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Abstract

ACKGROUND: Diabetes, which causes various complications, involves pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), nuclear factor kappa B p65 (NF-«kB p65), interleukin-6 (IL-6), cluster of differentiation
4 (CD4), and matrix metalloproteinase-9 (MMP-9). Magnesium has demonstrated anti-diabetic properties, but its
anti-inflammatory effects in preventing cardiovascular complications remain unclear. This study aimed to evaluate the anti-
inflammatory effects of magnesium citrate, alone and in combination with metformin, by measuring TNF-a, NF-kB p65,
IL-6, CD4, and MMP-9 expression in diabetic model rats.
METHODS: Thirty male Wistar rats were divided into five groups: normal control, diabetes control, metformin (treated with
9 mg/200 g/day metformin), magnesium citrate (treated with 3.6 mg/200 g/day magnesium citrate), and combination therapy
(treated with 4.5 mg/200 g/day metformin + 1.8 mg/200 g/day magnesium citrate). Diabetes was induced in all groups except
the normal control group using streptozotocin (STZ) and nicotinamide (NA). TNF-o, NF-«B p65, IL-6, CD4, and MMP-9
expression levels were measured using enzyme-linked immunosorbent assay (ELISA).
RESULTS: Significant differences in TNF-a, NF-kB p65, IL-6, CD4, and MMP-9 expression levels were observed across
all groups (»<0.001). The combination therapy group demonstrated the most significant reduction in all parameters compared
to the diabetic control group (p<0.001) and other therapy groups. Both metformin and magnesium citrate monotherapies
showed moderate reductions in cytokine levels but were less effective than combination therapy.
CONCLUSION: Combination therapy with metformin and magnesium citrate exhibited the most potent anti-inflammatory
effects, significantly reducing TNF-a, NF-kB p65, IL-6, CD4, and MMP-9 expressions in diabetic Wistar rats. This
combination has potential as a therapeutic approach for managing diabetes and its complications.
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2021, approximately 529 million people were diagnosed

Introduction with diabetes, and this number is projected to rise to

approximately 1.31 billion by 2025.(1) The International
Diabetes mellitus is a significant public health problem Diabetes Federation predicts a 16% growth in the diabetic
due to its high mortality and morbidity rates.(1-4) In population between 2021 and 2045, driven primarily by
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aging.(5) The pathophysiological processes of diabetes
involve hyperglycemia and insulin resistance, which
promote oxidative stress and chronic inflammation by
releasing pro-inflammatory cytokines.(6,7)

Hyperglycemia induces molecular changes, including
the generation of oxidative stress, leading to increased
reactive oxygen species (ROS). Elevated ROS levels
trigger the activation of nuclear factor kappa B (NF-
kB) p65, a key transcription factor in macrophages. The
activation of NF-kB p65 drives the expression of pro-
inflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-a) and interleukin-6 (IL-6).(8) In addition
to promoting inflammation, hyperglycemia enhances the
activity of CD4" T cells, further amplifying the inflammatory
response.(9)
increased ROS
enzymatic changes, including the upregulation of matrix
metalloproteinase-9 (MMP-9) Elevated
MMP-9 levels play a significant role in the development

Moreover, levels contribute to

in the aorta.

of atherosclerosis, a condition closely associated with
hyperglycemia.(9) Atherosclerosis is a significant cause of
morbidity and mortality worldwide, emphasizing the urgent
need for strategies to prevent long-term cardiovascular
complications.(10)

Magnesium is an abundant mineral in the human
body, serving as a cofactor for enzymes that regulate various
processes, including protein synthesis and blood glucose
control.(11) It plays a crucial role in insulin secretion and
signaling.(12,13) Previous studies show that 11-44% of
patients with type 2 diabetes mellitus (T2DM) experience
magnesium deficiency.(14—16) This deficiency is associated
with a higher risk of cardiovascular events over 10 years (17),
leading to the hypothesis that magnesium supplementation
may benefit diabetic patients (18).

Magnesium has potent anti-diabetic properties.
(12,13) However, its role in preventing cardiovascular
complications through its anti-inflammatory effects remains
unclear.(17) Similar to metformin, a commonly prescribed
drug for diabetes, magnesium has glucose-lowering
effects, but its anti-inflammatory properties are not well
understood.(19,20) Given that cardiovascular diseases are
a leading cause of death in diabetic patients (1-4), further
investigation into magnesium’s potential protective effects
is urgently needed. This study aimed to evaluate the
potential anti-inflammatory effects of magnesium citrate in
a diabetic rat model by examining levels of TNF-a, NF-kB
p65, IL-6, CD4, and MMP-9. Hopefully these findings may
contribute to the development of adjunctive treatments for
diabetic patients.
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Methods

Animal Treatment and Diabetes Induction

Thirty male Wistar white rats received a standard BRI
diet, with the amount adjusted to their average body
weight, while they had free access to water (ad libitum).
Researchers divided the rats into five groups: normal
control, diabetes control, metformin, magnesium citrate,
and combination therapy. Rats in the diabetes control,
metformin, magnesium citrate, and combination therapy
groups were intraperitoneally injected with 45 mg/kgBW
streptozotocin (STZ) and 110 mg/kgBW nicotinamide (NA)
for three consecutive days to induce diabetes. The rats were
fasted for 8 hours on the third day to measure fasting blood
glucose (FBG) levels to confirm diabetes, defined as FBG
>200 mg/dL.

After diabetes induction, the diabetes control group
received no treatment. The metformin group was treated
with 9 mg/200 g/day metformin for 28 days, the magnesium
citrate group was treated with 3.6 mg/200 g/day magnesium
citrate for 28 days, and the combination therapy group was
treated 4.5 mg/200 g/day metformin and 1.8 mg/200 g/day
magnesium citrate for 28 days (Figure 1). The experimental
study was conducted at Pusat Antar Universitas (PAU),
Universitas Gadjah Mada, Yogyakarta. The study protocol
was approved by the Medical and Health Research Ethics
Committee (MHREC) of the Faculty of Medicine, Public
Health, and Nursing, Universitas Gadjah Mada/Dr. Sardjito
General Hospital (No. KE/FK/0244/EC/2024).

Measurement of FBG

The glycemic parameters assessed included fasting blood
sugar levels on day 3.(21) FBG levels were measured
using a glucose oxidase-peroxidase (GOD-PAP) enzymatic
photometric assay (DiaSys Diagnostic Systems GmbH,
Holzheim, Germany).(22) Blood samples were collected
from the sinus orbitalis and processed to separate serum or
plasma. FBG concentrations were determined by measuring
the absorbance of a quinoneimine complex at 500 nm. The
assay had a 1 mg/dL sensitivity and a measuring range of
1-400 mg/dL. All procedures followed the manufacturer’s
protocol. Rats with FBG levels >200 mg/dL were classified
as diabetic.

Measurement of TNF-0, NF-kB p65, IL-6, CD4, and
MMP-9

On day 28, the samples, including blood from the sinus
orbitalis and abdominal aorta tissues, were collected. Blood
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Figure 1. Schematic diagram of study design and treatment timeline in diabetic rats.

samples were used to measure inflammatory markers,
including TNF-a, IL-6, and CD4 expressions. Blood
samples were allowed to clot for 2 hours at room
temperature and then centrifuged at 2000 x g for 20 minutes
to separate the serum. The serum aliquots were stored at
<-20°C until analysis. Meanwhile, abdominal aorta tissue
samples were used to analyze NF-xB p65 and MMP-9
expressions.

TNF-0, IL-6, CD4, NF-xB p65, and MMP-9
expression levels were quantified using Rat enzyme-
linked immunosorbent assay (ELISA) kits, with
following details: Rat TNF-a kit ELISA (Cat. No. ER1393;
Fine Test, Wuhan, China) with sensitivity 2.344 pg/mL
and detection range 3.906-250 pg/mL; Rat IL-6 kit ELISA
(Cat. No. ER0042; Fine Test) with sensitivity 37.5 pg/mL
and detection range 62.5-4000 pg/mL; Rat CD4 kit ELISA
(Cat. No. ER 0411; Fine Test) with sensitivity 18.75 pg/
mL and detection range 31.25-2000 pg/mL; Rat NF-kBP65
kit ELISA (Cat. No. ER 1187; Fine Test) with sensitivity
46.875 pg/mL and detection range 78.125-5000 pg/mL;
as well as Rat MMP-9 kit ELISA (Cat. No. ER 0139; Fine
Test) sensitivity 46.875 pg/mL and detection range: 78.125—
5000 pg/mL. All assays were based on the sandwich ELISA
principle and conducted according to the manufacturer’s
instructions.
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Results

Successful Induction of Diabetes with STZ and NA
FBG levels measured on day 3 after diabetes induction were
summarized in Table 1. Diabetes, metformin, magnesium
citrate, and combination therapy groups all demonstrated
FBG levels >200 mg/dL, confirming the successful induction
of diabetes in these groups. A significant difference in FBG
levels was observed among the treatment groups (p<0.05).

Combination Therapy Decreased TNF-a Expression
The TNF-a levels were significantly reduced in all treatment
groups compared to the diabetes control group (p<0.05;
Table 2, Figure 2A). Combination therapy achieved the
lowest TNF-a levels (7.0+£0.4 pg/mL) compared to diabetes
control (»p<0.05) and the other treatment groups. Magnesium
citrate and metformin also significantly reduced TNF-a
levels compared to diabetes control (p<0.05 for both) but
were less effective than combination therapy.

Combination Therapy Reduced NF-kB p65 Expression
NF-kB p65 expression was significantly reduced in all
treatment groups compared to the diabetes control group
(»<0.05; Table 2, Figure 2B). Combination therapy
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Table 1. Fasting blood glucose levels on day 3 after
diabetes induction.

Group FBG (mg/dL) p-value
Normal Control (n=6) 76.4+0.8 0.002*
Diabetes Control (n=6) 269.3+£6.2
Metformin (n=6) 270.4+1.9
Magnesium Citrate (n=6) 274.0+£3.5
Combination (n=6) 272.6+4.2

*significant if p<0.05, analyzed using Kruskal-Wallis.

resulted in the lowest NF-kB p65 levels (84.2+2.0 ng/mL)
compared to diabetes control (p<0.05) and the other groups.
Furthermore, combination therapy also reduced NF-xB p65
levels compared to metformin (p<0.05) and magnesium
citrate (»p>0.05), highlighting its superior effect.

Combination Therapy Suppressed IL-6 Expression

The combination therapy group exhibited the most
significant reduction in IL-6 levels (89.7£3.0 pg/mL)
compared to the diabetes control group (p<0.05; Table
2, Figure 2C). Magnesium citrate and metformin also
significantly reduced IL-6 levels compared to the diabetes
control group, but the reduction in the combination therapy
group was the most pronounced. Additionally, IL-6 levels
in the combination therapy group were significantly lower
than in the metformin group (p<0.05).

Combination Therapy Reduced CD4 Expression

CD4 expression was significantly reduced in all treatment
groups compared to the diabetes control group (p<0.05;
Table 2, Figure 2D). Combination therapy groups achieved
the lowest CD4 levels (39.6+0.7 pg/mL) compared to
diabetes control (p<0.05) and other treatment groups.
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There were differences observed between combination
therapy and metformin (p<0.05) as well as magnesium
citrate (p>0.05).

Combination Therapy Decreased MMP-9 Expression
The MMP-9 levels were significantly reduced in all
treatment groups compared to the diabetes control group
(p<0.05; Table 2, Figure 2E). Combination therapy recorded
the lowest MMP-9 levels (9.5£0.2 ng/mL) compared to
diabetes control (p<0.05) and the other groups. Magnesium
citrate (10.4+0.5 ng/mL) also significantly reduced MMP-9
levels compared to the diabetes control group but was not
significantly different from combination therapy.

Discussion

Diabetes is a complex metabolic disease that leads to
dysfunction in multiple organ systems.(23) Hyperglycemia
in diabetes promotes inflammation, oxidative stress,
dyslipidemia, and vascular remodeling, vital contributors
to disease progression.(7,24) Conversely, hypomagnesemia
increases the risk of diabetes (25) and contributes to
poorer long-term outcomes (26). Magnesium deficiency
exacerbates endothelial dysfunction and inflammation (27)
while supplementation has been shown to reduce fasting
plasma glucose, glycated hemoglobin, and blood pressure
while supplementation has been shown to reduce fasting
plasma glucose, glycated hemoglobin, and blood pressure
(28) and prevent vascular calcification (29).

TNF-a is a major pro-inflammatory cytokine involved
in chronic inflammation and endothelial dysfunction. It
induces ROS production in endothelial mitochondria,
contributing to atherosclerosis's early stages.(30) TNF-a

Table 2. Effect of metformin, magnesium citrate, and combination therapy on inflammatory marker expression levels in

diabetic rats.

Group
Parameter Normal Control  Diabetes Control Metformin Magnesium Citrate ~ Combination p-value
(n=6) (n=6) (n=6) (n=6) (n=6)
TNF-o (pg/mL) 5.8+0.2 14.1£0.3 11.5+0.7° 9.1+0.4° 7.0£0.4° 0.000*
NF-«B p65 (ng/mL) 61.6+5.0 342.7+12.3 97.144.6 89.9+3 4° 84.242.0% 0.000*
IL-6 (pg/mL) 78.0+1.7 140.0£1.5 106.3+1.5 97.3+4.1° 89.743.0" 0.000*
CD4 (pg/mL) 30.8+0.6 73.840.7 49.9:1.0 43.4+1.0° 39.6+0.7" 0.000*
MMP-9 (ng/mL) 7.9+0.7 31.540.6 13.0+0.4 10.4+0.5 9.5+0.2" 0.000*

isignificant if p<0.05, analyzed using one-way ANOVA; *significant if p<0.05, analyzed using Kruskal-Wallis; ®significant with
p<0.05 (compared to diabetes control group), analyzed using Games-Howell; “significant with p<0.05 (compared to diabetes control
group), analyzed using Bonferroni; °significant with p<0.05 (compared to metformin group), analyzed using Bonferroni.
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also promotes apoptosis in vascular smooth muscle cells
(VSMCs), leading to mineral deposition in atherosclerotic
plaques.(31) Our study showed that TNF-a expression was
significantly reduced in diabetic rats treated with metformin
(11.5+0.7 pg/mL), magnesium citrate (9.1+0.4 pg/mL),
or combination therapy (7.0£0.4 pg/mL, p<0.001; Table
2), aligning with previous findings.(32) This reduction
underscores the anti-inflammatory properties of magnesium
citrate and its synergistic effect when combined with
metformin, which are critical in mitigating complications
associated with T2DM.

NF-xkB p65 plays a pivotal role in the initiation
of atherogenesis. It facilitates the modification of low-
density lipoprotein (LDL) in the vessel wall, triggering
local inflammation and the release of chemotactic factors.
(8) In our study, NF-kB p65 expression was significantly
lower in diabetic rats treated with metformin (97.1+4.6 ng/
mL), magnesium citrate (89.943.4 ng/mL), or combination
therapy (84.2+2.0 ng/mL, p<0.001; Table 2). Combination
therapy demonstrated superior effects compared to
metformin and magnesium citrate, further supporting its
potential as a more effective anti-inflammatory treatment
for diabetic populations.

IL-6 is a crucial mediator of diabetic complications,

including cardiomyopathy and nephropathy. Elevated IL-6
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Figure 2. Expression of inflammatory markers
across groups. A: TNF-a expression. B: NF-kB p65
expression. C: IL-6 expression. D: CD4 expression.
E: MMP-9 expression.

levels contribute to myocardial fibrosis, cardiac hypertrophy,
and impaired glucose homeostasis. In hyperglycemic
conditions, IL-6 overexpression induces apoptosis and
growth arrest.(33) Our study showed that IL-6 expression
significantly decreased in diabetic rats treated with
metformin (106.3+1.5 pg/mL), magnesium citrate (97.3+4.1
pg/mL), or combination therapy (89.7+3.0 pg/mL, p<0.001;
IL-6

expression significantly more than metformin alone,

Table 2). Notably, combination therapy reduced

aligning with prior reviews highlighting magnesium's role
in lowering IL-6 levels.(34)

CD4 T cells are involved in the pathogenesis of
obesity and insulin resistance. Studies have shown that
imbalances in CD4 T cell differentiation are common in
patients with T2DM.(35) Additionally, MMP-9 contributes
to adipose tissue inflammation and plaque instability by
promoting intimal thickening, neovascularization, and
the formation of thin fibrous caps.(36) In our study,
both CD4 (39.6+0.7 pg/mL) and MMP-9 (9.5+0.2 ng/mL)
expression levels were significantly reduced in diabetic
rats treated with combination therapy compared to the
diabetes control group (p<0.001; Table 2). Magnesium
citrate and metformin also significantly reduced these
markers, but combination therapy consistently yielded the
most pronounced effects.
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This study demonstrated that the combination therapy
of metformin and magnesium citrate had the most potent
anti-inflammatory effect in diabetic rats, as evidenced
by reduced TNF-a, NF-xB p65, IL-6, CD4, and MMP-9
levels. Metformin, a widely prescribed drug for diabetes, is
known to lower glucose levels and suppress inflammation
by inhibiting the NF-kB pathway.(19,20) Magnesium, on
the other hand, has strong anti-inflammatory properties
and enhances the effects of metformin. Together, these two
agents produce a synergistic reduction in inflammatory
cytokines, making combination therapy more effective than
single-agent treatments.

This study is the first to investigate the anti-
inflammatory effects of magnesium citrate in diabetic Wistar
rats. Previous studies have primarily focused on other
treatments, such as palm oil (37), stevia (38), artemisia leaf
(39), and others. However, our study has some limitations.
First, researchers should validate these findings in higher
animal models like primates or humans. Second, the study
tested only a single dosage of magnesium citrate; future
research could explore dose-dependent effects and determine
the safety profile before clinical trials. Additionally,
investigating other inflammatory markers could provide a
deeper understanding of magnesium’s therapeutic potential.
Despite these limitations, this study establishes a foundation
for the future development of combination therapies to
manage diabetes mellitus and its complications.

Conclusion

The combination therapy of metformin and magnesium
citrate significantly reduced the expression of TNF-o, NF-
kB p65, IL-6, CD4, and MMP-9, demonstrating the most
potent anti-inflammatory effects compared to metformin
or magnesium citrate alone in diabetic Wistar rats. These
findings suggest that combination therapy not only
addresses hyperglycemia but also mitigates inflammatory
complications associated with diabetes more effectively
than single-agent treatments. This combination shows
excellent potential as a pharmacotherapy for preventing and/
or reducing complications in diabetic patients, warranting
further investigation in clinical studies.
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