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Abstract
Aims/hypothesis We tested the hypothesis that dietary acid
load may increase the risk of type 2 diabetes, and studied the
association between acid load and insulin sensitivity as a
possible mechanism involved.
Methods An observational survey with prospective follow-up
including 911 non-diabetic Swedish men aged 70–71 years
was carried out. The gold standard euglycaemic–
hyperinsulinaemic clamp technique and the OGTTwere used

to determine insulin sensitivity and beta cell function, respec-
tively. Diabetes incidence was assessed during 18 years of
follow-up. Renal function was estimated from serum cystatin
C concentrations. Dietary acid load was calculated as potential
renal acid load (PRAL) and net endogenous acid production
(NEAP) algorithms from 7 day food records. Adequate dietary
reporters were identified by Goldberg cut-offs.
Results PRAL and NEAP were not associated with insulin
sensitivity or beta cell function. Underlying kidney function or
consideration of dietary adequate reporters did not modify
these null findings. During follow-up, 115 new cases of
diabetes were validated. Neither PRAL nor NEAP was asso-
ciated with diabetes incidence.
Conclusions/interpretation Our results do not support the
hypothesis that dietary acid load influences insulin sensitivity,
beta cell function or diabetes risk. Interventional studies mod-
ifying acid–base dietary intake are needed to further elucidate
a possible role of acid load in the development of type 2
diabetes.
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resistance . Insulin sensitivity . Kidney function
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IGI Insulinogenic Index
IS Insulin sensitivity
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Introduction

A healthy diet and lifestyle are effective preventive measures
for reducing the risk of diabetes [1, 2]. A recent population-
based study [3] of women from the French centres of the
European Prospective Investigation into Cancer and Nutrition
(EPIC) cohort study reported that excess dietary acid load was
associated with increased diabetes risk. The rationale for that
study was that dietary factors can affect acid–base balance [4]
and insulin sensitivity (IS) [5]. Specifically, aWestern diet rich
in animal products and other acidogenic foods may lead to
endogenous production of acid, which is not compensated for
because of the shortage of fruit and vegetables, leading to
increased metabolic acidosis [6].

Validation of this finding in men as well as in other socie-
ties with different dietary habits is important to substantiate
preventive dietary recommendations. A better understanding
of the mechanisms involved should also contribute to the
identification of therapeutic targets. Diet is likely to influence
the risk of diabetes by affecting IS or its reciprocal, insulin
resistance [7]. The latter plays an important role in the
pathogenesis of multiple metabolic diseases, and is con-
sidered the strongest predictor of diabetes [8]. However,
the consequences of excess dietary acid depend on the
ability of the kidney to excrete that acid load [9, 10], and
underlying kidney dysfunctionmay have confounded previous
observations.

Two methods are commonly used to estimate dietary acid
load from dietary recalls in epidemiology studies: the potential
renal acid load (PRAL) method and the net endogenous acid
production (NEAP) method [11–13]. A negative PRAL value
reflects a base-forming potential, whereas a positive value
reflects an acid-forming potential [14]. Therefore, the present
study aimed to evaluate the association between dietary acid
load, IS determined using both the gold standard euglycaemic
clamp method and beta cell function assessed by the OGTT,
and the risk of diabetes in older community-dwelling Swedish
men of similar age. Within this aim, we also assessed possible
effect modification by underlying kidney function and ad-
dressed the potential bias of over-/under-reporting inherent
to dietary-recall methods.

Methods

Study population This investigation was performed in the
Uppsala Longitudinal Study of Adult Men (ULSAM)
(www2.pubcare.uu.se/ULSAM/). The study, initiated in the
1970s, invited all 50-year-old men living in the Uppsala
region to participate, and subsequent re-examinations were
planned. The present analyses are based on the third exami-
nation cycle of the ULSAM cohort. During this examination,
participants were 70–71 years of age (examinations performed

during 1991–1995; n=1,221), and a detailed comorbid histo-
ry, risk factor assessment and dietary records were collected
simultaneously. For this specific analysis, we set some a priori
exclusions (n=310): (1) presence of diabetes at the time of
examination (defined as fasting plasma glucose ≥7.0 mmol/l,
2 h post-load glucose level ≥11.1 mmol/l, or the use of oral
hypoglycaemic agents or insulin; n=179); (2) lack of data
on the main variables for this study (i.e. euglycaemic
clamps [n=52], serum cystatin C [n=24], or 7 day dietary
records [n=50]); (3) extreme values of reported energy intake
(<3,200 or >18,000 kJ/day; n=5). The present study therefore
comprises 911 diabetes-free individuals with complete data.
All participants gave written consent, and the ethics commit-
tee of Uppsala University approved the study.

Demographics and comorbidities Investigations were per-
formed under standardised conditions as described elsewhere
[15]. Smoking status was defined as current smoking vs non-
smoking. Regular physical activity was defined as the
reporting of regular or athletic leisure time exercise habits
according to four physical activity categories (sedentary,
moderate, regular and athletic) [16]. Educational level
was recorded as low (elementary school), medium (secondary
school) or high (university). Previous cardiovascular disease
(CVD) was established as history of any CVD as recorded in
the Swedish Hospital Discharge Registry (ICD-8 codes 390–
458 [www.wolfbane.com/icd/icd8.htm] or ICD-9 codes 390–
459 [www.icd9data.com/2007/Volume1/240-279/250-259/
250/default.htm]). BP was measured in duplicate using the
right arm with the participant supine after resting for 10 min.
Hypertension was defined as BP ≥140/90 mmHg or the use of
antihypertensive medication. Hyperlipidaemia was defined
as serum cholesterol >6.5 mmol/l, serum triacylglycerols
>2.3 mmol/l, or treatment with lipid-lowering medication.

Laboratory measurements Venous blood samples were drawn
after an overnight fast and stored at −70°C until analysis. The
assays were performed at the Department of Clinical Chem-
istry, University Hospital, Uppsala, which is accredited ac-
cording to the Swedish Board for Accreditation and Confor-
mity Assessment (Swedac) standard ISO/IEC 17025. Serum
cystatin C was measured with latex-enhanced reagent (N
Latex Cystatin C; Dade Behring, Deerfield, IL, USA) using
a Behring BN ProSpec analyser (Dade Behring). The total
analytical imprecision of the method was 4.8% at 0.56 mg/l
and 3.7% at 2.85 mg/l. Estimated GFR (eGFR) was calculated
from serum cystatin C concentrations (mg/l) by the following
formula: eGFR=77.24×cystatin C−1.2623; this has been
shown to correlate closely with iohexol clearance [17].
Fasting plasma glucose was measured by the glucose dehy-
drogenase method (Gluc-DH; Merck, Darmstadt, Germany).
Urinary albumin excretion rate (UAER) was measured in one
overnight urine collection and expressed in μg/min. The assay
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used a commercially available radioimmunoassay kit (Albumin
RIA 100; Pharmacia, Uppsala, Sweden).

Insulin sensitivity The euglycaemic–hyperinsulinaemic
clamp technique of DeFronzo et al [18] was used, with a slight
modification to suppress hepatic glucose production for estima-
tion of in vivo sensitivity to insulin [19]. Insulin (Actrapid
Human; Novo, Copenhagen, Denmark) was infused in a pri-
mary dose for the first 10 min and then as a continuous infusion
(389 pmol/min per m2 body surface area) for 2 h to maintain
steady-state hyperinsulinaemia, achieving a level of about
660 pmol/l. The target plasma glucose level was 5.1 mmol/l,
maintained by measuring plasma glucose every 5 min. The
glucose infusion rate during the last hour was used as a measure
of the glucose disposal rate (M value, mg kg−1 min−1; to convert
values to SI units [mmol min−1 kg−1] multiply by 0.00555). The
coefficient of variation of the M value was 12% on repeated
clamp investigations within 30 days in the same individual. The
Insulin Sensitivity Index (M/I ratio) is a measure of the tissue
sensitivity to insulin expressed per pmol/l of insulin and was
calculated by dividing M by the mean insulin concentration
during the same period of the clamp. M/I thus represents the
amount of glucose metabolised per unit of plasma insulin and is
given in mg kg−1 min−1 (pmol/l)−1 of insulin multiplied by 100.
In addition, an OGTTwas performed in which the participants
ingested 75 g glucose dissolved in 300 ml water. Blood
samples for determination of plasma glucose and insulin
were drawn immediately before and 30, 60, 90 and
120 min after ingestion of glucose. The Insulinogenic
Index (IGI) for beta cell function was calculated using
the following formula: IGI=(insulin30 min− insulin0 min)/
(glucose30 min−glucose0 min) [20]. The OGTT and the clamp
procedure took place on separate days within the same week.

Dietary acid load Dietary habits were evaluated from a 7 day
dietary record based on a validated pre-coded menu book,
which was prepared and previously used by the Swedish
National Food Administration (NFA) [21]. The participants
were given oral instructions by a dietitian on how to perform
the dietary recording, and the amounts consumed were report-
ed in household measurements or specified as portion sizes.
The daily intake of energy and macro- and micro-nutrients was
calculated using a database from the NFA. In order to reduce
extraneous variation and predict the effect of dietary interven-
tions, the daily intake of macro- and micro-nutrients was
corrected for total energy intake by regression analysis of the
residual method [22]. PRAL and NEAP scores were derived
from estimations of the intake of several nutrients [11–13]:

1. PRAL mEq=dayð Þ ¼ 0:49� protein intake g=dayð Þ þ
0:037 � phosphorus mg=dayð Þ − 0:021 � potassium
mg=dayð Þ − 0:013 � calcium mg=dayð Þ − 0:026 �
magnesium mg=dayð Þ

2. NEAP1(mEq/day)= [54.4×protein intake (g/day)/
potassium (mEq/day)]−10.2

3 . NEAP2 mEq=dayð Þ¼∑ phosphate intake mmol=dayð Þ�½f
0:642−0:355� � 1:8þ chloride intake mmol=dayð Þ �
0:95 þ 0:325 � protein intake g=dayð Þ � 0:75 � 2þ
41 mEq=dayð Þ� individual body surface area=1:73m2 −
sodium intake mmol=dayð Þ � 0:95 − potassium intake
mmol=dayð Þ�0:8− calciumintake mmol=dayð Þ�0:17þ½
1:496� � 2 − magnesium intake mmol=dayð Þ � 0:39 −½
0:946� � 2g

Body surface area ¼ 0:20247� height mð Þ0:725 � weight kgð Þ0:425

For the score from energy-adjusted nutrients, all nutrients
were corrected for energy intake by the residual method before
being introduced into equations.

Endpoint definitions Diabetes incidence was defined accord-
ing to ADA diagnostic criteria using fasting concentration of
glucose (fasting plasma glucose≥7.0 mmol/l) or the use of
glucose-loweringmedication [23]. These criteria were applied in
each of the subsequent ULSAM examinations, which occurred
6 years after (where 839 participants attended), 10 years after
(530 participants attended) and 18 years after (354 attended)
reinvestigation. In addition, for those who did not attend the
reinvestigations, the Swedish National Hospital Discharge Reg-
ister recording was used to identify additional participants who
developed diabetes (identified by ICD-9 codes 250 or ICD-10
codes E10–E14 [www.who.int/classifications/icd/en/]) during
the 18 year follow-up (end-of follow-up 31 December 2011),
and validated by inspection of medical records [23]. Death was
censored, and no participant was lost to follow-up.

Statistical analysis Values are expressed as mean ± SD for
normally distributed continuous variables, median (interquar-
tile range [IQR]) for skewed variables, or percentage of total
for categorical variables. Study participants were divided into
three groups according to tertiles of PRAL. The Jonckheere–
Terpstra test was used to assess linear trends across these
groups, and p value for trend was reported.

Multivariate linear regressions were calculated to evaluate
the cross-sectional association of 1 SD increment of PRAL
and NEAP with IS (M value) or with estimated beta cell
function (IGI from OGTT). Three sets of models in a hierar-
chical fashion were investigated: (1) unadjusted model; (2)
model 1 considered adjustment for age, lifestyle factors (BMI,
smoking status, physical activity, education) and presence of
comorbidities (CVD, hypertension, hyperlipidaemia); (3)
model 2 further considered dietary factors, namely energy-
adjusted fibre, monounsaturated fatty acid (MUFA), polyun-
saturated fatty acid (PUFA), saturated fatty acid (SFA) and
carbohydrate intake [7]; (3) model 3 further adjusted for the
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Table 1 Baseline characteristics of study participants according to tertiles of PRAL (n=911)

Characteristic Tertiles of PRAL, mEq/day

Tertile 1 (−40.1, 4.0) Tertile 2 (>4.0, 21.1) Tertile 3 (>21.1, 322.9) p for trend

n 303 304 304

Age, years 70.9±0.6 71.0±0.6 71.0±0.6 0.18

BMI, kg/m2 26.0±3.2 26.1±3.3 25.8±3.2 0.57

Smokers, n (%) 57 (19) 65 (21) 65 (21) 0.43

Physical activity, n (%) 0.45

Sedentary 9 (3) 14 (5) 7 (2)

Moderate 98 (33) 93 (31) 103 (34)

Regular 158 (52) 175 (58) 168 (55)

Athletic 26 (9) 14 (5) 14 (5)

Education, n (%) 0.03

Elementary school 158 (52) 175 (58) 182 (60)

Secondary school 76 (25) 71 (23) 65 (21)

University or equivalent 58 (19) 54 (18) 45 (15)

CVD, n (%) 90 (30) 79 (26) 100 (33) 0.39

Hypertension, n (%) 211 (70) 224 (74) 222 (73) 0.35

Hyperlipidaemia, n (%) 116 (38) 107 (35) 96 (32) 0.08

Laboratory and clamp measurements

eGFR, ml min−1 1.73 m−2 61.4 (54.4, 70.1) 61.0 (53.9, 70.1) 60.7 (50.1, 69.7) 0.09

UAER, μg/min 4.5 (3.2, 11.0) 5.3 (3.3, 11.0) 4.7 (3.3, 8.6) 0.88

Glucose, mmol/l 5.4±0.6 5.4±0.6 5.3±0.6 0.12

Insulin, pmol/l 42 (29, 61) 41 (30, 59) 40 (27, 61) 0.26

IGI (30 min), pmol/mmol 76.2 (48.8, 134.6) 84.5 (50.5, 127.7) 80.7 (50.5, 141.5) 0.65
aM, mg min−1 kg−1 5.6±2.0 5.4±1.9 5.5±1.9 0.98

M/I, 100×mg kg−1 min−1 (pmol/l)−1 0.8±0.3 0.8±0.3 0.8±0.4 0.49

Nutrient intake (energy-adjusted)

Carbohydrate intake, g/day 215.6±25.9 201.9±23.3 206.7±22.7 <0.001

Protein intake, g/day 63.1±8.6 67.5±7.9 68.2±8.2 <0.001

Fat intake, g/day 66.4±12.0 70.9±9.7 69.1±9.4 0.001

MUFA intake, g/day 23.3±4.6 24.5±3.5 24.1±3.6 0.002

PUFA intake, g/day 15.1±3.2 14.4±2.7 14.5±2.6 0.008

SFA intake, g/day 28.8±6.8 31.6±6.2 30.4±5.2 <0.001

Fibre intake, g/day 18.0±4.3 16.3±3.4 16.8±3.4 <0.001

Sodium intake, g/day 2.4±0.4 2.5±0.5 2.5±0.4 <0.001

Potassium intake, g/day 2.9±0.5 2.6±0.4 2.8±0.4 <0.001

Magnesium intake, mg/day 291.4±41.8 276.4±31.8 286.7±34.0 0.26

Calcium intake, mg/day 881.6±249.2 985.6±232.7 1,024.9±235.7 <0.001

Phosphorus intake, g/day 1.2±0.2 1.4±0.2 3.2±1.4 <0.001

NEAP1, mEq/day 36.4 (32.6, 39.8) 44.6 (41.7, 48.9) 42.5 (37.0, 46.8) <0.001

NEAP2, mEq/day 10.8 (2.8, 18.2) 23.2 (16.8, 30.9) 77.6 (50.8, 118.3) <0.001

Food intake (energy-adjusted)

Meat, g/day 98.1±39.1 94.4±34.9 95.5±38.2 0.48

Fish, g/day 29.8±23.1 30.7±23.6 28.6±21.4 0.77

Milk products, g/day 320.3±184.9 337.6±182.8 376.9±175.8 <0.001

Cheese, g/day 30.6±16.7 38.8±19.8 36.9±21.3 <0.001

Fruit and vegetables, g/day 251.5±141.7 158.6±101.8 177.7±102.5 <0.001

Bread, g/day 206.9±95.1 227.1±86.9 238.7±92.5 <0.001

Coffee, g/day 546.6±238.9 475.9±228.3 512.3±226.6 0.08

Sugar-sweetened drink, g/day 55.8 (23.8, 97.6) 52.5 (28.5, 111.3) 43.5 (18.6, 79.8) 0.03

Data are expressed as mean ± SD, median (25th, 75th centile), or number (%), as appropriate
a To convert M values to SI units (mmol min−1 kg−1 ) multiply by 0.00555
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renal function surrogates, UAER and eGFR. Data are expressed
as regression coefficients (β) and 95% CI. As a sensitivity
analysis, we performed the same analysis in the subpopulation
of adequate dietary reporters (n=504) as identified by Goldberg
cut-offs [24, 25] and observed similar results.

The association between dietary acid load and diabetes risk
was investigated with multivariate logistic regression models,
both per SD increment as well as per prespecifiedmulticategory
(tertiles) of PRAL and NEAP. Proportional hazards assump-
tions were confirmed using the Schoenfeld test. The relations of
PRAL and NEAP with diabetes risk were investigated in four
sets of models in a hierarchical fashion: (1) model 1 adjusted for
age, lifestyle (BMI, smoking status, physical activity, educa-
tion) and IS (M); (2) model 2 further adjusted for comorbidities
(CVD, hypertension, hyperlipidaemia); (3) model 3 further
adjusted for dietary factors (energy-adjusted fibre, MUFA,
PUFA, SFA and carbohydrate intake); (4) model 4 further
adjusted for UAER and eGFR. Data are presented as OR and
95% CI. Confirmation of results in adequate reporters was not
performed because of the low number of events.

p<0.05was regarded as significant. Becausemultiple com-
parisons were not taken into account, results have to be
considered as descriptive. All statistical analyses were per-
formed using statistical software Stata version 12.0 (Stata
Corporation, College Station, TX, USA).

Results

Baseline characteristics Themedian PRAL andNEAP values
for the study population were: PRAL 10.0 (IQR 1.2–39.1; range
−40.1 to 322.9) mEq/day; NEAP1 41.0 (IQR 36.3–45.7; range
15.4–90.6) mEq/day; NEAP2 25.7 (IQR 13.2–52.3; range −71

to 425) mEq/day. PRAL and NEAP correlated positively with
each other (NEAP1, ρ=0.42, p<0.001; NEAP2, ρ=0.89,
p<0.001). Baseline characteristics of included participants are
shown in Table 1 as stratified by tertiles of PRAL. No differ-
ences were observed across tertiles regarding demographics,
lifestyle factors, comorbidities or UAER, eGFR, glucose, insu-
lin, M or M/I. The energy-adjusted intake of protein, fat,
MUFAs, SFAs, sodium, calcium and phosphorus increased,
while carbohydrate, potassium and fibre intake decreased across
increasing PRAL tertiles. The energy-adjusted intake of milk
products, cheese and bread increased, while fruit and vegetable
intake decreased across increasing PRAL tertiles.

Dietary acid load and IS IS (M) tended to decrease with
PRAL or NEAP increments (negative β coefficients), but this
never reached statistical significance in any model tested
(Table 2). PRAL and NEAP were not associated with esti-
mates of beta cell function as derived from OGTT. Null
associations were also observed when M/I was included as
the exposure (data not shown) or in the subpopulation of
adequate dietary reporters (data not shown).

Dietary acid load and risk of diabetes During 18 years of
follow-up, 115 new cases of diabetes were validated. In mul-
tivariate logistic regression models, neither PRAL nor NEAP
was associated with diabetes incidence. The multicategory
models largely confirmed these findings (Table 3).

Discussion

In this study of community-dwelling older men of similar age,
dietary acid load was not associated with insulin sensitivity.

Table 2 Associations between dietary acid load scores and insulin sensitivity and estimated beta cell function in non-diabetic men aged 70

Measurement β (95% CI)

Crude model Model 1a Model 2b Model 3c

Insulin sensitivity (glucose disposal rate, M, mg min−1 kg−1 by the hyperinsulinaemic–euglycaemic glucose clamp technique; n=911)

PRAL, mEq/day 1 SD increment −0.03 (−0.16, 0.09) −0.05 (−0.16, 0.05) −0.05 (−0.15, 0.06) −0.05 (−0.16, 0.06)
NEAP1, mEq/day 1 SD increment −0.06 (−0.19, 0.06) −0.09 (−0.19, 0.01) −0.09 (−0.21, 0.03) −0.09 (−0.21, 0.03)
NEAP2, mEq/day 1 SD increment −0.08 (−0.20, 0.05) −0.05 (−0.15, 0.06) −0.04 (−0.14, 0.06) −0.05 (−0.15, 0.05)

Estimated beta cell function (IGI, pmol/mmol by OGTT; n=898)

PRAL, mEq/day 1 SD increment −1.14 (−7.04, 4.76) −0.25 (−6.44, 5.93) 0.06 (−6.20, 6.33) −0.55 (−6.80, 5.79)
NEAP1, mEq/day 1 SD increment 2.38 (−3.52, 8.29) 2.88 (−3.09, 8.87) 5.55 (−1.65, 12.77) 5.28 (−2.09, 12.66)
NEAP2, mEq/day 1 SD increment 1.51 (−4.39, 7.43) 1.64 (−4.44, 7.72) 2.04 (−4.12, 8.20) 1.55 (−4.69, 7.80)

PRAL and NEAP scores were estimated from energy-adjusted nutrients
a Adjusted model 1 was adjusted for age, BMI, smoking status, physical activity, education, CVD, hypertension and hyperlipidaemia
bAdjusted model 2 was model 1 further adjusted for energy-adjusted fibre (g/day), MUFA (g/day), PUFA (g/day), SFA (g/day) and carbohydrate intake
(g/day)
c Adjusted model 3 was model 2 further adjusted for eGFR and UAER
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Further, dietary acid load was not associated with diabetes
incidence. Consideration of underlying kidney function or
careful analysis in the subgroup of adequate dietary reporters
did not modify these negative findings.

Our study cannot confirm the recent report by Fagherazzi
et al [3] showing a positive association of PRAL and NEAP
with type 2 diabetes incidence (1,372 events) among 66,485
women with a wide age range. The disagreement between that
study and our study could possibly be attributed to the inclu-
sion of 71-year-old men in our study. Thus, it is possible that
sex differences may further explain this discrepancy, although
this is currently not known. Another factor to consider in this
imbroglio is the homogeneity of the individuals investigated,

which renders low PRAL and NEAP variability. Certainly, the
two studies also differ in sample size and number of events,
and therefore we cannot exclude the possibility that a larger
sample size would have allowed us to observe an association.
Nevertheless, our study design has certain advantages in terms
of case validation and analytical approach. First, we used
7 day food records, which is considered to be a preferable
dietary-recall method to food frequency questionnaires [3].
Second, we used two different approaches to data analysis:
estimation of acid load from raw nutrients and, in addition,
from standardised energy-adjusted nutrients by regression
analysis of the residual method. Third, compared with the
use of self-reports of new-onset diabetes in the previous report

Table 3 Associations between dietary acid load scores and incidence of type 2 diabetes during 18 years of follow-up

Measurement Cases OR (95% CI)

Crude Model 1a Model 2b Model 3c Model 4d

PRAL, mEq/day

Continuous model 115

From raw nutrients 1 SD increment 0.93 (0.75, 1.15) 0.97 (0.77, 1.23) 0.98 (0.78, 1.24) 0.98 (0.78, 1.24) 1.02 (0.80, 1.29)

Energy-adjusted nutrients 1 SD increment 0.91 (0.73, 1.12) 0.93 (0.74, 1.18) 0.94 (0.75, 1.19) 0.94 (0.74, 1.19) 0.98 (0.78, 1.23)

Multicategory model

Tertile 1 ≤4.0 45 Reference Reference Reference Reference Reference

Tertile 2 >4.0–21.1 36 0.77 (0.48, 1.23) 0.77 (0.47, 1.27) 0.77 (0.47, 1.27) 0.73 (0.43, 1.22) 0.81 (0.47, 1.38)

Tertile 3 >21.1 34 0.72 (0.45, 1.16) 0.76 (0.45, 1.26) 0.77 (0.46, 1.28) 0.75 (0.45, 1.26) 0.84 (0.49, 1.44)

p for trend 0.35 0.48 0.50 0.41 0.71

NEAP1, mEq/day

Continuous model 115

From raw nutrients 1 SD increment 0.94 (0.77, 1.14) 0.93 (0.75, 1.15) 0.94 (0.76, 1.16) 0.88 (0.68, 1.15) 0.96 (0.73, 1.25)

Energy-adjusted nutrients 1 SD increment 0.93 (0.74, 1.18) 0.89 (0.71, 1.10) 0.89 (0.72, 1.11) 0.82 (0.63, 1.08) 0.89 (0.68, 1.17)

Multicategory model

Tertile 1 ≤37.8 42 Reference Reference Reference Reference Reference

Tertile 2 >37.8–43.7 36 0.83 (0.52, 1.34) 0.73 (0.44, 1.21) 0.71 (0.43, 1.19) 0.65 (0.38, 1.13) 0.69 (0.39, 1.22)

Tertile 3 >43.7 37 0.86 (0.54, 1.38) 0.80 (0.49, 1.32) 0.81 (0.49, 1.34) 0.70 (0.39, 1.26) 0.77 (0.42, 1.41)

p for trend 0.72 0.44 0.42 0.28 0.43

NEAP2, mEq/day

Continuous model 115

From raw nutrients 1 SD increment 0.99 (0.81, 1.20) 1.00 (0.80, 1.25) 1.01 (0.81, 1.26) 1.00 (0.80, 1.26) 1.03 (0.82, 1.30)

Energy-adjusted nutrients 1 SD increment 1.00 (0.82, 1.21) 1.00 (0.80, 1.25) 1.01 (0.81, 1.26) 1.00 (0.80, 1.26) 1.03 (0.83, 1.29)

Multicategory model

Tertile 1 ≤17.1 42 Reference Reference Reference Reference Reference

Tertile 2 >17.1–37.4 36 1.42 (0.88, 2.30) 1.27 (0.75, 2.15) 1.28 (0.75, 2.16) 1.24 (0.72, 2.12) 1.23 (0.70, 2.15)

Tertile 3 >37.4 37 1.13 (0.69, 1.87) 1.09 (0.64, 1.87) 1.12 (0.65, 1.91) 1.70 (0.6, 1.89) 1.16 (0.66, 2.03)

p for trend 0.34 0.66 0.66 0.73 0.66

In the multicategory model, PRAL and NEAP were from energy-adjusted nutrients
aModel 1 was adjusted for age, BMI, smoking status, physical activity, education and glucose disposal rate (M); (energy was also included in the analysis
of raw [unadjusted] PRAL and NEAP estimations)
bModel 2 considered model 1 further adjusted for CVD, hypertension and hyperlipidaemia
cModel 3 considered model 2 further adjusted for energy-adjusted fibre (g/day), MUFA (g/day), PUFA (g/day), SFA (g/day) and carbohydrate intake (g/ day)
dModel 4 considered model 3 further adjusted for eGFR and UAER
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[3], our study offers a more solid validation of incident cases.
In addition, we took into consideration important confounders
such as baseline IS and underlying kidney function. Finally,
and in support of our null finding, we failed to observe a
relationship between dietary acid load and IS as assessed by
the gold standard euglycaemic–hyperinsulinaemic clamp
technique or beta cell function as assessed by OGTT. This
was a solid finding which was further confirmed in adequate
dietary reporters.

Previous studies have reported a higher urinary pH in
diabetic patients than in matched controls [26]. The 24 h urine
pH [27], serum bicarbonate levels and anion gap [28] have
also been found to be associated with IS, as estimated by
surrogate indices. Although PRAL and NEAP estimations
from dietary recalls are considered valid reflections of true
renal net acid excretion in healthy humans and have been
associated with markers of metabolic acidosis, both in the
community and in patients with manifest chronic kidney
disease [29, 30], it is currently unknown if the acid–base
balance disturbances that are linked to insulin resistance are
solely derived from dietary sources. Surrogate IS indices
based on fasting insulin and glucose levels can be influenced
by the effects of renal retention of these metabolites in the
setting of kidney failure [31], and therefore the use of clamp-
derived IS in our study is a strength. An additional explanation
is that it is difficult to extrapolate the effects of a single dietary
component from that of the whole dietary approach [7].
Moreover, a healthy diet is plausibly linked to healthier
lifestyle-related habits and factors such as obesity, smoking
and physical activity and education exposures, which can also
influence IS and diabetes incidence [5].

Additional study characteristics must be considered in the
interpretation of our results. Strengths are the consideration of
reporting bias in dietary recalls [24, 25] and the confounding
by underlying kidney function [9, 10]. Although the homoge-
neity of participants in our survey (same age, sex, ethnicity
and geographical distribution) is also a strength producing
unbiased associations, it renders a selective population that
may not be representative of the general population. An
additional limitation is the relatively healthy condition of the
individuals in our survey, attributed in part to the lower
prevalence of metabolic risk factors in Nordic countries and
to the nature of our screening programme, whereby individ-
uals more concerned about their health and lifestyle may have
been more likely to participate. The influence of time is not
taken into account in our multivariate logistic regression
analysis. We therefore present odds rather than hazards, which
is another difference from the previous report [3]. We are
assuming, but cannot ensure, that dietary intake was kept
constant over time. Finally, although we adjusted for many
important confounders in the association of interest, residual
confounding cannot be ruled out in this or in any other
observational study.

Conclusions Dietary acid load was not associated with insulin
sensitivity, beta cell function or incidence of type 2 diabetes
during 18 years of follow-up in older community-dwelling
Swedish men. Our results therefore do not support the hy-
pothesis that dietary acid load influences the risk of diabetes.
Although solid, this evidence is observational in nature, and
interventional studies modifying acid–base dietary intake are
needed to elucidate the role of acid load in the initiation and
progression of type 2 diabetes.
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