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OBJECTIVE — Magnesium deficiency has been associated with insulin resistance (IR) and
increased risk for type 2 diabetes in adults. This study was designed to determine whether obese
children exhibit serum or dietary magnesium deficiency and its potential association with IR.

RESEARCH DESIGN AND METHODS — We studied 24 obese nondiabetic children
(BMI =85th percentile) and 24 sex- and puberty-matched lean control subjects (BMI <85th
percentile). We measured serum magnesium, indexes of insulin sensitivity, dietary magnesium
intake (using a food frequency questionnaire), and body composition (by air displacement
plethysmography).

RESULTS — Serum magnesium was significantly lower in obese children (0.748 = 0.015
mmol/l, means * SE) compared with lean children (0.801 = 0.012 mmol/l) (P = 0.009). Serum
magnesium was inversely correlated with fasting insulin (r, = —0.36 [95% CI —0.59 to —0.08];
P =0.011) and positively correlated with quantitative insulin sensitivity check index (QUICKI)
(0.35 [0.06-0.58]; P = 0.015). Dietary magnesium intake was significantly lower in obese
children (obese: 0.12 = 0.004 vs. lean: 0.14 = 0.004 mg/kcal; P = 0.003). Dietary magnesium
intake was inversely associated with fasting insulin (—=0.43 [—0.64 to —0.16]; P = 0.002) and
directly correlated with QUICKI (0.43 [0.16—0.64]; P = 0.002).

CONCLUSIONS — The association between magnesium deficiency and IR is present during
childhood. Serum magnesium deficiency in obese children may be secondary to decreased
dietary magnesium intake. Magnesium supplementation or increased intake of magnesium-rich
foods may be an important tool in the prevention of type 2 diabetes in obese children.

Diabetes Care 28:1175-1181, 2005

he current epidemic of childhood
obesity has been associated with an
alarming rise in the prevalence of
pediatric type 2 diabetes (1). Hyperinsu-
linemia and insulin resistance (IR) are the
precursors of type 2 diabetes. Obesity and
dietary macronutrients clearly play a role

in the risk for type 2 diabetes, but the role
of micronutrients in this process is not
clear.

Magnesium is an important cofactor
for enzymes involved in carbohydrate
metabolism. A strong relationship be-
tween magnesium and insulin action has
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been reported (2,3). In adults, low serum
and intracellular magnesium concentra-
tions are associated with IR, impaired glu-
cose tolerance, and decreased insulin
secretion (4—6). Furthermore, large epi-
demiologic studies in adults indicate that
lower dietary magnesium and lower se-
rum magnesium are associated with in-
creased risk for type 2 diabetes (7,8).
However, the role of magnesium defi-
ciency in the development of IR during
childhood has not been clearly defined.
The present study was designed to deter-
mine whether a relationship exists be-
tween magnesium homeostasis and IR in
obese children and to evaluate potential
mechanisms leading to magnesium defi-
ciency in these children.

RESEARCH DESIGN AND
METHODS — We studied 24 obese
children (BMI =85th percentile for age
and sex) aged 817 years with at least one
risk factor for type 2 diabetes and 24 lean
children (BMI <85th percentile)
matched for sex and stage of pubertal de-
velopment. Risk factors for type 2 diabe-
tes included family history of type 2
diabetes in a first- or second-degree rela-
tive, ethnicity (African American, His-
panic, or Asian American), or clinical
signs of IR (9). Children were recruited by
public advertisement and by referrals
from primary care physicians. Character-
istics of the study subjects are summa-
rized in Table 1. Children were excluded
if they were anemic or pregnant. The
study was approved by the University of
Virginia Institutional Review Board. Writ-
ten informed consent was obtained from
both parents and children aged =15
years; informed assent was obtained from
all children <15 years old.

Subjects were evaluated at the Gen-
eral Clinical Research Center early in the
morning after a 10-h overnight fast. Upon
arrival, both parent and child were ques-
tioned to confirm that the subject was
fasting. A complete history and physical
exam were performed. Weight was mea-
sured using a calibrated digital scale.
Height was measured in triplicate to the
nearest millimeter using a calibrated sta-
diometer. Tanner staging of breast devel-
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Table 1—Characteristics and metabolic parameters of the study subjects

Obese subjects Lean subjects P value*

n 24 24 —
Sex (male/female)t 9/15 9/15 —
Age (years) 12.52 = 0.49; 12.00 (9.94-16.23) 13.35 = 0.43; 13.25 (10.04-15.96) 0.215
Race

Caucasian 11 21 0.005

African American 11

Other 2
Pubertal staget¥ —

Early puberty (Tanner 1 and 2) 6 6 —

Midpuberty (Tanner 3 and 4) 7 7 —

Late puberty (Tanner 5) 11 11 —
BMI (kg/mz) 36.2 = 2.1; 34.85 (24.84-47.07) 18.7 £ 0.6; 18.07 (14.79-22.88) <0.001
BMI z score 2.36 = 0.09; 2.46 (1.55-2.82) —0.28 £ 0.19; —0.31 (—=1.36t0 0.79) <0.001
Percentage body fat 441 £ 1.5;44.67 (36.39-52.68) 22.9 +1.1;23.56 (15.01-29.00) <0.001
Fasting glucose (mmol/l) 5.16 = 0.05; 5.13 (4.55-5.60) 5.16 = 0.10; 5.16 (4.87-5.45) 0.984
HbA, . (%) 524 +0.11; 5.20 (4.69-5.62) 5.13 = 0.07; 5.10 (4.69-5.61) 0.412
Fasting insulin (pmol/1) 178.8 = 19.8; 186.92 (50.18-268.66) 63.2 = 6.6;57.47 (25.84-110.2) <0.001
HOMAS 6.01 = 0.76; 5.70 (1.62-9.94) 2.10 = 0.22; 1.86 (0.77-3.54) <0.001
QUICKIg 0.31 = 0.01; 0.30 (0.28-0.36) 0.35 = 0.01; 0.35 (0.32-0.40) <0.001
Cholesterol (mmol/1) 4.34 + 0.16; 4.22 (3.27-5.60) 3.76 = 0.14; 3.63 (2.96-4.88) 0.009
Triglycerides (mmol/l) 1.12 = 0.10; 1.07 (0.60-1.83) 0.84 £ 0.09; 0.77 (0.48-1.48) 0.039
LDL (mmol/l) 2.81 = 0.14;2.70 (2.03-3.79) 2.10 = 0.12;2.05 (1.42-3.10) <0.001
HDL (mmol/l) 1.10 = 0.04; 1.06 (0.82-1.35) 1.35 £ 0.07;1.35 (0.96-1.73) 0.002
Serum magnesium (mmol/1) 0.748 = 0.015; 0.740 (0.653-0.863) 0.801 = 0.012;0.822 (0.699-0.863) 0.009
Urinary magnesium-to-creatinine ratio 0.077 = 0.007; 0.067 (0.042-0.112) 0.081 = 0.010; 0.070 (0.040-0.110) 0.762

(mg/mg)

Data are means = SE; median (10th to 90th percentile). *By ANOVA for continuous variables and by exact test for categorical variables. TSubject matching criterion
by design. ¥Tanner stage of breast development for girls and genital development for boys. §Formulas used for calculation of HOMA and QUICKI are shown in

RESEARCH DESIGN AND METHODS.

opment in girls and genital development
in boys was performed by a single pediat-
ric endocrinologist. Children were classi-
fied as being in early puberty (Tanner 1 or
2), midpuberty (Tanner 3 or 4), or late
puberty (Tanner 5). This classification
was intended to account for the transient
reduction in insulin sensitivity during pu-
berty, which reaches a nadir at Tanner
stage 3 or 4 and recovers to near prepu-
bertal levels by Tanner stage 5 (10,11).
BMI z scores were calculated using equa-
tions provided by the Centers for Disease
Control and Prevention. Body density
was measured by air displacement pleth-
ysmography (BodPod; Life Measurement
Instruments, Concord, CA) and con-
verted to a body composition estimate us-
ing the Siri equation (12).

Laboratory tests

A fasting blood sample was obtained for
insulin, glucose, HbA,_, serum magne-
sium, lipid profile, and chemistry panel.
Serum magnesium was measured using
a colorimetric assay in an Olympus AU

640 analyzer. Insulin was measured in
duplicate by an enzyme-linked immu-
nosorbent assay (Diagnostic Systems
Laboratories), and the means were used
for the analysis. Glucose was measured
at the bedside using the glucose oxidase
method in a Beckman Glucose Analyzer
(Beckman Instruments, Fullerton, CA).
Indexes of insulin sensitivity, ho-
meostasis model assessment (HOMA) of
IR index, and quantitative insulin sen-
sitivity check index (QUICKI) have
been validated and exhibit a good cor-
relation with insulin sensitivity mea-
sured by a hyperinsulinemic-
euglycemic clamp in children (13).
HOMA was calculated using the for-
mula (fasting insulin [wIU/ml] X fast-
ing glucose [mmol/1])/22.5; QUICKI
was calculated as 1/(log fasting insulin
[RIU/ml] + log fasting glucose [mg/
dl]). Renal handling of magnesium was
evaluated by calculating the magne-
sium-to-creatinine ratio from a spot
urine sample.

Dietary assessment

Nutritional evaluation was performed us-
ing the Youth and Adolescent Question-
naire. This 151-item questionnaire was
developed based on the Nurses’ Health
Study semiquantitative food frequency
questionnaire and has been previously
validated for use in children aged 9-18
years (14,15). The Youth and Adolescent
Questionnaire mean energy and nutrient
intakes, including intake of magnesium,
calcium, and potassium, are comparable
to those obtained from 24-h diet recalls
(15). Questionnaires were administered
by a registered dietitian and analyzed at
the Channing Laboratories (Harvard
Medical School). Macronutrient and mi-
cronutrient intake was compared be-
tween the groups. Micronutrient intake
was evaluated using unadjusted total
daily intake and energy-adjusted intake.
The latter was calculated to help reduce
between-person variability due to under-
or overreporting of intake, which may oc-
cur when collecting dietary information.
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Statistical analysis

Differences between obese and lean chil-
dren were examined for serum magne-
sium, indexes of insulin sensitivity, lipids,
adiposity, and diet composition. P values
for these comparisons were calculated via
ANOVA. Weight status (lean, obese)
served as the independent factor of the
ANOVA models, and the 24 matched
pairs were treated as independent blocks
so that a within-matched-pair compari-
son could be formulated. Spearman cor-
relations were used to examine the
bivariate (unadjusted) linear associations
between serum magnesium and indexes
of insulin sensitivity, adiposity, dietary
magnesium intake, and urinary magne-
sium excretion. Spearman correlations
were also used to examine linear associa-
tions between dietary micronutrients and
indexes of insulin sensitivity. Cls were
calculated for the correlation constants
via Fisher’s Z transformation. If we a pri-
ori determined that confounding was
possible, a Spearman partial correlation
was used to account for the effects of po-
tential confounders when calculating cor-
relation coefficients. Statistical
significance was set at a <0.05. All anal-
yses were conducted using SAS version
8.2 (SAS Institute, Cary, NC) and S-Plus
version 2000 for Windows (Insightful,
Seattle, WA). Descriptive statistics in-
clude means = SE and the 10th, 50th,
and 90th percentile for each variable’s
distribution. Spearman correlation coeffi-
cients are presented with 95% CI.

RESULTS — Table 1 shows indexes of
insulin sensitivity, glucose homeostasis,
and lipid profile. Obese children exhib-
ited IR as determined by a higher fasting
insulinand HOMA (P < 0.001) and lower
QUICKI (P < 0.001) than lean children.
There were no significant group differences
in fasting glucose or HbA, .. Obese chil-
dren had higher triglycerides (P < 0.05)
and total and LDL cholesterol (P < 0.01)
and lower HDL cholesterol (P < 0.01) than
lean children.

Serum magnesium

Serum magnesium concentration was sig-
nificantly lower in obese children com-
pared with lean children (obese: 0.748 =
0.015 vs. lean: 0.801 = 0.012 mmol/l;
P = 0.009). Serum calcium and potas-
sium were measured in 12 obese children
and all lean children. There were no sig-
nificant differences in calcium (obese:

2.36 = 0.02vs.lean: 2.35 = 0.01 mmol/l;
P = 0.984) or potassium (obese: 4.03 *=
0.04 vs. lean: 3.95 = 0.06 mmol/l; P =
0.334) between groups.

Serum magnesium and adiposity. Se-
rum magnesium was inversely associated
with adiposity as measured by BMI (r, =
—0.44 [95% CI —0.65 to —0.17]; P =
0.002), BMI z score (—0.42 [—0.63 to
—0.14]; P = 0.003), and percentage body
fat (=0.37 [=0.60 to —0.09]; P =
0.009).

Serum magnesium and insulin sensi-
tivity. Serum magnesium was inversely
correlated with fasting insulin (r, =
—0.36 [95% CI —0.59 to —0.08]; P =
0.011) and HOMA (—0.35 [—0.58 to
—0.06]; P = 0.015) and positively corre-
lated with QUICKI (0.35 [0.06-0.58];
P = 0.015). After adjusting for the effect
of adiposity (using percentage body fat),
the relationship between serum magne-
sium and insulin sensitivity was no lon-
ger statistically significant for HOMA (r,
= —0.24;, P = 0.104), fasting insulin
(r, = —0.22; P = 0.124), and QUICKI
(ry=10.17; P = 0.252).

Dietary magnesium

Nutritional data are summarized in Table
2. Dietary magnesium intake in mg/kcal
was significantly lower in obese children
compared with lean children (obese:
0.12 £ 0.004 vs. lean: 0.14 = 0.004 mg/
kecal; P = 0.001) Although unadjusted
magnesium intake was 14.4% lower in
obese compared with lean children
(obese: 286.4 = 18.3 vs. lean: 327.7 *
16.6 mg/day; P = 0.102), this difference
did not reach statistical significance. Se-
rum magnesium concentration was corre-
lated with total daily magnesium intake
(ry, = 0.40 [95% CI 0.12-0.62]; P =
0.005) and energy-adjusted magnesium
intake (r, = 0.41 [0.14-0.63]; P =
0.004).

There were no significant differences
between groups in total energy, fat, car-
bohydrate, or protein intake. Obese chil-
dren had a greater percentage of calories
derived from fat (P = 0.022) and a lower
percentage of calories derived from car-
bohydrates (P = 0.009). Energy-adjusted
fiber intake was significantly lower in
obese children (P = 0.004). There were
no other significant differences in unad-
justed or energy-adjusted micronutrient
intake.

Huerta and Associates

Magnesium intake and insulin sensitiv-
ity. Magnesium intake in mg/kcal was
inversely correlated with HOMA (r, =
—0.43 [95% CI —0.64 to —0.16]; P =
0.002) and fasting insulin (—0.43 [—0.64
to —0.16]; P = 0.002) and positively cor-
related with QUICKI (0.43 [0.16-0.64];
P =0.002) (Fig. 1). There was no associ-
ation between total daily magnesium in-
take and markers of insulin sensitivity.
Fiber intake and insulin sensitivity.
There was a significant association be-
tween fiber intake in g/kcal and QUICKI
(r, = 0.30 [95% CI 0.01-0.55]; P =
0.036). However, after adjusting for mag-
nesium intake in mg/keal, this relation-
ship was no longer statistically significant
(r, = 0.00; P = 0.969). The association
between magnesium intake (mg/kcal) and
QUICKI remained significant after adjust-
ing for fiber intake (g/kcal) (r, = 0.33;
P =0.023).

Urinary excretion of magnesium
Urinary magnesium-to-creatinine ratio
was calculated in all subjects except one
obese female on whom the measurement
was missed. There was no group differ-
ence in urinary magnesium-to-creatinine
ratio between groups (obese: 0.077 *
0.007 vs. lean: 0.081 % 0.010 mg/mg;
P = 0.762). Urinary magnesium-to-
creatinine ratio was not correlated with
serum magnesium (r, = 0.15 [95% CI
—0.15t0 0.43]; P = 0.308).

Subanalysis in race-matched pairs
Due to the difference in racial distribution
between groups, we performed a suba-
nalysis comparing 13 obese children and
13 lean children matched for race, sex,
and stage of pubertal development. Racial
distribution for this subgroup was 84.6%
(n = 22) Caucasian, 7.6% (n = 2) African
American, and 7.6% (n = 2) Hispanic.
Serum magnesium was significantly
lower in obese children (obese: 0.765 *
0.02 vs. lean: 0.822 = 0.01 mmol/l; P =
0.014) compared with lean children. Se-
rum magnesium was directly correlated
with dietary magnesium intake in mg/day
(rg = 0.50 [95% CI 0.13-0.75]; P =
0.009). Dietary magnesium intake (mg/
keal) was inversely correlated with insulin
sensitivity measured by HOMA (—0.41
[—0.69to —0.01]; P = 0.039) and fasting
insulin (—0.39 [—0.68 to —0.01]; P =
0.039) and directly correlated with
QUICKI (0.41 [0.01-0.69]; P = 0.049)
(Fig. D).

DiaBETES CARE, VOLUME 28, NUMBER 5, MaYy 2005

1177



|
Magnesium and insulin resistance in children

Table 2 —Summary of daily nutrient intake

Obese subjects Lean subjects P value*
Energy intake (kcal) 2,430.3 £ 141.5; 2,345.0 (1,633.2-3,449.5) 2,369.7 £ 527.5;2,350.0 (1,662.8-3,058.4) 0.734
Protein (g) 92.0 = 5.3;96.0 (59.6-118.4) 90.7 = 4.4, 91.5 (63.8-118.5) 0.852
Carbohydrates (g) 323.9 * 21.5;302.5 (203.0-465.2) 329.6 = 15.6; 322.0 (242.4-430.6) 0.831
Fat (g) 88.2 £5.2,85.0(62.8-112.7) 80.5 £ 4.6, 79.0 (52.5-114.4) 0.276
Percent of calories from 15.3 +0.5;15.3(12.4-18.9) 154 = 0.4;15.5 (12.6-18.0) 0.881
protein (%)
Percent of calories from 52.8 = 0.9;51.8(48.6-58.2) 55.7 = 0.8; 55.2 (50.9-61.8) 0.009
carbohydrate (%)
Percent of calories from fat (%) 32.9 = 0.8;33.7 (27.8-37.4) 30.4 £ 0.7, 30.4 (25.0-34.8) 0.022
Unadjusted for energy intake
Magnesium (mg) 286.4 + 18.3; 280.0 (168.8-389.9) 327.7 £16.6; 307.5 (242.7-441.2) 0.102
Potassium (mg) 2,938.3 £206.3;2,810.2 (1,742.6-4,028.2) 3,153.0 £ 186.9; 3,242.2 (2,179.1-4,324.8) 0.424
Calcium (mg) 1,151.8 £ 104.0; 1,001.7 (636.4-1,761.2) 1,149.4 £ 71.8; 1,250.7 (694.8-1,531.1) 0.985
Phosphorus (mg) 1,592.5 £ 106.3; 1,587.7 (965.8-2,192.3) 1,542.6 = 76.1; 1,587.8 (1,107.5-1,935.3) 0.704
Sodium (mg) 2,908.7 £ 155.5;2,842.0 (2,078.4-4,033.2) 2,840.6 £ 133.6;2,842.0 (2,078.4-4,033.2) 0.741
Fiber (g) 174+ 1.1;17.3 (11.2-24.9) 20.5 *+ 1.3;19.9 (13.9-28.8) 0.095
Adjusted for energy intake
Magnesium (mg/kcal) 0.12 = 0.004; 0.12 (0.09-0.14) 0.14 = 0.004; 0.14 (0.12-0.16) 0.001
Potassium (mg/kcal) 1.21 = 0.05; 1.18 (0.89-1.53) 1.32 = 0.05;1.28 (1.02-1.64) 0.143
Calcium (mg/keal) 0.47 = 0.03;0.42 (0.31-0.64) 0.48 = 0.02; 0.46 (0.38-0.61) 0.738
Phosphorus (mg/kcal) 0.66 = 0.02; 0.65 (0.51-0.82) 0.65 = 0.02; 0.65 (0.53-0.76) 0.823
Sodium (mg/kcal) 1.21 £0.03;1.20 (1.07-1.38) 1.20 = 0.03; 1.22 (1.00-1.42) 0.887
Fiber (g/kcal) 0.007 = 0.0004; 0.007 (0.006-0.009) 0.009 = 0.0003; 0.008 (0.007-0.011) 0.004

Data are means = SE; median (10th to 90th percentile). *By ANOVA.

CONCLUSIONS — The results of
our cross-sectional study demonstrate
that obese children have lower serum
magnesium concentrations than lean
children and that this may be secondary
to decreased dietary intake of magnesium.
Although lower serum (16) and intracel-
lular (17) magnesium have been previ-
ously reported in obese children, our
study is the first to report lower dietary
magnesium intake in obese children com-

pared with lean children. Serum magne-
sium and dietary magnesium were
inversely associated with IR, providing
the first evidence that the association be-
tween magnesium deficiency and IR is
present during childhood. These associa-
tions were not evaluated in previous stud-
ies that measured serum or intracellular
magnesium in obese children (16,17) but
agree with studies in adults that found
that low serum magnesium concentra-

tions are associated with hyperinsulin-
emia, decreased insulin-mediated glucose
disposal, and the metabolic syndrome
(4,5,18). In the Atherosclerosis Risk in
Communities study, Caucasian men with
serum magnesium <0.58 mmol/l had a
twofold increase in incidence of type 2
diabetes compared with those with a mag-
nesium concentration >0.78 mmol/l (8).

The mechanism by which magne-
sium deficiency may lead to IR has not yet

Aos. e Obese re=-0.43 p=0.002 B g50, *Obese r= 0.43 p=0.002
A Normal A Normal
20 0.457 N
* = 0.40 .

151 5 Ay A
< . S 0.35 o, " Rac O
(@) 10' o. 0 .A‘ ‘A A.
I ot’ 0.301 K PR 4

5 ¢ e ® 0.25] -

] PY .};‘ h .: A: .A
0 : . . 0.20 : : .
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

Magnesium Intake (mg/kcal)

Magnesium Intake (mg/kcal)

Figure 1—Correlation of dietary intake of magnesium with insulin sensitivity. Dietary intake of magnesium in mg/kcal was inversely associated
with HOMA (A) and directly correlated with QUICKI (B) (n = 48).
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been fully elucidated. Magnesium is a co-
factor for multiple enzymes involved in
carbohydrate metabolism (2). Adipocytes
placed in low-magnesium media show re-
duction in insulin-stimulated glucose up-
take (19). Magnesium deficiency is
associated with increased intracellular
calcium levels, which may lead to IR (20).
Low erythrocyte magnesium content in-
creases membrane microviscosity, which
may impair insulin interaction with its re-
ceptor (21). Tyrosine kinase activity is de-
creased in muscle insulin receptors of rats
fed a low-magnesium diet (22). These
findings indicate that magnesium defi-
ciency may directly affect insulin signaling.
One potential cause for lower serum
magnesium in obese youth is low dietary
magnesium intake and a unique finding
of this study was a lower calorie-adjusted
magnesium intake in obese children com-
pared with lean children. This lower cal-
orie-adjusted magnesium intake was the
result of the median reported energy in-
takes of the lean and obese groups being
within 5 kecal (2,350 vs. 2,345 kcal, re-
spectively) but the obese youth having a
14.4% lower reported magnesium intake.
Moreover, both unadjusted and adjusted
dietary magnesium intake correlated with
serum magnesium, suggesting that the
low serum magnesium observed in obese
children may be secondary to decreased
magnesium intake. Calorie-adjusted data
rather than total daily intake values from
food frequency questionnaires are con-
sidered more reliable because the instru-
ment is best at measuring diet
composition (23) and may be affected by
underreporting of intake, particularly in
obese adolescents (24). The lower magne-
sium intake of obese youth, despite very
similar reported energy intakes, suggests
that consumption of specific foods high in
magnesium content may have accounted
for the group differences. Analysis of spe-
cific foods from the food frequency ques-
tionnaires demonstrates that there were
multiple sources of magnesium. Lean
children consumed more magnesium
from green leaf vegetables, fish, beans, yo-
gurt, nuts, and peanut butter than obese
children. Milk is a very important source
of magnesium, but there were no differ-
ences in magnesium intake from milk or
total dairy sources between groups.
Previously, the Continuing Survey of
Food Intake by Individuals showed that
one-third of school-aged children do not
meet their estimated average require-

ments for magnesium (25); however, se-
rum magnesium was not measured in that
study. Our data show that hypomag-
nesemia (serum magnesium <0.78
mmol/l) was present in 27% of healthy
lean children and 55% of obese children,
indicating that serum magnesium defi-
ciency may be more prevalent in children
than previously suspected.

Obese children consumed a higher
percentage of total calories from fat and a
lower percentage of calories from carbo-
hydrates. Fiber intake was lower in the
obese group, while potassium, calcium,
phosphorus, and sodium intakes were
not different between groups. Other po-
tential causes of lower serum magnesium
in obese youth include reduced magne-
sium absorption secondary to higher fat
intake and lower fiber intake. Dietary fat,
calcium, and phosphate have clear effects
on magnesium absorption in animal
models; however, their effect on magne-
sium absorption in humans remains un-
settled (26). The effect of dietary fiber on
magnesium absorption depends largely
on the type of fiber, but several human
studies have shown that fermentable
oligo- or polysaccharides enhance mag-
nesium absorption (27). Decreased renal
tubular reabsorption of magnesium could
also lead to magnesium deficiency. We
did not find any differences in the magne-
sium-to-creatinine ratio in spot urine be-
tween the groups; however, more
extensive evaluation of renal handling of
magnesium, including measurement of
tubular reabsorption of magnesium, will
be necessary in future studies.

The data reveal an inverse relation-
ship between dietary magnesium and IR.
To the best of our knowledge, this is the
first study to report a physiologically rel-
evant effect of deficient dietary magne-
sium intake in children. Studies in adults
have shown that lower dietary magne-
sium intake is associated with IR and in-
creased risk for type 2 diabetes (3,4,28 -
30). The Women'’s Health Study and the
Atherosclerosis Risk in Communities
study showed that dietary magnesium in-
take was inversely associated with fasting
insulin (4,29). In the Health Professionals
Follow-Up Study and the Nurse’s Health
Study, subjects in the highest quintile of
magnesium intake had a 33% lower risk
of developing type 2 diabetes than those
in the lowest quintile of magnesium in-
take (7). Magnesium supplementation in
subjects with IR and type 2 diabetes re-
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sulted in improvement of insulin sensitiv-
ity (31,32) and B-cell response to glucose
(33). In an animal model of the metabolic
syndrome, increased magnesium intake
reduced the rate of development of type 2
diabetes (34). These results suggest a po-
tential role of dietary magnesium in the
prevention of type 2 diabetes. It will be
important to test in future interventional
studies whether increasing magnesium
intake will improve insulin sensitivity and
reduce the risk for type 2 diabetes in
obese children.

Fiber intake was also correlated with
insulin sensitivity. Previous studies (35)
have shown an association between low
fiber intake and IR. In our study, the re-
lationship between fiber intake and insu-
lin sensitivity was no longer significant
after adjusting for magnesium intake. On
the other hand, the relationship between
magnesium intake and insulin sensitivity
remained significant after adjusting for fi-
ber intake, suggesting that the role of
magnesium is independent of fiber.

One of the limitations of our study is
the difference in race between the obese
and lean groups. This may be important
because increased prevalence of magne-
sium deficiency has been reported in Af-
rican-American adults (4,36). However,
epidemiologic studies in mostly white
populations demonstrated the association
between low serum and/or dietary mag-
nesium and increased prevalence of type
2 diabetes (7,8). Comparison of race-
matched children in our study confirms
that serum magnesium is lower in obese
children and correlated with dietary mag-
nesium and that dietary magnesium in-
take is inversely associated with IR.
Additional studies in larger populations
of children will be required to determine
whether the relationship between magne-
sium deficiency and IR is truly influenced
by race.

Another limitation of this study is that
intracellular magnesium, a more sensitive
indicator of magnesium balance, was not
measured (37). Magnesium is primarily
an intracellular cation; roughly 1% of
whole-body magnesium is found extra-
cellularly, and the free intracellular frac-
tion is the portion regulating enzyme
pathways (3). However, serum magne-
sium exhibits a good correlation with in-
tracellular free magnesium measured by
nuclear magnetic resonance spectroscopy
(38). It is very possible that an even
greater proportion of children may have
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intracellular magnesium deficiency than
was detected in this study. This could also
explain why the associations between di-
etary intake of magnesium and insulin
sensitivity were stronger than those ob-
served with serum magnesium.

The present study provides the first
evidence showing that magnesium defi-
ciency is associated with IR in children.
The results suggest that serum magne-
sium deficiency may be related to de-
creased dietary intake of magnesium in
obese children. These data have potential
health policy implications, as they indi-
cate that the association between magne-
sium deficiency and risk for type 2
diabetes begins in childhood. Further
evaluation is required to determine
whether increasing dietary consumption
of foods with high magnesium content
will be a useful approach in improving
insulin sensitivity and preventing type 2
diabetes in children.
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