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Hydroxymatairesinol (HMR), obtained from the heartwood of
spruce (Picea abies), has been demonstrated to exert chemo-
preventive effects on the development of mammary tumors in
rats. To examine the influence of HMR on uterine carcino-
genesis, adult Donryu rats were initiated with a single intra-
uterine treatment of N-ethyl-N'-nitro-N-nitrosoguanidine (ENNG)
at 11 weeks of age and fed thereafter 0, 200, or 600 ppm HMR
mixed in the soy-containing diet until 15 months of age.
Incidences of uterine adenocarcinoma in both 200 and 600
ppm HMR-dosed groups were significantly reduced to 11% and
15%, respectively, less than 50% of 0 ppm, at the end of the
experiment (P < 0.05). A delay in the start of persistent estrus by
HMR was observed at 8 months of age compared with controls
given carcinogen alone. From urinalysis, HMR was metabolized
mainly to enterolactone and hydroxyenterolactone. These
findings suggest that HMR or its metabolites exert chemo-
preventive effects in the rat ENNG-uterine carcinogenesis
model. Exp Biol Med 229:417—424, 2004
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chemoprevention
s} possible adverse influences, such as induction or
promotion of cancer development, are present in our
contemporary environment. Likewise, cancer-preventive

arious natural and man-made substances possessing
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potential has been found in both natural and synthetic
substances. In Asian countries, the risk of acquiring steroid
hormone—dependent cancers, for example in the breast and
prostate, appears to be relatively low compared with that of
Western countries (1). This may be because of dietary
factors, such as lower consumption of fruits, vegetables, and
legumes—particularly soy—in the West compared with
Asia. In epidemiological studies, soy or soy food intake may
protect against breast cancer (2—4). Isoflavonoids primarily
found in soybeans may have a strong influence (5).
Similarly, both epidemiological (5) and experimental
evidence (6) have shown that lignans, which humans ingest
mostly from a fiber-rich diet, may also reduce the risk of
breast cancer. In a case-control study in the San Francisco
Bay Area (7), lignan and isoflavone were also found to be
associated with a low risk of endometrial cancer.

Large amounts of lignans are present in coniferous
trees. Hydroxymatairesinol (HMR; Fig. 1) is one example
obtained from the heartwood of Norway spruce (Picea
abies). Because HMR exists mainly in an unconjugated free
form, it can be isolated by simple extraction without
hydrolysis (8). Anticarcinogenic properties of HMR against
7,12-dimethylbenz[a]}anthracene (DMBA)-induced rat
mammary adenocarcinomas have already been demonstra-
ted (8, 9). Hydroxymatairesinol is metabolized to enter-
olactone (ENL) (8), a lignan produced by intestinal bacteria
from plant lignan precursors in fiber-rich diets. In
epidemiological studies, high serum and urine ENL
concentrations have been linked to a low risk of breast
cancer (10, 11), but controversial results have also been
obtained (12, 13). A cause-effect relationship between high
ENL concentration and influenced disease risk remains to be
demonstrated. It is not known whether ENL is biologically
active as an anticarcinogenic agent or merely a marker for
healthful, fiber-rich diets in general (14).

We have documented that the Donryu rat has a high
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Figure 1. Chemical structure of hydroxymatairesinol (HMR) and schematic illustration of its putative metabolic pathway, which involve
demethylation and dehydroxylation reactions catalyzed by intestinal bacteria.

incidence of spontaneous development of endometrial
adenocarcinoma, which is associated with hormonal im-
balance, and is characterized by an age-dependent increase
in the estrogen to progesterone (E2/P) ratio (15-17). The
incidence of spontaneous endometrial adenocarcinoma in
this rat strain tends to decrease in the reproducing animal,
compared with the nulliparous case, the suppression being
associated with changes in the hormonal milieu (18). These
results indicate that the Donryu rat might be a valuable
animal model for the study of endometrial adenocarcinoma
linked to endogenous estrogens in humans. The incidence of
such tumors in this rat strain is elevated after a single
intrauterine administration of N-ethyl-N'-nitro-N-nitroso-
guanidine (ENNG). A two-stage rat uterine carcinogenesis
model has been shown to be very useful for detection of the
tumor-promotive effects of various agents, including
endocrine-disrupting chemicals (EDCs; Refs. 19, 20). This
animal system can be used successfully for studies of tumor-
chemopreventive effects of long-term exposure to various
compounds during adulthood, with normalization or
suppression of cell proliferation in the uterus or indirect
effects such as perturbation of endocrine regulation (21).
To clarify the chemopreventive effects of HMR on
uterine carcinogenesis, we performed an experiment using
the carcinogenesis model in Donryu rats. Types and
characteristics of uterine adenocarcinoma in the rat vary,
depending on the age of exposure to exogenous compounds
(20, 22). Hydroxymatairesinol was dosed to adult rats after
precise estrous cycles were established at 11 weeks of age
and continued until 15 months of age. In all our past studies
of endometrial adenocarcinoma using the Donryu rat model,
the soy-containing conventional diet, CRF-1, was supplied

but its composition was not analyzed. The possibility that
phytoestrogens such as isoflavones in a diet also influence
tumor development should be considered. On the other
hand, the soy-containing 1324 diet has been widely used as
a basal diet in European countries. Accordingly, two
controls, each supplied with diets of differing phytochem-
ical components, were designed into the present study. First,
isoflavone contents of both diets were analyzed by high-
performance liquid chromatography (HPLC), according to
previously described methods (23). Average contents of
total isoflavones were 471 and 257 ppm in the basal (1324)
and conventional (CRF-1) diets, respectively.

Materials and Methods

Animals and Housing Conditions. Female
Crj:Donryu rats were obtained from Charles River Japan
Inc. (Kanagawa, Japan). They were housed in plastic cages
and kept in an air-conditioned animal room under constant
conditions of 23° + 2°C and 50% % 20% humidity with a
12:12-hr light:dark cycle and were maintained on a soy-
containing conventional diet, CRF-1 (Oriental Yeast Inc.,
Tokyo, Japan) and tap water ad libitum. Animal care and
use followed the NIH Guide for the Care and Use of
Laboratory Animals.

Experimental Design. Hydroxymatairesinol was
isolated from the heartwood of Norway spruce (Picea
abies) by using a method previously described (9, 24, 25).
The purity of HMR was determined to be 96.6% using the
GC-MS method. The 105 rats were divided into 4 groups of
25 to 27 animals each. Hydroxymatairesinol was mixed
according to the weight of a pure HMR extract in a
nonpurified, soy-containing 1324 diet (Altromin GmbH,
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Group

1: Control (n=25)
- a conventional diet (CRF-1)

2: Control (n=27)
- a basal diet (1324 diet)

3: HMR-treated (n=27)
- 200ppm HMR in the basal diet

4: HMR-treated (n=26)
- 600ppm HMR in the basal diet
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Figure 2. Experimental design for examination of the effects of hydroxymatairesinol (HMR) on rat uterine carcinogenesis. R initi
: . . . . Rat
with N-ethyl-N*nitro-N-nitrosoguanidine (ENNG) and then fed a conventional diet (CRF-1; G)roup 1), a basal diet (1324; Glroupazs)',vgsrl-ell\lllrll:l!n(aztgg

and 600 ppm; Groups 3 and 4) in the basal diet.

Lage, Germany), at doses of 200 and 600 ppm (Groups 3
and 4). The two control groups were provided with a
conventional diet (CRF-1; Group 1) or the basal diet (1324;
Group 2) alone (Fig. 2). Crude protein, crude fat, crude
fiber, ash, moisture, nitrogen-free extract, and metabolizable
energy of the conventional diet were 22.4%, 5.7%, 3.1%,
6.6%, 7.8%, 54.5%, and 3590 kcal/kg, respectively. Those
of the basal diet were 19.0%, 4.0%, 6.0%, 7.0%, 13.5%,
50.5%, and 2050 kcal/kg, respectively.

Duration of Treatment. Just after carcinogen treat-
ment, the feeding of each diet including HMR was started at
11 weeks of age and continued until 15 months of age.

Chemical Carcinogen Treatment. At 11 weeks of
age, a single dose of 20 mg/kg N-ethyl-N’-nitro-N-nitro-
soguanidine (ENNG), purcheised from Nacalai Tesque, Inc.
(Kyoto, Japan), and dissolved in polyethylene glycol, was
introduced into one of the uterine horns of the rats, using a
stainless catheter via the vagina.

Observation and Laboratory Examinations. Each
animal was weighed weekly during the first 3 months of
treatment and at least once a month thereafter. The amounts
of feed supplied were measured, and HMR-intake per
animal was calculated from food consumption. Vaginal

smears were checked at 4, 5, 6, 8, and 12 months of age for
confirmation of the estrous cycle stage. Persistent estrus
was determined based on continued estrus for at least 4
days. At termination, all animals were weighed and
sacrificed. Reproductive tract tissues and the other organs
were quickly removed and fixed in 10% neutral buffered
formalin, then routinely processed for histopathological
examination. Each uterus was cut into about 12 slices in
cross-section, and proliferative endometrial lesions were
classified into three degrees of hyperplasia (slight, +;
moderate, ++; severe, +++) and adenocarcinoma using the
categories for rat uterine proliferative lesions reported
previously (8, 10).

Urinary Lignan Analysis. In the previous studies
(18), age-related persistent estrus followed by anovulation
in Donryu rats was started at 5 months of age, and its
incidence was markedly increased until 8 months. Hence,
urine was collected at 8 months of age when many animals
were thought to be subjected to the hormonal imbalance. Six
rats selected at random from each group were placed in
metabolic cages, and urine was collected for 24 hours in
glass jars containing 120 pl of 0.56 M ascorbic acid and 120
ul of 0.15 M sodium azide as preservatives. Urine samples
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Table 1. Mean Food Consumption of the Experi-
mental Groups and Mean Daily Intakes of Hydroxy-
matairesinol (HMR) in the Dosed Groups?®

Consumption HMR intake
Group (g/kg/day) (mg/kg/day)
Control—conventional 45.6+1.1 —
diet (CRF-1)
Control—basal diet 53.1+x1.9* —
(1324 diet alone)
200 ppm HMR 55.2+1.4* 11.0+0.3
in the basal diet
600 ppm HMR 54.5+1.9** 32711

in the basal diet

2 Values represent the mean = SEM. Mean food consumption in
Group 1 was significantly lower than that in Groups 2, 3, and 4 (**, P
< 0.01). Mean HMR-intakes are significantly different (***, P < 0.001)
between Groups 3 and 4.

were stored at —70°C until analysis of lignans such as HMR,
secoisolariciresinol (SECO), mateiresinol (MR), enterodiol
(END), hydroxyenterolactone (HEL), and ENL was made.
Aliquots of 0.5 ml of thawed urine samples were mixed with
1.0 ml of 0.15 M sodium acetate buffer (pH 4.0) and 15 pl
of Helix pomatia enzyme mixture. For hydrolysis of lignan
conjugates, the samples were incubated at 37°C overnight,
The hydrolyzed samples were extracted using Sep-Pak tC18
columns (Waters Associates, Milford, MA) conditioned
with 2.0 ml of 0.15 M sodium acetate buffer. The urine
samples to which 2.5 pg of the internal standard flavone had
been added were loaded into columns and washed with 0.15
M acetate buffer, then the polyphenolic fraction was eluted
with 2.0 ml methanol. The samples were gently evaporated
to dryness under nitrogen flow in a water bath at 45°C,
dissolved in 5.0 ml methanol, and then an aliquot of 0.1 ml
was diluted with 0.9 ml of 0.1% acetic acid. The final
flavone concentration was 50 ng/ml. A variety of lignans
were analyzed by HPLC-MS-MS using a PE Sciex API3000
triple quadrupole mass spectrometer equipped with a Turbo
ion spray ionization source (electrospray ionization). De-
tailed methods have been described in a previous paper (26).

Statistical Analysis. Data on tumor incidence were
statistically analyzed using the cumulative chi-square test
(27). If significance was detected, differences between
groups were confirmed by chi-square test. Other data were
analyzed using the Student’s ¢ test for comparison between
two groups and one-way analysis of variance (ANOVA) for
multiple groups. Post hoc multiple comparisons were
performed by Tukey’s test when numbers of data were
equal or Scheffe’s test in other cases. A P value less than
0.05 was considered to be statistically significant.

Results

Food Consumption and Daily Intake of HMR in
the Experimental Groups. Data for food consumption
and intake of HMR in the experimental groups are

Table 2. Delay of Persistent Estrus by Hydroxy-
matairesinol (HMR) Dosing?

Group Mean week of age
of persistent estrus start

Control—conventional 30.3+1.2

diet (CRF-1)
Control—basal diet 32.1+1.3

(1324 diet alone)
200 ppm HMR in basal diet 35.4+1.6*
600 ppm HMR in basal diet 35.3+1.6*

4 Values represent the mean £SEM, n = 25, 27, 27, and 26 rats of
each group, respectively. Means of Group 3 and 4 are significantly
different (*P < 0.05) from Groups 1 and 2.

summarized in Table 1. In the control group fed conven-
tional diet (Group 1), food consumption was lower than
those in Groups 2, 3, or 4 (P < 0.01). There were no
significant differences in food consumption among the other
3 experimental groups. Mean daily intakes of HMR were
11.0 and 32.7 mg/kg/day in the 200- and 600-ppm dosed
groups, respectively, and they differed statistically (P <
0.001).

Effects of HMR on Start of Persistent Estrus. At
4 months of age (about 1 month after dosing started), the
estrous cycle stage could be easily identified using vaginal
smears, a precise 4-day cycle being evident in all groups. In
the control groups supplied with the conventional (Group 1)
or basal (Group 2) diet, no significant difference of the
beginning of persistent estrus, characterized by vaginal
smears exhibiting nucleated epithelial or cornified cells, was
detected. Mean ages of persistent estrus start were 30.3 and
32.1 weeks in Groups 1| and 2, respectively. However, in
HMR-dosed groups (Groups 3 and 4), persistent estrus was
significantly lengthened for 3 to 5 weeks (P < 0.05), as
shown in Table 2. Almost all animals in the experimental
groups were in persistent estrus until 12 months of age.

Uterine Proliferative Lesions and Other Histo-
pathologic Findings. During the experimental period,
no animals in any of the groups died. No significant changes
in relative weights of the uterus and ovaries were detected at
termination at 15 months of age (data not shown). A
comparison of development of uterine proliferative lesions
in controls and HMR-dosed rats is given in Table 3. Almost
all animals had endometrial hyperplasia or adenocarcinoma.
Total incidences of endometrial hyperplasia were 64%,
63%, 78%, and 80% in Groups 1-4, respectively, no
shifting the burden from late stage lesions to early stage
being obvious. Most hyperplasias were focal proliferations
of uterine glands with apparent duct structures in the stroma
of the endometrium. The characteristics and incidences of
endometrial hyperplasia did not differ among the groups.
Endometrial adenocarcinoma was significantly decreased by
the HMR treatments (P < 0.05). Incidences of adenocarci-
noma in 200- and 600-ppm, HMR-dosed groups were
reduced to [1% and 15%, respectively, compared with those
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Table 3. Numbers and Incidences of Uterine Endometrial Proliferative Lesions at 15 Months of Age in the Four
Experimental Groups?

[S—

Hyperplasia
Group N — + ++ +++ Adenocarcinoma

Control—conventional diet (CRF-1) 25 0 2 8 6 9

(0) (8) (32) (24) (36)
Control—basal diet (1324 diet alone) 27 2 2 8 7 8

@) @) (30) (26) (30)
200 ppm HMR in the basal diet 27 3 5 9 7 3

(11) (19) (33) (26) (11)
600 ppm HMR in the basal diet 26 1 4 12 5 4*

4

——

(15) 46) (19) (15)

#Values in parentheses are incidences (%). Significantly different from Groups 1 and 2 (* P < 0.05). These data show that
hydroxymatairesinol (HMR) significantly reduced the number of endometrial adenocarcinomas versus controls in Groups 1 and 2 given no HMR.

of the two control groups (conventional and basal diet),
being 36% and 30%, respectively. The adenocarcinomas
were well-differentiated, invading the serosa of the corpora
uteri, glandular structures being obvious.

Ovarian atrophy or cyst formation and lack of any
Corpora lutea were observed in almost all animals,
Proliferation of ovarian interstitial cells was also evident.
Various neoplastic and nonneoplastic lesions were also
found in other organs and tissues, but no differences were
apparent among the groups.

Urinary Lignans. Urinary concentrations of lignans
such as HMR, SECO, MR, END, HEL, and ENL at 8
months of age are shown in Figure 3. Those in the control
group supplied with conventional diet (Group 1) were
comparable to those with the basal diet (Group 2), and HMR
was undetectable in either control group. In the 200- and
600-ppm groups, however, urinary concentrations of HMR
were dose-dependently increased at 25 and 88 pg/ml,
respectively, and similar elevation was evident for ENL and
HEL concentrations. Urinary concentrations of SECO, MR,
and END were low or undetectable.

Discussion

In the present study, HMR, obtained from the heart-
wood of spruce (Picea abies), demonstrated an inhibitory
effect on the development of uterine adenocarcinoma in
Donryu rats initiated by ENNG, in line with the exper-
imental evidence of inhibition of the growth of DMBA-
induced rat mammary tumors published earlier (8, 9).
Secoisolariciresinol diglycoside (SDG), isolated from flax-
seed, is metabolized to both END and ENL, and has shown
chemopreventive properties in the DMBA-induced mam-
mary-tumor model (28). ENL potently inhibits the growth of
DMBA-induced mammary carcinoma in the rat (29). Until
now, however, there has been no report of anticarcinogenic
effects of lignans on female genital tracts, including rodent
uteri. The present results provide the first support for the
hypothesis that long-term exposure to HMR might similarly
result in a chemopreventive effect on rat uterine carcino-
genesis.

Plant lignans are metabolized by the mammalian gut
microflora mainly to ENL and END, called mammalian
lignans (30). The urinary lignans of HMR-dosed animals
were mostly HMR, HEL, and ENL in the present study; the
increase was 63- and 210-fold for HEL and 5- and 10-fold
for ENL in urine 24 hours after feeding 200- and 600-ppm
HMR-containing diets, respectively. Previously, it was
reported that ENL excretion in urine was elevated 1.5- to
9-fold after single oral dosing of HMR at 3-50 mg/kg (8).
Oral administration of HMR to Sprague-Dawley rats
resulted in doubled excretion of ENL, with a single gavage
at 25 mg/kg (26). Daily dosage of HMR in the present study
was 11.0 and 32.7 mg/kg, respectively; thus urinary ENL
concentrations after a single administration in the present
study were comparable to those in the previous reports. In a
recent in vitro study, metabolites of HMR generated by
human intestinal microflora were characterized as ENL and
HEL (31), strongly suggesting that HMR might be trans-
formed into these two forms in the mammalian gut (Fig. 1).

Estrogens are well established as important etiological
agents for uterine carcinogenesis in humans (32-35).
Although exact roles remain to be detailed, tumor-promot-
ing effects involving up-regulation of cell proliferation have
long been suggested. Recently, natural compounds having
antiestrogenic activity were proven to have chemopreven-
tive effects against estrogen-dependent carcinoma develop-
ment (1). Competition for estrogen receptor-binding (36)
and inhibition of aromatase activity (29) are plausible
explanations for chemopreventive effects of compounds
such as flavonoids and lignans. Lignans and endogenous
estrogens have structural similarities, suggesting possible
estrogen-like or antiestrogen-like activity. Secoisolariciresi-
nol diglycoside feeding to rats during pregnancy and
lactation has been found to increase the uterine weights of
offspring at weaning, but not at later stages (37). It causes
irregular estrous cycling and/or persistent estrus in adul,
normal-cycling rats (38). HMR, however, exerted no
significant estrogen-like or antiestrogenic effects on the
immature rat uterine growth test (8). There were also no
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Figure 3. Urinary lignans at 8 months of age. Hydroxymatairesinol (HMR), secoisolariciresinol (SECQ), mateiresinol (MR), enterodiol (END),
hydroxyenterolactone (HEL), and enterolactone (ENL) were analyzed by HPLC-MS-MS. Values are mean = SEM (n = 6).

effects on uterine weights, ovarian weights, or estrous cycle-
period in the present experiment.

We have documented that the Donryu rat is a high-
incidence strain for spontaneous development of endome-
trial adenocarcinoma and is associated with a hormonal
imbalance characterized by early development of persistent
estrus (15—17). Previously, it was reported that disorders or
suppression of the estrous cycle, appearing very early in rats
exposed prenatally to DES, might be associated with
neoplastic development (39). It has been shown that p-
tert-octylphenol, known as an EDC and having estrogenic
activity, causes early occurring, persistent estrus with
exposure for the first 5 days after puberty, although no
abnormalities in growth and development of the reproduc-
tive organs could be found up to maturation; finally,
development of uterine adenocarcinoma was accelerated
(22). Although the pathogenesis of uterine tumor develop-
ment by these compounds remains to be elucidated, a
hormonal disorder characterized by early development of
persistent estrus and increase of the E2/P ratio is exclusively
involved (21). In the present study, delay in starting
persistent estrus because of HMR dosing was significant.
Persistent estrus results from anovulation, which is effected
by change in action of various hormones such as LH-RH,
LH, and estrogen. Recently, ENL was demonstrated to act
as a weak aromatase inhibitor in vitro and to reduce the
relative uterine weights of DMBA-treated, nonovariectom-
ized rats (29). Aromatase inhibitors and antiestrogenic
pharmaceuticals can reduce estrogen levels, followed by
elevation of FSH and growth of ovarian follicles. The
mechanisms underlying the delay of persistent estrus with

HMR dosing is unclear, but ENL, a major metabolite, could
be responsible through its action on aromatase.

In the present experiment, the 1324 diet was selected as
a basal diet, instead of the conventional CRF-1 diet for
Donryu rats (21), but both were included as controls, the
CRF-1 group for historical background data in the rat strain
and the 1324 diet group for HMR dosing. No significant
differences in tumor development, start of persistent estrus,
or other parameters were evident between the two control
groups. There is evidence that subcutaneous injections of
genistein and daidzein have an inhibitory effect on
endometrial carcinogenesis in N-methyl-N-nitrosourea and
E2-treated mice (40). The fact that the tumor incidences in
both controls were comparable despite different contents of
isoflavones suggests that these isoflavones are unlikely to
have an inhibitory effect on cancer development in the
present study. Difference in route of exposure, dose and/or
inhibitory effect on the aromatase activity of these
isoflavones (41) might be responsible for the discrepancy.
Tumor incidence in the conventional-diet group was
relatively low compared with that of the previous data
(21). Although the reason is unclear, the design of the
experiment appears appropriate for investigation of the
chemopreventive effects on uterine carcinogenesis, given
the positive influence detected.

In conclusion, long-term administration of HMR can
reduce the development of uterine adenocarcinoma in
Donryu rats, suggesting that its indirect modulation of
hormonal regulation and its effect on estrogen production
create an unfavorable milieu for tumor growth. To test this
hypothesis, further examination of the detailed mechanisms
of HMR’s cancer-chemopreventive activity will be required.
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