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Abstract

Abnormal Ca homeostasis has been associated with impaired glucose metabolism. However, the epidemiological evidence is controversial. We
aimed to assess the association between circulating Ca levels and the risk of type 2 diabetes mellitus (T2DM) or abnormal glucose homeostasis
through conducting a systematic review and meta-analysis. Eligible studies were identified by searching electronic database (PubMed, Embase and
Google Scholar) and related references with de novo results from primary studies up to December 2018. A random-effects
meta-analysis was performed to estimate the weighted relative risks (RR) and 95 % CI for the associations. The search yielded twenty eligible
publications with eight cohort studies identified for the meta-analysis, which included a total of 89 165 participants. Comparing the highest with
the lowest category of albumin-adjusted serum Ca, the pooled RR was 1-14 (95 % CI 1-05, 1-24) for T2DM (72 51 489). Similarly, serum total Ca was
associated with incident T2DM (RR 1-25; 95 % CI 1-10, 1-42) (r 64 502). Additionally, the adjusted RR for 1 mg/dl increments in albumin-adjusted
serum Ca or serum total Ca levels was 1-16 (95 % CI 1-07, 1-27) and 1-19 (95 % CI 1-11, 1-28), respectively. The observed associations remained with
the inclusion of a cohort study with ionised Ca as the exposure. However, data pooled from neither case—control (72 4) nor cross-sectional (72 8)
studies manifested a significant correlation between circulating Ca and glucose homeostasis. In conclusion, accumulated data from the cohort
studies suggest that higher circulating Ca levels are associated with an augmented risk of T2DM.
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Type 2 diabetes mellitus (T2DM), a major metabolic disorder
characterised by hyperglycaemia, is associated with an increased
risk of multiple chronic conditions?; such as CVD® and
nephropathy®>. T2DM has been recognised as a leading cause
of morbidity and mortality™®.

Ca, an essential mineral, exerts a wide range of biological func-
tions, including bone and tooth mineralisation, blood coagula-
tion, muscle contraction, nerve impulse transmission and
cellular signalling transduction®*. Additionally, Ca plays a piv-
otal role in insulin secretion and glucose homeostasis1%1D,
Glucose-dependent insulin secretion is a Ca-regulated process,

which depends on intracellular Ca concentration in pancreatic
p-cells'*1?_ Moreover, increased cytosolic Ca also affects glucose
uptake in the myocyte"'%'31%  Consequently, abnormal Ca
homeostasis could potentially be involved with defects in insulin
action and disorders in glucose homeostasis, contributing to
T2DM development 410111516

Findings from epidemiological studies are inconsistent.
Some observational studies have indicated that increased serum
Ca concentration may be directly associated with the risk of
developing T2DMG#0717.182D whereas others reported the null
correlation between circulating Ca and prevalent T2DM1922),

Abbreviations: NOS, Newcastle-Ottawa Scale; PTH, parathyroid hormone; RR, relative risk; T2DM, type 2 diabetes mellitus.
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Also, it has been observed that elevated serum Ca levels
were related to insulin resistance™?2D  reduced insulin
sensitivity®!8232 and impaired glucose tolerance16:17.23.29),
but not a decrease in insulin secretion®??»_ These contradic-
tory results may be partially attributable to diverse Ca assess-
ments, for example, total serum Ca and albumin-adjusted
serum Ca, which are different biomarkers of Ca status!'%?.
Because approximate 40 % of Ca in the serum is bound to
albumin®, it is vital to know the serum albumin level when
evaluating the total serum Ca. Moreover, circulating Ca homeo-
stasis is exquisitely regulated by multiple negative feedback
loops which involve several integrated hormonal responses
and target organs®. Thus, each of these components
may mediate the possible Ca-related risk of diabetes.
Interestingly, two double-blind, placebo-controlled, rando-
mised clinical trials reported non-significant effects of Ca sup-
plementation on insulin resistance in obese adults?>
as insulin secretion, insulin sensitivity and glycaemia in
adults at risk of T2DM®@®. Of note, these studies have
relatively short follow-up periods, insufficient numbers of par-
ticipants and heterogeneous between
populations5:29,

One early meta-analysis® was conducted by Sing et al. based
(349217 which reported a positive

, as well

characteristics

only on four cohort studies
association of both serum total Ca and albumin-adjusted Ca with
risk of diabetes. Since then, four additional cohort stud-
ies©102227) with larger sample sizes have been published.
Moreover, the linear association between circulating Ca levels
and the T2DM risk has not been investigated.

Therefore, in the present study, we aimed to quantitatively
assess the overall association between circulating Ca levels
and the risk of T2DM or abnormal glucose homeostasis by per-
forming an up-to-date systematic review and meta-analysis.

Methods

The present study was conducted according to the guidelines of
Meta-analysis of Observational Studies in Epidemiology
(MOOSE)®®. The present study was registered with the
International Prospective Register of Systematic Reviews
(PROSPERO) (https://www.crd.york.ac.uk/PROSPERO/) with
the registration number CRD42018092835.

Study search strategy

We performed a systematic search of published studies in
English in PubMed from inception to December 2018 using
the terms ‘calcium or serum calcium or blood calcium’, ‘diabetes
or insulin resistance or impaired glucose tolerance or impaired
fasting glucose’; ‘epidemiological studies’, ‘cohort/prospective
longitudinal/follow-up/cross-sectional/case-control studies’
and ‘survival analysis or proportional hazard model or hazard
ratio Cox or hazards ratio or odds ratio’. In addition, we searched
Embase, Google Scholar and reference lists of narrative and
systematic reviews to identify missing studies. Importantly, to
standardise results specifically for this meta-analysis and to
obtain additional information, we requested de novo data from
two original studies®???7,

Selection criteria

Studies were considered for inclusion if they met the following
criteria: (a) published in English; (b) had a cohort, case—control
or cross-sectional design; (¢) provided the exposure information
of total serum Ca, albumin-adjusted serum Ca or serum ionised
Ca and (d) had a relative risk (RR), hazard ratio (HR) or OR with
95 % CI for T2DM in relation to Ca exposure or a correlation coef-
ficient between Ca exposure and T2DM related variables (e.g.
fasting glucose, fasting insulin, insulin sensitivity and insulin re-
sistance), or such information could be derived from the pub-
lished results.

Data extraction

Two investigators (J. Z. and P. C. X)) reviewed all relevant liter-
ature and assessed the eligibility of each study independently.
Discrepancies were resolved with consensus reached by group
discussion. From each retrieved study, the following information
was extracted: author name, year of publication, study region,
total number of participants and events (or total number of cases
and controls), proportion of males, age of participants, exposure
evaluation method, exposure classification, adjusted variables
and HR, RR or OR estimates with corresponding 95 % CI for
all corresponding Ca exposure categories and/or for continuous
exposure, compared with the lowest exposure group. OR
reported in a cohort study'” was transformed to RR by adopting
the following formula: OR = ((1-P,) X RR/(1-RR X P;)), where
P, is the incidence rate in the reference group, according to
the published methods®.

Quality assessment

The Newcastle-Ottawa Scale (NOS) system®” was employed
to evaluate the quality of each selected cohort study or case—
control study. The NOS system has a maximum score of nine
points. Studies with a sum score of 0-4, 5-7 and 8-9 were
considered as low, moderate and high quality, respectively.
Also, the original version of the NOS system was modified for
assessing the quality of the included cross-sectional studies for
the systematic review based on the existing literature®®’32,
The modified NOS system has a maximum score of eight points.
Studies with a sum score of 0-4, 5-7 and 8 were considered as
low, moderate and high quality, respectively. Two co-authors
(J. Z. and P. C. X)) independently conducted the quality assess-
ment. Any unconformity was resolved with consensus reached
by group discussion with the involvement of a third investigator.

Statistical analysis

We pooled the cohort studies’ data for each outcome of interest
using a random-effects model in Stata 13.0 (STATA Corp).
Pvalues < 0-05 were considered statistically significant if not oth-
erwise specified. For the comparisons, we used the multivari-
able-adjusted associations (RR) for the highest ». lowest
category of albumin-adjusted serum Ca or total Ca levels, and
for the linear associations, we used standardised Ca levels with
1 mg/dl increments. Because of an insufficient number of studies
measuring ionised Ca, we did not pool the data separately for this
subgroup. Heterogeneity was estimated quantitatively using 7
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EMBASE, and Google Scholar

Forty-five relevant papers identified by database searches of PubMed,

Three articles excluded: not in English

Forty-two studies retrieved for abstract review

Twenty-four articles excluded for the following reasons:

Nine no association between blood Ca and
outcome of interest reported
Fifteen no blood Ca reported

Eighteen studies remained for full-text review

Two additional articles added by reviewing

reference lists

Twenty studies included
Eight cohort studies for the meta-analysis

Four case-control studies and eight cross-sectional studies for the review

Fig. 1. Flow chart of study selection.

and tested by Cochran’s O-test. An P value of >75, 51-75, 26-50
or 0-25% corresponds to high, moderate, low or very low
heterogeneity, respectively. We evaluated publication bias
through both Egger’s asymmetry test and Begg’s non-parametric
test with the a level set as 0-10. The Duval and Tweedie non-
parametric ‘trim and fill' method was adopted, if publication bias
existed®?.

We also conducted sensitivity analyses to assess the
effect of replacing a random-effects model with a fixed-effects
model and the influence of an individual study on the
overall association by excluding one study each time from
the analysis. We also evaluated the impact of one study
measuring ionised Ca on the overall association by combining
it with other studies.

Results
Literature search

The literature selection process is shown in Fig. 1. A total of
forty-five related articles were retrieved from PubMed,
Embase and Google Scholar. Of these, three articles were
excluded since they were not issued in English; nine publica-
tions were further excluded because they did not associate
blood Ca with an outcome of interest and additional fifteen
articles were excluded because they did not report blood Ca
as either a categorical variable or a continuous variable on
the original scale. Furthermore, we also identified two articles
by searching the reference lists of relevant publications.
Thus, the search revealed eight cohort studies®*%910,17,22.27)

for the meta-analysis and another twelve eligible studies (four
Y: g

case—control  studies” %3439 and  eight cross-sectional

studies19-2123:24.36-39)) for the systematic review.

Study characteristics

The information from the eligible studies was extracted
(Tables 1-3). The total number of participants of all the included
studies was 89 165 (48:6% males). For eight cohort
studies®40910.17.222D there were 80 359 individuals (49-9 %
males) with 6447 incidents of diabetes. For four case-control
studies7183435) there were 858 individuals (35-9 % males) with
324 diabetes cases and 534 controls. For eight cross-sectional
studies19-21232436-39)  there were 7948 participants (37-2%
males) including 740 diabetes cases. The mean age of partici-
pants across primary studies was from 25-7 to 80 years.
Regarding the quality of the included eight cohort
studies@40910.17.2227 giv sudies 340172227 were assessed as
high quality and two studies!?’ as moderate quality (online
Supplementary Table S1). Of the included four case—control
studies 7183439 two studies®3? were assessed as moderate
quality and two studies”3> as low quality. For the included eight
cross-sectional  studies(19-2123:243638) o studies92? were

assessed as high quality and six studies®*?1*433%) a5 moderate
quality.
Meta-analysis of the cohort studies

A significant association between albumin-adjusted serum Ca
levels and T2DM incidence was found (RR 1-14; 95% CI
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g
0-236 for

against adjusted

regression
analyses on IGI
Ca: j

NGT men; 0-128
for pre-DM men

Multiple linear

95 % CI

217 092, 526

OR*

Adjusted variables
smoking, BMI, uCRP
and leucocyte count

Age, BMI, HDL-C and

season and current
HbA1c

PTH, 25(0OH)D, age, sex,

FPG,

< 100 mg/dl and 2-h PG,
< 140 mg/dl and

methods
FPG,
100-125 mg/dl or 2-h PG,

Case identification
ADA (2014): NGT
140-199 mg/dl

pre-DM

From the medical records of
T2DM

Based on the criteria of

No. of cases
316 with pre-
DM

British Journal of Nutrition

oF
Exposure categories
tertile (with no specific
serum Ca (mg/dl):
NGT men, 9-0 (sp 0-3);
NGT women, 9-1 (sb 0-3);

data)
Fasting albumin-adjusted

plasma Ca (mmol/l)
pre-DM men, 9-0 (sp 0-3);

Fasting albumin-adjusted
pre-DM women, 91 (sp 0-3)

41

66-8

Males (%)
2

Age (years)
46-85
(95 % Cl 45.44,
48-26)t
NGT men,

488 (sp 9-1)
NGT women,
516 (sp 6:7)
pre-DM men,
525 (sp 8:6);

pre-DM women,
54.2 (sb 8:0)

Participants
(n)
316
668

Table 3. (Continued)
et al.®®, Spain
Shimodaira

et al.®), Japan

Source
Guasch
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Discussion

The accumulated evidence from the cohort studies suggests that
either albumin-adjusted serum Ca or serum total Ca was directly
associated with T2DM risk, though data from case—control and
cross-sectional studies were inconsistent and inconclusive. The
present study provided updated and robust data to the literature
by including additional and de novo results from a few newly pub-
lished large cohort studies. Also, the present study investigated
both categorical and linear associations between circulating Ca
and T2DM incidence, which strengthened our conclusion.

The results in case—control and cross-sectional studies were
not consistent, which may be partially explained by the different
Ca measurements, such as total serum, albumin-corrected
serum, serum ionised or plasma levels or heterogeneous study
populations with various outcomes.

The results of the present study are inconsistent with findings
from studies on dietary Ca intake and the T2DM risk®?3%-42 One
possible explanation is that dietary estimation and blood Ca are
different assessments, which are subject to different measure-
ment errors. Another explanation is that the dietary Ca and dia-
betes association may be confounded by Mg intake, which is
highly correlated with Ca intake and associated with diabetes
risk“?. Moreover, circulating Ca concentrations could reflect
not only the exogenous Ca intake but also the endogenous
capability of maintaining homeostasis®?, which is tightly regu-
lated by multiple negative feedback loops involving several tar-
get organs and hormones®822 Ca intake may lead to an
elevation of serum Ca that activates the Ca-sensing receptor
(CaR) in the parathyroid glands to reduce parathyroid hormone
(PTH) secretion®. The reduced PTH inactivates the PTH recep-
tor (PTHR) in kidney to decrease tubular Ca reabsorption, and
PTHR in bone to decrease net bone Ca resorption®. The
reduced PTH also results in a decreased secretion of 1,25-
dihydroxyvitamin D (1,25(OH),D), which inactivates the
vitamin D receptor in intestine to reduce Ca absorption, in the
parathyroid glands to augment PTH secretion and in bone to
reduce Ca resorption®. The rise in serum Ca may also activate
the CaR in kidney to decrease Ca reabsorption®. When a
decrease in serum Ca occurs, this integrated hormonal response
is reversed with serum Ca increased, which helps to maintain
total serum Ca levels within a physiological range of approxi-
mately 10%®. However, emerging evidence showed that
hormones (such as PTH, 1,25(OH),D) that participate in this
complex homeostatic system have themselves been related to
diabetes™%>, Thus, abnormalities of these pivotal physiological
factors may affect the Ca—diabetes association, which warrants
further investigation.

The potential mechanisms underlying the role of circulating
Ca in T2DM incidence remain unclear. However, growing
evidence implies that Ca may mediate insulin secretion via
activation of the CaR“%%?, which is wildly expressed in tissues,
such as pancreatic islets of Langerhans“®. Glucose-dependent
insulin secretion from the pancreatic f-cells is a Ca-regulated
process! 11249 which requires the influx of Ca through
voltage-gated Ca channels to the secretory granules in
p-cells®-Y Thus, high Ca concentration may induce p-cell
dysfunction®”. Moreover, abnormal Ca status impacts insulin

ked telopeptide of type-I collagen; HOMA-IR, homeostatic model assessment for insulin resistance; ADA, American Diabetes Association; uCRP, ultrasensitive

C-reactive protein; NGT, normal glucose tolerance; Pre-DM, pre-diabetes mellitus; PG, plasma glucose; HDL-C, HDL-cholesterol; HbA1c, glycated Hb; IGT, impaired glucose tolerance.

* The highest quintile of blood Ca was compared with the lowest quintile.
1 Partial correlations between total serum Ca and fasting serum glucose.

1 Partial correlations between total serum Ca and insulin resistance.

IGl, insulinogenic index; 25(0OH)D, 25-hydroxyvitamin D3; DM, diabetes mellitus; FPG, fasting plasma glucose; M/I, glucose disposal rate [M] divided by mean insulin concentration [I]; PTH, parathyroid hormone; T2DM, type 2 diabetes mellitus;

§ Standard deviation increase in serum Ca was associated with 0-17 mg-kg="-min~" (mU/)=' x 100 (0-024 mg-kg~"-min~" (pmol/l) x 100) decrease in M/I.

BAP, bone-specific alkaline phosphatase; uNTX, urinary N-terminal cross-li
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Author Year

Highest v. lowest

%
Weight
RR 95 % Cl (I-V)

Becerra-Tomas 2014

Rooney 2016
Sing 2016
Kim 2018
Suh 2018

I-V subtotal (/2= 0.0 %, P=0-550)
D+L subtotal

per 1 mg/dl increment

Becerra-Tom’as 2014 —

112 0.62, 2.03 1.86

- 1-28 1.08, 1-52 22.43
e 1.22 0-96, 1-55 11-41
- 1-11 0.95, 1.30 26.62
— 1.07 0-94, 1-22 37-67
<> 1-14 1-05, 1-24 100-00
<&

114 1.05, 1-24

1.37 0-88,2-14 2.16

Lorenzo 2014 — 128 105157  10.54
Rooney 2016 —— 125  1.08,144  20.70
Sing 2016 — 132 104,168  7.45
Kim 2018 —— 107 096,119  36.91
Suh 2018 —— 105 092,121 2224
-V subtotal (/2= 33.8 %, P = 0.183) O 115 107,122 100.00
D+L subtotal < 116 1.07,1.27

0-25 0-5

Fig. 2. Multivariable-adjusted relative risks (RR) (#) and 95 % confidence intervals (—) of type 2 diabetes mellitus (T2DM) in relation to albumin-adjusted serum calcium
levels. The summary assessments ((}) were obtained by adopting a random-effects model. Values are adjusted RR comparing the highest with the lowest category
levels or per 1 mg/dl increase in albumin-adjusted serum calcium. The size of the shaded square is proportional to the weight of each study. We requested de novo data

from the authors of Kim et al.?® and Suh et al.??), respectively.

sensitivity and glucose transport in adipocytes and skeletal
(145253 through regulating GLUT4 expression, which is
a passive transporter necessary for glucose uptake in peripheral
tissues!!3!®. Chronic exposure to increased cytosolic Ca levels
has been shown to prohibit GLUT4 expression in skeletal
muscle®®. Furthermore, elevated or sustained cytosolic Ca
levels have been revealed to reduce GLUT4 expression and
consequently decrease insulin receptor activity and reduce glu-
cose uptake in adipocytes™®. Because of the pivotal role of insu-
lin in modulating blood glucose®>, abnormalities in circulating
Ca levels could potentially impair f-cell secretory function, glu-
cose intolerance and insulin sensitivity. Thus, it may conse-
quently lead to T2DM development!”. Notably, it has been
observed that abnormal intracellular Ca may cause pancreatic
f-cell apoptosis®®>7”, Intracellular Ca increases may accompany
the activation of endoplasmic reticulum stress and dysfunction of
organelles, including mitochondria and the nucleus, which may
lead to destruction of pancreatic p-cells®®. Therefore, future
studies investigating targets might help elucidate

muscle

such

mechanisms relevant to the Ca—diabetes association and pro-
gression to T2DM.

Several limitations need to be acknowledged when interpret-
ing the findings from this systematic review and meta-analysis.
First, most observational studies adopted albumin-adjusted
serum Ca as exposure assessment(20:9:17,19-21,23,24,37.38)
prone to errors because of the assumption that Ca binds to
albumin steadily®>%”. In fact, it may neglect other relevant
ligands and Ca fractions®®Y. Hence, the results of the risk predic-
tion based on measuring albumin-adjusted serum Ca need to be
interpreted with caution. Ionised Ca is considered as the physio-
logically active form©" and the ‘gold standard’ of Ca homeostasis
assessment 0293 However, only one available cohort study
measured ionised Ca and reported a null association with
incident T2DM?_ though it did not appreciably alter the
overall association. The association of ionised Ca levels with
T2DM risk merits further investigation. Second, serum Ca
is highly modulated by some other factors, such as PTH or
vitamin D. However, not all primary studies adjusted for these

, which is
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%
Weight
Author Year RR 95 % ClI (1-V)
Highest v. lowest
Jorde 2013 e 1.36  1.04,1.77 12.00
Lorenzo 2014 +—> 315 1.14,8.72 0-82
Sing 2016 —_—— 1-32 1.02,1.70 13.00
Kim 2018 ——n 1.26  1-06, 1-50 2814
Suh 2018 — 1.12  0.98,1.28 46.04
I-V subtotal (/2= 33-3%, P=0-199) <> 122 1.11,1-34 100-00
D+L subtotal <> 1.25  1.10,1.42
per 1 mg/dlincrement
Jorde 2013 —— 1.17 099, 1-39 17.06
Lorenzo 2014 — 1-31 1-08, 1-59 12.73
Sing 2016 —_— 1.34  1.05,1-69 8.54
Kim 2018 — 116  1.03,1-31 3313
Suh 2018 —— 115  1.01,1.31 28.55
I-V subtotal (/2=0-0%, P=0-694) <> 119 1.11,1.28 100.-00
D+L subtotal O 119 111,128
| I I |

0-25 0-5

Fig. 3. Multivariable-adjusted relative risks (RR) (#) and 95 % confidence intervals (—) of type 2 diabetes mellitus (T2DM) in relation to serum total calcium levels. The
summary assessments ((}) were obtained by adopting a random-effects model. Values are adjusted RR comparing the highest with the lowest category levels or per
1 mg/dl increase in serum total calcium. The size of the shaded square is proportional to the weight of each study. We requested de novo data from the authors of

Kim et al.?®® and Suh et al.?"), respectively.

potential confounding variables. This inherent limitation may
somehow affect the combined association. Third, low hetero-
geneity was evidenced for studies with some serum Ca measure-
ments. The impact should be reduced using a random-effects
model in the analyses. Fourth, a potential publication bias could
not be completely excluded in some pooled analyses.
Nevertheless, the associations were not substantially changed
after using the ‘trim and fill' method to account for the publica-
tion bias. Thus, our conclusion should remain.

In summary, data from this systematic review and meta-
analysis provide accumulated evidence supporting the conclu-
sion that circulating Ca levels are associated with the incidence
of T2DM. Further studies are needed to establish the causal infer-
ence and elucidate the underlying mechanism of action.
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