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ABSTRACT

OBJECTIVE

To investigate the association of plasma vitamin C
and carotenoids, as indicators of fruit and vegetable
intake, with the risk of type 2 diabetes.
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Populations from eight European countries.

PARTICIPANTS

9754 participants with incident type 2 diabetes, and
a subcohort of 13662 individuals from the European
Prospective Investigation into Cancer and Nutrition
(EPIC) cohort of 340 234 participants: EPIC-InterAct
case-cohort study.

MAIN OUTCOME MEASURE

Incident type 2 diabetes.

RESULTS

In a multivariable adjusted model, higher plasma
vitamin C was associated with a lower risk of
developing type 2 diabetes (hazard ratio per standard
deviation 0.82, 95% confidence interval 0.76 to
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WHAT IS ALREADY KNOWN ON THIS TOPIC

Investigation of a link between fruit and vegetable intake and the risk of type 2
diabetes has relied on self-reported dietary questionnaires, with inconsistent
findings

Evidence from objective markers of fruit and vegetable intake is sparse but would
be complementary to self-report

WHAT THIS STUDY ADDS

Results from the assessment of individual blood biomarkers and a composite
biomarker score comprising plasma vitamin C and carotenoids indicate

an inverse association with new onset type 2 diabetes in a pan-European
population

This study suggests that even a modest increase in fruit and vegetable intake
could help to prevent type 2 diabetes, indicated by objective biomarkers of
consumption, regardless of whether the increase is among people with initially
low or high intake
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0.89). A similar inverse association was shown for
total carotenoids (hazard ratio per standard deviation
0.75, 0.68 t0 0.82). A composite biomarker score
(split into five equal groups), comprising vitamin C
and individual carotenoids, was inversely associated
with type 2 diabetes with hazard ratios 0.77, 0.66,
0.59, and 0.50 for groups 2-5 compared with group

1 (the lowest group). Self-reported median fruit and
vegetable intake was 274 g/day, 396 g/day, and

508 g/day for participants in categories defined by
groups 1, 3, and 5 of the composite biomarker score,
respectively. One standard deviation difference in
the composite biomarker score, equivalentto a 66
(95% confidence interval 61 to 71) g/day difference in
total fruit and vegetable intake, was associated with
a hazard ratio of 0.75 (0.67 to 0.83). This would be
equivalent to an absolute risk reduction of 0.95 per
1000 person years of follow-up if achieved across an
entire population with the characteristics of the eight
European countries included in this analysis.

CONCLUSIONS

These findings indicate an inverse association
between plasma vitamin C, carotenoids, and their
composite biomarker score, and incident type 2
diabetes in different European countries. These
biomarkers are objective indicators of fruit and
vegetable consumption, and suggest that diets rich in
even modestly higher fruit and vegetable consumption
could help to prevent development of type 2 diabetes.

Introduction

The global burden of type 2 diabetes has risen over
the past decades and its prevention is a public health
priority.” High fruit and vegetable intake has been
suggested to have an important role in prevention
of this disorder.” Evidence from prospective studies
linking fruit and vegetable intake with type 2
diabetes is inconsistent and weak,’” and evidence
from randomised controlled trials is sparse.’ Pre-
vious research studies have typically used dietary
food frequency questionnaires to assess fruit and
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vegetable intake, which are subject to measurement
error and recall bias.” Circulating plasma vitamin
C and carotenoids have been proposed as objective
biomarkers of fruit and vegetable intake, with evidence
for their validity from observational and experimental
studies.®*? In meta-analyses of randomised controlled
trials, groups provided with more fruits and vegetables
had increased blood concentrations of a panel of
fruit and vegetable related biomarkers.'®'? A meta-
analysis of up to 96 intervention studies found that
blood vitamin C and several carotenoids were the
most consistently responsive biomarkers for fruit and
vegetable intake.'' In individual participant meta-
analysis of controlled intervention studies, evidence
was found of a positive dose-response association
between fruit and vegetable consumption and
biomarker concentrations.'? Moreover, in comparative
analyses, compliance at group level with fruit and
vegetable interventions was indicated equally well
by blood vitamin C or individual carotenoids.'®
Thus, investigation of the association between these
biomarkers and type 2 diabetes could provide insight
into the association of fruit and vegetable intake with
this disorder.

Results from previous small studies describing the
association between circulating plasma carotenoids
and the incidence of type 2 diabetes are inconclusive,
with an inverse association being reported in some
studies’ *** and others finding no significant
association.’® Only one previously published pros-
pective cohort study has examined circulating vitamin
C and incident type 2 diabetes'’ reporting an inverse
association between the concentration of plasma
vitamin C and incident type 2 diabetes in a population
in the United Kingdom, but evidence is lacking in other
countries or populations with different lifestyles and
dietary behaviours.

Our study aimed at examining the association of
baseline levels of circulating vitamin C and caro-
tenoids with incident type 2 diabetes in the European
Prospective Investigation into Cancer and Nutrition
(EPIC)-InterAct study, which is based on more than
340000 community based adults from eight European
countries. We also aimed to construct a composite
biomarker score to examine the association of the
combination of biomarkers with incident type 2
diabetes.

Methods

Study design and population

The EPIC-InterAct study is a prospective case-cohort
study, nested within the European EPIC study.'® In
brief, cases of incident type 2 diabetes occurring in
eight of the 10 EPIC countries (Denmark, France,
Germany, Italy, Netherlands, Spain, Sweden, and UK)
between 1991 and 2007 were ascertained and verified
by the InterAct consortium across 26 study centres.
We ascertained and verified 12403 individuals with
incident type 2 diabetes over 3.99 million person years
of follow-up from a cohort of 340 234 participants with
stored blood and buffy coat. From this cohort, a centre
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stratified subcohort was assembled by randomly
selecting 16835 individuals. A total of 16154
participants remained in the subcohort after exclusion
of 548 with prevalent diabetes, 129 with uncertain
diabetes status, and 4 with diabetes after censoring.
The case-cohort design has the advantages of temporal
sequence and power of a cohort study (in that it
involves the complete number of incident cases) with
the measurement efficiency of a case-control study.
The random subcohort included 778 participants with
verified incident type 2 diabetes, which is a design
feature of the case-cohort approach.'® We further
excluded 6543 participants with no plasma samples
available for the measurement of plasma vitamin C
(including all Swedish samples (n=5401)) and 4952
with no carotenoids (including one Swedish centre,
Malmo (n=3556)). We subsequently excluded those
with samples of low volume or samples that failed
in biochemical analysis or were haemolysed (n=218
for vitamin C; n=85 for carotenoids). We, therefore,
included a total of 22833 participants, with 9754
participants with incident type 2 diabetes and 13 662
subcohort participants, with an average follow-up of
9.7 years (supplemental figure S1). As a design feature
of the case-cohort study the final eligible subcohort
included 583 participants with incident type 2
diabetes. For the analysis of different biomarkers, the
sample size varied according to the number of missing
data for the biomarkers or covariates, and the final
sample size for each biomarker analysis is presented.

All participants gave written informed consent and
the study was approved by the local ethics committee
in the participating centres, and the internal review
board of the International Agency for Research on
Cancer.

Ascertainment and verification of cases of type 2
diabetes

Ascertainment of cases of incident type 2 diabetes
up until 31 December 2007 involved a review of self-
reported data, linkage to primary and secondary
care registers, use of medication (drug registers),
hospital admissions, and mortality data, which we
have described in detail previously.'® No cases were
ascertained solely by self-report because we confirmed
any self-reported case with at least one other
independent source of information. Cases of type 2
diabetes in Denmark and Sweden were not ascertained
by self-report but were identified through local and
national diabetes and pharmaceutical registers, and
were considered verified.

Measurement of plasma vitamin C and carotenoids

Non-fasting blood samples were collected at the
baseline visit of the EPIC study. Plasma samples stored
at —196°C (or at —150°C for samples from Denmark)
were shipped to Vitas Analytical Services (Oslo,
Norway) for the measurement of plasma vitamin C
and six individual carotenoids (o carotene, B carotene,
lycopene, lutein, zeaxanthin, B cryptoxanthin) by
high performance liquid chromatography-ultraviolet
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methods, as described previously, by staff masked
to participant information.'® ?° Assays for plasma
vitamin C and carotenoids were performed on
separate plasma aliquots, with treatment methods
and chromatographic procedures.'® ?° For the vitamin
C assay, meta-phosphoric acid was added to stabilise
the vitamin C and prevent oxidation. For carotenoids,
internal standard B apo-8-carotenal and butylated
hydroxytoluene (as an antioxidant) were added before
treatment. Coefficients of variation were 4.2-4.5% for
vitamin C and 2.7-6.7% for carotenoids. The lower
limit of detection was 0.7 pmol/L for vitamin C, 0.009
pmol/L for o carotene and B carotene, 0.018 pmol/L
for lycopene, 0.009 pmol/L for lutein and zeaxanthin,
and 0.007 pmol/L for B cryptoxanthin. We imputed
random values between zero and the lower limit of
detection for those below the lower limit (1.0% for
vitamin C, 1.7% for a carotene, 6.7% for zeaxanthin,
and <0.5% for others).

To assess the reproducibility of the assay of vitamin C
and carotenoids after long term storage, we compared
these biomarkers in the period of measurement for this
study (2013-14) with those previously measured in
2004°'7 in a subset of Norfolk (UK) participants of the
EPIC study (n=1582 for vitamin C; n between 520 and
678 for individual carotenoids). The reproducibility
for the measurement of these biomarkers was high
for most biomarkers (r=0.89-0.93), and moderate for
zeaxanthin (r=0.63).

Measurement of other baseline characteristics
Baseline weight, height, and waist circumference
were collected by trained health professionals during
a visit to a study centre, except in France and in the
Oxford cohort.?! Baseline dietary information was
collected using a dietary questionnaire that was self-
administered or administered by an interviewer, which
was developed within each country to estimate the
usual food intake of participants.?*?* Information on
baseline physical activity, smoking status, sociodemo-
graphic factors, and medical history was obtained
from self-administered questionnaires.**

Serum lipid biomarkers (except for Umea centre
in Sweden, where plasma was used), including total
cholesterol, high density lipoprotein cholesterol,
and triglycerides were measured at SHL (Stichting
Ingenhousz Laboratory, Etten-Leur, Netherlands).
Low density lipoprotein cholesterol was calculated
based on the Friedewald formula.?* Both high and
low density lipoprotein cholesterol were considered
as confounders because both can influence carotenoid
levels (as fat soluble vitamins) and could influence
the association between nutritional biomarker and
disease.”

Statistical analysis

All the statistical analyses were performed in Stata 14
(Statacorp, College Station, TX). The concentration of
total carotenoids was calculated as the sum of the six
individual carotenoids. Plasma vitamin C, total, and
six individual carotenoids (o carotene, B carotene,

thebmj | BMJ2020;370:m2194 | doi: 10.1136/bmj.m2194

RESEARCH

lycopene, lutein, zeaxanthin, B cryptoxanthin) were
the exposures for this analysis. A composite biomarker
score was generated by calculating the average of the
standardised values (each value was standardised
using the mean and standard deviation from the
subcohort) of vitamin C and six individual carotenoids,
as previously described.” The Spearman correlations
between plasma vitamin C and six individual
carotenoids were calculated in the subcohort. In cross
sectional analyses, to identify potential correlates of
plasma vitamin C and carotenoids, we log transformed
the values of the total and individual carotenoids,
owing to their skewed distributions. In the subcohort,
we used linear regression to estimate country-specific
coefficients and 95% confidence intervals, representing
the associations of demographic, lifestyle, and dietary
factors with plasma vitamin C, total and six individual
carotenoids, and the composite biomarker score, with
mutual adjustment for all the demographic, lifestyle,
and dietary factors in the model. We then pooled the
estimated associations across countries using random
effects meta-analysis.

To help interpret the results of the composite
biomarker score in relation to fruit and vegetable
intake, we calculated the difference in total fruit and
vegetable intake for each one standard deviation higher
composite biomarker score in the subcohort using
linear regression. These analyses included adjustment
for age, sex, centre, physical activity, smoking status,
employment, marital status, education, alcohol
intake, total energy intake, body mass index, waist
circumference, and dietary covariates (intake of
potatoes, cereal and cereal products, milk and dairy
products, fruit and vegetable juice, soft drinks,
fish, red meat, legumes, egg and egg products, nuts
and seeds, offal, and vitamin supplement use). In
addition, we used a regression model with restricted
cubic splines (three knots) to assess the shape of the
association of the composite biomarker score with fruit
and vegetable intake in the subcohort, adjusted for the
same covariates as above.

We used Prentice weighted Cox regression®® to
estimate country-specific hazard ratio and 95%
confidence interval for incident type 2 diabetes,
comparing biomarkers divided into five equal groups
(from the lowest, group 1 to the highest, group 5)
and for each one standard deviation (groups 1-5
and the standard deviation were both calculated in
the subcohort). We then pooled the estimates using
random effects meta-analysis. We fitted three statistical
models, adjusting for potential sociodemographic,
lifestyle behavioural, biochemical, and anthropometric
confounders: model 1a adjusted for age (as underlying
time scale, continuous), sex, and centre; model 1b, as
model 1a, plus physical activity (inactive, moderately
inactive, moderately active, active), smoking status
(never, former, current), employment (no, yes), marital
status (single, married, separated/divorced, widowed),
education (low, middle, high), alcohol drinking (never,
0 to <6, 6 to <12, 12 to <24, and =24 g/day), total
energy intake (continuous), high density lipoprotein
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cholesterol (continuous; only for carotenoids analyses)
and low density lipoprotein cholesterol (continuous;
only for carotenoids analyses); and model 2, as model
1b, plus body mass index (continuous) and waist
circumference (continuous). Based on model 2, we
further modelled restricted cubic spline terms (three
knots) for analysis of each biomarker to assess the shape
of their associations with incident type 2 diabetes.?’ 28
To investigate the association with type 2 diabetes of an
estimated daily fruit and vegetable intake that meets or
exceeds the “five a day” recommendation (2400 g/day)
compared with not meeting the recommendation
(<400 g/day), we categorised participants into two
groups: biomarker predicted five or more portions a
day and fewer than five portions a day, using the value
of the composite biomarker score, which equated to
400 grams a day of fruit and vegetable intake in the
prediction model, as the cut-off point.

In sensitivity analyses, we imputed missing values
of covariates using multiple imputation with chained
equations, * to assess the effect of missing data on
the biomarker-disease associations; we performed
analysis in each of 10 imputed datasets and combined
the estimates using Rubin’s rules. The imputation
model included all covariates from the analysis model,
the event variable, and the Nelson-Aalen estimate of
cumulative hazard.” To examine the influence of each
individual biomarker on the composite biomarker
score results, we amended the composite biomarker
score by excluding one biomarker at a time, and then
examined its association with type 2 diabetes. We also
assessed robustness of the results from model 2 to
take account of other potential confounders, including
mutual adjustment for the other individual nutritional
biomarkers (vitamin C and six individual carotenoids),
use of vitamin supplements, season of blood draw,
family history of diabetes, baseline prevalence of
stroke, coronary heart diseases or cancers (excluding
non-melanoma skin cancer), hormone use and meno-
pausal status in women, genetic risk score for body
mass index and for insulin resistance, and a diet
quality score (Mediterranean diet score). The genetic
risk scores for body mass index and insulin resistance
were both unweighted, and were calculated as the sum
of the number of risk alleles for body mass index (97
genetic variants)®® or insulin resistance (53 genetic
variants).>® We also accounted for potential reverse
causality by excluding people with haemoglobin
Alc greater than or equal to 6.5% (48 mmol/mol) at
baseline or those confirmed as having type 2 diabetes
within the first two years or first four years after
baseline. We performed further sensitivity analysis
by excluding participants with baseline cancer or
cardiovascular disease or by restricting the analysis
to the first eight years of follow-up. We tested for
multiplicative interaction between each nutritional
biomarker and the following prespecified variables:
age, sex, body mass index, physical activity, smoking
status, season of blood draw, and vitamin supplement
use. We used a lower threshold for significance
based on the Bonferroni correction. Analyses within
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subgroups defined by the variables were performed if
the P value for interaction was <0.05.

Patient and public involvement

No patients were involved in setting the research
question, nor were they involved in the design and
implementation of the study. No plans exist to involve
patients in dissemination of the results.

Results

Population characteristics

Baseline mean (standard deviation) concentration of
plasma vitamin C and total carotenoids was 36.3 (18.3)
and 1.3 (0.7) pmol/L, respectively, among individuals
who developed type 2 diabetes compared with 42.3
(19.2) pmol/L and 1.7 (0.8) pmol/L in subcohort
participants (table 1). In the whole subcohort, partici-
pants in Germany had the highest mean levels of
plasma vitamin C (48.4 (standard deviation 19.2)
pmol/L), whereas those from Italy had the lowest levels
(36.6 (18.6) pmol/L). Participants from France had the
highest mean plasma total carotenoid levels (2.3 (1.0)
pmol/L), whereas those from Denmark had the lowest
levels (1.3 (0.8) pmol/L; table 1). Plasma vitamin C,
total and individual carotenoids were all positively
correlated with each other (supplemental table S1).

Association of plasma vitamin C, total and
individual carotenoids with potential correlates
After adjustment for demographic, lifestyle, and
dietary factors, positive associations were found for
sex (women compared with men), physical activity,
and education level with both plasma vitamin C and
total carotenoids, while waist circumference and
current smoking status (compared with never smoking)
were inversely associated (supplemental figure S2,
supplemental table S2).

Dietary intake of total fruits and vegetables, citrus
fruits, non-citrus fruits, fruiting vegetables, and fruit
and vegetable juice were all positively associated
with both plasma vitamin C, total carotenoids, and
the composite biomarker score (fig 1). Each 100 g/day
higher intake of fruits and vegetables was associated
with 0.10 higher level of the composite biomarker
score (fig 1); conversely, every one standard deviation
higher composite biomarker score was associated with
a 66 (95% confidence interval 61 to 71) g/day higher
intake of fruits and vegetables. The median fruit and
vegetableintakewas 274,357,396, 452,and 508 g/day
for levels 1 (lowest) to 5 (highest) of the composite
biomarker score, respectively (table 2). Forest plots
showing the association of fruit and vegetable intake
subgroups with each plasma biomarker by country
and overall are presented in supplemental figure S3;
the directions of these associations were generally
consistent across countries.

Association of plasma vitamin C, total and

individual carotenoids with incident type 2 diabetes
Higher levels of plasma vitamin C were associated
with a lower hazard of type 2 diabetes; hazard ratio
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Table 1 | Distribution of plasma vitamin C and carotenoids by case status and by population characteristics in the subcohort of EPIC-InterAct study
Total carotenoids

o a carotene B carotene Lycopene Lutein Zeaxanthin B Composite
Vitamin C (umol/L) (umol/L) (pmol/L; (pmol/L; (umol/L; (pmol/L; (pmol/L; cryptoxanthin biomarker
Mean Median median median median median median (umol/L; score (median
Subgroup No (SD) No (IQR) (IQR)) (1QR)) (IQR) (1QR)) (IQR)) median (IQR)) (IQR))
Case status:
Non-cases 12034 42.6 13039 1.54 0.07 0.38 0.42 0.26 0.04 0.20 -0.04
(19.2) (1.11-2.08)  (0.04-0.14)  (0.24-0.59) (0.26-0.61)  (0.19-0.36) (0.02-0.07) (0.11-0.37) (-0.37-0.33)
Cases of type 8984 36.3 9703 1.19 0.05 0.26 0.34 0.22 0.03 0.15 -0.30
2 diabetes (18.3) (0.84-1.68) (0.03-0.09) (0.16-0.41)  (0.20-0.53) (0.15-0.31) (0.02-0.06) (0.08-0.29) (-0.60-0.05)
Total 12589 423 13618 1.52 0.07 0.37 0.41 0.26 0.04 0.20 -0.05
subcohort* (19.2) (1.09-2.07) (0.04-0.13) (0.23-0.58) (0.25-0.61) (0.18-0.36) (0.02-0.07) (0.11-0.37) (-0.38-0.32)
Country:
France 512 45.0 536 2.22 0.18 0.78 0.42 0.36 0.04 0.26 0.37
(17.1) (1.63-2.83) (0.12-0.29) (0.52-1.08) (0.27-0.59) (0.27-0.49) (0.03-0.06) (0.17-0.41) (-0.02-0.75)
Italy 1922 36.6 1953 2.14 0.08 0.47 0.65 0.44 0.04 0.30 0.24
(18.6) (1.71-2.69)  (0.05-0.14) (0.32-0.68)  (0.49-0.86) (0.34-0.57) (0.03-0.05) (0.16-0.52) (-0.08-0.63)
Spain 3499 40.8 3491 1.46 0.05 0.27 0.36 0.26 0.08 0.33 0
(16.6) (1.09-1.93) (0.03-0.08) (0.18-0.40) (0.22-0.53) (0.19-0.34) (0.05-0.10) (0.20-0.55) (-0.30-0.33)
UK 1257 43.4 1255 1.51 0.11 0.46 0.47 0.22 0.03 0.15 -0.13
(20.1) (1.14-2.01) (0.06-0.17)  (0.30-0.65) (0.29-0.66) (0.17-0.30) (0.02-0.04) (0.09-0.24) (-0.42-0.20)
Netherlands 1402 48.0 1438 1.35 0.06 0.37 0.36 0.23 0.03 0.20 -0.17
(20.9) (1.01-1.78)  (0.04-0.10) (0.24-0.52) (0.22-0.57) (0.16-0.30) (0.02-0.05) (0.12-0.33) (-0.46-0.14)
Germany 1974 48.4 1990 1.56 0.09 0.46 0.41 0.24 0.04 0.17 -0.03
(19.2) (1.13-2.06) (0.05-0.16) (0.29-0.74)  (0.26-0.58) (0.18-0.32) (0.03-0.06) (0.10-0.28) (-0.35-0.32)
Sweden NA NA 929 1.41 0.09 0.42 0.39 0.23 0.03 0.13 NA
(1.06-1.86) (0.05-0.16) (0.28-0.62) (0.25-0.56) (0.17-0.30) (0.02-0.04) (0.07-0.22)
Denmark 2023 39.2 2026 1.12 0.08 0.30 0.32 0.20 0.02 0.08 -0.39
(20.2) (0.77-1.55)  (0.04-0.14)  (0.18-0.50)  (0.20-0.48)  (0.14-0.27) (0.01-0.03)  (0.04-0.15)  (-0.68-0.08)
Age:
<40 1219 43.6 1486 1.56 (1.18- 0.07 0.36 0.50 0.24 0.04 0.20 -0.01
(18.7) 2.05) (0.04-0.12)  (0.23-0.56) (0.34-0.70) (0.18-0.32) (0.03-0.07) (0.12-0.34) (-0.31-0.33)
4060 8913 42.1 9509 1.54 (1.11- 0.07 0.37 0.42 0.26 0.04 0.21 -0.03
(18.7) 2.09) (0.04-0.13) (0.23-0.58) (0.26-0.62) (0.19-0.36) (0.02-0.07) (0.11-0.38) (-0.36-0.34)
260 2457 42.5 2623 1.41(0.97- 0.08 0.40 0.32 0.25 0.03 0.17 -0.15
(21.2) 1.95) (0.04-0.14) (0.24-0.60)  (0.19-0.51) (0.18-0.35) (0.02-0.05) (0.09-0.33) (-0.49-0.26)
Body mass index:
<25 5304 45.6 5891 1.68 0.09 0.45 0.44 0.27 0.04 0.20 0.05
(19.9) (1.22-2.26) (0.05-0.17) (0.29-0.71)  (0.28-0.64) (0.20-0.38) (0.02-0.06) (0.11-0.36) (-0.28-0.45)
25-¢<30 5070 40.6 5412 1.46 0.07 0.34 0.40 0.25 0.04 0.20 -0.09
(18.5) (1.05-1.96) (0.04-0.12) (0.21-0.52)  (0.24-0.59) (0.18-0.35) (0.02-0.07) (0.11-0.37) (-0.41-0.26)
>30 2117 38.5 2209 1.31 0.05 0.27 0.36 0.23 0.04 0.20 -0.19
(18.0) (0.92-1.81) (0.03-0.08) (0.18-0.43) (0.21-0.55) (0.17-0.31) (0.03-0.07) (0.10-0.38) (-0.50-0.16)
Sex:
Male 4613 36.7 5088 1.30 0.06 0.28 0.40 0.24 0.04 0.14 -0.21
(17.6) (0.93-1.77) (0.03-0.10) (0.18-0.44)  (0.24-0.61) (0.17-0.33) (0.02-0.07) (0.07-0.27) (-0.53-0.13)
Female 7976 45.6 8530 1.67 0.08 0.44 0.42 0.27 0.04 0.24 0.04
(19.4) (1.22-2.24)  (0.05-0.15)  (0.28-0.67) (0.26-0.61) (0.19-0.37) (0.02-0.07) (0.13-0.42) (-0.28-0.43)
Educationt:
Low 5174 40.3 5470 1.48 0.06 0.33 0.38 0.26 0.05 0.24 -0.05
(18.7) (1.05-2.02) (0.03-0.10) (0.20-0.51)  (0.22-0.59) (0.18-0.37) (0.03-0.08) (0.12-0.43) (-0.39-0.33)
Middle 4617 42.9 5139 1.49 0.08 0.39 0.42 0.25 0.03 0.18 -0.08
(19.1) (1.08-2.05) (0.04-0.14) (0.24-0.61) (0.26-0.62) (0.18-0.35) (0.02-0.06) (0.10-0.31) (-0.40-0.29)
High 2517 45.4 2724 1.63 0.09 0.44 0.44 0.26 0.04 0.19 0
(19.9) (1.19-2.16)  (0.05-0.17)  (0.27-0.69)  (0.29-0.62)  (0.19-0.35) (0.02-0.06)  (0.11-0.34)  (-0.31-0.38)
Smoking status:
Never 5866 45.1 6431 1.66 0.08 0.43 0.42 0.27 0.04 0.25 0.06
(18.3) (1.23-2.24)  (0.05-0.15)  (0.28-0.65) (0.26-0.61)  (0.20-0.37) (0.03-0.07) (0.14-0.44) (-0.26-0.43)
Former 3359 42.6 3566 1.51 0.08 0.37 0.42 0.26 0.04 0.19 -0.07
(18.9) (1.08-2.04) (0.04-0.14) (0.23-0.57) (0.27-0.62)  (0.19-0.36) (0.02-0.06)  (0.10-0.32)  (-0.39-0.30)
Current 3212 37.0 3448 1.27 0.05 0.28 0.39 0.23 0.04 0.15 -0.23
(20.1) (0.92-1.78) (0.03-0.09) (0.18-0.45)  (0.23-0.59) (0.16-0.32) (0.02-0.06) (0.07-0.28) (-0.55-0.12)
Physical activity:
Inactive 2953 39.1 3229 1.51 0.06 0.35 0.41 0.26 0.04 0.23 -0.06
(19.4) (1.10-2.07) (0.04-0.11) (0.22-0.54)  (0.24-0.61) (0.19-0.36) (0.03-0.07) (0.12-0.42) (-0.37-0.31)
Moderately 4161 42.9 4418 1.54 0.07 0.37 0.42 0.26 0.04 0.21 -0.04
inactive (18.8) (1.10-2.08) (0.04-0.13) (0.23-0.59) (0.26-0.61) (0.19-0.35) (0.02-0.07) (0.11-0.38) (-0.37-0.33)
Moderately 2732 43.3 3020 1.53 0.08 0.39 0.41 0.26 0.04 0.19 -0.04
active (19.0) (1.10-2.08) (0.05-0.15)  (0.24-0.62) (0.25-0.61) (0.18-0.36) (0.02-0.06) (0.10-0.34) (-0.37-0.36)
Active 2542 44.3 2745 1.50 0.08 0.38 0.41 0.25 0.03 0.18 -0.07
(19.5) (1.06-2.04) (0.04-0.14) (0.23-0.59) (0.25-0.60) (0.18-0.35) (0.02-0.06) (0.09-0.32) (-0.41-0.30)
(Continued)
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Table 1 | Continued

Total carotenoids

o a carotene B carotene Lycopene Lutein Zeaxanthin B Composite
Vitamin C (umol/L) (umol/L) (pmol/L; (umol/L; (umol/L; (pmol/L; (pmol/L; cryptoxanthin biomarker
Mean Median median median median median median (umol/L; score (median
Subgroup No (SD) No (IQR) (1QR)) (1QR)) (IQR)) (1QR)) (1QR)) median (IQR)) (IQR))
Alcohol intake (g/day):
0 2129 40.9 2213 1.60 0.06 0.36 0.39 0.26 0.05 0.28 -0.01
(18.6) (1.14-2.14)  (0.04-0.11) (0.24-0.55)  (0.24-0.59) (0.19-0.37) (0.03-0.08) (0.15-0.49) (-0.32-0.36)
0-<6 3885 44.9 4639 1.60 0.09 0.43 0.42 0.25 0.04 0.21 0.01
(19.2) (1.16-2.18)  (0.05-0.16) (0.28-0.65)  (0.25-0.62) (0.18-0.35) (0.02-0.06) (0.11-0.38) (-0.32-0.41)
6-<12 1847 43.8 1969 1.56 0.08 0.41 0.42 0.25 0.04 0.19 -0.04
(19.3) (1.12-2.10)  (0.05-0.15)  (0.26-0.63) (0.27-0.62)  (0.18-0.35) (0.02-0.06) (0.10-0.33) (-0.38-0.33)
12-<24 2054 42.7 2104 1.52 0.07 0.37 0.43 0.26 0.04 0.19 -0.06
(19.0) (1.11-2.04)  (0.04-0.14)  (0.23-0.57) (0.27-0.62) (0.19-0.36) (0.02-0.06) (0.10-0.35) (-0.38-0.31)
=24 2624 38.4 2643 131 0.06 0.27 0.39 0.25 0.04 0.16 -0.17
(19.2) (0.93-1.80) (0.03-0.10) (0.15-0.43)  (0.24-0.58) (0.18-0.36) (0.02-0.07) (0.07-0.29) (-0.51-0.18)
Marital status:
Single 614 46.7 730 1.56 0.09 0.43 0.47 0.26 0.04 0.18 0.02
(20.4) (1.17-2.27)  (0.05-0.17) (0.26-0.71) (0.28-0.66) (0.18-0.37) (0.02-0.05) (0.11-0.32)  (-0.30-0.47)
Married 5491 43.5 6299  1.68 0.09 0.45 0.47 0.28 0.04 0.19 0.02
(19.7) (1.22-2.26)  (0.05-0.15) (0.30-0.68)  (0.29-0.67) (0.20-0.40) (0.02-0.05) (0.11-0.34) (-0.31-0.40)
Separated/ 508 47.8 573 1.63 0.09 0.45 0.44 0.24 0.04 0.19 0.02
divorced (21.4) (1.18-2.12)  (0.05-0.16) (0.29-0.67) (0.28-0.63) (0.18-0.34) (0.02-0.06) (0.10-0.31) (-0.30-0.36)
Widowed 284 42.9 318 1.62 0.09 0.46 0.41 0.26 0.03 0.21 -0.02
(21.1) (1.15-2.08) (0.05-0.14)  (0.28-0.65) (0.25-0.58) (0.19-0.37) (0.02-0.05) (0.12-0.36) (-0.37-0.28)
Employment:
No 3054 42.3 3313 1.55 0.08 0.43 0.40 0.27 0.03 0.19 -0.06
(21.0) (1.07-2.17) (0.05-0.14) (0.27-0.66) (0.24-0.61)  (0.18-0.39) (0.02-0.05) (0.10-0.33) (-=0.42-0.34)
Yes 5879 43.2 6657 1.54 0.09 0.42 0.44 0.25 0.03 0.16 -0.08
(19.7) (1.11-2.10)  (0.05-0.16)  (0.26-0.64) (0.28-0.64)  (0.18-0.35) (0.02-0.05) (0.09-0.29) (-0.41-0.31)
HDL-C:#
Low (<1.4 4862 38.5 5395 1.34 0.06 0.31 0.39 0.23 0.04 0.17 -0.19
mmol/L) (18.1) (0.96-1.84) (0.04-0.11) (0.19-0.49) (0.24-0.59) (0.16-0.32) (0.02-0.06) (0.09-0.31) (-0.50-0.15)
High (1.4 7468 44.9 7959 1.65 0.08 0.42 0.43 0.28 0.04 0.23 0.04
mmol/L) (19.5) (1.20-2.22)  (0.05-0.15)  (0.27-0.64) (0.27-0.62)  (0.20-0.38) (0.02-0.07) (0.12-0.41) (-0.29-0.43)
LDL-C:#
Low 6016 43.4 6545 1.44 0.07 0.35 0.39 0.24 0.04 0.19 -0.11
(«<3.7 mmol/L) (19.0) (1.04-1.94) (0.04-0.13)  (0.22-0.55)  (0.24-0.57) (0.17-0.33) (0.02-0.06) (0.10-0.34) (-0.41-0.24)
High (3.7 6169 41.6 6662 1.62 0.07 0.40 0.44 0.27 0.04 0.22 0.01
mmol/L) (19.4) (1.16-2.20)  (0.04-0.13)  (0.25-0.61) (0.27-0.65)  (0.20-0.38) (0.02-0.07)  (0.11-0.40)  (~0.33-0.40)

HDL-C=high density lipoprotein cholesterol; IQR=interquartile range; LDL-C=low density lipoprotein cholesterol; NA=not available; SD=standard deviation.
Vitamin C was not measured in the Swedish cohort owing to sample availability.
*Distribution of the biomarkers by population characteristics was from the subcohort of EPIC-InterAct Study, except for the first two rows describing distribution among future cases and non-cases.
tEducation: low=none or primary school completed; middle=technical/professional or secondary school; high=longer education (including university degree).

$Cut-off values for low or high levels of high density lipoprotein cholesterol and low density lipoprotein cholesterol are based on the population median in the subcohort.

for each standard deviation 0.71 (95% confidence
interval 0.65 to 0.78) in a model adjusted for age, sex,
and study centre (model 1a). Hazard ratios comparing
groups 2, 3, 4, and 5 of vitamin C with group 1 (the
lowest group) were 0.84 (0.77 to 0.92), 0.61 (0.53 to
0.71), 0.53 (0.46 to 0.61), and 0.39 (0.31 to 0.50).
These inverse associations were attenuated after
further adjustment for socioeconomic factors, lifestyle
factors, and adiposity (model 2), but the trend across
the groups remained: hazard ratios 0.94 (0.83 to 1.08),
0.72(0.60t00.87), 0.68 (0.56 t0 0.82), and 0.58 (0.47
to 0.72) comparing groups 2, 3, 4, and 5, with group 1,
respectively (table 2).

For plasma total carotenoids, the inverse association
with type 2 diabetes estimated in models 1a and 1b
was attenuated after further adjustment for adiposity
(model 2), but remained significant. The hazard ratio
for each standard deviation of total carotenoids was
0.75 (95% confidence interval 0.68 to 0.82). The
hazard ratios comparing groups 2, 3, 4, and 5 of total
carotenoids with group 1 were 0.83 (0.74 to 0.92),
0.64(0.541t00.75),0.61 (0.53 t0 0.70), and 0.51 (0.43

to 0.60), respectively. In model 2, all plasma individual
carotenoids were inversely associated with type 2
diabetes, except for zeaxanthin (table 2). For plasma
total and individual carotenoids, the heterogeneity
(I>) across countries ranged from 48.0% for P
cryptoxanthin to 75.2% for B carotene (supplemental
figure S4), but the directions of the associations were
consistent across different countries.

The composite biomarker score, which included
contributions from all the examined biomarkers,
was inversely associated with type 2 diabetes. The
hazard ratios comparing groups 2, 3, 4, and 5 of the
combined biomarker score with group 1 were 0.77
(0.68 t0 0.87), 0.66 (0.54 to 0.80), 0.59 (0.48 t0 0.72),
and 0.50 (0.40 to 0.62), respectively. One standard
deviation difference in the composite biomarker score,
equivalent to a 66 (95% confidence interval 61 to 71)
g/day difference in total fruit and vegetable intake, was
associated with a hazard ratio of 0.75 (95% confidence
interval 0.67 to 0.83). This would be equivalent to an
absolute risk reduction of 0.95 per 1000 person years
of follow-up if achieved across an entire population
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VitaminC  Total a B Lycopene Lutein Zeaxanthin B Composite
Mean carotenoids carotene carotene cryptox- biomarker
(SD)/% anthin score
Total fruits and vegetables (per 100 g/day) 431 (260) 0.08* 0.09% 0.10* 0.07¢ 0.03* 0.06* 0.02" 0.10* 0.10%
Citrus fruits (per 100 g/day) 60 (75) 0.19* 0.18* 0.02 0.05% 0.05" 0.02 0.16% 0.51% 0.22%
Non-citrus fruits (per 100 g/day) 182 (146) 0.05* 0.03" 0.06* 0.04* -0.01 0.02" -0.03 0.04t 0.03f
Green leafy vegetables (per 100 g/day) 31 (44) 0.04 0.01 -0.07 009" [FF0M2 | 034" [ oo8 -0.03 0.09
Fruiting vegetables (per 100 g/day) 66 (55) 0.12" 0.21F 0.05 0.14" 0.38% 011" 0.07" 0.10" 0.231
Root vegetables (per 100 g/day) 20 27) 0.10 039' |20 050° | -007 010" | 009 | -001 0.44%
Cabbage (per 100 g/day) 19 (28) 0.12 0.10 0.20 0.15" -0.03 0.25" 0 0.01 0.09
Other vegetables (per 100 g/day) 53 (54) 0.01 0.05 -0.01 0.03 0.08 0.14* 0.03 0.03 0.05
Potatoes (per 100 g/day) 95 (75) 0.03 0.02 0.02 0 0.03 0.03 -0.01 -0.01 0.02
Cereal and cereal products (per 200 g/day) 222 (115) 0.03 0.19t 0.16* 0.11" 0.25¢ 0.15t -0.04 0.01 0.16"
Milk and dairy products (per 200 g/day) 292 (235) -0.01 0.01 0.03* 0.03" 0.01 -0.02 -0.02 0 0.01
Fruit and vegetable juice (per 200 g/day) 61 (112) 0.28% 0.14*% 0.08" 0.09f 0.04" 0.08" 0.28¢ 0.24% 0.25%
Soft drinks (per 200 g/day) 66 (151) 0 -0.02 -0.05' -0.02 0 -0.04f -0.02 -0.02 -0.02
Fish (per 100 g/day) 37 (34) 0.15" 0.13 0.07 0.07 0.09 0.09 0.05 0 0.15
Red meat (per 100 g/day) 47 (36) -0.09 0.05 -0.02 -0.01 0.16" -0.06 -0.01 0.01 -0.02
Legumes (per 50 g/day) 20(29) 0 0.03 0.02 0 0.04 0 -0.07 -0.06 0.02
Egg and egg products (per 50 g/day) 19(17) -0.08 -0.02 -0.07 -0.05' -0.05 0.11" 0.16* -0.06 0.02
Nuts and seeds (per 10 g/day) 3(8) 0.02 0.05" 0.03 0.02 0.06 0.03 0.03 0.03 0.04
Offals (per 10 g/day) 2(5) 0.03 -0.01 0 0 0 -0.03 -0.01 0 0
Vitamin supplement use (ref: no),yes ~ 39.4 0.27° 0.05 0.061 0.09" -0.05 -0.04 0.02 0.01 0.11
|
-0.12 0 1.20

Fig 1 | Association of dietary factors with plasma vitamin C and carotenoids in the subcohort of the European Prospective Investigation into Cancer
and Nutrition (EPIC)-InterAct study. The values in the box represent the differences in vitamin C, carotenoids, or the composite biomarker score (in
standard deviaiton units) for each one standardised unit per category difference in dietary factors. The mean (standard deviation) or percentage of
participants for the examined dietary factors are presented in the second column. Linear regression was used to obtain the country specific estimate
of an association, adjusting for demographic, lifestyle, and other examined dietary factors if available in that country, except the overlapping food
groups. The country-specific estimates were then combined using random effects meta-analysis. *P<0.05; TP<0.001; ¥P<0.0001. Sample size was
10584 for vitamin Cand 11 537 for the carotenoid estimation. All the values are expressed in a red scale for different levels of positive associations
and blue scale for different levels of negative associations. All the carotenoids variables were natural log transformed before statistical analysis

in the linear regression. Standard deviation was 19.2 pmol/L for vitamin C, 0.50 for total carotenoids (log transformed), 0.91 for a carotene (log
transformed), 0.73 for B carotene (log transformed), 0.68 for lycopene (log transformed), 0.51 for lutein (log transformed), 0.91 for zeaxanthin (log
transformed), 0.94 for B cryptoxanthin (log transformed), and 0.57 for the composite biomarker score. A B coefficient of 0.10 represents the increase
in the composite biomarker score per 100 g/day of fruit and vegetable intake. Performing this cross sectional analysis the other way round, every
change in one standard deviation in the composite biomarker score was associated with a 66 g/day increase in fruit and vegetable intake

with the characteristics of the eight European countries
included in this analysis. Thus the crude overall
incidence rate of type 2 diabetes would be estimated to
be reduced from 3.8 to 2.85 per 1000 person years of
follow-up in this population.

We found evidence of non-linear associations
(P value for non-linearity <0.001) for plasma total
carotenoids, o carotene, (3 carotene, and lutein, with
a strong inverse association with type 2 diabetes at
low to moderate concentrations, but weaker at higher
concentrations (fig 2). The shape of the associations
of the composite biomarker score with total fruit and
vegetable intake and with type 2 diabetes is presented
in figure 3. In an analysis of the association with type
2 diabetes using this biomarker score as a cut-off level
to define consumption of five or more portions a day of
fruits and vegetables, the hazard ratio compared with
consuming an estimated fewer than five portions a day
was 0.69 (95% confidence interval 0.63 to 0.76).

thebmj | BMJ2020;370:m2194 | doi: 10.1136/bmj.m2194

In a sensitivity analysis, after mutual adjustment for
the other individual biomarkers, the inverse association
with type 2 diabetes for each of the biomarkers was
attenuated (supplemental table S3). Lycopene and B
cryptoxanthin were no longer significantly associated
with type 2 diabetes. Other sensitivity analyses had
little effect on the findings (supplemental tables S3
and S4).

We identified evidence of a significant interaction
only between baseline age and both plasma vitamin
C and o carotene (P value for interaction <0.001),
with the inverse associations with type 2 diabetes
being weaker in the oldest age group (supplemental
figure S5).

Discussion

In this large study with dietary diversity across eight
European countries, higher concentrations of plasma
vitamin C and carotenoids were associated with
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Table 2 | Prospective associations between plasma vitamin C and carotenoids and incident type 2 diabetes in the EPIC-InterAct study*
Hazard ratio (95% confidence interval)t

Pvalue
For each one for
Group 1 Group 2 Group 3 Group 4 Group 5 standard deviation trend
Vitamin C, (median, umol/L) 17.0 32.8 423 51.2 64.9 — —
No of cases/person years 2431/13089 2042/13166 1482/13337 1256/14898 949/17 420 — —
Model 1a 1.0 (ref) 0.84 (0.77t00.92) 0.61(0.53t00.71) 0.53 (0.46t00.61) 0.39(0.31t00.50) 0.71(0.65t00.78) <0.001
Model 1b 1.0 (ref) 0.87 (0.80t00.96) 0.65(0.56t00.76) 0.57 (0.50t00.66) 0.43(0.34t00.54) 0.74(0.681t00.80) <0.001
Model 2 1.0 (ref) 0.94 (0.83t01.08) 0.72 (0.60t00.87) 0.68 (0.56t00.82) 0.58(0.471t00.72) 0.82(0.76t00.89) <0.001
Total carotenoids, 0.75 1.17 1.52 1.93 2.70 = =
(median, pmol/L)
No of cases/person years 2952/10116 1944/11940 1316/14155 1127/16 904 874/19899 — —
Model 1a 1.0 (ref) 0.67 (0.611t00.74) 0.43(0.37t00.52) 0.35(0.28t00.42) 0.24(0.18t00.32) 0.53(0.47t00.61) <0.001
Model 1b 1.0 (ref) 0.72 (0.62t00.83) 0.51(0.44t00.60) 0.43 (0.36t00.52) 0.31(0.24t00.40) 0.60(0.53t00.67) <0.001
Model 2 1.0 (ref) 0.83(0.741t00.92) 0.64(0.54t00.75) 0.61(0.53t00.70) 0.51(0.431t00.60) 0.75(0.681t00.82) <0.001
a carotene, (median, pmol/L) 0.02 0.05 0.07 0.12 0.23 — —
No of cases/person years 2629/10061 1922/13665 1571/15458 1254/16266 837/17 564 — —
Model 1a 1.0 (ref) 0.72 (0.65t00.80) 0.54 (0.46t00.62) 0.46 (0.41t00.52) 0.29(0.24t00.35) 0.57 (0.481t00.68) <0.001
Model 1b 1.0 (ref) 0.75(0.661t00.86) 0.60(0.52t00.69) 0.53(0.47t00.60) 0.36(0.30t00.43) 0.65(0.561t00.76) <0.001
Model 2 1.0 (ref) 0.81(0.70t00.94) 0.72 (0.64t00.82) 0.69(0.59t00.79) 0.53(0.46t00.62) 0.79 (0.721t00.88) <0.001
B carotene, (median, umol/L) 0.14 0.26 0.37 0.53 0.87 — —
No of cases/person years 2911/8142 2064/11861 1417/15096 1035/17520 786/20395 — —
Model 1a 1.0 (ref) 0.68 (0.60t00.78) 0.44(0.40t00.49) 0.33(0.281t00.37) 0.24(0.20t00.28) 0.48 (0.40t00.58) <0.001
Model 1b 1.0 (ref) 0.70 (0.61t00.80) 0.48 (0.43t00.54) 0.38(0.34t00.43) 0.29(0.26t00.34) 0.55(0.461t00.65) <0.001
Model 2 1.0 (ref) 0.78 (0.691t00.88) 0.60 (0.54t00.68) 0.53(0.471t00.60) 0.45(0.39t00.52) 0.71(0.62t00.82) <0.001
Lycopene, (median, pmol/L) 0.15 0.28 0.41 0.56 0.82 — —
No of cases/person years 2395/10449 1879/12779 1447/13 840 1299/16393 1193/19553 = =
Model 1a 1.0 (ref) 0.79 (0.69t00.90) 0.66 (0.60t00.73) 0.57 (0.481t00.69) 0.50 (0.38t00.64) 0.76 (0.68100.85) <0.001
Model 1b 1.0 (ref) 0.89 (0.80t00.99) 0.73 (0.65t00.82) 0.68 (0.59t00.78) 0.59 (0.47 t0 0.75) 0.81 (0.751t00.89) <0.001
Model 2 1.0 (ref) 0.95 (0.86t0 1.06) 0.84(0.75t00.94) 0.81(0.71t00.92) 0.79(0.68t00.93) 0.91(0.85t00.98) 0.01
Lutein, (median, pmol/L) 0.13 0.20 0.25 0.33 0.49 — —
No of cases/person years 2508/11727 1856/11950 1464/13668 1268/14951 1117/20718 — —
Model 1a 1.0 (ref) 0.72 (0.66t00.79) 0.52 (0.44t00.61) 0.41(0.32t00.51) 0.30(0.24t00.38) 0.57 (0.48t00.68) <0.001
Model 1b 1.0 (ref) 0.79(0.721t00.87) 0.64(0.57t00.71) 0.56 (0.48t00.65) 0.49 (0.421t00.56) 0.70(0.62t00.79) <0.001
Model 2 1.0 (ref) 0.89(0.78t01.01) 0.75(0.65t00.86) 0.70(0.59t00.82) 0.65(0.55t00.78) 0.84(0.77t00.91) <0.001
Zeaxanthin, (median, pmol/L) 0.01 0.03 0.04 0.06 0.10 — —
No of cases/person years 2159/13624 1658/17 107 1510/18 591 1479/15470 1407/8222 — —
Model 1a 1.0 (ref) 0.87 (0.741t01.01) 0.77 (0.66t00.90) 0.70 (0.58t00.85) 0.55(0.47 t0 0.65) 0.76 (0.681t0 0.85) <0.001
Model 1b 1.0 (ref) 0.92 (0.781t0 1.09) 0.89 (0.78t0 1.01) 0.84 (0.67 to 1.05) 0.71(0.59t00.86) 0.87 (0.80t00.94) <0.001
Model 2 1.0 (ref) 0.95(0.841t01.07) 0.98(0.86t01.13) 0.99(0.78t01.27) 0.86(0.66t01.12) 0.96(0.88t0 1.05) 0.34
B cryptoxanthin, (median, pmol/L) 0.05 0.12 0.20 0.32 0.61 — —
No of cases/person years 2431/10990 1712/15889 1494/16 483 1379/15 438 1197/14213 = =
Model 1a 1.0 (ref) 0.75(0.63t00.89) 0.63(0.52t00.77) 0.58(0.49t00.69) 0.42(0.31t00.56) 0.64 (0.55t00.75) <0.001
Model 1b 1.0 (ref) 0.77 (0.65t00.91) 0.74(0.64t00.87) 0.66 (0.56t00.78) 0.51(0.38t00.69) 0.75(0.67 t0 0.84) <0.001
Model 2 1.0 (ref) 0.81(0.68t00.97) 0.81(0.691t00.95) 0.83(0.72t00.96) 0.72(0.56t00.93) 0.88(0.81t00.96) 0.001
Composite biomarker score -0.66 -0.31 -0.05 0.23 0.74 — —
(median)
Fruit and vegetable intake 274 357 396 452 508 — —
(median, g/day)
No of cases/person years 2752/10909 1719/13249 1249/14624 1047/15582 770/17 471 — —
Model 1a 1.0 (ref) 0.61(0.53t00.70) 0.43(0.35t00.53) 0.32(0.24t00.43) 0.22(0.17t00.30) 0.55(0.481t00.63) <0.001
Model 1b 1.0 (ref) 0.67 (0.59t00.77) 0.52 (0.44t00.62) 0.42 (0.33t00.52) 0.31(0.25t00.39) 0.61(0.55t00.69) <0.001
Model 2 1.0 (ref) 0.77 (0.681t00.87) 0.66 (0.54t00.80) 0.59 (0.48t00.72) 0.50 (0.40t00.62) 0.75(0.67t0 0.83) <0.001

*Sample size is 19 255 for vitamin C, 19 907 for carotenoids, and 18 276 for the composite biomarker score. Numbers (N) of cases and person years (subcohort) by the biomarker split into five
equal groups (group 1, the lowest; group 5, the highest) are presented.
Model 1a: adjusted for age (as underlying timescale), sex and centre; model 1b: model 1a+physical activity, smoking status, employment, marital status, education, alcohol intake, total energy
intake, high density lipoprotein cholesterol, and low density lipoprotein cholesterol; model 2: model 1b+adiposity (body mass index and waist circumference). Model 1b and model 2 of plasma
vitamin C were not adjusted for high and low density lipoprotein cholesterol.
tHazard ratios for groups 1-4 (compared with group 1) and for each one standard deviation (SD) of each biomarker, were estimated from country-specific, Prentice weighted Cox regression
models; estimates were then combined across countries by random effects meta-analysis. P value for trend was calculated as the trend per group for each biomarker. The plasma composite
biomarker score was generated by calculating the average of the z scores of vitamin C and six individual carotenoids. Standard deviation was 19.2 pymol/L for vitamin C, 0.83 pmol/L for total
carotenoids, 0.12 pmol/L for a carotene, 0.41 pmol/L for B carotene, 0.27 umol/L for lycopene, 0.15 umol/L for lutein, 0.04 umol/L for zeaxanthin, 0.29 pmol/L for B cryptoxanthin, and 0.57 for

the composite biomarker score.

a lower incidence of type 2 diabetes. A composite
biomarker score, comprising the seven examined

the recommendation that fruit and vegetable intake
should be increased to prevent type 2 diabetes.

biomarkers, was associated with consumption of fruit

and vegetables and was also inversely related to the
risk of type 2 diabetes. These findings provide strong
evidence from objectively measured biomarkers for

Strengths and limitations of this study
The strengths of our study include our report of
the association of plasma vitamin C and individual
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Fig 2 | Associations of plasma vitamin C and carotenoids with incident type 2 diabetes in the European Prospective Investigation into Cancer and
Nutrition (EPIC)-InterAct Study. The purple solid line and the shaded area represent estimates of hazard ratios and the 95% confidence intervals,
respectively, for each biomarker (median in the subcohort as a reference). Covariates included age (as underlying time scale), sex, centre, physical
activity, smoking status, employment, marital status, education, alcohol intake, total energy intake, high density lipoprotein cholesterol (for
analyses of carotenoids only), low density lipoprotein cholesterol (for analyses of carotenoids only), body mass index, and waist circumference. For
total carotenoids, a carotene, B carotene, and lutein, we found evidence of a non-linear association (P value for non-linearity <0.001)

carotenoids with type 2 diabetes in a large case-cohort type 2 diabetes, from an original cohort of 340234
study. The study included a subcohort of 13662  participants with 3.99 million person years of follow-
individuals and 9754 participants with incident wup. This analysis, based on predominantly white
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Hazard ratio

participants from eight European countries, indicates
the generalisability of the study findings to populations
of European descent, though further research in other
populations is warranted. The number of participants
with incident type 2 diabetes in this study was 10-fold
greater than in previous studies of the association of
biomarkers of fruit and vegetable intake with risk of
type 2 diabetes, which not only provided high statistical
power for the main effect analyses but also permitted a
dose-response analysis and other sensitivity analyses.

This study has several limitations. The biomarkers
could degrade during storage over years, which would
make it difficult to quantify the absolute concentration
of vitamin C and carotenoids. The likelihood of degra-
dation in this study was minimised, however, by storing
the samples in liquid nitrogen and if it did occur,
it should be the same in cases and non-cases. The
vitamin C and carotenoid biomarkers were measured
only at baseline, and intra-individual variation over
time is likely. However, when follow-up was restricted
to the first 8 years, the associations remained similar.
Another limitation is the observational nature of this
study and the potential for residual confounding
due to mis-measured or unmeasured confounders.
The inverse associations we observed could, in part,
be explained by the confounding effect of a healthy
lifestyle and favourable socioeconomic conditions,
which might not have been fully accounted for in the
analyses. Moreover, differential misclassification in
ascertainment of type 2 diabetes could have occurred if
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Fig 3 | Associations of plasma composite biomarker score with incident type 2 diabetes
and total fruit and vegetable intake in the European Prospective Investigation into
Cancer and Nutrition (EPIC)-InterAct Study. The purple solid line and shaded areas
represent hazard ratios and 95% confidence intervals for the association of the
composite biomarker score with type 2 diabetes (median as a reference), adjusted

for age (as underlying time scale), sex, centre, physical activity, smoking status,
employment, marital status, education, alcohol intake, total energy intake, high density
lipoprotein cholesterol, low density lipoprotein cholesterol, body mass index, and
waist circumference. The red dashed lines represent the association of the composite
biomarker score with fruit and vegetable intake (best estimates and their 95%
confidence intervals), adjusted for age, sex, centre, physical activity, smoking status,
employment, marital status, education, alcohol intake, total energy intake, body mass
index, waist circumference, and dietary intake of potatoes, cereal and cereal products,
milk and dairy products, fruit and vegetable juice, soft drinks, fish, red meat, legumes,
egg and egg products, nuts and seeds, offals, and vitamin supplement use. P values for
non-linearity were 0.056 for the hazard ratios, and <0.001 for estimates for fruit and
vegetable intake. The vertical lines within the figure represent the quintiles (20th, 40th,
60th, and 80th centiles) of the composite biomarker score in the subcohort
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those with high fruit and vegetable consumption were
more health conscious, sought medical assessment,
and hence were diagnosed with the disorder. This
possibility could cause bias towards the null and
an underestimation of the inverse association. The
results could be explained by reverse causality,
but our sensitivity analysis indicated that this was
unlikely. An assessment of causal associations of
these nutritional biomarkers with type 2 diabetes
was beyond the scope of our study. In addition, a
common limitation for nutritional biomarkers is that
their relationship with diet is often influenced by both
genetic variation and nutrient metabolism.>? Further
challenges in interpretation arise. Thus the presence
of these biomarkers might not be exclusively due to
the consumption of fruit and vegetables, but some
carotenoids, for instance, could also originate from the
food production process, such as food colouring. The
biomarkers could reflect underlying dietary patterns
or food substitution effects when fruit or vegetables
replace meat in the diet, for instance.

Comparison with other studies

Evidence from previous studies for the magnitude
of the association between circulating vitamin C and
carotenoids and the risk of type 2 diabetes is limited,
mainly because of the small number of participants in
previous studies.”® 1 1617 Additionally, those studies
did not investigate differences in those associations by
country. Biomarkers can be used not only to investigate
the relationship between total fruit and vegetables
and the risk of diabetes but can also help to examine
the effect of specific fruit and vegetable subgroups.
For example, o carotene and B carotene were highly
correlated with root vegetables, in this and a previous
study.® Therefore, the biomarker finding of o carotene
and B carotene could suggest a potential inverse
association with type 2 diabetes for root vegetables;
this deserves further study. In this study, the inverse
association between some biomarkers and type 2
diabetes was attenuated when mutually adjusted for
the other individual biomarkers. These results suggest
that a combination of nutrients in fruit and vegetables
explains the association with type 2 diabetes rather
than a single nutrient. Thus our finding of an inverse
association between the biomarker composite score
and risk of type 2 diabetes could be capturing this
combined effect.

Our results could also provide a possible explanation
of the previous null findings of randomised trials
for single vitamin supplements. In the Women’s
Antioxidant Cardiovascular Study, dietary supple-
ments of vitamin C, vitamin E, or B carotene had no
significant effects on the risk of developing type 2
diabetes during a follow-up of 9.2 years.>* Similarly,
long term P carotene supplementation did not affect
the risk of incident type 2 diabetes among healthy men
in a randomised trial over a 12 year follow-up period,>*
or in male smokers in a randomised trial with 6.1 years
of follow-up.? The absence of a significant intervention
effect on the risk of developing type 2 diabetes in

doi: 10.1136/bmj.m2194 | BMJ 2020;370:m2194 | thebmj


http://www.bmj.com/

these trials could have been because they focused
on supplementation of these individual nutrients
themselves rather than the foods or a dietary pattern
for which these nutrients are objective biomarkers.
Fruits and vegetables contain many other components
besides vitamin C and carotenoids, including fibre,
phytochemicals such as flavonoids, and other
antioxidants, all of which could have beneficial health
effects.>® Alternatively, the null results for vitamin
supplementation trials could be explained by the focus
of those trials on individual rather than composite
nutrients, or their focus on increasing average levels
rather than reducing deficiency. We observed non-
linear associations for carotenoids, and thus the effect
of supplementation on type 2 diabetes could be greater
in those who had lower levels at baseline. Finally, the
distribution of vitamin levels differed in those trials
from that in our observational study. We found a mean
concentration of plasma J carotene of 0.47 pmol/L.
This result contrasts with a mean of 2.24 pmol/L in the
Women’s Antioxidant Cardiovascular Study® and 5.6
pmol/L in the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study,’* after p carotene intervention of 50
mg every other day or 20 mg each day, respectively.
The potential mechanisms of association could
be that consumption of fruit and vegetables helps to
regulate weight and adiposity, as well as glucose-
insulin homoeostasis and the inflammatory status
of the participants,®” ** thus leading to a reduced
risk of type 2 diabetes. Another possible mechanism
is the influence of the fruit and vegetable intake on
the gut microbiota, given their high concentration of
fibre or other gut microbiota-related nutrients.>® “°
A sensitivity analysis of additional adjustment for a
diet quality score did not alter the findings for any of
the biomarkers, which further confirms that higher
fruit and vegetable intake is likely to be beneficial for
prevention of type 2 diabetes regardless of the overall
diet quality. We could not rule out the possibility,
however, that the observed association partly reflected
metabolic effects independent of dietary factors.

What this study adds

Various dietary guidelines have recommended
increasing fruit and vegetable intake as an important
component of a healthy diet. However, evidence derived
from a food frequency questionnaire for the specific
role of fruit and vegetables and their subtypes in the
prevention of type 2 diabetes has previously been weak
and inconsistent.’> * ' The potential overall benefits
of fruits and vegetables have also been questioned
within certain popular dietary regimens that favour
low carbohydrate intake, including advice to limit
the consumption of many fruits and vegetables.*? %3
Although five portions a day of fruit and vegetables
have been recommended for decades, in 2014-15,
69% of UK adults ate fewer than this number,* and
this proportion is even higher in European (EU) adults
(86%).” The low population level concordance with
the “five a day” recommendation provides an incentive
to quantify the benefits of making small changes in
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consumption of fruits and vegetables even below the
threshold of the widely recommended guideline level,
as suggested by our findings from the dose-response
relationship of the biomarkers with fruit and vegetable
intake presented in figure 3. Using biomarkers to
quantify fruit and vegetable intake is an adjunct to
self-reported questionnaires as objective assessment
methods are less affected by the measurement errors
of subjective dietary assessment tools. The use of
biomarkers in this context is at present a research tool
used to advance scientific understanding rather than a
suggestion for their use in clinical practice.

This study also extends our understanding of the
correlates of plasma vitamin C, total and individual
carotenoids in different European countries. Previous
studies,® “® 7 based on a subsample of about 3000
people in the EPIC cohort, reported that the strongest
predictors of individual carotenoids were fruits for
cryptoxanthin, total carrots and as in root vegetables
for o carotene, and tomato products for lycopene. Our
findings with a larger subcohort of people from the
EPIC study are broadly consistent with the previous
work, and provide additional information about the
correlates of vitamin C, another strong biomarker
of fruit and vegetable intake. In addition to the
association of plasma vitamin C and carotenoids with
fruit and vegetable intake, we have also described their
association with other food groups, and demographic
and lifestyle factors. We found a positive association
between consumption of fruit and vegetable juice and
the composite biomarker score, which could reflect a
combination of factors, including naturally occurring
vitamin C and the content of carotenoids in juice as well
as fortified products. We could not distinguish between
these, but our analyses of association between the
biomarkers and incident type 2 diabetes were adjusted
for vitamin supplement use, and suggest that as
biomarkers of fruit and vegetable intake these findings
endorse the consumption of fruit and vegetables, not
that of supplements.

Conclusions

Higher levels of plasma vitamin C, total and individual
carotenoid biomarkers, and their composite biomarker
score were associated with a lower incidence of type
2 diabetes in diverse European populations in eight
countries. These biomarkers are indicators of fruit and
vegetable consumption, reducing the measurement error
and bias of dietary self-reports. Our findings suggest
that higher fruit and vegetable consumption is inversely
associated with the incidence of type 2 diabetes, regard-
less of whether this increase in consumption is from a
level below or above the recommended five a day thres-
hold. The public health implication of this observation
is that the consumption of even a moderately increased
amount of fruit and vegetables among populations who
typically consume low levels could help to prevent type
2 diabetes. It should be noted that these findings and
other available evidence suggest that fruit and vegetable
intake, rather than vitamin supplements, is potentially
beneficial for the prevention of type 2 diabetes.

1


http://www.bmj.com/

RESEARCH

12

AUTHOR AFFILIATIONS

IMRC Epidemiology Unit, University of Cambridge School of Clinical
Medicine, Institute of Metabolic Science, Cambridge Biomedical
Campus, Cambridge CB2 0QQ, UK

’Key Laboratory of Growth Regulation and Translation Research
of Zhejiang Province, School of Life Sciences, Westlake University,
Hangzhou, China

*MRC/BHF Cardiovascular Epidemiology Unit, Department of Public
Health and Primary Care, University of Cambridge, Cambridge, UK

“Vitas AS, Oslo, Norway

*Julius Centre for Health Sciences and Primary Care, University
Medical Center Utrecht, Utrecht University, Utrecht, Netherlands

®Unit of Nutrition and Cancer, Cancer Epidemiology Research
Programme, Catalan Institute of Oncology, Group of Research on
Nutrition and Cancer, Bellvitge Biomedical Research Institute,
[’Hospitalet of Llobregat, Barcelona, Spain

’School of Public Health, Imperial College London, London, UK
®Department of Nutrition, Bjgrknes University College, Oslo, Norway

°Department of Endocrinology, Morbid Obesity and Preventive
Medicine, Oslo University Hospital, Oslo, Norway

“Navarra Public Health Institute, Pamplona, Spain

""Department of Epidemiology, German Institute of Human Nutrition
Potsdam-Rehbruecke, Nuthetal, Germany

2Department of Epidemiology, Regional Health Council, IMIB-
Arrixaca, Murcia University, Murcia, Spain

3CIBER in Epidemiology and Public Health (CIBERESP), Madrid,
Spain

Ypublic Health Division of Gipuzkoa, San Sebastian, Spain
YInternational Agency for Research on Cancer, Lyon, France

Centre of Research in Epidemiology and Population Health,
UMR 1018 Inserm, Institut Gustave Roussy, Paris-Sud Paris-Saclay
University, Villejuif, France

Department of Clinical Sciences, Lund University, Malmo, Sweden

8L uxembourg Institute of Health (LIH), Department of Population
Health, Strassen, Luxembourg

Epidemiology and Prevention Unit, Milan, Italy
9Danish Cancer Society Research Centre, Copenhagen, Denmark

IDivision of Cancer Epidemiology, German Cancer Research Centre,
Heidelberg, Germany

22Department of Public Health and Primary Care, University of
Cambridge, Cambridge, UK

2Cancer Risk Factors and Life-Style Epidemiology Unit, Institute
for Cancer Research, Prevention and Clinical Network, Florence,
Italy

“Department of Public Health, Aarhus University, Aarhus, Denmark

ZDepartment of Cardiology, Aalborg University Hospital, Aarhus,
Denmark

2°Department of Clinical Medicine and Surgery, Federico Il
University, Naples, Italy

?’Cancer Epidemiology Unit, Nuffield Department of Population
Health, University of Oxford, Oxford, UK

28pyblic Health Directorate, Asturias, Spain

2’Department of Public Health and Clinical Medicine, Family
Medicine, Umea University, Umed, Sweden

*%Andalusian School of Public Health, Granada, Spain
*1Institute of Biosanitary Research of Granada, Granada, Spain

*’Department of Clinical and Biological Sciences, University of Turin,
Turin, Italy

3Unit of Epidemiology, Regional Health Service ASLTO3,
Grugliasco, Turin, Italy

*“Department of Molecular Epidemiology, German Institute of
Human Nutrition Potsdam-Rehbruecke, Nuthetal, Germany

**German Centre for Diabetes Research, Neuherberg, Germany
*University of Potsdam, Institute of Nutritional Sciences, Potsdam,
Germany

*"National Institute for Public Health and the Environment,
Bilthoven, Netherlands

*8Cancer Registry and Histopathology Department, Azienda
Sanitaria Provinciale, Ragusa, ltaly

*’NIHR Blood and Transplant Research Unit in Donor Health and
Genomics, Department of Public Health and Primary Care, University
of Cambridge, Cambridge, UK

“OBritish Heart Foundation Cambridge Centre of Excellence, Division
of Cardiovascular Medicine, Addenbrooke’s Hospital, Cambridge, UK

“IDepartment of Human Genetics, Wellcome Trust Sanger Institute,
Hinxton, Cambridge, UK

We thank all EPIC participants and staff for their contribution to the
study. We thank Nicola Kerrison (MRC Epidemiology Unit, Cambridge)
for managing the data for the InterAct Project. We thank the technical
and functional operational teams of the MRC Epidemiology Unit and
laboratory team at VITAS AS, Norway, for the measurements of plasma
vitamin C and carotenoids. We thank staff from the EPIC-CVD and
EPIC-InterAct Coordinating Centres for carrying out sample preparation
and data-handling work, particularly Sarah Spackman (EPIC-CVD Data
Manager), and Cambridge Genomic Services for genotyping.

Contributors: NGF and NJW contributed equally to this work. NJW was
chief investigator and NGF and SJS were investigators of the InterAct
project. ]-SZ and NGF had full access to all the data in the study and
take responsibility for the integrity of the data and the accuracy of
the data analysis; J-SZ performed the statistical analyses and drafted
the manuscript with input from NGF. The working group (J-SZ, SJS,

FI, TEG, MS, RC, YTvdS, IS, AB, NGF) and all authors contributed to
interpretation of data, revised the article critically for important
intellectual content, and approved the final version of the manuscript.
NGF and NJW are the guarantors, and they contributed equally to the
work. The corresponding author attests that all listed authors meet
authorship criteria and that no others meeting the criteria have been
omitted.

Funding: The InterAct project was funded by the EU FP6 programme
(grant number LSHM_CT_2006_037197). Biomarker measurements
for vitamin C and carotenoids were funded jointly by the InterAct
project, the EPIC-CVD project, and the MRC Cambridge Initiative
(RG71466, SJAH/004). EPIC-CVD has been supported by the UK
Medical Research Council (MR/LO03120/1), the British Heart
Foundation (RG/13/13/30194; RG/18/13/33946), the European
Commission Framework Programme 7 (HEALTH-F2-2012-279233),
the European Research Council (268834), and the National Institute
for Health Research (NIHR; Cambridge Biomedical Research Centre

at the Cambridge University Hospitals NHS Foundation Trust). JD

is funded by the National Institute for Health Research (senior
investigator award). NJW and NGF acknowledge funding from the
following agencies: Medical Research Council Epidemiology Unit
MC_UU_12015/1 and MC_UU_12015/5, and NIHR Biomedical
Research Centre Cambridge: nutrition, diet, and lifestyle research
theme (IS-BRC-1215-20014). JSZ has received funding from Westlake
University (No YSYY0209) and European Union’s Horizon 2020
research and innovation programme under the Marie Sklodowska-
Curie grant agreement No 701708. TYNT has received funding from
the Cancer Research UK (C570/A16491 and C8221/A19170), UK
Medical Research Council (MR/M012190/1). PWF has received
funding from Swedish Research Council, Novo Nordisk, Swedish
Diabetes Association, Swedish Heart-Lung Foundation, European
Research Council. K-TK has received funding from Medical Research
Council UK, Cancer Research UK. TK has received funding from German
Cancer Aid, German Cancer Research Center (DKFZ), German Federal
Ministry of Education and Research (BMBF). PMN has received funding
from Swedish Research Council. KO has received funding from Danish
Cancer Society. SP has received funding from Compagnia di San
Paolo. JRQ has received funding from regional government of Asturias.
OR has received funding from the Vasterboten County Council. ER

has received funding from Imperial College Biomedical Research
Centre. EPIC Bilthoven and Utrecht acknowledge the Dutch Ministry
of Public Health, Welfare and Sports, Netherlands Cancer Registry, LK
Research Funds, Dutch Prevention Funds, Dutch ZON (Zorg Onderzoek
Nederland), World Cancer Research Fund (WCRF). The coordination

of EPIC-Spain was financially supported by the Health Research Fund
(FIS) - Instituto de Salud Carlos Il (ISCIII), regional governments of
Andalucfa, Asturias, Basque Country, Murcia, and Navarra, and the
Catalan Institute of Oncology (ICO) (Spain). The funders of the studies
had no role in the study design, data collection, data analysis, data
interpretation, or report preparation.

Competing interests: All authors have completed the ICMJE uniform
disclosure form at www.icmje.org/coi_disclosure.pdf and declare:
support from European commission, UK Medical Research Council,
British Heart Foundation, and National Institute for Health Research
Cambridge Biomedical Research Centre for the submitted work; no
financial relationships with any organisations that might have an

doi: 10.1136/bmj.m2194 | BMJ 2020;370:m2194 | thebmj


http://www.icmje.org/coi_disclosure.pdf
http://www.bmj.com/

interest in the submitted work in the previous three years; no other
relationships or activities that could appear to have influenced

the submitted work. Where authors are identified as personnel

of the International Agency for Research on Cancer/World Health
Organization, the authors alone are responsible for the views
expressed in this article and they do not necessarily represent the
decisions, policy, or views of the International Agency for Research on
Cancer/WHO.

Ethical approval: All included studies were approved by local
review boards, and all participants gave written informed consent to
participate in the study.

Data sharing: EPIC-InterAct Study data cannot be deposited

publicly as these collaborative data originate from multiple research
institutions across eight European countries with different legal
frameworks. The authors confirm that researchers seeking the analysis
dataset for this work can submit a data request to the EPIC-InterAct
study central contact point by emailing interact@mrc-epid.cam.ac.uk.

The corresponding author affirms that the manuscript is an honest,
accurate, and transparent account of the study being reported; that
no important aspects of the study have been omitted; and that any
discrepancies from the study as planned (and, if relevant, registered)
have been explained.

Dissemination to participants and related patient and public
communities: Findings will be disseminated via the communications
team of the corresponding author’s institute.

This is an Open Access article distributed in accordance with the
terms of the Creative Commons Attribution (CC BY 4.0) license, which
permits others to distribute, remix, adapt and build upon this work,
for commercial use, provided the original work is properly cited. See:
http://creativecommons.org/licenses/by/4.0/.

1 Cho NH, Shaw JE, Karuranga S, et al. IDF Diabetes Atlas: global
estimates of diabetes prevalence for 2017 and projections for
2045. Diabetes Res Clin Pract 2018;138:271-81. doi:10.1016/j.
diabres.2018.02.023

2 Jannasch F, Kroger J, Schulze MB. Dietary patterns and type 2
diabetes: a systematic literature review and meta-analysis of
prospective studies. / Nutr 2017;147:1174-82. doi:10.3945/
jn.116.242552

3 Mamluk L, O’Doherty MG, Orfanos P, et al. Fruit and vegetable intake
and risk of incident of type 2 diabetes: results from the consortium
on health and ageing network of cohorts in Europe and the United
States (CHANCES). EurJ Clin Nutr 2017;71:83-91. doi:10.1038/
€jcn.2016.143

4 Cooper AJ, Forouhi NG, Ye Z, et al, InterAct Consortium. Fruit and
vegetable intake and type 2 diabetes: EPIC-InterAct prospective study
and meta-analysis. EurJ Clin Nutr 2012;66:1082-92. doi:10.1038/
€jcn.2012.85

5  Carter P, Gray LJ, Troughton J, Khunti K, Davies MJ. Fruit and vegetable
intake and incidence of type 2 diabetes mellitus: systematic review
and meta-analysis. BMJ 2010;341:¢4229. doi:10.1136/bmj.c4229

6 Howard BV, Aragaki AK, Tinker LF, et al. A low-fat dietary pattern
and diabetes: a secondary analysis from the Women’s Health
Initiative Dietary Modification Trial. Diabetes Care 2018;41:680-7.
doi:10.2337/dc17-0534

7 Freedman LS, Schatzkin A, Midthune D, Kipnis V. Dealing with dietary
measurement error in nutritional cohort studies. / Natl Cancer
Inst 2011;103:1086-92. doi:10.1093/jnci/djr189

8  Al-Delaimy WK, Ferrari P, Slimani N, et al. Plasma carotenoids as
biomarkers of intake of fruits and vegetables: individual-level
correlations in the European Prospective Investigation into Cancer
and Nutrition (EPIC). Eur / Clin Nutr 2005;59:1387-96. doi:10.1038/
sj.ejcn. 1602252

9  Cooper AJ, Sharp S, Luben RN, Khaw KT, Wareham NJ, Forouhi NG.
The association between a biomarker score for fruit and vegetable
intake and incident type 2 diabetes: the EPIC-Norfolk study. EurJ Clin
Nutr 2015;69:449-54. doi:10.1038/ejcn.2014.246

10 Pennant M, Steur M, Moore C, Butterworth A, Johnson L.
Comparative validity of vitamin C and carotenoids as indicators of
fruit and vegetable intake: a systematic review and meta-analysis
of randomised controlled trials. Br/ Nutr 2015;114:1331-40.
doi:10.1017/S0007114515003165

11 Baldrick FR, Woodside JV, Elborn JS, Young IS, McKinley MC.
Biomarkers of fruit and vegetable intake in human intervention
studies: a systematic review. Crit Rev Food Sci Nutr 2011;51:795-
815.doi:10.1080/10408398.2010.482217

12 Souverein OW, de Vries JH, Freese R, et al. Prediction of fruit and
vegetable intake from biomarkers using individual participant data of
diet-controlled intervention studies. Br/ Nutr 2015;113:1396-409.
doi:10.1017/S0007114515000355

13 Hozawa A, Jacobs DRJr, Steffes MW, Gross MD, Steffen LM, Lee
DH. Associations of serum carotenoid concentrations with the

thebmj | BMJ2020;370:m2194 | doi: 10.1136/bmj.m2194

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

RESEARCH

development of diabetes and with insulin concentration: interaction
with smoking: the Coronary Artery Risk Development in Young Adults
(CARDIA) Study. Am / Epidemiol 2006;163:929-37. doi:10.1093/
aje/kwj136

Sugiura M, Nakamura M, Ogawa K, lkoma Y, Yano M. High-serum
carotenoids associated with lower risk for developing type 2 diabetes
among Japanese subjects: Mikkabi cohort study. BM/ Open Diabetes
Res Care 2015;3:€000147. doi:10.1136/bmjdrc-2015-000147
Amlov J, Zethelius B, Risérus U, et al, Uppsala Longitudinal Study

of Adult Men Study. Serum and dietary beta-carotene and alpha-
tocopherol and incidence of type 2 diabetes mellitus in a community-
based study of Swedish men: report from the Uppsala Longitudinal
Study of Adult Men (ULSAM) study. Diabetologia 2009;52:97-105.
d0i:10.1007/s00125-008-1189-3

Wang L, Liu S, Pradhan AD, et al. Plasma lycopene, other
carotenoids, and the risk of type 2 diabetes in women. Am /
Epidemiol 2006;164:576-85. doi:10.1093/aje/kwj240

Harding AH, Wareham NJ, Bingham SA, et al. Plasma vitamin C level,
fruit and vegetable consumption, and the risk of new-onset type 2
diabetes mellitus: the European prospective investigation of cancer-
-Norfolk prospective study. Arch Intern Med 2008;168:1493-9.
doi:10.1001/archinte.168.14.1493

Langenberg C, Sharp S, Forouhi NG, et al, InterAct Consortium. Design
and cohort description of the InterAct Project: an examination of

the interaction of genetic and lifestyle factors on the incidence of
type 2 diabetes in the EPIC Study. Diabetologia 2011;54:2272-82.
d0i:10.1007/s00125-011-2182-9

Brevik A, Andersen LF, Karlsen A, Trygg KU, Blomhoff R, Drevon CA.
Six carotenoids in plasma used to assess recommended intake

of fruits and vegetables in a controlled feeding study. EurJ Clin

Nutr 2004;58:1166-73. d0i:10.1038/sj.ejcn. 1601945

Karlsen A, Blomhoff R, Gundersen TE. High-throughput analysis of
vitamin Cin human plasma with the use of HPLC with monolithic
column and UV-detection. / Chromatogr B Analyt Technol Biomed Life
Sci 2005;824:132-8. doi:10.1016/].jchromb.2005.07.008

Riboli E, Hunt KJ, Slimani N, et al. European Prospective Investigation
into Cancer and Nutrition (EPIC): study populations and data
collection. Public Health Nutr 2002;5(6B):1113-24. doi:10.1079/
PHN2002394

Margetts BM, Pietinen P. European Prospective Investigation

into Cancer and Nutrition: validity studies on dietary assessment
methods. IntJ Epidemiol 1997;26(Suppl 1):S1-5. doi:10.1093/
ije/26.suppl_1.51

Slimani N, Deharveng G, Unwin |, et al. The EPIC nutrient database
project (ENDB): a first attempt to standardize nutrient databases
across the 10 European countries participating in the EPIC study. Eur
J Clin Nutr 2007;61:1037-56. doi:10.1038/sj.ejcn. 1602679
Friedewald WT, Levy RI, Fredrickson DS. Estimation of the
concentration of low-density lipoprotein cholesterol in

plasma, without use of the preparative ultracentrifuge. Clin

Chem 1972;18:499-502. d0i:10.1093/clinchem/18.6.499

Gross M, Yu X, Hannan P, Prouty C, Jacobs DRJr. Lipid standardization
of serum fat-soluble antioxidant concentrations: the YALTA study. Am
J Clin Nutr 2003;77:458-66. doi:10.1093/ajcn/77.2.458
Onland-Moret NC, van der A DL, van der Schouw YT, et al. Analysis

of case-cohort data: a comparison of different methods. / Clin
Epidemiol 2007;60:350-5. doi:10.1016/j.jclinepi.2006.06.022
Orsini N, Li R, Wolk A, Khudyakov P, Spiegelman D. Meta-

analysis for linear and nonlinear dose-response relations:

examples, an evaluation of approximations, and software. Am J
Epidemiol 2012;175:66-73. doi:10.1093/aje/kwr265

Jackson D, White IR, Thompson SG. Extending DerSimonian and
Laird’s methodology to perform multivariate random effects meta-
analyses. Stat Med 2010;29:1282-97. doi:10.1002/sim.3602
White IR, Royston P, Wood AM. Multiple imputation using chained
equations: issues and guidance for practice. Stat Med 2011;30:377-
99.d0i:10.1002/sim.4067

Locke AE, Kahali B, Berndt SI, et al, LifeLines Cohort Study, ADIPOGen
Consortium, AGEN-BMI Working Group, CARDIOGRAMplusC4D
Consortium, CKDGen Consortium, GLGC, ICBP, MAGIC Investigators,
MUuTHER Consortium, MIGen Consortium, PAGE Consortium,
ReproGen Consortium, GENIE Consortium, International Endogene
Consortium. Genetic studies of body mass index yield new insights
for obesity biology. Nature 2015;518:197-206. d0i:10.1038/
nature14177

Lotta LA, Gulati P, Day FR, et al, EPIC-InterAct Consortium, Cambridge
FPLD1 Consortium. Integrative genomic analysis implicates limited
peripheral adipose storage capacity in the pathogenesis of human
insulin resistance. Nat Genet 2017;49:17-26. doi:10.1038/ng.37 14
Jenab M, Slimani N, Bictash M, Ferrari P, Bingham SA. Biomarkers in
nutritional epidemiology: applications, needs and new horizons. Hum
Genet 2009;125:507-25. doi:10.1007/s00439-009-0662-5
Song Y, Cook NR, Albert CM, Van Denburgh M, Manson JE. Effects of
vitamins C and E and beta-carotene on the risk of type 2 diabetes

in women at high risk of cardiovascular disease: a randomized

13


http://creativecommons.org/licenses/by/4.0/
http://www.bmj.com/

RESEARCH

34

35

36

37

38

39

40

controlled trial. Am / Clin Nutr 2009;90:429-37. d0i:10.3945/
ajcn.2009.27491

Liu S, Ajani U, Chae C, Hennekens C, Buring JE, Manson JE. Long-
term beta-carotene supplementation and risk of type 2 diabetes
mellitus: a randomized controlled trial. JAMA 1999;282:1073-5.
doi:10.1001/jama.282.11.1073

Kataja-Tuomola M, Sundell JR, Médnnisto S, et al. Effect of alpha-
tocopherol and beta-carotene supplementation on the incidence
of type 2 diabetes. Diabetologia 2008;51:47-53. d0i:10.1007/
5s00125-007-0864-0

Aune D, Keum N, Giovannucci E, et al. Dietary intake and blood
concentrations of antioxidants and the risk of cardiovascular
disease, total cancer, and all-cause mortality: a systematic review
and dose-response meta-analysis of prospective studies. Am / Clin
Nutr 2018;108:1069-91. doi:10.1093/ajcn/ngy097

Vergnaud AC, Norat T, Romaguera D, et al. Fruit and vegetable
consumption and prospective weight change in participants of
the European Prospective Investigation into Cancer and Nutrition-
Physical Activity, Nutrition, Alcohol, Cessation of Smoking, Eating
Out of Home, and Obesity study. Am J Clin Nutr 2012;95:184-93.
doi:10.3945/ajcn.111.019968

Hosseini B, Berthon BS, Saedisomeolia A, et al. Effects of fruit and
vegetable consumption on inflammatory biomarkers and immune
cell populations: a systematic literature review and meta-analysis. Am
J Clin Nutr 2018;108:136-55. d0i:10.1093/ajcn/nqy082
Tomés-Barberén FA, Selma MV, Espin JC. Interactions of gut
microbiota with dietary polyphenols and consequences to

human health. Curr Opin Clin Nutr Metab Care 2016;19:471-6.
d0i:10.1097/MC0.0000000000000314

Makki K, Deehan EC, Walter J, Backhed F. The impact of dietary
fiber on gut microbiota in host health and disease. Cell Host
Microbe 2018;23:705-15. d0i:10.1016/j.chom.2018.05.012

41

42

43

44

45

46

47

Li M, Fan Y, Zhang X, Hou W, Tang Z. Fruit and vegetable intake

and risk of type 2 diabetes mellitus: meta-analysis of prospective
cohort studies. BMJ Open 2014;4:005497. d0i:10.1136/
bmjopen-2014-005497

Forouhi NG, Misra A, Mohan 'V, Taylor R, Yancy W. Dietary and
nutritional approaches for prevention and management of type 2
diabetes. BM/ 2018;361:k2234. doi:10.1136/bmj.k2234

Clifton P, Carter S, Headland M, Keogh . Low carbohydrate and
ketogenic diets in type 2 diabetes. Curr Opin Lipidol 2015;26:594-5.
d0i:10.1097/MOL.0000000000000241

Roberts C, Steer T, Maplethorpe N, et al. National Diet and Nutrition
Survey. Results from years 7 and 8 (combined) of the rolling
programme (2014/2015 to 2015/2016). https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_
data/file/699241/NDNS_results_years_7_and_8.pdf.

Fruit and vegetable consumption statistics. Eurostat

Statistical explained. https://ec.europa.eu/eurostat/
documents/2995521/7694616/3-14102016-BP-EN.
pdf/1234ac94-27fd-4640-b9be-427a42d54881.

Al-Delaimy WK, Slimani N, Ferrari P, et al. Plasma carotenoids as
biomarkers of intake of fruits and vegetables: ecological-level
correlations in the European Prospective Investigation into

Cancer and Nutrition (EPIC). Eur / Clin Nutr 2005;59:1397-408.
doi:10.1038/sj.ejcn. 1602253

Al-Delaimy WK, van Kappel AL, Ferrari P, et al. Plasma levels of six
carotenoids in nine European countries: report from the European
Prospective Investigation into Cancer and Nutrition (EPIC). Public
Health Nutr 2004;7:713-22. doi:10.1079/PHN2004598

Web appendix: Online supplemental files

No commercial reuse: See rights and reprints http://www.bmj.com/permissions

Subscribe: http://www.bmj.com/subscribe



https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/699241/NDNS_results_years_7_and_8.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/699241/NDNS_results_years_7_and_8.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/699241/NDNS_results_years_7_and_8.pdf
https://ec.europa.eu/eurostat/documents/2995521/7694616/3-14102016-BP-EN.pdf/1234ac94-27fd-4640-b9be-427a42d54881
https://ec.europa.eu/eurostat/documents/2995521/7694616/3-14102016-BP-EN.pdf/1234ac94-27fd-4640-b9be-427a42d54881
https://ec.europa.eu/eurostat/documents/2995521/7694616/3-14102016-BP-EN.pdf/1234ac94-27fd-4640-b9be-427a42d54881
http://www.bmj.com/

