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It remains unclear what long-term effects of substituting carbohydrates at the expense of protein or fat may have with regard to diabetes risk. Our
objective was to evaluate carbohydrate intake in predicting type 2 diabetes using substitution models for fat and protein. We conducted a prospec-
tive cohort study of 9702 men and 15 365 women aged 35-65 years and free of diabetes at baseline (1994—8) who were followed for incident type
2 diabetes until 2005. Dietary intake of macronutrients was estimated with a validated FFQ. We estimated the relative risk (RR) using Cox pro-
portional hazards analysis. During 176 117 person-years of follow-up we observed 844 incident cases of physician-confirmed type 2 diabetes. After
adjustment for age, BMI, waist circumference, potential lifestyle and dietary confounders, substituting 5 % of energy intake from total, saturated,
or monounsaturated fat with carbohydrates was not associated with diabetes risk. In contrast, substituting carbohydrates for protein or PUFA was
inversely related to diabetes risk (RR for 5 % energy substitution of protein 0-77 (95 % CI 0-64, 0-91); RR for PUFA 0-83 (95 % CI 0-70, 0-98)).
These associations appeared to be similar for men and women, but gained statistical significance only among men for protein (RR 0-78 (95 % CI
0-61, 0-99)). Restricted cubic spline regression did not indicate non-linearity of these associations (P for non-linearity in full cohort was 0-353
and 0-349). In conclusion, a higher carbohydrate intake at the expense of protein and PUFA might be associated with decreased diabetes risk.

Carbohydrates: Diet: Incidence: Type 2 diabetes mellitus: Prospective studies

While obesity and lifestyle characteristics such as physical
activity are established risk factors for type 2 diabetes"?,
less is known about dietary factors. The quantity of carbo-
hydrates has received particular interest, as high-carbohydrate
diets generally produce high postprandial glucose and insulin
responses. However, the total percentage of energy derived
from carbohydrates in the diet has generally not been found
to predict diabetes risk in prospective studies®~®. Previous
studies largely ignored that differences in carbohydrate
intake in isoenergetic settings reflect substitutions for other
macronutrients® . Substituting carbohydrates for protein
or fat or different fatty acids may have very different meta-
bolic consequences beyond glucose responses. For example,
HDL-cholesterol blood levels, which are a potent predictor
of diabetes risk®~'", depend on the macronutrient compo-
sition with distinct effects of different fatty acids"'®. The
intake of n-3 PUFA may regulate adiponectin secretion'',
which is strongly related to diabetes risk"®. In addition, pro-
tein-rich foods are known to increase postprandial insulin
secretion without augmenting glucose concentrations''>'®.
Analysing the association between carbohydrate intake and
diabetes risk in statistical models, which take into consider-
ation the other nutrients that carbohydrates are substituted
with"”'"® may help clarify this complex relationship.

We aimed to evaluate the association between carbohydrate
intake and risk of type 2 diabetes, using macronutrient substi-
tution models in a large prospective cohort study of men and
women.

Materials and methods
Study population

The European Prospective Investigation into Cancer and
Nutrition (EPIC)-Potsdam study involves 27 548 subjects,
16 644 women aged mainly 35-65 years and 10904 men
aged mainly 40-65 years, from the general population of
Potsdam, Germany, recruited between 1994 and 19981920,
The baseline examination included anthropometric measure-
ments as well as a personal interview and a questionnaire on
prevalent diseases and socio-demographic and lifestyle
characteristics. Follow-up questionnaires have been adminis-
tered every 2—3 years. Response rates for follow-up rounds
1, 2, 3 and 4 were 96, 95, 91 and 90 % (by 31 August 2005).

The prevalence of diabetes mellitus at baseline was evalu-
ated by a physician using information on self-reported medi-
cal diagnoses, medication records and dieting behaviour.
Uncertainties regarding a proper diagnosis were clarified

Abbreviations: EPIC, European Prospective Investigation into Cancer and Nutrition; RR, relative risk.
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with the participant or treating physician. After exclusion
of participants with prevalent diabetes at baseline or with
self-reported diabetes during follow-up but without physician
confirmation (n 1567), with missing follow-up time (n 589),
with missing diet and confounder information at baseline
(n 226), or with implausible energy intake below 3350kJ
(800 kcal) or above 25100kJ (6000kcal) per d (n 99), a
total of 9702 men and 15365 women remained for analyses.

Ascertainment of type 2 diabetes

Potentially incident cases of diabetes were identified in each
follow-up questionnaire via self-reports of a diabetes diagno-
sis, diabetes-relevant medication or dietary treatment due to
diabetes. All potentially incident cases of diabetes were veri-
fied by questionnaires mailed to the diagnosing physician
asking about the date and type of diagnosis, diagnostic tests,
and treatment of diabetes. Only cases with a physician diagno-
sis of type 2 diabetes (International Statistical Classification of
Diseases (ICD10) code E11) and a diagnosis date after the
baseline examination were considered as confirmed incident
cases of type 2 diabetes.

Dietary assessment

All participants were asked to complete a semi-quantitative
FFQ which assessed the average frequency of intake and the
portion size of 148 foods consumed during the 12 months
before examination. Frequency of intake was measured
using ten categories, ranging from ‘never’ to ‘five times per
day or more’. Portion sizes were estimated using photographs
of standard portion sizes. Information on frequency of intake
and portion size was used to calculate the amount of each
food item in g consumed on average per d. Nutrient intake
was calculated according to the German Food Code and Nutri-
ent Data Base®?" version I1.3. Intakes estimated from the FFQ
at baseline were calculated in g/d. These intakes were then
calibrated to account for systematic over- or underestimation.
Here, the single 24 h recalls of the EPIC calibration study with
2297 participants were used as the reference instrument®*%,
Before calibration, intake from the single 24h recall was
shrunken to the sex- and age-group-specific mean using the
external within-person variance estimate from another cali-
bration study with repeated 24 h recalls. Shrinkage excludes
the intra-individual variance component and the shrunken
intake values can be considered as estimates of habitual diet-
ary intake. Then, a linear calibration method was applied
ensuring that the mean and the variance of the calibrated
FFQ data are equal to the mean and variance of estimated
habitual dietary intake from 24 h recalls. Intakes of macronu-
trients were expressed as absolute intake (g/d) and nutrient
density (% of total energy intake); fibre and Mg intake were
adjusted for total energy intake wusing the residual
method®®. The deattenuated correlation coefficients between
non-calibrated FFQ and twelve 24h dietary recalls for
energy-adjusted intake of carbohydrates was 0-58 for total
carbohydrates, 0-66 for monosaccharides, 0-65 for disacchar-
ides and 0-65 for polysaccharides®*®.

Assessment of lifestyle exposures

Information on educational attainment, smoking, occupational
activity level and leisure-time physical activity were assessed
with a self-administered questionnaire and a personal inter-
view. We considered sport activities and biking as leisure-
time activities, both calculated as the average time spent per
week during the 12 months before baseline recruitment.
Anthropometric measurement procedures followed standard
protocols under strict quality control®”*®.

Statistical analyses

We estimated the relative risk (RR) for each quintile of carbo-
hydrate intake compared with the lowest quintile using Cox
proportional hazards analysis stratified by age. Age was used
as the primary time-dependent variable in all models, with
entry time defined as the subject’s age at recruitment and
exit time as the date of diagnosis of diabetes, death, or
return of the last follow-up questionnaire. We used infor-
mation on covariates obtained from the baseline examination
in multivariate analyses, including sex, education, occu-
pational activity, sport activity, biking, smoking, total energy
intake and alcohol intake. Additional adjustments were
made for BMI and waist circumference as well as fibre
intake, Mg intake, and the PUFA:SFA and MUFA:SFA
ratios. In multivariate nutrient-density models®”, we simul-
taneously included energy intake, the percentages of energy
derived from carbohydrates and alcohol and other potentially
confounding variables. We also considered energy densities
of protein, total fat and fatty acids. The coefficients from
these models can be interpreted as isoenergetic substitution
of 5% of energy from carbohydrates for the same percentage
of energy from protein, fat or specific fatty acids. Restricted
cubic spline regression was used to examine non-linearity of
the RR function for nutrient-density data®” using the SAS
Macro RCS®". Four knots were selected separately for men
and women according to the 5th, 25th, 75th and 95th percen-
tiles of carbohydrate intake. The reference value was fixed at
45 % energy contribution from carbohydrates. Analyses were
stratified by sex and were performed with SAS release 9.1
(SAS Institute, Cary, NC, USA).

Results

At baseline, subjects with higher carbohydrate intake were
older, cycled more frequently, had a lower prevalence of
smoking but a lower educational level (Table 1). Men with
high carbohydrate intake had lower BMI and waist circumfer-
ences, while anthropometry was not related to carbohydrate
intake among women. With regard to diet, participants with
higher carbohydrate intake had higher intakes of fibre and
Mg and lower intake of fat, protein and alcohol.

During 176 117 person-years of follow-up we observed 844
incident cases of type 2 diabetes (491 men and 353 women).
The crude incidence of diabetes increased with increasing
age and was higher among men than women (Fig. 1). To
evaluate the association between carbohydrate intake and dia-
betes risk, we first used multivariate nutrient-density models
expressing carbohydrate intake as percentage of total energy
intake. A higher carbohydrate intake was associated with a
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Table 1. Baseline characteristics by quintiles of carbohydrate intake (% energy) among men and women in the European Prospective Investigation into Cancer and Nutrition-Potsdam Study, 2005
(Mean values or percentages)

Men Women
Quintiles of carbohydrate intake (% energy) Quintiles of carbohydrate intake (% energy)
Characteristic 1 2 3 4 5 P 1 2 3 4 5 P
Carbohydrate intake (% energy) 30-2 35-2 384 41-6 47-3 <0-001 36-0 411 441 471 52-3 <0-001
Age (years) 49.8 51.3 51.9 52.5 52.6 <0-001 47-6 478 48.0 48-5 49.8 <0-001
BMI (kg/m?) 272 26-9 267 26-8 26-7 <0-001 25-8 255 256 256 25.7 0-376 g
Waist circumference (cm) 95-4 94.8 941 941 93-6 <0-001 80-8 79-8 80-0 80-1 80-2 0-094 g
Sport activities (h/week) 1.0 1.0 1.0 1.0 11 0-289 0-9 0-9 1.0 0-9 1.0 0221 =
Cycling (h/week) 1.5 1.7 1.9 1.8 2.0 <0-001 1.7 1.7 19 19 2.2 <0-001 &
Smoking (%) <0-001 <0001 &
Never 25.9 28-1 31.7 32-8 38-3 48-4 55.9 59.9 62-3 63-4 5
Former 43.7 45.2 43-8 44.4 42.2 279 25-4 23-6 22.5 21.7 g
Current < 20 cigarettes/d 15.8 16-2 16-5 15-8 12.0 183 15-4 14.0 12.8 12:4 o
Current 20 + cigarettes/d 146 10-6 8.0 7.0 7-6 5.4 3-3 2.5 23 2:5 g
Educational attainment (%) 0-024 <0-001 S.‘
No or in training 1.3 1.9 1-4 2.0 1.9 37 37 3-8 41 52 S
Vocational training 316 299 291 333 329 357 371 36-4 370 374 g
Technical school 16-8 18.0 159 172 16-4 29-6 29-6 28.9 299 32.0 o
Technical college, university 50-3 50.2 536 476 48-8 31.0 29-6 30-9 29.0 25.5 =R
Occupational activity (%) 0-021 <0-001 %
Light 58-2 572 58-5 55.0 54.4 64-4 63-2 62-8 61-4 58-2 @
Moderate 289 309 31.0 33-1 327 314 34.2 334 34.9 37-6
Heavy 13-0 12.0 10-6 119 12.9 4.2 2.7 3-8 37 4.2
Energy intake (kJ) 10950 10786 10585 10489 10000 <0-001 7439 7393 7418 7351 7205 <0-001
Protein intake (% energy) 14.6 141 13-8 13-4 132 <0-001 14-8 14-4 14-0 137 131 <0-001
Fat intake (% energy) 45.8 431 416 39.7 354 <0-001 42.9 40-6 387 36-7 32:6 <0-001
Alcohol intake (% energy) 9-5 77 6-3 5.2 41 <0-001 6-3 39 3-2 2:5 2.0 <0-001
Fibre intake (g/d) 14.0 16-9 18-4 199 216 <0-001 177 197 20-5 21-3 221 <0-001
Mg intake (mg/d) 292 297 299 302 317 <0-001 296 302 307 312 323 <0-001
PUFA:SFA ratio 0-48 0-47 0-47 0-46 0-46 <0-001 0-45 0-44 0-44 0-43 043 0-30
MUFA:SFA ratio 0-86 0-84 0-84 0-83 0-92 0-293 0-83 0-82 0-82 0-82 0-83 <0-001
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indication of non-linearity among women (P=0-565 and
0-561). We further examined whether these associations
remained similar in subgroup analyses based on BMI and
the reported energy intake:BMR ratio. Associations appeared
to be stronger among non-obese participants (data not
shown). However, tests for interaction were non-significant.
We also repeated the analyses using models without adjust-
ment for total energy intake, BMI and waist circumference,
but this had minimal impact on our observations. The RR
was 0-82 (95% CI 0-70, 0-97) for 5% energy from carbo-
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Fig. 1. Incidence rate (per 10000 person-years) of type 2 diabetes mellitus
among men (m) and women (M) for different age groups in the European
Prospective Investigation into Cancer and Nutrition-Potsdam Study, 2005.

lower risk of diabetes in age-adjusted models among men
(Table 2). The RR for the highest quintile compared with
the lowest was 0-71 (95 % CI 0-54, 0-94). This association
was attenuated controlling for lifestyle confounders as well
as BMI and waist circumference (RR 0-83 (95% CI 0-62,
1-12)). This association was further attenuated after control-
ling for the intake of Mg, fibre, the PUFA:SFA ratio and the
MUFA:SFA ratio (RR 091 (95% CI 0-66, 1-26); P=0-78
for trend). Associations among women were very similar,
although they did not gain statistical significance in any
model. In the full adjusted model, the RR for extreme quintiles
was 0-89 (95 % CI 0-62, 1.29; P=0-64 for trend).

We further used different multivariate nutrient-density
models to model specific energy substitution. Exchanging
carbohydrates for total fat was not associated with diabetes
risk (Fig. 2). Similarly, exchanging carbohydrates for SFA
or MUFA was not significantly related to diabetes risk. How-
ever, a 5 % higher energy contribution by carbohydrates at the
expense of PUFA and protein was significantly associated
with a lower risk of developing type 2 diabetes. The RR
among all participants was 0-83 (95 % CI 0-70, 0-98) for 5%
energy at the expense of PUFA and 077 (95% CI 0-64,
0-91) for 5 % energy at the expense of protein. These associ-
ations appeared to be similar for men and women, but reached
statistical significance only among men for protein (RR 0-78
(95 % CI 0-61, 0-99)). When we restricted the analysis to par-
ticipants with moderate to high carbohydrate intakes (= 45 %
energy) the inverse association for a carbohydrate-for-protein
substitution remained statistically significant (RR 0-64 (95 %
CI 0-43, 0-96)). While the association for the carbohydrate-
for-PUFA substitution remained similar, it was not statistically
significant anymore (RR 0-67 (95 % CI 0-43, 1-04)). Restricted
cubic spline regression was used to examine non-linearity of
these RR functions (Fig. 3). There was no indication for an
association between a carbohydrate-for-fat substitution at
any carbohydrate intake level (Fig. 3 (A)). In contrast, carbo-
hydrate-for-protein (Fig. 3 (B)) and carbohydrate-for-PUFA
(Fig. 3 (C)) substitutions were inversely related to diabetes
risk with no indication for non-linearity (P=0-353 and
0-349). The inverse associations between a carbohydrate-for-
protein and a carbohydrate-for-PUFA substitution appeared
to be slightly stronger at low carbohydrate intake levels
among men (data not shown). However, tests for non-linearity
were non-significant (P=0-127 and 0-127). There was also no

hydrates at the expense of PUFA and 077 (95% CI 0-65,
0-91) for 5% energy from carbohydrates at the expense of
protein in multivariate models not controlling for total
energy intake. Using models not controlling for total energy
intake, BMI, and waist circumference, the RR were 0-81
(95 % CI 0-69, 0-95) for 5% energy carbohydrate-for-PUFA
substitution and 0-61 (95% CI 0-51, 0-72) for 5% energy
carbohydrate-for-protein substitution.

The age-adjusted RR for the highest quintile compared with
the lowest quintile of absolute intake (g/d) of carbohydrates
among men was 075 (95% CI 0-56, 1-00; P=0-026 for
trend; Table 3). This association was stronger controlling
for lifestyle confounders (RR 0-53 (95% CI 0-34, 0-85);
P=0-005 for trend), but was not significant after adjustment
for anthropometric and diet characteristics (RR 0-67 (95 %
CI 041, 1-08); P=0-104 for trend). Similar associations
were observed among women, but were not statistically sig-
nificant (Table 3). We further evaluated whether different
types of carbohydrates are related to diabetes risk. After
adjustment for lifestyle confounders, anthropometry and diet
characteristics, starch, sucrose, glucose and fructose were
not significantly associated with diabetes risk in men or
women (Table 4).

Discussion

We found that among men and women, a substitution of pro-
tein with carbohydrates was associated with a reduced risk of
type 2 diabetes independently of age, anthropometry, alcohol
consumption, physical activity and other lifestyle risk factors.
Higher carbohydrate intake at the expense of total fat was not
related to risk; however, substituting carbohydrates for PUFA
was also associated with a lower diabetes risk.

Several previous cohort studies have evaluated whether
carbohydrate intake is associated with the incidence of type
2 diabetes®~®. After multivariate adjustment, none of the pre-
vious studies has observed a significant association. However,
in contrast to the present study, most previous studies did not
evaluate specific macronutrient substitutions. In the Nurses’
Health Study II, an isoenergetic substitution of carbohydrates
for protein was evaluated, but in contrast to the present study,
no significant association was observed”. Our finding, that
substituting carbohydrates for PUFA reduces diabetes risk is
in contrast to findings from the Nurses’ Health Study, where
women in the highest quintile of PUFA intake were at lower
risk of developing diabetes controlling for protein, alcohol,
and other fatty acids, thus modelling a substitution of PUFA
for carbohydrates(32). Although we also evaluated absolute
carbohydrate intake, multivariate nutrient-density models
may be particularly valuable if similar effects of an increment
in intake for subjects with high and low energy intakes may
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Table 2. Relative risk (RR) of type 2 diabetes by quintiles of total carbohydrate intake (% energy) among men and women in the European Prospective Investigation into Cancer and Nutrition-Potsdam

Study, 2005

Women

Men

Quintiles of carbohydrate intake (% energy)

Quintiles of carbohydrate intake (% energy)

44.1 47.0 51.4

41.2

36-7

38.3 415 464

35-2

30-9

Median (% energy)

Cases (n)

71
21099

69
21644

73
21668
0-93

0-67, 1-28

65
21973
0-82

059, 1-14

77
22295

93
13221

0-7
0-54, 0-94

92 95 93
13502 13482

13683

118

13895

Follow-up (person-years)
Age-adjusted RR

95 % Cl

0-214

79

0-
0-57, 1-10

0-84
0-61, 1-17

00

0-019 1.

1

0-71
0-54, 0-93

0-74 0-75
0-57, 0-98

0-56, 0-98

1-00

0-130

0.75
0-53, 1-06

0-80
0-57,1-13

0-93
0-67, 1-29

0-042 1.00 0-81
0-58, 1-14

0-73
0-54, 0-98

0-75
0-56, 1-00

0-83
0-63, 1-10

0-78

0-59, 1-03

1-00

Multivariate adjusted RR*

95% ClI

0-497

0-94 0-91 0-87

1.00 0-88

0-313

0-89 0-86 0-83

0-80

1.00

RR adjusted further for

BMI and waist circumference

95% ClI

0-67, 1-30 0-65, 1-28 0-61, 1-23

0-63, 1-24

0-67, 117 0-65, 1-14 0-62, 1-12

0-61, 1-06

Carbohydrate intake and type 2 diabetes 1111

0-635

0-89
0-62, 1-29

0-95
0-66, 1-35

0.97
0-69, 1-36

1.00 0-90
0-64, 1-27

0-779

0-91
0-66, 1-26

0-92
0-68, 1-25

0.92
0-69, 1-23

0-83

0-62, 1-10

1-00

RR adjusted further for diett

95% ClI

*Adjusted for age, education (in or no training, vocational training, technical school, or technical college or university degree), occupational activity (light, moderate, heavy), sport activity (0, 0-1-4-0, > 4-0h/week), cycling

(0, 0-1-2-4, 2.5-4-9, = 5h/week), smoking (never, past, current < 20 cigarettes/d, current = 20 cigarettes/d), alcohol intake, and total energy intake.

1 Additionally adjusted for fibre intake, Mg intake, PUFA:SFA ratio, and MUFA:SFA ratio.

not be plausible(zg). In addition, under isoenergetic settings
assuming a steady state of energy balance, thus without chan-
ging the amount of energy consumed, it is impossible to
change intake of one macronutrient without changing at
least one other macronutrient. Macronutrient intake is there-
fore generally characterised by substitutions. As a conse-
quence, observed associations cannot be interpreted as the
effect of one single nutrient, but rather as a combination of
two or more nutrients. It should be noted that energy excess
and subsequent weight gain are important causes of type 2 dia-
betes. It could therefore be argued that adjustment for energy
intake would represent over-control of a variable in the causal
pathway. However, the multivariate nutrient density allows us
to evaluate whether carbohydrate intake is related to diabetes
risk independent of its contribution to energy intake per se. In
this sense, the model is conceptually similar to metabolic
studies, where, for example, changes in lipoproteins were
evaluated when carbohydrates constituting a particular
amount of dietary energy are replaced isoenergetically with
fat or specific fatty acids"'?.

We did not observe a significant association between the
intake of starch and diabetes risk. In the Women’s Health
Study®® and the Towa Women’s Study®™, non-significant
inverse associations between starch intake and diabetes risk
were observed®®, while starch intake was positively associ-
ated with risk in the Melbourne Collaborative Cohort Study
after adjustment for BMI and waist:hip ratio®. Cohort studies
on the role of starch intake in the development of diabetes are
therefore inconclusive so far. We also found no significant
association between sucrose intake and diabetes risk.
Although previous studies are inconsistent, there is some sug-
gestion that sucrose intake might be inversely associated with
diabetes risk. No significant association between sucrose con-
sumption and diabetes risk was observed in the Nurses’ Health
Study®”. However, higher sucrose intake was inversely
associated with risk in the Women’s Health Study after
excluding participants with a history of hypertension and
hypercholesterolaemia®®. Similarly, higher sucrose intake
was significantly inversely associated with risk in the Iowa
Women’s Study(s). Sugars were also inversely associated
with diabetes risk in the Melbourne Collaborative Cohort
Study after adjustment for obesity@, although the role of
specific sugars remains unclear from this study. The finding
of an inverse association between higher sucrose consumption
and diabetes risk by some cohort studies is in contrast to
experiments in human subjects, which have produced very
conflicting results, and experimental research on animals,
which has shown a clear and consistent effect of high-sucrose
diets in decreasing insulin sensitivity®>. Glucose and fructose
were not associated with risk in our cohort, similar to findings
from the Women’s Health Studym). However, significant
positive associations with diabetes risk were observed for glu-
cose and fructose in the lTowa Women’s Study". Similarly,
frequent consumption of sugar-sweetened soft drinks contain-
ing high-fructose maize syrup and thus providing large
amounts of fructose and glucose has been related to higher
diabetes risk®®. Still, the inconsistency across studies may
result from different effects from sugars consumed as added
sugar v. those naturally occurring in foods.

Although protein acts as an insulin secretagogue and
stimulation of insulin secretion counterbalances the increased

(15,16)
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Fig. 2. Relative risk of type 2 diabetes for isoenergetic substitution of 5%
energy with carbohydrates for other macronutrients among all participants,
men and women in the European Prospective Investigation into Cancer and
Nutrition-Potsdam Study, 2005. The models were adjusted for age, education
(in or no training, vocational training, technical school, or technical college or
university degree), occupational activity (light, moderate, heavy), sport activity
(0, 0-1-4-0, > 4-0h/week), cycling (0, 0-1-2-4, 2.5—-4.9, = 5h/week), smok-
ing (never, past, current < 20 cigarettes/d, current = 20 cigarettes/d), alcohol
intake, total energy intake, fibre intake, and Mg intake. Models for total fat and
protein intake were also adjusted for PUFA:SFA ratio, and MUFA:SFA ratio.
Models for all study participants were also adjusted for sex. Vertical bars rep-
resent 95 % Cl.

gluconeogenesis due to postprandial amino acid elevations,
the gluconeogenic effect of amino acids might be substantial
in subjects with impaired insulin secretion®’”®_ In addition,
short-term amino acid infusion induces peripheral insulin
resistance in healthy humans by inhibition of glucose transport
and phosphorylation and subsequent reduction in glycogen
synthesis®”. This has led to the notion that protein-rich
diets contribute to the disturbance of carbohydrate metab-
olism“?, although trials on low-carbohydrate high-protein
diets have generally not shown such effects*"; regarding
the effects of protein on HDL-cholesterol concentrations,
data are not conclusive so far*®. Still, the observation that
red meat consumption is related to higher risk of diabetes
independent of dietary fat@349 highlights the possibility that
protein-rich foods, particularly red meat, may adversely
affect carbohydrate metabolism. It remains, however, unclear
why the substitution of carbohydrates for PUFA was related
to lower diabetes risk in the present study. Such substitution
is expected to result in a decrease in HDL-cholesterol'?
which should lead to higher diabetes risk® 'Y, In addition,
higher carbohydrate intake is inversely related to adiponectin
concentrations®, and, in contrast, intake of n-3 PUFA
may up regulate adiponectin secretion''®. Thus, substituting
carbohydrates for PUFA would be expected to result in
lower adiponectin concentrations, increased insulin resistance,
and increased risk of diabetes'®. However, PUFA intake has
not been consistently shown to be related to lower diabetes
risk®****? and long-chain n-3 PUFA even with an increased
risk“®. We were not able to distinguish between cis- and
trans-PUFA which have very different physiological conse-
quences™. Thus, interpretation of our observations should
be made cautiously.

All potential cases in the present study were verified
through the treating physician. Given the resulting high
positive predictive value of the disease classification, the
remaining misclassification (non-identified cases) should not
have biased the estimated risk*”. However, we considered
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Fig. 3. Relative risk of type 2 diabetes for isoenergetic substitution of energy
with carbohydrates for total fat (A), protein (B) and PUFA (C) among partici-
pants in the European Prospective Investigation into Cancer and Nutrition-
Potsdam Study, 2005. Lines are restricted cubic splines showing the shape of
dose—response curve according to carbohydrate intake on a continuous
basis: relative risks (—); 95% CI (——-). The reference point is 45 % energy
from carbohydrates with knots placed at the 5th (31-1 % energy), 25th (37-6 %
energy), 75th (46-3 % energy) and 95th percentile (52-5% energy) of carbo-
hydrate intake distribution. All models were adjusted for age, sex, education
(in or no training, vocational training, technical school, or technical college or
university degree), occupational activity (light, moderate, heavy), sport activity
(0, 0-1-4-0, > 4-0h/week), cycling (0, 0-1-2-4, 2.5—-4.9, = 5h/week), smok-
ing (never, past, current < 20 cigarettes/d, current = 20 cigarettes/d), alcohol
intake, total energy intake, fibre intake, Mg intake, PUFA:SFA ratio, and
MUFA:SFA ratio.

only clinically apparent type 2 diabetes and did not screen
our study population for diabetes at baseline, thus it is
possible that prevalent but undiagnosed cases of diabetes
remained in our analyses. The glycaemic index, a measure
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Table 3. Relative risk (RR) of type 2 diabetes by quintiles of total carbohydrate (g/d) intake among men and women in the European Prospective Investigation into Cancer and Nutrition-Potsdam Study,

2005

Women

Men

Quintiles of carbohydrate intake (g/d)

Quintiles of carbohydrate intake (g/d)

266
64
21497

214
71
21609

186
71
21963

161
73
21740

129
76
21871

339
76
13397

269
92
13577

232
99
13555

199
109
13541

157
115

13715

Median (g/d)
Cases (n)

Follow-up (person-years)
Age-adjusted RR

95% Cl

0-493

87

0-
0-62, 1.22

0-87
0-62, 1-20

0-83
0-60, 1-15

0-87
0-63, 1-20

00

0-026 1.

75

0-
0-56, 1-00

0-81
0-62, 1.07

0-87
0-66, 1-13

0-95

0-73,1-24

1.00

0-145

66

0.
0-39, 1-13

0-79
0-53, 1-18

0-78
0-55, 1-12

0-86
0-61, 1-20

00

0-005 1.

53

0-
0-34, 0-85

0-68
0-48, 0-96

0.77
0-57, 1-04

0-90

0-68, 1-18

1.00

Multivariate adjusted RR*

95% ClI

0-97 0-93 0-84 0-63 0-050 1.00 0-87 0-84 0-96 0-78 0-527

1.00

RR adjusted further for

0-58, 1-21 0-64, 1-45 0-45, 1-35

0-62, 1.22

0-69, 1-27 0-60, 1-19 0-39, 1-00

0-73, 1-27

BMI and waist circumference

95% CI

0-640

0-81

0-46, 1-44

0-98
0-64, 1-51

0-84
0-57, 1-23

0-88
0-62, 1-24

1-00

0-104

0-67
0-41, 1-08

0-86
0-60, 1-24

0-95
0-69, 1-31

0-96
0-72,1-27

00

1.

RR adjusted further for diett

95% CI
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2-5-4.9, = 5h/week), smoking (never, past, current < 20 cigarettes/d, current = 20 cigarettes/d), alcohol intake, and total energy intake.

* Adjusted for age, education (in or no training, vocational training, technical school, or technical college or university degree), occupational activity (light, moderate, heavy), sport activity (0, 0-1—4-0, > 4-0 h/week), cycling (0, 0-1-2-4,
1 Additionally adjusted for fibre intake, Mg intake, PUFA:SFA ratio, and MUFA:SFA ratio.

of carbohydrate quality in terms of quantified glucose
response to foods, is not available in the German Food
Code and Nutrient Data Base version I1.3?". Therefore, we
were not able to address whether the association between
carbohydrate intake and diabetes risk is independent or may
be modified by the carbohydrate quality in terms of quanti-
fied glucose response to particular foods, for example, the
glycaemic index and load. While we controlled in our ana-
lyses for fibre, Mg and fat quality, other nutrients related
to carbohydrate intake may account for the associations.
The potential of residual confounding due to unknown factors
or incomplete statistical control applies to the present study
as to observational studies in general. It is therefore possible
that other factors may explain the observed associations or
that they may mask potential associations. Although we cali-
brated FFQ data to the mean and variance of estimated habit-
ual dietary intake from 24h recalls, thus allowing
quantitative analyses of the FFQ data, there is a significant
degree of error in measuring dietary carbohydrate intake
with our FFQ. In addition, it is possible that participants in
the present study changed their dietary intake after the base-
line measurement. Random measurement error and the lack
of repeated measurement of diet may have led to an underes-
timation of association®”. Furthermore, adjustment for
energy intake, body weight and waist circumference may
reflect adjustment for covariates being on the causal pathway
between carbohydrate intake and diabetes risk, thus repre-
senting an over-adjustment. However, we are not able to clar-
ify whether body fatness is a mediator or confounder in the
present study. Adjustment allows us not only to control for
a potential confounding effect of body fatness but also to
control for the effect of selective underreporting of fat and
energy intake which has been related to obesity in our
study(5 D and in other studies®?. Still, our observations
remained similar when we did not control for energy
intake, BMI and waist circumference, supporting that substi-
tutions of carbohydrates for PUFA or protein might have
physiological consequences beyond excessive energy intake
and weight gain. Although the present study involved a
relatively large number of incident cases, it might have
been underpowered to detect associations within specific
subgroups. For example, although inverse associations were
observed for carbohydrate-for-protein and carbohydrate-
for-PUFA substitutions in the full cohort, only the carbo-
hydrate-for-protein substitution among men gained significance
in sex-specific analyses. Because spline regression did not
indicate non-linear associations and the inverse association
was observable across subgroups of sex, BMI, carbohydrate
intake, and the reported energy intake:BMR ratio, the non-
significance within subgroups might reflect the limited
power of such analyses rather than the absence of these associ-
ations. Although we had considerable variation in carbo-
hydrate intake in our cohort (5th percentile, 31-1 % energy;
median, 42-1 % energy; 95th percentile, 525 % energy), we
were not able to reliably estimate associations for macronutri-
ent substitutions at very low or very high carbohydrate
intakes. We did not evaluate foods or food groups that are
rich in carbohydrates or rich in protein or PUFA and that
might widely vary in their nutrient composition. Thus, trans-
lation of our findings into food-based dietary guidelines is
limited.
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Table 4. Relative risk (RR) of type 2 diabetes by quintiles of carbohydrate intake among men and women in the European Prospective Investigation into Cancer and Nutrition-Potsdam Study, 2005
Men Women
Quintiles of carbohydrate intake (g/d) Quintiles of carbohydrate intake (g/d)
1 2 3 4 5 P 1 2 3 4 5 P

Starch

Median (g/d) 71-0 93-8 1109 1295 161-4 51.9 69-5 82.9 97.5 1223

Cases (n) 116 110 100 89 76 72 77 76 65 65

RR* 1.00 0-99 0-90 0-87 0-79 0-260 1.00 1.06 1.02 0-94 1.38 0-332

95% Cl 0.75, 1-31 0-66, 1-23 0-60, 1-24 0-50, 1-24 0.75, 1-49 0-71, 1-47 0-62, 1-43 0-84, 2-26 £
Sucrose w

Median (g/d) 22.5 37-6 51.0 67.7 102-0 28-2 393 48-5 60-3 83-4 1%}

Cases (n) 119 109 101 83 79 85 69 62 61 78 ;%

RR* 1.00 0-96 0-98 0-85 0-72 0-063 1.00 0-89 0-86 0-90 113 0492 g

95 % ClI 0.73, 1-26 0-74, 1-31 0-62, 1-17 0-50, 1-04 0-64, 1-24 0-60, 1-22 0.62, 1-31 0.74,1.74 :
Glucose o

Median (g/d) 6-6 111 15.0 20-2 314 9-6 131 15-4 181 24.3 =

Cases (n) 106 99 96 77 113 62 62 100 69 62

RR* 1.00 1.05 1.06 0-87 1.10 0-721 1-00 0-78 1-09 0-81 0-88 0-599

95 % ClI 0-79, 1-40 0-79, 1-42 0-63, 1-19 0-81, 1.50 0-52, 1-15 0-75, 1-60 0-53, 1.22 0-58, 1.33
Fructose

Median (g/d) 8-4 144 199 26-6 40-6 11-0 15-8 199 25.0 34.8

Cases (n) 111 97 82 89 112 78 72 71 55 79

RR* 1.00 1.08 0-84 0.94 1.00 0-987 1-00 1.18 1.04 0.76 1.09 0-877

95 % Cl 0-78, 1-36 0-63, 1-14 0-70, 1-27 0-74,1-35 0-85, 1-65 0-73, 1-46 0-52, 1-11 0.75, 1-58

*Adjusted for age, sex, education (in or no training, vocational training, technical school, or technical college or university degree), occupational activity (light, moderate, heavy), sport activity (0, 0-1-4-0, > 4-0h/week), cycling
(0, 0-1-2-4, 2.5-4-9, = 5h/week), smoking (never, past, current < 20 cigarettes/d, current = 20 cigarettes/d), alcohol intake, total energy intake, BMI, waist circumference, fibre intake, Mg intake, PUFA:SFA ratio, and MUFA:SFA
ratio.
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In conclusion, a higher carbohydrate intake at the expense
of protein and PUFA might be associated with decreased
diabetes risk.
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