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Several epidemiological studies investigated the relation of Ca intake with type 2 diabetes mellitus
(T2DM), but there were inconsistencies in their findings. So, we conducted a systematic review and
dose-response meta-analysis to quantify the relation of dietary Ca intake with the risk of T2DM/
hyperglycemia in adults. A systematic search was conducted up to May 2021, in MEDLINE (Pubmed),
Web of Science (WOS), Scopus electronic databases and Google Scholar, for epidemiological studies
that investigated the relation of dietary Ca intake (as the exposure) and T2DM/hyperglycemia (as
the outcome) in adults, without restriction in publication date and language. Finally, 8 cohort and

9 cross-sectional studies were included in the analysis. The body of evidence was assessed by the
GRADE approach. Combining effect sizes from prospective cohort studies included 255,744 general
adult population illustrated that highest level of dietary Ca intake, compared to lowest category, was
related to an 18% reduced risk of T2DM (RR: 0.82; 95% Cl 0.74—0.92). Based on linear dose-response
analysis (including 255,744 healthy individuals and 13,531 patients with T2DM), each 300, 600 and
1000 mg/day increment in dietary Ca intake was respectively associated to 7, 14 and 23% reduced
risk of T2DM. There was a steeper reduction in risk of T2DM when dietary Ca intake increased from
low levels to 750 mg/day. Nevertheless, meta-analysis of cross-sectional studies revealed an inverse
significant association between dietary Ca intake and T2DM/hyperglycemia only in the female
population (OR: 0.66; 95% Cl 0.50-0.88). This meta-analysis illustrated an inverse association between
dietary Ca intake and risk of T2DM in general adult populations in prospective cohort studies, in a
dose-response manner. It seems that increasing dietary Ca intake from low levels to around 750 mg/
day was inversely related to risk of T2DM. In cross-sectional studies, an inverse relation between
dietary Ca intake and T2DM/hyperglycemia was found only in females.
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GDM Gestational diabetes mellitus
T1DM Type 1 diabetes mellitus

GRADE Grading of Recommendations
NCD Non-communicable disease

BMI Body mass index

MI Myocardial infarction

MR Cohort  Multi-Rural Communities Cohort
KoGES Korean Genome and Epidemiology Study
FFQ Food frequency questionnaire
HBG High blood glucose

CHD Coronary heart disease

NHANES  National health and nutrition examination surveys

Among the non-communicable diseases (NCDs), type 2 diabetes mellitus (T2DM) is the most prevalent with
an increasing incidence at alarming rates worldwide'. T2DM could also drastically increase the risk of obesity,
amputation, stroke, cardiovascular diseases (CVD), renal and liver diseases, and low quality of life*-°. Therefore,
identification and management of T2DM modifiable risk factors are crucial steps in preventing and decreasing
the incidence rate of this disease. Age, sex, genetic, race, lifestyle, physical activity, education and dietary intakes
are important risk factors of T2DM*°.

Several previous studies suggested that dietary nutrient intakes could be involved in blood glucose hemostasis.
Calcium is a nutrient with a key role in the healthy development of bones and teeth; however, recent evidence
documented non-skeletal functions for calcium. Intake of this nutrient could change the risk of stroke’, CVD?,
colorectal and prostate cancer’, multiple sclerosis'’, psoriasis, impaired glucose tolerance, insulin resistance,
hyperglycemia and T2DM!!. A recent systematic review has also suggested that Ca supplementation might
have protective effects on low-density lipoprotein cholesterol (LDL-c) and high-density lipoprotein cholesterol
(HDL-c) in overweight and obese subjects'?.

Some previous studies documented that higher dietary Ca intake was significantly related to lower risk of
T2DM in both men and women'*!*. Nevertheless, some other investigations confirmed a significant relation only
in men'>!® or could not find significant relation with T2DM'-" or hyperglycemia?’-** in apparently healthy pop-
ulations. Similarly, no significant relation was observed between dietary Ca intake and hyperglycemia or T2DM
in patients with hypertension®* and renal transplant recipients?*. Dong et al.? have performed a systematic review
and meta-analysis on 6 prospective studies published before 2012 and determined the relation between dietary
Ca intake and T2DM in apparently healthy adults. They documented that Ca intake could be related to the risk
of T2DM, but this relation was dependent on magnesium intake and further adjustment for magnesium intake
made the association insignificant. They could not also perform subgroup analysis and meta-regression, due to
low number of effect sizes (n=7). After 2012, several other investigations on apparently healthy general adult
populations have assessed this association. Most of these researches were prospective cohort studies!*182127-29
and cross-sectional surveys or cross-sectional analysis of cohorts’ baselines with large populations'®!*2*3%31 but
there were inconsistencies in their findings. So, we conducted a systematic review and meta-analysis to deter-
mine whether higher dietary calcium intake is associated with a lower risk of T2DM /hyperglycemia in adults.
Dose-response analysis was also applied to examine the linear and non-linear relationship.

Methods and materials
Search strategy. All published articles were systematically searched in MEDLINE (Pubmed), Web of Sci-
ence (WOS) and Scopus electronic databases as well as Google Scholar, up to May 2021. There was no restriction
in the time of publication or language. Details of the applied MeSH and non-MeSH keywords in the systematic
search are presented in Supplemental Table 1. Furthermore, we performed a manual search in bibliographies
of the relevant investigations to identify additional studies. Grey literature including conference proceedings,
unpublished articles and theses were not included in the present review. Two researchers (Z.H and P.R) indepen-
dently performed all processes of the search strategy and the third investigator (P.S) supervised them.

The current analysis was performed according to the PRISMA checklist that is presented in Supplemental
Table 2. We registered the study protocol at PROSPERO (CRD42021244394) (http://www.crd.york.ac.uk/Prosp
€ero).

Inclusion criteria.  All published papers were included in the current analysis if they: (1) had cohort, cross-
sectional or case—control design; (2) investigated adult population (> 18 years), regardless of their health status;
(3) considered dietary Ca intake as the exposure and reported the risk for abnormal glucose homeostasis includ-
ing, T2DM, prediabetes or hyperglycemia as the outcomes of interest; (4) reported relative risks (RRs), hazard
ratios (HR), or odds ratios (ORs), with 95% confidence intervals (Cls) for the association of dietary Ca intake
and abnormal glucose homeostasis. The details of PICOS criteria (population, intervention/exposure, compari-
son/control, outcome, and study design) are presented in Table 1.

In this systematic review and meta-analysis, we considered abnormal blood glucose homeostasis as the
primary outcome. Included studies have used various validated methods and cut-off-points for their popula-
tions to define abnormal blood glucose homeostasis. They categorized abnormal blood glucose homeostasis as
T2DM, prediabetes or hyperglycemia. Therefore, we considered T2DM, prediabetes or hyperglycemia as the
main outcomes of interest.
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Parameter Criteria

Participants Adult population (> 18 years)

Intervention/Exposure | Different categories of dietary calcium intake

Control/Comparison Individuals in the lowest category of dietary calcium intake
Outcome Abnormal glucose homeostasis including, type-2 diabetes, prediabetes and hyperglycemia
Study design Observational studies including prospective cohort, cross-sectional and case-control studies

Table 1. PICOS criteria for inclusion of studies.

Exclusion criteria. Supplemental Table 3 contains details of more relevant studies that were not included in
the current study. Investigations were excluded if they: (1) standard or un-standard regression coefficient (p or
B), reported correlation coefficient, mean + SE or mean + SD or median (Inter Quartile Range) for blood glucose
across categories of dietary Ca intake; (2) considered change in blood glucose concentrations as the outcome of
interest; (3) considered type 1 diabetes (T1D) or gestational diabetes mellitus (GDM) as the outcome; (4) consid-
ered hyperglycemia or diabetes as the exposure and dietary Ca intake as the outcome. In addition, studies with
overlapping study population were excluded. We found 2 reports from the following investigations: National
health and nutrition examination surveys (NHANES 2001-2014)"°! and Multi-Rural Communities Cohort
(MRCohort 2005-2011)'8%, Therefore, only the publication with higher sample size from each pair of these
investigations (NHANES 2007-2014"%, MRCohort 2005-2011"%) was included in the analysis.

Data extraction. The essential information independently extracted by two investigators (Z.H, P.R) was the
first authors’ last name, study location, study design, year of publication, longitude, latitude, sample size, recruit-
ment source of population, health status of participants, development status of the countries, mean age, sex,
representativeness of the study population, method of dietary Ca intake assessment, Ca intake levels, prevalence
of hyperglycemia in dietary Ca intake levels, RRs, HRs or ORs with 95% CIs for T2DM or hyperglycemia, defini-
tion of T2DM or hyperglycemia, method of serum blood glucose measurement and adjustments for confound-
ers. Notably, the most fully adjusted risk estimates were extracted. In addition, for dose-response analysis, we
extracted the number of cases with T2DM or hyperglycemia, total number of participants and the mean values
of Ca intake in each category of dietary Ca intake.

Quality assessment of studies. We used the Newcastle-Ottawa Scale (NOS)* to determine the qual-
ity score of studies. Based on NOS a maximum 9 score was given to each cohort investigation, including 5
for individual selection (demonstration that T2DM or hyperglycemia was not present at the start of the study,
selection of the non-exposed cohort, ascertainment of dietary Ca intake as the exposure, representativeness
of the exposed cohort), 2 scores for comparability (adjustment for confounders including, age and sex), and 3
scores for assessment of the outcome (validated assessment of T2DM or hyperglycemia, adequacy of follow-up
of cohorts and enough duration of follow-up for incidence of T2DM or hyperglycemia). Moreover, a maximum
of 10 score was assigned for each cross-sectional study. Five scores for participant selection (representativeness
of study population, satisfaction of sample size and ascertainment of dietary Ca intake as the exposure, descrip-
tion of non-respondents), 2 scores for comparability (controlling for confounders including, age and sex), and 3
scores for the outcome (validated assessment of T2DM or hyperglycemia and using an appropriate statistical test
for the analysis). Details of quality assessment of eligible studies are presented in Supplemental Table 4. In the
current meta-analysis, studies with a quality score of 8 or more were determined as "high quality" and other stud-
ies were deemed to be "low quality". Moreover, Grading of Recommendations, Assessment, Development and
Evaluations (GRADE) was used to determine the quality of evidence®® through GRADEpro (GRADEproGDT,
www.gradepro.org *. According to this approach, we evaluated the main factors that could downgrade the study
quality including indirectness of evidence, risk of bias, inconsistency of findings, imprecision of findings, and
publication bias. The factors upgrading quality were also considered through the evaluation of dose-response
analysis, large effect and plausible confounding. Based on GRADE approach, the certainty of the body of evi-
dence could be rated in one of four categories: high, moderate, low and very low. Results of GRADE assessment
of this meta-analysis are presented in Supplemental Table 5.

Statistical analysis. We used the reported RR/HR/OR and 95% CI for dietary Ca intake in relation to
T2DM or hyperglycemia to compute the log RRZHR/OR and its standard error. In order to calculate the overall
effect size, the random-effects model that takes between-study variation into account was applied. In order to
indicate heterogeneity, we calculated Cochran’s Q test as well as I>. When heterogeneity was significant, in order
to examine its source, we performed subgroup analyses based on several confounders including sex, age (<50
vs. 250 years), Ca intake assessment tools, quality of studies, study location (Asian vs. Non-Asian countries),
developmental status of the countries, methods of blood glucose measurement, representativeness of study pop-
ulation, and health status of participants. We performed a fixed-effect model to determine between subgroups
heterogeneity. Utilizing meta-regression, we also tested the influence of continuous variables (including latitude,
quality of studies, longitude and age) on the overall estimate. To assess whether each study could influence the
results, sensitivity analysis was applied. Publication bias was examined visually by inspecting funnel plot asym-
metry, as well as using statistical tests of Egger’s and Begg’s. According to the methods previously described by
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Figure 1. Flow diagram of search strategy and study selection.

Longnecker® and Orsini et al.*, dose-response analysis was applied by using RRs/HRs/ORs and their 95% Cls,
number of cases with T2DM or hyperglycemia, total number of individuals and median or mean level of dietary
Ca intake in each category. When an investigation reported the range of Ca intake, we computed the midpoint
by averaging the lower and the upper bounds. In studies that reported an open-ended highest category, we con-
sidered the length of interval as the same as the adjacent category. In case of the open-ended lowest category, the
lower boundary was considered zero and the mean level of dietary Ca intake was calculated. The specific slopes
(linear trends) and 95% ClIs for 300, 600 and 1000 mg/day dietary Ca intake were computed through the use of
natural logs of the RRs/HRs/ORs and their 95% CIs across dietary Ca levels. Non-linear dose-response analysis
required studies with at least 3 different categories of dietary Ca intake. Non-linear relation between dietary Ca
intake and T2DM or hyperglycemia was assessed using the restricted cubic splines (considering three knots at
fixed percentiles of 10%, 50% and 90% of the distribution). We applied statistical analyses through the use of
statistical software package Stata version14.0. P values less than 0.05 were considered statistically significant.

Results

Opverall, 3924 publications were obtained in our comprehensive systematic search. Additionally, 2 papers were
found through the manual search of reference lists. Then, 861 duplicate studies were excluded. In the primary
round, the title and abstract of 3065 reports were screened and 2965 investigations were excluded. In the second-
ary round, the full-text of 100 reports was carefully investigated and after excluding 82 irrelevant investigations,
17 eligible studies were included in the systematic review and meta-analysis, as shown in Fig. 1.

Study characteristics. Overall, 17 epidemiologic investigations published between 2006 and 2021 were
included in this systematic review. Details of these eligible investigations are presented in Table 2. Eight prospec-
tive cohorts!>!4#17182137-39 and 9 cross-sectional studies!>!6192022-2330 had investigated the relationship between
dietary Ca intake and abnormal glucose homeostasis among 301,116 individuals. Four eligible studies were
conducted in USA'%?137:38 and 4 others in Korea 11830, 3 in Brazil?»*#?°, 2 in China'>!'* and 2 in Australia!”*
and the remaining in Turkey®® and Japan®® (eight studies in Asian countries and 9 others in non-Asian regions).
The assessment of dietary Ca intake was performed through the use of food frequency questionnaires (FFQs)
in 12 reports, food recall in 4 investigations and food record in the last study. Nine of included studies consid-
ered T2DM as the outcome and the others reported high blood glucose (HBG) or hyperglycemia (fasting blood
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Study Calcium
design/ No. intake OR, HR Health
First Author | Cohort Age Range/ | Gender/ | Participants/ | Exposure levels, mg/ | or RR Outcome | status of
& (Year)/Ref | name Country mean+SD | female% | No. Case assessment | day (95%CI) Outcome definition | assessment | participants | Adjustments | score
T2D
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tas(2006)/ FFQ 0.92 (0.76, 15, 20, 33, 46
(20y) (<500) 112) measured plasma glu-
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Table 2. Main characteristics of included studies examined the association between dietary Ca intake

and T2DM/hyperglycemia. 1-Age, 2-gender, 3-race, 4-BMI, 5-education level, 6-exercise, 7-smoking

status, 8- alcohol use, 9-economic status, 10- energy intake, 11-vitamin D intake, 12- dialect, 13-year of
interview, 14-hypertension, 15-diabetes, 16-potasium intake, 17-mangasium, 18-phosphorius, 19-calcium,
20-multivitamins, 21-zinc, 22-vegetable intake, 23-fruit, 24-meat, 25-processed meat, 26-poultry, 27-fish,
28-nut, 29-seed, 30-grains, 31-legums, 32-coftee, 33-caffeine, 34-soda, 35-sugar-sweetened drink, 36-fiber,
37-protein, 38-carbohydrate, 39-fat, 40-cholestrol, 41-sodium, 42-polutary, 43-soy, 44-FBG, 45-glycemic
load, 46-residential area, 47-season, 48-MetS components, 49-eGFR, 50-25(OH)D levels, 51-WC, 52-anti-
hypertensive agents, 53-latitude, 54-waist-hip ratio, 55-marital status, 56-farmer, 57-supplement use, 58-drug,
59-egg consumption, 60-oils, 61-health status, 62-time from transplantation, 63-dose of prednisone, 64-TG
levels. Ref, reference; SD, Standard Deviation; NO, number; OR, odds ratio; HR, hazard ratio; RR, relative risk,
IRR, incidence rate ratio; Y, year; M, male; F, female; g, gram; d, day; T, tertiles; Q, quartiles; BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; YAQ, Youth Adolescent Food Frequency
Questionnaire; HS-FFQ, Harvard Service Food Frequency Questionnaire; WC, waist circumference; FBG,
fasting blood glucose; JPHC, Japan Public Health Center; HBG, high blood glucose; MRCohort, Multi-Rural
Communities Cohort; Mg, magnesium; Ca, calcium; T2B, type 2 diabetes; HBG, high blood glucose; IFG,
Impaired fasting glucose; KoGES, Korean Genomic Epidemiology Study; VHM, Victorian Health Monitor;
SQFFQ, semi quantitative FFQ; NHNES, National Health and Nutrition Examination Survey; KARE, Korea.
Association Resource; J-MICC, Japan Multi-Institutional Collaborative Cohort; KoGES, Korean Genome
and Epidemiology Study; VHMS, Victorian Health Monitor survey, ADA, American Diabetes Association;
HANDLS, Healthy Aging in Neighborhoods of Diversity Across the Life Span; OGTT, oral-glucose-tolerance
test; NHS, Nurses’ Health Study; FPG, fasting plasma glucose; TG, Triglyceride; M, male.

glucose (FBG) =100 or 110 mg/dL) as the outcome of interest. Fifteen studies investigated generally healthy
populations and just 2 cross-sectional investigations were conducted on patients with hypertension** and renal
transplant recipients®. Thirteen investigations have used random sampling method to select their participants,
so their subjects were representative of general adult populations; while 4 others did not randomly select their
individuals. Fifteen of 17 studies were included in the meta-analysis of highest vs. lowest dietary Ca intake in
relation to T2DM/hyperglycemia, while the two remaining investigations®>* (one cohort and one cross-sec-
tional study) that reported linear relationships, were only included in the linear dose-response analysis. Among
the included studies, 12 studies received a score of 8 or more; therefore, they were classified as high-quality stud-
ies, while the remaining studies were classified as low-quality.

Findings from meta-analysis of highest vs. lowest dietary Ca intake and T2DM in prospective
cohort studies. In total, 7 cohort studies'>!4!71837-3 with representative populations (including 255,744
individuals) were included in this analysis. Results revealed that individuals in the highest category of Ca intake,
in comparison with the lowest one, had 18% lower risk of T2DM (RR: 0.82; 95% CI: 0.74, 0.92) (Fig. 2). Nev-
ertheless, the heterogeneity between studies was moderate (I?=53.6, P . =0.02). Therefore, subgroup analy-
sis was conducted based on study location (Asian vs. non-Asian countries); between-study heterogeneity was
removed in both Asian (I*=0.0, P .« =0.57) and non-Asian (I*=0.0, P . =0.63) subgroups. However, the Ca
intake-T2DM relation was significant only in Asian countries (RR: 0.75; 95% CI: 0.69, 0.82) and there was no sig-
nificant relation in non-Asian regions (RR: 0.98; 95% CI: 0.87, 1.11) (Fig. 2). Further subgroup analyses were also
conducted based on other confounders, and the results are shown in Table 3. Higher dietary Ca intake was pro-
tectively associated with lower risk of T2DM in subgroups of females, high-quality studies, investigations with
adjustment for Mg intake, among participants with mean age > 50 and in developing countries. However, hetero-
geneity was still significant in some of these subgroups. Additionally, meta-regression was applies and showed
that mean age of participants (f=— 0.014, P=0.02, I? 4. = 0.0%) and the latitude of study location (p=0.024,
P=0.03, I, qua = 17.92%) would contribute to the overall estimate; nevertheless, longitude (f = —0.002, P=0.40,
% siqual = 51.51%) and quality of included studies (= — 0.019, P=0.85, I, 4ua1 = 58.01%) did not have significant
effect on the pooled RR. Furthermore, sensitivity analysis showed that none of the eligible studies influenced the
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First Author (Year) RR (95% Cl) Weight (%)
Non-Asian countries :
Van Dam (2006) T 1.04(0.88, 1.23) 1523
Pittas (2006) —'—‘__ 0.92(0.76, 1.12) 13.83
Gagnon (2011) E 0.94 (0.61, 1.45) 510
Subtotal (I-squared =0.0%, P = 0.637) ! <> 0.98 (0.87, 1.11)  34.16
Asian countries :
Kirii (Male) (2009) —_— 0.93(0.71,1.22) 9.88
Kirii (Female) (2009) —'—f_' 0.76 (0.56, 1.03) 8.55
Villegas (2009) _’_ 0.74 (0.65,0.85) 17.72
Oh (Male) (2017) 5 0.73(0.45,1.18) 4.41
Oh (Female) (2017) > T 0.61(0.43,0.87) 7.02
Talaei (2018) —’—" 0.75(0.66, 0.85) 18.25
Subtotal (I-squared =0.0%, P = 0.579) <>§ 0.75 (0.69, 0.82) 65.84
Overall (l-squared = 53.6%, P = 0.028) <> 0.82(0.74, 0.92) 100.00
T : T
Favorable ~ 0.429 1 233 Unfavorable
Relative Risk

Figure 2. Forest plots of the association of highest vs. lowest level of dietary Ca intake and T2DM in

prospective cohort studies with representative adult populations, stratified by study location (Asia vs. Non-Asia).

No. of effect sizes | RR (95% CI) P within! | I? (%) | P between?
Overall 9 0.82(0.74,0.92) | 0.02 53.6
Sex 0.41
Male 2 0.88 (0.69,1.11) | 0.38 0.0
Female 5 0.82 (0.69, 0.98) | 0.00 71.0
Both 2 0.76 (0.68,0.86) | 0.33 0.0
Adjustment for Mg intake 0.51
Yes 7 0.83 (0.71,0.96) | 0.03 56.0
No 2 0.82(0.66,1.01) | 0.07 69.5
Mean age 0.00
<50 2 0.99 (0.87,1.12) | 0.35 0.0
=50 7 0.76 (0.70, 0.82) | 0.57 0.0
Development status of study location 0.00
Developed 7 0.87(0.77,1.00) | 0.14 36.7
Developing 2 0.75 (0.68, 0.82) | 0.88 0.0
Quality score® 0.53
Low quality (Scores<7) 1 0.94 (0.61, 1.45) -
High quality (Scores>7) 8 0.82(0.73,0.92) |0.01 58.4
Reported Estimates 0.40
HR 2 0.88 (0.64,1.21) | 0.00 88.9
IRR and RR 4 0.77 (0.65, 0.90) | 0.15 43.3
OR 3 0.87 (0.72, 1.04) 0.57 0.0

Table 3. Results of subgroup-analyses of dietary Ca intake in relation to T2DM in prospective cohort studies.
'P for heterogeneity, within subgroup. 2P for heterogeneity, between subgroups. *Quality Scores were according
to Newcastle-Ottawa Scale.

results. Based on funnel plot symmetry and results of Begg’s test (P=0.67) and Egger’s test (P =0.83), there was
no evidence for publication bias.

Findings from dose-response meta-analysis of dietary Ca intake and T2DM/hyperglycemia
in prospective studies. Eight cohorts with representative populations were eligible for the linear dose-
response analysis!*1417182137-39 Eindings showed that each 300, 600 and 1000 mg/d increase in dietary Ca intake
was significantly related to a 7%, 13% and 20% decreased risk of T2DM/hyperglycemia (RR: 0.93; 95% CI 0.89,
0.98), (RR: 0.87; 95% CI 0.79, 0.97) and (RR: 0.80; 95% CI 0.67, 0.95) , respectively. Then, we excluded the
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First Author (Year) RR (95% CI) Weight (%)
L
Van Dam (2006) :—l’— 1.01(0.93,1.08) 13.16
Pittas (2006) i 0.99 (0.96, 1.02) 16.01
Villegas (2009) = . 0.84(0.80,0.89) 14.66
Kirii (Male) (2009) T 0.96 (0.85, 1.08) 9.69
Kirii (Female) (2009) _':*_‘ 0.93(0.84, 1.03) 11.00
Gagnon (2011) ':—*— 0.99 (0.91, 1.07) 12.94
Oh (Male) (2017) : 0.82(0.62, 1.11) 3.17
Oh (Female) (2017) N ; 0.71(0.57,0.89) 4.81
Talaei (2018) —=- 0.90 (0.85,0.96) 14.55
Overall (I-squared = 80.3%, P < 0.001) <> 0.93 (0.87, 0.98) 100.00

T T
0.57 1 1.75
Relative Risk

Favorable Unfavorable

Figure 3. Forest plots of linear dose-response meta-analysis of the association between each 300 mg/day
increment in dietary Ca intake levels and T2DM in prospective cohort studies with representative adult
populations.

study of Beydoun et al.?! that considered hyperglycemia as the outcome; the analysis of 7 cohort studies!>!6 28-32

(including 255,744 participants with 13,531 cases of T2DM) revealed that each 300 mg/day increment in dietary
Ca intake were significantly related to 7% decreased risk of T2DM (RR: 0.93; 95% CI 0.87, 0.98) (Fig. 3). In addi-
tion, each 600 and 1000 mg/d increase in dietary Ca intake were significantly related to 14% and 23% decreased
risk of T2DM [(RR: 0.86; 95% CI 0.76, 0.96) and (RR: 0.77; 95% CI 0.64, 0.94), respectively. (Supplemental Figs. 1
and 2). Furthermore, non-linear dose-response analysis on 7 prospective cohort sudies'>'*!7183-3 (including
255,744 participants with 13,531 cases of T2DM) showed no significant association between dietary Ca intake
and T2DM (P ,n-finearity=0.21) (Fig. 4). The threshold effect of dietary Ca intake was about 750 mg/day; such
that, there was a steeper reduction in risk of T2DM when dietary Ca intake increased from low levels to 750 mg/
day. Nevertheless, at Ca intakes above 750 mg/day, the risk was not reduced anymore.

Findings from meta-analysis of highest vs. lowest dietary Ca intake and T2DM/hyperglycemia
in cross-sectional studies. Meta-analysis on 8 cross-sectional studies!>!%1%20:22242530 (including 40,614
participants) represented no significant relationship between dietary Ca intake and odds of T2DM/hyperglyce-
mia (OR: 0.88; 95% CI: 0.73, 1.06) (Fig. 5). Considering the significant between-study heterogeneity (I*=69.5,
P 1t <0.001), subgroup analysis was performed based on gender. Although the heterogeneity was eliminated in
males (I?=0.0, Pq . =0.93) and both gender together (I*=39.4, Py (.=0.19), there was no significant associa-
tion in these subgroups [(OR: 1.08; 95% CI: 0.91, 1.27), (OR: 0.69; 95% CI: 0.13, 3.83), respectively]. However,
in females, higher Ca intake was significantly related to a 34% lower odds of T2DM/hyperglycemia (OR: 0.66;
95% CI: 0.50, 0.88), without significant heterogeneity in this subgroup (I*=55.6, P . =0.06) (Fig. 5). Subgroup
analyses based on other confounders were done and the results are shown in Table 4. In all of these subgroups,
no significant association was found, except in one study that used food record questionnaire to assess dietary
intakes. Meta-regression showed that mean age of participants (p=0.017, P=0.25, I 4,q = 68.1%), latitude (B =
- 0.015, P=0.52, I, qua1 = 64.33%), longitude (=0.002, P=0.39, I* 4. =71.36%) and the quality of included
studies (f=0.086, P=0.49, I, .qua = 71.69%) could not explain the observed heterogeneity. Based on sensitivity
analysis, no particular study significantly affected the overall estimate. The visual inspection of the funnel plot,
Begg’s test (P=0.24) and Egger’s test (P =0.09) showed no significant publication bias.

Findings from dose-response meta-analysis of dietary Ca intake and T2DM/hyperglycemia in
cross-sectional studies. We conducted a linear dose-response analysis on 8 cross-sectional studies with
sufficient data'>'%122-253 (including 43,853 total participants with 8,786 cases of T2DM/hyperglycemia). There
was no significant linear relation between an increase of 300, or 600, or 1000 mg/day dietary Ca intake and odds
of T2DM/hyperglycemia [(OR: 0.99; 95% CI: 0.96, 1.03); (OR: 0.98; 95% CI: 0.92, 1.06); and (OR: 0.98; 95%
CI: 0.87, 1.10), respectively) (Supplemental Fig. 3, 4 and 5). However, non-linear dose-response analysis on 4
cross-sectional studies with 3 or more dietary Ca levels'>'®1** (including 40,261 participants with 8,214 cases of
T2DM/hyperglycemia) revealed a significant relation (P, jincarity = 0.02) (Supplemental Fig. 6).

Quality of the evidence. GRADE evidence profile for dietary Ca intake in relation to T2D and hypergly-
cemia is presented in Supplemental Table 5. The certainty of evidence was rated as "high quality" for cohort stud-
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Figure 4. Non-linear dose-response association between dietary Ca intake levels and T2DM in prospective

cohort studies with representative adult populations.—-—, Linear model; , spline model.
First Author (Year) OR (95% CI)  Weight (%)

Male !

Kim (Male) (2012) == 1.06 (0.82, 1.38) 12.39

Shin (Male) (2015) = 1.02 (0.73, 1.42) 10.91

Shin (2016) s 1.10(0.75, 1.61) 9.78

Shah (Male) (2021) —— 1.20 (0.80, 1.80) 9.30

Subtotal (I-squared = 0.0%, P = 0.939) T} 1.08 (0.9, 1.27) 42.37

Female :

Kim (Female) (2012) —~ 0.68(0.50, 0.92) 11.44

Ferreira (2013) 0.23 (0.01, 4.51) 0.39

Shin (Female) (2015) — 0.66 (0.48, 0.90) 11.23

Aritici (2018) Ll 0.43(0.28, 0.66) 8.96

Shah (Female) (2021) == 1.00 (0.68, 1.47) 9.79

Subtotal (I-squared = 55.6%, P = 0.061) 01 0.66 (0.50, 0.88) 41.82

Both

Torres (2011) - 0.12 (0.00, 3.37) 0.31

Torres (2011) ¢ 1.07 (0.96, 1.19) 15.50

Subtotal (I-squared = 39.4%, P =0.199) Q’ 0.69 (0.13, 3.83) 15.81

Overall (I-squared = 69.5%, P < 0.001) 0 0.88 (0.73, 1.06) 100.00
i

T * T

0.00427

Favorable

1
Odds Ratio

234 Unfavorable

Figure 5. Forest plots of the association of highest vs. lowest level of dietary Ca intake and T2DM/

hyperglycemia in cross-sectional, stratified by sex.

ies and "moderate quality" for cross-sectional investigations. The endpoint for both cohort and cross-sectional
studies was upgraded for "risk of bias", "inconsistency" and "indirectness". For both cohort and cross-sectional
studies, 95% CI of overall effect contained a minimal value of 0.75; so, the certainty of evidence was downgraded
for "imprecision”. Cohort studies had also reported essential data for dose-response analysis; so, the endpoint
of these investigations was upgraded for “other considerations". Cross-sectional studies did not provide enough
data for dose-response analysis and the endpoint for these studies was downgraded for “other considerations".

Discussion

This meta-analysis documented that in prospective cohort studies highest category of Ca intake, compared
to lowest one, was significantly related to decreased risk of T2DM in adults. This inverse significant relation
between dietary Ca intake and T2DM was also confirmed in almost all subgroups. Moreover, based on lin-
ear dose-response analysis, each 300, 600 and 1000 (mg/day) increment in dietary Ca intake was respectively
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No. of effect sizes | OR (95% CI) P within! | I (%) | P between?
Overall 11 0.88 (0.73, 1.06) 0.00 69.5
Representativeness of population 0.25
Representative 7 0.93(0.77,1.11) 0.05 51.0
Non-representative 4 0.59 (0.25, 1.35) <0.001 84.4
Questionnaire 0.00
FFQ 7 0.92 (0.76, 1.10) 0.01 61.9
Recall 3 1.07 (0.81, 1.43) 0.35 3.7
Record 1 0.43 (0.28, 0.66) -
Outcome 0.45
T2D 3 1.07 (0.81, 1.43) 0.35 3.7
High blood glucose (HBG) 8 0.83 (0.66, 1.04) <0.001 76.8
Health status of participants 0.00
Healthy 8 0.82 (0.64, 1.04) 0.00 69.0
Un healthy 3 1.07 (0.96, 1.19) 0.43 0.0
Mean age 0.28
<50 6 0.82(0.53,1.27) 0.00 70.9
=50 5 0.90 (0.73,1.11) 0.00 72.5
Asian vs. Non-Asian counties 0.00
Asian 6 0.79 (0.61, 1.04) 0.00 74.8
Non-Asian 5 1.07 (0.97, 1.18) 0.54 0.0
Development status of study location 0.01
Developed 8 0.86 (0.68, 1.07) 0.00 70.3
Developing 3 0.71(0.23,2.21) 0.26 25.1
Quality score® 0.23
Low quality (Scores<7) 3 0.62 (0.26, 1.50) <0.001 89.1
High quality (Scores>7) 8 0.92 (0.77,1.10) 0.07 46.4

Table 4. Results of subgroup-analyses of dietary Ca intake in relation to T2DM/hyperglycemia in cross-
sectional studies. 'P for heterogeneity, within subgroup. >P for heterogeneity, between subgroups. *Quality
Scores were according to Newcastle-Ottawa Scale.

associated with 7, 14 and 23% reduced risk of T2DM. It seems that the threshold effect of dietary Ca intake was
around 750 mg/day; a steeper reduction in risk of T2DM was observed when dietary Ca intake increased from
low levels to 750 mg/day. There was no significant relation between dietary Ca intake above 750 mg/day and
risk of T2DM. Nevertheless, meta-analysis on cross-sectional studies revealed an inverse significant association
between dietary Ca intake and T2DM/hyperglycemia only in the female population and there was no significant
linear relationship in cross-sectional studies.

Previous investigations documented straight associations between T2DM and risk of chronic conditions
including hypertension, dyslipidemia, obesity and degenerative diseases such as Parkinson’s disease***!. In addi-
tion, T2DM is correlated to double risk of mortality ****; so, management the increasing rate of T2DM prevalence
is a major issue. In the current analysis, we illustrated that subjects with lower dietary Ca intake have higher risk
of T2DM,; this point could be clinically recommended to individuals to increase their Ca intake via food in a
hope to decrease the risk of hyperglycemia and subsequently T2DM.

In line with our study, previous systematic reviews and meta-analyses of epidemiologic studies investigated
the relation of Ca intake with the risk of non-communicable disease (NCDs). These researches revealed inverse
significant relations between Ca intake and colorectal cancer*, breast cancer®®, ovarian cancer* and stroke’.
Nevertheless, prior investigations could not confirm significant relation between Ca intake and CVD*® and
depression®. Yang et al.® conducted a meta-analysis on prospective cohort studies and randomized clinical tri-
als (RCTs). They found that dietary Ca intake ranging from 200 to 1500 mg/day did not affect the risk of CVD,
coronary heart disease (CHD), or stroke. However, Ca supplements could raise the risk of CHD, and especially
myocardial infarction (MI). In 2012, Dong et al.?® have conducted a meta-analysis on prospective studies and
documented an inverse significant relation between Ca intake and T2DM; however, they reported that this rela-
tion was dependent on magnesium intake and the overall estimate was not significant in studies that controlled
the effect of magnesium intake. In contrast, our analysis illustrated an inverse significant relationship between
dietary Ca intake and T2DM in the subgroup of studies that made adjustment for magnesium intake.

In the current analysis, an inverse significant relationship between dietary Ca intake and T2DM was observed
in cohort studies. In addition, a significant linear relation was documented. Notably, the threshold for the ben-
eficial effect of dietary Ca intake was around 750 mg/day. Similar to our study, Wang et al.*° conducted a meta-
analysis on prospective cohort studies and documented a U-shaped relation between Ca intake and CVD mor-
tality; such that, there was significant relation between dietary Ca intake lower or higher than around 800 mg/
day and increased risk of mortality from CVD. For all-cause mortality, they found a threshold effect at Ca
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intakes around 900 mg/day and the risk did not decrease further, at intakes more than 900 mg/day. They have
also found a threshold effect of 900 mg/day for all-cause mortality; the risk did not decline at Ca intakes more
than 900 mg/day.

Although we documented that Ca intake was related to a lower risk of T2DM in prospective cohort studies,
no significant relationship was found in the whole population in cross-sectional studies. In this case, some points
might affect the results and should be considered. First, in cross-sectional studies, the number of effect sizes and
the sample size of studies were lower than those in cohort studies (n=40,614 vs. 255,744). Second, all cohort
studies were conducted on apparently healthy individuals who were representative of the whole adult populations;
so, the results of these cohorts could be generalizable to the whole population. However, both representative
and non-representative populations were included in cross-sectional studies. A small number of eligible cross-
sectional studies (n=2) were also conducted on patients. Third, most cohort studies controlled the effect of Mg
intake; while none of the cross-sectional studies made this adjustment. It is also should be considered that all
eligible cohorts had used FFQs to measure dietary Ca intake; whereas cross-sectional studies have applied FFQs,
food record and food recall questionnaires. Several replications of 24-h dietary recalls or records (at least 3 to 5)
are needed to estimate the usual dietary intakes.

Our stratified analysis by gender among cohort studies revealed an inverse association between highest vs.
lowest Ca intake and risk of T2DM in females and both genders together, but the relation was not significant in
males. Similarly, in cross-sectional studies, higher Ca intake was related to the reduced odds of T2DM/hypergly-
cemia in females. Increasing Ca absorption and its bioavailability in premenopausal women by estrogen hormone
might be the reason for different findings in men and women®'.

Although previous studies have documented significant relation between dietary Ca intake and T2DM,
they could not exactly clarify underlying mechanisms. Some pathways were suggested to explain this relation-
ship. Earlier investigations documented that hypocalcemia due to vitamin D deficiency could lead to insulin
resistance and impaired insulin secretion®™. An experimental study showed that Ca intake could increase the
extracellular Ca, affect the beta cells of pancreas, and improve insulin secretion and insulin resistance in rats
with vitamin D deficiency, while vitamin D supplementation had no significant effect™. In human studies,
hypocalcemia in non-diabetic individuals could also impair insulin release®*>*, whereas vitamin D supplemen-
tation had no beneficial effect on glucose/insulin homeostasis®*>>” and the impact of Ca intake was not tested
in this situation. Furthermore, oral calcium load could lead to increased glucose-induced insulin secretion in
patients with diabetes®®. In addition, dietary Ca intake is related to reduced lipogenesis, less inflammation and
increased lipolysis. Therefore, it seems that higher dietary Ca intake would decrease obesity, inflammation and
consequently insulin resistance and T2DM?>*. Furthermore, there are mechanisms for explanation the cellular
role of Ca including, first, insulin secretion is calcium-dependent, any change in Ca flux might have an adverse
effect on this secretion®’; second, Ca plays an important role in insulin action. The phosphorylation of insulin
receptors depends on Ca®'. Hypocalcemia could impair insulin signal transduction®*%* and decrease the activity
of glucose transporter-4°*¢*. Therefore, in insulin-target tissues (such as skeletal muscle and adipose tissue) Ca
is necessary for insulin-mediated intracellular processes®>®.

As far as we know, this is the first meta-analysis that examined a dose-response relationship between dietary
Ca intake and the risk of T2DM/hyperglycemia in epidemiologic studies. In the current analysis, a large popu-
lation of adults was included and we found significant relation in cohort studies, in a dose-response fashion.
Considering the representative population of cohort studies, the results could be generalized to the whole adult
population. Additionally, we performed subgroup analyses based on several confounders. GRADE approach
provided the certainty that dietary Ca intake is related to reduced odds of T2DM and may have a role in decreas-
ing hyperglycemia. However, some limitations should be kept in mind. First, only a few included studies have
separately reported the sources of Ca intake (dietary, supplemental, plant-based and animal-based); therefore,
we could only consider dietary Ca intake as the exposure. Second, none of the included cross-sectional studies
controlled the impact of Mg intake. Third, cross-sectional studies have used different questionnaires to examine
dietary Ca intake including FFQ, food record and food recall. Fourth, included studies had a wide range of follow-
up, centers of data collection and populations. Additionally, participants had a wide range of dietary calcium
intake due to the various dietary intakes in each region. Fifth, some included studies had significant sources of
bias because of having low sample size, non-representative study population, and high rate of dropout or using
invalid food questionnaire. Finally, gray literatures that have not usually passed peer review process and might be
low quality or significant sources of bias, were not included in the current analysis. The above-mentioned restric-
tions might lead to insignificant results and moderate between-study heterogeneity in cross-sectional studies.
Furthermore, only a few studies investigated the relation of dietary Ca intake with abnormal glucose homeostasis
and their results were inconsistent. Therefore, there was low evidence to support the finding in this field.

In conclusion, this meta-analysis illustrated an inverse association between dietary Ca intake and risk of
T2DM in general adult populations in prospective cohort studies, in a dose-response manner. It seems that
increasing dietary Ca intake from low levels to around 750 mg/day was related to a lower risk of T2DM. Meta-
analysis on cross-sectional studies showed an inverse relation between dietary Ca intake and T2DM/hypergly-
cemia only in females.
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