implicated
in microphthamia include those for multiple transcription factars
{or regulators), e.g., Lhix2, Rax, Ox2, Foxe3, Pitx3, Maf, Sox2 and
Pax6 [5-12]. As environmental factors, exposure to radiation,
chemicals and viruses have been reported.

Other common eye malformations are congenital cataracts, and
corneal opacity induding sclerocornea {a congenital condition in

- which the sclera and cornea are considered as a single layer), and
" disorders of early retinal differentiation. The corned is a transpar-
- ent structure on the front of the eyeball; in corneal opacity, this tis-

tural defects of the eyes that are present at birth [3]. At the severe -
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sue becomes cloudy. or opacified, eliciting serious vision problems.
The cornea is scarred by injury, vitamin A deficiency, measles, and
viral infections including ocular or eye herpes, herpes zoster and
shingles [13]. However, the genes for corneal opacity are not well
understood. Much of our knowledge about the function of genes
relevant to cataracts has been derived from the molecular analysis
of spontaneous and induced mutations in mice; (i) the most fre-
gquent mutations 'in congenital cataracts are seen in genes coding
for garmnma-crystallins {Cryg family), (ii) some postnatal, progres-
sive cataracts are induced by mutations in the alpha- and beta-
crystallin-encoding genes (Crya and Cryb families, respectively),
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{iii) defects of transcripiion factors such as Foxe3, Pitx3, Maf, Sax2
and Pax6 cause both cataracts and microphthalmia [10,14-17].

In ouf previous study using rats with a Pax6 .mutation; we ob-
tained evidence that an enriched maternal dietary intake of ARA
is beneficial for improving human mental illness-related pheno-
types [18]. Then, we continued to assess the biological conse-
quences of antenatal and postnatal LC-PUFA administrations. in
mice. In that process, we noticed the increased incidence of eye
abnormalities in female C57BL/6 mice fed an LC-PUFA-enriched
diet during eye development. Therefore, in this study we set out
to systematically evaluate the effects of LC-PUFA-enriched diets
on eye development, by examining two different inbred strains
{C57BLJ6 and C3H[He) of both sexes. Because of the complexity
of eye abnormalities and the well-documented retinal ébnormali—
ties induced-by LC-PUFAs [19,20}, we mainly focus on the abnor-
malities of anterior portons of ocular structures of the eyes in
this study.

2. Materials and methods
2.1, Animals

Inbred strains of C57BL{6NCrICr]j (C57BL/6) and C3H/HeNCriCrj
(C3H/He) were obtained from Japan's Charles River Laboratories
(Tokyo, Japan). The animals were housed in groups of four in stan-
dard cages in a temnperature and humidity-controlled room with a
12-h light{dark cycle (lights on at 08:00), and had free access to
" chow and tap water. All the experiments were performed between
10:00 and 714:00. The sex of the fetuses at embryonic day 12.5
{(E12.5) and E16.5 was checkéd by the PCR-amplification of the

Sry gene. The experimental protocol was approved by the RIKEN

Animal Ethics Cornmittee.
" 2.2 Various LC-PUFA-containing and conventional diets

We prepared 4 different diets by altering thé fatty acid compo-
sitions of AIN-76: ARA(-)/DHA(-), ARA(+)/DHA(-), ARA(-}f
DHA(+) and ARA(+)/DHA(+) diets (Table S1) [18]. All the chows
were stored at 4 °C and shaded from light to prevent oxidation be-
fore use. In addition, they were not treated by gamma irradiation
or autoclave sterilization. As a conventional diet, we used CRF1
(Charles River formula; purchased from Oriental Yeast Co., Ltd., To-
kyo, Japan) (Table 52).

2:3. Histological examination

The sections were stained with hematoxylin and eosin. See Sup- .

plementary Materials and Methods for details.
24. Magl:teﬁc resonance imaging (MRI)

MRI pictures of the eye portions of adult mice were acquired by
MRI. using a vertical-bore 9.4 T Bruker AVANCE 400WB imaging
spectrometer {Bruker BioSpin, Rheinstetten, Germany). See Supple-
mentary Materials and Metheds for details.

2.5, Real-time quantitative RT-PCR

The transcript levels were determined by real-timne quantitative
PCR (gRT-PCR), using a TigMan Gene Expression Master Mix, tran-
script-specific minor groove binding (MGB) probes (Applied Bio-
systems) and an ABI 7900 sequence detection system, according
to the manufacturers’ instructions. The Gupdh gene was chosen
as the control (Applied Biosystems). See Supplementary Note for
details.

2.6. Statistical analysis

The mean sizes of the eyes of the mice among the different diet
groups were evaluated using Dunn’s multiple comparison test,
with the ARA(—)/DHA{—) group as the control. The incidence rates
of eye abnormalities were cornpared using Fisher's exact test. The
gene expression levels were evaluated using two—talled unpaired
Student's ¢ test.

3. Results

C3.. Ejfecr_:; of dietary I_C—PUFA-S. on eye devé!opment

We raised two sirains of mice (C57BLJ6 and C3H/HE) on either
of four different LC-PUFA diets for a period spanning 2 weeks be-
fore mating to 3 weeks after the birth of pups (this age corresponds
to the weaning point) (Fig. 1A, Fig. S1A). The LC-PUFA diets were
ARA(-)DHA(=), ARA+)/DHA(-), ARA(-)/DHA(+) and ARA(+)f
DHA(+) (Table $1) {18]. After weaning, the mice were raised on a
conventional diet (CRF1} until 6 months of age (Table $2). We used

‘the ARA(~ )JDHA(—){LC-PUFA-poor) diet, not the CRF1 diet, during ,-

the above period as the control group, because {1) we thought that-
it is important to make the contents of all components except lip-
ids in the diets even, to strictly compare the dietary effects on
embrycnal development, (2} we observed no differences in the
incidence rates of eye abnormalities between the ARA(—),IDHA_(—)
and CRF1 diets in our preliminary experiments {data not shown),
and (3) to date, we have perforrned our study using the same com-
bination of the ARA(—)/DHA(-), ARA(+)/DHA({-), ARA(-)/DHA(+)
and ARA(+)/DHA(+) diets [18]. The prolonged administration of
the LC-PUFA diets from birth to the weaning point is also for our
planned next study, where we will examine the behavioral conse-
quences of what in adulthood (See Introduction).

We examined 878 eyes (C57BL/6 mice; 196 male eyes and 188
fernale eyes; C3H/HE mice: 228 male eyes and 266 female eyes) at
6 months of age. All the LC-PUFA-diet-fed mice grew normally in
terms of the morphologies of their bodies and various organs (data
not shown), except the eyes. In the eyes, we observed that the fe-
rmale C57BL{6 mice fed the ARA(+)/DHA(—]'01--ARA(+)/DHA(+) diet
show a higher incidence of microphthalmia than those treated
with the ARA{~)/DHA(-) diet, whereas the male C57BL/6 mice
did not display statistically significant eye size differences among
the distinct diet groups (Fig. 1B). Eyeball size (longest eye axis)” -
was measured carefully using a stereoscopic microscope (Fig. $2). ~
Typical MRI pictures of microphthalmia in living mice are shown
in Fig. 1C. Microphthalmia was already evident in an embryonic

" stage (ElG 5) (Fig. 53). In contrast, C3H/He mice of both sexes did

not show any differences in eye size among the four different diet
groups (Fig. 51B). The eyes whose sizes were zero are deemed to
correspond to anophthalmia (Fig, 1B). ’

The 878 eyes were also examined regardinig other ocular abnor-
malities occurring, in the anterior ocular segments and vitreous
body. Strikingly, in the C57BL{E fernale mice, the incidence of cat-
aract and corneal opacity including scleracornea, both of which in-
volve the disturbances of the anterior surface of the eye globe, was
sxgmﬁcantly increased in the ARA(+}{DHA(+) group, compared with
that in the- ARA{-)/DHA(-) group (Table 1). Keratolenticular
strands, which are aberrant tissues bridging the cornea and lens

"and thereby leading to the reduction in the size of the anterior

chamber, were also seen, although there were no statistical differ-
ences in the incidence, Irido-lenticularjcorneal synechia means the
adhesion of the iris to the cornea (Table 1). This anomaly was
sometimes seen in C57BL{6 mice, although the incidences were * -
not statistically different among the diet groups. The incidence

* rates of all three eye abnormalities listed in Table 1 tended to be

16
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Fig. 1. Effects of LC-PUEA diets on axial length of eyes in CS7BLIS adult mice. (Af Experimental schedule of diet administration and sampling. (8) The effects of LC-PUERA diets
on the axiallength of eyes. Each error bar shows a mean £ SEM. P< 0,01 {C) Typical MRI Images of abnormal eyes. The upper panels show horizontal sections and the tower
coronal sections at the levels of green horizorital lines shown in the corresponding upper panels. Left panels: both eyes are normal in size; middle panels; bath eyes show
microphthalmia or anophthalmia; right panels: the left eye is normal in size and the right eye shows mitrophthalmia or anophthalmia.

" Table1
Ocular abnormalities nbsewed in CS?BL,!E mice
Sex - . Ocular abnormalities Diet

' . | ARA(—)/DHA(-) ARA(+)[DHA{) ARA[-)JDHA{+) ARA(+)/DHA(+)
Male - Cataract andfor cocneal apacity (including sclerocornea) 368 (4.4%) 8/60 (13.3%) ' 2{23 (7.1%) 640 (15.0%). .

. Keratolenticular strand . 4/68 (5.9%) © 2/60{3.3%) R 0/28 (0%) - 3/40 {7.5%)

. Irido-Jenticular or corneal synechia 7/68 (10.3%) . 2/60 {3.3%) 1/28 (3.6%) 4/40 (10.0%)

Fernale Cataract andfor corneal opacity (including scierucornea 8/58 (13.8%) 12444 (27.3%) 5740 (12.5%) 17/46 (37.0%)

Keratolenticular strand ~ ° " 5/58 {8.5%) 4444 (9.1%) 2/40 (5.0%) 3/46 (6.5%)
Irido-lenticular or corneal synechia _91‘58 {15.5%) 444 (5.1%) ) 5[40 (12.5%) 5/46 (10.9%) .

The numericals in the column show the eye numbers with indicated phenotypeftotal numbees of eyes examined.
" P<0.01 compared to the ARA(-}/DHA(-) group.
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higher in the female C57BLf6 mice than in the male C57BL{6 mice,
In contrast, these abnormal phenotypes were scarcely seen in C3H/
He mice {Table 53).

We also performed histological examinations of the eyes from
the C57BL{G females treated with the ARA{+)}/DHA(-) and
ARA(#)/DHA(+) diets. At E16.5, when the development of eye an-

-lage is almost completed, a normally developing lens is observed
as shown in Fig. 2A. However, lenses from the ARA(+)[DHA{ -} trea~
ted embryos were hypoplastic (Fig. 2B, a) or missing (Fig. 2B, b)
with abundant abnormal retrolental tissue (arrowheads in
Fig. 2B). Theére were no clear signs of corneal differentiation (Figs.
2B, a and b). In a 6-month-old mouse, normally developing eye
structures inciuding the retina and optic nerve are shown in
Fig. S4A. But, in the eyes of the ARA{+)/DHA(—) treated group, ret~
inal lamination defects and abnormal folding were clear in addi-~
tion to lens dysgenesis and the presence of pigmented retrolental
tissues (Fig. S4B). -

3.2, qRT-PCR analysis of candidate genes underlying eye abnormalities

To address the molecular basis of abnormal. eye development

- observed in the female C57BL{6 mice treated with the LC-PUFA-en-
riched diets,-we examined whether there are perturbations of
expressions of genes involved in eye development at E12.5 (corre-
sponding to arcund the middle stage of eye development) and
E16.5. As' the known causative genes for microphthalmia, Lhx2,
Rax, Otx2, Foxe3, Pitx3, Maf, Sox2 and Pax6 were selected [5-12].
" For cataract-causing genes, Foxe3, Pitx3, Maf, Sox2, Pux6, Cryaa, Cry-
ah, Crybbl and Crygf were examined (Fig. 3A). Foxe3, Pitx3, Maf,

A

C57BL/6: female (E16.5)
Normal phenotype

C57BL/6: female (E16.5)
ARA(+) / DHA(-)

M. Maekawa et al / Biochemical and Biophysical Research Communications 402 (2010) 431-437

Sox2 and Pax6 are overlapping between the two phenotypes. We
carefully removed the eyes from the embryonic bodies under a ste-
repscopic microscope, and extracted mRNA from them, Gene
expressions were compared between the ARA(—)/DHA(—} and
ARA(+){DHA{~) groups, and between the ARA(--)/DHA(-) and
ARA(+)/DHA(+) groups. Interestingly, at E12.5, the ARA(+)/DHA(-)
diet evoked the downregulation of Pitx3, compared with the
ARA{—)/DHA(—) diet (Fig. 3A, left panel). However, the ARA(+)/
DHA(+) did not alter the expression levels of any genes at this
developmental stage (Fig. 3B, left panel). On the other hand, at
E16.5, the ARA(+)/DHA{-) diet elicited the upregulation of Lhx2
(Fig. 3A, right panel). The ARA{+)/DHA(+) diet induced significant
expressional changes in all the genes examined except Otx2
(Fig. 3B, right panel).

- Dietary PUFAs regulate a transcription factor called sterol regu—
latory element-binding factor 1 (Srebfl} [21,22]. Gur database
search (TFBIND: http://tfbind.hgcjp/) showed that each of the 12
genes examined here has multiple consensus binding sites for
Srebf1 in regions spanning 1000 bp upstream of the 5-end of exbn
1 to 1000 bp downstream from the 5'-end of intron 1, with a cutoff
value of more than 0.72. The ARA(+)/DHA(+) group at E16.5, but
not at E12.5, showed upregulated Srebfl mRNA levels, compared /7
with the ARA{-)/DHA(—) diet group in the C57BL/6 female mice

" (Fig. 4, lower ‘panel). There were no differences between the
ARA(—)/DHA{—) and ARA(+)}/DHA(-) diet groups at E12.5 or
E16.5 (Fig. 4, upper panel). We,did not compare the expression lev-
els between the ARA(—)DHA{-) and ARA{—}/DHA(+) diet groups,
because the ARA(—)/DHA(+) group did not show any significant
increases in the incidences of the examined abnormalities. These

o

Fig. 2. Histological examinations of eyes from C57BL/6 females fed ARA(+)/DHA(—) diet. (A) Regularly formed eye. (B) The lens is abnormally smatt (B. ) or the lens is almost
missing (only remnant is present){B, b) in the ARA(+)/DHA{~) group at E16.5. The picture of (B, ¢} is 2 magnified one of the ocular portion shown in (B, 2). Arrowheads in A, a
and b show abnormal retrorental tissues. Scale bars indicate 200 j.l.]Tl L, lens; R, retina.
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results suggest that the elevated expression levels of genes shown
in Fig. 3B, right panel, may be at least partly due to the upregula-
tion of the SrebfI gene. '

To narrow down the candidate genes responsible for enriched-
LC-PUFA~induced microphthalmia, and cataract andfor corneal
opacity phenotypes in C57BL/6 female mice and to see whether
there is a sex-specific differential regulation of gene expressions
by LC-PUFAs, we examined the expression levels of the same set
of genes using eye samples from the male C57BL{6 mice, which
can be enriched-LC-PUFA diet-resistant controls {Figs. S5 and S6).
The only difference was the downregulation of Pitx3 at E12.5 in
only the female mice fed the ARA(+)}/DHA(-) diet. This result im-
plies that the ARA(+)/DHA{~)-diet-induced microphthalmia and
cataract ray be related to the diminished expression level of Pitx3
at a critical point (e.g., around E12.5).

4. Discussion.

C57BL/5 mice have eye abnormalities more frequently than
C3H/He mice (information from Oriental Yeast Co., Ltd., and also
see [23]). In the current study, we further revealed that the admin-
istration of enriched ARA- or ARA and DHA-containing diet during

79

the developmental stage increases the incidence of eye abnormal-
ities in only the C57BL/6 female pups, not in the male C57BL/6 or
C3H/He mice of both sexes. These results add a palpable example
of the gene-by-environment (GxE) (in this case dietary LC-PUFAs)
interactions. For a GxE-interaction on tumor growth and immune
functions, it was reported in 1980 that a PUFA-rich diet enhances
proliferative response to mitogens apd the rate of growth of a
spontaneous transplantable adenocarcinoma as compared with a
PUFA-poor diet result in fernales, not males, of BALB/¢ mice, and
that'in female DBA/2 miice, low dietary PUFA determines a reduced

_tumor growth only, but it does not affect prohferatwe response io

mitogens [24].

Because both the ARA(+)/DHA(—) and ARA(+)/DHA(+) diets in- -
creased the incidence of microphthalmia, it is likely that ARA has
a more significant effect on the eruption of abnormalities than
DHA. Regarding cataract andjor corneal bpacity, since only the
ARA(+)JDHA(+) diet significantly raised its incidence in female
C56BL{56 mice, the excess of both- ARA and DHA, or ARA alone in

‘the diet is deemed responsible for this abnormality. Itis suggested

that females possess a greater capacity for o-linolenic acid conver-
sion to eicosapentaenoic acid, docosapentaenoic.acid and DHA

" than males. Such a metabolic capacity is thought to be important
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for meeting the demands of fetuses and neonates for DHA during
pregnancy and lactation [25). The differential eye abnormality
occurrences between the male and female C57/BLE mice detected
in this study may partly reflect a sex~dependent distinct capac1ty
of lipid metabolism.

Conforrmng to the observed abnormal eye phenotypes, the
expression levels of genes associated with the development of
anterior ocular parts and causative for their abnormalities were di-
versely affected, particularly at E16.5 in the ARA(+)/DHA(+) group.
These expressional changes were similar between the male and fe-
male C57BL/6 mice (Fig. 3B, right panel and Fig. S5B, right panel).
Therefore, the perturbation of the gene expressions atr E16.5 stated
above, albeit rernirkable, does not seem to be directly linked to the
formation of eye abnormalities specific to-female C57BL/G. The
expression level of Pux6 was reduced to about half-in both males
and females (Fig. 3B and Fig, S5B). Rats with a heterozygous Pox6

gene defect show multipronged eye abnormalities, suggesting that.

Pax6 has a mater-gene-like role in the eye formation [10]. There-
fore, those diverse expressional changes, including those of Pax6
may underlie the observation that this inbred strain is prone to
be affected by LC-PUFA-rich diets in terms of eye abnormalities
(particularly, cataract and/or cormeal opacity: see Table 1). To ad-
dress this speculation, it would be necessary to examine gene
expressions in C3H/He mice in the future. Although we could not
identify the genes truly assecciated with the observed eye abnor-
malities at E16.5, a notable gene is Pitx3, which showed dewnreg-
ulation at E12.5 in only the C57BLJ/6 female mice fed the ARA(+)/
DHA(~) diet, not in C57BL/6 male mice. Pitx3 is expressed during
.early vertebrate lens development. The deletion of this gene causes

. abnormal lens phenotypes in the mouse line aphakia (ak) [5,6]. In -

ak mice, the lens can start to form, but its development is dis-
turbed. Eventually, lens development is arrested and the lens dis-
appears [26-29]. The abniormal lens phenotypes observed in the

M. Muekawa et ﬂL/ Biochemical and Biophysical Research Communications 402 {201G) -431 —437

female mice fed the ARA{+)/DHA(-) diet are similar to some as-
pects of lens abnormalities reported in the ak mutants [5.6]

{Fig. 2B and Fig. 54B).

Other than eye abnorrna[mes small brains and hypolaSIa of
lower jaws at E16.5 were- observed i in the female C57BL{6 mice
fed the ARA(+)/DHA(+) diet (Figs, S3B, e, and f). These issues should
also be pursued in future studies.

As stated in Introduction, we previously reported in animal
experiments that dietary LC-PUFAs may have potential to improve

" the phenotypes relevant to human psychiatric illnesses [18]. In-

deed, recently, Amminger et al. reported that leng-chain -3
{n—3) PUFAs reduce the risk of progression to psychotic disorders
and may offer a safe and efficacious strategy for indicated preven-
tion in young people with subthreshold psychotic states {30].
Although an LC-PUFA-enriched diet was reported to he noentoxic
in rats [31], considering our current results using mice, we need
to be cautious about the intake of a high dose of LC-PUFAs from
supplements by pregnant mothers.

In sumrmary, this study provides pivotal evidence that rich die-
tary LC-PUFAs (particularly ARA) are associated with ocular abnor-

malities in-a strain- and sex-dependent manner in-mice. Further -,

studies on the biclogical mechanisms linking LC-PUFA metabolism
and eye development are warranted,
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Abstract—The long-chain omega-3 and omega-6 Tatty acids, docosahexaenoic and arachidonic acids, are
impoctant in fetal devélopment, but may be depleted from the mother during pregoancy as she t::zinsfers
reserves to the developing fetus én ntero and later to the infant through her breast milk. Pregnant'women can
increase their dietary intake of these nutrients to maintain adequate maternal reserves and ensure an optimal
infant supply. DHASCO® and ARASCO® oils, concentrated sources of docosahexaenoic and arachidonic
acids, respectively, have been tested in acufe and subchronic sindies without toxic effects. The present devel-
opmental toxicity study was undertakien to test for potential teratogenic activity of these oils fo ensure their
safe use during preghancy. DHASCO and ARASCO oils yrere administered by oral gavage to pregnant rats
at doses up fo 1250 and 2500 mgfkg body weight/day, respectively, during the pei'iod of organogenesis.
Caesarean sections and necropsies were performed on day 20 of gestation. Maternal reproductive outcomes
were analyzed, and fetal external, soft and skeletal tissue were examined, Treatment with these oils did not
prodace overt maternal foxicity, nor did either oil result in changes in pre- or postimplantation losses,

resorptions, live births or sex ratios. Neither oil cansed fetal malformations. Increased freqnencies of renal ’

variations in development occurred in a nun—dose-dependent manney and were not toxicologically significant.
" We conclude that these oils are not terafogenic at doses that represent a 100-fold safety factor over expected
. use levels. © 2000 Elsevier Science Ltd. Allr :gllrs reserved

Keywords: docoszhexaenoic acid (DHA), arachidonic acid; fetal organogcnesas fetal developroent; ter-

atogenicity and toxicity study.

Abbreviations: ARA =arachidonic acid; DHA =docosahexaenoic acid; EPA = eicosapentaenoic acid; LC-

INTRODUCTION

The long-chain omega-3 and omega-6 fatty acids -

docosahexaenoic acid {DHA; 22:6n-3) and arachi-
donic acid (ARA; 20:4n-6) are’ imporiant to the
developing fetus, particularly for nenral and vaseular
tissue development (Crawiord, 1993). These fatty
acids are incorporated into the membranes of fetal
tissues at a- particularly high rate during the third

trimester of pregnancy, when the brain and vascular '

.system are growing at a very rapid pace (Crawford et
al,, 1997). Both DHA and ARA are efficiently trans-
ferred from matemal to fetal circulation through the

*Corresponding author. Tel: (410) 740-0081; fax: (410} 740-
2985,

0278-6215/00/$ - see front matier © 2000 Elsev:er Sc1ence Ltci All rights reserved.

PII: 50278-6915(00)00067-3

PUFAs=long-chain polyunsaturated fatty acids; NOAEL =no-observable-adversé-effect level,

placenta, which is adept at concentrating these long-
chain polyunsaturated fatty acids (LC-PUFAs) in 2
process known as biomagnification (Ruyle er al,
1990). An infant’s DHA and ARA status atl birth is
comrelated to the mother’s levels of these fatty acids

during pregnancy, especially during the last trimester .

(Connor et af,, 1996; Otto et al., 1997a). The mother
contimues to supply the infant with DHA and ARA
postnatally through her breast milk. Breast ‘milk
levels of DHA are linearly re]ated to maternal DHA
intake (Maknides et al., 1996).

As the mother ut]hZES her stores of DHA to support
the developing fetus, her own DHA status is compro-
mised, as evidenced by a relative increase in mead acid
(20:3n-5), a marker of essential fatty acid deficiency,

in nmbilical cord arteries, and more specifically by an
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increase in the maternal DHA deficiency index (the
22:5n-6 docosapentaenoic acid to DHA ratio in
blood) as the pregnancy progresses (Al ef al., 1995;
Homstra et al., 1989; Otto ef al., 1597a). The DHA
status of the mother declines forther in the post-
parium period, especially if she is breastfeeding (Otto
et al., 1998). Multiple or multigravidae pregnancies
place greater stress on the mother’s LC-PUFA levels,
with subsequently lower DHA, stdtus of the infant(s)
al birth (Al et al., 1997; Zeijdner et al., 1997). Low
DHA levels may be associated. with an increased risk:
of pre-eclampsia and postpartum depression (Hibbeln
et al., 1995; Velzing-Aarts et al., 1999; Williams et
al., 1995), and have been linked to shorter gestation
times and poorer fetal growth (Hornstra et al., 1989,

1595; Leaf et al., 1992; Olsen et al., 1992), Matemal
relative ARA levels also decrease dunng pregnancy

(Al ef al., 1995). The infant’s ARA status at birth has

also been positively correlated with fetal growth
(Foreman-van Drongelen et al., 1995; Koletzko and
Braun, 1991; Leaf er of., 1992).

Maternal LC-PUFA reserves depend on the
mother’s diet. Western diets, however, typically have
low amounts of IDHA. Based on the most recent
USDA Continuing Survey of Food Intakes by Indi-
viduals (USDA, 1599}, pregnant of nursing women
on average consume 50 mg DHA per day (D. Benisek,
personal communication), compared to the 300 mg
per day' recommended for pregnant or laciating
mothers by a recent NIH workshop (Simopoulos er
al., 1999). Matemnal LC-PUFA reserves, however,
‘can be improved by supplementation with DHA and
ARA during pregnancy (Connor ef al, 1996;

.Hamosh and Salem, 1998; van Houwelingen ef al.,

1995). DHA can be obfained in the diet primarily
from fatty fish or organ meats or alternatively by
supplementation with DHA-rich oils. Fish oils have
been used for this purpose; however, low eicosa-

- pentaenoic acid (EPA) fish oils are advised to minimize

the risk of bleeding (Olsen ef al., 1992} and cod liver
oil should be avoided because of potential vitamin A
teratogenicity (Rice, 1996). Some scientists have
suggested increasing both DHA and ARA intake to
maintain a proper long-chain omega-3 to omega-6
ratio during pregnancy- (Felton ef al., 1994; Hornstra
et al., 1996; Otto et al., 1997b). Dietary ARA sources
include meats and eggs.’

With the recent development of single-cell sources
of both DHA and ARA, alternative sources of con-
centrated, well-defined and specific DHA- and ARA-
rich oils are now available to augment dietary intakes
of these fatty acids. DHASCO® oil is derived from
microalgae and contains 40-50% DHA, but no EPA
or other LC-PUFAs (Kyle, 1996). ARASCO® oil is
derived from a microfungus and contains -40-50%
ARA and only minimal amounts of other LC-PUFAs
{Kyle, 1997). These oils are produced by a fermentation

. process followed by oil extraction and purification -

using current Good Manufacturing Practices for

“ foods. Both DHASCO and ARASCO oils have
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already been nsed for fortification of infant formulas in
many parts of the world. Previous studies have shown
that neither oil is toxic in acute or 28- or 90-day
subchronic safety studies in rats, including one study
with an in utero phase (Arterburn et al., 2000; Boswell
et al., 1996; Burns ef al., 1999; Koskelo-et al., 1997;
Wibert et al., 1997). The focus of the present-study is
to specifically investigate teratogenic potential of
these oils in a rat development model to ensure that
they are safe to use during pregnancy, particularly
during the period of fetal organogenesis.

MATERIALS AND METHODS

This study was conducted in the laboratories of
Covance Laboratories Inc. (Madisan, WY, USA) in
accordance with the Food and Drug Adminisiration
(FDA) Good Laboratory Practice (GLP) Regulations
for Nonclinical Laboratory Studies, 21 CFR 58. The

FDA’s Toxicological Principles for the Safety

Assessment of Direct Food Additives and Color Addi-
tives Used in Food, commonly referred to as the

-Redbook I and the draft Redbook II were used as

guidelines for study design.
Test materials

DHASCO single-cell oil {lot no. D015-DS) and’
ARASCO single-cell oil (fot no. A013-DS), both

" produced by Martek Biosciences Corporation

(Columbia, MD, USA), were used in this study. The -
final product was assayed for ¢elemental composition,

- chemical characteristics and fatty acid composition -

and met previously. set specifications (Table 1).
Ascorbyl palmitate (0.025%) and tocopherol
(0.025%) were added to ihe final product to protect
the oils from oxidation.

Dosing

Test material doses of either 500 or 1250 mgfkg
body weight/day of DHASCO (low and high
DHASCO groups, respectively) or 1000 or 2500 mg/
kg body weight/day ARASCO (low and high ARA- .
SCO groups, respeciively) were prepared by diluting
the test oils with high oleic sunflower 6il (lot no. SC
4080, SVO Specialty Products, Eastlake, OH, USA)
s0 as to provide a constant total oil dose of 2.5 g |
(2.78 ml) per kg body weight per day to each animal
based on the most tecently recorded body weights

- (Table 2). Dose preparations were mixed twice during

the study. Controls were dosed with the high olejc
sunflower oil vehicle. The preparations were delivered
by . gavage (to- model oral intake) once daily at

- approximately the same time of day on days 6

through 15 of gestaiion..

Animals

Female Crl:CD® Sprague—Dawley BR VAF/
Plus® rats approximately 10 wk of age were obtafned.
from Charles River Laboratories, Inc. (Portage, MI, °
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Table f. Fatty acid composition (% of total fatty acids) of DHASCO and ARASGO test m]s and vchu:lc oil (high oleic sunﬁowcr oil)

High DHASCO - 1250

Fatty acid : Common name DHASCO oil
10:0 Capric acid 0.6 0 0
12:0 Launc acid 4.5 0 0
14:0 Myristic acid 15.4 04 0
‘14:1n-5 Myristioleic 0.2, . . i} 3]
16:0 Palmitic acid 11.6 : 9.4 2.7
16:10-7 Palmitoleic acid 237 0.1 : o -
Ciso ) Stearic acid 0.3 10.3 34
“18:1n-9 Qleic acid 1.3 . 83 . 87.3
T, 18206 ' Linoieic acid 0.8 63 46
C 18306 . : Gamma-linolenic acid 0 36 0
18303 Linolenic acid 0.2° . 0 0
20:0 : . Arachidic zcid (ARA) 1 S 1.0 - 03 -
20:1 . Eicosencoic acid . 0.1 0.5 0.3
-20:3n-6 Dikomo-gamma-linalenic acid 0 2.8 0
20:4n-6 - _ Arachidonic acid (ARA) 0 514 0
-20:5n-3 -+ Eicosapentaenoic acid (EPA) 0 1] 0
22:0 Behenic acid . 0.1 1.8 10
22:51-3 Docosapentaenoic acid (DPAn—B) 0 0 0
22:5n-6 - Docosapentaenocic acid (DPAn-6) 0 0 ]
22:60-3 . " Docosahexaenoic acid (DHA) ST 0 ]
24:0 - ' Lignocerie zcid a L5 0.3
Table 2. Dosing scheme
Group ARASCO DHASCO | High oleic sunflower oi} MNumber of mated females -
: : (mg/kg bw/day) (mgfkg bwjday) ° (mafkg bw/day) :
Control - - 2500 25
Low ARASCO 1000 - 1500 ) : 25
Iigh ARASCO - 2500 - - 25
Low DHASCO - T 500 2000 25
1250 25

USA). The animals were housed in individual cagés
in a temperature and humidity-controlled room with

" a 12-hr light/dark cyele. Waler and certified rodent

. diet 5002 meal (PMI Feeds, Inc.,, Richmond, IN,
USA) was provided ad lib. Females were acclimated
for, approximately 1 wk prior to starting the study
and were examined by.a veterinarian priot to release
from acclimation. The females were approximately
11 wk old when paired for mating and weighed
214.2-263.0 g on gestation day 0. Malks from the
same strain and source as the-females were used for
mating> :

Mating

_ Each female was paired with one male. Vaginal
smears were taken daily during cohabitation, and the
presence of a copulatory plug or sperm in the vaginal
smear was considered positive evidence, of mating.
The dale this evidence was found wds designated as
day 0 of gestation, and the female was then removed
from the male’s cage and housed individually as
described above. 125 mated females were randomly
‘.assigned by consecutive block design to one of the
four treatment groups or the control group (25 animals
per group).

‘Observation, body weights and food consumption

The animals were observed twice daily for mortality, -
morbidity and signs of toxicity. A detailed examination
was performed on each amimal each time body

weights were recorded. Individnal weight data were
recorded on day 0 and days 6 through 20 of gestation.
Individual fodd consumption, data were recorded
during days 0-6, 6-9, 912, 12-16 and 16-20 of
gestation.

Postmortern examinations

On day 20.of gestafion, females were enthanized
with Metofane®. The ovaries were examined for the
number of corpora lutea. Uteri with visible implan-
tations were excised and weighed, and the number
and placement of implantation sites, live and dead
fetuses, early and late resorptions and any abnorm-
alities were recorded. The nierus was opened along
the entire length, placental membrangs were excised,
and the conceptuses were removed.

The maternal necropsy included an examination of
the external surface of the body, all orifices, the cra-
nial cavity, external surfaces of the brain and spinal
cord, nasal cavity and paranasal sinuses, and the
thoracic, abdominal and pelvic cavities and viscera.
Uteri with no visible implantations were excised and
stained with a 10% ammonium sulfide sohition for

detection of implantations and confirmation of )

pregnancy stafus.
Fetal evaluations

Each live fetus was sexed, weighed and examined for
external abnormalities. Viable fetuses were enthanized

with an intrathoracic injection of Beuthanasia®-D
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solution. Approximately one-half of all live fetuses
from each litter (an average of seven animals per litter)
were processéd and examined for soft tissue devel-
opment using a modification of the Wilson Technique
(Wilson, 1965). The remaining fetuses were evis-
cerated, processed and examined. for skeletal
abnormalities. Soft tissue was examined for all litters
in the control group and each treatment group, and
skeletal specimens were examined for all litters in the
control and high-dose groups. Specimens in the low-
dose groups were held for possible examination.

Statistical analysis

The litter was'the experimental unit for evalhuation
where appropriate. Treatment groups were compared
with the control group. Levene’s test was used to test
for variance homogeneity. In the case of hetero-
geneily of variance at P<0.05, rank transformation
was used to stabilize the variance. Analysis of varjance
(ANOVA) was done on the homogeneous or trans-
formed data. If the ANOVA was sigrificant, Dunnett’s
multiple comparison t-test was used for pairwise
comparisons between the control and test material-
treated groups. When no transformation established
variance homogeneity at P<0.05, the data were also
examined by non-parametric techniques. These sta-
tistics included the Kruskal-Wallis H-Test ANOVA
and, if this- test was significant, by the Nemenuyi—
Kruskal-Wallis test for multiple comparisons/Wilcoxon—
Mann—Whitney two-sample rank-sum. One-way
ANOVA was used to analyze coniinuous data such as
body weights, body weight changes, food consumption,
gravid uterine weights and caesarean section data.
One-way analysis of covariance (ANCOVA) was
used to analyze fetal body weights with the number

"of fetuses in the litter'as the covariate. Wheh appro-

priate, the proportion of litters and fetuses with fetal
abnormalities in the treated groups was compared
with that of the control group by the FisherJrwin
exact test. A-chi-square test was nsed io examine
potential relationships between renal variants and
fetal weights or maternal weight gain,

RESULTS

Clinical observations, body weights and food
consumption .

All 125 dams included in the study survived
through the end of the study period (day 20 of
gestation), and none of the animals had any significant
clinical signs or symptoms, except two animals, orie in
the comirol and the other in the low DHASCO
group, that presented with mouth malocclnsions.

This finding was not related to dose or treaiment. -

Food consumption was similar between control and
treatment groups (Fig. 1). The mean food consump-
tion by the-low-dose DHASCO group was higher
than the control group (P<0.05) during the first 6
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days of gestation, but was not statistically significant
thereafter. These animals had not received any test
material during this interval, so the difference in food
consumption was not related to the treatment. Dams
in the control dnd treatment ‘groups had. similar
weight gains (not shown) as well as actual weights
(Fig. 2) throughout the gestation period. There were
no indications that ¢ither DHASCO or ARASCO
oils resulted in any overt maternal toxicity during the
gestation period based on these in-life observations.

Caesarean section data

The results of the caesarean section data are sum-
marized in Table 3. Between 23 and 25 of the mated
females (92-100%) in each group became pregnant.
None of the animals in any of the groups aborted,
died or delivered early. All pregnant dams had viable
fetuses at caesarean section, and the mean numbers
of corpora lutea, implantation sites, preimplantation
losses, resorptions or postimplantation losses per
pregnant female were not significantly different
between the treatment and control groups (Table 3).
There were no dead fetuses in any of the pregnant
fernales at the time of caesarean’ section, and the

0%06 6109 912 12016 16t20
Day of Gestation

—o—Cortfl —g—Low ARASCO s High ARASOO |
—o— Low DHASCO —x— High DHASCO

Fig 1. Meéu.food consumption. *Significant at the 5% level.
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—o~-Cortrol —g—-Low ARASCO  —a-~High ARASCO
—g— LowDHASCD --x—High DHASCO

Fig. 2. Mean maternal body weights. '
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mean number of live fetuses (total, male or female)
per dam, as well as the sex ratios, were similar in the
treatment and ‘the control groups. There were no
significant differences noted in any of the reproduc-
tive outcomes between the treatment.and control
‘groups. , ’

Postmortem observations

The mean weights of the gravid uterus as well as

. the mean corrected body weights (terminal body
weight minus gravid uierine weight) of the dams did
not differ between the treatment and conirol groups
{Table 4). The net weight- gain; that is, the corrected
welght at study termination minus the weight on day
0 of gestation, varied considerably between 34 and
(102 g for individual animals {data mot shown).
However, there were no significant differences in the
mean’ net weight changes between treatment and
control groups (Table #). Matérnal necropsy findings
occurred sporadically in control and treatment
groups at low frequencies (& three animals per
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group) and were not considered treaimeént related
(data not shown).

Fetal observations

The mean weights for male and female fetuses
were not different in treafment groups compared to -
controls (Table 4). There were also no differences in
fetal weights of tréatment groups after adjnsting for
litter size (not shown). External examination of the
fetuses revealed several malformations that occurred
at g low rate (Table 5). These findings occurred
sporadically in either the control or treatment groups
and were not related to dose or treatment. Several
different fetal soft tissue malformations were found
at a low frequency (no more than one animal per
group) during fetal pecropsy (Table 6). They were

" distributed between control and treatment groups in

a non-dose- and non-treatment-related manner.
Several soft tissue variations in development were

also observed (Table 6). The frequency of under-

developed renal papilla was clevated in several of the

Table 3. Summary of caesarean section data*

Patamster Control Low High Low High
’ ARASCO * ARASCO DHASCO DHASCO
Females mated . 25 25 25 ' 25 25
Premancies (n) : 23 - 24 24 24 25
Aborted i 0 0 0 0
Died : . T ¢ 0 L0 0. 0
Delivered early ¢ 0 i} o 0
Animals pregnant at caesarean section (n) 23 24 24 : 24 25
- Dams with viable fetuses (n)} - 23 24 4 25 © 25
Dams with no viable fetuses (n) 4} 0 ] 0 i 0
Corpora Jutez (n per pregoant dam) 157423 163321 159=+1.8 16427 158£2.5
Implantation sites (n per pregnant dam} 146422 15419 152%1.5 148435 [4.7£2.5
Preimplantation loss {%"per pregnant dam) 58+13.8 53£6.1 4.045.0 T 85194 6.5+10.5
Resorptions (o per pregnant dam)- total 0.9:+£1.1 08410 -. 1.0+1.3 0.7+0.9 0.941.1
- early 0.7£1.0 0.8£1.0 1.0+12 0709 0.6+09
- late . 0.2+0.5 0.046x2 0.0:0.2 . 0000 0.24:04
Dead fetuses- total 0. 0 0 0 ] .
Postimplantation Joss (% per pregnant dam) 6.0%7.1 - 49+61 6.3:479 4.7 £5.5 6.1+6.9
Live fetuses {% per pregnant female)- total 13.7£21 14.6::1.7 142416 14.1£3.4 13.8+£2.6
’ ! . + - females 73:£19 T1£1.7, 74123 7.0+£29 68121 N
. - males 63x1.5 75+322 6.8:2.0 72422 10425 .
Sex ratio M:F (% cach sex) 46:54 52:48 48:52 51:49 51:49 e
“Walues represent means-:5D.
Tzble 4. Summary of maternal and fetal weight data?
Group
Parameter " Control Low ARASCO  High ARASCO Low DHASCO High DHASCO
Dams or litters evaluated (n) 23 24 24 24 : 25
Maternal weight evaluations ) )
Gravid uteros weight (g) - - 7311104 TS0 16.5%7.2 - 75.9 4160 1494134
Corrected maternal body weight? (g) 301.8+18.0 " 3.7.5+189 301.84:17.4 3.6.6::209 3.80+17.8
Net maternal wt change from day 0° (g) 68.9£12.6 70,7+15.0 - 6784111 7034157 70.7+£10.0
Fetal weight evaluations - . '
Male fetal weight (g) 3.704:0.32 3.62:£0.25 3.694:0.33 3704047 368034
Female fetal weight (g) 3.47 £0.34 342 0.20 3.554033 . 3.514£0.52 3.50:50.28
All viable fetoses (rnale and femaie) (g) 3,57£0.33 3.53+0.20 3.61::0.32 1614049 359£032 |

" 8Data represent means = 5D,

bCorrected weight is the terminal body weight minus gravid uterine weight.
®Net weight change from day 0 is the corrected weight minus day 0 body weight.
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trcaimcnt groups and was significantly higher in the

low DHASCO group (P<0.05) compared to the.

control group. The frequencies of this varation in
the treatment groups were not related to dose, that
is, the high DHASCO ahd ARASCO groups had
fewer cccurrences of this variation. than the low-dose
groups. Several fetal and litter incidence rates, mostly
in the DHASCO groups, were outside the laboratory’s
historical control ranges for this condition, but all

. ‘'values fell within' regional historical control ranges

(Table 7). In addition, the fetal and litter frequencies

of dilated rena)l pelvis were also statistically higher

(P<0.01) in the low ARASCO and low DHASCO

groups compared to the control group (Table 6). As
with the underdeveloped renal papilla, the occur-
rences of dilated renal pelvis were not dose related,
The fetal and litter fréquencies, particularly in the
low-dose groups, were outside the Jaboratory historical
control ranges for this condition but were within the
regional ranges (Table 7). These renal variants tended
to be clustered within specific litters, and the differ-
ences in frequencies in the low-dose groups could be

:

Table 5. Summary of fetal external maiformations

Low DHASCO

20 <005 PP<0.01.

Malformation” ) : Control Low ARASCO High ARASCO High DHASCO
Fetuses {litters) evaluated 315(23) 351 (24) 341 (24) 339 (24) 345 (25)
Cleft palate 1(1) ] 0(0) . 070 0(0) 0(0)

Cleft lip o (1) 0{0) 0 (0} 0{0) . o0 |
Ablepharia_ . -0 1() 00) (] 0
Tail absent 0(0) ) 0 (0) ()} 00y . 10
Anal atresia ] 0( 0(0) 0 (0 00 ’ 1(1)
Total fetal {litter) incidence 1{n 1{Q1) 0 {0) ’ 0(0) )]
Table 6. Summary of fetal soft tissue observations
Observation - Control Low High : Low ° High
: ARASCO ARASCO ARASCO ARASCO
Number fetuses (iitters) evalyated 157 (@3 174 (4) 174 - @) 18 (24) 172 (29
. Malformations—{etuses (litters) affected ‘
Cleft lip 1 n 0 @ 0 {0} 0 ® 0 (0}
Cleft palate . 1 [ 0 0) 0 ) 0 (0} -0 -0
Cerebrum-dilated ventricles 0 ()] 1 (1} 0 [t} 0 [()] 1 m
Right sided aortic arch 1 [§)] i] {0) 0 (0) 0 (V)] ] (v}
Bulbous aortic arch 1 m 0 ()] 0 {0} 0 o 0 0)
Pulmonary trunk stenosis 1 (18] 1} @ i} ()] 0 () 0 {0
Intraventricular septal defect - 1 (O] 0 0} 0 0) 0 {0 0 K()]
Diaghragmatic hernja - 0 0y 0 Q) D (0) 1 ()] 0 0)]
. Variations—fetuses (litters) affected - ) . . -’ o
Retroesophagea) subclavian 2 (2) 0 () D. (D) 0. () 0 {0
" Underdeveloped renal papilla 8 (4 . 14 (8} 8 (@) 220 (10) 17 (10)
Dilated renal pelvis 0 ()} 15° e 1 0 9% 9 4 @
Distended ureter(s) o 0) ¢ ® 0 )] 6 @ .1 .M
Total fetal Qlitter) incidence 10 )] 250 - 10 O - 3 up ‘19 an

Table 7. Comparison of fetal variant rates to‘laboratory a.rid regional historical contrel rates®

Percent incidence

Historical control maxitnums

Aberration Control Low High Low High Iab ) Regional
. ARASCO ARASCO ° DHASCO  DHASCO ) . :
Underdeveloped  Fetal 5.1 - 88 . AT 13 . .99 5.3, 14
Renal papilla Litter 17 33 2% 42 40 35 .57
Dilated renal Fetal 0 8.6 . D6 i3l 2.3 . 4.0 20
Pelvis Litter ] 29 4 38 16 .22 &0
Distended Fetal ] 0- 0 3.6 0.6 62 - 31
Ureter Litter 0 0 0 17 4 T2 %0
Unossified . Fetal 4 . NE 38 NE 33, 4 - 72
Stenebrafe) . Litter 83 79 B0 100 80

“Data represent mean percents for each varjant. The maximum historical incidence (as 2 percent) of these vayiations in Eontrol animals was
compiled by Covance Laboratories, Madison, Wisconsin (10 studies perfonned between 1992 and 1996) and the regional maximums
were compiled and published by the Mid-Atlantic Regional Teratology Association and the Midwest Teratology Association (MARTA,

1995). NE =noat examined.

87



Developmental safety study on DHA and ARA oils 769

largely atiributed to two litiers in each group where
60-100% of the examined fetuses were affected. A
. post hoc analysis revealed, however, that the variants
were not related to maternal weight gain in the latter
part of gestation or to fetal weight. Dilated renal
pelvis and underdeveloped remal papilla represent
varations in development, usually caused by slight
delays, and because they have no pexsistent effects,
these findings were noi considered toxicologically
significant. The incidence of distended ureter, another
renal variant often related to hydronephrosis, was

not significantly higher in treatment groups than the -

conirol group (Table 6) and generally did' mot
accompany either of the other two renal varianis.
The fatal and litter incidence of distended ureter fell

within both laboratory and regional historical con- -

trol ranges for this condition (Table 7). -

Several different fetal skeletal abnormalities
occurred with a fetal incidence of 5% or less and
were randomly distributed among control and treat-

ment groups (Table 8). The only fetal skeletal

.abnormality oceurring in more than 5% of the fetu-
ses was unossified sternebrae, which was found with

a 30-40% fetal incidence and approximately 30%

. litter incidence in both control and treatment groups

- (Table 7). These rates were similar among the groups,
and all fell within the historical control ranges for this
condition. None of the rates of observed skeletal
abnormalities were statistically different in treatment
than in control groups. ' ’

DISCUSSION
This developmentai study was designed to assess
potential adverse effects of DHASCO and ARASCO

oils on’ fetal development, with special emphasis on

Table 8. Fetal skeletal observations

Observation Control  High High
. T ARASCO DHASCO
Fetuges (litters) evaluated 158 (23) 171 (24) 173 (25)
Malformations :

- Thoracic arches absent 0 1(1) D (0)
Thoracic centra absent . 0 (@ 1(y 0
Malformed lumbar centrum 0 (0 0(0) 1(1)
Lumbar centrum absent . LE(1)] 0 (1
Sacral centrum absent 0 o{0) 1(4)
Intrarventricular septal defect 1) 0@ 00

. Czudal verlebra absent 0 0, E()

" Absent rib(s) “2(2) IRV (1)}

‘Variatians
Skull bones reduced ossification 4 (3) 33 1{1)
Skull bone unessified 5(3) 2(2) & (4)
Less than 26 presacral vertebra 1 (1) 4 (1)} ()
Sternebra unossified G64(19) 65(1%) . ST(20)
Short rib(s) 8 (4 4(1) 32
Less than 13 full pairs of ribs B (4) 0(0) 4(3)
Seventh cervical rib(s) 0 {(0) 3D 0
Rudhmentary rib(s) 0{0) 2(2) 2(2)
Ribs reduced ossifizction 0(0) 0 (0) 1(1)
Pelvic bone reduced ossification 1 (1) 1(1) 2(2)

Total fetal (litter) incidence 720200 71 Q% 68 (23)

developmental abnormalitied and delays, The design
is particularly effective for detecling teratogenic
effects since the interval of exposure to the test
materials (days 6-15 of gestation) coincides with the

period of fetal organogenesis in rats (MacKenzie and.
- Hoar, 1995). Organogenesis in human development,

a particularly vulnerable time, occurs primarily during
the first 2 months of pregnancy, when all major body
organs and systems are formed. Organ maturation
and growth occur throughout the rest of the preg-
nancy. '

Under the conditions of this study, administration
of ARASCO and DHASCO. oils at wp to 2.3 and
1.25 g/kg body weight/day, respectively, to pregnant
rats did not produce significant adverse develop-
mental effects, and more specifically, no teratogenic
effects. Despite the high doses, there were no overt
signs of maternal toxicity or test material-related

- necropsy findings in the dams. This was not swrprising,

since similar doses had not produced adverse effects
In rats in previous subchronic studies. Reproductive
outcomes were not modified by these oils; there were
no significant differences in the mean preimplantation
loss, postimplantation loss, percent live [fefuses
{male, female and tofal), resorptions (early, late and
total) or sex ralio for anmy test material-treated

groups. The treatments with these oils did not lead to

any fetal malformations. Fetal external, soft tissue
and skeletal variations were present in conirol and

treated groups, but occurred in a non-dose-related '

pattern and were not considered toxicologically sig-

"nificant.

A high incidence of unossified sternebrae was
noted in both control and treatment groups. Thisis a
common skeletal aberration in rodent development
(MARTA, 1995) and is caused by a slight delay (less
than 1 day) in ossification that normally occurs
between days 19 and 20 of gestation (Khera, 1581).
This aberration was not related to the treatment in
this study, but rather suggests that both the control
and the treatment groups were slightly délayed.: -

- There were also statistically higher instances of
renal, variants, specifically underdeveloped renal
papilla and dilated renal pelvis, with some of the low
but pone of the high doses of ARASCO and
DHASCO oils. In only 2 few instances were either of
these findings accompanied by distended ureter(s),
and no renal malformations were found at any doses.
The occurrence of these variations was clearly not
dose related, and the incidence rates were always
within the regional bui sometimes exceeded laboratory
historical contro! ranges. The laboratory database,

however, was rather small {10 studies). The incidence |

of these aberrations tend to vary widely within a
rodent species (Khera, 1981), and enlarged renal
pelvis is a relatively common finding in rodent ter-
atology bioassays, especially dince the peak repal
development ocenrs near the end of gestation.
Therefore, even slight delays are apparent in fetal
examinations performed on day 20 of gestation
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(Woo and Hoar, 1972). Both underdeveloped renal
papilla and dilated renal pelvis are considered varia-
tions or aberrations,
-accompanied by other renal malformations, as is the
case in this study, they are generally reversible with
normal kidney function by the time of weaning (Woo
and Hoar, 1972). The renal variants in this study
were not related to fetal weights, suggesting that the
variants were not diagnostic of 2 more severe retar-
dation in growth or development, Rather, they more
likely reflect a very slight delay, similar to the delay
in stenebral ossification, possibly caused by fetal or
maternal stress. We cannot completely rule out the
possibility that renal variants are ‘related to the
treatment, as they can be acquired or genetic, and
maternal stress is a known contributory factor.
However, the fact that the frequencies are not dose
related, a general criteria for establishing a causal
relationship, and that dilated renal pelvis and unde-
veloped remnal papilla are common findings with
variable prevalence within rodent species, these
aberrations could alse be the result of normal variation.
In either case, the findings were not considered tox-
icologically significant since the conditions represent
only slight delays that are a minor divergence from
normal, and there are no persistent effects on the
pups. '

The doses used in this dcveloprnental study are the
same doses used'in previous 90-day subchronic studies
performed with these materials (Arterburn er al,
2000; Koskelo et al, 1997). The no-observable-
adverse-effect level (INOAEL) for DHASCO and
ARASCO oils under the. conditions of this study,
based on the lack of maternal or fetal toxicity, cor-
respond to the highest ddses used, 1250 and 2500
mg/kg body weight/day. Assuining an average
woman weighs 55 kg and'a pregnant woman should
consume up to 300 mg DHA per day (approx. 600 mg
DHASCO oil), a daily intake suggested at a recent
NIH Workshop on the Essentiality of Recommended

Daily Intakes of Omega-6 and Omega-3 Faity Acids

(Simopoulos et al, 1999), the NOAEL represents
over a 100-fold safety factor for the mother and
developing fetus. Currently, there are no recommen-
dations for arachidonic acid consumption for pregnant
and lactating women, but assuming similar amounts
of ARASCO as DHASCO oil might be consumed,

the NOAEL for ARASCO represents over a 200-fofd

safety factor.

This is the first report of a developmental study on
these single-cell oils. Earlier acute and subchronic
studies did not find any adverse treatment-related

" effects of these oils (Arterburn er al., 2000; Boswell et
al., 1996; Burns ef @l., 1999; Koskelo et al, 1997;
Wibert ef al., 1997). Of particular relevance was the
subchronic study by Burns e al. (1999) which inclu-
ded an in utero phase. In'ihat study, male and female
rats were treated with a combination of ARASCO

and DHASCO oils at doses up to 120 g/kg diet

(approx. 8-9 g/kg body weight/day of a'2:1 mixture
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of ARASCO plus DHASCO oils) during the pre-
maling and mating intervals. Female rats also
received the same oil doses duning gestation and lacta-
tion, and the F; pups were fed the cils subchronically
during the post-weaning period for 90 days. No
adverse .treatment-related toxicelogical effects on
reproductive performance or fertility, 'on fetal devel-
opment or pup survival, or on clinical observations
or necropsy findings during the subchronic phase
were noted in that study, despite the very high doses
(up t¢ 2.5-fold higher than this developmental
study). Of note, there were no treatment-related renal
abnormalities observed. These two studies together-
cover the use of these oils during preconceptual,
gestational and lactation and post-weaning periods,
and neither. found evidence of treatment-related
adverse toxicological effects on the dams or their
offspring.

A number of recent studies have suggested that a
woman’s DHA status decreases as the pregnancy .

. progresses, and that the infant’s DHA level at birth

is related to maternal DHA status (Al et al., 1995;
Connor et al., 1996; Otto et al,, 19974). Several studies
suggest that low DHA levels may be associated with
decreased gestation length, postpartum depression
and pre-eclampsia as weil as lower birth size (Hib-
beln and Salem, 1995; Hornstra et «f., 1989, 1995;
Leaf et al., 1992; Olsen ef al,, 1992; Velzing-Aarts et .
al., 199%; Williams ez al., 1995). Consequently, several
investigators have suggested that pregnant women
increase their-intake of DHA along with ARA,
which is also-associaied with improved fetal growth
(Foreman-~van Drongelen ef al., 1995; Koletzko and

- Braum, 1991; Leaf et «l., 1992), in order to maintain

the proper omega-3 to omega-6 ratio during preg-
nancy. DHASCO and'ARASCO oils offer women
and their physicians alternative, non-teratogenic
dietary sources of DHA and ARA, respectively,
when their usual dietary intake may not be adequate
to meet the needs of pregnancy.

Acknowledgement—We wish to thank Dr Joseph
Borzelleca for helpful discussion of the data.

REFERENCES.

Al M. D., van Houwelingen A. C. and Hornstra G. (1997)
Relation between birth order and the maternal and neo-
natal docosahexaenoic acid status. Euwropean Journal of
Clinical Nutrition 51, 348-553.

Al M. D., van Houwelingen A. C, Kester A. D., Hasaart
T. H,, de Jong A. E. and Hnrnstra G. (1995) Malcrnal
assentlal fatty acid patterns during normal pregnancy and
their relationship to the neonatal essential fatty acid sta-
tus. British Journal of Nutrition T4, 55-68.

Arterburn L. M., Boswell K. D., Koskelo E-X., Kassner
5. L., Kelly C. M. and Kyle D..J. (2000) A combined sub-
chroric (90-day) toxicity and neurotoxicity study of a sin-
gle-cell source of docosahexaenoic acid triglyceride
(DHASCO® oil). Food and Chumical Toxicology 38, 35-49.

Boswell .., Koskelo B, K., Carl L., Glaza S., Hensen D. J.,
Wllhamg K. D.and Kyle DL (1996) Prechmcal evalua-



Developmental safety study on DHA and ARA oils - 771

tion of single-cell oils that are highly enriched with ara-

chidonic acid and docoszhexaenoic acid. Food and Che-

mical Toxicology 34, 585-393.

* Burns R. A., Wibert G. I, Diersen-Schade D. A. and Kelly
C. M. {1989). Bvaluation of single-cell sources of doc-
osahexaenoic acid and arachidonic acid: 3-month rat oral
safety study with an in utero phase. Food and Chemical
Toxicology 37, 23-36.

.Connor W. E, Lowensohn R. and Hatcher L. (1956)
Increased docosahexaenoic acid levels in human newborn

: infants by administration of sardines and fish ofl during

pregnancy. Lipids 31, S183-3187.

Crawford M. A. (1993} The role of essential fatty acids in
" neural development: implications for perinatal mutrition.

. American Journal of Clinical Nutrition 57, 70387098,
Crawford M. A., Costeloe K., Ghebremeskel K., Phylactos

- A., Skirvin L. and Stacey ¥. (1957) Are deficits of ara-
chidonic and docosahexaenoic acids responsible for the

neural and vascular complications of preterm babies? -

American Jourpal of Clinical Nutrition 66, 10325-10418.

Felton C. V., Chang T. C., Crook D., Marsh M., Robson
8. C. and Spencer J. A. (1994) Umbilical vessel wall fatty
acids after normat and retarded fetal growth. Archives of
Disease in Childhood 70, F36-39.

Foreman-van Drongelen M. M., van Houwelingen A. C,,
Kester A. D., Haszart T. H., Blanco C. E. and Hornstra
G. (1995) Long-chain polyunsaturated fatty acids in pre-
termm infants: status at birth and its influence on postnatal

- levels. Journal of Pediatrics 126, 611-618.

Hamosh M. and Salem N. Jr (1998) Long-chain poly-

- unsaturated faity acids. Biology of Neonate 74, 106--120.

Hibbeln J. R. and Salem N. Jr (1995) Dietary poly-
unsaturated faity acids and depression: when cholesterol
does not satisfy. Amenccm Journal of Clinical Nutrition
62, 1-9. '

lHomstra G Al M. D., van Houwelingen A. C. and Fore-
man-van Drongelen M. M. (1995) Essentiz] fatty acids in
. pregnancy and early human development. European
" Journal of Obstetrics, Gynecology and Reprodactwe Biol-

" agy 61, 57-62.

Hormstra G., Al M. D., van Houwelingen A. C. and Fore-
man-van Drongelen M. M. H. P. (1996) Essential faity
acids, pregnancy and pregnancy outcomes. In' Recent
Developments in Infant Nutrition, ed. J. G. Bindels,
A. C. Hoedhart and . K. A. Visser, pp. 51-63. Kluwer
Academic Publishers, Great Britain,

Hormstra G., van Houwelingen A. C., Simonis M. and
Gerrard J. M. (1989) Fatty acid composition of umbilical
arteries and veins:’ possible implications for the fetal
EFA-status. Lipids 24,°511~-517.

Khera K. S. (1981) Common fetal aberrations and thelr
- .teratologic significance: a “review. Fundamental and
Applied Toxicology 1, 13-18. -

Koletzko B. and Braun M. (1991) Arachidonic acid and
‘early human growth: is there a relation? Annals of Nuiri-
tion and Metabolism 35, 128-131.

Koskelo E. K., Boswell K., Carl L., Lanoue S, Xelly C.
and Kyle D. (1997) High level of dietary arachidonic acid
triglyceride exhibit no subchronic toxicity in rats. Lipids
32, 397405.

Kyle D, 1, (1996) Production and use of a single cell oil
which is highly enriched in docosahexaenoic acid. Lipid
Technology 2, 109-112. ...

Kyle D. 1. (1997) Production and use of a single cell oil
highly enriched in arachidonic acid. Lipid Technology 9,
116-121. °

Leaf A.'A., Leighfield M. I, Costeloe K. L. and Crawford
M. A. (1992) Long chain polyunsaturated fatty acids and
fetal growth. Early Human Develapment 30, 183-191.

MacKenzie K. M. and Hoar R. M. (1895) Developmentai
toxicoelogy. In C.R.C. Handbook of Toxicology, ed.
M. J. Derelanko and M. A. Hollinger, pp. 379-402. CRC
Press, Boca Raton, FIL..

Makndes M., Neumann M. A. and Gibson R. A. (1996)
Eflect of maternal docosahexaenoic acid (DHA) supple-
mentation on breast milk composition. European Journal
of Clinical Nutrition 50, 352-357.

Middle Aflantic Reproduction and Teratology Association
(MARTA) and Midwest Teratology Association

(December, 1995) Historical Control Data (1992-1994) for

Development and Reproductive Toxicity Studies Using the

Crl:CD BR Rat. Published and distributed by Charles

" River Laboratories,

Olsen ., Sorensen ¥, Secher N. Hedegaard M Hennksen'
*T., Hansen H. and Grant A. L(1992) ARandomlsed com-

trolled trial of effect of fish-oil supplementation on preg-
nancy duration. Larcer 339, 1003-1007.

Otte S. ¥, van Houwelingen A. C., Antal M., Manninen A.,
Godfrey K., Lopez-Jaramillo P and Hornstra G. (1997)
" Maternal and neonatal essential fatty acid status in
phospholipids: an international comparative study. Fur-
opean Journal of Clinical Nutrition 51, 232-242.

Otto S. J., van Houwelingen A. C., Badart-Smook A. and
Hornstra G. (1998) The post-partum docosahexaenoic
acid status of lactating and non-lactating mothers
{abstract). Abstract Book, 3rd ISSFAL Congress, Lyon,
France, pp. 111.

Otto 8. T, van Houwehngen A. C. and Hormnstra G. (1997)
Search for an LCP supplement for pregnant women
{abstract). Prostaglandins, Ieukotnenes and Essential
Fatty Aetds 57, 190.

Rice R. (1996) Fish and healthy pregnancy: more than just
a red herringl. Professional Care of Mother and Ckzld 6,
171-173,

Ruyle M., Connor W. E., Anderson G. I, and Lowensohn
R. I. (1990) Placental transfer of essential fatty acids in

. humans: venous-arterial difference for docosahexaenaqic

acid in fetal umbilical erythrocytes. Proceedings of the ~

National Acadenty of Sciences of the U.S.A 87, 7902-7908.

Simopoulos A. P., Leaf A, and Salem N. (1999) Workshop
on the essentiality of and recommended dietary intakes
for omega-6 and omega-3 fatty acids. Jourmal of the.
American College of Nutrition 18, 487-489.

USDA Website (1999) 1994-96 Continuing Survey of Food
Intakes by Individuals and Diet and Health Knowledge
Survey. hstp:ffwww.bare.usda.gov{foodsurveyfhome htm.

vaii Houwelingen A. C., Sorensen J. D., Harnstra G.,
Simonis M. M., Boris J Olsen 5. F. and Secher N. J
(1995) Essen‘ual fatty amd status in neonates after fish-oil
supplementation during late pregnancy. British Journal of
Nutrition 74, 723-731.

Ve]zmg Aarts F. V., van der Klis R. F. M., van der Dijs
F.P.L.and Musk1et F. A 1. (1999) Unnbilical vessels of
preeclamptic women have low contents of both n-3 and
n-6 long-chain polyunsaturdted fatty acids. American
Journal of Clinical Nutrition 69, 293-298, )

Wibert G. J,, Bums R. A., Diersen-Schade D. A. znd Kelly
C..M. (1997) Evaluation of single cell sources of docosahex-
aenoic acid and arachidonic acid: 2 4-week oral safety study
in rats. Food and Chemical Toxicology 35, 967-974.

Williams M. A., Zingheim R. W., King I. B. and Zebelman
A. M. (1995Y Omega-3 fatty acids in maternal erythrocytes
and risk of preeclampsia. Epidemiology 6, 232-237.

Wilson J. G. (1965) Methods for administering agents and
detecting malformation in experimental animals. In Ter-
atology: Principles and Techniques, ed. J. G. Wiisonand 1.
Warkany, pp. 262-277. University of Chicage, Chicago.

Woo D. C. and Hoar R. M. (1972) “Apparent hydrone-
phrosis™ as a normal aspect of renal development in late
gestation of rats: the effect of methyl salicylate. Terarol-

" ogy 6, 191-196.

Zetidner E. B, van Houwehngen A. C, Kester A. D. and
Hornstra G. (1997) Essentizl fatty ac1d status in plasma
phospholipids of mother and neonate after multiple
pregnancy. Prostaglanding, Leukotrienes and Essential
Fatty Acids 56, 395-401..

90

Vs



Food and Chemical Toxicology 50 (2012) 2780-2791

Contents lists available at SciVerse ScienceDirect

Food and Chemical Toxicology

ELSEVIER

journal homepage: www.elsevier.com/locate/foodchemtox

Arachidonate-enriched triglyceride oil does not promote tumor development
in a rat medium-term multi-organ carcinogenesis model

Norio Imai?, Mayumi Kawabe?, Seiko Tamano **, Yuko Doi?, Hironap Nakashima?, Mayuko Suguro?,
‘Takarmasa Numano 2, Tomomi Hara?, Akihiro Hagiwara? Fumio Furukawa?, Yoshihisa Kaneda®,
Norifumi Tateishi ¢, Wataru Fujii ®, Hiroshi Kawashima Hiroshi Shibata €, Yutaka Sakakibara®
/""'MS Institute of Medical Science inc, 64 Goura, Nishiozai, Azai-cho, Ichmomlya Aicki 491-01 13, Japan

<tory Business Expert Ltd., 1-1-1 Wakayemadai, Shimamoto-cho, Mishime-gun, Osaka 618-8503, Japoen
< Suntory Wellness Ltd,, 1-1-1 Wakayamadai, Shimamoto-cho, M:shlma -gun, Osaka 618-8503, fapan

ARTICLE INFO ABSTRACT

Article history:

Received 7 September 2011

" Accepted 2 May 2012 )
Availabte online 12 Mdy 2012

The modifying potential on tumor development of arachidonate-enriched triglyceride oil (ARA-0il) con-
taining approximately 40% arachidonic acid was investigated in a2 medium-term multi-organ carcinogen-
-esis bioassay using male and female F344 rats. The animals were sequentially given five carcinogens with
different target sites in the first 4 weeks, and then administered ARA-oil for 24 weeks at dietary levels of
- 0% (control), 1.25%, 2.5% or 5.0%. No statistically significant differences in incidences and multiplicities of
hyperplastic and neoplastic lesions were showed in the large intestine in either sex. In the liver, kidney,
and lung in both sexes, and the mammary gland and uterus in females, tumor promoting potential was
not evident with ARA-oil treatment. ARA-oil did not affect the quantitative data for glutathione S-trans-
ferase placental form positive foci of the liver. Increased induction of hyperplastic or neoplastic lesions in
the urinary bladder and thyroid in ARA-oil-treated groups was without dose dependence. In addition, a
second experiment with ARA-oil only administration for 8-week revealed no effects on celiular prolifer-
ation in the urinary bladder or thyroid in either sex. These results indicate that ARA-oil has no tumor pro-
moting potential in any argans ar tissues mmated with the five carcinogens applied in the present study.
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Polyunsaturated fatty acids (PUFAs), such as arachidonic acid
(ARA) and docosahexaenoic acid (DHA), are natural nutrients
foupd in common foodstuffs {e.g., egg yolk, meat and fish oil).
ARA and DHA are also contained in human and animal breast milk

. and play pivotal roles in brain growth and neurodevelopment in
lafe pregnancy and in neonatal infants (Birch et al., 2000; Bouwstra
et al., 2003; Clandinin et al, 2005; Woods et al., 1996). A broad
range of ARA and DHA concentrations occur in human breast milk
depending on the maternal nutritional status (Brenna et al., 2007).
Many advisory boards (British Nutrition Foundation's Task Force,
1992; ESPGAN, 1991; SCF, 1993) and scientists have recommended
use of an infant formula providing DHA with the minimum amount
of ARA equivalent to the contents of DHA, when breastfeeding is

not possible (Hoffrnan et al., 2009; Koletzko et al., 2008). Supply '

of ARA with DHA has also been approved by the CODEX Alimentar-
ius Commission for infant formulas (_]omt FAO/WHO Food Stan-
dards Programme, 2007).

* Corresponding author, Tel,; +81 586 51 1201; fax: +B1 586 51 5634.
E-mail address: tamano@dims.co.jp (S, Tamano).

0278-6915/$ - see front matter @ 2012 Elsevier Ltd, All rights reserved.
htep:ffdx.dol.orgf10.1016/j.fct.2012.05.004

Arachidonate-enriched triglyceride oil (ARA-0il) can be indus-
trially manufactured by fermentation.using a fungus Mortierella al-
pine, and has been widely used as a food additive for infant
formulas all over the world. Many safety studies have examined
this ARA-pil. Based on the Ames test and a mouse lymphoma

" TK(+/-) forward mutation assay, ARA-oil is not mutagenic, and it

was not clastogenic in chromosomal aberration assays performed
with Chinese hamster ovary cells (Arterburn et al., 2000b). Further-
more neither maternal toxicity nor teratogenic potential were
demonstrated in rats administered up to 2500 mg/kg body
weight/day of this oil {(Arterburn et al., 2000a), and no adverse ef-
fects were observed on repeated dose 28-day and 90-day oral tox-
icity studies in rats (Hémpenius et al, 1997, 2000). Moreover,
when ARA levels in the brain, heart; and liver were elevated by
8%, 59% and 76%, respectively, as a result of ARA-oil gavage
(2.5 g/kg[day), no developmental, histopathological or neuropatho-
logical differences were seen between rats fed ARA versus vehicle
controls in a subchronic toxicity study (Koskelo et al., 1997).
Prostaglandins (PGs), major lipid mediators, are involved in reg-
ulation of many physiological functions, such as inflammatory re-
sponses, control of blood pressure, and blood coagulation.
Prostaglandin E; (PGE;) is detected at high levels in human cancer
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tissues, indicating that it may play a role in the promotion stage of
carcinogenesis, affecting cell proliferation, immunosuppression,
angiogenesis andfor apoptosis {Wang and DuBois, 2006). ARA is
contained in membrane phospholipids of various tissues, and free
"ARA is released from phospholipids by phospholipase A; and then
- converted to a variety of lipid mediators, such as PGE;. However,
whether dietary ARA-oil meodifies tumer-promoting process is still
unknown. -

Our rat medium-term multi-organ carcinogenesis bioassay is
based on the two-stage theory of chernical carcinogenesis (Hagiw-
ara et al, 1993; Ito et al,, 2000; Shirai et al,, 1999; Yoshida et al.,
* 1993) and was accepted a5 one alternative in vive approach for elu-
c¢idating the carcinogenic potential of pharmaceuticals at the Inter-
national Conference on Harmonization of Technical Requirements
for the Registration of Pharmaceuticals for Human Use (ICH4)
(ito et al, 1998; Usui, 1998}, This bioassay is advantageous for elu-
cidating the carcihogenic premoting or protective effects of chem-
jcal substances because
(Hasegawa et al., 1994; Hirose et al,, 1993; Ito et al., 1996; Shibata
et al, 1995; Takahashi et al., 1992; Toriyama-Baba'et al., 2001;
Yamamoto et al., 1995). ‘

_ In the present study, we focused on tumor promoting potential
of ARA-oil in this rat medium-term multi-organ carcinogenesis
model (Experiment I).-Stimulation of cellular proliferation activity
was also evaluated (Experiment II), since tumor promoters gener-
ally lead to elevation in cellular proliferation in target organs
(Fukushima et al, 1991; Hasumura et al, 2005; Hood et al.,
1999; Shibata et al., 1989, 1992).

2. Materials and methods

All experimenta]'pmcedures were performed in accordance with the Standards
Relating to the Care and Management of Laboratary Animals and Relief of Pain,
Notification No. 88, from the Japanese Ministry of Environment dated April 28th,
2006 and with the in-house guidelines for the Care and Use of Laboratory Animals
at DIMS Institute of Medical Science, Inc. {April 1st, 1991). The current study was
also conducted in compliance with the Good Laboratory Practice (GLP) Standards

.of the Japanese Ministry of Health and Welfare Ordinance No. 21 dated March
26th, 1997, Amendment, Notice No. 114 dated June 13th, 2008.

2.1. Materials

2.1.1, Carcinogens (initiators of medium-term multi-organ corcinogenesis)

piethylnitrosamine (DEN) and N-n-butyl-N-butan-4-ol-nitrosamine (BBN) were
purchased from Tokyo Chemical Industry Co. Ltd:, (Tokye, Japan), 1,2-dimethylhy-
drazine dihydrochloride (DMR) and N-methyl-N-nitrosourea (MNU) from Sigma-
‘Aldrich Japan Inc., (Tokyo, Japan); and dibydroxy-di-N-propylnitrosamine {DHPN}
from Nacalai Tesque, Inc., (Kyoto, Japan). The purities of DEN, BBN, DMH, MNU
and DHFN were 99% or more, 90% or more, 99% or more, 50% (containing 12% acetic
acid and 38% water), and 97.2%, respectively. These carcinogens were all used to ini-
tiate tumor formation.

2.1.2. Test substance

ARA-cil, rich in n-6 fatty acids {mainly arachidenic acid; about 40%) was sup-
plied by Suntory Wellness Ltd. (SUNTGA40S; lot No. 08042351 for Experiment T,
and lot No. 100621A1 for Experiment [I; Osaka, Japan) for use as the test substance.
Soybean oil was purchased from Showa Sangya Co, Ltd. (Tokyo, Japan) and was em-
ployed as the reference substance. Fatty acid compositions of the ARA-oil and soy-
bean oil used in this study are summarized in Table 1, ’

-A semi-synthetic AIN-93M powder diet (Qriental Yeast Co. Ltd,, Tokyo, Japan),
from which 4% soybean oil and 3% corn starch were removed, was used in Experi-
ments I and II, The complete ingredients for semi-synthetic AIN-93M are [isted on

Table 2. ARA-0il was mixed with 4% soybean oil- and 3% corn starch-depleted semi- )

synthetic AIN-93M powder diet at final concentrations of 0% (control groups 2 and
6}, 1.25% (group 3), 2.5% (group 4) or 5.0% (groups 5 and 7) ARA-0if; soybean oil was
added hack to each diet at final concentrations of 7.0%, 5.75%, 4.5% or 2.0%, respec-
tively, to ensure that each diet had the same total lipid level and total caloric value.
The highest dose of ARA-0il used was 5.0%, because.that amouat was authorized in
the Japanese Guidelines for Designation of Food Additives and for Revision of Stan-
dards for Use of Food Additives, and '5.0% ARA-0il was used in the 13-week sub-
chronic oral toxicity study (Lina et z)., 2006). The lower used, 2.5% and 1.25%
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Table 1 .

Fatty acid compositions of the ARA-oil and soybean oil. -
Fatty acid Fatty acid composition

(%)
ARA-0il Soybean
oil
Palmitic acid {16:0) 103 ° 0.4
Stearic acid (18:0} A | 39
Oleic acid (18:1) 72 238
Linoleic acid {18:2 n—6) 99 52.8
o-Linolenic acid {18:3 n-3) . 05 .73
y-Linofenic acid (18:3 n—6) 2.6 . ' 0.0
Dihomo-y-linolenic acid (20:3 35 : 0.0
n--6) -

Arachidonic acid (20:4 n—6) 42.0 B jidi]
Behenic acid (22:0) "33 04
Lignoceric acid (24:0) 8.5 00
Others 51 . 14

Tabte 2

Ingredients of the semi-synthetic AIN-93M powder diet, a

Il

. /
Ingredient Semi-synthetic AIN-93M (%)
Casein . ’ 140 ]
1-Cysteine ' : 0.18
Corn starch? 46.569
x-Corm starch 15.5
Sucrose ’ 10.0 -
Soybean oil® o 40
Cellulose powder 5.0
Mineral mix 35
Vitamin mix 1.0
Cholifie bitartrate 0.25
3-Butylhydroquinone 0.001°

* A modified semi-synthetic AIN-93M powder diet, from which 3% corn starch
and 4% saybean oil were eliminated beforehand, was mixed with test substance and
soybean oil.

ARA-oil, simply represented a 2-fold dilution series. MF powder diet (Oriental Yeast
Co. Ltd., Tokyo, Japan), a standard rodent diet, was fed to group 1 in both
experiments.

The diets were stored in a refrigerator (2~10 °C) until fed to rats. This storage
fegime was based on results of an earlier study on the stability of this oi! in the diet
that was performed by Suntory Wellness Ltd, The oil was confirmed to be stable in a
prepared diet for about 9 weeks under the following conditions: refrigerated,/ ;
protected from light for 6 weeks; protected from light for 2 weeks at room tem) -
ature; kept in a fighted area for 10 days. The concentration of arachidenic acid in the
diet was measured six or seven times in the course of Experiment [ and two times in
the course of Experiment It, and each time dietary arachidonic acid was measured it
was found to be within an acceptable range and homogeneity was consistently sat-
isfactory (Table 3 for Experiment [ and data not shown for Experiment 1{).

2.2 Experimental animals

Male and femnale F344/DuCrICrlj (F344) rats were purchased from Charles River
Japan, Inc. (Atsugi, Japan) and allowed free access to semi-synthetic AIN-93M pow-
der diet for a quarantinefacclimation period of 7-8 days. during which the body
weight and health conditions were monitored. After confirmation of nermal health
status, they were entered into the experiment at the age of & weeks, Healthy ani-
mals were housed two to a polycarbonate cage (257 x 426 »x 200 mm, W x D x H,
Tokiwa Kagaku Kikai Co. Ltd., Tokyo, Japan) on hardwood chip bedding {Beta chip,
Northeastern Products Co., Warrensburg, NY, USA) in an environment-controlled
room. Constant conditions of temperature 20-25 °C, humidity 45-68%, and ventila-
tion (more than 10 times/h) were maintained, and the room was artificially illumi-

- nated to provide a 12-h light/dark cycle {7:00{15:00) each day.

23 Expéﬁmenrdf procedures

-2.3.1, Experiment I; examination of tumor promoting potential

A schematic representation of the experimental protocol used in Experiment I is
shown in Fig. f. The tumor-promoting potential of ARA-0i] was assessed using an
established medium-term multi-organ carcinogenesis model {Doi et al,, 2010;
Hasegawa et al., 1994; Hirose et al, 1998; Ichihara et al., 2008; Shibata et al.,
1995; Takahashi et al., 1992; Ya_da et al., 2002, A total of 120 rats in eachfsex were
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Table 3
Compositions of total fat and fatty BEldS in each diet,

N. Imai et al./Feod and Chemical Toxicology 50 {2012) 2780-2791

Groups DMBDD treatment Basal diet 0il (%) Crude fat (%) " Linolelc acid (%) Arachidonic acid (%)
ARA-0il Soybean oil . . :
1 + ] ME - 0 o 49° . ) 47.1* Not detected®
2 L+ AIN-03MP 0 - 7.0 . 7.14 2 0.05° 3441002 <0.01
3 + AIN-93M . 1.25 3.75 7.09+0.04 2.95+0.02 0.47 +0.00
4 + AIN-93M 25 4.5 7.10+ 0.00 2.47+0.03 0.95 +0.01
5 + AIN-93M 5.0 20 7.10 2 0.06 1.53+0.01 1.52 +0.02
6 - * AIN-93M 0 7.0 7.14+0.05 3.44+0.02 <0.01
7 - ) AIN-83M 5.0 Z.U_ 7.10+0.06 1.53+0.01 1.52 £0.02
* Data certificated from January to December 2009 by the supplier were cited from the catalogue.
b Modified semi-synthetic AIN-93M powder diet. ' .
® Values indicate mean SD.,

28
i

iN v mm;

{Time in weeks)

PHPN

ME diet

DPMH

Hm'

* Vehicle

6,7

VARAA!
| e

f,'l 1. Design of Experiment 1. DMBDD treatment (see detail in Section 2) and animals in group 1 (naive control) were fed MF powder diet. Groups 2, 3, 4 and 5 were fed a
modified semi-synthetic AIN-93M powder diet supplemented with 7.0% soybean oil, 1.25% ARA-oil and 5.75% soybean oil, 2.5% ARA-oll and 4.5% soybean oil, and 5.0% ARA-0i] °
and 2.0% soybean oil, respectively. Animals in groups 6 and 7 (non-DMBDD treatment} were fed a modified semi-synthetic AIN-93M powder diet supplemented with 7.0%
saybean oil and 5.02 ARA-oil with 2.0% soybean oil, respectively. All susviving animals were euthanizéd at week 29.

randomly allocated to seven groups (20 rats each in groups 1-5, 10 rats each in
groups 6 and 7} using a computerized body-weight stratification technique. The
-animals in groups 1-5 were treated first with DEN (100 mg/fkg body weight, in sal-.
ine, i.p. single injection) at the commencement, then with MNU (20 mgfkg body
weight, in saline, i.p., 4 times in weeks 1 and 2}-and BBN (0.05% in drinking water,
during weeks 1 and 2), and finally with DMH (40 mgfkg body weight, in saline, s.c,
four times in weeks 3 and 4) and DHPN (0.1% in drinking water, during weeks 3 and
4) for multi-organ initiation. This regime is referred to as DMBDD treatment. The
animals in groups 6 and 7 each received just the vehicle used for each carcinogen:
vehicle was administered at the same time peints and via the same route as the
corresponding carcinogen. The regime used for groups § and 7 is referred to as
the non-DMBDD treatment. All animals were fed semi-synthetic AIN-93M powder
diet during the 4-week DMBDD treatment or during the 4-week non-DMBDD treat-

. ment. After the 4-week DMBDP and 'non-DMBDD treatments, animals were given *

free access to MF powder diet or one of the modified semi-synthetic AIN-93M pow-
der diets supplemented with ARA-oil and soybean oil for an additional 24 weeks as
detailed in TabJe 3. The MF powder diet group (group 1) served as a naive control
group, All animals were observed daily to inspect general health, and were weighed
weekly for the first 14 weeks, and then biweekly until the end of the experiment.
Almost every rat that was euthanized under a moribund condition, or that was
found dead during experiment could be subjected to histopathological examination.
Feed and water consumption per cage was also measured over a 2-day period
before each weighing. At the end of experimental week 28, all surviving rats were

" deprived of feed (But not water) overnight and t'hen weighed; blood sample§ were

‘then collecied by exsanguination.via the abdominal aorta while the rats were under
deep ethier anesthesia.

During the autopsies, the gross anatomy of each animal was examined. The
brain, heart, thymus, liver, kidneys, spleen, adrenals and testesfovaries were imme-
diately excised and weighed, and organ-to-body weight ratios were calculated
using the body weights before euthanasia. The pituitary and thyroid (including
parathyroid) were also weighed after fixation, and organ-te-body weight ratios
were calculated. Buffered formalin solution (10%) was used to fix the organs and tis-

. sues for further analysis. Organs and tissues were processed, emhbedded in paraffin_

wax, and sectioned using a standard protocol. The paraffin sections were stained

_ with hematoxylin and eosin (H&E) solutioft, and then examined histopathologically.

Lymph nodes (mandibular, mesenteric}, spleen, bone marrow, thymus, pituitary,
thyroid (including parathyroid), adrenals, nasal cavity, trachea, lungs (including
bronchus), tongue, .esophagus, stomach (forestomach and glandular stomach),
small intestine {duodenum, jejunum and ileumn), cecum, large intestine (colon
and rectum), pancreas, liver, kidneys, urinary bladder, testes, prostate, serninal ves-
icles, mammary gland, ovaries, uterus, vagina, bone (femur, sternum), Zymbal's
glands, brain (cerebrum, cerebellum), spinal cord (thoracic portion), and any ather
tissues with abnormal findings were examined. Histopathological evaluations were
performed with.reference to incidences and multiplicities of preneoplastic and neo-
plastic lesions. However, it should be pointed out that our multiplicity calculation
in fact reflects both multiplicity and incidence.
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Glutathione S-transferase placental form (GST-F) positive foci, cuns:dered as
preneaplastic lesions in the liver (Ito et al., '1988), were measured as fallows. Two
slices {3 mm thick) were cut from fresh left and median lobes with a razor blade
and fixed in ice-chilled 10% buffered formalin solution; these slices were then
embedded in paraffin wax and sectioned and immunohistochemically stained by
the avidin-biotin--peroxidase complex (ABC) method, using a rabbit Vectastain Elite
ABC kit (Vector Lab. Inc, Burlingame, CA, USA). Rabbit anti-rat liver GST-P poly-
clonal antiserum (Medical & Biological Laboratories Co. Ltd,, Nagoyd, Japan} was
used at a2 1:2000 dilution as the primary antibody. The numbers and areas of
GST-P positive foci larger than 0.2 mm in diameter were counted and measured,
respective]y. using a color video image processor (IPAP-WIN; Sumika Technos,
Co., Osaka, Japan) as described previously (Shi_rai et al, 1999} and evaluated
quantitatively.

2.3.2. Experiment II: an 8-week feeding study

Experiment I was performed ta confirm whether ARA-oil stimulates cell prolif-
eration in two representative argans, the winary bladder and thyroid. The following
indicators were inspected: 5-bromo-2'-deoxyuridine {BrdU) labeling, urine param-
eters and hormone activity related to thyroid follicular cell function. A total of 100
1ats in each sex at 6 weeks of age were randomly allocated to five groups (20 rats
per group) using a computeiized body-weight stratification technique. Beginning
the day after allocation, rats were fed MF powder diet (group 1) or the modified
semi-synthetic AIN-93M powder diet mixed with 0%, 1.25%, 2.5% or 5.0% ARA-oil
(groups 2, 3, 4 and 5, respectively) for 8 weeks. The animals were observed daily
to inspect general health, and weighed weekly. Feed and water consumption per
cage was zlso measured over a 2-day period before each weighing.

Urinalysis samples were collected over 4 h (from 9:00 AM to 13:00 PM) from 20
males and 20 fermales per group at week 8. Semi quantitative estimations (Multis-
tix, Bayer Medical Co. Ltd., Tokya, Japan) of protein, glucose, ketones, bilirubin, oc-

. cult blood and urobilinogen were performed. The color of the urine was inspected
' macroscopically. Specific gravity values were measured -using a refractometer
(Atdgo Co. Led,, Tokyo, Japan). The levels of electrolytes (sodium, potassium, and
chlorine) were determined using a Hitachi Biochemical-Automatic Analyzer 7070
(Hitachi Co. Ltd,, Tokyo, Japan}. Urine samples were weighed. Urine was inspected
macroscopically, and sediments were assessed by microscopic analysis of Sternhei-
mer and Malbin stained specimens. In addition, pH values of fresh urine samples,
obtained by forced micturition, were measured using a pH meter, F-51 (Horiba

Ltd., Kyoto, Japan).

After 8-week dietary treatment, 5 mL,lkg of BrdU {Sigma-Aldrich japan Inc., To-
kyo, Japan) dissolved in saline was injected intraperitoneally ene hour before eutha-
nasia; animals were fully fed and had not fasted overnight. Trifodothyronine (T3),

. thyroxine (T4} and thyroid-stimulating hoermone (TSH) levels in serum samples
were measured; the serum samples were derived from blood of the abdominal aor-
ta coltected during the autopsy. Serum T3, T4 and TSH were measured using the
chemiluminescent enzyme immunoassay (CLEIA) method and IMMULYZE (Siemens
Healthcare Diagnaostics Inc., Deerfield, IL, USA). Urinary bladders were inflaced with
10% buffered formalin solution, excised, and then weighed after fixation. The thy-
roid glands were weighed after fixation. Serial paraffin sections of these organs
were prepared for H&E staining and histopathological examination using standard
protocol, and immunchistochemical staining of incorporated BrdU was performed
using an ABC technique and a mouse Yectastain Elite ABC kit (Vector Laboratories,
"Burlingame, CA, USA). A mouse-bromodeoxyuridine monocloral antiserum (Dako-

* Cytomation, Glostrup, Denmark) was used at a 1:1500 dilution as the primary anti-
BrdU antibody, The numbers df cells with nuclei that had incorporated BrdU per
1000 or more epithelial cells were counted, and the labeling indices were expressed
as percentage values,

3. Statistical analysis

The significance of differences in each parameter (excluding
general conditions) measured in Experiments I and I were ana-
lyzed and evaluated at < 0.05 or P < (.01, Differences in variabil-
ity of parameters between the 7.0% soybean oit (group 2) and

1.25%, 2.5% and 5.0% ARA-oil (groups 3-5) were assessed using - -

the Bartlett's tést. Differences in numerical data on body weights,
feed consumption, water intake, organ weight, macroscopic lesions
in the large intestine {colon and rectum}), microscopic lesions in the
thyroid, urinary bladder, kidneys and large intestine, number and
area of GST-P positive foci of the liver, BrdU labeling indices, con-
centrations of T3, T4 .and TSH, and quantitative urinalysis data
were considered significant when P < 0.05. If homogeneity of vari-
-ance was assured, the data were analyzed with the parametric
Dunnett's multiple comparison test (two sided), and if not, they
were analyzed with the non-parametric Steel's test (two sided)
(Steel, 1959), Statistical pairwise comparisons between MF diet
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(group 1) versus 7.0% soybean oil (group 2), and 7.0% soybean oil
(group 6) versus 5.0% ARA-cil (group 7) (for Experiment 1 only)
of the numerical data mentioned above were assessed using the
F test and considered significant when P < 0.05. If homogeneity of
variance was assured, the data were analyzed by the Student's -
test {fwo sided), and if not by the Welch test (two sided).

The significance of differences between group 2 and all groups
3-5 and statistical pairwise comparisons of group 1 versus group
2 and group 6 versus group 7 in incidences of gross pathology
and histopatholegy werte analyzed using the Fisher's exact proba-
bility test (one sided). Comparison of graded data from different
groups and quantitative urinalysis data from different groups
was performed using the Wilcoxon test (two-sided).

4. Results
4 1. Experiment I: examination of tumer promoling potential

4.1.1. Survival rates and general conditions .

The survival rates of male DMBDD-treated rats recewlng
1.25%, 2.5% or 5.0% ARA-oil (groups 2, 3, 4 or 5, respectively) ¢’
28 weeks (experiment termination) were 60%, 70%, 70% and 65%,
respectively; those of female rats receiving 0%, 1.25%, 2.5% or
5.0% ARA-cil (groups 2, 3, 4 or 5, respectively) were 95%, 85%,
80% and 85%, respectively. Survival rates of male and female rats
fed MF diet (group1)} were 80% and 95%, respectively. Those for-
male groups 2-5 were slightly lower than for males fed MF diet
{group 1), but there were no statistically significant differences.
No mortality in any of the groups was related to the treatment of
test substance, No ARA-cil treatment-related impairment of gen-
eral health was observed in any groups from week 5 to the end
of the experiment (week 28). Emaciation, irregular respiration,
anemia, abdominal distention and/or other ill signs, which were
elicited by treatment with the five potent carcinogens, were ob-
served in some males and females in groups 1-5, but without influ-
ence of the ARA-oil. No' deaths or abnormal cenditions were
observed in any male or female rats not subjected to DMBDD treat-

- ment and fed 7.0% soybean oil (group 6) or 5.0% ARA-oil (group 7).

4.1.2. Body weights, feed and water consumption, intake of test
substance, and intakes of BBN and DHPN T

Initial and terminal ‘body weights, mean feed consumpte.-.
(experimental weeks 5-28) (g/animal/day) and intake of ARA-oil
(gfkg/day) are summarized in Table 4. During the DMBDD treat- -
ment period (weeks 1-4), average body weights in groups of male
and fernale with DMBDD were clearly lower than those in groups
without DMBDD treatrnent through weeks 1-4 and then continued
to the termination. 'Ihroughout the experiment, there were no sta-
tistically significant differences in mean bedy weights of male or
female rats in 1.25%, 2.5% or 5.0% ARA-6il groups {groups 3, 4
and 5) as cornpared with control values (group 2}; similarly, there
were no differences in mean body weights of male or female fed
7.0% soybean oil (group 6) versus 5.0% ARA-oil (group 7) with
non-DMBDD treatment groups. Body weights of males fed 7.0%
soybean oil (group 2) from weeks 6 to 11 were significantly smaller
than for males fed MF diet {group 1) (data not shown). However,
these differences in change in body weight were slight. and
transient. |

Occasionally, during ARA-oil treatment, average feed consump-
tion was significantly lowered in males fed 1.25%, 2.5% and 5.0%
ARA-oil {(groups 3,4 and 5) as compared to 7.0% soybean oil {(group
2). This variation was considered incidental and not related to the
test substance treatment, because it was not continuous. As shown
in Table 4, a slightly but significantly lower value for mean feed
constmption was noted in only male rats fed 2.5% ARA-oil (group .
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Table 4

Body wenghts mean feed consumption and ARA-oil intake for F344 rats treated with ARA-oil with or without prior DMBDD treatment.

N: Imat: et al./Food and Chemical Toxicology 50 (2012)‘2?80-2?91

Groups Treatment Body weight (g) . Mean feed consumption (gfrat{day) -Mean ARA-oil intake {gfkg{day)
DMBDD ARA-oil Initial® Terminal® Weeks 5-28 Weeks 5-28 )

Males . L

1 + 0% (MF diet) 114.0£5.1°- 3023 :17.1° 13.93+1.34° . 0

2 + 0% - 1135253 301224038 13.19 £ 1.30%¢ 0

3 + 1.25% 113855 2844+ 256 12691156 0.613

4 + 2.5% 1134+53 3033£170 1259+1.52™ 1212

5 * 5.0% 113.615.1 29R.7+£22.0 12791194 2,469

6 - 0% 1137+49 4209+ 149 15462121 0

7 - 5.0% 1132+ 49 4228 +18.1 1569119 2,198

Females ’

1, + 0% (MF diet) 1020+ 45 179.0£7.8 969+124 0 -

2 ¥ 0% 1007 +44 17514140 943+ 158 0 A

3 + 1.25% 101.8£5.1 177.0+134 947 +£1.30 0.727

4 + . 2.5% 101.0%4.8 181.7+83 952£1.50 1.433

5 + 5.0% 101.2£5.0 177.2+£111 958+ 144 2913

6 - 0% 1009+43 215.0:11.6 993 +1.21 4] .

7 .- 5.0% 1009+54 2143 +10.1 1037122 2.626

2 Values were obtained when the DMBDD treatment started.

/" Values were obtained at the day before euthanasia

.'
A

Vzlues are mean & SD.
*' Significantly different from the group 2 at p<001.
# Significantly different from the group 1 at P<0.01.

4] as compared with7.0% soybean oil group (group 2) without dose -

dependence. Similarly, mean feed consumption was significantly
lower in male rats fed 7.0% soybean oil (group 2) than in males
fed the MF diet (group 1): The mean ARA-oil intakes by males
and females, respectively, were 0.613 and 0.727 g/kg/day in the

1.25% group, 1.212 and 1.433 gfkg/day in the 2.5% group, and

2,469 and 2.913 gfkgfday in the 5.0% group, showing a dose-
dependent proportional increase.

Average water intake during ARA-oil treatment was stgnlﬂ-
cantly, higher in male rats fed 2.5% and 5.0% ARA-oil (groups 4
and 5) and in female rats fed 1.25%, 2.5% and 5.0% ARA-cil (groups
3, 4 and 5) than in males and females fed 7.0% soybean oil (group
2). The increased water intake of males in groups 4 and 5 and fe-
males in group 5 was apparently related to ARA-oil intake, but
the effect was slight. In contrast, water intake was considerably
and significantly higher.in males and females.fed the MF diet
{(group 1) than in male and female rats fed 7.0% soybean oil {group
- this difference could be ascribed to differences inthe palatabil-

of the MF and semi-synthetic AIN-93M powder diet. in the non-
DMBDD treated rats, water intalce was slightly higher in male and-
female rats fed 5.0% ARA-oil (group 7) than in'the 7.0% soybean oil
group (group 6) (data not shown). During the DMBDD treatment,
water intakes were similar in all DMBDD treatment groups and
average intakes of BBN and DHPN were 28,3-31.5 mg/kg/day and
61.1-70.4 mgfkg/day for males, and 26.7-31.5 mg/kg/day and

53.7-65.1 mg/kg/day for females, respectively. There were no

remarkable differences among the groups.

4.1.3. Organ weights.

Organ weight data in the DMBDD treatment groups were ex-
cluded from the evaluation, because of the large variation due to
nodule development. Therefore, organ weights were assessed only
in the non~-DMBDD treatment groups. Relative weights of the adre-
nal glands were significantly higher in both sexes receiving 5.0%
ARA-oil (group 7} as compared with control values (group 6). Rel-
ative spleen and liver weights were significantly higher in females
receiving 5.0% ARA-oil (group 7) than the controf values (group 6)
{data not shown).

4.1.4. Gross patho!ogy
Based on macroscopic observatmn of mu[tlple organs, organ
enlargement, discolored spotsfareas, and nodules were observed

in various organs (e.g., lymph nodes, spleen, thymus, thyroid,

tungs, digestive tract, liver, kidneys, urinary bladder, skinfsubcutis

and abdominal cavity) of DMBDD-treated male and fernale rats-
(groups 1-5). In contrast, no macroscopic lesions were observed

in male and female rats that were not subjected to DMBDD treat-

ment {groups 6 and 7) (data not shown). Taken together, these -
findings demonstrated that treatment with the five carcinogens in-
duced turnor formation in multiple organs.

4.1.5. H:stopatho!ogy
In the large intestine {colon ancl rectum) there was no 51gnlﬁ-
cant elevation in either incidence or multiplicity of hyperplastic

* and neoplastic lesions in either sex in groups 3, 4, and 5 (ARA-

oil) as compared with those of males and females in group 2 (Table
5) -
In the urinary bIadder, the multlph::lty values for transitional

' cell papillary or nodular (PN) hyperplasias were significantly high-

er in malerats fed 2.5% ARA-oil {without dose-response manner)
than in males fed 7.0% soybean oil (group 2), but’this was not true
for female rats from groups 2 and 4. The incidence of transitional
cell papillomas was significantly higher in female rats fed 1.25%
ARA-0il {without dose-dependence) than in females fed 7.0% soy-
bean oil {group 2}, bt this was not true for males in groups 2
and 3 (Tablé 6).

In the thyroid, the incidence of folllcular cell hyperplasias was
significantly higher in male rats fed 5.0% ARA-oil (group 5) than
in males fed 7.0% soybean oil (group 2) and the incidences of follic-
‘ular cell adenomas were significantly higher in male rats fed 1.25%
and 5.0% ARA-cil {(groups 3 and 5) than in‘males fed 7.0% soybean
cil (group 2). In addition, the incidence of follicular cell carcinomas
was significantly higher in male rats fed 1.25% ARA-oil (group 3)
than in males fed 7.0% soybean oil (group 2).-However, multiplici-
ties of follicular cell lesions’ did not significantly differ among
males from groups 3, 4 and 5 (ARA-oil) and group 2 (7.0% soybean
oil). Furthermore, in femnales, no significant differences in the inci~
dences or multiplicities of the thyroid lesions were found between
ARA-oil-treated groups and group 2 {7.0% soybean oil) (Table 7).

The incidences of neoplastic lesions in organs other than the
large intestine, urinary biadder or ‘thyroid in ARA-oil-treated
groups were given in Tables 8 (males) and 9 (females). A signifi-
cantly higher incidence of bronchiolo-alveplar adenomas in the
lungs was observed in male rats fed 1.25% or 2.5% ARA oil (groups

95
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Table 5
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jncidences and multiplicities of hyperplastic and neeplastic lesions of the large intestine in F344 rats treated with ARA-oil with or without prior DMBDD tyeatment.

Groups _Treatment No. of rats examined  Hyperplasia  Atypical hyperplasia  Adenoma Adenocarcinoma  Adepacarcinoma, mucinous
DMBDD - ARA-oil

Mgles .

i + 0% (MF diet) 20 8(0.5+06) 3{05:07) 13(1.4+14) 8(04£05) 2(0.1£03)

2 + 0% 20 6{05+£09) 2*{0.1:03%) 18(2.0+£1.6) 9(0.5+0.5) 1(0.1£02)
.3 + 1.25% 20 9{0.7£05) &(0410.6) 17 (24220} 11(0.7£07) 0

4 + 2.5% - 20 12{09+09) 5(03+04) 15(1.9+1.8) 13(0.8:07) 0

5 + . 5.0% 20 ~ " 3(02:05) -5(03+04) 18(21+£12) 6{06x12) 0

& - 0% ’ 10 0- 0 ¢ 0 a

7 - . 50% 10 ’ 0. - ] o 0 0

Females

1 + 0% (MF diet) 20 4(02:04) 3(02+04) 4(0.3+06) 2 (0205} 1{0.120.2)

2 + 0% 20 1(0.1£02) 2(0.1203) 5(03x06) '3(0.2+04)} i}

3 + 1.25% . 19 3(02+04) ~ 2(0.1:£03) 4(03+086) 5(04+07) 0

4 + 2.5% 20 4(02+04) 6{03£05) 7(0.4+05) 4(0.204) 0

5 + 5.0% 20 2(0.1+03) 4(03%0.8) 7(0.4£05) 6(0420.7) 1(0.1%£0.2)

6 - 0% 10 0 0 0 0 o ’

7 - . 5.0% 10 0 0 0 0 ' 0

A hemangioma, sarcoma, NOS and Schwannoma were found in male groups 3 and 2 or female group 3, respectively,

* Values are incidences (average number of lesions per rat, mean £ 5D). 7N

# significantly different from the group 1 at P<0.05. C
Table 6 .
Incidences and multiplicities of hyperplastic and neoplastic lesions of the urinary bladder in 344 rats treated with ARA-cil with or without prier DMBDD treatment.
Groups Treatment No. of rats examined Hyperplasia, Transitional . Hyperp[as'ia. Papifloma, Papilloma, ‘Leiomyoma
DMBDD ARA-0Il cetl, papillary/nodular squar".nous cell transitional cell squarmous cell

Males .

1 + 0% (MF diet) 20 12 (1.5+ 200 1{0.1+£02) 13(1.2+1.1) 0 0

2 + 0% 20 12 (0.9+1.0) (1 11{1.2£15) 1] 0

3 + 1.25% 20 12(1.4%1.5) 0 - 10(1.1%£1.5) a 1(0.1£02)

4 + 2.5% - 20 16 (252247 0 14(1.411.3) 1(0.1+£04) 1(0.1£02)

5 + 5,0% . 20 . . 13(1.4+13) 0 16(1.8+1.5) . 3{02204) 0

B - 0% 10 0 0 0 0 0

7 - 5.0% 10 : o~ 1} 0 : 0 0
" Females .

1 + 0% (MF diet) 20 8 (0.6+038) 0 4(0.3+0.6) 0 .0

2 + 0% 20 10 {0.5 £ 0.5} 0 2(0.1+03) 0 0

3 * 125% 19 9(0.9£1.4) 0 8" (04:05) 1(0.1£0.2) 0

4 + 25% 20 12 (0.9%1.1) 0 7(0508) 0 ‘0

5 + 5.0% 20 12 (14%1.5) 0 6(03+05) [+] 0

6 - - 0% _ 10 . 0 0 0 0 .0

7 - 5.0% 10 ’ 0 0 0 0 0 .
2 Values are incidences (average number of lesions per rat, mean + 5D). ~——

* Significantly different from the group 2 at P<0.05,

3 and 4) as compared with control values {(group 2), but this was

without dose dependence and equivalent to the value for the MF
diet group (group 1). The significantly higher incidence of endome-

trial stromal polyps in the uterus observed in female rats fed 1.25%

ARA-oil (group 3) than control values {group 2), was again not

dose-dependent. Under the present conditions, the statistical max-

imurmn detection power (1 — ) was 84.9% for bronchiolo-alveolar

adenomas in the male lung between group 2 (Fontrol group) and

group 3 (1.25% group), with a probability value {e) of 0.05 (Table

8), when analyzed with. public software “R-2.14.2" (http:f/

cran.md.tsukuba.ac.ipf). -

 Innon-DMBDD initiated groups {groups 6 and 7), no neoplastic
lesions were found in any organs/tissues of either male or female -
rats; except for a few spontaneous hyperplastic lesions in some or-

gans observed in rats from groups 6 and 7 (data not shown).

4.1.6, Quantitative evaluation of GST-F positive foci of the liver
There were no statisticailly significant differences in either the

number or area of GST-P positive foci between groups 3, 4 or 5

(ARA-oil) and group 2 (7.0% soybean oil control) (Table 10).

96

4.2 Experiment I an 8-week feeding study

4.2.1. Cellular proliferation potential in the urinary bladder and
thyroid . ;

" Inboth organs, there were no statistically significant differences
in BrdU labeling indices between groups 3, 4 or 5 (ARA-cil) and
group 2 (7.0% soybean oil) (Table 11). No statistically significant in-
crease in the urinary bladder and thyroid weights was exhibited in
any ARA-oil-treated groups as compared with control values
(group 2). No histopathological alterations suggestive of increase
in cellular proliferation, were observed in these organs. Moreagver,
no epithelial cells were found in urine sediment specimens from
any groups (data not shown).

4.2.2, Serum concentrations of T3, T4 and TSH

As shown in Table 12, serum T3 levels in the all male rats fed
ARA-oil (groups 3, 4 and 5) were slightly but significantly higher
than those for males fed 7.0% soybean-oil control {group 2), but
not in the all femnale rats fed ARA-oil. The serum TSH level was
significantly higher in females fed 5.0% ARA-oil {group 5) than in
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Table 7 .

N. Imai et al./Food and Chemtical Toxicology 50 (2012) 2780-2791

Incidences and muktiplicities of hyperplastic and neoplastic lestons of the thyroid in F344 rats treated with ARA-oil with or without prior DMBDD treatment,

Groups  Treatment No. of rats examined  Follicular cell C-cell
PMBDD ARA-0il Hyperplasia Adenoma Carcinoma Hyperplasia  Adenoma Carcinoma
Males, .
1 + 0% (MF diet) - 20 16 (1.8 £ 1.3) 14(15£1.4) 5(03+06) 0 2(0.1£03) ©
2 + 0% 20 0% (0.921.0% 4" ([03x06"™) 1(01:02) . 1{01202) O o
3 o+ 1.25% 20 8 (0.5+0.7) 10° (0.7 £0.8) 6" (0.3£05) 1(0.1£02) 1(0.1x02) 0O
4 + 2.5% 20 9(0.6+07) ~ 7(0.6+09) 2(01£03) 2(02:05) 0D 0
5 + 5.0% 20 167 (1.1+£09) 107 (0.8:1.0) 2(01+03)  1(0.1:x02) 0 1(0.1+£0.2)
] - 0% 10 a 0 0 R 0 0 0
7 - 50% .10 - 0 0 : 0 1(01203) 0 0
Females : .
1 + 0% (MF diet) 20 2(0.2205) 4({02£04) 1(0.1£02) 0 0 0
2. + 0% 20 4 ©2(0.1£03) 3(D2£04) 2(01£03) 0 0 0
3 + 125% 19 1(0.1£0.2) 4 (0.3 +0.56) 1(0.1£02) 1(2.1£0.2) 1{0.1+£02) ,/ O
4 + 25% 20 4(0.20.4) 4(0.2204) 1(1£02) @ 0 o
5 + 5.0% 20 2(0.1+03) 1(0.1£0.2) 0 g 0 1]
3] - ox 10 ' 0 Q 0 0 0 0
7 - T 5.0% 10 o] 0 0 0 0 - 1}

2 values are incidences (average number of lesions per rat, mean + SD).
7~ Significantly different from the group 2 at P<0.05.

Significantly different from the group 1 at P < 0.05.
## cignificantly different from the group 1 at P<0.01.

females fed 7.0% soybean oil (group 2). However, there were no
statistically significant differences in T4 levels in either sex or
"TSH levels in males between any groups fed ARA-oil {groups 3, 4
and 5) and the group fed 7.0% soybean oil (groups 2).

4.2.3. Urinalysis
As shown in Table 13, the urine pH levels were significantly
lower in males fed 2.5% or 5.0% ARA-oil (groups 4 and 5) than in
males fed 7.0% soybean oil {group 2). Scdium ion concentrations
in urine were significantly lower in all males fed ARA-oil (groups
3, 4 and 5) and in fernales fed 2.5% or 5.0% ARA-oil {groups 4 and
5) than in males and females fed 7.0% soybean oif (group 2). Potas-
sium ion concentrations in urine were significantly lower in males
fed 5.0% ARA-oil (group 5) and in females fed 2.5% or 5.0% ARA-oil
{groups 4 and 5) than in males and females fed 7.0% soybean oil
{group 2). Chlorine ion concentrations in urine were significantly
Iower in males fed 1.25% or 5.0% ARA-oil {groups 3 and 5), and in
i females received ARA-oil (groups 3, 4, and 5) than in males
and females fed 7.0% soybean oil {(group 2}. Urine volume was sig-
nificantly higher in male and female rats fed 2.5% or 5.0% ARA-oil
{groups 4 and 5) than in male and female rats fed 7.0% soybean
oil (group 2). The specific gravity of urine samples was significantly
lower in male and female rats fed ARA-oil (groups 3, 4 and 5) than
in male and female rats fed 7.0% soybean oil (group 2). Variation
(increases or decreases) in urinalysis parameters was generally
dependent on the dose of ARA-oil. However, no urinary sediment
epithelial cells, erythrocytes and leukocytes were found in any
groups receiving ARA-oil, MF diet or 7.0% soybean oil in both sexes.
Moreover, no urinary calculi were observed in any group (data not

shown).

" 5. Discussion

Inthe present study, we investigated the potential of ARA-oil to
modify tumor promotion using a medium-term multi-organ carci-
nogenesis bioassay in male and fernale 6-week-old F344/DuCriCrlj
rats. In this bioassay, when the incidences of hyperplastic (prene-
oplastic) or neoplastic lesions are increased significantly and
dose-dependently in comparison to control values, test substances

‘are generally judged as positive for tumor promoting activity at the
whole-body level. The results of the present study indicated that

- ARA-oil supplementation did not demonstrate any consistent car-

cinogenic or promoting influence in any organs or tissues of either

sex (Experiment I). Next, the effect of ARA-oil on cellular prolifer-

ation in the urinary bladder and thyroid was examined in an 8-
‘week continuous-feeding ‘study (Experiment II), considering the
generally accepted role of cellular proliferation in tumor-promo-
tion processes (Fukushima et al, 1991; Hasumura et al, 2005;
Hood et al.,, 1999; Shibata et al.,, 1989, 1992). No cellular prolifera-
tion was found in either the urinary bladder or the thyroid in the
current study. This result strongly supported the conclusion that
ARA-0il did not show tumor proinotion potential in Experiment 1.

In this study,.we chose 5.0% ARA-oil as the highest treatment le-
vel, based on a 13-week subchronic oral foxicity study because
5.0% ARA-oil was the highest dose tested that did not result in
any signs of toxicity (Lina et al, 2006). Taking into account (1)
the amount of ARA-oil (which contains 42,0% ARA) in-test diet,
(2) feed consumption, and (3} body weight in rats, dietary ARA in-,
take of rat fed 5.0% ARA-oil was estimated to be-about 1037 mg
ARA/kg/day in male rats and 1223 mg ARAfkg/day in female rats
in Experiment I. The concentration of fat in human breast milk is

- 3.5%, and average ARA contents in tota! fatty acids of breast milk

in Japanese woman is 0.35% (Tanaka et al., 1994). The daily average
intake of breast milk by infants is about 117 mijkg/day {(Ministry
of Health, Labour and Welfare, 1999). Based on these data, daily
ARA intake by infants via breast milk is approximately 14.3 mg
ARAfkg{day. Compared with the arnounts of ARA tested in this am-
mal study, this represents about 73- to 86-fold less.

In the large intestine, the test substance did not promote any
hyperplastic and neoplastic lesions developed by DMBDD treat- -
ment in any of the test groups. An important theme has béen dis-
cussed in the field of chemo-prevention; specifically, a decline in
n—6/n—3 polyunsaturated fatty acid ratio. plays a role in cancer
prevention when food is supplemented with various fatty acids.
Many experimental and epidemiological studies have identified a
positive relationship'between excessive fat intake and cancer
development (McCormick et al., 1989; Miller et al., 1983; Noguchi
et al., 1997; Rose, 1997). It is now certain that the development of
colorectal cancer is inhibited by diets rich in n—3 fatty acid (Bar-
tram et al., 1993; Minoura et al., 1988; Narisawa et al., 1991; Rao
et al,, 1996, 2001; Reddy and Sugie, 1988; Toriyama-Baba et al.,
2001). These reports suggest that western-style meals, in which
n—6 fatty acid is dorninant, may cause the development of human
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Table 8 . o Lo
. Incidences of neoplastic Jesions in male F344 rats treated with ARA-0il with or without prior DMBDD treatment. !
Organ and Findings - Croups 17 2 3 4 5 6 7
. DMBDD | t+ + + + + — -
ARA-G{] [t 171 1.25% 2.5% 5.0% 0% 5.0%
No. of rats examined 20 20 20 20 20 10 10
Mandibular lymph node .
Hemangioma 1] ¢] 0 1 [} 0 0
Hemangiosarcoma i} 0 0 1 0 0 0
Mesenteric lymph node
Hemangioma 1 1 0 1] 0 0 o
Spleen
Hemangioma 2 0 1} 1 4] -0 i)
Hemangiosarcoma 2 0 o a. 1 i} 0
Bone marrow '
Hemangioma 0 0 1] 0 1 0 0
Hemangiosarcoma [a} 0 0 0 1 0 o
Thymus . : :
Malignant lymphoma o 0 0 1 0 0 1]
Pituitary ;
" Adenoma, pars distalis ) 0 1 0 0 0 0
Adrenals. . ' ’
Hemangioma 1 o 1 2 1 0 ¢} i
Nasal cavity
Adenoma 4 1 3 1 2 0 0 / o
Papilloma, squamous cell 1 1] [ a 1 4] g -
Lungs/bronchial . .
Adenoma, broachiolo-alveolar 10 4* 13" 1n° 9 0 0
Hemangicma . 0 0 0 1 0 0 o
Adenocarcinoma, bronchiolo-alveolar 2 4 2 2 2 0 0
Esophagus ' .
Papilloma, squamous cell 0 2 1 1 1 0 0
Stornach N
Lelomyoma 0 U} D 1 0 0 o
Papillomna, squamous cell 4 0 1 2 1 0 o
Schwannoma 0 0 0 1} 1 0 0
Adenocarcinoma 0 0 0 1 0 0 0
Duedenum
Adenoma 0 0 0 1 0 0 0
Adenocarcinoma 4 2 1 3 5 0 0
Adernocarcinoma, mucinous 0 0 1 0 0 0 o
Jejunum
Leiomyoma 1 0 0 0 0 0 o
Adenocarcinorna 2 2 3 0 2 0 0
Cecum .
Adenoma o 1 0 1 3 0 o]
Leiomyoma [1} 1] 0 1] -1 0 1]
Adenocarcinoma 0 1] 4 3. 0 1 0
Pancreas
Schwannoma ¢ 1} 1 0 0 0 0 .
Liver )
Cholangiocarcinoma . 0 1] 1] 1] 1 a o /7
Kidneys —
Adenoma, tubular cell 16 14 10 10 3 0 0
Hemangioma 0 0 1 1} 1 Q 0
Carcinoma, tubular cell -0 0 0 1 1 0 1}
Carcinoma, transitional cell 1 4 6 3 ] 0 0
Hemangiosarcoma 1 0 1 o . 1 i} o}
Nephroblastoma 20 17 16 13 18 0 o
Prostate
Schwannoma 1 1 0 0 ] 0 o
‘Malignant schwannoma o 0 1 0 o 0 0
Seminal vesicles
Leiomyoma a 0 0 1 ] 0 1)
Zymbal's glands
Adenoma i 0 1 0 1 -0 ]
Carcinoma 1] 1 1 0 3 0 1]
Brain
Astrocytoma 0 Q- 0 0 1 0 0
Malignant reticulosis 0 0 1 0 a 0 0
Meningeal sarcoma 1 0 1] 0 0 o] 0
Spinal cord
Schwannoma 1 0 0 2 0 a 0
All sites .
Malignant lymphoma 10 10 i0 11 11 0 o
Maligriant lymphoma/ledkemia 0 1} 0 0 o

4 MF diet group, |
“ Significantly different from the group 2 at P<0,05,
*" Significantly different from the group 2 at P<0.01.
* Significantly different from the group 1 at P<0.05.
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' MF diet group,
" Significantly different from the group 2 at P<0.05.

colorectal, breast, and proétate cancers. Therefore, we focused to
investigate whether ARA-oil rich polyunsaturated fatty acid had a
tumor-promoting potential. Our findings indicated that ARA-oil,

containing about 40% ARA, did not exért turnor promoting poten-

tial in any organs or tissues of rats, including the large intestine,
mammary gland and prostate,

The incidence of transitional cell papillomas in the urinary blad-
der developing in female rats fed 1.25% ARA-oil and the multiplic-
ity of transitional cell PN hyperplasias in male rats fed 2.5% ARA-oil

were higher than those of females and males, respectively, fed 7.0% .

soybean oil group. However, these increases were not ascribable to
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Table &
Incidences of neoplastic les:ons in fernale F344 rats treated with ARA-oil with or without prior DMBDD treatment.
Organ and findings Groups 1* 2 3 4 5 6 7
DMBDD +° + + + + — -
) ARA-0il L 0% 0%, 1.25% 2.5% 5.0% 0% .5.0%
No. of rats examined . 20 20 - 19 20 20 10 10
Spleen ' :
Hemangiosarcoma C. . 1 1} 0 . o D . 0 0
. Pituitary
Adenoma, pars dlSl’a]lS 1} 0 1. 0 1] 0
Craniopharyngioma 1 0 0 o 0 0 0
Adrenals .
Adenoma, cortical . E 0 1 0 1} 0 0 D
Hemangioma ! 2 0 0 0 0 0
Nasal cavity ;
Adenoma . [} 1 0 2 i 0 0
Fibrasarcoma 1] 1 0 o 0 1] 0
Lungs/bronchial
Adenoma, bronchiolo-alveolar 10 9 B 4 5 0 0
. Adenocarcinoma, bronchiole-alveolar 1] 2 ) o 1 0 0
Carcinoma, squamous cell 0. 0 0 1 1 4] 0
Tongue .

. . Papilloma, squamous cell ' 1] 1 0 1] "0 0 0

-~ Esophagus

' Papilloma, squamous cel} 1 1 2 1 0 0 0

Stomach .
Papilloma, squamous cell - 2 a 1 ] 1 0 0
Duodenumy ’ R
Adenoma . 0 1] 1 Q 0 ]
Adenocarcinoma - . 0 1 0 2 1 0 0
Adenocarcinoma, mucingus 0 0 0 0 1 0 0
Jejunum . .
Adenbearcinoma .o o’ 0 4] 0 3 0 0
 Cecum ' :
Adenocarcinoma . D 0 0 1 0 0
Adenocarcinoma, mucinous . . 1] 0 1 0 1] 0 0
. Liver .
Adenoma, hepatacellular 1 0 0 1 0 0 0
Cholangioma ~ o 0 0 0 1 0 1]
Hemangjoma 0 ] 0 1 o 0 1]
Carcinoma, hepatoceltular 1 1] o 1] 1 0 0
Cholangiocarcinoma 1 0 1] i} 0 0 0
I[Cidneys 3 :
Adenoma, tubular cell 4 5 8 9 7 0 0
Hemangioma a 2 1 0 1 0 0
Carcinoma, tubular cell 0 ] 1 0 0 0 0
Carcinoma, transitionat cell 0 g 1 1 2 ] 0
Nephroblastoma 15, 15 16 L12 13 0 i
Mammary gland . ’
- . Adenoma ) 7 4 5 2 -1 0 A
Fibroadenoma . ) . 1 0 0 0 o - 0 0
Adenocarcinoma 3 4, 1 4 tF 4] ¢]
Uterus N

Polyp, endometrial stromal ' 2 0 1 -1 0 0

Sarcoma, endometrial stromal 0 1] 1 1] o 0 0
Zymbal's glands

Adenoma . 1 o 0 1 1 0 [¢]
All sites .

Malignant lymphoma 5 6 3 3 8 4] 4]

the ARA-oil supplements because of the lack of dose-dependence.
Some tumer promoters in the urinary bladder are known to elevate
urine pH and sedium or potassium ion excretion in the urine, and
are associated with an increase in cell proliferation in urinary blad-
der epithelium{Fukushima et al., 1991; Shibata et al., 1989, 1992).
However, none of these alterations was observed in the 8-week
feeding study (Experiment II). Therefore, we concluded that the
higher incidence of transitional cell papillomas in female rats fed
1.25% ARA-oil and the increased in multiplicity of transitional cell
PN hyperplasias in male rats fed 2.5% ARA-oif that we observed in
Experiment | were incidental.
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Table.10 -
Quantitative data for GST-P positive foci in the liver of F344 rats treated with ARA-oil with or without prior DMBDD treatment.
Groups Treatment No. of rats examined GST-P positive foci
DMBDD ARA-qil Number {No.fcm?) Area (mm?{cm?)

Males

1 + 0% (MF diet) 16 3.18+1.63° 0.18+0.10

2 + 14 12 447228 0.27£0.19

3 - 1.25% 14 427 £3.29 0.26+0.22

4 + 2.5% 14 4.07 £3.02 0.22x0.18

5 + 5.0% 13 421215 0.22x0.13

6 - 0% 10 0.00+£0.00 0.00:0.00

7 — 5.0% 10 -0.00 £ 0.006- 0.00+ 0,00
Females -

1 + 0% (MF diet) 19 11.23£5.17 138074

2 * 0% 9 16.64 +4.14% - 1.67 £ 0.61

3 + 1.25% 17 1649 £ 416 1.87+057

4 +° 2.5% 16 1621 £548 2.02+1.02

5 + 5.0% - 17 16.77 £5.76 1.76 £ 0.78

[ — 0% 10 0.00 £0.00 0.00 £ 0.00

7 — 5.0% 10 0.00 £ 0.00 0.00 £ 0.00

* Values are mean + 5D.

#* significantly different from the group 1 at P<0.01,

Table 11 ) o

BrdU! labeling indices in the epithelial cells of the urinary bladder and thyreid of F344

rats fed on AIN-93M diet containing ARA-oil in the 8-week feeding study.

~ Groups  ARA-oil No. of rats examined  BrdU [abeling index (%)
: Urinary " Thyroid
bladder

Males

*1 0% (MF diet) 20 0.13 £0.05* 0331021
2 % 20 0.090.09 0391034
3 1.25% 20 0.09+0.11 0421038
4 25% 20 0.09+0.09 . 0.38+£0.30
5 | 5.0% 20 0.10+0.08 0.44+032
Females
1 0% {MF dier) 20 014011 0.21+£014
2 0% 20 0.05+0.09™ 0.18+0.13
3 1.25% 20 0.05 +0.06 0.26£0.23
4 2.5% 20 0.07 £0.09 0.25+021
5 5.0% 20 011+x011 0254026

? Values are mean * SD.

** Significantiy different from the group 1-at F < 0.01.

L
s

There were statistically significantincreases in the incidences of
follicular cell adenomas or carcinomas in the thyroid of male rats
fed 1.25% ARA-oil. The incidences of follicular cell hyperplasias or
adenomas were significantly higher in male rats fed 5.0% ARA-oil
than in males fed 7.0% soybean oil {(group 2). These differences
were thought to be independent of the administration of test sub-
stance because the increases were not dose-dependent andjor the
incidence levels were equivalent to those in rats fed the MF diet.
Moreover, there was 1o evidence of an increase in follicular cell le-
sions in any group of fernale rats fed ARA-oil, In the 8-week feeding
study (Experiment I}, no increase in the thyroid weights was
showed, and there were no statistically significant differences in
BrdlFindices in the thyroid epithelium in any groups fed ARA-oil
in either sex. In addition, ARA-oil treatment was associated with
a very slight but statistically significant increase in serum T3 levels,
whereas T4 and TSH levels were unchanged in all male ARA-oil-
treated groups. On the other hand, slightly but significantly higher
TSH levels were only shown in the femnale 5.0%. ARA-oil-treated
group {group 5) as compared with control values (group -

“whereas T3 and T4 levels were not affected in any of the fem. .

Table 12 . N .
Serum concentrations of triiedothyronin (T3), thyroxine (T4) and thyroid stimulating hormone (TSH) in F344 rats fed on AIN-93M diet containing ARA-cil in the 8-week feeding
study. : ' . -

Groups ARA-0il . No. of rats examined T3 (ngfdl) T4 (pg/dL) TSH (ngfmi)

Males o,

1 : 0% (MF diet) 20 1204+168° 5.96+0.98 C148+122

2 0% . 20 . 122,1+105 680+ 066" - 1.21+1.08

3 1.25% 20 1335+11.8", 6.68+0.92 138 +0.98

4 2.5% 20 1354+145% 8.55+0.76 1604117

5 5.0% 19 1343+£1257 . 6.69+0.79 0.99 £ 0.84

Females . X :

1 0% (MF diet) 19 136.8+15.0 584%1.17 1.65 +0.83

2 0% 20 149.2 +20.0% 555+1.00 2,92 +087%*

3 1,25% 20 151.7+ 226 5731172 253 +136

4 . 2.5% 20 1563 %30.6 543 +1.53- - 348+148

5 5.0% 20 167.0+20.0 6.18+1.18 490 £ 176"

= Values are mean +5D.

* Significantly different from the group 2 at P<0.05.
" Significantly different from the group 2 at #<0.01.
* Significantly different from the group 1 at P<0.05.
** Sigrificantly different from the group 1-at P<0.01.
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Table 13
Urinalysis data for F344 rats fed on AIN-93M diet containing ARA-0il in the 8-week feedmg study.
Groups  ARA-oil No, of rats examined pH Na [mEg/L) K (mEaqjL) CL (mEq/L} Urine volume (in g)  Specific gravity
Males ’ ] 5
1 0% (MF diet) 20 6.92 £0.26 127.0£365  2422£360 1284316 146 £0.53 1,058 1 0.009
2 0% i9 626037 (n=20) 1139+543 1483 £67.3%F  009+41.1%% 053 +0.34* 1,056 £ 0.021
3 1.25% 20 6051025 626+257" 118114438 574+286" 073028 1,039£0.012°
4 2.5% 20 598015 66.9£334° 11021294 67.9+304 0921032 1,037 £0.009°
5 5.0% 20 600025 403£226"  B22+2077  468:266°  1.09x035" 1.031 £0.009™
. Females . o
1 0% (MF diet) 20 743022 7581437 12161797 57.6+439 1.20 £ 0.42 1.029+0.016
2 0% 20 6.11+0.39% 5572358  1785:702%° 1020:413% 041:013"% 1.054 0015
-3 1.25% 20 5.88+0.19 435256  125.8x57.0 508+28.5"°  053+025 1.040£0.014™
4 2.5% 20 6.03£0.21 21627177 1222%483" . 5442316 066£030° 1.035+0.011™
5 5.0% 20 5.98 £0.25 16.1£8.4"" 9323307 - 45611207 061+031° 1.029 +0.008™

? Values are mean + 8D,
Slgmﬁcamly different from the group 2 at P<0.05.
** ‘Significantly different from the group 2 at P< 0.01.
¥ Significantly different from the group 1 at P <0,05.
# significantly different from the group 1 at P < 0.01.

o
", .{A-oil-treated groups. In the present study, because those hor-
monal alterations were varied and inconsistent, they may be con-

sidered unrelated to follicular cell proliferation due to thyroid-
tumor promoter increase of the TSH level by negative-feedbaclk .

via the thyroid-pituitary axis (Alison et al, 1994; Hasumura
et al,, 2005; Hood et al,, 1999)..Based on our findings, we‘conc]uded
that ARA-oil did not exert tumnor-promoting activity in the thyroid.

In conclusion, the results indicated that arachidonate-enriched
triglyceride oil did not have tumor-promoting activity in any or-
gans or tissues in a medium-term multi-organ carcinogenesis bio-
-assay in rats.
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