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Introduction

Magnesium is one of the most abundant ions present in 
cells. It serves as a necessary cofactor in over 300 enzy-
matic reactions that require adenosine triphosphate and as 
a key component in various reactions that require kinases 
[1, 2]. Magnesium is believed to play a role in insulin activ-
ity and glucose homeostasis. In contrast, insulin regulates 
the magnesium homeostasis. Several animal studies dem-
onstrated a significant reduction in the risk of diabetes after 
feeding with a magnesium-rich diet [3]. Hypomagnesemia 
in diabetic patients has been widely recognized [4]. Die-
tary magnesium intake was inversely associated with fast-
ing serum insulin in diabetes patients [5, 6]. Magnesium 
depletion has a negative impact on glucose homeostasis 
and insulin sensitivity in diabetic patients, as well as on the 
evolution of complications such as retinopathy, neuropa-
thy, hypertension, and cardiovascular disease [5, 7–11]. 
Magnesium supplementation improved insulin action and 
glycemic control among patients with diabetes [12, 13]. 
Although these studies suggest that dietary magnesium 
may have a beneficial effect for diabetic subjects, the role 
of magnesium intake on insulin and glucose homeostasis 
in non-diabetic subjects is unknown. Magnesium intake 
might have a protective effect against the development of 
diabetes.

Several prospective epidemiologic studies have explored 
the associations of dietary magnesium with diabetes in 
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Europe and the USA [6, 14–18]. Some studies showed 
a significantly inverse association between magnesium 
intake and the risk of diabetes [15–18], but others showed 
no association [6, 14]. It has been reported that insulin 
sensitivity is lower among Japanese subjects than among 
Caucasians [19, 20]. It is of interest to examine the asso-
ciation between magnesium intake and diabetes risk in the 
Japanese population. However, to our knowledge, only 
three studies prospectively examined this association in 
the Japanese population, and the results have been incon-
sistent [21–23]. Therefore, in this study we investigated 
whether magnesium intake from food is related to the risk 
of developing diabetes among Japanese men and women in 
a cohort study.

Methods

Study group

Subjects in this study were cohort members from a popula-
tion-based cohort study conducted in Takayama City, Gifu 
Prefecture, Japan (the Takayama study). The Takayama 
study, in which 36,990 men and women aged 35 years and 
over were registered, was established in September 1992. 
The study was initiated to identify dietary and lifestyle fac-
tors in relation to morbidity from chronic diseases. At the 
baseline, subjects filled out a self-administered question-
naire on demographic characteristics, smoking, diet, physi-
cal activity, and reproductive and medical histories, includ-
ing diabetes. A total of 14,427 men and 17,125 women, 
85.3  % of the target population, completed the question-
naire. Details of the study design have been described else-
where [24].

The 169-item FFQ including alcoholic beverages 
was used to collect dietary information over the previ-
ous year. For each food item or dish, subjects were asked 
their consumption frequency and their usual unit or por-
tion size. Nine response options were available for eating 
frequency, from “never” to “two or more times per day.” 
Slightly different options were used for beverage intake: 
from “never” to “four or more times per day.” A stand-
ard portion size was specified for each food item, and 
the respondents were asked to choose their usual portion 
from among three categories. We calculated the average 
daily intake of nutrients including magnesium by multi-
plying the frequency of the consumption of each food by 
its nutrient content per serving and totaling the nutrient 
intake for all food items. We obtained information on use 
of supplements of multivitamin, vitamin A, β-carotene, 
vitamin C, calcium, and vitamin E, but not of magnesium. 
Therefore, dietary intake of magnesium did not include 
supplemental magnesium. We also could not provide the 

results after controlling for any supplemental magnesium 
ingested by participants.

A detailed description of the FFQ and the method used 
for calculating nutrient intake has been published previ-
ously [25]. The FFQ was validated in this population by 
comparing 3-day diet records, four 24-h recalls, and 12 
daily diet records kept over a 1-year period [25]. Corre-
lation coefficients between the FFQ and the 12 daily diet 
records for the intakes of magnesium, total energy, and 
total fat were 0.56, 0.44, and 0.31, respectively, in men and 
0.59, 0.53, and 0.52, respectively, in women. Body mass 
index was calculated as weight in kilograms divided by the 
square of height in meters. To assess the amount of regu-
lar physical activity, the average number of hours per week 
spent on listed physical activities, such as strenuous sports, 
vigorous work, and moderate exercise, was sought. The 
amount of time per week spent at each intensity of activ-
ity was multiplied by its corresponding energy expenditure 
requirements, expressed in metabolic equivalents (METs), 
and summed to yield a physical activity score (MET-h/
week). Further details and the validity information of 
the physical activity questionnaire have been previously 
reported [26, 27].

Follow‑up and endpoints

For the present study, participants who were younger than 
70 years at baseline (n = 26,546) were the target popula-
tion. In July 2002, a follow-up survey seeking information 
on diabetes was conducted. By the time this follow-up sur-
vey began, 1505 participants were deceased, 51 participants 
were physically unable to complete the questionnaire, and 
2598 participants had relocated. After these exclusions, the 
follow-up questionnaire was distributed to 22,392 persons, 
of whom 14,975 (66.9 %) responded to the questionnaire. 
Compared with non-respondents to the follow-up ques-
tionnaire, respondents were more likely to be older, better 
educated (≥15  years), and never smokers and had lower 
intakes of alcohol and coffee, as described elsewhere [28, 
29]. Magnesium intake did not differ between respondents 
and non-respondents.

The specific endpoint of this study was incidence of dia-
betes. The participants who developed diabetes between 
the baseline survey and the follow-up survey were identi-
fied. The participants were asked whether they had been 
diagnosed with diabetes by a physician and, if so, at what 
age. Because 30 men and 10 women who developed dia-
betes during the follow-up period did not provide informa-
tion regarding the time of diagnosis, we assigned median 
values for time to diagnosis among persons who developed 
diabetes for men and women separately. We previously 
reported that the sensitivity and specificity of self-reported 
diabetes as compared with the reference standard, defined 
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by hemoglobin A1c level ≥6.1  % (JDS) [30], were 57.4 
and 96.5  %, respectively, in a subgroup of participants 
(n = 214) [31]. The sensitivity and specificity did not differ 
greatly between subjects with low (below the median) and 
high (above the median) intake of magnesium; the values 
were 95.9 and 60.0 % in the low intake group and 97.1 and 
50.0 % in the high intake group, respectively. The sensitiv-
ity and specificity were not dependent on the covariates in 
the model except for BMI; the values were 97.8 and 80.0 % 
in the low BMI group and 94.6 and 44.4 % in the high BMI 
group, respectively.

For the present analysis, participants who were identi-
fied as having had diabetes at the baseline from the fol-
low-up questionnaire (n =  100) were excluded. Addition-
ally, participants who reported a diagnosis of coronary 
heart disease, stroke, cancer, and diabetes at the baseline 
were excluded (n =  1350). After these exclusions, a total 
of 13,525 subjects (5885 men and 7640 women) were 
included in the present analysis.

Statistical analysis

Analyses were performed on men and women separately. 
Dietary intake of magnesium was log-transformed to bet-
ter approximate a normal distribution and then adjusted 
for total energy intake using the residual method by Wil-
lett [32]. Subjects were divided into four equal groups on 
the basis of quartile of magnesium intake. Baseline char-
acteristics were presented according to the quartile of 
dietary magnesium intake. We used the Cox proportional 
hazards model to estimate the hazard ratios (HRs) and 
95 % confidence intervals (95 % CIs) of incident diabe-
tes in each category of magnesium intake compared with 
the low quartile. The trends of associations were assessed 
using the median values of magnesium intake in each 
quartile. Age was adjusted in the initial model. In multi-
variable models, we also adjusted for potential confound-
ers of diet–diabetes associations (15, 17, 21, 23), includ-
ing body mass index, level of education (≤11, 12–14, 
or ≥15  years), physical activity (MET-h/week), smok-
ing status (men: never smoker, former smoker, current 
smoker with ≤30  years of smoking, or current smoker 
with >30  years of smoking; women: never smoker, for-
mer smoker, or current smoker), history of hypertension 
(yes or no), menopausal status (yes or no; women only), 
and dietary factors, including glycemic load and daily 
intakes (continuous) of alcohol and coffee, total energy, 
and total fat. The glycemic load is the calculated product 
of the carbohydrate content and glycemic index (GI) of 
a food. The GI is a tool that allows for quantification of 
the postprandial blood glucose response to dietary carbo-
hydrates from foods [33]. Statistical analyses were per-
formed using SAS statistical software, version 9.3 (SAS 

Institute). Significance was defined as a two-sided P 
value <0.05.

Results

Characteristics of the study population, by sex and quar-
tile of magnesium intake without magnesium supplement, 
are shown in Table  1. In the present study, the means of 
magnesium intake were 406 (SD 162) mg/day for men and 
374 (SD 152) mg/day for women. Men and women with a 
higher intake of magnesium were older and less likely to be 
current smokers. They also had higher intakes of fat, veg-
etable, and fruit and a lower glycemic load. Women who 
had a greater intake of magnesium were more likely to be 
postmenopausal. The data presented for magnesium intake 
may have been overestimated by the questionnaire, since 
in the validity study, magnesium estimates were about 40 
percent higher based on the questionnaire than were esti-
mates based on diet records. Using data from the validation 
study (81 men and 101 women), we examined the associa-
tion between the reporting accuracy and the variables given 
in Table  1. In men, the greatest difference was observed 
between men with high (above the median) and low (below 
the median) intake of alcohol; the correlation coefficients 
between the FFQ and the 3-day diet records for magnesium 
intake were 0.43 and 0.13, respectively, although the differ-
ence was not significant. In women, the greatest but non-
significant difference was observed between women with 
high (above the median) and low (below the median) intake 
of coffee; the corresponding correlation coefficients were 
0.17 and 0.61, respectively. The BMI did not affect the cor-
relation coefficients for magnesium intake in both men and 
women; the values were 0.40 and 0.32 in men with high 
and low BMI, respectively, and 0.30 and 0.40 in women 
with high and low BMI, respectively.

During a follow-up of 10  years, we documented 438 
incident cases of diabetes. The HR and 95  % CI for dia-
betes according to quartile of magnesium intake are given 
in Table  2. In men, there was no significant association 
between magnesium intake and the risk of diabetes and the 
association was not altered after adjusted for confounders. 
In women, unadjusted HR (95 % CI) was 0.95 (0.62–1.45), 
0.84 (0.54–1.30), and 1.09 (0.72–1.64) for the second to 
the highest quartiles as compared with the lowest quartile, 
respectively. After adjustment for covariates, the highest 
and the second highest quartiles of magnesium intake were 
associated with a decreased risk of diabetes. The trend was 
also statistically significant (P-trend: 0.005). Confound-
ing effect due to glycemic load, alcohol, and fat intake was 
great; the HR (95 % CI) for the highest as compared with 
the lowest quartile of magnesium intake was 0.89 (0.59–
1.36) without controlling for these three variables. BMI 
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did not appear to be a strong confounder nor mediator; the 
HR for the highest as compared with the lowest quartile 
of magnesium intake was 0.61 (0.39–0.94) after exclud-
ing BMI from the covariates. Additional adjustments for 
vitamin supplement use (yes or no) or intakes of calcium, 
potassium, phosphorous, vitamin C, folate, fish, vegetables, 
and fruits did not alter the results substantially; for exam-
ple, the HR (95 % CI) for the highest as compared with the 
lowest quartile of magnesium intake was 0.29 (0.16–0.55) 
after controlling for vitamin supplement use and intakes of 
vegetables and fruits.

Discussion

In this prospective study, we found an inverse associa-
tion between magnesium intake and the risk of develop-
ing diabetes among women after multivariable adjustment 
for several risk factors for diabetes. The high quartile of 
magnesium intake had a 50 % lower risk of developing dia-
betes than the low quartile among women. Two large pro-
spective cohort studies among Western women, the Iowa 
Women’s Health Study [18] and the Nurses’ Health Study 
[15], observed similar results; the declines in the risk of 
diabetes were 24 and 38 %, respectively. On the other hand, 
the Women’s Health Study reported no significant associa-
tion in the US women [6]. Among Japanese women, Kirii 
et al. [23] observed a 32 % reduction in the risk of diabetes 
associated with the highest quintile of magnesium intake, 
although this did not obtain statistical significance. A simi-
lar reduction in diabetes risk (37  %) in the highest quar-
tile of magnesium intake was reported by Hata et al. [22] 
after controlling for sex. However, another study conducted 
among Japanese women observed no association [21]. The 
estimates of magnesium intake were similar among sub-
jects in the USA, the UK, and Japan [34].

Studies on the effect of magnesium on insulin or glu-
cose levels among non-diabetic subjects are few. One study 
reported that daily magnesium supplements (4.5 g/day for 
4  weeks) improved insulin secretion in elderly non-obese 
subjects [13]. Some mechanisms have been proposed to 
explain the potential effects of magnesium on insulin and 
glucose actions. Diminished intracellular levels of magne-
sium may impair tyrosine kinase activity at insulin recep-
tors and reduce glucose-stimulated insulin secretion at the 
pancreatic β-cell [6, 35]. The beneficial effect of magne-
sium on insulin and glucose control may lead to protection 
against diabetes.

We failed to find an inverse association between magne-
sium intake and the risk of diabetes in men. The observed 
discrepancy in our results between men and women might 
be explained by gender differences in the metabolism of 
magnesium. Some studies have reported a higher incidence A
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of hypomagnesemia in women compared with men [36]. 
Women had significantly lower levels of serum magne-
sium than men [0.76  ±  0.10 vs. 0.81  ±  0.08  mmol/L 
(mean  ±  SD), P  <  0.05] [37]. A positive association 
between magnesium intake and blood magnesium con-
centration has been reported [7]. Low blood magnesium 
concentrations indicate low magnesium stores [38]. Wom-
en’s magnesium body stores may be lower, and depletion 
would be more likely to occur in women than in men. 
The role of dietary magnesium in insulin regulation may 
be more important in women than in men, which would 
explain the observed risk reduction in diabetes in women. 
A large cohort of men in the USA, the Health Profession-
als Follow-up Study [16, 17], reported a significant inverse 
association between magnesium intake and diabetes risk. 
In Japan, Kirii et al. [23] reported a risk reduction (36 %) 
among men in the highest quartile of magnesium intake, 
but this association was not statistically significant. Nanri 
et al. [21] observed no association.

The major strengths of the present study include a 
population-based prospective design and the use of a 
validated FFQ. Despite these strengths, the present study 
has several limitations that warrant mention. First, the 
response rate to the follow-up questionnaire was not 
high (66.9  %). The relatively low response rate may 
increase the potential for selection bias, such as differ-
ential participation among the case groups by magne-
sium intake. However, based on dietary data obtained 
on both respondents and non-respondents, we do not 
expect a large amount of bias. The second limitation is 
that the incidence of diabetes was ascertained based on 

self-reported information. However, a previous study in 
Japan confirmed that the self-reported history of diabetes 
in the questionnaire was consistent with the diagnosis by 
physicians (sensitivity 80.8  %, specificity 99.3  %) [39]. 
Nevertheless, no screening for undiagnosed diabetes was 
done. The sensitivity of self-reported diabetes as com-
pared with the criterion defined by hemoglobin A1c level 
was not high in our subsample, although similar sensitiv-
ity of self-reported diabetes in comparison with biomark-
ers has been reported in other studies [40, 41]. Therefore, 
there is a concern that women who were healthier were 
more likely diagnosed because of more visits to the doc-
tor. It is also possible that women who were less healthy 
were more likely diagnosed because they have risk fac-
tors like high BMI. The third limitation is that magne-
sium intake assessed at only one time point may not 
reflect the changes in magnesium intake during the fol-
low-up period. The fourth, despite the use of a validated 
FFQ, some degree of misclassification of dietary intake is 
to be expected, just as in other nutritional epidemiologic 
studies. However, it is unlikely that magnesium intake 
on our FFQ would be systematically underestimated 
among the incident diabetes cases. Finally, we could 
not obtain information on family history of diabetes as 
well as genetic traits. Genetic factors such as KCNQ1 
[42], KCNJ15 gene [43], and ANK1 locus [44] have been 
implicated in the diabetes risk among Asians.

In summary, magnesium intake was inversely associated 
with incidence of diabetes in women. Potential favorable 
effects of magnesium on insulin and glucose control may 
explain our findings.

Table 2   Hazard ratios for the risk of diabetes according to quartile of magnesium intake among men and women

a  Adjusted for total energy
b  Adjusted for age
c  Additionally adjusted for years of education, body mass index, physical activity, smoking status, history of hypertension, glycemic load, meno-
pausal status (women only), and intakes of total energy, total fat, alcohol, and coffee

Magnesium intake Cases n Person-years No. of subjects n HRb (95 % CI) HRc (95 % CI)

Mediana (mg/day) Range (mg/day)

Men

 Quartile 1 (low) 309.8 186–336 68 14,170 1472 1.00 (reference) 1.00 (reference)

 Quartile 2 357.3 336–379 60 14,189 1471 0.89 (0.63–1.26) 0.91 (0.64–1.32)

 Quartile 3 400.9 379–429 63 14,183 1471 0.92 (0.65–1.30) 0.94 (0.64–1.37)

 Quartile 4 (high) 469.3 429–832 75 14,124 1471 1.13 (0.98–1.01) 1.13 (0.76–1.70)

P for trend 0.43 0.49

Women

 Quartile 1 (low) 285.4 164–309 44 18,582 1910 1.00 (reference) 1.00 (reference)

 Quartile 2 328.8 309–348 42 18,623 1910 0.91 (0.60–1.39) 0.78 (0.50–1.21)

 Quartile 3 369.1 348–394 37 18,640 1910 0.78 (0.50–1.20) 0.50 (0.31–0.81)

 Quartile 4 (high) 431.8 394–776 49 18,591 1910 0.94 (0.62–1.42) 0.50 (0.30–0.84)

P for trend 0.60 0.005
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