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An inverse association between magnesium in 24-h
urine and cardiovascular risk factors in middle-aged
subjects in 50 CARDIAC Study populations

Yukio Yamoril?3, Miki Sagaraz’s, Shunsaku Mizushima3*, Longjian Liu3, Katsumi Ikeda*® and Yasuo Nara3
for the CARDIAC Study Group

Serum, plasma and dietary magnesium (Mg) have been reported to be inversely associated with cardiovascular disease risk
factors. We examined the associations between the 24-h urinary Mg/creatinine (Cre) ratio and cardiovascular disease risk factors,
such as body mass index (BMI), blood pressure (BP), serum total cholesterol (TC) and prevalence of obesity, hypertension and
hypercholesterolemia. A cross-sectional analysis was conducted among 4211 participants (49.7% women) aged 48-56 years in
50 population samples from 22 countries in the World Health Organization-coordinated Cardiovascular Diseases and Alimentary

Comparison (CARDIAC) Study (1985-1994). In linear regression analyses, Mg/Cre ratio was inversely associated with BMI,
systolic BP (SBP), diastolic BP (DBP) and TC (P for linear trend <0.001 for each). These associations were not markedly
altered by adjustment for traditional risk factors, urinary markers or cohort effects. Multivariate-adjusted mean values for the
subjects in the highest Mg/Cre ratio quintile were 6.3, 3.4, 5.3 and 4.6% lower than those for the subjects in the lowest
quintile for BMI, SBP, DBP and TC (P<0.001, respectively). The prevalence of obesity, hypertension and hypercholesterolemia
was 2.10 (95% confidence interval: 1.50, 2.95), 1.55 (1.25, 1.92) and 2.06 (1.63, 2.62) times higher (P<0.001,
respectively) among the subjects in the lowest Mg/Cre ratio quintile than in the subjects in the highest quintile. These
associations were not appreciably altered by adjustment for potential confounding variables. In conclusion, higher 24-h urinary
Mg/Cre ratio was associated with lower cardiovascular disease risk factors, including BMI, BP, TC, obesity, hypertension and

hypercholesterolemia.
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INTRODUCTION
Magnesium (Mg), which is abundant in whole seeds, unmilled grain,
green leafy vegetables, seaweeds, legumes and nuts, is a biologically
active mineral that acts as a cofactor in hundreds of enzymatic
reactions in the human body.l'2 In observational studies, serum,
plasma and dietary Mg have been found to be inversely associated with
cardiovascular disease risk factors, such as obesity,> hypertension,>*
dyslipidemia,’ type 2 diabetes® and coronary heart disease.” Twenty-
four hour urinary Mg was reported to be inversely associated with
blood pressure (BP).!%!! However, few studies have reported the
relationship between Mg in 24-h urine and cardiovascular disease risk
factors among the global population.

We previously showed an inverse association between population
averages of 24-h urinary Mg excretion and BP,!? and we also reported
that the group of individuals excreting more than the world average

24-h urinary Mg/creatinine (Cre) ratio had significantly lower
cardiovascular disease risk;!® therefore, Mg/Cre ratios were inversely
associated with coronary heart disease'* in the Cardiovascular Disease
and Alimentary Comparison (CARDIAC) Study. That study con-
firmed that there was a close relationship between the population
averages of cardiovascular disease risk and dietary customs by
analyzing various dietary biomarkers in 24-h urine, such as sodium
(Na), potassium (K), calcium (Ca), Mg and taurine (Tau; a biological
marker of seafood intake!*!%).1® However, the population averages are
greatly influenced by the genetic background of the individuals and the
environmental factors in the regions examined. Therefore, in the
present study, we investigated associations with and without adjust-
ment for confounding variables between 24-h urinary Mg/Cre ratio
and cardiovascular disease risk factors in individuals such as obesity,
hypertension and hypercholesterolemia among the CARDIAC Study
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populations disregarding genetic background, living conditions and
gender.

METHODS

Study population

The WHO-coordinated CARDIAC Study was initiated in 1985 as a multi-center
cross-sectional study with a standard research protocol, and a total of 12335
men and women participated in the study. Details of the study design and
methods of the CARDIAC Study have been reported elsewhere.!®1° Briefly, in
each center, 100 men and 100 women aged 48-56 years were selected randomly
from the general population. In the present study, 50 population samples from
22 countries were included. These 22 countries include various ethnic groups
and diverse populations: Australia (97 participants), Brazil (244), Belgium
(165), Bulgaria (209), Canada (160), China (686), Ecuador (254), France (158),
Georgia (65), Greece (35), Israel (50), Italy (82), Japan (920), New Zealand
(140), Portugal (115), Russia (31), Spain (274), Sweden (28), Tanzania (51),
Nigeria (40), UK (224), and USA (183) (Figure 1). The study was approved by
the CARDIAC Study’s institutional review board committee.

Data collection

All participants were invited to a local hospital or health center for a physical
examination, and a 15-ml overnight fasting blood sample was taken. Twenty-
four-hour urine samples were collected using a standard aliquot cup that
allowed participants to collect an exact portion of voided urine repeatedly.'$-20
BP was measured using a standard automated sphygmomanometer (Khi
machine, VINE, Tokyo, Japan), and these measurements were repeated three

times.!»?! A structured questionnaire was used for face-to-face interviews
during the field survey, and it included items on demographic data, lifestyle
factors and medical history.'® The urine and blood samples were frozen at
—20°C and analyzed centrally in the laboratory of the WHO-collaborating
Center for Research on Primary Prevention of Cardiovascular Disease, Izumo,
Japan (in 1993, this center was transferred to the Graduate School of Human
and Environmental Studies, Kyoto University, Japan). Standardized laboratory
methods were used.!® Quality controls were carefully maintained by internal
and external quality surveillance procedures. Measurements included in the
present report are body mass index (BMI), BP, serum total cholesterol (TC)
and urinary Na, K, Mg, Ca, Cre and Tau excretion levels.

Statistical analysis
Obese subjects were defined as those with BMI > 30 kg m~22? Patients with
hypertension were defined as those with systolic BP (SBP)> 140 mm Hg
or diastolic BP (DBP)>90mmHg or those
anti-hypertensive drug therapy. Hypercholesterolemic subjects were defined
as those with serum TC>220mgdl~!. The markers in 24-h urine are
expressed as the ratio of each parameter to Cre. We categorized the 24-h
urinary Mg/Cre ratio in quintiles. The distributions of 24-h urinary Na/Cre,
K/Cre, Ca/Cre and Tau/Cre ratio were highly skewed, and thus log transforma-
tions were performed to achieve a normal distribution. In all analyses, the log-
transformed values were then used. For easy interpretation, nontransformed
values are reported in the tables.

Differences between baseline characteristics of participants within each
quintile were analyzed using the Cochrane—Armitage test for trends for

who were receiving
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Figure 1 Geographical distribution of the population samples of the Cardiovascular Disease and Alimentary Comparison (CARDIAC) Study (1985-1994). The
following are the 50 study sites in 22 countries, the number of participants and their principal investigators: (1) Perth (97): LJ Beilin, MST Hobbs and
K Jamrozik; (2) Dunedin (140): FO Simpson; (3) Toyama (179): S Kagamimori; (4) Hirosaki (126): T Kanazawa; (5) Beppu (116): S Kodama; (6) Kurume
(175): H Toshima; (7) Okinawa (120): G Mimura and K Taira; (8) Hiroshima (60): M Yamakido; (9) Ohda (144): Y Yamori; (10) Urumgi (56): BX He; (11)
Guiyang (96): MX Zhang and XL Wu; (12) Guangzhou (116): ZD Huang; (13) Meixian (63): | Lee; (14) Beijing (19): LS Liu; (15) Shanghai (133): GS Zhao;
(16) Shijiazhuang (153): HX Zhang; (17) Lhasa (50): SF Sun; (18) Georgia (65): SM Dalakishivili; (19) Moscow (31): RG Oganov; (20) Gothenburg (28):
L Wilhelmsen; (21) Orleans (158): A Marie; (22) Leuven (82): A Amery; (23) Ghent (83): G De Backer; (24) Belfast (91): AE Evans; (25) Stornoway (133):
CA Birt; (26) Sofia (urban) (109): N Nicolov and | Tomov; (27) Sofia (rural) (100): N Nicolov and | Tomov; (28) Athens (35): A loanidis; (29) Milan (39): G
Cerasola; (30) Palermo (43): GC Cesana; (31) Tel Aviv (50): T Rosenthal; (32) Navas (135): A Fernandez-Cruz; (33) Madrid (139): A Fernandez-Cruz; (34)
Lisbon (115): MO Carrageta; (35) Quito (146): PD Dillon; (36) Vilcabamba (74): V Del Pozo; (37) Manta (34): V Del Pozo; (38) Uruguaiana (12):
Y Moriguchi and E Moriguchi; (39) Bagé (117): Y Moriguchi and E Moriguchi; (40) Handeni (34): J Mtabaji and M Njelekela; (41) Shinya (7): J Mtabaji and
M Nijelekela; (42) Dar es Salaam (10): J Mtabaji and M Njelekela; (43) Ibadan (40): OO Akinkungbe; (44) Honolulu (16): G Mimura; (45) Jackson (95):
HG Langford; (46) Newfoundland (64): G Fodor and A Chockalingam; (47) Montreal (96): P Hamet; (48) Sao Paulo (30): Y Moriguchi and E Moriguchi; (49)
Campo Grande (85): Y Moriguchi and E Moriguchi; and (50) Hilo (72): M Kanahele.
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Table 1 Baseline characteristics of participants by quintiles of 24-h urinary Mg/Cre ratio in the CARDIAC Study, 1985-1994
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Quintile of Mg/Cre ratio, mgg~1

1 (low) 2 3 4 5 (high)
(n=842, (n=845, (n=840, (n=842, (n=842,
median, 38.1; median, 57.5; median, 72.7; median, 90.2; median, 123.6;
range, 1.1-<49.1) range, 49.1-< 65.0) range, 65.0-<80.9)  range, 80.9-< 103.0) range, > 103.0) P for trend?

Male, % 67.6 61.2 52.3 38.6 32.1 <0.001
Age, years 51.9 (1.7)° 52.0 (1.7) 51.8 (1.6) 52.0 (1.7) 51.9 (1.6) 0.55
BMI, kgm~2 25.8 (4.1) 25.4 (4.0) 24.9 (4.0) 24.7 (4.2) 23.5(3.9) <0.001
Systolic BP, mm Hg 128.2 (18.8) 124.8 (18.7) 123.5(18.9) 122.9 (20.7) 123.0 (20.2) <0.001
Diastolic BP, mm Hg 78.1(12.2) 75.2 (11.9) 74.4 (11.9) 73.3 (13.0) 72.7 (13.0) <0.001
Serum TC, mgdl~1 193.9 (44.6) 194.3 (44.5) 189.0 (44.4) 189.8 (48.9) 178.4 (44.7) <0.001
Anti-hypertensive treatment, % 4.5 4.3 4.2 4.8 4.5 <0.001
Obesity®, % 12.8 11.5 9.9 10.2 6.5 <0.001
Hypertensiond, % 32.5 22.7 23.2 22.4 23.8 <0.001
Hypercholesterolemia®, % 28.3 25.4 21.2 22.3 16.0 <0.001
Nutrient marker in 24-h urine

Mg/Cre, mgg~1! 34.7 (12.1) 57.3 (4.5) 72.9 (4.6) 90.7 (6.2) 136.7 (44.9) <0.001

CalCre, mgg~1 85.2 (57.9) 125.2 (55.4) 149.4 (65) 176.3 (76.9) 223.8 (108.6) <0.001

Na/Cre, mmol mmol~! 14.4 (6.5) 15.8 (6.9) 17.0(7.1) 18.5(7.7) 22.6 (10.1) <0.001

K/Cre, mmol mmol~1 4.66 (1.92) 4.83 (1.93) 4.95 (2.02) 5.26 (2.24) 5.72 (2.53) <0.001

Tau/Cre, pmol mmol ! 99.1 (124.8) 110.9 (122.6) 114.9 (147.9) 116.0 (130.6) 113.3(132.1) <0.001

Abbreviations: BMI, body mass index; BP, blood pressure; Ca/Cre, calcium/creatinine; K/Cre, potassium/creatinine; Mg/Cre, magnesium/creatinine; Na/Cre, sodium/creatinine; Tau/Cre, taurine/

creatinine; TC, total cholesterol.

2P-values were determined by the Cochrane-Armitage test for trend for proportions and the Jonckheere-Terpstra trend test for continuous measures.

bValues are expressed as mean (s.d.).
CObesity was defined as BMI>30kgm~2.

dHypertension was defined as an anti-hypertensive treatment or systolic BP> 140 and/or diastolic BP > 90 mm Hg.

eHypercholesterolemia was defined as serum TC>220 mgdI~1.

proportions and the Jonckheere—Terpstra trend test for continuous measures.
General linear models were used to estimate adjusted mean values of BMI, SBP,
DBP and TC across quintiles of 24-h urinary Mg/Cre ratio after adjustment for
potential confounding variables. Multiple linear regression models were used to
estimate regression coefficients for the change in cardiovascular disease risk
factors for an increase of 10mgg~! in 24-h urinary Mg/Cre ratio. The models
were initially adjusted for potential confounders, such as traditional cardiac risk
factors (age, sex and use of anti-hypertensive medication). The final multi-
variable models were additionally adjusted for natural logarithm-transformed
24-h urinary Na/Cre, K/Cre, Ca/Cre and Tau/Cre ratios, survey years (1985—
1989 or 1990-1994, in which participants who had an average age of 52 years
were born in 1933-1937 or 1938-1942, respectively, to adjust for potential
cohort effects on the study outcomes), region (Europe, Africa, Asia, Oceania,
North America or South America) and BMI. BMI was not included in the
adjusted variables when the dependent variable was BMI.

To evaluate the association between Mg/Cre ratio and cardiovascular disease
risk factors, we estimated adjusted odds ratios for obesity, hypertension and
hypercholesterolemia in relation to quintiles of Mg/Cre using logistic regression
models, including variables for age; sex; anti-hypertensive medication use;
natural logarithm-transformed Na/Cre, K/Cre, Ca/Cre and Tau/Cre ratios;
survey year (1985-1989 or 1990-1994); region (Europe, Africa, Asia, Oceania,
North America or South America); and BMI. Adjustments were made in two
stages the same as in the multiple linear regression model analyses described
above. Anti-hypertensive medication use was not included in the adjusted
variables in the estimation of odds ratios for hypertension.

All statistical analyses except for the Cochrane—Armitage test for trends were
conducted using SPSS (Statistical Package for the Social Sciences) 15.0] for
Windows (IBM Japan, Tokyo, Japan). The Cochrane—Armitage test for trends
was performed using EXCEL 2003 (Microsoft, Tokyo, Japan). A two-sided P-
value <0.05 was considered statistically significant.

RESULTS

After excluding the participants who had missing data or who failed to
complete the 24-h urine collection, the remaining 4211 participants
(2120 men and 2091 women) were included in the data analyses.

The mean values and proportions of each characteristic by quintile of
24-h urinary Mg/Cre ratio are shown in Table 1. There was an ~3.2-
fold difference in the Mg/Cre ratio between the highest and lowest
quintiles of the study population (medians: 123.6 mgg ™! day ™! in the
highest quintile, 38.1 mgg~!day~! in the lowest). There was no
association between Mg/Cre ratio and mean age, but higher Mg/Cre
ratios were associated with lower BMI, SBP, DBP and TC and with
higher Na/Cre, K/Cre, Ca/Cre and Tau/Cre ratios. Participants with
lower Mg/Cre ratios were more likely to be male, obese, hypertensive or
hypercholesterolemic than participants with higher Mg/Cre ratios.

Table 2 shows adjusted mean values of cardiovascular disease risk
factors by 24-h urinary Mg/Cre ratio quintile. Mg/Cre ratios were
inversely associated with BMI, SBP, DBP and TC. Adjustment of the
analysis for age, sex and anti-hypertensive drug use in Model 1 did not
markedly attenuate these associations between Mg/Cre ratio and BMI,
SBP, DBP and TC. Upon further adjustment for Na/Cre, K/Cre, Ca/
Cre and Tau/Cre ratios, survey year and region as for BMI, and
additional adjustment for BMI as for SBP, DBP and TC in Model 2,
the inverse trends remained significant for all the parameters (P for
linear trend <0.001 for all comparisons across quintiles).

Linear regression coefficients for the cardiovascular disease risk
factors in relation to an increase of 10 mgg~' in the 24-h urinary
Mg/Cre ratio are shown in Table 3. Inverse associations were
consistently observed between Mg/Cre ratio and BMI, SBP, DBP
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and TC after adjustment for age, sex, anti-hypertensive drug use, 24-h
urinary Na/Cre, K/Cre, Ca/Cre and Tau/Cre ratios, survey year and
region as for BMI and additional adjustment for BMI as for SBP, DBP
and TC.

Odds ratios for obesity, hypertension and hypercholesterolemia are
presented in Table 4 by the 24-h urinary Mg/Cre ratio quintile. The
Mg/Cre ratio was significantly inversely associated with obesity,
hypertension and hypercholesterolemia. The prevalence of obesity
and hypercholesterolemia increased in a dose-dependent manner from
the highest Mg/Cre ratio quintile to the lowest. Participants with the
lowest Mg/Cre ratios were 2.1 and 2.1 times more likely to have
obesity and hypercholesterolemia, respectively, than those in the
highest Mg/Cre ratio quintile. Further adjustment for confounding
variables did not markedly change these inverse associations. In the
univariate analyses of the prevalence of hypertension, participants with
the lowest Mg/Cre ratios were 1.6 times more likely to have
hypertension than those in the highest Mg/Cre ratio quintile.

Urinary magnesium and cardiovascular risk factors
Y Yamori et al

However, the risk of hypertension among the subjects in the second
to fourth quintiles was not significantly higher than that among the
subjects in the highest quintile. Age- and sex-adjusted analyses and
further adjustment for other urinary markers, survey year, region and
BMI did not markedly change these associations between hypertension
and the Mg/Cre ratio.

DISCUSSION

In this multi-center cross-sectional study, a high 24-h urinary Mg/Cre
ratio was associated with low BMI, SBP and DBP, TC, obesity,
hypertension and hypercholesterolemia. Adjustment for potential
confounders did not markedly change these associations. Although
dietary and serum Mg have been previously reported to be inversely
associated with cardiovascular disease risk factors in large-scale
observational studies,> 24-h urinary Mg has only been reported to
be inversely associated with BP. Our study is the first to report an
inverse association between the 24-h urinary Mg/Cre ratio and

Table 3 Linear regression coefficients for the relationship between each increase of 10 mgg~1 in the 24-h urinary Mg/Cre ratio and BMI, BP

and serum TC in the CARDIAC Study, 1985-1994

24-h Urinary Mg/Cre ratio, mgg=12

Crude Model 1° Model 2¢
Mean s.e. P-value Mean s.e. P-value Mean s.e. P-value
BMI, kgm~2 -0.19 0.02 <0.001 -0.20 0.02 <0.001 -0.12 0.02 <0.001
Systolic BP, mm Hg -0.36 0.07 <0.001 -0.32 0.07 <0.001 -0.24 0.09 <0.01
Diastolic BP, mm Hg -0.38 0.05 <0.001 -0.30 0.05 <0.001 -0.23 0.06 <0.001
Serum TC, mgd|~! -1.49 0.17 <0.001 -1.68 0.18 <0.001 -0.86 0.19 <0.001

Abbreviations: BMI, body mass index; BP, blood pressure; Mg/Cre; magnesium/creatinine; TC, total cholesterol.
aP.values are from the multiple linear regression models for the relationship between 24-h urinary Mg/Cre ratio (per 10mgg~! increase) and each biomarker associated with cardiovascular diseases.

PMultivariate model 1 was adjusted for age, sex and anti-hypertensive drug use.

“Multivariate model 2 was adjusted for model 1 plus log-transformed 24-h urinary sodium/creatinine, potassium/creatinine, calcium/creatinine, taurine/creatinine, survey year and region as for BMI

and additionally adjusted for BMI as for systolic and diastolic BP and serum TC.

Table 4 ORs (and 95% Cls) for the prevalence of cardiovascular disease risk factors according to the levels of 24-h urinary Mg/Cre ratio in the

CARDIAC Study, 1985-1994

Quintiles of Mg/Cre ratio, mgg~!

1 (Low) 2 3 4 5 (High) P for linear trenc?

ObesityP

Crude 2.10 (1.50, 2.95) 1.85(1.31, 2.62) 1.57 (1.10, 2.23) 1.63 (1.14, 2.31) 1.00 (Referent) <0.001

Model 1¢ 2.49 (1.75, 3.53) 2.13 (1.50, 3.03) 1.72 (1.20, 2.47) 1.68 (1.18, 2.39) 1.00 (Referent) <0.001

Model 24 1.45 (0.95, 2.24) 1.38 (0.94, 2.04) 1.25(0.85, 1.84) 1.33(0.92, 1.93) 1.00 (Referent) <0.001
Hypertension®

Crude 1.55(1.25, 1.92) 0.94 (0.75, 1.18) 0.97 (0.77, 1.22) 0.93 (0.74, 1.17) 1.00 (Referent) <0.001

Model 1¢ 1.49 (1.20, 1.86) 0.91 (0.72, 1.15) 0.96 (0.76, 1.20) 0.92 (0.73, 1.15) 1.00 (Referent) <0.001

Model 24 1.54 (1.19, 2.00) 0.93(0.73, 1.19) 0.97 (0.77, 1.23) 0.92 (0.73, 1.16) 1.00 (Referent) <0.001
Hypercholesterolemia®

Crude 2.06 (1.63, 2.62) 1.79 (1.41, 2.27) 1.41 (1.10, 1.80) 1.51(1.18, 1.92) 1.00 (Referent) <0.001

Model 1¢ 2.39(1.87, 3.05) 2.01 (1.57, 2.57) 1.53(1.19, 1.97) 1.54 (1.21, 1.98) 1.00 (Referent) <0.001

Model 24 2.73 (2.03, 3.67) 2.12 (1.62, 2.77) 1.57 (1.20, 2.05) 1.56 (1.20, 2.02) 1.00 (Referent) <0.001

Abbreviations: Cl, confidence interval; Mg/Cre, magnesium/creatinine; OR, odds ratio.

ALogistic regression analysis evaluating the linear relationships between 24-h urinary Mg/Cre ratio and cardiovascular diseases risk factors.
bObesity, hypertension and hypercholesterolemia were defined as body mass index (BMI)> 30 kg m~2, any anti-hypertensive medication use or systolic blood pressure > 140 mm Hg and/or diastolic

blood pressure > 90 mm Hg and serum total cholesterol > 220 mgdI~!, respectively.

“Model 1 was adjusted for age and sex as to hypertension and additionally adjusted for anti-hypertensive medication use as to obesity and hypercholesterolemia.
dModel 2 was adjusted for model 1 plus log-transformed 24-h urinary sodium/creatinine, potassium/creatinine, calcium/creatinine, taurine/creatinine, survey year and region as for BMI and
additionally adjusted for BMI as for hypertension and hypercholesterolemia.
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cardiovascular disease risk factors among worldwide population
samples.

Obesity is a major risk factor for chronic diseases such as type 2
diabetes and atherosclerosis, which have been reported to be
associated with low Mg status.”> Low Mg status has been shown to
occur more often in obese than in non-obese individuals.>* Mg intake
has been reported to be inversely associated with waist size among
young Americans.”> However, few studies have reported a direct
relationship between Mg and obesity. Further studies are needed to
explain the mechanism of interaction between Mg status and obesity.

Dietary Mg has been shown to be inversely associated with BP and
hypertension in several observational studies.>*2°-2° In our study, the
risk of hypertension was significantly higher only in the lowest Mg/Cre
ratio quintile. Khan et al.>® reported that there was no association
between serum Mg and the risk of hypertension among the middle-
aged adult participants in the Framingham Heart Study offspring
cohort. The authors noted that because of the limited number of study
participants with very high or low serum Mg, it had been impossible
to draw conclusions regarding the risk associated with a serum Mg
value far outside the normal range, and serum Mg levels might be
linked to hypertension in other populations, including those with a
higher prevalence of Mg deficiency. Because our study participants
consisted of worldwide populations with various dietary customs,
urinary Mg levels were widely distributed. As the authors noted, the
risk of hypertension may not increase in a dose-dependent manner
and yet still be higher in Mg-deficient conditions.

As for the mechanisms of how Mg decreases BP, numerous
experimental and several clinical studies have been reported. For
example, SBP and intracellular Ca in peripheral lymphocytes were
found to be significantly higher in stroke-prone spontaneously
hypertensive rats than in normotensive Wistar-Kyoto rats, and
intracellular Mg in these rats, which is inversely correlated with
intracellular Ca, was significantly lower.>! Intracellular Ca overload
acts as a trigger of cell death by inducing apoptosis, and it causes
arteriosclerosis.’> Mg activates Na—K ATPase, which controls the
intracellular mineral balance and contributes to the homeostasis of
electrolytes in the cell.>* It was experimentally demonstrated that
intracellular Ca and Na are reduced by oral Mg supplementation,
which lowers BP in stroke-prone spontaneously hypertensive rats’
and hypertensive patients.>

Although urinary Mg/Cre ratios were inversely associated with
serum TC in our study, many observational studies have reported a
positive association between serum or dietary Mg and serum
cholesterol.>”3%37 The discrepancy of these results may be partly
due to differences in the subjects’ characteristics. The foregoing
observational studies were conducted among subjects living in
particular regions, and therefore, the range of Mg levels might have
been relatively narrow compared with that in our study including
worldwide populations. Furthermore, dietary Mg intake has a
tendency to correlate with the intake of dietary fiber,! which is known
to lower serum TC.3®% This correlation may have partly influenced
the inverse association between urinary Mg/Cre ratio and serum TC in
our study. In streptozotocin- and fructose-fed diabetic rat models,
dietary Mg administration prevents the development of dyslipidemia
and preserves a normal serum lipid profile.* Mg has been shown to
exert direct actions on lipid metabolism, interfering with several
lipogenic liver enzymes and downregulating lipoprotein-lipase
activity.??

There are some limitations to our study. First, a cause—effect
association cannot be determined from the present analysis because
of the cross-sectional study design. Second, we did not have some
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important data. TG was not determined because of the difficulty of
asking the participants to fast for > 12 h in a worldwide cross-country
study. Low-density lipoprotein and high-density lipoprotein-choles-
terol were not analyzed, because frozen serum samples had to be sent
to a standardized analytical center in accordance with the CARDIAC
multi-center study protocol.'® Apolipoproteins, which are coronary
heart disease risk factors,*! were not analyzed because of the difficulty
of setting up a standardized method of analysis at the time of
designing the CARDIAC Study in 1985.% Our study also lacks data
on blood glucose level and HbAlc (glycated hemoglobin), indicators
of diabetes, which is one of the components of metabolic syndrome.

However, this study also has some strengths. First, the Mg/Cre
ratios in 24-h urine varied widely, because the CARDIAC Study was a
worldwide multi-center study including participants with various
dietary customs, and thus we were able to detect significant inverse
associations between the Mg/Cre ratio and cardiovascular disease risk
factors. Second, we assessed the dietary intake of nutrients using 24-h
urine, which enabled an objective evaluation of dietary intake.

In conclusion, higher 24-h urinary Mg/Cre ratios were associated
with lower cardiovascular disease risk factor values, including BMI,
SBP and DBP, TC, obesity, hypertension and hypercholesterolemia.
Moreover, Mg deficiency was related to susceptibility to hypertension
among the participants in the CARDIAC Study disregarding ethnic
differences, living conditions and gender.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

This study was supported partly by Grants-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science and Technology, the
Japanese government and by donations to the WHO from over 300 000
individuals and companies in total, but it had no relationship with the industry.
We thank all the principal investigators and their colleagues in the 50 study sites
of the CARDIAC Study. On behalf of WHO-CARDIAC Study Group, this
article is dedicated to late Dr Hiroshi Nakajima, Emeritus Director General,
WHO, who designated the WHO-Collaborating Center for Research on
Primary Prevention of Cardiovascular Diseases in 1983 to initiate this
worldwide epidemiological survey and passed away on 26 January 2013.

1 Chacko SA, Song Y, Nathan L, Tinker L, de Boer IH, Tylavsky F, Wallace R, Liu S
Relations of dietary magnesium intake to biomarkers of inflammation and endothelial
dysfunction in an ethnically diverse cohort of postmenopausal women. Diabetes Care
2010; 33: 304-310.

2 Saris NE, Mervaala E, Karppanen H, Khawaja JA, Lewenstam A. Magnesium. An update
on physiological, clinical and analytical aspects. Clin Chim Acta 2000; 294: 1-26.

3 Song Y, Ridker PM, Manson JE, Cook NR, Buring JE, Liu S. Magnesium intake,
C-reactive protein, and the prevalence of metabolic syndrome in middle-aged and older
U.S. women. Diabetes Care 2005; 28: 1438-1444.

4 Tzoulaki |, Patel CJ, Okamura T, Chan Q, Brown |J, Miura K, Ueshima H, Zhao L,
Van Horn L, Daviglus ML, Stamler J, Butte AJ, loannidis JP, Elliott P A nutrient-wide
association study on blood pressure. Circulation 2012; 126: 2456-2464.

5 Ueshima K. Magnesium and ischemic heart disease: a review of epidemiological,
experimental, and clinical evidences. Magnes Res 2005; 18: 275-284.

6 Song Y, Manson JE, Buring JE, Liu S. Dietary magnesium intake in relation to plasma
insulin levels and risk of type 2 diabetes in women. Diabetes Care 2004; 27: 59-65.

7 Al-Delaimy WK, Rimm EB, Willett WC, Stampfer MJ, Hu FB. Magnesium intake and risk
of coronary heart disease among men. J Am Coll Nutr 2004; 23: 63-70.

8 Chiuve SE, Sun Q, Curhan GC, Taylor EN, Spiegelman D, Willett WC, Manson JE,
Rexrode KM, Albert CM. Dietary and plasma magnesium and risk of coronary heart
disease among women. J Am Heart Assoc 2013; 2: e000114.

9 Qu X, JinF, Hao Y, Li H, Tang T, Wang H, Yan W, Dai K. Magnesium and the risk of
cardiovascular events: a meta-analysis of prospective cohort studies. PLoS ONE 2013;
8: e57720.

10 Kesteloot H, Tzoulaki I, Brown 1J, Chan Q, Wijeyesekera A, Ueshima H, Zhao L, Dyer
AR, Unwin RJ, Stamler J, Elliott P. Relation of urinary calcium and magnesium
excretion to blood pressure: the International Study of Macro- and Micro-Nutrients and



Blood Pressure and the International Cooperative Study on Salt, Other Factors, and
Blood Pressure. Am J Epidemiol 2011; 174: 44-51.

11 Joosten MM, Gansevoort RT, Mukamal KJ, Kootstra-Ros JE, Feskens EJ, Geleijnse JM,
Navis G, Bakker SJ, PREVEND Study Group. Urinary magnesium excretion and risk
of hypertension: the prevention of renal and vascular end-stage disease study.
Hypertension 2013; 61: 1161-1167.

12 Yamori Y, Nara Y, Mizushima S, Mano M, Sawamura M, Kihara M, Horie R.
International cooperative study on the relationship between dietary factors and blood
pressure: a report from the Cardiovascular Diseases and Alimentary Comparison
(CARDIAC) Study. J Cardiovasc Pharmacol 1990; 16(Suppl 8): S43-S47.

13 Yamori Y, Taguchi T, Mori H, Mori M. Low cardiovascular risks in the middle
aged males and females excreting greater 24-hour urinary taurine and
magnesium in 41 WHO-CARDIAC study populations in the world. J Biomed Sci
2010; 17(Suppl 1): S21.

14 Yamori Y, Taguchi T, Hamada A, Kunimasa K, Mori H, Mori M. Taurine in health and
diseases: consistent evidence from experimental and epidemiological studies. J Biomed
Sci 2010; 17(Suppl 1): S6.

15 Yamori Y, Liu L, Mori M, Sagara M, Murakami S, Nara Y, Mizushima S. Taurine as the
nutritional factor for the longevity of the Japanese revealed by a world-wide
epidemiological survey. Adv Exp Med Biol 2009; 643: 13-25.

16 Yamori Y, Liu L, Mizushima S, lkeda K, Nara Y, CARDIAC Study Group. Male
cardiovascular mortality and dietary markers in 25 population samples of 16 countries.
J Hypertens 2006; 24: 1499-1505.

17 Yamori Y, Strasser T (eds). New Horizons in Preventing Cardiovascular Disease. Elsevier:
Amsterdam, the Netherlands. 1989.

18 WHO Collaborating Center on Primary Prevention of Cardiovascular Diseases, |zumo,
Japan and Cardiovascular Diseases Unit, WHO. Cardiovascular Diseases and Alimentary
Comparison (CARDIAC) Study Protocol and Manual Operations. WHO: Shimane, Japan/
Geneva, Switzerland. 1986.

19 WHO-CARDIAC Study group. Excerpts from the WHO CARDIAC Study Protocol. J
Cardiovasc Pharmacol 1990; 16(Suppl 8): S75-S77.

20 Yamori Y, Nara Y, Kihara M, Mano M, Horie R. Simple method for sampling consecutive
24-hour urine for epidemiological and clinical studies. Clin Exp Hypertens A 1984; 6:
1161-1167.

21 Fukuda M, Yamori Y. A proposal for indirect and objective blood pressure
measurement in adults. In Yamori Y, Lenfant C (eds). Prevention of Cardiovascular
Diseases: An Approach to Active Long Life. Elsevier: Amsterdam, the Netherlands.
1987, pp 127-137.

22 Liu L, Kanda T, Sagara M, Hirao S, Yasui N, Negishi H, Sekine Y, Honda K, lkeda K,
Yamori Y. Leisure-time physical activity and other factors in relation to blood pressure in
Japanese-Americans in Hawaii, USA. Hypertens Res 2001; 24: 145-151.

23 Bo S, Pisu E. Role of dietary magnesium in cardiovascular disease prevention, insulin
sensitivity and diabetes. Curr Opin Lipidol 2008; 19: 50-56.

24 Nielsen FH. Magnesium, inflammation, and obesity in chronic disease. Nutr Rev 2010;
68: 333-340.

25 He K, Liu K, Daviglus ML, Morris SJ, Loria CM, Van Horn L, Jacobs DR Jr, Savage PJ.
Magnesium intake and incidence of metabolic syndrome among young adults. Circula-
tion 2006; 113: 1675-1682.

Urinary magnesium and cardiovascular risk factors
Y Yamori et al

26 Simons-Morton DG, Hunsberger SA, Van Horn L, Barton BA, Robson AM, McMahon RP,
Muhonen LE, Kwiterovich PO, Lasser NL, Kimm SY, Greenlick MR. Nutrient intake and
blood pressure in the Dietary Intervention Study in Children. Hypertension 1997; 29:
930-936.

27 Ascherio A, Hennekens C, Willett WC, Sacks F, Rosner B, Manson J, Witteman J,
Stampfer MJ. Prospective study of nutritional factors, blood pressure, and hypertension
among US women. Hypertension 1996; 27: 1065-1072.

28 Joffres MR, Reed DM, Yano K. Relationship of magnesium intake and other dietary
factors to blood pressure: the Honolulu heart study. Am J Clin Nutr 1987; 45:
469-475.

29 Song Y, Sesso HD, Manson JE, Cook NR, Buring JE, Liu S. Dietary magnesium intake
and risk of incident hypertension among middle-aged and older US women in a 10-year
follow-up study. Am J Cardiol 2006; 98: 1616-1621.

30 Khan AM, Sullivan L, McCabe E, Levy D, Vasan RS, Wang TJ. Lack of association
between serum magnesium and the risks of hypertension and cardiovascular disease.
Am Heart J 2010; 160: 715-720.

31 Adachi M, Nara Y, Mano M, |keda K, Horie R, Yamori Y. Intralymphocytic free calcium
and magnesium in stroke-prone spontaneously hypertensive rats and effects of blood
pressure and various antihypertensive agents. Clin Exp Pharmacol Physiol 1993; 20:
587-593.

32 Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium-
apoptosis link. Nat Rev Mol Cell Biol 2003; 4: 552-565.

33 Sontia B, Touyz RM. Role of magnesium in hypertension. Arch Biochem Biophys 2007;
458: 33-39.

34 Adachi M, Nara Y, Mano M, Yamori Y. Effect of dietary magnesium supplementation on
intralymphocytic free calcium and magnesium in stroke-prone spontaneously
hypertensive rats. Clin Exp Hypertens 1994; 16: 317-326.

35 Hatzistavri LS, Sarafidis PA, Georgianos Pl, Tziolas IM, Aroditis CP, Zebekakis PE,
Pikilidou MI, Lasaridis AN. Oral magnesium supplementation reduces ambulatory
blood pressure in patients with mild hypertension. Am J Hypertens 2009; 22:
1070-1075.

36 Chiuve SE, Korngold EC, Januzzi JL Jr, Gantzer ML, Albert CM. Plasma and dietary
magnesium and risk of sudden cardiac death in women. Am J Clin Nutr 2011; 93:
253-260.

37 Randell EW, Mathews M, Gadag V, Zhang H, Sun G. Relationship between serum
magnesium values, lipids and anthropometric risk factors. Atherosclerosis 2008; 196:
413-419.

38 Truswell AS. Dietary fibre and blood lipids. Curr Opin Lipidol 1995; 6: 14-19.

39 Brown L, Rosner B, Willett WW, Sacks FM. Cholesterol-lowering effects of dietary fiber:
a meta-analysis. Am J Clin Nutr 1999; 69: 30-42.

40 Olatunji LA, Soladoye AO. Increased magnesium intake prevents hyperlipidemia and
insulin resistance and reduces lipid peroxidation in fructose-fed rats. Pathophysiology
2007; 14: 11-15.

41 McQueen MJ, Hawken S, Wang X, Ounpuu S, Sniderman A, Probstfield J, Steyn K,
Sanderson JE, Hasani M, Volkova E, Kazmi K, Yusuf S, INTERHEART study
investigators. Lipids, lipoproteins, and apolipoproteins as risk markers of myocardial
infarction in 52 countries (the INTERHEART study): a case-control study. Lancet 2008;
372: 224-233.

225

Hypertension Research



	An inverse association between magnesium in 24-h urine and cardiovascular risk factors in middle-aged subjects in 50 CARDIAC Study populations
	Introduction
	Methods
	Study population
	Data collection
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References




