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OBJECTIVE — To determine whether oral magnesium supplementation (as magnesium
chloride [MgCl,] solution) improves both insulin sensitivity and metabolic control in type 2
diabetic subjects with decreased serum magnesium levels.

RESEARCH DESIGN AND METHODS — This study was a clinical randomized dou-
ble-blind placebo-controlled trial. A total of 63 subjects with type 2 diabetes and decreased
serum magnesium (serum magnesium levels =0.74 mmol/l) treated by glibenclamide received
either 50 ml MgCl, solution (containing 50 g MgCl, per 1,000 ml solution) or placebo daily for
16 weeks. Chronic diarrhea, alcoholism, use of diuretic and/or calcium antagonist drugs, and
reduced renal function were exclusion criteria. Homeostasis model assessment for insulin resis-
tance (HOMA-IR) was used as the parameter of insulin sensitivity and glucose and HbA . as
parameters of metabolic control.

RESULTS — At the end of the study, subjects who received magnesium supplementation
showed significant higher serum magnesium concentration (0.74 * 0.10 vs. 0.65 % 0.07
mmol/l, P = 0.02) and lower HOMA-IR index (3.8 = 1.1 vs. 5.0 = 1.3, P = 0.005), fasting
glucose levels (8.0 = 2.4 vs. 10.3 = 2.1 mmol/l, P = 0.01), and HbA,_ (8.0 = 2.4 vs. 10.1 =
3.3%, P = 0.04) than control subjects.

CONCLUSIONS — Oral supplementation with MgCl, solution restores serum magnesium
levels, improving insulin sensitivity and metabolic control in type 2 diabetic patients with

decreased serum magnesium levels.
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ypomagnesemia, a frequent condi-
tion in patients with diabetes (1,2),
could be involved in the develop-
ment of poor metabolic control and
chronic complications (3,4). A large body
of evidence that shows a link between hy-
pomagnesemia and reduction of tyrosine-
kinase activity at the insulin receptor
level, which may result in the impairment

of insulin action and development of in-
sulin resistance, has been progressively
accumulated in previous years (5-10). Al-
though evidence suggests that magne-
sium supplementation could be useful in
the treatment of diabetes and to prevent
the development of its chronic complica-
tions (11-13), the possible benefits of
magnesium administration as an adjuvant
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factor for the treatment of type 2 diabetes,
based in a randomized controlled trial,
are scarce (14-19) and controversial
(19).

So, the aim of this study was to de-
termine whether oral magnesium sup-
plementation, as magnesium chloride
(MgCl,) solution, 2.5 g daily, improves
insulin sensitivity and metabolic con-
trol in type 2 diabetic subjects with de-
creased serum magnesium levels.

RESEARCH DESIGN AND
METHODS — With approval of the
protocol by the Mexican Social Security
Institute (MSSI) Research Committee and
after obtaining informed consent from
subjects, a randomized double-blind pla-
cebo-controlled trial was carried out.

Type 2 diabetic subjects recruited
from an outpatient Primary Level Medical
Care Office in Durango, a city in Northern
Mexico, were eligible to participate in the
study if they had decreased serum mag-
nesium levels. Based on previous results
of healthy subjects from our population,
in whom normal values ranged from 0.75
to 0.99 mmol/l, decreased serum magne-
sium levels were defined by magnesium
concentration =0.74 mmol/l (20).

Before their inclusion at the study, all
of the subjects were clinically evaluated
and laboratory tested in order to deter-
mine the presence of chronic diarrhea, al-
cohol intake (=30 g per day), use of
diuretic and/or calcium antagonist drugs,
and reduced renal function (exclusion
criteria). In addition, subjects receiving
magnesium supplementation were not
included.

The primary trial end point was the
change in insulin sensitivity and meta-
bolic control. Sample size was estimated
based on a statistical power of 80%, «
value 0.05, and allowing for nonimprove-
ment in the serum insulin level of 35 and
75% for the subjects receiving magne-
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210 Patients Screened

130 not randomized, did not

complete life-style measures

80 Randomized

Magnesium chloride 2.5 g daily
n=40

Placebo
n=40

Not included in Intent-to-treat
Lostto follow-up 0
Withdrew consent 5

Not included in Intent-to-treat
Lost to follow-up 0
Withdrew consent 3

Intent-to-treat = 35 Intent-to-treat = 37

Discontinued Discontinued

Adverse effects 0 Adverse effects 0

Treatment failure 0 Treatment failure 2

Withdrew consent 1 Withdrew consent 1

Lost to follow-up 2 Lost to follow-up 3

Completed Completed

Week 16 = 32 Week 16 = 31

Figure 1—Study participant flow diagram.

sium supplementation and placebo, re-
spectively. The required sample size to
detect a treatment effect was 24 subjects
per group (21).

A total of 65 eligible subjects were en-
rolled and randomly allocated to receive
either magnesium supplementation or
placebo daily for 16 weeks. We used the
MgCl, solution (50 g MgCl, per 1,000 ml
solution [5% solution]) because MgCl,
solution shows a higher bioavailability
than other commercial magnesium prep-
arations (22). In fasting conditions, sub-
jects in the MgCl, group drank 50 ml of
the 5% solution (2.5 g MgCl, daily).

Computer-generated random num-
bers were used to assign participants to
oral magnesium supplementation or pla-
cebo groups. The final distribution was as
follows: 32 subjects in the MgCl, group
(group A) and 31 subjects in the placebo
group (group B) (Fig. 1).

All of the subjects withdrew pharma-
cological treatment and were advised to
consume a diet with >50% of daily calo-
ries from carbohydrates, <10% from sat-
urated fat, 20% from mono- and
polyunsaturated fat, and ~1 g protein per

kg ideal body wt per day for the 3 months
before the beginning of the trial (23). In
addition, and according to age and phys-
ical condition of each participant, all of
the subjects were advised to perform
physical activity. The goal was achieved
when the subjects performed 30 min of
physical activity at least three times per
week. After 3 months of lifestyle interven-
tion, glibenclamide was started and indi-
vidually adjusted to achieve glucose
control. Subjects who reached serum
glucose levels =16.7 mmol/l during the
lifestyle intervention period began phar-
macological treatment and were not in-
cluded in the study (Fig. 1).

At baseline and after 16 weeks of
treatment, anthropometric measure-
ments, HbA, ., lipid profile, serum glu-
cose, and serum insulin and magnesium
levels were measured. Furthermore, se-
rum glucose and magnesium levels were
measured every 4 weeks. The type 2 dia-
betic patients and the personnel assessing
outcomes were blinded to group assign-
ment. Subjects in the group A received
2.5 g MgCl, daily, and those in group B
received placebo.

Adherence to pharmacological treat-
ment and lifestyle intervention was
assessed every month by personal inter-
view, tablet count and remnant solution
measurement, and independent inter-
view with the individual in charge of
preparing meals for the family.
Measurements. Height and weight were
taken using standard protocols with the
subjects in light clothing and without
shoes. BMI was calculated as weight (in
kilograms) divided by height (in meters
squared). Waist circumference was taken
as the minimum circumference at umbi-
licus level.

Serum glucose was measured by the
glucose-oxidase method with the intra-
and interassay variations of 2.5 and 4.0%,
respectively. Insulin levels were mea-
sured by radioimmunoassay with intra-
and interassay variation coefficients of 4.5
and 6.9%, respectively. Serum magne-
sium concentrations were measured by
colorimetric method, with intra- and in-
terassay variations of 1.0 and 2.5%,
respectively.

The homeostasis model assessment

for insulin resistance (HOMA-IR) (fasting
glucose [mmol/l] X fasting insulin [WUV/
ml]/22.5) was used for estimating insulin
sensitivity (24).
Statistical analysis. The preplanned in-
tent-to-treat analysis of the primary study
end point was done for all the randomly
allocated participants who satisfactorily
completed the follow-up (Fig. 1).

To establish the differences between
the groups, we used two-tailed unpaired
Student’s ¢ test for comparison of nor-
mally distributed variables (Mann Whit-
ney U test for skewed data) or the xz test
for categoric variables. Two-tailed paired
t test (or Wilcoxon’s test) was performed
before and after treatment comparisons. A
95% CI was considered, and a P value
<0.05 defined the level of statistical sig-
nificance. Data analysis was performed
using the SPSS version 10.0 statistical
package.

RESULTS — A total of 210 patients
were screened (Fig. 1). Of these, 130 sub-
jects did not satisfactorily complete the
phase of lifestyle intervention and 80 that
fulfilled the inclusion criteria were ran-
domized to receive either MgCl, solution
or placebo. Eight subjects withdrew con-
sent and were not included in the intent-
to-treat period; finally, 35 subjects were
included in the MgCl, group and 37 in
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Table 1—Baseline characteristics of subjects randomly allocated to receive either magnesium chloride 2.5 g daily (MgCl, group) or placebo

(control group) for 16 weeks

MgCl, group (n = 32)

Control group (n = 31)

Baseline* End Baseline * End
Age (years) 59.7 + 83 — 54.1 £ 9.6 —
Time since diagnosis of diabetes (years) 8849 — 94 %55 —_
BMI (kg/mz) 27.6 =901 27.7 9.6 286 +4.2 2890 47
Weight (kg) 729+ 10.7 73.1 104 69.3 + 10.1 69.6 + 99
Waist-to-hip ratio 0.98 £ 0.06 0.98 £ 0.07 0.96 = 0.04 0.96 = 0.06
Systolic blood pressure (mmHg) 1483 =323 140.2 = 28.1 138.1 £25.6 135 £19.6
Diastolic blood pressure (mmHg) 86.3 £ 17.0 82.7 £ 164 80.5 £ 14.6 79.1 £ 135
Fasting glucose (mmol/1) 12.8 =56 8.0 = 2.47 142 =39 103 = 2.1%8
HbA, . (%) 115+ 4.1 8.0 £ 2.4t 11.8 =44 10.1 = 3.3%8
Fasting insulin (mmol/l) 474 = 30.0 67.8 = 39% 48.6 = 34.8 75.6 = 33.0%8
HOMA-IR index 43*x12 38=*1.17 47 +15 5013
Total cholesterol (mmol/1) 6.8 1.7 6.4*19 7114 7.0+17
HDL cholesterol (mmol/l) 09*+02 09 +0.1 0.8 =*0.1 08 =*0.1
LDL cholesterol (mmol/1) 48+ 1.6 47 *+18 49 +20 48 *+22
Triglycerides (mmol/1) 24*14 23*15 25+ 1.1 25*16
Magnesium (mmol/l) 0.64 £0.12 0.74 £ 0.107F 0.65 = 0.09 0.65 £ 0.078
Calcium (mmol/l) 25+04 25+0.5 24+04 2404
Calcium-to-magnesium ratio 39*33 3.4 £ 3.27 37*34 37*35

Data are means = SD. *At baseline, there were no significant differences for any parameters between both groups; P < 0.05 from beginning to end for
magnesium-supplemented subjects; P < 0.05 from beginning to end for control subjects; §P < 0.05 at end of the study between magnesium-supplemented and

control subjects.

the placebo group. Nine subjects
dropped-out (three in MgCl, group and
six in placebo group) (Fig. 1). Magnesium
supplement was well tolerated, and there
were 1o serious adverse events or side ef-
fects due to MgCl, or placebo. Slight ab-
dominal and unspecific bone pain in the
first month, which did not require treat-
ment or discontinuation of magnesium
administration, was the most frequent
side effect in the magnesium-supple-
mented subjects (37.5%). In addition,
slight diarrhea with duration <2 days
that did not require interruption of the
treatment was present in two magnesium-
supplemented (6.25%) and one control
(3.2%) patient.

Altogether, 63 subjects who satisfac-
torily completed the follow-up were in-
cluded in the analysis of data. Adherence
to treatment was achieved for 32 (91.4%)
subjects in the MgCl, group and 31
(88.6%) subjects in the placebo group.

From the beginning of the study, the
oral hypoglycemic drug used was gli-
benclamide (5 mg t.i.d.), in doses that re-
mained without change for all
participants during the study. In addition,
there were no significant differences for
treatment with other drugs, such as ACE
inhibitors, statins, etc., between both

groups. In the same way, other complica-
tions, such as cardiovascular disease,
were also similarly distributed (68 vs.
71% for the magnesium-supplemented
and control patients, respectively).

Table 1 shows the characteristics of
the evaluated participants, which at the
beginning of the study did not differ be-
tween the groups. On the other hand, at
the end of the study the serum magne-
sium levels showed a significant increase
in the subjects who received MgCl, and
remained without significant change in
the control subjects. In addition, subjects
in both groups had reduced fasting glu-
cose and HbA |, which were significantly
lower in the magnesium-supplemented
than in the control subjects. Finally, fast-
ing insulin levels increased in the subjects
of both groups, but only subjects who re-
ceived MgCl, significantly reduced their
HOMA-IR index.

Magnesium levels in the MgCl, group
decreased by the first 4 weeks of treat-
ment, showing a gradual and sustained
increase in the following weeks, whereas
serum magnesium in the control subjects
did not show significant variations (Fig. 2).

CONCLUSIONS — This study shows

the benefits of oral magnesium supple-

mentation as an adjuvant therapy for re-
ducing fasting glucose, HbA,., and
HOMA-IR index in subjects with type 2
diabetes and decreased serum magne-
sium levels treated with glibenclamide.

In the early 1980s, the importance of
magnesium on insulin sensitivity was
suggested (25,26) and in following years
was supported by clinical evidence show-
ing the essential role of magnesium on
insulin-mediated glucose uptake
(17,27,28). However, the benefits of
chronic administration of magnesium
salts given to subjects with type 2 diabetes
is controversial (4,29,30) and remains to
be adequately evaluated.

In this study, subjects who received
magnesium supplementation showed
an important increase in serum magne-
sium concentration (15.5%) and reduc-
tions of fasting glucose (—37.5%),
HbA,, (—30.4%), and HOMA-IR index
(—9.5%) that were more significant
than those observed in control subjects,
despite the fact that time since diagnosis
of diabetes, doses and type of hypogly-
cemic drugs used, and lifestyle inter-
vention were similar. In this regard,
although serum glucose (—27.5%) and
HbA, . (—14.4%) levels were reduced in
control subjects, HOMA-IR index

DiaBETES CARE, VOLUME 26, NUMBER 4, ApriL 2003

1149

520z Iudy 0 uo 3sanb Aq ypd' 21 L00E0Y0OP/Z0E6G9/ LY L L/+/9Z/ipd-aloIue/a1e0/610°Sjeuinofsajaqelp;/:dpy woly papeojumoq



Magnesium and insulin sensitivity

0.9
*

0.8 1

s

£ 0.7 4

E coeac=®"" St ertecsnna
=
0.5

8 12 16
weeks

Figure 2—Mean and SD of serum magnesium in all participants evaluated (@, 32 MgCl, recip-
ients; O, 31 placebo recipients). Magnesium levels in the subjects who received MgCl, showed a
significant reduction for the first month, followed by a sustained and significant increase. Until the
end of the study, subjects who received MgCl, achieved a significant increase of serum magnesium

levels. *P < 0.001; 1P < 0.05.

(6.4%) increased and there were no sig-
nificant variations in serum magnesium
levels (—=1.3%). This could be ex-
plained by taking into account the fact
that control subjects remained with im-
paired metabolic control (average se-
rum glucose and HbA,. 10.3 mmol/l
and 10.1%, respectively), one of the
most important sources for magnesium
reduction. These findings support the
necessity of oral magnesium supple-
mentation to achieve an increase in se-
rum magnesium concentration and to
improve insulin sensitivity in type 2 di-
abetic subjects with decreased serum
magnesium levels.

On the other hand, although time
since diagnosis of diabetes and doses of
glibenclamide in the subjects of both
groups were similar, at the end of the
study insulin levels in the magnesium-
supplemented group were lower than
those in the control group. This is a con-
troversial finding because there are previ-
ous reports showing a high insulin
response in subjects with low serum mag-
nesium levels (26,30), and yet other re-
ports (2,7) show an impairment of insulin
secretion in magnesium deficiency sub-
jects. In this regard, it is necessary to take
into account the fact that the participants
in our study were treated with sulfonyl-
ureas, which exert secretory stimuli on
pancreatic B-cells (31). However,
whether the lower insulin levels that we
documented in the magnesium-
supplemented subjects were a direct ef-
fect of magnesium on B-cell or a
consequence of improvement in the insu-
lin-mediated glucose disposal cannot be

adequately elucidated in this study; as
such, further research is needed to ad-
dress this issue.

In addition, magnesium-supple-
mented subjects showed a significant re-
duction in HOMA-IR index values. The
decrease of magnesium concentration
results in both defective tyrosine-kinase
activity and reduction of autophosphory-
lation on the B-subunit at the insulin-
receptor level (5,32), exerting deleterious
effects on glucose metabolism due to in-
sulin sensitivity reduction (2,7-9,31-34),
which contributes to poor metabolic con-
trol in diabetic subjects (1,3,35,36).
Thus, the main question is not related to
the benefits of magnesium supplementa-
tion in the treatment of diabetic subjects,
but rather to the type, dose, and time of
administration of magnesium salts. Based
on improvement of metabolic control and
minimal side effects, it seems to be recom-
mendable to add MgCl, solution as an ad-
juvant therapy for patients with type 2
diabetes and decreased serum magne-
sium levels, at least by 4 months. In addi-
tion, for adequate surveillance of
magnesium levels in patients with type 2
diabetes, determination of serum magne-
sium must be done twice a year because
magnesium levels have a propensity to
decline (4).

Interestingly, in the magnesium-
supplemented subjects, serum magne-
sium concentration showed a significant
decrease by the first month, followed by a
gradual and sustained increase in the fol-
lowing months. This early change in se-
rum magnesium could be related to a shift
of magnesium into intracellular stores,

thus causing magnesium compartment
redistribution; however, because we did
not measure intracellular magnesium, we
cannot be sure that this is actually the
case. This finding is in contrast with that
reported by Lima et al. (16), showing that
diabetic subjects who received magne-
sium oxide (41.4 mmol/l) for 1 month
achieved serum magnesium levels similar
to those of healthy control subjects. Dif-
ferences in magnesium salt and doses
used could explain the divergence be-
tween both studies. In addition, and most
importantly, neither Lima et al. (16) nor
us measured the duration of hypomag-
nesemic status or magnesium pool distri-
bution, which are powerful confounding
variables that must be controlled for in
order to demonstrate the nature of early
serum magnesium variations in magne-
sium-supplemented subjects.

Several limitations of this study
deserve mentioning. First, we did not
measure erythrocyte or lymphocyte mag-
nesium content. As magnesium is a pre-
dominantly intracellular ion, its serum
measurements are not representative of
magnesium status or intracellular pool. In
this regard, significant intracellular mag-
nesium depletion could be seen with nor-
mal serum concentrations (37); however,
because we only included diabetic sub-
jects with decreased serum magnesium
levels, this potential limitation did not in-
fluence (or minimally influenced) our ob-
jective and conclusions. Second, we did
not measure pancreatic store or (-cell
function, which influence pancreatic in-
sulin secretion; in this regard, because di-
abetic subjects in both groups had similar
time since diagnosis of diabetes and re-
ceived the same type and doses of sulfo-
nylureas, this potential limitation is also
slight. In addition, because diabetic pa-
tients usually require pharmacological
treatment to achieve metabolic control, all
of the subjects received glibenclamide,
which does not influence insulin sensitiv-
ity, in order to minimize the influence of
antidiabetic agents on our results. Finally,
it was not possible to calculate baseline or
daily food and water intake in terms of
magnesium. However, because there are
not variations in the source of water in
Durango, the subjects received similar
foods and were randomly allocated, again
only minimally influencing the results.

In conclusion, oral magnesium sup-
plementation with 2.5 g MgCl, restores
serum magnesium and improves insulin
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sensitivity in subjects with type 2 diabetes
and decreased serum magnesium levels,
thus contributing to metabolic control.
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