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Abstract

Experimental studies suggest that B vitamins such as niacin, folate, riboflavin, vitamin B6 and vitamin B12 may protect against DNA damage

induced by ionising radiation (IR). However, to date, data from IR-exposed human populations are not available. We examined the intakes

of these B vitamins and their food sources in relation to the frequency of chromosome translocations as a biomarker of cumulative DNA

damage, in eighty-two male airline pilots. Dietary intakes were estimated by using a self-administered semi-quantitative FFQ. Transloca-

tions in peripheral blood lymphocytes were scored by using fluorescence in situ hybridisation whole-chromosome painting. Negative

binomial regression was used to estimate rate ratios and 95 % CI, adjusted for age and occupational and lifestyle factors. We observed

a significant inverse association between translocation frequency and dietary intake of niacin (P¼0·02): adjusted rate ratio for subjects

in the highest tertile compared with the lowest tertile was 0·58 (95 % CI 0·40, 0·83). Translocation frequency was not associated with

total niacin intake from food and supplements as well as dietary or total intake of folate, riboflavin or vitamin B6 or B12. However, the

adjusted rate ratios were significant for subjects with $median compared with ,median intake of whole grains (P¼0·03) and red and

processed meat (P¼0·01): 0·69 (95 % CI 0·50, 0·96) and 1·56 (95 % CI 1·13, 2·16), respectively. Our data suggest that a high intake of

niacin from food or a diet high in whole grains but low in red and processed meat may protect against cumulative DNA damage in

IR-exposed persons.
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B vitamins such as folate, riboflavin and vitamins B6 and

B12, either independently or via the metabolism of folate,

are precursors of coenzymes that are involved in the syn-

thesis and methylation of DNA(1–4). Deficiency in these B

vitamins can result in excessive misincorporation of uracil

into DNA, with subsequent DNA strand breaks that can

lead to the formation of chromosome aberrations if

unrepaired(1,2,5). Niacin, another B vitamin which occurs

in two forms (nicotinic acid and nicotinamide), also con-

tributes to the maintenance of DNA integrity due to several

important roles. In particular, niacin as a precursor of

NAD is required for DNA synthesis as well as the activity

of the enzyme, poly(ADP-ribose)polymerase-1, which is

important for efficient DNA repair, especially in response

to DNA strand breaks induced during cellular genotoxic

and oxidative stress(4,6,7).

Ionising radiation (IR), anestablishedhumancarcinogen(8),

is another factor that causes DNA strand breaks either

by causing direct damage to DNA or via the formation of

reactive oxygen species(9,10). IR is an efficient inducer

of chromosome aberrations(11 ) which have also been

shown to be associated with increased cancer risk in

prospective studies(12). There is evidence from experi-

mental (in vitro and animal) studies that folate(13,14) and

niacin(15–19) may protect against several forms of DNA

damage induced directly by IR or via reactive oxygen

species-induced oxidative damage. However, to date,

there have been no supporting data from IR-exposed

human populations.

Airline pilots are exposed to elevated levels of cosmic

IR and are considered an IR-exposed occupational group

in many countries(20). Translocations, a stable form of

chromosome aberrations, which persist through cell div-

isions, are an established biomarker of cumulative

exposure to chronic and low-dose IR(21). We have pre-

viously reported that the translocation frequency in airline
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pilots increased significantly with an increase in the

duration of their flight experience in years after adjustment

for age and other potential confounders(22). Additionally,

the dietary intakes of vitamin C, b-carotene, b-cryptoxanthin

and lutein-zeaxanthin, particularly in combination with

vitamin E, as well as specific fruit and vegetables were

found to have a protective effect on translocation

frequency(23). In the present study, we examined further

the association between the translocation frequency of

these pilots, as a biomarker of cumulative DNA damage,

and the intakes of B vitamins and their food sources,

adjusted for potential confounders.

Subjects and methods

Study subjects

Details of the design and methods of this biomarker study

of cosmic radiation exposure and DNA damage have been

reported previously(22,23). Briefly, eighty-three male pilots

aged 35–56 years from a major US airline were enrolled

in the study between December 2001 and September

2002. Selection was based on the duration of employment

and years of flying international flights to ensure that there

was a wide range of occupational cosmic radiation

exposures. Additionally, the subjects were either a never-

smoker (defined as a person who smoked a lifetime total

of ,100 cigarettes) or a light smoker (defined as a

smoker who had not smoked in the last 10 years or who

was presently smoking ,10 cigarettes/d); had no personal

history of cancer (except nonmelanoma skin cancer),

chemotherapy or radiotherapy (except routine diagnostic

X-ray procedures); and had no family history of chromo-

somal instability disorders.

All the subjects provided a venepuncture blood sample

and completed self-administered questionnaires on demo-

graphics, health and medical history, occupational history

(including flight and military experience), height, weight,

smoking and alcohol consumption history, recreational

activity, personal diagnostic X-ray procedures and diet.

After the exclusion of a pilot with an implausible total

energy intake of .17 585 kJ (4 200 kcal))/d, eighty-two

pilots remained for the present analysis. The present

study was conducted according to the guidelines laid

down in the Declaration of Helsinki, and all procedures

involving human subjects were approved by the Human

Subjects Review Boards of the National Institute for

Occupational Safety and Health and the National Cancer

Institute. A written informed consent was obtained from

all the subjects.

Assessment of dietary intake

A 138-item (foods and beverages, including coffee and tea)

semi-quantitative FFQ developed by Willett et al.(24) was

used to assess the usual diet. The subjects were asked

about the average frequency of consumption of a given

unit or portion size for each item using the past year as a

reference period. There were nine possible responses ran-

ging from ‘never or less than once per month’ to ‘six or

more per d’. Dietary intakes of folate, riboflavin, vitamins

B6 and B12 and niacin were computed by multiplying the

frequency of consumption of each item by the nutrient

content of the portion specified and then summing over

all items. The food composition values were derived

from the nutrient database of the US Department of Agri-

culture(25) and supplemented with manufacturer

information.

The FFQ also collected information on the use of multi-

vitamin (brand, type, frequency and duration) and

individual vitamin (dose and duration) supplements. The

total intake of each B vitamin was calculated by adding

the intake from the present use of multivitamin and/or the

individual B vitamin supplement to the intake from food.

In addition, total folate intake, expressed as dietary folate

equivalents, was calculated by first multiplying synthetic

folate by a conversion factor of 1·7 before adding to the

intake of natural food folate. This conversion is necessary

because the synthetic form of folate (i.e. folic acid) from

supplements and fortification in food is more bioavailable

than the naturally occurring folate from food(26).

The intakes of the major food sources of the B vitamins

were calculated by summing the intakes (in servings/

week) across the foods belonging to each group. Grain

products were categorised a priori according to the

methods of Jacobs et al.(27) as follows: (1) whole grains

included brown rice, dark bread, whole-grain ready-to-

eat breakfast cereals (with $25 % whole-grain or bran

content by weight as evaluated by package label),

popcorn, cooked oatmeal or other cooked cereals, wheat

germ, bran and other grains; (2) refined grains included

white rice, white or pita bread, refined-grain breakfast

cereal, pasta, pizza, English muffins, bagels or rolls and

pancakes or waffles; (3) all grains included whole and

refined grains; (4) desserts or sweets included doughnuts,

brownies, muffins or biscuits, and home- or ready-made

cookies, cakes, sweet rolls or other pastry and pies.

Foods in the meat group were categorised a priori

as follows: (1) all meat included processed meat

(e.g. sausage, salami and bologna), bacon, hot dogs,

liver, hamburger, chicken or turkey with or without skin,

and beef, pork or lamb as a main or mixed dish or as a

sandwich; (2) red meat included all meat minus chicken

or turkey; (3) total processed meat included processed

meat, bacon and hot dogs. Other food sources of the B

vitamins were categorised as follows: (1) dairy products

included milk (skimmed, low fat or whole), ice cream,

yogurt, cottage cheese, hard cheese and butter; (2) legumes

included dried beans, peas and tofu; (3) seafood included

canned tuna, shell fish (e.g. shrimp, lobster, scallops and

clams), dark-meat fish and other fish; (4) nuts included

peanut butter, peanuts and other nuts; (5) eggs.
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Assay for chromosome translocations

Chromosome translocations in peripheral blood lympho-

cytes were analysed using the established cytogenetic

method of fluorescence in situ hybridisation with whole-

chromosome paints as described in detail previously(22).

Preparation of cell cultures and slides was performed

using standardised methods(28,29). Chromosomes 1, 2 and

4 were painted red, and chromosomes 3, 5 and 6 were

simultaneously painted green. The slides were then

counterstained with 40,6-diamidino-2-phenylindole.

Approximately 1800 cells in metaphase were evaluated

for translocations for each subject, which yields infor-

mation equivalent to 1000 cells in metaphase, as if the

full genome had been scored (defined as cell equivalents).

The translocations in all cells of each subject were counted

and totalled as the translocation frequency. In order to

permit comparisons among the subjects, the translocation

frequency was converted to the full genome level, i.e.

expressed per 100 cell equivalents/subject.

Statistical analyses

Descriptive statistics (percentage or geometric mean and

standard error) were first calculated for age, lifestyle fac-

tors, nutrient intakes and duration of flight experience in

years (‘flight years’) among tertiles of the individual dietary

B vitamin intake. Spearman correlation coefficients, rs,

were also calculated among the B vitamins to determine

their inter-relationships. Continuous variables were com-

pared by ANOVA or ANCOVA to adjust for age, whereas

categorical variables were compared by the x 2 or Fisher’s

exact test. To account for the correlation of the nutrient

intake with energy, all intakes were adjusted for total

energy intake using the residual method(30) before all the

analyses.

Separate negative binomial regression models were used

to assess the relationship between the frequency of translo-

cations (as the dependent variable) and the intakes of the B

vitamins and their food sources. Negative binomial

regression was selected because it provides an efficient

approach for the control of over-dispersion of the count

data of translocation frequency, which can result in an

increased unexplained variance and biased standard

errors for the parameter estimates(31). Before the analyses,

the energy-adjusted nutrient intakes were categorised into

tertiles based on the distribution of all the subjects. This

was to avoid assumptions about the shape of the nutrient

intake–translocation frequency relationship and to provide

sufficient power to compare the subjects in the extreme

categories of intake. Rate ratios with Wald 95 % CI were

estimated for the categories of nutrients or their food

sources relative to a reference category. The P values for

the likelihood ratio x 2 statistic were also calculated since

it is preferable for small sample sizes.

All the regression models were adjusted for flight years

(quartiles: ,13·2, 13·2–17·4, 17·5–23·2 or $23·3) as well

as for known confounders(22): age at blood draw (#40,

41–45, 46–50 or .50 years), cumulative red bone

marrow X-ray dose score (,0·5, 0·5–1·9 or $2·0), as calcu-

lated by Yong et al.(22), and military flying (yes or no).

Additional adjustments were made for the following life-

style factors: pack-years of cigarette smoking, alcohol

intake, months of vigorous recreational activity and BMI

(kg/m2) as continuous variables. Total energy intake was

also included in all the models to account for confounding

and to reduce the measurement errors due to general over-

reporting or under-reporting of food intake in the FFQ(30).

All the statistical tests were two sided and a P value ,0·05

was considered statistically significant. The analyses were

performed using SAS software (version 9.2; SAS Institute,

Inc., Cary, NC, USA).

Results

Table 1 presents the age, percentage of multivitamin sup-

plement use, military flying and former cigarette smoking

as well as selected age-adjusted characteristics of the sub-

jects according to the lowest and highest tertile of the

energy-adjusted dietary vitamin B intakes. Subjects in

each tertile were similar with respect to age, present use

of multivitamin supplements, having flown in the military,

BMI, months of vigorous recreational activity, intake of

alcohol, number of flight years and the cumulative red

bone marrow X-ray dose score. A significantly higher per-

centage of former cigarette smokers was observed for

those with a higher intake of folate and riboflavin, includ-

ing pack-years for riboflavin. There was a tendency (some-

times significant) for a high intake of most of the B vitamins

to be associated with a lower intake of saturated fat, but

higher intakes of protein and fibre. Additionally, a higher

intake of each B vitamin was observed for those with a

higher intake of the other B vitamins. The intakes of all

B vitamins were significantly correlated (P,0·05) except

for folate and vitamin B12 (rs ¼ 0·15, P¼0·19).

Table 1 also examines the age-adjusted intakes (ser-

vings/week) of the major food sources according to the

lowest and highest tertile of the energy-adjusted dietary

vitamin B intakes. In general, a higher intake of the B vita-

mins was associated with a higher intake of grain products

(except for desserts), and this was significant for folate (for

all grains) and niacin (for whole grains). There was a pat-

tern (sometimes significant) of an association of higher

intakes of folate, riboflavin, vitamin B6 and niacin, but a

lower intake of vitamin B12 with a lower intake of meat.

However, this varies with the type of meat: a significantly

higher intake of folate, vitamin B6 and niacin was observed

for those with a lower intake of red or/and processed meat,

but a pattern of a higher intake of vitamin B12 was

observed for those with a higher intake of all types

of meat. A significantly higher intake of some of the
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Table 1. Selected characteristics for the lowest (T1) and highest (T3) tertile of energy-adjusted dietary vitamin B intake among airline pilots†

(Percentages or geometric means with their standard errors, n 82)

Folate (mg/d) Riboflavin (mg/d) Vitamin B6 (mg/d) Vitamin B12 (mg/d) Niacin (mg/d)

Covariates T1 T3 SE T1 T3 SE T1 T3 SE T1 T3 SE T1 T3 SE

Age (years) 45·3 47·9 1·2 46·7 46·7 1·0 45·9 46·8 1·0 46·3 46·5 1·0 46·3 47·8 1·0
Present multivitamin supplement use (%) 63·0 63·0 – 64·3 53·6 – 55·6 66·7 – 71·4 50·0 – 53·6 75·0 –
Military flying (%) 63·0 77·8 – 71·4 71·4 – 70·4 74·1 – 78·6 60·7 – 64·3 75·0 –
Former cigarette smokers (%) 14·8 33·3* – 17·9 35·7* – 7·4 29·6 – 10·7 21·4 – 14·3 25·0 –

Age-adjusted
BMI (kg/m2) 27·1 25·7 1·0 26·6 25·9 1·0 26·8 25·8 1·0 26·7 26·2 1·0 25·9 26·1 1·0
Vigorous recreational activity (month/year) 8·8 9·5 1·2 7·3 9·1 1·2 9·5 10·3 1·2 9·3 7·3 1·2 9·8 9·1 1·2
Alcohol intake (g/d) 5·0 6·8 1·5 4·0 6·5 1·5 6·8 6·0 1·5 5·7 3·4 1·5 4·8 6·2 1·5
Flight years 15·8 16·5 1·1 16·1 17·3 1·1 16·2 15·8 1·1 16·1 17·4 1·1 16·2 15·7 1·1
Cumulative red bone marrow X-ray dose score 0·6 0·6 1·3 0·6 0·5 1·3 0·5 0·5 1·3 0·9 0·5 1·2 0·5 0·7 1·3
Pack-years 0·03 0·05 1·6 0·03 0·07* 1·5 0·02 0·05 1·6 0·02 0·03 1·6 0·02 0·04 1·6

Dietary intake‡
Saturated fat (g/d) 25·2 19·5* 1·0 23·3 22·2 1·0 24·5 20·7* 1·0 21·5 23·8 1·0 23·7 21·6 1·0
Total protein (g/d) 81·3 82·8 1·0 76·7 88·3* 1·0 76·8 89·1* 1·0 76·8 86·1* 1·0 73·1 93·4* 1·0
Fibre (g/d) 16·2 22·2* 1·1 18·1 18·2 1·0 16·3 21·0* 1·1 19·7 18·5 1·1 17·5 19·9 1·1
Niacin (mg/d) 22·6 27·2* 1·0 22·4 27·1* 1·0 21·8 28·7* 1·0 22·9 26·0 1·0 20·3 30·4* 1·0
Folate (mg/d) 300·6 522·2* 1·0 344·0 458·7* 1·0 346·1 484·5* 1·0 369·3 414·0 1·1 351·2 437·3* 1·0
Riboflavin (mg/d) 1·6 2·3* 1·0 1·5 2·5* 1·0 1·6 2·3* 1·0 1·6 2·1* 1·0 1·7 2·2* 1·0
Vitamin B6 (mg/d) 1·8 2·5* 1·0 1·8 2·4* 1·0 1·7 2·6* 1·0 1·9 2·2* 1·0 1·9 2·4* 1·0
Vitamin B12 (mg/d) 4·9 5·8 1·1 4·2 7·3* 1·1 4·4 6·1* 1·1 3·6 8·3* 1·0 4·9 6·1 1·1

Food group (servings/week)
Grain products
All grains 12·1 20·1* 1·1 14·6 19·9 1·1 13·4 19·5 1·1 17·9 17·4 1·1 14·0 17·8 1·1
Whole grains 5·1 11·0 1·3 5·1 9·9 1·3 5·1 11·7 1·3 5·9 9·2 1·3 4·1 10·5* 1·3
Refined grains 5·0 6·0 1·2 6·1 7·7 1·2 6·0 5·6 1·2 7·4 6·5 1·2 6·4 5·4 1·2

Desserts or sweets 4·1 1·4* 1·4 3·9 2·8 1·4 3·6 2·0 1·4 3·3 4·0 1·4 4·3 2·3 1·4
Meat
All 7·8 3·2* 1·2 6·2 5·3 1·2 6·3 4·1 1·2 5·1 5·8 1·2 5·6 5·7 1·2
Red 5·9 1·2* 1·3 4·5 2·6 1·3 5·1 1·7* 1·3 2·9 3·3 1·3 3·1 2·6 1·3
Processed 0·7 0·4 1·5 0·6 0·6 1·5 0·9 0·3 1·5 0·4 0·9 1·5 0·6 0·3* 1·4
Red and processed 14·1 5·6* 1·3 11·2 8·4 1·3 12·3 8·3 1·3 8·2 9·6 1·3 9·9 9·5 1·3

Legumes 0·2 1·0* 1·4 0·5 0·6 1·5 0·3 0·9 1·5 0·5 0·5 1·5 0·5 0·9 1·4
Fruit and vegetables 17·7 28·5* 1·1 24·8 23·3 1·1 22·2 25·0 1·1 27·2 21·6 1·1 25·1 22·8 1·1
Dairy products 13·0 6·5 1·3 6·5 16·6* 1·3 8·2 7·7 1·3 5·5 14·4 1·3 12·6 7·4 1·3
Eggs 0·9 0·9 1·4 0·7 0·9 1·4 1·2 1·0 1·4 0·8 1·0 1·4 0·8 1·3 1·4
Seafood 0·8 0·9 1·4 0·6 0·9 1·4 0·5 1·2 1·4 0·5 1·4* 1·4 0·6 1·2 1·4
Nuts 1·8 2·0 1·4 2·2 1·5 1·3 1·7 2·1 1·3 1·5 2·0 1·3 1·4 2·5 1·3

* Mean values or percentages were significantly different (P,0·05).
† Only the geometric SE of T1 is presented because it is similar to that of T3 due to nearly equal sample sizes. P values across all tertiles (unadjusted from ANOVA and age-adjusted from ANCOVA based on loge covariates) were

not statistically significant unless noted. For covariates presented as percentages, the P value is from a x 2 or Fisher’s exact test.
‡ Also adjusted for total energy intake.
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B vitamins was also observed for a higher intake of other

food groups: folate with legumes and fruit and vegetables;

riboflavin with dairy products; vitamin B12 with seafood.

The results of separate negative binomial regression

models relating the translocation frequency with the diet-

ary (food and fortification) and total (dietary plus sup-

plements) intakes of niacin, folate, riboflavin and

vitamins B6 and B12 adjusted for potential confounders

are shown in Table 2. Translocation frequency was signifi-

cantly and inversely associated with dietary niacin intake

(P¼0·02); the adjusted rate ratio for subjects in the highest

compared with the lowest tertile was 0·58 (95 % CI 0·40,

0·83). Because fortification contributed an estimated 23 %

to the dietary intake of folate in this group of subjects,

we also examined the association between translocation

frequency and the intake from diet (food and fortification)

and food (without fortification) separately. An indication of

a stronger inverse association was observed for the intake

of folate from food only than from the diet that included

fortified foods: an adjusted rate ratio for the subjects in

the highest tertile compared with those in the lowest tertile

was 0·76 (95 % CI 0·51, 1·14) for food only v. 0·97 (95 % CI

0·65, 1·43) for dietary intake. No associations were

observed for the dietary intakes of riboflavin and vitamins

B6 and B12; however, data on intake from food only were

not available.

In the present study, 22 and 60 % of the subjects reported

past and present use of multivitamins, respectively. Present

use of the individual B vitamin supplements was only

reported for folate (n 2) and vitamin B6 (n 2). Supplements

(from present use of multivitamins and/or individual B

vitamin) contributed an estimated 26, 26, 29, 32 and 34 %

to the total intake of niacin, folate, riboflavin and vitamins

B6 and B12, respectively. We have previously reported that

translocation frequency was not associated with the past or

present use of multivitamins, even among present users

with long duration ($5 years) or high frequency (.5

times/week) of use(23). In addition, as shown in Table 2,

translocation frequency was not associated with the total

intake (dietary plus supplements) of any of the B vitamins,

adjusted for potential confounders. For folate, the associ-

ation was NS for the total intake calculated as either the

sum of dietary and supplemental folate or dietary folate

equivalents.

The association between translocation frequency and

intakes (high v. low based on the median intake in

servings/week as the cut-off, rounded to the nearest

whole number) of the major food sources of the B vitamins

are examined and presented in Table 3. There was a

tendency for the adjusted rate ratios to be reduced, but

non-significantly for high intakes of dairy products, eggs,

seafood and legumes. However, the adjusted rate ratios

were significant for the subjects with $median compared

with ,median intake of whole grains (P¼0·03) and red

and processed meat (P¼0·01): 0·69 (95 % CI 0·50, 0·96)

and 1·56 (95 % CI 1·13, 2·16), respectively.

The statistical significance of the association between

translocation frequency and the dietary intake of each of

the B vitamins remained unchanged after the following

additional adjustments (data not shown): (1) all vitamin B

intakes when introduced simultaneously in the same

regression model; (2) multivitamin supplement use; (3)

intake of grain products or meat; (4) intake of fruit

and vegetables as well as the combined dietary intakes of

vitamins C and E, b-carotene, b-cryptoxanthin and

lutein–zeaxanthin (previously shown to be significantly

and inversely associated with translocation frequency)(23).

There were also no alterations in the significance when

we further adjusted for the dietary intakes of other nutri-

ents that are found in similar food sources (such as fat

and protein in meat) or that may affect the requirement

of these B vitamins (such as methionine and tryptophan).

However, the association was strengthened for the dietary

intake of niacin: the adjusted rate ratio for the subjects in

the highest tertile compared with those in the lowest tertile

when further adjusted for the intake of protein was 0·44

(95 % CI 0·26, 0·76) and for tryptophan was 0·37 (95 % CI

0·22, 0·62) (data not shown).

Discussion

In the present study of subjects with IR exposure, we

observed a significant 42 % decrease in the frequency of

chromosome translocations for those with high compared

with low dietary (food and fortification) intake of niacin.

Translocation frequency was not associated with the diet-

ary intake of folate, riboflavin or vitamin B6 or B12.

Additionally, no association was observed for the total

(dietary and supplements) intake of any of these B vita-

mins. These results persisted after the adjustment for

potential confounders. To our knowledge, no previous

study has examined the intakes of these B vitamins in

relation to translocation frequency as a biomarker of cumu-

lative DNA damage in an IR-exposed human population

with which we can directly compare our findings.

Our finding on the significant inverse translocation

frequency–dietary niacin intake association may be

explained by the important role of niacin in the formation

and maintenance of cellular NAD levels(6,7). NAD is the sole

substrate for the enzyme, poly(ADP-ribose)polymerase-1,

which is involved in DNA repair activity in response to

DNA strand breaks. This is supported by in vitro studies

indicating that niacin is protective against DNA damage

by increasing the resistance of human lymphocytes against

the effect of IR(16) as well as by improving the DNA repair

capacity of cells following irradiation(17). Several experi-

mental studies have suggested that niacin may also func-

tion as an antioxidant in its protection against reactive

oxygen species-induced DNA strand breaks(15,18,19) in

addition to being a precursor of NAD(18). Therefore, from

a mechanistic perspective and as was observed in the

present study subjects, it could be speculated that a low
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Table 2. Association between energy-adjusted vitamin B intakes and translocation frequency/100 cell equivalents among airline pilots*

(Rate ratios and Wald 95 % confidence intervals, n 82)

Tertile of intake

1† 2 3 P‡

Niacin intake
Dietary§
Median intake (mg/d) 20·55 23·76 28·42
No. of subjects 28 26 28
Rate ratio 1·00 0·76 0·58 0·02
Wald 95 % CI 0·53, 1·09 0·40, 0·83

Totalk
Median intake (mg/d) 22·25 34·30 62·03
No. of subjects 28 27 27
Rate ratio 1·00 0·92 0·87 0·80
Wald 95 % CI 0·64, 1·33 0·59, 1·31

Folate intake
Dietary
Median intake (mg/d) 303·63 392·59 497·38
No. of subjects 27 28 27
Rate ratio 1·00 0·81 0·97 0·50
Wald 95 % CI 0·55, 1·18 0·65, 1·43

Food only{
Median intake (mg/d) 211·66 269·71 329·01
No. of subjects 27 27 28
Rate ratio 1·00 0·70 0·76 0·18
Wald 95 % CI 0·47, 1·03 0·51, 1·14

Total
Median intake (mg/d) 361·70 525·48 974·36
No. of subjects 28 27 27
Rate ratio 1·00 0·91 0·94 0·91
Wald 95 % CI 0·61, 1·38 0·63, 1·41

Dietary folate equivalents**
Median intake (mg/d) 449·70 753·32 1617·97
No. of subjects 28 27 27
Rate ratio 1·00 0·93 1·00 0·92
Wald 95 % CI 0·61, 1·41 0·68, 1·48

Riboflavin intake
Dietary
Median intake (mg/d) 1·49 1·78 2·32
No. of subjects 28 26 28
Rate ratio 1·00 0·98 1·15 0·67
Wald 95 % CI 0·67, 1·44 0·79, 1·67

Total
Median intake (mg/d) 1·68 2·84 5·22
No. of subjects 28 27 27
Rate ratio 1·00 1·02 1·10 0·89
Wald 95 % CI 0·68, 1·53 0·74, 1·64

Vitamin B6 intake
Dietary
Median intake (mg/d) 1·71 2·05 2·49
No. of subjects 27 28 27
Rate ratio 1·00 1·31 0·90 0·12
Wald 95 % CI 0·90, 1·89 0·60, 1·34

Total
Median intake (mg/d) 1·95 3·34 6·06
No. of subjects 28 27 27
Rate ratio 1·00 0·98 1·06 0·92
Wald 95 % CI 0·66, 1·45 0·71, 1·58

Vitamin B12 intake
Dietary
Median intake (mg/d) 3·85 4·96 7·30
No. of subjects 28 26 28
Rate ratio 1·00 0·91 1·30 0·15
Wald 95 % CI 0·60, 1·38 0·89, 1·89

Total
Median intake (mg/d) 4·63 8·43 19·51
No. of subjects 27 27 28
Rate ratio 1·00 1·28 1·12 0·44
Wald 95 % CI 0·88, 1·87 0·75, 1·66

* Adjusted for age (#40, 41–45, 46–50 or .50 years), flight years (,13·2, 13·2–17·4, 17·5–23·2 or $23·3), cumulative red bone marrow X-ray dose score
(,0·5, 0·5–1·9 or $2·0) and military flying (yes or no) as categorical variables and lifestyle factors (total energy intake, pack-years of smoking, months of
vigorous recreational activity, alcohol intake and BMI) as continuous variables.

† Reference category.
‡ For the likelihood ratio x 2 statistic (overall test) from separate negative binomial regression models.
§ From foods (natural and fortification).
kFrom foods (natural and fortification) and supplements.
{From foods only (natural) and excluding fortified foods.
** Dietary folate equivalents ¼ synthetic folate (mg) £ 1·7 food folate (mg). Dietary and synthetic folate do not add up to total folate because a conversion factor

was used to take into account the higher bioavailability of synthetic folate.
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compared with a high dietary intake of niacin would be

expected to result in a higher accumulation of DNA

strand breaks due to impaired DNA repair, which in turn

may lead to a higher frequency of translocations.

Substantial evidence from experimental studies suggests

that adequate folate status is important for the maintenance

of DNA integrity, as folate depletion is associated with

DNA strand breaks(1–3,5,32). Folate is required for the syn-

thesis of purine and thymidine nucleotides that are used

for DNA synthesis. A deficiency in folate can thus result

in an impairment of DNA synthesis via excessive incorpor-

ation of uracil instead of thymidine into DNA, which in

turn leads to DNA strand breaks and a disruption of the

DNA repair mechanism. Furthermore, in the in vitro

studies of Chinese hamster ovary cells(13) and human lym-

phocytes(14), folate deficiency was found to enhance DNA

strand breaks induced by IR. However, in this group of

human subjects with low and chronic IR exposure, dietary

folate intake was observed to have an inverse but NS

association with translocation frequency as the endpoint

for cumulative DNA damage. A possible explanation

could be that since the translocation frequency is depen-

dent on efficient repair of DNA strand breaks, a high

intake of niacin rather than folate may be more critical in

providing protection against DNA damage during the gen-

otoxic and oxidative stress condition of IR exposure.

Riboflavin and vitamins B6 and B12 are involved as enzy-

matic cofactors in the folate-mediated metabolic pathway,

and their depletion can also cause DNA strand breaks by

the same mechanism as for folate(1–3,5,32–34). Therefore,

the interrelationship among these metabolically related B

vitamins would make it difficult to separate their indepen-

dent effects. However, our data indicate that translocation

frequency was not associated with the dietary intake of

riboflavin or vitamin B6 or B12. Additionally, these results,

including that of folate or niacin, remained essentially

unchanged when adjusted for the intakes of all other B

vitamins by being introduced simultaneously in the same

regression model.

Although the bioavailability of the synthetic form of

folate or vitamin B12 in supplements and fortified foods

is higher than that of the natural form in foods(35), we

Table 3. Association between intakes of food groups and translocation frequency/100 cell equivalents among airline pilots*

(Rate ratios and Wald 95 % confidence intervals, n 82)

Food group Servings/week† n Rate ratio Wald 95 % CI P‡

Dairy products
Low intake§ ,12·0 42 1·00 0·89
High intake $12·0 40 0·98 0·68, 1·41

Eggs
Low intake ,1·0 44 1·00 0·81
High intake $1·0 38 0·96 0·68, 1·35

Seafood
Low intake ,1·0 39 1·00 0·32
High intake $1·0 43 0·84 0·60, 1·17

Legumes
Low intake ,1·0 45 1·00 0·49
High intake $1·0 37 0·88 0·61, 1·27

All grains
Low intake ,17·5 39 1·00 0·03
High intake $17·5 43 0·67 0·48, 0·95

Whole grains
Low intake ,7·5 34 1·00 0·03
High intake $7·5 48 0·69 0·50, 0·96

Refined grains
Low intake ,7·5 44 1·00 0·84
High intake $7·5 38 1·04 0·72, 1·49

All meat
Low intake ,7·0 42 1·00 0·63
High intake $7·0 40 1·11 0·73, 1·68

Red meat
Low intake ,5·0 42 1·00 0·02
High intake $5·0 40 1·55 1·07, 2·26

Processed meat
Low intake ,0·5 27 1·00 0·01
High intake $0·5 55 1·61 1·14, 2·29

Red and processed meat
Low intake ,14·5 42 1·00 0·01
High intake $14·5 40 1·56 1·13, 2·16

* Adjusted for age (#40, 41–45, 46–50 or .50 years), flight years (,13·2, 13·2–17·4, 17·5–23·2 or $23·3), cumulative red bone marrow
X-ray dose score (,0·5, 0·5–1·9 or $2·0) and military flying (yes or no) as categorical variables and lifestyle factors (total energy intake,
pack-years of smoking, months of vigorous recreational activity, alcohol intake and BMI) as continuous variables.

† On the basis of the median cut-off, rounded to the nearest whole number.
‡ For the likelihood ratio x 2 statistic (overall test) from separate negative binomial regression models.
§ Reference category.
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did not find a significant association between translocation

frequency and the higher total (dietary and supplements)

intake of folate or vitamin B12. Likewise, no association

was observed for the higher total intake of riboflavin or

vitamin B6. For niacin, an inverse association was observed

for both the dietary and total intake, but this was only sig-

nificant for the dietary intake with a stronger protective

effect. These data suggest that supplements may only be

beneficial for those with low intakes from food, as indi-

cated by a non-protective or lesser protective effect for

the total compared with the dietary intake. Furthermore,

our observation on total niacin intake is supported by

other experimental(17) and pharmacological(36) studies,

and it has been suggested that further studies are needed

to better understand the mechanism by which a high sup-

plemental intake of niacin influences DNA damage or

genomic instability(37).

As shown by our data, the dietary intakes of the B vita-

mins are derived from a variety of food sources, including

fortified ready-to-eat cereals, enriched whole-grain

products, legumes, fruit and vegetables, dairy products,

seafood, eggs, meat and liver(38). Although fortified cereals

and grain products are the main food sources of B vita-

mins, legumes and certain fruit and vegetables are also

good sources for folate; legumes for niacin; dairy products

and liver for riboflavin; and legumes and seafood for

vitamin B6, whereas the only other main source for vitamin

B12 is animal based, i.e. from meat, seafood and dairy

products(34,35), as was observed in the intakes of our

subjects. In addition to being a source of the B vitamins,

meat also contains carcinogens such as N-nitroso com-

pounds (in processed meat) and heterocyclic amines

formed in meat (particularly in red meat) that is cooked

at high temperatures(39).

In this group of subjects, the frequency of translocations

was decreased by about 30 % for all grain products (for

whole but not refined grains) but was increased by 56 %

for red and processed meat when comparing the high

with the low intake of these foods. Therefore, there is a

possibility that the present results for the dietary intakes

of the B vitamins may be attributed to other nutrients as

well as protective or harmful factors in similar foods.

Although we could not exclude this possibility, the present

results for the dietary intakes of the B vitamins were unal-

tered when adjusted for the intake of grain products or

meat as well as of fruit and vegetables or the combined

intakes of vitamins C and E, b-carotene, b-cryptoxanthin

and lutein–zeaxanthin from food (previously shown to

be significantly and inversely associated with translocation

frequency)(23).

Because of their job requirements and frequent medical

surveillance to maintain fitness and health throughout their

career(22), airline pilots are more likely to have a better diet

than the general population. This is shown by our data

where a majority had a dietary intake of the B vitamins

(i.e. 99, 44, 98, 100 and 98 % for niacin, folate, riboflavin

and vitamins B6 and B12, respectively) that was higher

than the US RDA(38). Furthermore, in the lowest tertile

(reference category), the median dietary intake of niacin,

riboflavin and vitamins B6 and B12 exceeded the RDA.

Therefore, our findings may not be applicable to sub-

groups of other IR-exposed populations whose intake of

these B vitamins may be considerably lower than that

of the airline pilots. It is possible that a protective effect

of these B vitamins, except for niacin, may be detected

in other IR-exposed populations with broader ranges of

intakes that include a group with low or deficient intake

for comparison with a high intake group.

There is a possibility that some of our findings on trans-

location frequency in relation to dietary B vitamin intake

may be explained by reasons other than biological factors.

We utilised a self-administered FFQ with good reproduci-

bility for the assessment of the diet which had been vali-

dated for the intakes of folate and vitamins B6 and B12 in

a subset of men of comparable socio-economic status in

the Health Professionals’ Follow-up Study(24,40). However,

the intake of vitamin B12 from the diet may not be a

good indicator of status due to its complex absorption pro-

cess(35), which could explain the lack of association for

vitamin B12 in our subjects. The dietary requirement of

niacin is also influenced by the availability of the amino

acid tryptophan in protein(6). Since the association

between translocation frequency and dietary intake of

niacin was strengthened after adjusting for either protein

or tryptophan, this may suggest that it is unlikely that the

validity of our finding is affected appreciably by the use

of a FFQ for the assessment of its intake. Instead, the

large number of food and beverage items in the FFQ

would enhance the capture of important sources of these

B vitamins that are distributed in a wide variety of foods.

Measurement error of a single self-administered FFQ is

unavoidable, but this would more likely result in a greater

misclassification of the individual than the group intake

based on ranking, particularly when comparing the

extreme intake categories, as was done in the present

study. Although we were able to adjust for many potential

confounders including lifestyle factors, we could not

exclude uncontrolled residual confounding or the influ-

ence of factors that may affect nutrient availability such

as polymorphisms in genes that play a role in the metab-

olism of these B vitamins. Additionally, our small sample

size could possibly have resulted in some real relation-

ships, most likely those fairly close to significance, being

missed. However, none of the NS relationships with the

B vitamins was monotonically decreasing with fairly low

P value, and none of the NS relationships with the food

sources had a P value ,0·30. Thus, if relationships were

missed, they were most likely weak.

In summary, in this group of airline pilots with dietary

intake that predominantly exceeded the present RDA, a

high dietary or total intake of folate, riboflavin, or

vitamin B6 or B12 was not associated with a decrease in
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translocation frequency. However, a decrease in transloca-

tion frequency was associated with a high intake of niacin

but this was only significant for the dietary intake. These

findings suggest that a high intake of niacin from food or

a diet high in whole grains but low in red and processed

meat may protect against IR-induced cumulative DNA

damage. The present results may be applicable to flight

crews worldwide, astronauts in space flights and frequent

flyers in the general population. Larger studies of IR-

exposed populations with broader ranges of intakes that

incorporate biomarkers of vitamin B status are needed to

further examine the effect modification of the translocation

frequency–IR dose association as well as cancer risk by

intake of these vitamins.
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