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24 Nutrition and Metabolism Section, International Agency for Research on Cancer, The World Health Organization, Lyon, France
25 International Agency for Research on Cancer (IARC), Lyon, France
26 Department of Surgical and Perioperative Sciences, Urology and Andrology, Umeå University, Umeå, Sweden
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High dairy protein intake has been found to be associated with increased prostate cancer risk in the European Prospective

Investigation into Cancer and Nutrition (EPIC). To further examine this possible relationship, we investigated the hypothesis

that a genetic polymorphism in the lactase (LCT) gene might be associated with elevated dairy product intake and increased

prostate cancer risk in a case–control study nested in EPIC. The C/T-13910 lactase variant (rs4988235) was genotyped in 630

men with prostate cancer and 873 matched control participants. Dairy product consumption was assessed by diet

questionnaire. Odds ratios (ORs) for prostate cancer in relation to lactase genotype were estimated by conditional logistic

regression. Lactase genotype frequency varied significantly between countries, with frequencies of the T (lactase persistence)

allele ranging from 7% in Greece to 79% in Denmark. Intake of milk and total dairy products varied significantly by lactase

genotype after adjustment for recruitment center; adjusted mean intakes of milk were 44.4, 69.8 and 82.3 g/day among men

with CC, CT and TT genotypes, respectively. The lactase variant was not significantly associated with prostate cancer risk,

both in our data (adjusted OR for TT vs. CC homozygotes: 1.10, 95% CI: 0.76–1.59) and in a meta-analysis of all the

published data (combined OR for T allele carriers vs. CC homozygotes: 1.12, 0.96–1.32). These findings show that while

variation in the lactase gene is associated with milk intake in men, the lactase polymorphism does not have a large effect on

prostate cancer risk.

A high intake of dairy protein has been found to be associ-
ated with increased risk for prostate cancer in the European
Prospective Investigation into Cancer and Nutrition,1

although results from other prospective studies of dairy prod-
ucts have been inconsistent.2–9 The inconsistencies in the
published literature may be in part due to measurement
error, with estimates of dairy product intake based on self-
reported information obtained by dietary questionnaire. It is
also possible that the associations found with dairy products
and prostate cancer risks are due to confounding by
unknown dietary or lifestyle factors.

The main sugar in dairy products is lactose, and the
digestion and absorption of lactose is dependent on the activ-
ity of the lactase enzyme (lactase-phlorizin hydrolase) in the
wall of the intestine. A C/T polymorphism (rs4988235),
which resides 13,910 base pairs upstream of the lactase cod-
ing sequence in the lactase gene, is the major variant associ-
ated with activity of the lactase enzyme in European popula-
tions.10 The ancestral C allele is associated with the
developmental downregulation of the lactase enzyme after
the first few years of life (also referred to as lactase nonper-
sistence) and with reduced tolerance of lactose-rich foods in
adulthood.11 The T variant is associated with continued lac-
tase production in adulthood (lactase-persistance) and is
thought to have arisen around 9000 years ago and become
common in northern Europe, probably due to the selective
advantage conferred by dairy consumption in the context of
the spread of dairy farming.12 To date, however, the pub-

lished epidemiological data on dairy product consumption in
adulthood by lactase genotype is limited.13–15

The existence of the lactase C/T polymorphism and the
limited evidence suggesting a link with dairy product con-
sumption provide an opportunity to explore the Mendelian
randomization approach, using lactase genotype as a proxy
for dairy intake and exploiting the random allocation of al-
leles from parents to offspring, to overcome potential con-
founding of the association between dairy product consump-
tion and cancer risk.16–18 The proposed hypothesis is that
individuals carrying the T allele (lactase-persistence variant)
will have a higher intake of lactose-rich dairy products and
an increased risk for prostate cancer.

We report here findings from a Europe-wide study of the
C/T-13910 lactase genotypes in relation to intake of dairy
products and risk for prostate cancer, among 630 men with
incident prostate cancer and 873 matched control partici-
pants participating in the European Prospective Investigation
into Cancer and Nutrition (EPIC).

Material and Methods
Participants and data

Between 1992 and 2000, approximately 500,000 individuals
(150,000 men) were recruited into the European Prospective
Investigation into Cancer and Nutrition (EPIC) from 23 cen-
ters in 10 European countries. The methods of recruitment
and study design have been described in detail elsewhere.19

Participants completed an extensive questionnaire on dietary

What’s new?

High dairy protein intake has previously been found to be associated with increased prostate cancer risk in the European

Prospective Investigation into Cancer and Nutrition (EPIC). The current study was nested in EPIC, and results from this first

Europe-wide study suggest that while the C/T13910 lactase polymorphism is associated with milk intake, the variant has no

large effect on prostate cancer risk. The data illustrate the challenges of applying mendelian randomisation to explore the

relationship between dairy product consumption and cancer risk. Very large studies with both genetic and dietary data are

thus needed for investigations using genetic proxies of nutritional exposures.
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and nondietary factors at recruitment, and about 400,000
individuals (of whom 137,000 were men) also provided a
blood sample. All participants gave written consent, and ap-
proval for the study was obtained from the Internal Review
Board of the International Agency for Research on Cancer
(Lyon, France) and from the local ethics committees in par-
ticipating countries.

Dietary intake during the year before enrolment was
measured by country-specific validated food frequency ques-
tionnaires or diet histories, as previously described.19 For this
analysis, dairy products included milk and milk beverages,
yoghurt, fromage blanc, cheese, dairy puddings/desserts, dairy
creams and butter. Intakes were calculated as g/day. Esti-
mated daily nutrient intakes were calculated by multiplying
the nutrient content of each food of a specific portion size by
the frequency of consumption as stated on the dietary ques-
tionnaire using national food tables from each country as
compiled in the EPIC Nutrient DataBase’ (ENDB).20,21 Meas-
urements of circulating concentrations of certain nutritional
and hormonal analytes have been made in previous nested
case control studies of prostate cancer in men from EPIC
and were available for the current analyses.22–26

This study includes prostate cancer cases occurring after
blood collection and individually matched male control par-
ticipants from the eight participating countries which
recruited men: Denmark, Germany, Greece, Italy, the Nether-
lands, Spain, Sweden and the United Kingdom (UK).

Follow-up for diagnosis of prostate cancer is provided
through record linkage with population-based cancer regis-
tries in six of the participating countries: Denmark, Italy, the
Netherlands, Spain, Sweden and the UK. In Germany and
Greece, follow-up is active and is achieved through checks of
insurance records and cancer and pathology registries as well
as via self-reported questionnaires; self-reported incident can-
cers are verified through medical records. Data on vital status
in most EPIC study centers were collected from mortality
registries at the regional or national level, in combination
with data collected by active follow-up (Greece). The 10th
Revision of the International Statistical Classification of Dis-
eases, Injuries and Causes of Death (ICD) was used, and can-
cer of the prostate was defined as code C61. For each EPIC
center closure dates of the study period were defined as the
latest dates of complete follow-up for both cancer incidence
and vital status (dates varied between centers, from June
1999 to January 2003).

Case patients were men who developed prostate cancer af-
ter the date of blood collection and before the end of the
study period, defined for each study center by the latest date
of follow-up. The cases with no available blood sample and
those participants who had missing information on the date
of the blood donation or who had a history of another cancer
(except nonmelanoma skin cancer) at the time of the blood
collection were excluded. After these exclusions, at the time
of genotyping for the current study, DNA was available for
approximately 600 men with prostate cancer who had had

their DNA extracted for the EPIC component of the Breast
and Prostate Cancer Cohort Consortium.

Data on the stage and grade of disease at diagnosis were
collected from each center, where possible. A total of 480 cases
(76.7%) had information on tumor stage; of these 328 (52.6%)
were classified as localized (tumor [T], node [N], metastasis
[M] categories T0 or T1 or T2 and N0 or NX and M0, or
stage coded in recruitment center as localized), and 152
(24.1%) were classified as advanced (T3 or T4, N1þ, M1, or
some combination of these, or stage coded in recruitment cen-
ter as metastatic). Information on histological grade was avail-
able for 423 cases (65.2%); of these, 301 (47.8%) were classified
as low-grade (Gleason sum <7 or equivalent, i.e. coded as
moderately or as well differentiated) and 122 (17.4%) were
classified as high-grade (Gleason sum � 7 or equivalent, i.e.
coded as poorly differentiated or as undifferentiated).

Each case patient was matched to one control participant,
with the exception of cases from Umeå in Sweden, an EPIC-
associated cohort in which case patients were matched to two
control participants, selected at random among appropriate
risk sets consisting of all male cohort members alive and free
of cancer (except nonmelanoma skin cancer) at the time of
diagnosis of the index case. An incidence density sampling
protocol for control selection was used, such that controls
could include participants who became a case later in time,
while each control participant could also be sampled more
than once. Matching criteria included: recruitment center,
age at enrolment (66 months), time of day of blood collec-
tion (61 hr) and time between blood draw and last con-
sumption of food or drinks (<3, 3–6, >6 hr). While these
matching criteria are not all necessary for analyses of geno-
type, they are applied to allow the same sets to be used for
analyses of multiple markers of risk, such as nested case con-
trol analyses of circulating concentrations of hormonal and
nutritional biomarkers.

Genotyping

Genotyping of the C/T-13910 lactase variant (rs4988235) was
conducted using the TaqMan assay (Applied Biosystems) at
Imperial College, London. The internal quality of genotype
data was assessed by 2% blinded samples in duplicate and an
intralaboratory concordance rate of greater than 97.2% was
observed. Empty wells (containing water only) were also
included on each plate. Hardy–Weinberg Equilibrium (HWE)
checks have been performed among the controls, stratified by
country. No deviation in HWE was observed (p > 0.05). The
SNP was successfully genotyped in 97.8% of samples. In total,
genotype data for the current analysis were available for 630
cases: 79 cases in Denmark, 179 in Germany, 9 in Greece, 50
in Italy, 22 in the Netherlands, 69 in Spain, 84 in Sweden
and 138 in the UK.

Biomarker assays

Measurements of circulating concentrations of several nutri-
tional and hormonal biomarkers made for previous nested
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case control studies of prostate cancer in EPIC were available
for a subset of participants in the current study. These analy-
tes were phytanic acid, 25-hydroxyvitamin D, insulin-like
growth factor 1 (IGF1), insulin-like growth factor binding
protein 3 (IGFBP3), androstenedione, androstanediol glucu-
ronide, testosterone, sex hormone binding globulin (SHBG),
calculated free testosterone, enterodiol and enterolactone and
details of the laboratory assays have been described else-
where.22–26

Statistical analysis

The baseline characteristics of participants by LCT genotype
were compared using analyses of variance and multinomial
logistic regression models for continuous and categorical var-
iables, respectively, with adjustment for center of recruitment.

To investigate dairy product intake by the lactase C/T
polymorphism, analyses of variance were conducted for LCT
genotypes, with adjustment for recruitment center, in relation
to consumption of milk, yoghurt, cheese, butter, dairy based
deserts (including ice-cream), total dairy products, dairy pro-
tein, total fat, fat from dairy products, calcium intake and cir-
culating concentrations of nutritional and hormonal analytes.
Nonconsumers of dairy milk are defined as persons consum-
ing <5 g/day milk and milk beverages.

Conditional logistic regression models were applied to cal-
culate the relative risks (odds ratios) for prostate cancer in
relation to the lactase C/T genotype. Likelihood ratio chi-
square tests were used to test the main effect of genotype on
risk (comparing models with genotype terms with a model
with no genotype terms), and tests for trend (trend tests of
genetic effect) were obtained by scoring LCT genotypes as 0,
1 and 2, respectively, according to the number of variant T
alleles, and with homozygotes for the C allele as the reference
group. The effects of potential confounders, other than
matching criteria, which are controlled for by design, were
examined by including additional regression terms in the
logistic regression models. Potential confounders were chosen
a priori as factors that may be associated with the risk of
prostate cancer developing or being detected and were smok-
ing (never, past, present), body mass index (BMI, kg/m2; in
fourths), physical activity (inactive, moderately inactive, mod-
erately active combined with active) (16), alcohol intake (<8,
8–15, 16–39, �40 g/day), marital status (married/cohabiting
or not married/cohabiting) and education level (primary or
none, secondary, degree level). For each of these variables a
small proportion of values were unknown; these values were
included in the analyses as a separate category.

For tests of heterogeneity in associations of the lactase C/
T polymorphism with risk of prostate cancer across sub-
groups and by case characteristics, we used likelihood ratio
tests to compare models with a cross-product term between
the genotype trend test variable and subgroup membership
with models without the cross-product term. Participants
were divided into subgroups according to prostate tumor
stage (localized or advanced); histologic grade (low grade or

high grade); time to diagnosis (less than 4 years after blood
collection, 4 or more years after blood collection); age at
blood collection (<60 or �60 years); and country of recruit-
ment (8 countries). For tests of heterogeneity of risk by case
characteristic (tumor stage, histological grade and time to di-
agnosis), the controls in each matched set were assigned the
characteristics of their case.

To put the results of this study into the context of previ-
ous research, we conducted a meta-analysis of our results to-
gether with the results of previously published studies. Stud-
ies were identified by searching PubMed and the reference
lists of relevant articles by using the search terms lactase and
prostate cancer. Summary relative risks were estimated as the
weighted average of the study-specific RRs for men with the
TC or TT lactase genotypes compared with those with the
CC genotype, with weights determined by the inverse of the
variance of each relative risk.

Statistical analyses were performed with the Stata 10 sta-
tistical software package.27 All tests of statistical significance
were two-sided, and p values below 0.05 were considered
significant.

Results
630 men diagnosed with prostate cancer from recruitment
until the end of follow-up and 873 matched participants
without prostate cancer were included in the analyses. Their
median age at blood collection was 60 years (range: 43–76
years). Prostate cancer diagnosis followed blood collection by
a median of 3.5 years (range: <1 to 9.5 years) and the me-
dian age at diagnosis was 64 years (range: 47–82 years).

Table 1 shows the distribution of the lactase genotypes in
the eight countries participating in the study. Genotype fre-
quencies followed the Hardy–Weinberg equilibrium (HWE)
within each country (p > 0.05). Genotype frequencies varied
markedly across Europe. In Greece none of participants and
in Italy 5.6% of participants were homozygous for the T allele
and 15% and 29% of participants, respectively, had at least
one copy of the T allele. In contrast, in Sweden and Den-
mark, 55.6% and 63.3%, respectively, were homozygous for
the T allele, and 95% and 94% of participants, respectively,
had at least one copy of the T allele. Similarly, there was sig-
nificant variation in allele frequencies between the countries,
with frequencies of the T allele ranging from 7% and 17% in
Greece and Italy, respectively, to 75% in Sweden and 79% in
Denmark (Fig. 1). These genotype and allele frequencies were
similar to published frequencies for corresponding regions of
Europe.10,13–15

The baseline characteristics of participants by lactase ge-
notype are shown in Table 1. After adjustment for recruit-
ment center, the characteristics of participants did not vary
significantly by genotype, with the exception of educational
attainment; CC homozygotes were less likely to have been
educated to secondary level or higher (54.2% educated to sec-
ondary level or higher) than were heterozygotes and TT
homozygotes (64.0% and 69.6%, respectively).
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The intake of dairy products and selected nutrients by lac-
tase genotype after adjustment for recruitment center is
shown in Table 2. Mean intake of milk, total dairy products
and calcium increased significantly and the proportion of
nonconsumers of milk decreased significantly with increasing
number of copies of the LCT T allele. Adjusted mean intake
of milk was 44.4 g/day among CC homozygotes, 69.8 g/day
among heterozygotes and 82.3 g/day among TT homozy-
gotes. There was no statistically significant heterogeneity in
the relationship between milk intake and LCT genotype by
country or recruitment center. Furthermore, even within the
largest centers that had recruited participants from a small
geographical area there was some evidence of a stepwise rela-
tionship; for example, in EPIC-Norfolk, intake of milk was
214.3 g/day among CC homozygotes, 297.8 g/day among het-
erozygotes and 309.1 g/day among TT homozygotes. Mean
intake of protein from dairy products was also higher among
LCT heterozygotes and TT homozygotes, respectively,
although this association only reached borderline significance.
No significant associations were observed between LCT geno-
type and intakes of yoghurt, cheese, butter, dairy desserts, di-
etary fat, or fat from dairy products. Mean intake of ice
cream (a component of dairy desserts) was low in all LCT ge-
notype groups, and while there was a statistically significant
association between LCT genotype and ice cream intake (p
value for difference ¼ 0.02), with greater intake among het-
erozygotes, there was no significant trend in intake by geno-
type (p trend ¼ 0.4).

Table 3 shows the mean concentrations of selected blood
analytes by lactase genotype. After adjustment for regional
center, there was significant variation by genotype in the circu-
lating concentration of phytanic acid and borderline significant
variation in circulating concentrations of 25-hydroxyvitamin D
and enterodiol, respectively, with higher levels of phytanic acid
and 25-hydroxyvitamin D being observed among men with
more copies of the LCT T allele and lower levels of enterodiol
among carriers of the T allele. No significant association was
observed between circulating concentrations of IGF1, IGFBP3,
sex hormones, SHBG or enterolactone and LCT genotype.

In participants with prostate cancer, the frequency of the
lactase T allele was 40% and in control participants it was
40.5%. Table 4 shows relative risk of prostate cancer by lac-
tase genotype. We observed no statistically significant associa-
tion between risk for prostate cancer and lactase genotype,
with or without adjustment for potential confounders in the
recessive, codominant (additive) or dominant models. The
adjusted odds ratios among CT heterozygotes and TT homo-
zygotes compared with CC homozygotes were 1.03 (95% CI:
0.72–1.46) and 1.10 (0.76–1.59), respectively. There was no
statistical evidence of heterogeneity in the trends in risk for
prostate cancer by genotype according to the age of the men
at blood collection, country of recruitment, prostate tumor
stage, histological grade, or time to diagnosis (data not
shown). The T allele frequencies were particularly low in
Italy and Greece and therefore, in a sensitivity analysis, we
also investigated the associations between the LCT variant

Table 1. Baseline characteristics by lactase genotype among all participants

Characteristic CC (n ¼ 262, 17.4%) CT (n ¼ 635, 42.3%) TT (n ¼ 606, 40.3%) p Value

Country, n (%)

Greece 17 (85.0) 3 (15.0) 0 (0.0)

Italy 77 (71.3) 25 (23.2) 6 (5.6)

Spain 30 (19.7) 81 (53.3) 41 (27.0)

Germany 79 (18.2) 221 (50.9) 134 (30.9)

Holland 6 (13.3) 19 (42.2) 20 (44.4)

UK 33 (9.32) 145 (41.0) 176 (49.7)

Sweden 11 (4.7) 92 (39.7) 129 (55.6)

Denmark 9 (5.7) 49 (31.0) 100 (63.3)

Mean age at blood collection (years) 60.8 (60.1–61.4) 60.9 (60.5–61.3) 60.9 (60.5–61.3) 0.95

Weight (kg) 79.3 (77.7–80.8) 81.0 (80.1–81.9) 80.1 (79.1–81.0) 0.10

Height (cm) 172.7 (171.8–173.6) 173.3 (172.8–173.8) 173.3 (172.8–173.8) 0.45

BMI (kg/m2) 26.6 (26.1–27.0) 27.0 (26.7–27.2) 26.6 (26.4–26.9) 0.12

Alcohol consumption (g/d) 16.0 (13.1–18.9) 19.0 (17.4–20.7) 19.6 (17.8–21.3) 0.14

Current smoker (%)a 23.0 (17.6–29.4) 20.1 (16.9–23.6) 24.4 (20.7–28.4) 0.21

Physically active (%)a 45.6 (38.1–53.3) 47.5 (42.7–52.3) 48.2 (42.8–53.5) 0.88

Married or cohabiting (%)a 90.0 (83.4–94.1) 89.8 (85.7–92.8) 93.2 (89.4–95.7) 0.25

Educated to secondary level or higher (%)a 54.2 (46.1–62.2) 64.0 (59.0–68.8) 69.6 (64.2–74.6) 0.03

Values are means or percentages and their 95% confidence intervals after adjustment for regional centre.
aDenotes unknown for some men.
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and prostate cancer risk after excluding Greece and Italy;
findings were not materially altered (data not shown).

Results from the one previous study of the LCT variant and
prostate cancer risk,15 together with the corresponding result
from this study and a summary relative risk are shown in
Table 5. In Swedish and Finnish populations, respectively, the
lactase variant was not associated with a significantly increased
risk of prostate cancer.15 Taking our results with these previous
findings, the combined odds ratio for prostate cancer in men
with at least one copy of the lactase T allele compared to men
with no copies was 1.12 (95 % CI: 0.96–1.32).

Discussion
We investigated common genetic variation in the lactase
gene in relation to intake of dairy products and risk for pros-

tate cancer in a large, European study (EPIC). Our results
provide evidence for a significant association of the C/T-
13910 lactase variant with intake of milk but no evidence for
a large association between the polymorphism and risk for
prostate cancer.

The marked gradient in LCT allele frequency across
Europe, both between and within countries, which we and
others have observed10,12–15,28 coincides with substantial vari-
ation in diet and lifestyle practices between regions, including
dairy product intake, and thus the overall relationship
between LCT genotype and dairy product intake across
Europe may be due to this concomitant cultural variation.
Even in the absence of a true diet-genotype association, con-
founding due to this population stratification (i.e. systematic
differences in allele frequency by region) might give rise to

Figure 1. Frequency of the rs4988235 T allele by country in men from the European Prospective Investigation into Cancer and Nutrition.

Color gradient indicates the average lactase T allele frequency in men from EPIC by country and by specific recruitment centers (indicated

by filled circles).
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an apparent association between diet or biomarker concentra-
tions and lactase genotype in EPIC overall. However, even af-
ter adjusting for the regional recruitment center we found
that milk consumption, total dairy product intake and cal-
cium intake were related to LCT genotype, with evidence for
a dose–response relationship with increasing milk and cal-
cium intake with a higher number of T alleles. Our observa-
tions of a slightly weaker trend in the intake of dairy protein
by LCT genotype is consistent with the hypothesized mecha-
nism of lactose intolerance given that dairy product intake
predominantly comprises milk by weight, whereas dairy pro-

tein as a percentage of energy intake comprises both protein
from lactose-rich milk and protein from the protein-dense
but low lactose cheese.

Previously published epidemiological data on the lactase
variant and milk intake are relatively limited and inconsis-
tent. Our results are in accord with data from 1673 men in
the Swedish CAPS study, which reported lower milk intake
in CC homozygotes (221 g/day) compared to men carrying
the T allele (348 g/day).15 However, they differ from the find-
ings of a study on 643 Italian men and women from the
EPIC-Italy cohort, a small number of whom may be included

Table 2. Intake of selected nutrients and dairy products by lactase genotype

Nutrient or dairy product CC CT TT
p for
differencea

p for
trenda

Nonconsumers of dairy milk, % 18.8 (14.7–23.0) 15.5 (13.0–18.1) 12.1 (9.2–14.9) 0.034 0.010

Milk and milk beverages, g/day 44.4 (33.4–58.9) 69.8 (59.2–82.2) 82.3 (69.2–97.8) 0.002 0.001

Ditto excluding nonconsumers 135 (116–157) 170 (157–185) 175 (161–190) 0.013 0.018

Yoghurt, g/day 9.5 (6.9–13.2) 13.9 (11.5–16.8) 12.4 (10.1–15.0) 0.14 0.48

Cheese, g/day 17.6 (15.0–20.5) 18.9 (17.3–20.6) 18.3 (16.6–20.1) 0.70 0.88

Butter, g/day 0.75 (0.56–1.02) 0.60 (0.51–0.72) 0.70 (0.58–0.84) 0.34 0.94

Dairy dessertsb g/day 5.5 (4.5–6.8) 6.2 (5.5–7.0) 5.7 (5.0–6.5) 0.56 0.90

Ice cream, g/day 3.3 (2.7–4.2) 2.6 (2.3–3.0) 3.3 (2.9–3.8) 0.02 0.45

All dairy productsb g/day 206 (182–233) 253 (236–272) 258 (239–278) 0.010 0.015

Protein from dairy products, g/day 12.7 (11.4–14.2) 14.9 (13.9–15.9) 14.9 (13.9–16.0) 0.05 0.07

Fat, g/day 80.8 (77.0–84.8) 77.6 (75.4–79.8) 80.6 (78.2–83.2) 0.13 0.57

Fat from dairy products, g/day 11.7 (10.4–13.2) 12.7 (11.8–13.6) 11.9 (11.0–12.8) 0.32 0.81

Calcium, mg/day 855 (811–901) 906 (878–935) 922 (891–954) 0.08 0.04

Values are percentages or geometric means and their 95% confidence intervals after adjustment for regional centre.
ap values for difference/trend in mean dietary intake or percentage of nonconsumers by genotype from analysis of variance with 2 d.f and 1 d.f.,
respectively. bDairy desserts includes cream-based desserts and ice-cream; all dairy products includes milk and milk beverages, yoghurt, fromage
blanc, cheeses, dairy puddings desserts, dairy creams. Nonconsumers of dairy milk are defined as persons consuming <5 g/day milk and milk
beverages.

Table 3. Geometric mean concentration of selected blood analytes by lactase genotype

Analyte N CC CT TT
p for
differencea

p for
trenda

Phytanic acid (ng/mL) 1,062 493 (452–538) 503 (476–531) 551 (518–585) 0.05 0.03

Serum 25–OH vitamin D (nmol/L) 1,062 40.6 (36.0–45.7) 44.2 (40.9–47.8) 47.4 (43.1–52.1) 0.16 0.06

IGF-I (nmol/L) 1,013 21.8 (20.6–23.2) 21.5 (20.7–22.3) 22.0 (21.1–22.9) 0.70 0.71

IGFBP-3 (nmol/L) 1,013 131 (127–135) 129 (126–131) 130 (127–133) 0.69 0.87

Androstenedione (nmol/L) 1,011 4.51 (4.29–4.75) 4.65 (4.50–4.80) 4.66 (4.49–4.82) 0.60 0.43

Androstanediol glucuronide (nmol/L) 1,017 13.5 (12.3–14.7) 12.4 (11.8–13.1) 13.3 (12.5–14.2) 0.15 0.74

Testosterone (nmol/L) 924 15.4 (14.4–16.5) 15.4 (14.8–16.1) 16.2 (15.5–17.0) 0.24 0.14

SHBG (nmol/L) 962 40.8 (38.2–43.5) 41.0 (39.4–42.7) 42.6 (40.7–44.5) 0.40 0.22

Calculated free testosterone (pmol/L) 887 276 (258–294) 270 (260–282) 285 (273–298) 0.22 0.24

Enterolactone (ng/mL) 1062 2.69 (2.21–3.27) 2.91 (2.58–3.29) 2.64 (2.30–3.03) 0.53 0.67

Enterodiol (ng/mL) 1062 0.36 (0.30–0.43) 0.28 (0.25–0.31) 0.28 (0.24–0.32) 0.07 0.08

Values are geometric means and their 95% confidence intervals after adjustment for regional centre.
ap values for difference/trend in geometric mean concentration by genotype from analysis of variance with 2.d.f and 1 d.f., respectively.
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in the current analyses; while results from this Italian study
showed a significantly higher intake of ice-cream among TT
homozygotes, there was less evidence for an association
between LCT genotype and milk intake.13 The results from
two other studies, which had information on milk consump-
tion (never vs. usually drink milk) but not on amount of
milk consumed, were also inconsistent.14,18 In a study of
3,344 women from the United Kingdom, the likelihood of
never drinking milk was not found to be associated with lac-
tase genotype.14 In contrast, among 2396 men and women
from Russia, Romania, Poland and the Czech Republic, a
higher proportion of CC homozygous individuals reported
never consuming milk than did carriers of the T allele.18 It
remains possible that the overall association we observed
between milk consumption and LCT genotype is due to
residual confounding within center, particularly for large cen-
ters recruiting over wide geographical areas within which
there may be variation in the frequency of the lactase C/T al-

lele. However, our findings of no heterogeneity in the rela-
tionship between genotype and milk intake by recruitment
center, and of associations among men from regional centers
which recruited from geographically limited areas, such as
EPIC-Norfolk, provide evidence in support of a true relation-
ship between LCT genotype and milk consumption.

While the traditional view has been that lactase-persist-
ence is an autosomal dominant trait, our results suggest a
stepwise relationship, with a higher milk intake being
observed with increasing number of T alleles. Our findings
are consistent with those from a clinical study of 52 adults,
in which lactase expression in intestinal biopsy samples
was found to follow a trimodal distribution.29 The biopsy
study found very low levels of lactase activity in individuals
who were homozygous for the C allele.29 Our data also
suggest that, as has been reported in other studies, individ-
uals with the CC genotype can tolerate some milk
consumption.

Table 4. Relative riska (95% confidence interval) of prostate cancer by lactase (LCT) genotype in EPIC

LCT genotype

Number (%)

OR (95% CI) Adjusted ORb c (95% CI)Controls Cases

Co-dominant model

CC 151 (17.3) 111 (17.6) 1.00 (Reference) 1.00 (Reference)

CT 368 (42.2) 267 (42.4) 1.07 (0.78–1.48) 1.03 (0.72–1.46)

TT 354 (40.5) 252 (40.0) 1.05 (0.75–1.48) 1.10 (0.76–1.59)

P value 0.917c/0.848d 0.847c/0.576d

Dominant model

CC 151 (17.3) 111 (17.6) 1.00 (Reference) 1.00 (Reference)

TC/TT 722 (82.7) 519 (82.4) 1.06 (0.78–1.45) 1.06 (0.75–1.48)

P value 0.695c 0.750c

Recessive model

CC/TC 519 (59.5) 378 (60.0) 1.00 (Reference) 1.00 (Reference)

TT 354 (40.5) 252 (40.0) 1.00 (0.80–1.25) 1.07 (0.84–1.37)

P value 0.985c 0.581c

aCase patients and control participants were matched on recruitment centre, age at enrolment (66 months), time of day of blood collection (61 hr),
follow-up time (as close as possible), time between blood draw and last consumption of food or drinks (<3, 3–6, >6 hr). bAdjustment was made
for smoking (never, past, present), physical activity (inactive, moderately inactive, moderately active combined with active), alcohol intake (<8, 8–
15, 16–39, �40 g/day), marital status (married or cohabiting, not married or cohabiting), education (primary or none, secondary, degree level), and
BMI (fourths). cp value from likelihood ratio chi-square test of the main effect of genotype on risk, comparing models with genotype terms with a
model with no genotype terms. dp value from trend test of genetic effect from likelihood ratio tests scoring LCT genotypes as 0, 1, and 2,
respectively, according to the number of variant T alleles, and with homozygotes for the C allele as the reference group.

Table 5. Relative risks (and 95% confidence intervals) from studies of the C/T-13910 lactase variant (rs4988235) in relation to prostate
cancer risk, comparing carriers of the T allele (CT and TT genotypes) with CC homozygotesa

Author, year Population Cases Controls Relative risk (95% confidence interval)

Torniainen et al., 2010 Finnish 1,229 473 1.11 (0.83–1.47)

Swedish 2,924 1,842 1.16 (0.91–1.46)

Travis et al., 2012 European 630 873 1.06 (0.75–1.48)

Summary 4,783 3,188 1.12 (0.96–1.32)

aData available on the comparison of risk in CT and TT versus CC genotypes in Torniainen et al., 2010.
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We also assessed whether the lactase variant was associ-
ated with circulating concentrations of a number of
nutritional and hormonal biomarkers that were available for
men in the current study, including phytanic acid, 25-
hydroxyvitamin D, IGF1, enterodiol and enterolactone.22–26

Plasma concentrations of phytanic acid varied significantly by
LCT genotype; higher concentrations were observed in TT
homozygotes than in heterozygotes and CC homozygotes.
These findings are consistent with the fact that phytanic acid
is predominantly obtained from foods high in ruminant fat
(i.e. meat and dairy products from cows, sheep and goats)
and provide further indirect support for an association
between lactase genotype and dairy food intake. We also
observed borderline significant associations between lactase
genotype and circulating concentrations of 25-hydroxyvita-
min D and enterodiol; a higher concentration of 25-hydroxy-
vitamin D was observed with increasing number of copies of
the LCT T allele and a lower concentration of enterodiol was
observed among carriers of the T allele compared to CC
homozygotes. Given the multiple statistical tests these may be
chance findings and require confirmation in other large stud-
ies. In the one previous report on circulating vitamin D lev-
els, no association was found with lactase genotype in two el-
derly Dutch populations (comprising 6,367 and 844
individuals, respectively).30 It is plausible, however, that there
is an increased conversion of 25-hydroxy-vitamin-D into
1,25-hydroxy-vitamin D (the hormonal biologically active
form of vitamin D) in individuals who have a lower calcium
intake because they carry the LCT C allele. There might also
be some degree of general malabsorption associated with the
C allele, which means that there is lower absorption of die-
tary vitamin D into the body. An association between the lac-
tase variant and enterodiol is also possible, given that differ-
ences in the digestion of lactose due to the LCT variant may
alter the activity or composition of the gut microflora, which
is responsible for the production of enterodiol from the plant
lignan secoisolariciresinol.31 Intake of dairy products and cal-
cium has been positively associated with circulating concen-
trations of insulin-like growth factors;32 however, we found
no evidence for an association between lactase genotype and
serum concentrations of IGF1 and IGFBP3.

Our findings of no significant association between LCT
genotype and prostate cancer risk are consistent with those
from the only previously published study of the LCT variant
in relation to risk for prostate cancer, which reported no sig-
nificant associations in nested case control studies among
Finnish men (1,229 men with prostate cancer and 473 con-
trols) and Swedish men (2,924 men with prostate cancer and
1,842 controls).15 Meta-analysis of our results together with
these previous findings suggest that the lactase variant is not
likely to be strongly related to prostate cancer risk, although
it is not possible to exclude a small association (summary rel-
ative risk 1.12, 95% confidence interval 0.96–1.32). These
data provide little support for a strong relationship between
dairy product consumption and prostate cancer risk, consist-

ent with the null findings in some but not all of the pub-
lished studies on the association between dairy product con-
sumption and prostate cancer risk.2–7,33–38 It is possible,
however, that the relatively small average difference in milk
intake between genotype groups (37 g/day between CC and
TT homozygotes in EPIC overall, and 81 g/day in the UK
where the difference was most marked) is of insufficient
magnitude to have a detectable influence on risk for prostate
cancer should such an association truly exist. Furthermore, it
may be that other components of dairy foods are associated
with prostate cancer. The lactase genotype is a marker of
intake of lactose-rich dairy products (for example, milk,
yoghurt, ice cream, low fat cream) rather than being a
marker of dairy product intake per se, and is not correlated
with dietary factors such as intake of cheese or butter.

Dairy intake and the lactase gene-variant in relation to
prostate cancer has been one of the specific hypotheses dis-
cussed with respect to the application of Mendelian Random-
ization (MR) to assess relationships between environmental
exposures and risk for disease.14 The current analyses, how-
ever, demonstrate some of the challenges of applying Mende-
lian Randomization to explore the relationship between dietary
factors and cancer risk.39 Because the expected association
between dairy products and prostate cancer is relatively small
in magnitude and the difference in total dairy intake by lactase
genotype is modest, even in this large prospective study and
with a relatively common allele of interest (the frequency of
the T allele was 0.61 overall), there is relatively limited power
to detect an association between the lactase genotype and the
disease. Based on previous findings from a prospective cohort
analysis in EPIC1 for example, in which a 35 g per day incre-
ment in dairy protein intake was associated with an approxi-
mately 32% increase in risk for prostate cancer, the 2.2 g per
day difference in dairy protein intake between CC and TT
homozygotes would be estimated to result in only a 2% ele-
vated risk among TT homozygotes compared with CC homo-
zygotes. With the LCT genotype frequencies observed in EPIC,
a study of approximately 30,000 cases and 30,000 controls
would be needed to detect a relative risk for prostate cancer of
this magnitude with 80% power.

The results from this large prospective study in European
men suggest that variation in the lactase gene is associated
with intake of milk but provide no evidence for a large asso-
ciation with risk for prostate cancer. The data presented illus-
trate the limitations of applying Mendelian Randomization as
a research strategy to explore the relationship between dairy
product consumption and cancer risk and the need for very
large prospective studies with both genetic and dietary data
in such studies of genetic proxies of nutritional exposures.
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