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The primary aim of this study was to quantify genetic and
environmental influences on the frequency of spontaneously
occurring micronuclei in children and adults. To meet this
aim, a total of 63 male and female twin pairs and 19
singletons (145 individuals) were evaluated, ranging in age
from 7 to 85 years. Micronuclei frequencies significantly
increased with age for both genders (r = 0.49, P < 0.001),
with the lowest and highest rates being seen in the 7- to 9
(mean = 0.56%, SD = .28) and 60- to 69-year-olds (mean =
2.12%, SD = 1.0), respectively. This age effect was
significantly more pronounced in females than males (P =
0.017). In addition to the main effect of age, the completion
of puberty in either gender (P = 0.036) and menopause in
females (P = 0.024) was associated with a significant
increase in micronuclei frequencies. Genetic model fitting
indicated that influences from both additive genetic (65.2%
of variance) and unique environmental (34.8% of variance)
sources best explained the observed micronuclei frequencies
in monozygotic and dizygotic twin pairs. Self-reported
health conditions associated with an increased frequency of
micronuclei included a history of allergies (P < 0.007) and
migraines (P = 0.026). Multivitamin use was also associated
with increased micronuclei frequencies (P = 0.004). In
contrast, significantly lower micronuclei frequencies were
associated with arthritis (P = 0.002), as well as consuming
fruit (P = 0.014), green, leafy vegetables (P < 0.001) and/or
folate-enriched bread (P = 0.035). A sex-specific effect,
resulting in a significantly increased frequency of micro-
nuclei with tobacco usage, was observed for females (but not
males). Gender differences also moderated the impact of
vitamin D and calcium consumption. In conclusion, the
frequency of spontaneously arising micronuclei in humans is
a complex trait, being influenced by both heritable genetic
and environmental components. Recognition of factors
contributing to baseline levels of micronuclei should provide
guidance to researchers in designing studies to evaluate
agents hypothesised to influence chromosomal instability.

Introduction

Acquired chromosomal abnormalities were first reported to
occur in human somatic cells in 1961 (1). Since that initial
discovery, the majority of investigations of acquired chro-
mosomal changes have centered on their association with
particular types of neoplasia. Sandberg reported that approx-
imately 85% of the affected tissues from patients with cancer
have acquired chromosomal changes (2). In addition to cancer,
new evidence is rapidly accumulating to suggest that there may
also be a link between acquired chromosomal changes and
other age-related conditions, such as Alzheimer’s disease (3),
rheumatoid arthritis (4) and osteoarthritis (5-9).

A critical step in understanding the variation in acquired
chromosomal changes observed in people having age-related
diseases would be to quantify their frequency of occurrence in
‘healthy people’ of differing ages. The ‘gold standard’ for
scoring acquired chromosomal abnormalities has been the
evaluation of metaphase chromosomes. While this technique
allows for the characterisation of all cytogenetic findings
present, it is limited in that it is (i) labour intensive, thereby
reducing the number of observations that can be collected, and
(ii) at risk for producing ‘artifactual’ anomalies as a result of the
necessary cell culture, harvesting and slide making procedures.
An alternative approach that has been used to estimate the
frequency of acquired chromosomal changes is the cytokinesis-
block micronucleus (CBMN) assay, which provides informa-
tion regarding the presence of chromosomal errors in somatic
cells prior to the influence of selective growth pressures (10).
Given that this methodology allows for an assessment of
a large number of cells (1000 or more) and is less labour
intensive than conventional cytogenetic studies, it has potential
for use as a high-throughput assay.

Micronuclei, which are the primary cytological structures
scored in the CBMN assay, are thought to contain chromatin
(from one or more chromosomes) that was not incorporated
(‘lagging’ or ‘lost’) into the daughter binucleates following
nuclear division (10). Micronuclei frequencies have been
shown to increase with both age and DNA damage, providing
data that closely parallels that of metaphase chromosomal
analyses (11,12). Thus, the assessment of micronuclei frequen-
cies has become a very attractive biosurveillance tool for
quantifying genomic damage associated with environmental
insults and occupational exposures, as well dietary and lifestyle
practices (13). As anticipated from the above noted observa-
tions regarding chromosomal changes and age-related con-
ditions, researchers have also reported micronuclei frequencies
to be increased in individuals with different health problems,
especially age-related conditions such as cancer, Alzheimer’s
disease and Parkinson’s disease (14-20). Given the potential
use of this assay to track a wide variety of health-related
measures and outcomes, it is important to understand the
factors that influence alterations in micronuclei frequencies. In
particular, it is not known if most of the variation observed for
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micronuclei frequencies between individuals reflects environ-
mental exposures or a predisposition based on one’s genetic
make-up.

One of the most robust methods for identifying sources of
variation in humans is to analyse that trait in twins. Thus, the
primary aim of this study was to measure the frequency of
spontaneously occurring micronuclei in healthy twins of
differing ages, including younger individuals for whom there
is a paucity of data, and to determine the extent to which the
variation in the frequency of micronuclei was determined by
genetic and/or environmental factors. A secondary aim of this
study was to determine if the environmental contribution to the
observed variance on micronuclei frequencies was attributable,
in part, to dietary, lifestyle and/or health influences.

Materials and methods

Sample ascertainment

A total of 145 individuals were studied, including 63 twin pairs and 19
singletons, whose co-twin did not complete the sample collection process. The
twins were ascertained through the Mid-Atlantic Twin Registry. The only study
inclusion criterion was that the twins be of the same gender to eliminate
confounding effects in data interpretation that might arise from potential gender
differences in the complete twin pairs sampled. After providing their informed
consent (Virginia Commonwealth University IRB protocol #179), the twins
participated in this study by completing a health history/diet/lifestyle
questionnaire and submitting blood samples, the latter of which were obtained
by a health care provider of the participants’ choosing. Following their
collection, the blood specimens were shipped to our cytogenetics laboratory
(Jackson-Cook) via an overnight delivery carrier.

DNA isolation and zygosity determination

Genomic DNA was isolated from whole blood using the Puregene DNA
Isolation Kit (Qiagen). Zygosity was determined using 13 highly polymorphic
short tandem repeat sequences (AmpFISTR® Profiler Plus® and Cofiler® kits;
Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
protocol.

Cell culture

Lymphocytes, which were isolated using Histopaque-1077 (Sigma), were
established in culture according to the protocol of Fenech (21). Briefly,
cytochalasin B (3.0 pg/ml; Sigma, 14930-92-2) was added to the cells 44 h
after culture initiation. At 72 h, binucleate interphase cells were harvested using
standard techniques, which included a 10-min incubation in hypotonic solution
(0.075 M KCl) and serial fixation (three times using a 3:1 methanol:acetic acid
solution). Slides were made following standard procedures (22).

Micronuclei analysis

Micronuclei were visualised following Giemsa staining (4% Harleco Giemsa
solution) and identified according to the criteria established by Fenech et al.
(23). The frequencies of micronuclei observed in the cytochalasin-B-blocked
binucleated cells of the twins were calculated by averaging the values obtained
from two replicate scores (1000 binucleates were evaluated from two
independent areas of the slide for a total of 2000 binucleates per study
participant).

Dietary, lifestyle and health histories

Self-reported or parent-reported (for children) dietary, lifestyle and health
history information was collected at the time of the twins’ sample collection
using a questionnaire format (Virginia Commonwealth University IRB protocol
#179). The items included in these questionnaires were adapted from
previously reported tools (24). The questionnaire was originally designed to
gain information about a small subset of factors that have been implicated to
influence chromosomal aneuploidy and/or epigenetic patterns (25). Thus, this
questionnaire was not designed to allow for a complete assessment of dietary
intake. The information collected from both the children and adult twins
included the number of days each week the individual ate green, leafy
vegetables, fruit and/or fruit juices, soy products (including soy milk), vitamin-
enriched bread and their use of vitamins (types used and how often consumed).
Health information collected from all twins included their height; weight and
whether they had experienced any of 28 common health conditions (including
but not limited to heart disease, high blood pressure, arthritis, diabetes, cancer,
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hay fever or allergies, severe tension headaches, migraines, asthma, seizures,
eating disorders and bowel disorders).

The adult twins also reported their current and past smoking behaviour
(everyday, more than half the days, less than half the days, not at all), alcohol
consumption (everyday, more than half the days, less than half the days, not at
all), as well as prescription and non-prescription drug/herb usage (denoting the
frequency and time interval of drug usage). In addition, the female adult twins
provided information regarding when they started menstruating and, when
applicable, their age at menopause.

Statistical analysis

The impact of additive genetic (A), common environmental (C) and unique
environmental (E) factors on micronuclei frequencies was evaluated using
a structural equation modelling approach that utilises monozygotic (MZ) and
dizygotic (DZ) twin pairs, as described by Neale and Cardon (26). The
modelling of the covariance structure within and between twin pairs was
performed using the Mx statistical software program (27) and was preferred
over other methods for this study since it allows for (i) a series of alternative
models to be tested concerning the effects of genetic and environmental factors,
(ii) confidence intervals to be calculated on all parameters, (iii) the inclusion of
measured covariates on both the means model and variance components and
(iv) relative ease of including replicate micronuclei scoring to remove potential
bias in estimates of genetic and environmental parameters attributable to
measurement error. Briefly, genetic and environment contributions to trait
variance can be derived from the fact that MZ twins are genetically identical
and, by definition, also share common environmental exposures (which are
typically thought of as exposures that are shared as a result of being raised
together but could extend to other shared sources). Therefore, any differences
between MZ twins are ascribed to unique environmental influences, which also
contain measurement error. In contrast, differences observed within DZ twin
pairs can be attributed to, on average, one-half of their genes not shared, in
addition to non-shared environmental influences and measurement error. Thus,
phenotypic resemblance due to genetic factors will be greater in MZ versus DZ
twin pairs. In order to limit type I errors, an alpha level of 5% was used for all
statistical tests.

Given that unique environmental effects were shown to influence micro-
nuclei frequencies (see Results), additional studies were done to assess the
influence of the specific measured environmental influences of dietary, lifestyle
and health conditions. Their influence was quantified using a mixed-effects
modelling approach (28), including adjustments for the confounding effects of
age, sex and zygosity status. Due to sample size limitations, these analyses were
restricted to include only the health or dietary/lifestyle items that were reported
by 10 or more twins.

Results

Study participant distribution and zygosity determination

The ages of the study participants ranged from 7 to 85 years
and included 63 male and 82 female participants (Table I). The
average age of the male and female participants was 49.8
(SD = 23.8) and 41.4 (SD = 21.7), respectively. The majority
of samples were submitted from individuals living in the Mid-
Atlantic region (Virginia and North Carolina were most
common). However, specimens were collected from individ-
uals residing in locales throughout the United States (including
California, Colorado, Florida, Indiana, Michigan, Missouri,
North Dakota, Pennsylvania, South Carolina, Texas, Tennessee
and Washington).

Of the 63 complete twin pairs collected, the zygosity testing
showed 42 pairs to be MZ and 21 pairs to be DZ. The DZ twin
pairs showed discordance at four or more markers, with no
changes in marker patterns being detected in the MZ twin pairs.

Association of micronuclei frequencies with age differs by
gender

The highest frequency of micronuclei was observed in the
twins who were 60—69 years of age (Table I and Figure 1). As
anticipated, the lowest frequencies were noted for the twins
who were 9 years of age or younger (Table I and Figure 1).
A significant positive Spearman correlation between micronuclei
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Table 1. Sample distribution and micronuclei frequencies by gender and age group

Age group Gender Total MN frequency per MN range (mean per MZ pairs DZ pairs Singletons
1000 binucleates 1000 binucleates)
(mean + SD)
7-9 Males 4 6.4 +32 3.5-11 2 0 0
Females 2 45+ 0.7 4-5 1 0 0
10-19 Males 6 114 £ 5.1 5-20 2 1 0
Females 20 6.0 £33 1-11 6 4 0
20-29 Males 1 9.5 +£ 0.7 9.5 0 0 1
Females 6 13.1 £ 10.0 2.5-29.5 3 0 0
30-39 Males 8 123 £ 4.0 7-16 3 0 2
Females 8 134 £5.0 5.5-19 2 2 0
40-49 Males 9 12.1 £5.1 4.5-22 3 1 1
Females 20 125 £59 5-23 5 3 4
50-59 Males 7 103 £5.5 4-19.5 1 1 3
Females 7 14.6 £ 9.5 3-33.5 2 1 1
60-69 Males 11 20.9 + 10.7 11-45 3 2 1
Females 10 244 + 10.2 13.5-44.5 2 1 5
70-79 Males 15 123 £ 64 3-24 2 5 1
Females 6 11.6 £5.8 4-20 3 0 0
80+ Males 2 16.0 £ 0.7 15.5-16.5 1 0 0
Females 3 16.2 £ 6.4 12-23.5 1 0 0
Total Males 63 132 £ 74 3-45 17 10 9
Females 82 12.4 £ 8.3 1-44.5 25 11 10
50 calculated and found to be significantly positively correlated
A Males PO (Pearson correlation = 0.81, P < 0.001). The Spearman
404 | © Females correlation coefficient for micronuclei frequencies for MZ
2 ° twins was 0.63 (P < 0.001), compared to a value of 0.39
S 30 0 (P = 0.079) for the DZ twins and suggests familial factors
?t) ; . L, responsible for twin resemblance (Figure 2). A series of
< 20- - A S biometrical models were fit to the data to obtain the maximum
= : = likelihood estimates of the genetic (A) and environmental
(C and E) parameters while adjusting for the effects of age to
remove confounding with C since twins of the same pair share
birth dates (Table ITA). A common factor model was used to

Age

Fig. 1. Correlation of micronuclei frequencies with age in males and females.
Age (x-axis) was significantly correlated with average micronuclei count
(y-axis) when evaluated for all study participants ( = 0.388). However, these
effects were significantly greater in the females (+ = 0.482) compared to males
(r = 0.257; P = 0.021). The best fitting lines, which were calculated from
linear regression as a visual aid, are shown for the overall data [both males
(triangles) and females (circles)] (solid black line), only females (small dashed
line) and only males (hatched line). Age influences were also evaluated using
a randomly selected twin from each pair and by fitting a mixed-effects model
(see text).

frequency and age was computed using a randomly selected
twin from each pair (r = 0.49, P < 0.001). We showed [by
fitting a mixed-effect model (28) that included an interaction
term to estimate the joint effect of age and sex, as well as
a random effects term to account for the covariance within twin
pairs (28)] that this relationship was gender dependent, with
females having higher micronuclei frequencies with increasing
age than males (P = 0.017).

Estimation of genetic and environmental influences on
micronuclei frequencies

The correlation between replicate micronuclei scoring (1000
binucleates were evaluated from two independent areas of the
slide for a total of 2000 binucleates per study participant) was

account for replicate micronuclei scoring and separation of
scoring variance from E. Likelihood ratio tests of nested
submodels revealed that either A (P = 0.551) or C (P = 0.585)
could be removed from the model without a significant
deterioration in fit but not both terms (P = 0.002). The best-
fitting model, as judged by the Akaike information content (AIC)
fit statistic (29), which balances goodness of fit with model
complexity, was the AE model (AIC = 81.712). However, this
fit was only marginally better than the CE model (AIC =
81.770) or the full genetic (ACE) model (AIC = 83.414).
Additional models that allowed for the contributions of
additive genetic and environmental influences to vary as
a function of age (30) provided no significant improvement in
model fit (P = 0.167).

Micronuclei frequencies and health history questionnaire
information

Given that unique environmental effects were shown to
contribute to observed differences in an individual’s micronuclei
frequencies, additional studies were completed to identify
specific factors that might exert an environmental influence
(Tables III and IV). Furthermore, since age and gender were
shown to be positively correlated with micronuclei frequencies
(in the section ‘‘Association of micronuclei frequencies with age
differs by gender’’), all subsequent analyses were adjusted for
the influences of these variables, as well as allowing for
differences in covariance patterns by zygosity status.
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The dietary items that were observed to have a significant
influence on micronuclei frequencies included the twins’
consumption of: (i) fruit (P = 0.014); (ii) folate-supplemented
bread (P = 0.035); (iii) green, leafy vegetables (P < 0.001);
(iv) vitamin E supplements (P = 0.010) and (v) multivitamins
(P = 0.041) (Table III). A significantly decreased frequency of
micronuclei was associated with eating fruit (at least 5 days per
week), leafy, green vegetables (at least 5 days per week) or
folate-supplemented bread (at least 5 days per week; Table III).
Surprisingly, a significantly increased frequency of micronuclei
was seen in the twins who reported frequently (5-7 days each
week) taking vitamin E supplements or multivitamins.

A subset of dietary/lifestyle practices was found to co-vary
with age or gender (Table III). Variables that were shown to
have a significant age- or gender-specific influence on micro-
nuclei frequencies included: (i) tobacco usage, which resulted
in an increased frequency of micronuclei in females (P <
0.001), but not males (P = 0.384); (ii) the use of vitamin D
supplements, which was associated with a modestly decreased
frequency of micronuclei in males (P = 0.044), but not females
(P = 0.392); and (iii) the ingestion of calcium supplements,
which were associated with an increased frequency of micro-
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Fig. 2. Scatterplot of intra-pair MZ and DZ micronuclei frequencies.
Micronuclei frequencies from twin 1 (x-axis) and twin 2 (y-axis) are shown for
both MZ twins (solid circles and solid regression line) and DZ twins (open
circles with dashed regression line). The data, expressed here on a standard
normal scale (mean = 0; SD = 1), showed a significant correlation between
MZ co-twins (r = 0.63; P < 0.001), but not DZ co-twins (r = 0.39,

P = 0.079).

nuclei in males (P = 0.001), but not females (P = 0.203). No
clear association between micronuclei frequencies and alcohol
consumption was detected.

Developmental and health-related conditions were also
observed to have a differential influence on the frequency of
micronuclei in the twins (Table IV). Interestingly, after
controlling for chronological age effects, a significant increase
in micronuclei frequencies was observed in both males and
females following their completion of puberty (P = 0.037)
[females aged 16 years or older and males aged 17 years or older
were assumed to have completed puberty (31)]. Similarly,
women who were post-menopausal (as determined by self-
report in the health history questionnaire) had significantly
higher frequencies of micronuclei (after correction for age
effects) when compared to females who had not completed
menopause (P = 0.024) (Table IV).

Other health-related factors that were reported by 10 or more
individuals (but did not co-vary with age or sex) included body
mass index, allergies, migraines and arthritis. No significant effect
of body mass index on micronuclei frequency was observed (after
adjusting for age and gender). A history of allergies (P = 0.007)
and migraines (P = 0.026) was associated with a significantly
increased frequency of micronuclei, while a history of arthritis
(P = 0.002) was associated with a significantly decreased
micronuclei frequency.

Lists of medication usage were tabulated to determine if the
observed differences in micronuclei frequencies of individuals
with these conditions might be confounded by treatment
medications (e.g. anti-inflammatory drugs used by people
having arthritis, etc.). However, the sample sizes of individuals
taking medication for these conditions were too small to allow
for an unbiased statistical assessment.

Integration of influences from specific environmental effects for
modelling sources of variation contributing to micronuclei
frequencies

Using the conservative Bonferroni correction for multiple
comparisons, the only dietary or lifestyle influence that
remained significant after adjustment was the consumption of
leafy green vegetables (P < 0.001). Thus, we re-evaluated the
biometrical models (described in the section Statistical Analysis)
while regressing micronuclei frequency on both age and leafy
green vegetables (Table IIB). Inclusion of leafy green vegetables
explained an additional 10.8% of the total variance in micro-
nuclei frequency (0.881 in Table ITA versus 0.786 in Table IIB).
As before, both A (P = 0.151) and C (P = 0.998) could be
removed from the model but not both (P = 0.002) and the AE

Table II. Estimated genetic and environmental contributions to micronuclei frequencies from full and best-fitting reduced genetic models

Source Unstandardised estimate Standardised estimate® 95% confidence intervals
A
Additive genetic variance (A) 0.375 0.600 (0.283, 0.815)
Unique environment variance (E) 0.251 0.400 (0.185, 0.717)
Micronuclei scoring variance 0.255 — —
Total variance 0.881 — —
B
Additive genetic variance (A) 0.346 0.652 (0.326, 0.872)
Unique environment variance (E) 0.184 0.348 (0.128, 0.674)
Micronuclei scoring variance 0.256 — —
Total variance 0.786 — —

‘A’, adjusted for age; ‘B’, adjusted for age and weekly intake of green leafy vegetables.
Standardised estimates were restricted to genetic and unique environmental variance components.
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Table III. Age- and gender-corrected univariate regression analysis of the
influence of dietary/lifestyle factors on lymphocyte micronuclei frequencies

Table IV. Age- and gender-corrected univariate regression analysis of the
influence of health-related conditions on lymphocyte micronuclei frequencies

Diet/lifestyle factor N Coefficient® SD* P value* Trait N Coefficient® SD* P value®
Tobacco® Allergies
Current users 16 —0.127 0.944 0.174° Yes 56 0.107 0.436 0.007
Non-users 87 No 69
Alcohol” Arthritis
Alcoholic 2 —0.024 0.436 0.590° Yes 22 -0.335 1.023 0.002
Everyday 6 No 73
Two to six days per week 14 BMI
One per week or less 34 Obese 27 0.029 0.577 0.578
Never 38 Overweight 28
Fruit Normal weight 53
5 days per week or more 84 —0.201 0.917 0.014 Underweight 15
<5 days per week 41 Menopause
Folate-enriched bread Yes 20 0.360 1.109 0.024
5 days per week or more 62 —0.141 0.749 0.035 No 28
<5 days per week 63 Migraines
Leafy green vegetables Yes 17 0.243 1.062 0.026
5 days per week or more 50 —0.333 0.883 <0.001* No 78
<5 days per week 75 Puberty
Vitamin C supplement Yes 111 0.427 2.393 0.037
5 days per week or more 12 0.170 L.111 0.134 No 28
<5 days per week 83
Calcium supplement” Values in bold are significant (a0 < 0.05).
5 days per week or more 24 0.081 0.897 0.383° “Total data (males and females).
<5 days per week 71
Vitamin E supplement
5 days per week or more 10 0.303 1150 0.010 investigators, who have shown that the frequency of micro-
<3 days per week 85 nuclei appears to peak between ages 50-69, remaining either
Vitamin D supplement . R T .
5 days per week or more 17 0.156 1.014 0.133° unchanged or slightly lower in the individuals who live to be
<5 days per week 78 80 or older (35,36). Bonassi et al. (34) proposed that the
Fish oil supplement observed plateau or decrease in micronuclei frequencies seen in
5 days per week or more 17 0.104 0.975 0.301 females later in life might result from a decrease in hormones
<5 days per week 78 - .
Multivitamin after menopause. As they conjectured, we did see an effect of
5 days per week or more 44 0.280 0.955 0.041 menopause on micronuclei frequencies in our female twins.
<5 days per week 51 However, this trend, which was not seen by Landi and Barale

Values in bold are significant (o < 0.05).

“Total data (males and females).

®Association varies with age and/or gender, see text.

“Remains statistically significant after Bonferroni correction for multiple
comparisons listed in this table and in Table IV.

model fit the data best as indicated by the AIC (AIC,z = 67.291
versus AIC,cr = 69.291). The unstandardised estimates showed
that inclusion of leafy green vegetables primarily resulted in
a reduction of E (0.251 versus 0.184). As expected, the variance
attributed to micronuclei scoring remained constant for both
versions of the model. The standardised estimates showed that,
after accounting for the overall reduction in total variance, the
inclusion of leafy green vegetables, as expected, was attributable
to unique environmental sources as seen in the proportional
reduction of E between model versions (40.0% in Table IIA to
34.8% in Table 1IB).

Discussion

A strong positive correlation was observed between micro-
nuclei frequencies and age in the twins evaluated in this study,
which is a finding that is consistent with the results of previous
investigators who have studied singletons (12,32). Similar to
the findings of Fenech et al. (33) and Bonassi et al. (34), we
found micronuclei frequencies in women to increase at a greater
rate with age compared to males. Interestingly, our observation
of a peak in micronuclei frequencies in the members of our
60- to 69-year-old age group has also been seen by other

(37), was towards an increase rather than a decrease in
micronuclei frequencies in women who were post-menopausal.
Little information is available about micronuclei frequencies
in children. However, in their meta- and pooled analyses of
baseline levels of micronuclei frequencies, Neri et al. (38)
reported the mean number of micronuclei per 1000 binucleated
cells from children aged 0—18 years to be 5.2 4+ 5.1 (SD). The
mean number of micronuclei per 1000 binucleated cells for the
children participating in our study was 6.7 + 4.0 (SD).
However, our study included children of ages 7-18 years,
while ~30% of the children in the Neri et al. (38) study were
younger than 7 years. Despite the variation in the ages of
participants between studies, the results appear to be in good
agreement (39). Our study design, in which we evaluated
children and young adults, allowed for the detection of
a significant increase in micronuclei following the completion
of puberty. The causes of this increase are not known, but
could include biological influences (hormonal changes), as well
as environmental exposures associated with late adolescence.
Since micronuclei frequencies are increasingly being used as
a biomarker, it is important to know what factors influence
their frequency in healthy people. By studying twins, we were
able to provide the first estimate of the proportion of variation
in spontaneous micronuclei frequencies attributable to unique
environmental, common environmental and/or additive genetic
effects. The model fitting analyses that were completed on
age-adjusted micronuclei frequencies were best explained by
a model in which both additive genetic and unique envi-
ronmental factors (AE) contributed to the observed variation.
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While, the nested models did not allow for a clear distinction
between influences attributable to additive genetic/unique
environment (AE), common/unique environment (CE), or
additive genetic/common/unique environment (ACE) influen-
ces, they did allow for the rejection of models that attributed
the variation to be solely influenced by unique environmen-
tal exposures (E). Our observation of a significantly high
correlation between the replicate scoring measures of micro-
nuclei frequencies provides strong validity for the reproduc-
ibility of these measures. However, the impact of scoring
variation on genetic and environmental parameter estimates
would be to inflate environmental influences, thereby reducing
genetic influences. If micronuclei scoring variance was a strong
contributing factor to the observed E effects, one would not
expect to see a significant intraclass twin correlation (MZ
correlation of 0.63; P < 0.001). Nonetheless, to correct for this
bias, the variability in replicate scores of micronuclei levels
was modelled, using a common factor design, to allow for
the separation of this scoring variance from the estimation
of unique environmental variance. Using this biometrical
approach the age-adjusted models showed that micronuclei
frequency appeared to be best explained by both genetic
(60.0% of trait variance) and unique environmental (40.0% of
trait variance) influences.

Given that a significant proportion of variation in micro-
nuclei frequencies was attributable to unique environmental
influences, we evaluated the association of several dietary/
lifestyle or health influences on micronuclei frequencies to
determine if a specific environmental association could be
identified. One such association was a significant reduction in
micronuclei frequencies with the study participants’ regular
ingestion (at least 5 days per week) of fruit, leafy green
vegetables and folate-enriched bread. Collectively, these obser-
vations suggest that folate may be important for regulating
micronuclei frequencies, providing a ‘protective’ effect that is
associated with a decrease in frequency. This finding confirms
the results of several other researchers, who have also reported
folate usage to be associated with decreased micronuclei
frequencies (33,40—45). Given that folate is required for DNA
synthesis and repair, with it acting as a methyl donor for
thymidylate synthesis, it seems logical that increased folate
ingestion would be associated with decreases in micronuclei
frequencies (40).

The influence of ingesting supplemental vitamins was also
evaluated. Of the vitamins assessed (C, E, D, calcium, fish oil/
omega 3 fatty acids and multivitamins), only vitamins D and E,
as well as multivitamin ingestion, were found to significantly
influence micronuclei frequencies. However, unexpectedly, the
use of each of these supplements was associated with an
increased frequency of micronuclei. Other investigators who
have studied this effect have reported varied results, with
increases, decreases and no effect being seen for vitamin E and
C ingestions and micronuclei frequencies (13). Interestingly,
Fenech et al. (42) observed a decreased frequency of micro-
nuclei with vitamin E intake but did report an increased
frequency of micronuclei with biotin, riboflavin and panto-
thenic acid ingestion. It is also interesting to note that vitamin E
is found in many fruits and leafy green vegetables (along with
folate, iron, calcium and vitamins A, K and C), yet our sample
showed a decreased frequency of micronuclei associated with
their consumption. Thus, the protective influence conferred
from the ingestion of these fruits/vegetables may arise
primarily from the other components (such as folate), or the
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effect of vitamins may be varied depending on whether they are
ingested as a supplement (perhaps over-use) versus ingested as
a component of natural foods.

The effect of tobacco and alcohol usage on micronuclei
frequencies of the adults who participated in this study was also
evaluated. Prior studies of the impact of tobacco on micro-
nuclei frequencies have led to varied conclusions. Specifically,
in the Human Micronucleus project, in which over 5000
individuals were evaluated (12), no clear influence of tobacco
was observed, but other investigators have shown an increased
frequency of micronuclei with tobacco usage (21,46). The
results of the current study indicated that micronuclei
frequencies and tobacco usage co-varied with age and gender.
Specifically, older females who smoke tended to have higher
micronuclei frequencies than younger females or males
(regardless of age). This observation is consistent with the
variable results that have been observed in previous studies.

No clear association between alcohol consumption and
micronuclei frequencies was observed in this study. However,
a factor confounding the interpretation of this data, as well as
the data from studies completed by other investigators, is the
potential variation in the effect of moderate to low alcohol use
(which may have no effect) compared to excessive alcohol
usage, the latter of which has been associated with the presence
of increased frequencies of micronuclei (47,48). While the
effect of alcohol on micronuclei frequencies has been noted to
provide varied results in studies reported by other investigators
(13), researchers have consistently found an increased
frequency of micronuclei with alcohol use in individuals
having genetic variants in the alcohol metabolising enzyme,
alcohol dehydrogenase (49,50). Interestingly, Teo and Fenech
(51) suggested that there may be an interaction between folic
acid levels and alcohol use, with increased folic acid values
providing a protective influence against potential DNA damage
caused by increased ethanol ingestion.

Additional findings of this study were the significant
associations of micronuclei frequencies with a history of allergic
disease (an increased frequency) or arthritis (a decreased
frequency). In their previous study, Herrstrom et al. (52) also
saw an increase of micronuclei in lymphocytes of children with
allergic disease. However, unlike our study, they reported an
increase in B-cells, but not T-cells. Arthritis has previously
been associated with an increase in various chromosomal
aberrations locally at the site of arthritis, but not in the
peripheral blood (7). Thus, given the paucity of information
available, these observations warrant further evaluation to
determine if these findings are reproducible and if their
influence might be confounded by the effects of medications
used for treatment.

To optimise our ability to model the sources of variation
influencing micronuclei frequencies, we used the results of the
measured environmental covariate analyses to inform the ACE
model. For this analysis, we included only effects that were
significantly different using the very conservative Bonferroni
correction for multiple comparisons. Thus, we recalculated our
ACE model adjusting for age and consumption of green leafy
vegetables. The overall conclusions of the models were
unchanged, with the best fitting model remaining the reduced
AE model and, as expected, the contribution of E was reduced
with the inclusion of green leafy vegetables. Based on this
adjusted model, the frequency with which an individual forms
micronuclei appears to be a complex trait that is best described
as reflecting influences from both unique environmental
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influences (34.8% of variation), as well as additive genetic
(65.2% of variation) effects.

In summary, the frequency of spontaneously arising micro-
nuclei in humans is familial and best viewed as a complex trait
influenced by unique environmental factors, as well as additive
genetic (and/or possibly common environmental) effects.
Recognition of the factors contributing to the baseline level of
micronuclei is important for helping to better design studies that
include the assessment of micronuclei frequency data for
evaluating agents hypothesised to influence genomic instability.
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