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Objective. We investigated the effects of magnesium supplementation on glucose tolerance,
insulin sensitivity, oxidative stress as well as the concentration of insulin receptor and glucose
transporter-4 in streptozotocin-nicotinamide induced type-2 diabetic (T2D) rats.

Methods. Rats were divided into four groups designated as: 1) control (CTR); 2) diabetic un-
treated (DU); 3) diabetic treated with 1 mg of Mg/kg diet (Mgl-D); and 4) diabetic treated with 2 mg
of Mg/kg diet (Mg2-D). T2D was induced with a single intraperitoneal (i.p.) injection of freshly
prepared streptozotocin (55 mg/kg) after an initial i.p. injection of nicotinamide (120 mg/kg). Glu-
cose tolerance, insulin sensitivity, lipid profile, malondialdehyde (MAD) and glutathione content,
insulin receptors (INSR) and glucose transporter-4 (GLUT4), fasting insulin and glucose levels
were measured, and insulin resistance index was calculated using the homeostatic model assess-
ment of insulin resistance (HOMA-IR).

Results. Magnesium supplementation improved glucose tolerance and lowered blood glucose
levels almost to the normal range. We also recorded a noticeable increase in insulin sensitivity
in Mg-D groups when compared with DU rats. Lipid perturbations associated T2D were sig-
nificantly attenuated by magnesium supplementation. Fasting glucose level was comparable to
control values in the Mg-D groups while the HOMA-IR index was significantly lower compared
with the DU rats. Magnesium reduced MDA but increased glutathione concentrations compared
with DU group. Moreover, INSR and GLUT4 levels were elevated following magnesium supple-
mentation in T2D rats.

Conclusion. These findings demonstrate that magnesium may mediate effective metabolic con-
trol by stimulating the antioxidant defense, and increased levels of INSR and GLUT4 in diabetic rats.

Key words: insulin receptor; glucose transporter-4; magnesium; insulin; glucose; type-2

diabetes mellitus; metabolism

Type 2 diabetes mellitus (T2DM) is a chronic met-
abolic disease characterized by hyperglycemia. The
pathogenesis of T2DM involves progressive develop-
ment of insulin resistance and a relative deficiency
in insulin secretion, leading to overt hyperglycemia
(Cohen 2006; Bergman 2013). Insulin resistance is
often the consequence of reduced sensitivity of the

insulin receptor (INSR) to insulin. Insulin controls
glucose homeostasis by stimulating the clearance of
glucose into skeletal muscle and, to a lesser degree,
liver and adipose tissue. It has been reported that glu-
cose uptake is mediated by a family of glucose trans-
port proteins, which are known to be expressed in
specific tissues. Among these proteins, glucose trans-
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porter-4 (GLUT4), is the major glucose transporter
isoform in tissues that exhibit insulin-stimulated
glucose uptake, such as adipose tissue and skeletal
muscle. Insulin stimulates glucose transport in these
two tissues by eliciting the translocation of GLUT4
from an intracellular pool to the plasma membrane
(Charron et al. 1990). Furthermore, defects at the lev-
el of GLUT4 content have been observed in skeletal
muscles and adipose tissue of insulin resistant and
type 2 diabetic rodents (Zisman et al. 2000; Abel et
al. 2001) and humans (Okuno et al. 1995; Yamada et
al. 1999). Therefore, it appears that the concentration
of GLUT4 in insulin target tissues influences the reg-
ulation of glucose uptake and metabolism as well as
reflect the situation of whole-body insulin resistance,
which is a major factor in the pathogenesis of T2DM.

As mentioned above, INSR plays a pivotal role in
the metabolic actions of insulin. There is substantial
evidence that the ability of INSR to auto-phosphor-
ylate and phosphorylate intracellular substrates is
essential for its mediation of the complex cellular re-
sponses to insulin (Chang et al. 2004). The key role of
INSR in insulin action is demonstrated by the obser-
vation that targeted deletion of the INSR gene in neo-
natal life results in severe diabetic ketoacidosis (Accili
et al. 1996; Joshi et al. 1996). In addition, alterations
of INSR in specific tissues via genetic manipulation
have been shown to produce varying degrees of in-
sulin resistance and diabetes in mice (Bruning et al.
1998; Kulkarni et al. 1999; Mauvais-Jarvis et al. 2000;
Kitamura et al. 2003).

Magnesium (Mg) is an essential mineral for hu-
man health, including energy homeostasis, protein
synthesis, and DNA stability (de Baaij et al. 2015). As
a cofactor of several enzymes, it modulates energy
metabolism, carbohydrate oxidation, and glucose
transport across the cell membrane (Garfinkel and
Garfinkel 1988; Paolisso et al. 1990). Hypomagnesia
has been suggested to impair insulin secretion and
action and thereby worsening the control of diabetes
(Rude 2012). Similarly, evidence from clinical stud-
ies have shown that hypomagnesia is associated with
insulin resistance in both diabetic (Humphries et
al. 1999; Lima et al. 2009) and non-diabetic healthy
individuals (Nadler et al. 1993). Recent studies have
suggested that increased Mg intake is associated
with lower fasting glucose and insulin level (Hruby
et al. 2013) as well as lower risk of T2D (Dong et al.
2011). Mg has also been reported to improve diabetes
(Soltani et al. 2005a,b,c; 2007) and diabetic compli-
cations (Kisters et al. 2006; Li et al. 2013). In addi-
tion, there is abundant literature evidence indicating
that Mg regulates insulin at levels such as secretion,

receptor-binding, and activity (Barbagallo et al. 2003;
Takaya et al. 2004; Barbagallo and Dominguez 2007).
Mg is essential for autophosphorylation of INSR (Vi-
cario and Bennun 1990; Vinals et al. 1997) leading to
the translocation of GLUT4 to the plasma membrane
thereby facilitating glucose transport and lowering
blood glucose levels (Leto and Saltiel 2012).

Although a close association between hypomag-
nesia and T2D has been established; and the role of
Mg supplementation in the management of glucose
homeostasis has been reported severally; however,
whether Mg modulates INSR and GLUT4 in a T2D
model to control glucose homeostasis is not clearly
defined. Thus, here we measured markers related to
glucose metabolism such as glucose tolerance, insulin
sensitivity, fasting insulin, homeostasis model of risk
assessment-insulin resistance (HOMA-IR), lipid pro-
file, malondialdehyde and glutathione. Additionally,
we measured the level of INSR and GLUT4 in insulin-
responsive skeletal muscle.

Materials and Methods

Animals and Diet. Thirty-two male Sprague-Daw-
ley rats aged 10 weeks (weight 150£20 g) were select-
ed and maintained under a controlled environment
with 12-hour light/dark cycles and a temperature
of 24+2°C. Animals were divided into four groups
(n=8): control (CTR); diabetic untreated (DU); dia-
betic treated with 1 mg of Mg/kg diet (Mgl-D); and
diabetic treated with 2 mg of Mg/kg diet (Mg2-D).
The 3 experimental diets were from the same prepa-
ration of ingredient mixing using AIN-93G formu-
lation (Table 1) to ensure identical concentrations of
all nutrients except for Mg; the AIN-93G basal diet
was supplemented with 0, 1 or 2 mg MgSO, per kg.
CTR and DU rats were given basal diet that serves
as vehicle throughout the 4-week period of dietary
intervention. Food intake was measured daily and
body weight twice weekly in all groups. All animal
experiments were conducted according to institu-
tional guidelines congruent with the NIH Guide for
the Care and Use of Laboratory Animals (NRC 2011).

Induction of diabetes. T2D was induced as de-
scribed by Masiello et al. (1998) with amendment.
Briefly, overnight-fasted rats received a single in-
traperitoneal (i.p.) injection of freshly prepared
nicotinamide (120 mg/kg b.w.). Five minutes before,
55mg/kg b.w. of freshly prepared streptozotocin
(STZ) dissolved in 0.1 M citric buffer (pH4.5) was
administered via an i.p. injection. Control rats were
injected with vehicle alone. On the 5" day, blood
glucose levels were determined with a glucometer
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(Accu-Chek, Roche Diagnostics, Germany) using
blood drops obtained from an incision made in each
tail vein and animals with blood glucose level above
200 mg/dL were considered to be diabetic.

Glucose tolerance test (GTT). At the end of the
feeding protocol, rats were kept starved overnight
(12h) and an oral GTT was performed. Normal wa-
ter was supplied during the food deprivation period.
Basal blood glucose concentrations were measured
in blood taken from the tail vein using glucometer
(Roche Diagnostics, Germany). The rats were admin-
istered 2 g/kg body weight of glucose as a 40% aque-
ous solution via oral gavage. Tail vein blood samples
were taken at 30, 60, 90, 120 and 180 min following
glucose administration.

Insulin tolerance test. For the insulin tolerance
test (ITT), rats that had been fasted for 4 h were in-
jected i.p. with regular human insulin (Humulin,
0.75 U/kg body weight). The blood glucose concen-
trations were monitored from the blood sample ob-
tained from the tail vein before (0 min) and 15, 30, 60,
90, 120 and 180 min after insulin injection.

Biochemical analysis and insulin resistance (IR)
index. Fasting plasma glucose was determined with
the Accu Chek glucometer and insulin was assayed
using the ELISA Kits (Elabscience, Wuhan, China)

Table 1

Composition of basal diet (g/kg diet)
Component Content
Corn starch 530
Sucrose 100
Soya bean 70
Casein 200
L-Cystine 3
Mineral mix* 35
Vitamin mix 10
Choline bitartrate 2.5
TBHQ 0.014
Fibre 50
Fat (% kcal) 17.3
Carbohydrate (% kcal) 63.9
Protein (% kcal) 18.8
Energy (kcal) 3840

*Mg concentration = 507 mg/kg diet

per the manufacturer’s instruction. All the reagents
and samples were brought to room temperature before
conducting the experiment. Homeostatic model as-
sessment of insulin resistance (HOMA-IR) expressed
as an index of insulin resistance was calculated us-
ing the homeostasis model assessment: HOMA-IR =
fasting glucose (mg/dL) x fasting insulin (mU/L)/405
(Matthews et al. 1988). Retroorbital blood samples
were taken under light ether anesthesia following
over-night (12-h) fasting, blood was collected in an
Eppendorf tube, allowed to clot at room tempera-
ture, and centrifuged at 5000 rpm for 5 min. Serum
was thereafter removed and used for biochemical
measurements. Serum concentrations of triglyceride
(TRIG), cholesterol (CHOL), low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) were de-
termined with an automatic blood chemical analyzer
(BT 2000 Plus, Germany).

Quantification of malondialdehyde level and
glutathione activity. To determine the effects of Mg
supplementation on lipid peroxidation and antioxi-
dant enzyme activity, plasma samples were prepared
by centrifugation of the whole blood (sodium EDTA
as anticoagulant) from the retroorbital bleeding. As
a marker of lipid peroxidation, the level of malondi-
aldehyde (MDA) was measured by the method of
Uchiyama and Mihara (1978) as thiobarbituric acid
reactive substances (TBARS). The development of
a pink complex with absorption maximum at 535nm
was taken as an index of lipid peroxidation. Reduced
glutathione (GSH) was determined using the method
described by van Dooran et al. (1978). The GSH deter-
mination method is based on the reaction of Ellman’s
reagent 5, 5 dithiobis (2-nitrobenzoic acid) DNTB)
with the thiol group of GSH at pH8.0 to produce
5-thiol-2-nitrobenzoate which is yellow at 412 nm.

Level of INSR and GLUT4. The skeletal tissue ho-
mogenate was used for the determination of INSR
and GLUT4 concentrations. The gastrocnemius mus-
cle was homogenized in 9-volumes of ice-cold 0.1 mM
phosphate buffer saline (pH7.4) to prepare 10% ho-
mogenate. The homogenate was then centrifuged for
5 min at 5000xg to get the supernatant used for the
measurement. These parameters were determined
using enzyme immunoassay (EIA) kit (Elabscience
Biotechnology Co., China). The procedure specified
in the manufacturer’s manual for the kits were fol-
lowed. A 96-well microtiter plate was used to conduct
the analysis.

Statistical analysis. Data are expressed as mean *
standard error of mean (SEM) and analyzed using the
ANOVA followed by SNK post-hoc test. A p-value be-
low 0.05 was considered to be statistically significant.
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All the analyses were carried out using the Graph-
Pad Instat Version 3.05 for Window Vista, GraphPad
Software, San Diego California, USA.

Results

Food and water intake. With or without Mg in-
take, diabetic rats exhibited increased food intake
compared with control. The DU and both Mg-treated
groups significantly consumed (p<0.05) more feed
by comparison with the control (CTR) group. How-
ever, the difference between the Mg-treated diabetic
groups and CTR were found not to be statistically sig-
nificant (p>0.05) (Table 2).

As for water intake, there was a significant increase
in Mg2-D rats when compared with CTR and DU
rats. Even though the water intake of CTR was lower
than that of the DU rats, it progressively reached level
of statistical significance only at week 3 and 4 of study
(Table 2).

Body weight and weight gain. There was no signif-
icant difference in the body weight of among groups
before treatment. At the end of 4-week experimental
period, a significant increase (p<0.05) in body weight
of control group was 28.5 g (15.36% increase). How-
ever, there was a notable weight loss of 24.0 g (14.12%
decrease), 10.7 g (5.85% decrease) and 25.4 g (14.53%
decrease) in the DU, Mgl-D and Mg2-D groups re-
spectively (Table 3).

Glucose tolerance. Before glucose loading, all
groups except the DU rats showed similar blood glu-

cose concentration after overnight fasting (0 min).
The DU rats exhibited a significantly higher blood
glucose level at all time-points compared with other
groups (CTR, Mgl-D and Mg2-D) and also failed to
return to their time-zero value within 180-min post
glucose loading. Although, glucose challenge dra-
matically raised the blood glucose level of Mgl-D
and Mg2-D rats compared with control rats at 30 and
60 min; however, these groups showed noticeable im-
provement in oral glucose tolerance as the blood glu-
cose levels were remarkably lower than DU rats at all
time-points (Figure 1).

Insulin tolerance. In response to insulin chal-
lenge, the blood glucose levels of all groups decreased
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Figure 1. Effect of magnesium supplementation on glucose
during glucose tolerance test in diabetic rats. Data expressed as
mean = SEM, *p<0.05 vs. CTR; “p<0.05 vs. DU.

Table 2
Effect of magnesium supplementation on food and water intake
Food Intake (g)
Groups Week 1 Week 2 Week 3 Week 4
CTR 23.04£1.86 26.33£0.69 30.04+0.90 30.09+1.05
DU 32.37+1.51* 37.34£3.96* 42.43+3.27* 41.09+1.97*
Mgl-D 29.87+2.09* 36.59£2.17* 42.29+3.78* 46.68+1.17*
Mg2-D 34.81+1.58* 39.97£1.13* 44.86+0.80* 47.08+0.98**
Water Intake (ml)

Groups Week 1 Week 2 Week 3 Week 4
Control 37.62+1.57 46.42%1.59 46.08+1.90 54.88+2.06
DU 39.05+2.08 48.52+2.40 62.72+1.07* 64.73+3.78*
Mgl-D 38.10£2.20 52.58+2.31 53.99+4.03 66.79+2.83**
Mg2-D 51.47+4.12%% 59.28+3.44*%a 87.67+2.31*% 97.98+1.31*%

Abbreviations: DU - diabetic untreated rats; Mgl-D - diabetic rats treated with 1mg of mg/kg diet; Mg2-D - diabetic rats treated
with 2 mg of mg/kg diet. *p<0.05 vs. Control, “p<0.05 vs. DU, *p<0.05 vs. Mgl-D.
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rapidly (Figure 2). The blood glucose level of DU rats
was significantly (p<0.05) higher than that of control
at all time-points. Compared with DU rats, no sig-

Table 3
Effect of magnesium supplementation on body weight
and weight gain
Groups IBW (g) FBW (g) WG (g) % WG
Control ~ 185.5+7.29 214.0£2.11 +28.5 +15.36
DU 170.0+2.58  146.2£6.66* -24.0 -14.12
Mgl-D 182.3+3.93  171.7+£11.92% -10.7 -5.85
Mg2-D 174.8£9.05 149.4+11.18**  -254 -14.53

Abbreviations: IBW - initial body weight; FBW - final body
weight; WG - weight gain; DU - diabetic untreated rats;
Mgl-D - diabetic rats treated with 1 mg of mg/kg diet; Mg2-D
- diabetic rats treated with 2 mg of mg/kg diet.

*p<0.05 vs. Control; “p<0.05 vs. DU; *p<0.05 vs. Mgl-D.

Table 4
Effect of magnesium supplementation on blood glucose,
insulin levels and HOMA-IR

Glucose Insulin

Groups (mg/dL) (mU/L) HOMA-IR
CTR 74.4%3.32 6.23£0.49 1.14+0.09
DU 215.5+46.9* 9.35+0.18% 4.97+0.25%
Mgl-D 52.4+4.30** 8.91+0.21* 1.28+0.18**
Mg2-D 64.8+5.04* 8.26+0.22* 1.31+0.13**

Abbreviations: DU - diabetic untreated rats; Mgl-D - diabetic
rats treated with 1 mg of mg/kg diet; Mg2-D - diabetic rats
treated with 2 mg of mg/kg diet.

*p<0.05 vs. Control, “p<0.05 vs. DU.
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Figure 2. Effect of magnesium supplementation on glucose
during insulin tolerance test in diabetic rats. Data expressed as
mean = SEM, *p<0.05 vs. CTR; *p<0.05 vs. DU.

nificant difference in glucose level was found at 15,
30 and 60 min interval in the Mgl-D and Mg2-D
rats. However, the blood glucose level of both Mg-D
groups at 120 and 180 min were significantly lower
(p<0.05) than that of DU.

Glucose, insulin, and IR index. Fasting glucose
and insulin levels were 290% and 150% higher in DU
rats than in control rats, respectively. Supplementa-
tion with Mg significantly (p<0.05) reduced plasma
glucose levels when compared with DU rats. The in-
sulin level was however significantly higher (p<0.05)
in the all groups when compared with the control
group. As shown in Table 4, IR indices calculated
by homeostasis model assessment in DU group were
significantly higher (p<0.05) compared with control
group (430% increase). However, HOMA-IR was sig-
nificantly reduced (p<0.05) in Mgl-D and Mg2-D
rats (1.28+0.18 and 1.31+0.13, respectively) compared
with control rats (4.97+0.25).

Lipid profile. CHOL, TRIG and HDL levels in DU
rats were significantly higher (p<0.05) than those in
the control rats. Mg supplementation markedly re-
duced (p<0.05) the increase in serum levels of these
lipids induced by diabetes, indicating that Mg intake
protected against diabetes-induced lipid disorder
(Figure 3).

MDA and GSH level. Diabetic rats had a signifi-
cantly increased (p<0.05) plasma MDA levels when
compared with control rats (Figure 4). This effect was
attenuated by Mg supplementation in diabetic rats. In
addition, there was a significantly decrease (p<0.05)
in the plasma GSH but Mg administration abated the
depletion and was accompanied by a recovery of the
antioxidant enzyme level (Figure 4).

INSR and GLUT4 content. The level of INSR and
GLUT4 concentration in the skeletal muscle samples
was quantified using ELISA techniques. In gastrocne-
mius muscle, INSR and GLUT4 was significantly de-
creased (p<0.05) by diabetes, whereas Mg treatment
clearly attenuated the diabetes-induced decrease in
the concentration of both proteins (Figure 5).

Discussion

The present study showed deranged glucose me-
tabolism, altered lipid profile, oxidative stress and
insulin resistance following streptozotocin-nico-
tinamide-induced diabetes in rats, a finding that is
consistent with the literature and support the use of
streptozotocin-nicotinamide model as a cost-effec-
tive prototype of type 2 diabetes mellitus (Masiello
et al. 1998; Masiello 2006; Tangvarasittichai 2015).
Dietary magnesium supplementation in a phase of
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Figure 3. Effect of magnesium supplementation on cholesterol (CHOL), triglyceride (TRIG), high-density lipoprotein (HDL) and
low-density lipoprotein (LDL) levels in diabetic rats. Data expressed as mean + SEM, *p<0.05 vs. CTR; p<0.05 vs. DU.
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Figure 4. Effect of magnesium supplementation on malondialdehyde (MDA) and glutathione (GSH) levels in diabetic rats. Data

expressed as mean + SEM, *p<0.05 vs. CTR; “p<0.05 vs. DU.

established diabetes mellitus ameliorated the above
metabolic disorders and attenuated diabetes-in-
duced decrease in INSR and GLUT4 content in the
gastrocnemius muscles of diabetic rats. These find-

ings demonstrate that magnesium may mediate ef-
fective metabolic control by modulating the quantity
of INSR and GLUT4 in diabetic rats. The higher dose
of Mg exerted more pronounced side effects mani-
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Figure 5. Effect of magnesium supplementation on insulin receptors (INSR) and glucose-transporter 4 (GLUT4) in diabetic rats.

Data expressed as mean + SEM, *p<0.05 vs. CTR; “p<0.05 vs. DU.

fested by enhanced water intake and lowered weight
gain, while the beneficial effects of both doses of Mg
were equal.

The characteristic symptoms of diabetes mellitus
include polydipsia and weight loss that is accompa-
nied by a polyphagia. In the present study, the signifi-
cant reduction in body weight in diabetic compared
with control rats despite increased food consumption
is in accordance with previous reports (Irondi et al.
2016). The inverse relationship between body weight
and food intake in the diabetic rats may be related
to increased muscle wasting associated with diabetes
mellitus (Ene et al. 2007) and this may also account
for the variance between changes in body weight
and food consumption. There may be a limited role
for magnesium in body weight management under
diabetic conditions, since magnesium supplementa-
tion showed no apparent effect on diabetes-induced
weight loss in the current study. Additionally, poly-
dipsia elicited by diabetes mellitus may have neces-
sitated the observed increase in fluid intake in the
diabetic animals, which was further aggravated by
magnesium supplementation particularly at a higher
dose. We observed watery faecal matter in the mag-
nesium treated rats occurring concurrently with
diabetes-induced polyuria (data not shown). This
phenomenon may have triggered a compensatory in-
crease in water intake as observed in this study.

Normal glucose tolerance is achieved by enhanced
insulin secretion and sensitivity in the presence of
a glucose challenge. Hence, decreased insulin secre-
tion and/or loss of insulin sensitivity may result in
impaired glucose tolerance (Festa et al. 2006). As

expected, the diabetic untreated rats exhibited in-
creased fasting blood glucose, impaired glucose tol-
erance and defective insulin sensitivity in a fashion
consistent with earlier reports (Tahara et al. 2008;
Mahmoud et al. 2012). Insulin resistant state as de-
termined by HOMA-IR corroborates reduced sen-
sitivity to insulin during the insulin tolerance test,
and the induction of insulin resistance may possibly
mediate the perturbation in glucose handling in the
diabetic rats. Similarly, the diabetic untreated rats
presented with dyslipidemia evident by high choles-
terol and triglyceride levels. This result is similar to
the report of Taheri Rouhi et al. (2017) where signifi-
cant elevation of cholesterol and triglyceride levels
were observed in streptozotocin-nicotinamide mod-
el of diabetes. Dietary magnesium supplementation
for 4 weeks reversed insulin resistance, improved in-
sulin sensitivity, enhanced glucose metabolism and
prevented diabetes-induced lipid disorder. A benefi-
cial effect of magnesium on glucose homeostasis and
insulin sensitivity has been shown in non-diabetic
hypomagnesaemia subjects leading to the suggestion
that magnesium may be a natural insulin sensitizer
(Mooren et al. 2011). The findings of this study are
consistent with previous reports on magnesium in-
tervention in human subject with T2D (Song et al.
2006) and validates the recent association between
increased magnesium intake and lower risk of T2D
(Hruby et al. 2013).

Persistent hyperglycemia and hyperlipidemia pro-
motes increased production of reactive oxygen spe-
cies in diabetes (Kumar et al. 2008; Vasconcelos et
al. 2009). Free radical accumulation results in lipid
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peroxidation and depletion of antioxidant enzymes
(Maritim et al. 2003). MDA reflects the level of lipid
peroxidation in the body. In the current study, there
was a drastic reduction in MDA level following di-
etary magnesium supplementation to diabetic rats
and this datum indicates that magnesium inactivates
lipid peroxidation and decreased free radical genera-
tion in line with the protective effect of magnesium
against oxidative damage (Yavuz et al. 2013). In par-
allel to the development of oxidative stress in T2D
is the impairment of the antioxidant defense system
(Hasanain and Mooradian 2002; Zhang et al. 2010),
however dietary magnesium treatment improved
the oxidative status of these animals by reversing the
depletion of plasma GSH content induced by T2D.
The antioxidant property of magnesium may be re-
lated to its role as a co-factor in glutathione synthesis
(Mills et al. 1986). Yavuz et al. (2013) have also shown
that magnesium increases activities of antioxidant
enzymes such as glutathione peroxidase, superoxide
dismutase and catalase.

Eighty percent (80%) of ingested glucose is con-
sumed by the skeletal muscle cells and have the high-
est level of insulin stimulated glucose uptake. Conse-
quently, skeletal muscles have become the main site
of insulin resistance (Wu et al. 2016). When insulin
binds to its receptor in the skeletal muscle, the ac-
tivated downstream signaling pathways including
phosphatidylinositol 3-kinase (PI 3-kinase) promote
the transmembrane activity of GLUT4 which fa-
cilitates glucose uptake (Moraes-Vieira et al. 2016).
Pharmacologic inhibition of PI 3-kinase activity by
wortmannin completely blocks insulin-mediated
glucose uptake in rats (Okada et al. 1994). Hence,
the translocation of GLUT4 to the sarcolemma and
the eventual concentration of GLUT4 governs the
rate of glucose transport into fat and muscle cells

(Furtado et al. 2002; Watson et al. 2004). With the
foregoing, defective insulin - insulin receptor activ-
ity and decreased GLUT4 arising from impaired cell
membrane translocation of GLUT4 may play a sig-
nificant role in the pathogenesis of type 2 diabetes
(Yan et al. 2014). Magnesium is a co-factor that plays
a key role in phosphorylation of insulin receptor as
well as translocation of GLUT4 from the intracellular
pool to the plasma membrane (Volpe 2013). The un-
derlying mechanism by which magnesium exert glu-
cose control may therefore involve a direct effect on
insulin receptor as well as its downstream signaling
processes. The present study showed that magnesium
supplementation significantly increased INSR and
GLUTH4 level which were downregulated in an un-
controlled diabetic state. Since the intracellular level
of magnesium correlates inversely with blood glucose
level (Barbagallo et al. 2000), it therefore appears
that the magnesium-induced upregulation of INSR
and GLUT4 may be a potential mechanism by which
magnesium maintains glucose homeostasis in T2D.

In conclusion, these data support a role for mag-
nesium in glucose and lipid metabolism as well as
insulin resistance in rat model of type 2 diabetes,
which may be associated with the beneficial effect of
magnesium in antioxidant defense as well as induc-
tion of increased INSR and GLUT4 proteins in the
skeletal muscle. These findings provide a mechanistic
basis for the use of magnesium supplements in the
maintenance of glucose homeostasis in type 2 diabe-
tes condition.
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