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Background: Epidemiologic studies suggest that greater
consumption of fruit and vegetables may decrease the risk
of diabetes mellitus, but the evidence is limited and in-
conclusive. Plasma vitamin C level is a good biomarker
of fruit and vegetable intake, but, to our knowledge, no
prospective studies have examined its association with
diabetes risk. This study aims to examine whether fruit
and vegetable intake and plasma vitamin C level are as-
sociated with the risk of incident type 2 diabetes.

Methods: We administered a semiquantitative food fre-
quency questionnaire to men and women from a popu-
lation-based prospective cohort (European Prospective
Investigation of Cancer–Norfolk) study who were aged
40 to 75 years at baseline (1993-1997) when plasma vi-
tamin C level was determined and habitual intake of fruit
and vegetables was assessed. During 12 years of fol-
low-up between February 1993 and the end of Decem-
ber 2005, 735 clinically incident cases of diabetes were
identified among 21 831 healthy individuals. We report
the odds ratios of diabetes associated with sex-specific

quintiles of fruit and vegetable intake and of plasma vi-
tamin C levels.

Results: A strong inverse association was found be-
tween plasma vitamin C level and diabetes risk. The odds
ratio of diabetes in the top quintile of plasma vitamin C
was 0.38 (95% confidence interval, 0.28-0.52) in a model
adjusted for demographic, lifestyle, and anthropomet-
ric variables. In a similarly adjusted model, the odds ra-
tio of diabetes in the top quintile of fruit and vegetable
consumption was 0.78 (95% confidence interval, 0.60-
1.00).

Conclusions: Higher plasma vitamin C level and, to a
lesser degree, fruit and vegetable intake were associated
with a substantially decreased risk of diabetes. Our find-
ings highlight a potentially important public health mes-
sage on the benefits of a diet rich in fruit and vegetables
for the prevention of diabetes.
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O NE OF THE KEY DIETARY

recommendations for the
prevention of chronic
disease is to eat at least 5
portions of fruits and

vegetables a day.1 Although the preva-
lence of diabetes mellitus has reached epi-
demic proportions,2 few studies3-5 have ex-
amined the association between fruit and

vegetable consumption and the risk of type
2 diabetes. These studies provide some evi-
dence that fruit and vegetable consump-
tion is protective against diabetes, but the
evidence is inconclusive. This may, in part,
be because of the impact of measurement
error in the assessment of fruit and veg-
etable consumption on the association with
diabetes.6 Use of a biomarker of fruit and

vegetable consumption would help to re-
solve this issue.

Plasma vitamin C level is a good can-
didate to act as a biomarker for fruit and
vegetable consumption because in West-
ern diets fruit and vegetable consump-
tion is the main source of vitamin C.6

Plasma vitamin C level is more strongly
related to fruit and vegetable intake than
is the level of plasma carotenoids or vita-
min E.7 Several cross-sectional studies have
reported lower levels of plasma vitamin C
in diabetic individuals compared with
healthy individuals (discussed by Will et
al8). However, these studies cannot estab-
lish the temporal sequence of events to es-
tablish whether low vitamin C level pre-
cedes diabetes or whether low plasma
vitamin C level is a consequence of dia-
betes. To our knowledge, the only pub-
lished prospective study9 has investi-
gated the association between dietary
vitamin C intake and diabetes risk and
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found no significant association. To our knowledge, no
published studies have examined the association of plasma
vitamin C level and incident diabetes.

The aim of this study was to investigate the prospec-
tive association between plasma vitamin C level and the
risk of developing type 2 diabetes in a population of
middle-aged men and women. An additional aim was to
examine the relationship between fruit and vegetable in-
take and incident diabetes.

METHODS

The European Prospective Investigation of Cancer–Norfolk
(EPIC-Norfolk) study is a population-based cohort study, de-
scribed in detail previously.10 The study is part of a 10-
country European collaboration that was originally initiated to
examine the prospective association between diet and cancer;
the scope of the study was broadened to include other end points,
such as diabetes and coronary heart disease. Men and women
aged 40 to 75 years who lived in Norfolk, England, and were
identified from general practice age-sex registers (n=35 par-
ticipating practices) were eligible for participation. Of 77 754
mailed invitations, 25 639 participants (33.0% participation rate)
attended the first health checkup between February 1993 and
the end of 1997. Since the baseline visit, 3 study follow-ups have
been performed, 2 of which were by postal questionnaire (at
18 and 36 months) and 1 of which was a study follow-up (sec-
ond) health checkup visit at 3 to 5 years ( January 1998 to Oc-
tober 2000). Follow-up for the diabetes end point has in-
cluded these 3 follow-up phases and follow-up through record
linkage to external sources to the end of 2005 (see the “Case
Ascertainment” subsection of this section). The EPIC-Norfolk
study was approved by the Norfolk Local Research Ethics Com-
mittee, and all volunteers gave written informed consent.

At baseline, study participants completed a detailed health
and lifestyle questionnaire that included questions relating to
family history of diabetes, smoking status, occupational social
class, educational level, and physical activity. A 4-point physi-
cal activity index incorporating occupational and nonoccupa-
tional physical activity was used as a measure of physical ac-
tivity to categorize individuals as sedentary, moderately active,
active, and very active.11 Participants were invited to attend a
health checkup at the study clinic. Anthropometric measure-
ments, including height, weight, and waist and hip circumfer-
ences, were taken according to a standard protocol, and ve-
nous blood samples were obtained by trained study nurses.
Measurement of hemoglobin A1c (HbA1c) was added to the pro-
tocol halfway through the baseline visit in 1995 and was avail-
able in approximately half of the cohort. The HbA1c was mea-
sured with high-performance liquid chromatography on a Bio-
Rad Diamat (Bio-Rad, Hercules, Richmond, California), on a
sample of EDTA-anticoagulated blood.

PLASMA VITAMIN C

Plasma vitamin C concentrations were measured in blood
samples drawn into citrate bottles, placed in dark boxes, and
refrigerated overnight at 4°C to 7°C.12 The blood was then cen-
trifuged at 2100g for 15 minutes at 4°C. The plasma was sta-
bilized in a standardized volume of metaphosphoric acid and
stored at −70°C. Within 1 week of sampling, a fluorometric as-
say was used to estimate the plasma vitamin C concentration.
The coefficient of variation was 5.6% (mean, 0.58 mg/dL [to
convert to micromoles per liter, multiply by 56.78]) at the lower
end of the range and 4.6% (mean, 1.80 mg/dL) at the upper
end of the range.

DIETARY ASSESSMENT

At baseline, participants completed a 130-item semiquantita-
tive food frequency questionnaire (FFQ). The questionnaire re-
lated to food consumption during the past year and was based
on the questionnaire developed for the US Nurses’ Health Study.13

The lists of foods were modified to reflect important sources
of nutrients in the average British diet and included 11 ques-
tions related to fruit intake and 26 questions related to veg-
etable intake. The FFQ was validated in a British sample against
16-day weighed food records.14 Food and nutrient intakes (in
grams per day) were estimated from the reported food intake
and in-house databases.15

CASE ASCERTAINMENT

Cases of diabetes prevalent at baseline were identified by
self-report of physician diagnosis, diabetes medication, or
diabetes diet in the health and lifestyle questionnaire and
excluded from follow-up for clinically incident diabetes.
Clinically incident cases of diabetes were ascertained using
multiple sources of information. Sources internal to the
study included any self-report of diabetes diagnosed by a
physician and of diabetes-specific medication at follow-up.
Record linkage with external sources ascertained clinically
incident diabetes from general practice diabetes registers, the
local hospital diabetes register, hospital admissions data for
diabetes-related admissions among study participants, and
Office for National Statistics mortality data with coding for
diabetes. Identification of cases through external sources of
information was independent of the health checkup and
questionnaire follow-up. Possible cases based solely on self-
report, and not confirmed by another data source, did not
qualify as a confirmed case of diabetes. Cases ascertained up
to December 31, 2005, were included in the study.

STUDY POPULATION ANALYZED

Altogether 25 639 men and women attended the baseline health
checkup. Those with diabetes at baseline (n=855) were ex-
cluded from the analysis. An additional 2259 men and women
who reported having cancer, myocardial infarction, or stroke
at baseline were also excluded because they may have altered
their diet as a result of their condition. In addition, 644 indi-
viduals who had missing anthropometric or lifestyle data and
50 individuals who reported a total energy intake greater than
or less than 3 SDs of the log-transformed mean were excluded
from the analysis. This left 21 831 individuals (9815 men and
12 016 women) for the analysis. Of these individuals, 19 246
had plasma vitamin C data available.

STATISTICAL ANALYSES

Sex-specific quintiles of plasma vitamin C level and fruit and
vegetable intake were generated. The relationships between base-
line population characteristics and quintiles of plasma vita-
min C levels were examined using a nonparametric trend test
for continuous variables and �2 tests for categorical variables.
A variable that indicated the season in which the plasma vita-
min C level was assessed was generated because seasonal varia-
tion in fruit and vegetable availability might potentially affect
their intake. The univariate odds ratios (ORs) of diabetes as-
sociated with potential confounding variables were calcu-
lated. These variables were age, sex, total energy intake, fat in-
take, alcohol consumption (5 categories, including nondrinkers
plus sex-specific quartiles of alcohol consumption), educa-
tional level (�11 vs �11 years), occupational socioeconomic
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class (manual vs nonmanual), physical activity (4 categories,
ranging from sedentary to active), smoking status (never, former,
or current), vitamin supplementation (yes vs no), and season
(winter [December through February], spring [March through
May], summer [June through August], and autumn [Septem-
ber through November]). The variables that were associated
with both plasma vitamin C concentrations and the risk of de-
veloping diabetes in univariate analysis were included in the
multiple logistic regression model. Waist circumference and
body mass index (calculated as weight in kilograms divided by
height in meters squared), which may be mediators of the as-
sociation, were included in the final multiple logistic regres-
sion model. The interaction between plasma vitamin C level
and explanatory variables was tested. All regression models were
tested for goodness of fit. The OR for trend was obtained by
fitting the quintiles as a continuous variable. A similar analyti-
cal approach was used to investigate the association of fruit and
vegetable intake with diabetes risk. A quantitative estimate of
the effect of plasma vitamin C levels on diabetes risk was ob-
tained by fitting the full multiple logistic regression model (model
6) using plasma vitamin C level as a continuous variable. To
investigate the possibility that the results were biased by un-
diagnosed cases of diabetes in the cohort, the analysis was re-
peated for those with an HbA1c level of less than 7% (to con-
vert to proportion of total hemoglobin, multiply by 0.01) in
the subsample with HbA1c data. All analyses were undertaken
using Stata statistical software, version 9.2 (Stata Corpora-
tion, College Station, Texas).

RESULTS

The mean (SD) age of the study population was 58.0 (9.2)
years. The mean (SD) BMI was 26.0 (3.3) in men and
26.0 (4.3) in women. Plasma vitamin C levels were higher
in women (mean [SD], 1.04 [0.35] mg/dL) than in men
(mean [SD], 0.84 [0.33]). Table 1 indicates that, among
both men and women, the plasma vitamin C level was
inversely associated with age, BMI, waist circumfer-
ence, total energy intake, and fat intake and was posi-
tively associated with fruit, vegetable, and fiber intakes.
Compared with the lowest quintile of plasma vitamin C,
more of those in the top quintile consumed alcohol, had
more than 11 years of education, had nonmanual occu-
pations, were physically active, had never smoked, and
took vitamin supplements. Mean plasma vitamin C lev-
els were lowest in spring and highest in autumn. The mean
(SD) plasma vitamin C concentrations were 0.89 (0.38)
mg/dL in spring and 0.99 (0.32) mg/dL in autumn.

Among the 21 831 men and women included in the
analysis, 735 clinically incident cases of diabetes (in 423
men and 312 women) were identified during the 12-
year follow-up (incidence, 3.2%). Of these individuals,
plasma vitamin C data were available for 638 with dia-
betes. With 4 exceptions, the covariates listed herein were
also associated with diabetes in univariate logistic re-
gression (OR range, 0.49-1.26; P� .01 for all). Season,
total energy intake, and fat and fiber intakes were not as-
sociated with diabetes (OR range, 0.85-1.00; P� .30 for
all) and consequently were unlikely to be acting as con-
founders in this population.

The mean (SD) plasma vitamin C concentration in men
and women with diabetes was lower than in those with-
out diabetes (0.76 [0.32] mg/dL vs 0.95 [0.35] mg/dL).
Plasma vitamin C level was inversely associated with dia-

betes risk in the logistic regression model (Table 2). In
the unadjusted model, the OR of diabetes in the top quin-
tile compared with the bottom quintile was 0.23
(P� .001), and a significant trend was seen across the
quintiles (OR, 0.69; P�.001). This association was ma-
terially unchanged when adjusted for age, sex, family his-
tory of diabetes, alcohol intake, physical activity, smok-
ing status, educational level, occupational social class,
and vitamin supplements (models 1-5). Adjusting addi-
tionally for BMI and waist circumference attenuated the
association (OR for top quintile, 0.38; 95% confidence
interval [CI], 0.28-0.52; model 6), but it remained sta-
tistically significant (P�.001). The inverse trend across
the quintiles (OR, 0.78) also remained statistically sig-
nificant (P�.001) in the final model. No evidence was
found of interaction between plasma vitamin C and any
of the explanatory variables (P�.05). When plasma vi-
tamin C was fitted as a continuous variable (in model 6),
a 29% reduction was found in diabetes risk per SD change
(0.35 mg/dL) in vitamin C level.

In the subsample of men and women who had a mea-
sure of HbA1c at baseline and had an HbA1c level of less
than 7% (n=8446) and, thus, were likely to be nondia-
betic according to biochemical criteria, the OR for those
in the top quintile of plasma vitamin C was 0.46 (95%
CI, 0.25-0.84) and the linear trend across quintiles of
plasma vitamin C was 0.80 (P� .001) in the final ad-
justed multiple logistic regression model.

The overall partial correlation coefficient, adjusted for
age, between plasma vitamin C level and fruit and veg-
etable intake was 0.26 (P �.001) in men and 0.24
(P�.001) in women without diabetes. The correlation
was strongest in the bottom quintile of plasma vitamin
C (0.19 in men and 0.25 in women; P�.001) and weak-
est in the fourth quintile of plasma vitamin C (−0.009 in
men and −0.0005 in women; P�.70). The median daily
number of portions of fruit and vegetables (80 g per por-
tion) consumed was 3 in men and 4 in women in the bot-
tom quintile of plasma vitamin C and 5 in men and 6 in
women in the top quintile of plasma vitamin C.

The series of multiple logistic regression models of in-
cident diabetes on plasma vitamin C level was repeated,
with quintiles of dietary fruit and vegetable intake re-
placing quintiles of plasma vitamin C in the models. The
OR of diabetes in the top quintile of fruit and vegetable
intake was 0.87 (95% CI, 0.69-1.11) in the unadjusted
model and 0.78 (95% CI, 0.60-1.00) in the final ad-
justed model. Modeling total fruit and total vegetable in-
take separately showed that the association with diabe-
tes risk was stronger for fruit than for vegetables (top
quintile vs bottom quintile of fruit intake: OR, 0.70 [95%
CI, 0.54-0.90]; OR for trend in model 6, 0.92 [95% CI,
0.86-0.98]; top quintile vs bottom quintile of vegetable
intake: OR, 0.80 [95% CI, 0.62-1.03]; and OR for trend
in model 6, 0.94 [95% CI, 0.89-1.00]).

The Figure compares the association of incident dia-
betes with plasma vitamin C level and fruit and veg-
etable intake and indicates that the strongest associa-
tion was for plasma vitamin C level. There appeared to
be a dose-response effect for plasma vitamin C level but
not for fruit and vegetable intake.

(REPRINTED) ARCH INTERN MED/ VOL 168 (NO. 14), JULY 28, 2008 WWW.ARCHINTERNMED.COM
1495

©2008 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



COMMENT

This study demonstrates a strong, inverse association be-
tween plasma vitamin C level and the risk of developing
diabetes, which was not explained by potential confound-
ing or mediating factors. Compared with men and women
in the bottom quintile of plasma vitamin C, the odds of
developing diabetes was 62% lower for those in the top
quintile of plasma vitamin C. A similar association with
plasma vitamin C was observed in the subsample of par-
ticipants who had an HbA1c level of less than 7%. A weaker
inverse association between fruit and vegetable consump-
tion and diabetes risk was observed.

The correlation between plasma vitamin C level and
fruit and vegetable intake was relatively low, given the
fact that in this Western population approximately 90%
of vitamin C is estimated to be obtained from fruit and
vegetable consumption.6 The lack of relationship be-
tween plasma vitamin C level and fruit and vegetable in-
take in the higher quintiles of plasma vitamin C, the
weaker association of fruit and vegetable intake with in-
cident diabetes, and the lack of a dose-response relation-
ship suggest that measurement error in ascertaining di-
etary intake may have attenuated the association
substantially. Furthermore, the FFQ is known to over-
estimate fruit and vegetable consumption when com-

Table 1. Population Characteristics at Baseline by Sex and Quintiles of Plasma Vitamin C:
European Prospective Investigation of Cancer–Norfolk Study

Characteristic

Sex-Specific Quintiles of Plasma Vitamin C

P Value1 2 3 4 5

Men (n=9815)
Vitamin C, range, mg/dL �0.56 0.57-0.77 0.78-0.93 0.94-1.09 �1.10 NA
Age, mean (SD), y 59.9 (9.4) 59.0 (9.2) 58.2 (9.1) 58.1 (8.9) 58.3 (9.2) �.001a

BMI, mean (SD) 26.7 (3.6) 26.8 (3.3) 26.5 (3.0) 26.1 (3.0) 25.7 (2.9) �.001a

Waist, mean (SD), cm 96.8 (10.0) 96.6 (9.5) 95.5 (9.2) 94.1 (9.1) 92.8 (8.8) �.001a

Total energy intake, mean (SD), cal/d 2248 (645) 2207 (631) 2248 (637) 2181 (597) 2176 (604) .003a

Fat intake, mean (SD), % of energy 34.7 (5.4) 33.7 (5.4) 33.0 (5.6) 32.6 (5.5) 31.6 (5.7) �.001a

Saturated 13.9 (3.3) 13.1 (3.1) 12.8 (3.1) 12.5 (3.1) 12.1 (3.2) �.001a

Polyunsaturated 5.9 (2.0) 6.2 (2.0) 6.1 (1.9) 6.2 (2.0) 6.1 (1.9) .005a

Monounsaturated 12.5 (2.3) 12.0 (2.2) 11.8 (2.2) 11.5 (2.2) 11.1 (2.2) �.001a

Carbohydrate intake, mean (SD), % of energy 45.8 (6.5) 46.5 (5.9) 47.2 (6.2) 47.2 (6.0) 47.7 (6.5) �.001a

Protein, mean (SD), % of energy 15.7 (2.8) 16.0 (2.8) 15.9 (2.8) 16.1 (2.7) 16.1 (2.9) �.001a

Fruit and vegetable intake, mean (SD), g/d 289 (180) 370 (198) 412 (215) 424 (221) 459 (251) �.001a

Fiber intake, mean (SD), g/d 16.0 (5.9) 17.4 (5.8) 18.5 (6.0) 18.7 (6.1) 19.3 (6.5) �.001a

Alcohol drinkers, No. (%) 1452 (82.8) 1523 (87.5) 1519 (88.2) 1431 (88.9) 1461 (89.5) �.001b

Educational level �11 y, No. (%) 978 (53.8) 1094 (61.0) 1070 (60.4) 1113 (67.3) 1155 (68.8) �.001b

Nonmanual OSC, No. (%) 858 (47.4) 996 (55.8) 1050 (59.5) 1071 (64.9) 1117 (66.6) �.001b

Active physical activity, No. (%) 1174 (64.6) 1247 (69.5) 1286 (72.5) 1224 (74.0) 1294 (77.0) �.001b

Smoking status of never, No. (%) 446 (24.5) 615 (34.3) 668 (37.7) 699 (42.3) 636 (37.9) �.001b

Use of vitamin supplements, No. (%) 485 (26.7) 588 (32.8) 643 (36.3) 655 (39.6) 853 (50.8) �.001b

Incident diabetes mellitus, No. (%) 132 (7.3) 94 (5.2) 68 (3.8) 46 (2.8) 34 (2.0) �.001b

Women (n=12 016)
Vitamin C, range, mg/dL �0.77 0.78-0.97 0.98-1.11 1.12-1.28 �1.29 NA
Age, mean (SD), y 59.1 (9.4) 58.2 (9.4) 57.3 (8.9) 58.0 (9.1) 58.2 (8.9) .004a

BMI, mean (SD) 27.0 (4.8) 26.5 (4.2) 26.0 (4.1) 25.5 (3.7) 25.1 (3.5) �.001a

Waist, mean (SD), cm 84.6 (12.0) 82.7 (11.0) 81.1 (10.0) 80.0 (9.4) 78.9 (8.9) �.001a

Total energy intake, mean (SD), cal/d 1966 (573) 1937 (525) 1935 (525) 1927 (525) 1904 (525) .002a

Fat intake, mean (SD), % of energy 33.8 (5.7) 32.5 (5.8) 31.8 (5.7) 31.5 (5.8) 30.8 (5.8) �.001a

Saturated 13.3 (3.4) 12.4 (3.2) 12.1 (3.1) 11.9 (3.2) 11.5 (3.2) �.001a

Polyunsaturated 6.1 (2.0) 6.3 (2.0) 6.2 (1.9) 6.2 (1.9) 6.2 (2.0) .91a

Monounsaturated 11.9 (2.3) 11.3 (2.3) 11.1 (2.2) 11.0 (2.3) 10.6 (2.2) �.001a

Carbohydrate intake, mean (SD), % of energy 47.4 (6.0) 48.1 (5.8) 48.5 (5.7) 48.5 (5.9) 49.2 (5.9) �.001a

Protein intake, mean (SD), % of energy 17.1 (3.2) 17.5 (3.2) 17.6 (3.2) 17.5 (3.2) 17.4 (3.2) .001a

Fruit and vegetable intake, mean (SD), g/d 382 (230) 467 (250) 511 (270) 518 (270) 550 (290) �.001a

Fiber intake, mean (SD), g/d 16.7 (6.0) 18.5 (6.1) 19.2 (6.5) 19.5 (6.7) 19.8 (6.7) �.001a

Alcohol drinkers, No. (%) 1425 (70.1) 1553 (75.3) 1537 (76.7) 1702 (80.6) 1594 (79.9) �.001b

Educational level �11 y, No. (%) 597 (28.2) 761 (35.6) 830 (40.2) 879 (40.5) 878 (43.1) �.001b

Nonmanual OSC, No. (%) 1122 (53.2) 1253 (58.8) 1296 (63.0) 1419 (65.6) 1386 (68.1) �.001b

Active physical activity, No. (%) 1362 (64.3) 1510 (70.7) 1536 (74.4) 1609 (74.2) 1566 (76.8) �.001b

Smoking status of never, No. (%) 1053 (49.7) 1226 (57.4) 1220 (59.1) 1288 (59.4) 1223 (60.0) �.001b

Use of vitamin supplements, No. (%) 824 (38.9) 1041 (48.7) 1084 (52.5) 1258 (58.0) 1337 (65.6) �.001b

Incident diabetes, No. (%) 107 (5.0) 59 (2.8) 50 (2.4) 28 (1.3) 20 (1.0) �.001b

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); NA, not applicable; OSC, occupational social class.
aNonparametric test for trend across the quintiles.
b�2 Tests.
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pared with more detailed methods for assessing diet.16

These factors may in part explain the inconsistent asso-
ciations between fruit and vegetable consumption and
diabetes risk reported previously.3-5 Fruit consumption
was associated with a slightly stronger (protective) as-
sociation than was vegetable consumption. However, the
actual vitamin C content of individual components of fruit
and vegetable intake was not available in our study, al-
though it is plausible that the effect on diabetes risk may
be related to the intake of specific fruits and vegetables.
Nevertheless, our findings re-endorse the public health
message of the beneficial effect of increasing total fruit
and vegetable intake.

The cases of diabetes in this study were diagnosed in
the community and are likely to be typical of newly di-
agnosed cases in the general population. They were iden-
tified through self-report of diagnosis by a physician or
of type 2 diabetes–specific medication, as well as from
their general practice and local hospital diabetes regis-
ters, through hospital admissions data, and through death
certificates. This was an important strength of the study
because new cases of diabetes were identified through
sources of data that did not depend on a participant re-
turning a follow-up questionnaire or attending a fol-
low-up health checkup. However, people may have dia-
betes for many years before it is diagnosed. The presence
of any undiagnosed cases in the cohort will reduce the
number of new cases and, hence, have the effect of at-
tenuating any observed associations. A similar magni-
tude of association was observed in the subsample of par-
ticipants who had HbA1c levels of less than 7%, thus
excluding those with potentially undiagnosed diabetes
at baseline. The relatively low incidence rate (3%) dur-
ing the follow-up period may be a result of the fact that
this was not a high-risk population and that individuals
who agree to participate in studies are often healthier than
those who do not take part. The EPIC-Norfolk cohort
had a lower proportion of smokers (12%) than the av-
erage for England and Wales (approximately 27% in
199817) but was similar to nationally representative
samples with respect to important anthropometric and
clinical characteristics.10

The list of variables that were considered as potential
confounders of the association between plasma vitamin
C level or fruit and vegetable intake and diabetes risk
was compiled on a priori reasoning based on previously
published studies. Of these variables, age, sex, alcohol
consumption, physical activity, smoking status, educa-
tion level, and occupational social class were associated
with both plasma vitamin C level and diabetes risk in
the current study and were included in the multiple
logistic regression model. Although residual confound-
ing may exist from these and other unmeasured con-
founders, it is unlikely that the observed strong associa-
tion would be completely explained by residual
confounding. Whether the association is causal or a
marker for other factors associated with fruit and veg-
etable intake, signifying clustering of healthier lifestyles
and residual confounding, needs to be addressed in spe-
cifically designed studies18 and has been the subject of
much debate in the context of plasma vitamin C level
and cardiovascular disease.18

Table 2. Logistic Regression of Incident Diabetes Mellitus on Plasma Vitamin C:
European Prospective Investigation of Cancer–Norfolk Study

Modela

OR (95% CI) by Quintiles of Plasma Vitamin C

Linear Trend1 2 3 4 5

Unadjusted 1 [Reference] 0.64 (0.51-0.79) 0.51 (0.40-0.64) 0.29 (0.22-0.39) 0.23 (0.17-0.31) 0.69 (0.65-0.73)
1 1 [Reference] 0.66 (0.53-0.81) 0.54 (0.43-0.68) 0.31 (0.24-0.42) 0.24 (0.18-0.33) 0.70 (0.66-0.75)
2 1 [Reference] 0.66 (0.53-0.81) 0.54 (0.43-0.68) 0.31 (0.24-0.41) 0.24 (0.18-0.33) 0.70 (0.66-0.75)
3 1 [Reference] 0.66 (0.53-0.82) 0.55 (0.43-0.69) 0.32 (0.24-0.42) 0.25 (0.18-0.34) 0.71 (0.66-0.75)
4 1 [Reference] 0.66 (0.54-0.83) 0.55 (0.44-0.70) 0.33 (0.25-0.44) 0.26 (0.19-0.35) 0.71 (0.67-0.76)
5 1 [Reference] 0.67 (0.54-0.83) 0.56 (0.44-0.71) 0.33 (0.25-0.44) 0.26 (0.19-0.36) 0.72 (0.67-0.76)
6 1 [Reference] 0.71 (0.57-0.89) 0.64 (0.50-0.81) 0.43 (0.32-0.58) 0.38 (0.28-0.52) 0.78 (0.73-0.84)

Abbreviations: CI, confidence interval; OR, odds ratio.
aModel 1 includes plasma vitamin C level, age, and sex; model 2, model 1 plus family history of diabetes; model 3, model 2 plus alcohol consumption, physical

activity, and smoking; model 4, model 3 plus educational level and occupational social class; model 5, model 4 plus vitamin supplements; model 6, model 5 plus
body mass index and waist circumference. Categorical variables were entered as family history of diabetes (yes vs no), alcohol consumption (nondrinkers plus
sex-specific quartiles of alcohol consumption), educational level (�11 vs �11 years), occupational social class (manual vs nonmanual), physical activity
(4 categories, ranging from sedentary to active), smoking status (never, former, or current), and vitamin supplementation (yes vs no).
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Figure. Odds ratio of diabetes mellitus by quintiles of plasma vitamin C level
and fruit and vegetable intake, adjusted for age and sex: European
Prospective Investigation of Cancer–Norfolk study. For plasma vitamin C
analysis, the sample size was 19 246. For fruit and vegetable analysis, the
sample size was 21 831. Error bars indicate 95% confidence intervals.
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Plausible mechanisms for a beneficial effect of
increased fruit and vegetable intake or plasma vitamin
C levels on diabetes risk exist. Fruit and vegetable con-
sumption may be protective for diabetes risk, at least
partially, through its effect on obesity. In this context,
Bell et al19 reported a clinical trial that investigated the
effect of energy density on total energy intake. They
found that individuals ate the same weight of food and
reported a similar degree of satiety whether on a high-
or a low-energy-density diet. Many fruits and vegetables
are rich in dietary fiber. The low energy density of fruits
and vegetables and the feeling of fullness promoted by a
high-fiber diet may prevent the passive overconsump-
tion associated with an energy-dense diet and the
resulting gain in weight. In this context, the lack of
association of fruit and vegetable fiber with diabetes
risk but the protective effect of cereal fiber for diabetes
risk reported in a recent meta-analysis20 is noteworthy
and may suggest that it is not the fiber content of fruit
and vegetables per se that contributed to the reduced
risk for diabetes in our study. Fruits and vegetables are
also rich sources of vitamins, minerals, and biologically
active phytochemicals. Many of these, including vita-
min C, have antioxidant properties that may be protec-
tive against diabetes. Oxidative stress, the situation in
which an imbalance between the levels of reactive oxy-
gen species and antioxidants exists, can lead to dis-
turbed glucose metabolism and hyperglycemia.21 Oxida-
tive stress is consistently observed in patients with
diabetes, and the degree of oxidative stress tends to be
greater in those with microalbuminuria and more dia-
betic complications.21 Obesity, one of the strongest risk
factors for diabetes, may promote oxidative stress. In a
cross-sectional study22 of this EPIC-Norfolk population,
plasma vitamin C concentrations were inversely related
to waist-hip ratio, independent of BMI. A diet rich in
fruit and vegetables and, hence, rich in antioxidants,
including vitamin C, may help to prevent oxidative
stress.

The inverse association observed between plasma vi-
tamin C and diabetes risk in this prospective study sug-
gests that low levels of vitamin C are present before the
onset of diabetes. The subsample analysis in which men
and women with HbA1c levels greater than 7% were ex-
cluded demonstrated that this association was not ex-
plained by the presence of previously undiagnosed cases
of diabetes at baseline.

Our findings of a striking inverse association be-
tween the risk of diabetes and plasma vitamin C or fruit
and vegetable intake should be confirmed in other pro-
spective studies in different settings and in specifically
designed clinical trials. However, the strong indepen-
dent association observed in this prospective study, to-
gether with biological plausibility, provides persuasive
evidence of a beneficial effect of vitamin C and fruit and
vegetable intake on diabetes risk. Because fruit and veg-
etables are the main sources of vitamin C, the findings
suggest that eating even a small quantity of fruit and veg-
etables may be beneficial and that the protection against
diabetes increases progressively with the quantity of fruit
and vegetables consumed.
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