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ABSTRACT

Chronic hyperglycemia status noticed in diabetes mellitus favors the manifestation of oxidative stress by
increasing the production of reactive oxygen species and/or by reducing the antioxidant defense system
activity, some minerals are essential parts of some of the enzymes for their biological activities. Diabetes
mellitus is a disease of metabolic abnormality, minerals as such or as a component of enzymes may play a
significant role in developing and controlling diabetes mellitus. Amongst minerals, zinc is involved in the
development and control of diabetes mellitus. Zinc has been shown to have an antioxidant potential through

the nonenzymatic stabilization of biomembrane and biostructures. A recent finding indicated that there is a

direct relationship between low zinc levels, greater body fat content, and insulin resistance.
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1. Introduction

Diabetes mellitus is a leading cause of morbidity and
mortality worldwide, with an estimated 387 million
adults being affected in the year 2014, a figure which
is expected to increase by nearly 40 % by the year
2035 [1]. Ninety to ninety-five percent of those with
the disease have type-2 diabetes.
Pathophysiologically, type- 2 diabetes is a multi-
organ, multi-factorial condition characterized
primarily by insulin resistance, hyperinsulinemia,
and B-cell dysfunction, which ultimately leads to -
cell failure [2]. Type-1 diabetes has historically been
most prevalent in populations of European origin,
and the latest edition of the Diabetes Atlas estimates
that 490,100 children below the age of 15 years are
living with type-1 diabetes [1]. Diabetes is also
associated with a host of potentially disabling

macro- and microvascular complications. Hence,

there is also a much larger burden in the form of lost
productivity as a result of restricted daily activity.
The rapidly increasing prevalence of diabetes is
attributable  to growth, aging,

urbanization, unhealthy dietary habits, increasing

population

prevalence of obesity, and physical inactivity [3].
Minerals are essential components of diets and
hence of life. They perform important functions in
the various biochemical processes of the body. Some
minerals, particularly trace minerals, are active
participants in metabolism. Some of the minerals are
the essential part of some of the enzymes for their
biological activities. As diabetes mellitus is a disease
of metabolic abnormality, minerals as such or as a
component of enzymes may play a significant role
in developing and controlling diabetes mellitus. Zinc
is a multi-functional nutrient involved in glucose and

lipid metabolism, hormone function, and wound
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healing. Zinc is an essential trace mineral that is
necessary for health and growth and for the function

and activity of enzymes [4].

1.2. Diabetes Mellitus

Diabetes is a long-term, persistent disease that
occurs due to the body's inability to process and
regulate blood glucose due to the over-secretion of
insulin from the pancreas or the inability of the
insulin to regulate the blood glucose levels [5].
Insulin is a polypeptide hormone secreted by the beta
cells of the islets of Langerhans of the pancreas, and
its functions are the regulation of glucose levels in
the blood, the assimilation, and the utilization of
glucose [6]. In a diabetic patient, a phenomenon
called “insulin resistance” is present. It occurs when
the body's cells resist the hormone “insulin”, causing
a lack of insulin response. Insulin resistance is
summed up as a decline in sensitivity to the
biochemical actions of insulin as well as insulin-
mediated glucose disposal. This leads to a buildup of
glucose in the bloodstream, eventually leading to
type 2 diabetes [7]. There are a range of reasons
diabetes can occur, and how it is managed depends

on the type.

1.3. Types of Diabetes Mellitus
There are various types of diabetes but three main
types: type 1 diabetes, type 2 diabetes, and

gestational diabetes (pregnancy-induced diabetes)

1.3.1. Type 1 diabetes

Type 1 diabetes is a persistent autoimmune disease
marked by insulin insufficiency and consequent
hyperglycemia [8]. It is caused by autoimmune beta-
cell destruction in the pancreas, which leads to total
insulin deficiency [9]. Type 1 diabetes affects
several cautious

people globally and needs
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supervision to avoid grave complications, which
include cardiovascular and renal disease, loss of
vision, and stroke. The overall treatment for type 1
diabetes is insulin therapy, which stems from
“exogenic insulin substitution therapy.”
Unfortunately, this method is unable to achieve
optimal blood glucose control in many individuals

[10].

1.3.2. Type 2 diabetes

It is a common metabolic disorder caused by a
combination of two main features: deficient insulin
secretion by the B-cells of the pancreas and the
inability of tissues to respond properly to insulin
[11]. The risk factors for this disorder are high blood
glucose levels, obesity, hypertriglyceridemia,
unhealthy eating habits, lack of exercise, aging,
family history, stress, anxiety, and depression [12].
Insulin therapy in conjunction with metformin and
other glucose-lowering agents is required for the
treatment and management of type 2 diabetes [13].
1.3.3. Gestational diabetes (pregnancy-induced
diabetes)

It is a condition in which a pregnant woman has high
or elevated blood sugar. It occurs only during
gestation in some women and can affect both mother
and child. It is triggered by a range of factors, such
as obesity, family history of diabetes, and maternal
age. It is associated with type 2 diabetes and
ischemic heart disease [14]. Gestational diabetes is
usually diagnosed in the second or third trimester of
pregnancy in patients with no history of diabetes
preceding the period of gestation. It is the most
common complication of pregnancy [15]. This
disorder can be managed using two strategies:
insulin therapy and lifestyle modification, including

nutritional therapy [16].
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Fig. 1. Pathogenesis of diabetes mellitus and its chronic complications (17).

1.4. Diagnosis of Mellitus Mellitus

Diabetes can be diagnosed using a range of tests
listed and discussed below. They are:

1.4.1. Hemoglobin A1C:

The HbA1C test is a diagnostic test used to check a
patient’s glycemic level (Table 1). The value shown
is a two to three-month average of a patient’s
glycemic level. It is wuseful and effective in
evaluating patients with diabetes or at risk of
diabetes complications [18].

1.4.2. Fasting Plasma Glucose:

The fasting plasma glucose (FPG) test calculates
blood glucose levels simultaneously. For accuracy,
the test is administered in the morning after a fasting
period of about 8 hours. A value larger than 126
mg/dL infers diabetes [19].

1.4.3. Random Plasma Glucose:

The blood sample is taken and analyzed after food
has been ingested. Diabetes is suspected when the
value is greater than 200 mg/dL [18].

1.4.4. Oral Glucose Tolerance Test:

It is a medical test conducted when glucose is
administered, and the blood sample is analyzed to
measure how fast glucose has been cleared out. It is
used to screen for type 2 diabetes mellitus [20].
1.4.5. C-Peptide:

The beta cell function of the pancreas is measured.
The measurement and analysis of urine and serum
samples are carried out and the value helps diagnose
and treat diabetes [18].

1.4.6. Autoantibody:

The presence of autoantibodies, such as insulin
autoantibody and islet autoantibody anti-glutamic
acid decarboxylase (GAD) autoantibodies suggests
auto-immune response also noticed in type 1
diabetes. The presence of autoantibodies for diabetes

in the blood confirms type 1 diabetes [18].

1.5. Treatments of Diabetes

Although lifestyle modifications can help enhance
glycemic control, medications will be required in the
long run to effectively manage the disease.

1.5.1. Treatment of type 1 diabetes mellitus

The basis of the treatment for type 1 diabetes is
insulin therapy [22].
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1.5.2. Treatment of type 2 diabetes mellitus

The various drugs administered to treat type 2
diabetes mellitus patients have different mechanisms
to reverse the effects of hyperglycemia by reducing
blood sugar levels [21].

1.5.2.1. Sulfonylureas

Sulfonylureas are insulin secretagogues that have
been used extensively in the treatment of patients
with diabetes. They are mostly metabolized in the
liver and sometimes excreted by the kidneys [21].
Irrespective of blood glucose levels, sulfonylureas
trigger insulin secretion from the pancreas [23].
Also, sulfonylureas inhibit glucagon secretion,
enhance insulin sensitivity in peripheral tissues, and
reduce hepatic insulin clearance [21].

1.5.2.2. Meglitinides

Meglitinides are drugs that increase insulin secretion
from the pancreas, and they are dependent on
which

hypoglycemia. It has a short duration of action and

glucose levels, reduces the risk of
can be administered to match the postprandial
increase in glucose [21].

1.5.2.3. Metformin (Glucophage)

Glucophage improves hepatic insulin sensitivity and
reduces hepatic glucose production. It also reduces
insulin resistance in the peripheral tissues by
reducing free fatty acids, triglycerides, and high
blood glucose levels [21]. It carries out its
antihyperglycemic action without influencing
insulin secretion [24]. Also, it elevates gut glucose
utilization and triggers GLP-1 secretion. Metformin
is commonly administered as the first
pharmacological agent in the treatment of diabetes
because of its affordable price, efficiency, and few
side effects [21].

1.5.2.4. Sodium-glucose transport protein 2
(SGLT?2) inhibitors

They are a class of oral antidiabetic agents

administered to lower blood glucose levels in adult
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patients with type 2 diabetes mellitus. Its action is
not affected by insulin resistance or the insulin levels
in the body [21].

1.5.2.5. Glucagon-like peptide-1 (GLP-1)

GLP-1 is produced and stored in the L cells of the
ileum and colon. Neural and hormonal mechanisms
coupled with the presence of food in the
gastrointestinal tract trigger its release. GLP-1
enhances insulin secretion by the beta cells and
inhibits glucagon secretion by the alpha cells when
blood glucose levels are elevated above normal [21].
1.5.2.6. Pramlintide (symlin)

Pramlintide is a synthetic derivative of amylin. It is
soluble in nature and administered orally. In
response to nutrient stimuli, the pancreas secures
Amylin with insulin. It reduces postprandial
stimulated glucagon secretion, slows down gastric
emptying, and suppresses appetite [21].

1.5.2.7. Bromocriptine-QR

Bromocriptine reduces insulin sensitivity and
resistance, leading to a decrease in hepatic glucose
production and an increase in glucose disposal. It
does not elevate insulin levels, making it effective in
patients who produce insulin but are insulin-
resistant. Bromocriptine-QR improves glycemic
levels in patients with type 2 diabetes mellitus when
administered as a monotherapy drug or combined
with other antihyperglycemic agents [21].

1.5.2.8. Thiazolidinediones (TZDS)

TZDS

simultaneously activating the insulin response.

reduce insulin  resistance  while
TZDs improve glycemic control and act to reverse
certain disease complications like polycystic ovarian
syndrome, atherosclerosis, and other cardiovascular
diseases in patients with type 2 diabetes mellitus.
However, side effects like weight gain and
osteoporosis can be very serious, causing its use to

be limited [21].
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Fig. 2. The current therapeutic options of diabetes mellitus (25).

1.6. Diabetes Mellitus and Oxidative Stress

Oxidative stress is a condition caused by the
overproduction of reactive species, known as pro-
oxidants, and the incapability of the antioxidant
defense system to scavenge these species (26).
Highly reactive species are normally generated as a
by-product of aerobic metabolism in the body (27).
These reactive species at a certain amount are often
necessary to maintain normal metabolic processes
(28). However, the excess radical species produced
is likely to bring deleterious effects to the human
body (29); thus they need to be sufficiently removed
by the body’s antioxidant defense system to
maintain the homeostasis of the body system (30). In
diabetes, chronic hyperglycemia induces excessive
formation of these reactive species that might
diminish antioxidant activity, leading to the
domination of oxidative stress (26,31). Oxidative
stress then further propagates the production of more
reactive  species, subsequently causing the
development of pathological conditions in DM and

its secondary complications (32).

1.7. Antioxidant defense system and antioxidants

Antioxidant defense system plays a pivotal role in
scavenging excess radical species and neutralize the
toxicity arising from the elevated amount of reactive
species. The system is generally divided into
endogenous and exogenous antioxidants (33).
Enzymatic endogenous antioxidants include
superoxide dismutase, catalase, and glutathione
(oxidized/reduced) while exogenous antioxidants

can be acquired from diet and supplements.

1.8. Sources of Zinc

Zinc is the second most abundant micronutrient
found in nature after iron [34-37]. The dietary
sources of zinc include both animal- and plant-based
foods. Meat, seafood, whole grains, and oil seeds are
the primary dietary sources of zinc [38]. The
recommended dietary allowance (RDA) for zinc is
11 mg/day for adult males and 8 mg/day for adult
females [39].
adequate to support the activity of zinc-dependent
health.

However, meeting the daily dietary need for zinc

These amounts are considered
and maintain overall

metalloenzymes

solely through food sources would require the

consumption of excessive amounts of protein,
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dietary fiber, and fat, leading to a surplus of caloric
intake and increased bowel movements due to the
high fiber and fat content [38]. The pharmacological
dosage of zinc is considered to be more than 40
mg/day for individuals 19 years of age and older
[39]. The chelated zinc doses used in various studies
typically fall between 220 mg/day and 660 mg/day
[40,41]. The forms of zinc commonly used for oral
administration include zinc sulfate, zinc gluconate,
zinc picolinate, and zinc citrate, as these forms are

generally better absorbed than zinc oxide [42].

1.9. Zinc and Glucose Metabolism

Zinc plays a crucial role in the crystallization and
signaling of insulin. Specifically, zinc promotes the
activation of the PI3K/Akt pathway, which is
essential for glucose metabolism [43]. As a cofactor,
zinc has a critical function in the action of
antioxidants and the metabolism of carbohydrates
[44.45]. This
phosphorylation of the B-subunit of the insulin

micronutrient also aids in the
receptor and the translocation of glucose transporter
4 (GLUT4) [46,47]. Importantly, insulin forms a
hexameric structure by coupling with two zinc ions,
a process necessary for the maturation of insulin
within the secretory granules of pancreatic B-cells
and the subsequent release of insulin [48, 49]

Pancreatic B-cells express specific zinc carrier
proteins that play crucial roles in insulin secretion
[50-52]. One such key protein is ZnT8, which is
essential for the crystallization, processing, storage,
and secretion of insulin, as well as the overall
metabolism of glucose [53]. The ZnT8 transporter is
responsible for shuttling zinc into the secretory
granules of pancreatic B-cells, thereby facilitating
the formation of the zinc-insulin hexamer, a critical
step in insulin maturation and release [53-56]. Zinc
deficiency leads to a reduction in the expression of

ZnT8, ultimately impairing insulin secretion. In
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addition to ZnTS8, other zinc transporter proteins,
such as ZnT6 and ZnT35, are involved in the transport
of zinc into the vesicles of pancreatic B-cells, where
micronutrients participate in the metabolism of
proinsulin and the subsequent secretion of mature
insulin [48,53,57]. Furthermore, the zinc transporter
protein ZnT7 is responsible for transporting zinc to
the Golgi apparatus of pancreatic [B-cells, an
essential process for the proper formation of insulin
[57,58]. In addition to its role in glucose transport,
zinc enhances glucose storage. Zinc stimulates the
phosphorylation of glycogen synthase kinase 3
(GSK3) and the transcription factor forkhead box
protein O1 (FoxOl). Phosphorylation of GSK3
promotes the activation of glycogen synthase,
whereas phosphorylation of FoxO1 prevents it from
stimulating the expression of gluconeogenic genes.
Collectively, these actions of zinc help promote
glycogen storage and inhibit glucose production
[47,59].

Zinc promotes the uptake of glucose by cells,
induces the expression of glucose transporter genes
(GLUT1 and GLUT4), and regulates gluconeogenic
enzymes such as glucose-6-phosphatase (G6Pase)
and phosphoenolpyruvate carboxykinase (PEPCK),
thereby improving glucose metabolism [60].
Consequently, zinc deficiency can lead to
disturbances in glucose metabolism, potentially

contributing to the development of diabetes mellitus.

1.10. Antioxidant role of zinc

It is appropriate to draw attention to the antioxidant
role of zinc. This mineral acts as a cofactor for the
superoxide dismutase enzyme, regulates the
glutathione metabolism and the metallothionein
expression, competes with iron and copper in the cell
membrane, and also inhibits the nicotinamide
adenine dinucleotide phosphate-oxidase (NADPH-

oxidase) enzyme [62,63].
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Fig. 3. Zinc is an essential micronutrient that plays a critical role in human health by
exerting positive effects on immune system function, maintaining cellular homeostasis,
and delaying neurodegenerative and infectious diseases to maintain overall health and

well-being (61).

Another important point is the action of a group of
antioxidants enzymes called superoxide dismutase,
which regulates the detoxification of reactive
oxygen species and catalyzes the dismutation of
superoxide anion into hydrogen peroxide and
oxygen [64,65]. Mammals have three isoforms of
this enzyme, but only isoforms 1 (CuZnSOD) and 3
(SOD extracellular) need zinc as a cofactor for its
enzymatic activity and to act predominantly and
respectively in the intracellular
extracellular fluids [62, 66, 67].

A study by Zhu et al [64] with diabetic mice shows

space and

that the zinc supplementation increased the activity

of  superoxide  dismutase and  reduced

malondialdehyde concentrations in both serum and

pancreas. According to the authors, low levels of
zinc in the organism impair the action of the
antioxidant defense system. Corroborating previous
[69] wverified that

supplementation increased the activity of superoxide

findings, Li et al zine
dismutase and decreased lipid peroxidation in the
liver of diabetic rats, emphasizing that zinc can
protect the liver from oxidative damage.

Action of zinc on glutathione metabolism is
significant and as such must be mentioned. Zinc
indeed influences the expression of glutamate-
cysteine ligase enzyme involved in the synthesis of
glutathione, which directly acts on the neutralization
of free radicals and indirectly as a cofactor of

glutathione peroxidase [62,68].
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Another mechanism that explains the antioxidant
role of zinc in type 2 diabetes mellitus, refers to its
ability to compete with iron and copper for binding
sites on the cell membrane. The iron and copper ions
can catalyze the production of lipid peroxides, and
the replacement of these metals for zinc in the
plasma membrane could prevent lipid peroxidation
in diabetic patients [68].

1.11. Zinc and Inflammation

Zinc is a crucial micronutrient that plays a vital role
in the proper function of the immune system and the
maintenance of overall health. It is essential for the
proliferation and differentiation of immune cells
[70] and potentially reduces viral infections [71,72].
Zinc has been found to bind nearly three thousand
different proteins in the human body [73]. Many
metalloenzymes require zinc for their regulatory and
catalytic functions [73,74]. Zinc also serves as an
important signaling molecule within the immune
system and acts as a neuromodulator in synaptic
vesicles. Several studies have indicated that zinc
deficiency may contribute to the development of
chronic and metabolic diseases, such as diabetes,
neurodegenerative disorders, cancer, and intestinal
diseases [86,75-80]. Adequate levels of zinc are
essential for maintaining oral health [81] and for
various hormonal functions [82]. Furthermore, zinc
plays a role in lipid metabolism during obesity, often
associated with type 2 diabetes. Studies have shown
that zinc status can influence lipid profiles, the
functionality —of adipose tissue, adipokine
production, and insulin sensitivity [83,84]. Earlier
studies reported that zinc can exert insulin-like
effects on adipocytes, influencing adipogenesis and
glucose metabolism, and that zinc may play a role in
enhancing insulin sensitivity in adipose tissues [85].
1.12. Conclusion

Human and animal studies demonstrated the
effective role of zinc in the management of diabetes
mellitus. Zinc plays a vital role in the proper
functioning of B-cells in the pancreas, the insulin
action, and the homeostasis of glucose. Conversely,

zinc deficiency can dysregulate glucose metabolism
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through improper B-cell function, as well as the
induction of oxidative stress and inflammation.
Previous studies have shown the positive impact of
zinc administration on glycemic control in patients
with diabetes mellitus. Efforts should be made to
raise awareness among healthcare professionals
regarding the benefits of a diet rich in micronutrients
and adequate macronutrient intake. Promoting the
consumption of a high-quality, micronutrient-dense
diet may help reduce the development of
inflammatory complications among individuals with
diabetes.
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