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Abstract

Aims/hypothesis Low phosphate and high calcium concentra-
tions have been linked to altered glucose tolerance and re-
duced insulin sensitivity in non-diabetic individuals. The aim
of this study was to examine the relationships of calcium and
phosphate levels and the calcium—phosphate product with the
development of type 2 diabetes.

Methods Participants were 863 African-Americans, His-
panics and non-Hispanic whites in the Insulin Resistance

Steven M. Haftner is a retired Professor of Medicine, University of Texas
Health Science Center.

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-014-3241-9) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

C. Lorenzo (<) - S. M. Haffner

Department of Medicine, University of Texas Health Science Center,
7703 Floyd Curl Drive, San Antonio, TX 78229, USA

e-mail: lorenzo@uthscsa.edu

A. J. Hanley
Department of Nutritional Sciences, University of Toronto, Toronto,
ON, Canada

A.J. Hanley
Dalla Lana School of Public Health, University of Toronto, Toronto,
ON, Canada

A. J. Hanley
Leadership Sinai Centre for Diabetes, Mt Sinai Hospital, Toronto,
ON, Canada

A. J. Hanley
Department of Medicine, University of Toronto, Toronto, ON,
Canada

M. J. Rewers

Barbara Davis Center for Childhood Diabetes, University of
Colorado School of Medicine, Aurora, CO, USA

@ Springer

Atherosclerosis Study who were free of diabetes at baseline.
The mean follow-up period was 5.2 years. The insulin sensi-
tivity index (S;) and acute insulin response (AIR) were direct-
ly measured using the frequently sampled IVGTT.

Results Calcium concentration (OR per 1 SD unit increase,
1.26 [95% CI 1.04, 1.53]) and calcium—phosphate product
(OR 1.29 [95% CI 1.04, 1.59]) were associated with incident
diabetes after adjustment for demographic variables, family
history of diabetes, and 2 h glucose. The relationship between
phosphate concentration and progression to diabetes was close
to statistical significance (OR 1.21 [95% CI 0.98, 1.49]).
Calcium concentration (OR 1.37 [95% CI 1.09, 1.72]) and
calcium—phosphate product (OR 1.39 [95% CI 1.09, 1.77])
remained associated with incident diabetes after additional
adjustment for BMI, plasma glucose, S;, AIR, C-reactive
protein, estimated GFR, diuretic drugs and total calcium
intake.

Conclusions/interpretation Elevated serum calcium and
calcium—phosphate product are associated with increased risk
of developing type 2 diabetes independently of measured
glucose, insulin secretion and insulin resistance. Future stud-
ies need to analyse the role of calcium—phosphate homeostasis
in the pathophysiology of diabetes.

Keywords Clinical science - Epidemiology - Human -
Insulin sensitivity and resistance - Pathogenic mechanisms -
Prediction and prevention of type 2 diabetes
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Introduction

Increased serum calcium concentration predicts all-cause and
cardiovascular disease (CVD) mortality [1-4]. Primary hyper-
parathyroidism, a condition characterised by high calcium
levels, has been associated with increased CVD risk [5],
prevalent diabetes and impaired glucose tolerance [6, 7].
Parathyroid resection tends to restore normocalcaemia and
improves left ventricular hypertrophy and glucose tolerance
[8, 9]. In addition, elevated calcium concentration is related to
anumber of metabolic abnormalities in cross-sectional stud-
ies, including impaired glucose tolerance [10], decreased
insulin sensitivity and insulin secretion in individuals
with fasting glucose <7.0 mmol/l [11], and decreased
insulin sensitivity measured by the clamp technique in
elderly men with normal glucose tolerance and renal
function [12]. Recent results from the Tromse Study
indicate that serum calcium concentration predicts the
incidence of diabetes [4]. Although the authors adjusted
for age, sex, BMI, smoking, blood pressure and choles-
terol, there was no information on glucose concentration
or insulin resistance.

Serum calcium and phosphate levels are under tight hor-
monal control [13]. The calcium—phosphate product is used as
a risk measure for ectopic calcification in chronic kidney
disease [14]. Both increased phosphate concentration and
calcium—phosphate product predict CVD events and mortality
in individuals with end-stage renal disease [15]. Some reports
also describe similar associations in persons with normal or
mildly decreased renal function: elevated calcium—phosphate
product with the severity of aortic stenosis in patients with
normal renal function [16]; increased phosphate concentration
with CVD events in individuals with normal renal function
[17, 18] and mortality in men with hypertension and type 2
diabetes [2]. In contrast, low phosphate concentration is asso-
ciated with altered glucose tolerance and reduced insulin
sensitivity in non-diabetic individuals [ 19] and in patients with
hyperparathyroidism [20]. Phosphate supplementation im-
proves glucose tolerance in hypophosphataemic patients with
impaired glucose tolerance [21]. However, whether phosphate
concentration and calcium—phosphate product predict the in-
cidence of diabetes has not been tested.

‘We hypothesised that the development of diabetes may be
preceded by elevated calcium and decreased phosphate levels.
Therefore, we assessed the risk of developing diabetes asso-
ciated with serum calcium and phosphate levels and calcium—
phosphate product in non-diabetic participants in the Insulin
Resistance Atherosclerosis Study (IRAS). We also examined
whether these relationships were explained by risk factors for
diabetes including BMI, glucose tolerance, insulin sensitivity
and insulin secretion. In the IRAS, insulin sensitivity and first-
phase insulin secretion were directly measured by the fre-
quently sampled IVGTT.

Methods

Study sample The IRAS is a multicentre epidemiological
study of the relationships between insulin resistance, CVD
and its known risk factors in different ethnic groups and
varying states of glucose tolerance. The design and methods
of this study have been described in detail in previous publi-
cations [22]. Briefly, the study was conducted at four clinical
centres. At centres in Oakland and Los Angeles, California,
non-Hispanic whites and African-Americans were recruited
from Kaiser Permanente, a non-profit health maintenance
organisation. Centres in San Antonio, Texas and San Luis
Valley, Colorado recruited Hispanics from two ongoing
population-based studies (the San Antonio Heart Study and
the San Luis Valley Diabetes Study). A total of 1,625 individ-
uals participated in the baseline IRAS examination (56%
women; age range 40-69 years), which occurred between
October 1992 and April 1994. After an average of 5.2 years
(range 4.5-6.6 years), follow-up examinations were conduct-
ed using the baseline protocol (the response rate was 81%).
The IRAS protocol was approved by local institutional review
committees, and all participants provided written informed
consent.

Participants were eligible for analysis if they were non-
diabetic at the baseline examination (n=1,065). We excluded
22 participants who died during the follow-up period. We also
excluded 153 participants for failure to return to the follow-up
visit, and 27 for lack of information on calcium levels. There-
fore, the present report includes information on 863 partici-
pants (348 non-Hispanic whites, 217 African-Americans and
298 Hispanics). These participants were similar to those who
were excluded in terms of demographics and baseline charac-
teristics, including adiposity, insulin sensitivity index (S;),
acute insulin response (AIR), estimated GFR (eGFR) and
levels of plasma glucose and serum calcium and phosphate
(»>0.22 for comparisons).

Clinical measurements and procedures The IRAS protocol
required two visits, 1 week apart, of approximately 4 h each.
Protocols were identical at the baseline and 5-year follow-up
examinations. Individuals were asked before each visit to fast
for 12 h, to abstain from heavy exercise and alcohol for 24 h,
and to refrain from smoking the morning of the examination.
Data on age, sex, race/ethnicity, diet, family history of diabetes,
and medication were gathered by trained personnel. Duplicate
measures of anthropometry were made following a
standardised protocol, and averages were used in the analysis.

During the first baseline and follow-up visits, a 75 g OGTT
was administered to assess glucose tolerance status. During
the second baseline visit, insulin sensitivity and insulin secre-
tion were determined using the frequently sampled IVGTT
[22]. Some modifications were made to the original frequently
sampled IVGTT. An injection of regular insulin rather than
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tolbutamide was used to ensure adequate plasma insulin levels
for the accurate computation of insulin sensitivity across a
broad range of glucose tolerance. Glucose in the form of 50%
solution (0.3 g/kg) and regular human insulin (0.03 U/kg)
were injected through an intravenous line at 0 and 20 min,
respectively. Blood was collected at—5, 2, 4, 8, 19, 22, 30, 40,
50, 70, 100 and 180 min for measurement of plasma glucose
and insulin. Insulin sensitivity expressed as S; was computed
using mathematical modelling methods (MINMOD version
3.0 [1994]; Los Angeles, CA, USA; courtesy of Richard
Bergman, Department of Physiology and Biophysics, Univer-
sity of Southern California Medical School, Los Angeles, CA,
USA). AIR was calculated as the mean of 2 and 4 min insulin
concentrations after glucose administration.

Plasma glucose concentration was determined by the glu-
cose oxidase method on an automated autoanalyser (Yellow
Springs Equipment, Yellow Springs, OH, USA). Plasma in-
sulin concentration was measured by the dextran—charcoal
RIA (CV 19%) [23]. This assay had a high cross-reactivity
with proinsulin. C-reactive protein concentration was mea-
sured by an in-house ultrasensitive competitive immunoassay
(antibodies and antigens from Calbiochem, La Jolla, CA,
USA) (CV 8.9%) [24]. Serum calcium concentration (normal
range 2.05-2.58 mmol/l) was determined by the
cresolphthalein complexone method (CV 3%) [25], phosphate
concentration (inorganic phosphorus contained in the inorgan-
ic phosphates; normal range 0.78—1.49 mmol/l) by the
phosphomolybdate reduction method (CV 4.5%) [26], creat-
inine concentration by a modified kinetic Jaffe reaction
(CV 1.9%), and albumin concentration by the bromocresol
purple dye-binding method (CV 4%) at the central IRAS
laboratory with a Paramax PLA instrument (Baxter,
Deerfield, IL, USA). Quality-control procedures included
blind duplicate blood measurements (10% sample) [22].

Diabetes was defined as fasting glucose >7.0 mmol/l and/or
2 h glucose >11.1 mmol/l, and impaired glucose tolerance as
2 h glucose >7.8-11.0 mmol/l. Individuals who reported
current treatment with glucose-lowering medications were
considered to have diabetes. Calcium concentration was
corrected for the level of albumin: albumin-corrected calcium
(mmol/l)=calcium (mmol/l)+0.2x(40—albumin [g/1]) [27].
Calcium—phosphate product (mmol?/1%) was calculated as
albumin-corrected calcium x phosphate concentrations. We
used the Modification of Diet in Renal Disease equation
to estimate eGFR [28]. None of the participants had an
eGFR <30 ml/min per 1.73 m®. We gathered information
on dietary calcium intake with a validated food frequency
questionnaire [29]. Total dietary calcium indicates dietary
calcium plus calcium supplements.

Statistical analysis Analysis was carried out using the SAS

(version 9.2; SAS Institute, Cary, NC, USA) and R project
statistical software packages (version 2.9.2; The R Foundation
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for Statistical Computing, Vienna, Austria). We assessed base-
line differences in anthropometric and metabolic variables by
incident diabetic status using one-way analysis of covariance
(for continuous variables) and logistic regression analysis (for
dichotomous variables). Pearson’s correlation coefficients
were used to examine the strength of the relationship of calci-
um and phosphate concentrations and calcium—phosphate
product to relevant metabolic variables and total calcium
intake. To take into account the effect of potential confounders,
we used multiple logistic regression analysis to determine the
risk of developing diabetes associated with calcium and phos-
phate concentrations and calcium—phosphate product. In sep-
arate models, appropriate interaction terms were introduced to
assess the effect of sex, race/ethnicity, family history of diabe-
tes, and glucose tolerance status on the relationship between
calcium concentration (phosphate concentration or calcium—
phosphate product) and incident diabetes. A separate logistic
regression model was fitted to model incident diabetes with a
restricted cubic polynomial spline for serum calcium concen-
tration to estimate the varying effects of calcium concentration
over its full range [30]. We also generated additional models
with phosphate concentration or calcium—phosphate product
as the independent variable. We used log.-transformed
values of AIR and C-reactive protein in all analyses to
minimise the influence of extreme observations. We also
used the log. transformation of (S;+1) given that some
participants had S;=0. We considered a p value <0.05 to
be significant.

Results

Mean (range) calcium and phosphate concentrations were
2.25 (1.52-3.02) and 1.02 (0.13—1.55) mmol/l, respectively.
Progression to diabetes was associated with the following
baseline characteristics: older age, decreased S; and AIR,
and increased BMI and levels of plasma glucose, C-reactive
protein, calcium and calcium—phosphate product (Table 1).
Individuals who developed diabetes did not differ from those
who remained non-diabetic with regard to baseline total cal-
cium intake, albumin and phosphate levels, and eGFR.

There was a moderate relationship between serum calcium
and phosphate concentrations (#=0.33). Calcium and phos-
phate levels and calcium—phosphate product were negatively
related to eGFR (Table 2). However, few correlation coeffi-
cients relating calcium and phosphate levels and calcium—
phosphate product to total calcium intake, plasma glucose
levels, S; and AIR were statistically significant: albumin-
corrected calcium concentration with S; (very weak and neg-
ative); and albumin-corrected calcium concentration and cal-
cium—phosphate product with C-reactive protein (very weak
and positive).
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Table 1 Age-, sex- and ethnic-
adjusted baseline characteristics Characteristic No diabetes Diabetes p for trend
by diabetic status at follow-up
n 723 140 -
Age (years)* 54.4+0.3 56.5+0.7 0.007
Female (%)* 60.7 (52.4, 68.4) 56.2 (52.5,59.7) 0.319
Ethnicity (%)”
African-American 23.6 (17.3,31.3) 254 (22.4,28.8) 0.639
Hispanic 37.1(29.5,45.4) 34.0 (30.7, 37.6) 0.478
Non-Hispanic white 39.3 (31.6, 47.6) 40.5 (37.0, 44.1) 0.785
BMI (kg/m?) 28.0+0.2 31.3+0.5 <0.001
Fasting glucose (mmol/l) 5.36+0.02 5.86+0.04 <0.001
2 h glucose (mmol/l) 6.61+£0.07 8.33+0.14 <0.001
Sy (<107 min™' [pmol/] 1) 3.21+0.10 1.72+0.17 <0.001
AIR (pmol/l) 318.0£9.6 237.6£15.0 <0.001
Data are #, mean < SEM, or rates AIR (pmol/l)° 330.6+10.2 202.8+12.6 <0.001
(95% CI) C-reactive protein (nmol/1)° 16.0+0.7 249+2.4 <0.001
“Non-adjusted values Albumin (g/1) 38.0+0.1 38.2+0.3 0.606
® Adjusted for S; Calcium (mmol/1)* 2.24+0.01 2.27+0.01 0.044
©To convert C-reactive protein to Albumin-corrected calcium (mmol/l) 2.28+0.01 2.30+0.01 0.038
mg/dl, divide by 9.524 Phosphate (mmol/1)° 1.01+0.01 1.04+0.01 0.062
9To convert serum calcium to Calcium—phosphate product (mmol/1%) 2.32+0.02 2.41+0.03 0.018
mg/dl, multiply by 4.008 Total calcium intake (mg/day) 955424 903454 0.375
“To convert serum phosphate to eGFR (ml/minx 1.73 m?) 83.4+0.7 86.0£1.6 0.132

mg/dl, multiply by 3.097

Figure 1 presents the relationship between 5-year incidence
of diabetes and calcium concentration (phosphate concentra-
tion, calcium—phosphate product or calcium intake) modelled
by a smooth function. The relationship was not linear
(Wald test, p=0.040) but statistically significant for calcium
concentration (Wald x?, p=0.020), linear and significant for
albumin-adjusted calcium concentration (p=0.268 and 0.046,
respectively) and calcium—phosphate product (p=0.409 and
0.016, respectively), close to significance for phosphate concen-
tration (p=0.077), and not significant for total calcium intake
(p=0.769).

Individuals with calcium concentration >2.38 mmol/l
(9.5 mg/dl) were at increased risk of developing diabetes

(Table 3). After adjustment for age, sex, race/ethnicity and
clinic, the OR was 79% higher in individuals with calcium
concentration >2.38 mmol/l than in those with calcium con-
centration <2.38 mmol/l (OR 1.79 [95% CI 1.13, 2.85]). The
OR remained statistically significant despite adjustment for
BMI, family history of diabetes, fasting and 2 h glucose
concentrations, S;, AIR, eGFR and diuretic drugs (OR 2.05
[95% CI 1.16, 3.60]). Similarly, individuals with phosphate
concentration >1.20 mmol/l (3.7 mg/dl) were at increased risk
of developing diabetes (Table 4). The demographically adjust-
ed OR of developing diabetes was 72% higher in individuals
with phosphate concentration >1.20 mmol/l than in those with
phosphate concentration <1.20 mmol/l (OR 1.72 [95% CI

Table 2 Correlation coefficients

relating calcium and phosphate Calcium Albumin-corrected Phosphate Calcium—phosphate
levels and calcium-phosphate calcium product
product to total calcium intake,
relevant metabolic variables and Log, total calcium intake 0.01 0.03 -0.01 0.00
eGFR Fasting glucose 0.02 0.01 -0.06 -0.05
2 h glucose 0.03 0.06 0.04 0.05
Log. S -0.06 —0.08* 0.04 0.01
Log. AIR 0.02 —-0.01 0.00 0.00
*p<0.05; **p<0.01,; Log. AIR* —-0.01 —0.04 0.01 0.00
***p<0.001 Log. C-reactive protein 0.01 0.10 ** 0.05 0.08*
Pearson’s partial correlation eGFR —0.18%%* —0.15%%* —0.10%* —0.13%%*

coefficient adjusting for log, Sy
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Fig. 1 Probability of developing type 2 diabetes during the 5 year
follow-up period. The relation of (a) calcium (p=0.020) and (b)
albumin-adjusted calcium (p=0.046) concentrations to 5 year incidence
of diabetes was significant, whereas the relation of (¢) phosphate concen-
tration was marginally significant (p=0.077). A significant relationship

1.03, 2.87]). The OR also remained unchanged in the full
model (OR 1.87 [95% CI 0.97, 3.60]).

We further examined the risk of developing diabetes using
serum calcium and phosphate levels and calcium—phosphate
product as continuous variables (Table 5). Serum calcium and
albumin-adjusted calcium levels and calcium—phosphate
product were associated with incident diabetes independently
of the effect of demographics, clinic, family history of diabe-
tes, plasma glucose levels, BMI, S;, AIR, eGFR, diuretic
drugs, C-reactive protein and total calcium intake. Serum

T T T T T T T T
0 05 1.0 15 2.0 25 3.0 35
Total calcium intake (g/day)
was also demonstrated for (d) calcium—phosphate product (p=0.016), but
not for (e) total calcium intake (0.769). The relationship between calcium
concentration and incident diabetes was not linear (Wald test for linearity,

p=0.040), but all the other relationships did not fail the test for linearity
(p>0.26). The dotted lines represent 95% Cls

phosphate concentration was also associated with incident
diabetes in the full model.

In separate models, we examined the effect of sex,
race/ethnicity, family history of diabetes and glucose tolerance
on the relationship between calcium concentration (phosphate
concentration or calcium—phosphate product) and incident dia-
betes (electronic supplementary material [ESM] Fig. 1). None of
these interaction terms was statistically significant (all p>0.37),
indicating consistent relationships across categories of sex,
race/ethnicity, family history of diabetes and glucose tolerance.

Table 3 OR of developing diabetes by categories of serum calcium concentration

Model Serum calcium concentration category (mmol/l)

<2.13 2.13-2.24 2.25-2.37 2.38-2.49 >2.50
n 84 320 327 98 34
Model 1* 1.24 (0.64, 2.42) 1.00 1.27 (0.81, 1.98) 1.84 (1.01, 3.34) 2.78 (1.22,6.36)
Model 2° 0.92 (0.40, 2.09) 1.00 1.18 (0.69, 2.01) 1.94 (0.96, 3.91) 3.15(1.14, 8.73)
Values are OR (95% CI)

Results adjusted for age, sex, ethnicity and clinic

b Results also adjusted for BMI, family history of diabetes, fasting and 2 h glucose concentrations, log, Sy, log. AIR, eGFR and diuretic drugs
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Table 4 OR of developing dia-
betes by categories of phosphate Model Serum phosphate concentration category (mmol/I)
concentration
<1.00 mmol/l 1.00-1.09 mmol/l 1.10-1.19 mmol/l >1.20 mmol/l

n 367 261 130 105

Model 1* 1.00 1.57 (1.00, 2.46) 1.11 (0.61, 2.01) 2.12(1.19,3.79)

Model 2° 1.00 1.40 (0.82, 2.39) 1.20 (0.59, 2.44) 2.24(1.09, 4.61)
Discussion In cross-sectional studies, calcium concentration correlated

This study has several novel findings. First, serum calcium
and phosphate concentrations are not associated with insulin
sensitivity and insulin secretion in non-diabetic individuals.
Second, calcium concentration has a non-linear relationship
with incident diabetes. Individuals with calcium levels
>2.38 mmol/l (9.5 mg/dl) are at increased risk of developing
the disease. Third, this relationship is independent of the effect
of measured glucose, insulin secretion and insulin resistance.
Finally, the risk of diabetes associated with calcium—
phosphate product is comparable with the risk associated with
calcium concentration.

Causal inferences cannot be drawn from our results. The
association between calcium concentration and incident dia-
betes has already been reported by a much larger study, the
Tromse Study [4]. Calcium has an important role in a wide
range of biological functions including insulin secretion [31].
Insulin secretion is a calcium-dependent process requiring the
influx of calcium to the beta cell [32, 33]. Calcium is involved
in the regulation of insulin secretion under physiological
conditions: (1) extracellular calcium is needed for glucose to
increase insulin secretion; (2) glucose must be metabolised by
beta cells in order to induce an increase in intracellular calci-
um; and (3) this increase in intracellular calcium initiates
exocytosis of insulin granules [31]. Vitamin D and calcium
regulate transcription of calcium transporter genes [33]. In
addition, glucose intolerance and insulin resistance are accom-
panied by an increase in intracellular calcium [34]. Therefore,
it is possible that persistent alterations of calcium concentra-
tion could affect the insulin secretory response.

with fasting glucose concentration in a Swedish community
[35], and with fasting glucose concentration and homeostasis
model assessment of insulin resistance and secretion in non-
diabetic individuals from Newfoundland, Canada [11]. Ele-
vated calcium concentration was associated with decreased
insulin sensitivity measured by the euglycaemic clamp in
elderly men with normal glucose tolerance and normal renal
function [12]. Increased calcium concentration was associated
with the metabolic syndrome in the general population [36]
and increased fasting insulin and late insulin secretory re-
sponse in middle-aged men [37]. However, there are some-
what mixed results in the literature. In the study by Wareham
et al [10], impaired glucose tolerance was related to elevated
calcium concentration, even after the effect of age, obesity or
vitamin D concentration had been accounted for. However,
calcium concentration did not have a significant relationship
with surrogate measures of either insulin resistance (fasting
insulin concentration) or insulin secretion (30 min insulin
increment) [10]. There are also inconsistent reports with re-
gard to the relationship between calcium concentration and the
prevalence of type 2 diabetes [38, 39].

In the IRAS, serum calcium concentration is not related to
insulin sensitivity and early insulin response (only albumin-
corrected calcium concentration has a very weak relationship
with insulin sensitivity in cross-sectional analyses [r=—0.08,
p<0.05]). Insulin sensitivity, insulin secretion or plasma glu-
cose levels do not explain the relationship between calcium
concentration and progression to diabetes. These results are
novel in view of those of the Tromse Study, in which the
described relationship between calcium concentration and

Table 5 OR of developing incident diabetes by serum calcium, albumin-corrected calcium and phosphate levels and calcium—phosphate product

Adjustment models

Calcium

Albumin-corrected Phosphate
calcium

Calcium—phosphate
product

Age, sex, ethnicity, clinic, family history of diabetes and 2 h glucose 1.26 (1.04, 1.53)
1.34 (1.07, 1.68)

+ BM], fasting glucose, log. Sy, log. AIR, eGFR
and diuretic medicines
+ Log. C-reactive protein and total calcium intake

1.37 (1.09, 1.72)

1.26 (1.04, 1.55)
1.31 (1.04, 1.65)

1.21 (0.98, 1.49)
1.31 (1.04, 1.67)

1.29 (1.04, 1.59)
1.39 (1.09, 1.77)

1.34 (1.06, 1.70)  1.30(1.02, 1.65) 1.39 (1.09, 1.77)

Values are OR (95% CI); OR expressed per 1 SD unit increase
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incident diabetes is independent of common CVD risk factors
including adiposity [4]. Future studies may need to examine
mechanisms other than insulin sensitivity and insulin secre-
tion. For example, intracellular calcium has an important role
in beta cell apoptosis [40, 41]. Increases in intracellular calci-
um occur with the development of endoplasmic reticulum
stress and dysfunction of both mitochondria and gene tran-
scription, all of which have been implicated in apoptosis [42].

Phosphate concentration has been inversely related to
fasting insulin, fasting glucose and late insulin response in
the general population [37]. In non-diabetic individuals, low
serum phosphate levels have been shown to be associated with
high 2 h glucose levels and reduced insulin sensitivity at
baseline and high 2 h glucose levels after a lifestyle interven-
tion [19]. Alterations in glucose metabolism and insulin sen-
sitivity have also been described in individuals with chronic
hypophosphataemia [20]. However, our results indicate that
phosphate concentration has no relationship with measures of
insulin sensitivity, insulin secretion and plasma glucose in
apparently healthy individuals. The relationship between
phosphate concentration and incident diabetes is near signif-
icance in demographically adjusted analysis. After adjustment
for glucose tolerance and measures of insulin sensitivity and
secretion, high rather than low phosphate concentration is
associated with future development of diabetes.

Elevated serum phosphate concentration and calcium—phos-
phate product have been described in an experimental model of
insulin resistance [43]. As previously described in middle-aged
men participating in a health examination survey [44], the
relationship between calcium and phosphate levels is direct
and moderate. In IRAS participants, all of whom had normal
or mildly decreased renal function [45], the calcium—phosphate
product is not associated with plasma glucose levels and mea-
sures of insulin sensitivity and insulin secretion. The relation-
ship of calcium—phosphate product (i.e. OR) to incidence of
diabetes is not very different from that of calcium concentra-
tion. There is also a relation between phosphate concentration
and CVD [17, 18]. Thus, we cannot dismiss a potential associ-
ation between phosphate concentration and development of
diabetes. Follow-up ORs for phosphate concentration are sim-
ilar to those for calcium concentration (Table 5), even though
the former fails to reach statistical significance in some analy-
ses. This could be due to a type 2 error.

Our study has several strengths. Calcium concentration
(uncorrected and corrected values) is associated with incident
diabetes with no significant interaction effects of sex,
race/ethnicity and glucose tolerance status. The IRAS has a
well characterised sample population and validated measures
of both insulin sensitivity and insulin secretion. Our study also
has limitations. First, it lacks information on dietary vitamin D
and serum levels of vitamin D and parathyroid hormone. Low
vitamin D concentration has been associated with increased
risk of diabetes [46], but also with low ionised calcium [47].

@ Springer

The absence of data on vitamin D and parathyroid hormone
limits our ability to assess the relation of calcium and phos-
phate levels to both incident diabetes and eGFR. However, the
Tromse Study has already described a relationship between
calcium concentration and incident diabetes [4]. Small eleva-
tions of both calcium and phosphate levels have also been
linked to mild worsening of renal function [48-50]. Second,
our study lacks data on ionised calcium, which is the physio-
logically active form [26]. Total calcium concentration in
serum continues to be measured in the clinical setting, and
corrected calcium for the level of albumin is commonly used.
However, this presupposes that the binding of calcium to
albumin is constant and ignores other relevant ligands [26].
Thus, future studies need to examine whether ionised calcium
is associated with incident diabetes. Finally, sample size and
the number of individuals developing diabetes are moderate.
Statistical power of correlation coefficients is high, but power
of logistic regression models is moderate for weak predictors
of incident diabetes, such as calcium and phosphate levels.
Therefore our results on risk prediction need to be interpreted
with caution. Nevertheless, we have found that the relation-
ship between calcium concentration and incident diabetes is
comparable to that of the Tromse Study, a study with higher
statistical power (25,055 individuals and 705 new cases of
diabetes) [4]. Our study is also novel because it suggests that
the relationship is independent of important determinants of
diabetes such as glucose tolerance, insulin resistance and
insulin secretion.

In conclusion, serum calcium concentration and calcium—
phosphate product are associated with the development of
type 2 diabetes. These associations are independent of the
effect of adiposity, glucose tolerance, insulin sensitivity, insu-
lin secretion and subclinical inflammation. In the IRAS pop-
ulation, high rather than low phosphate concentration is asso-
ciated with progression to diabetes. Future studies need to
examine whether calcium—phosphate homeostasis plays a role
in the development of diabetes independent of measured
glucose, insulin secretion and insulin resistance.
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