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ABSTRACT

Background: Diabetes mellitus [DM] is one of the most prevalent and dangerous diseases affecting public health
worldwide. Frequent urine causes the body to lose zinc through hyperzincuria, hypozincemia, and reduced
absorption, which results in zinc [Zn] insufficiency.

Objective: The aim of this work was to study effect of dietary zinc administration on type 2 DM induced by alloxan
in adult male albino rats fed on the high fructose diet [HFD].

Materials and Methods: The study included 32 adult male albino rats, divided into four equal groups: Group 1
[Control] received 1 ml normal saline/day by gavaging, Group 2 [Zn group] received 100 mg/kg/day Zn by
gavaging, group 3 [diabetic], where diabetes was induced by alloxan as well as high fructose diet [HFD],
Group 4 [diabetic with Zn supplement], where diabetic rats received 100 mg/kg/day Zn by gavaging. At the
end of the experiment, rats were sacrificed, blood samples were obtained to measure fasting blood glucose
[FBG], insulin level, glycated hemoglobin [HbAlc], homeostasis Model Assessment for Insulin resistance
[HOM-IR], liver enzymes [Alanine transaminase [ALT], Aspartate transaminase [AST]], lipid profile,
oxidative stress markers [Malonhydialdehyde [MDA], total antioxidant capacity [TAC], catalase [CAT]
activity, Glutathione Peroxidase activity [GPX]] and serum creatinine. Histopathological study of liver and
pancreatic tissues were performed.

Results: Alloxan injection led to a significant increase of blood glucose, HbAlc, cholesterol, TG and LDL levels, liver
enzymes and MDA while insulin, HDL, catalase and GPX levels were significantly decreased significantly
compared to the control and ZN-supplemented groups. ZN supplementation led to a significant improvement
of all laboratory parameters. The results were supported by the results of histological examinations.

Conclusion: The study clarifies the beneficial effect of Zinc supplementation in diabetic rats as Zn improved the state
of hyperglycemia, oxidative stress, dyslipidemia and liver dysfunction induced by DM.

Keywords: Zinc; Diabetes Mellitus; Oxidative Stress; High Fructose Diet; Albino Rats.
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INTRODUCTION

Type 2 diabetes mellitus [T2DM] is one of the most common
metabolic illnesses worldwide. It is primarily due to a combination of two
primary factors: the inability of the tissues to respond to insulin and the
compromised ability of the pancreatic p-cells to release insulin 31,

Oxidative stress brought on by hyperglycemia can cause damage to
liver tissue and disrupt the metabolism of proteins, carbohydrates, and fats,
which in turn increases oxidative stress and sets off the inflammatory
cascade ¥, An important factor in the etiology and development of
diabetes is oxidative stress. Many attempts have been made to use dietary
antioxidant supplements, including vitamin C and vitamin E, to enhance
the health of diabetic patients due to the link between oxidative stress and
the disease [,

The allosteric shift of the insulin hexamer from the R to the T form
involves zinc. Beta-cells release it along with insulin, and it might have
other purposes 1,

Zinc [Zn] is a trace element, which is the second most abundant
element in human after iron. It has many physiological role [regulatory,
structural and catalytic] and shared in the structure of more than 2500
proteins [e.g., enzymes and genetic transcriptional factors] 4,

It is an essential element for the proper function of the human body.
For instance, it can improve the function of chondrocytes and osteoblast
and reduce the activity of osteoclast at the same time. Thus playing a
crucial role in bone homeostasis 1241,

In addition, it plays a role in the support of immune system. Thus,
guard against infections (41,

Besides it has anti-inflammatory and antimicrobial effects. Thus, it
can help in prevention of acne, dermatitis and other skin diseases and it is
involved in collagen synthesis. Thus mainlining healthy skin (1561,

Furthermore, previous studies suggested that, zinc metabolism and
hyperglycemia are link. Thus, it can improve the glycemic control in
diabetic patients 71,

One of the potential reasons of the onset of DM is believed to be
zinc deficiency. It preserves the structural stability of insulin and plays a
direct role in its production, storage, and secretion. Additionally, in
noninsulin-dependent DM, zinc deficiency was reported to exacerbate
insulin resistance (8,

The current study aimed to evaluate the impact of dietary zinc
supplementation on type 2 diabetes mellitus induced by alloxan.

MATERIALS AND METHODS

Animals:

Thirty-two male adult albino rats were obtained from The Nile
Center for Experimental Studies and Researches [Al-Mansoura, Egypt]
provided the rats [6-7 weeks old, 150-200 g]. All rats [one per 25 x 30 x
30 cm cage] were kept in facilities that were kept between 27 and 32°C,
with a relative humidity of 40-60% and a 12-hour light/dark cycle, all
without any pathogens.

To minimize the impact of stress throughout the experiment and to
help the rats become accustomed to the process, they were handled on a
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frequent basis. Before the trial began, all rats were acclimated for two
weeks and given unlimited access to filtered water and regular rodent
chow. The Al-Azhar University Animal Care Committee gave its approval
to every surgery. The "Principles of laboratory animal care" were adhered
to, together with any applicable national laws.

Induction of type 2 diabetes mellitus:

Assingle intraperitoneal injection of newly made alloxan, 120 mg/kg
body weight in normal saline, caused type 2 diabetes mellitus 1, The
surviving rats were fasted overnight for three days before their blood
glucose levels were assessed. Rats having blood glucose levels greater
than 200 mg/dl were classified as diabetic rats and served as study animals.
Every other day, fresh fructose drinking water was made using a
weight/volume formula [21g of fructose was diluted in 100mL of tap water
to create fructose 21% drinking water]. After that, aluminum foil was
placed over the bottles to stop fermentation. For eight weeks, the fructose
drinking water was given daily 29,

Experimental groups:

After induction of diabetes, the rats were randomly divided into four
equal groups as follows:

Group [1] [Control groups]: Rats were gavaged 1 milliliter of
normal saline per day.

Group [2] [Zn group] were gavaged with 100 mg/kg/day of zinc.

Group [3] [diabetes]: were given 120 mg/kg of alloxan.
Additionally, they were gavaged with 1 milliliter of regular saline every
day.

Group 4 [diabetic with Zn supplement]: Alloxan [120 mg/kg]
was given to rats to induce diabetes. Additionally, they were gavaged with
zinc [100 mg/kg/day] 24, Rats' body weight was recorded at the start of
the trial and subsequently weekly over the experiment period, while food
consumption was measured on alternate days.

Blood sampling:

At the end of the experiment, blood samples were taken from the
heart using the intracardiac blood collection method while under deep
general anesthesia from halothane, following a 12-hour overnight fast.
Two aliquots of the spurting blood were taken; one was anticoagulated for
the purpose of measuring the glycosylated hemoglobin [HbA1c].

After centrifuging the second aliquot for 15 minutes at 3000 rpm
after letting it clot at room temperature, the resulting sera were kept at -
20°C [in a-20°C REVCO refrigerator] until they were tested.

Biochemical analysis:

The estimation of Fasting blood glucose [FBG] was performed
according the method described by Huggett and Nixon P4, while
glycosylated hemoglobin was estimated according to the method
described by Nayak and Pattabiraman @, and fasting insulin
determined by the method described by Voller et al. 241,

The calculation of Homeostasis Model Assessment for Insulin
Resistance [HOMA-IR] was calculated according to the formula: Fasting
glucose [mg/dL]X fasting insulin[uU/mL]/405[for SI units: fasting
glucose [mMol/L] X fasting insulin [uU/L] / 22.5] ],
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The oxidative stress markers were determined by methods described
by Ohkawa et al. ? for Malonhydialdehyde [MDA], Koracevic et al. ]
for estimation of plasma total antioxidant capacity [TAC], Aebi & for
measurement of catalase [CAT] activity, and Paglia and Valentine 2] for
the measurement of glutathione peroxidase [GPX].

The lipid profile was measured according to Richmond % and
Fossati and Prencipe Y, for estimation of total cholesterol, triglycerides,
high density lipoprotein [HDL] and low density lipoprotein [LDL].
Finally, serum creatinine was measured according to the method described
by Slot ¥4, and liver enzymes were quantified by ELISA.

Histological studies:

Following the rats' scarification, tissue samples were obtained, and
the midline abdominal incision was made after the animals had been
anesthetized with halothane.

The pancreas and liver were swiftly exposed when the abdominal
cavity was opened. Liver and pancreatic samples were collected,
preserved in 10% neutral buffered formal saline, dehydrated in increasing
alcohol grades, and then cleaned in Benzol. Following four hours of
embedding samples from each group in paraffin with a melting point
between 55°C and 56°C, paraffin blocks were created. Hematoxylin and
eosin were used to stain 5um paraffin sections so they could be examined
under a light microscope.

Statistical analysis:

SPSS 17.0 software was used to process the statistical data. Normal-
distributed quantitative data were presented as mean + SD. The normality
of data was tested by Kolmogorov-Smirnov test. After determining the
statistical difference using one-way analysis of variance [ANOVA], a
Bonferroni post hoc Tukey multiple comparison test was used to calculate
the least significant differences [LSD]. A significance level of P<0.05 was
deemed to be statistically significant.

ESULTS

Food intake of the studied rats:

Induction of type 2 DM by Alloxan and HFD led to a significant
increase in food intake in diabetic rats when compared to control group.
ZN supplementation in the diabetic rats led to a significant decrease in the
amount of the food intake compared to the diabetic group. However, Food
intake in this group was still higher than the control and ZN groups in a
significant manner. There were insignificant changes in the control and
ZN groups throughout the experimental period.

Body weight at different durations of the studied rats:

Alloxan and HFD resulted in significant decrease in body weight in
both diabetic rat groups when compared to the control group and ZN
group. ZN supplementation in the diabetic rats induced a significant
increase in body weight in the diabetic rats. However, body weights in
these groups were still lower than the control group and ZN group in a
significant manner, figure [1].

Fasting Blood glucose in the studied rats:

There were insignificant changes of the blood glucose level in all
groups in day 0. Starting from day 3 of the experiment [after induction of
diabetes by Alloxan at a dose of 120 mg/ kg], there were significant
changes in blood glucose level when compared to the control group and
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ZN group. This increase in blood glucose level continued till the end of
the experimental period in a significant manner compared to the control
group and ZN group.

ZN supplementation improved the hyperglycemia, as there was a
significant decrease of the blood glucose level in diabetic rats when
compared to the diabetic group. This decrease was noticed at day 28 and
continued till the end of the experimental period. However, blood glucose
in these groups was still higher than the control group and ZN group on a
significant manner.

Glycosylated hemoglobin [HbALC] in the studied rats:

Alloxan and HFD administration resulted in significant increases in
HbA1c level in the diabetic rats when compared to the control group and
ZN group.

ZN supplementation in diabetic rats caused a significant decrease in
HbAlc levels in the diabetic rats when compared to diabetic group.
However, HbA1c levels still higher in these groups than the control group
and ZN group in a significant manner.

Insulin and HOMA-IR levels in the studied rats:

Induction of type 2 DM by Alloxan and HFD ingestion led to a
significant decrease in the insulin levels and increase in HOMA-IR in both
the diabetic rat groups when compared to the control group and ZN group.

ZN supplementation in the diabetic rats led to a significant increase in
insulin level and decrease in HOMA-IR in the diabetic rats. However,
insulin levels still lower and HOMA-IR levels still higher in these groups
than the control and ZN groups in a significant manner. There were
insignificant changes in insulin  and HOMA-IR levels in the control and
ZN groups throughout the experimental period.

Lipid profile in the studied rats:

Alloxan and high fat diet [HFD] ingestion led to a significant increase
in the total cholesterol, triglycerides [TG] and low density lipoprotein
cholesterol [LDL-C] associated with a significant reduction of high
density lipoprotein cholesterol [HDL-C] in the diabetic rats when
compared to the control and ZN groups.

Treatment of the diabetic rats with zinc for 8 weeks led to a significant
decreases of TC, TG and LDL-C levels and significant increase of HDL-
C when compared to the diabetic group. However, it failed to decrease
them significantly to their level in the control and ZN groups.

Oxidative stress parameters:

Induction of type 2 DM led to a significant increase in MDA levels
and a significant decrease of TAC and antioxidant enzymes in the diabetic
rats when compared to the control and ZN groups.

Zinc supplementation improved the state of oxidative stress induced
by DM as Zn induced a significant decrease in MDA level and an increase
in antioxidant enzymes. However, antioxidant enzymes still lower in these
groups than control group and ZN group in a significant manner, while the
level of TAC increase insignificantly with the control and ZN groups.

Creatinine level in the studied rats:

There was a significant increase in creatinine level in the diabetic rats
when compared to the control and ZN groups. ZN supplementation in
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diabetic rats led to a significant decrease in creatinine level when
compared to the diabetic group. This improvement led to insignificant
changes in creatinine level in the diabetic compared to the control group.

Changes in liver enzyme [ALT, AST] in the studied rats:

Induction of type 2 DM led to a significant increase in ALT and AST
levels in the diabetic rats compared to the control group. Treatment with
zinc supplementation in the diabetic rats led to a significant decrease of
ALT and AST levels when compared to the diabetic group.

This improvement led to change in liver enzymes in the diabetic rats
treated with zinc compared to the control group. However, the differences
did not reach statistical significance.

Histopathological results of light microscopic examination of the
liver and pancreatic tissue

Microscopic examination of liver section in the control rats showed
normal hepatic structure with polyhedral hepatocytes.

The hepatocytes were arranged in strands alternating with blood
sinusoids forming a network around a central vein. Kupffer cells with
normal activity were distributed within the blood sinusoids. After
induction of DM, liver section showed periportal fibrosis, vacuolated

cytoplasm, intense inflammatory cell infiltration around the central veins
and portal triads with portal vessels congestion.

Zn supplementation showed moderate perivascular inflammatory
cells infiltration, normal distribution of hepatic cords radiating from the
central vein [CV] with central, rounded, vesicular nuclei with some
vacuolated cytoplasm in hepatocytes. Microscopic examination of
pancreatic tissue of the control rats showed normal pancreatic tissue
formed of pancreatic acini, which showed basal nuclei and amphophilic
cytoplasm. The islet of Langerhans’s showed islet cells arranged in
trabecular and acinar pattern with abundant eosinophilic cytoplasm and
central small nucleus. Islets have regular shape with a large number of -
cells which have a normal round shape with will-distinct round nuclei.

Induction of DM showed decreased islets size and B-cells number,
irregular islets shape with degenerated connective tissue sheet. The
exocrine pancreatic tissue showed perivascular cellular infiltration, focal
necrosis, dilated ducts. Zn supplementation showed marked improvement
with restored size of islets of Langerhans. Also regular islets cells with
increased number and abundant eosinophilic cytoplasm and central small
nuclei; most of these cells restored their rounded shape while few of them
still with elongated shape.
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Figure [1]: Changes in body weight at different durations in the studied four groups

Table [1]: Food intake [grams/day] in the studied four groups

Group 1 [n=8]

Group 2 [n=8]

Group 3 [n=8] Group 4 [n=8]

Mean + SD 16.5+2.07

159+4.18

36.3+221%® 30.243.793©

Range 14-19

9-20

33-39 24 -36

a: significance versus Group 1, b: significance versus Group 2, c: significance versus Group 3.
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Figure [2]: [A] Changes in FBS, [B] HBALc and [C] Insulin level and HOMA-IR of the studied groups; a: significance versus Group 1, b: significance
versus Group 2, ¢: significance versus Group 3, FBS: Fasting blood sugar, HbA1C: Hemoglobin A1C, HOMA-IR: Homeostatic Model Assessment for
Insulin Resistance.
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Figure [3]: [A] Changes in creatinine level, [B] ALT and AST and [C] Lipid profile of the studied groups; a: significance versus Group 1, b: significance
versus Group 2, ¢: significance versus Group 3.
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Figure 4: [A] Changes in MDA level and [B] TAC and antioxidant enzymes of the studied groups

Flgure [5] Plates 2H&E mlcrographs of liver sectlons of [A, a] Normal control group and [B b] Zn treate group [C, c] dlabetlc group, [D d] dlabet|c+ Zn treated group,
Black arrow: central vein, Blue arrow: polyhedral hepatocytes, Red arrow: blood sinusoids with Kupffer cells, Yellow arrow: inflammatory cells infiltration. Upper row
original magnification= 100X, lower row= 400X and scale bar= 100 um and 20 pm respectively.
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DISCUSSION

Diabetes mellitus [DM], is a dangerous and chronic disease marked
by consistently elevated blood glucose levels brought on by either
insufficient insulin production or the body's inability to use the insulin that
is generated B3, It has long been believed that elevated free radical
generation or compromised antioxidant defenses are linked to
complications of diabetes 241,

According to Akure et al. 1, zinc is a necessary trace element that
has significant anti-inflammatory, antioxidant, and apoptotic properties. It
can also affect signal transmission and molecular function. The aim of the
present work was to study the effect of dietary zinc supplementation on
type 2 diabetes mellitus induced by Alloxan in adult male albino rats fed
on HFD. The results of present work showed that the induction of type 2
DM by Alloxan and HFD led to a significant increase in food intake and
significant decrease in body weight when compared to control group and
ZN group.

According to Yin et al. B, this rise can be caused by the metabolic
alterations that take place in the body during diabetes mellitus. The body
loses fluid and calories when blood sugar levels are high because it
attempts to flush out the extra glucose. Consumption of food and water
may rise as a result of this calorie and fluid loss since it may increase
hunger and thirst.

ZN supplementation in diabetic rats caused a decrease in the amount
of the food intake and an increase in body weight when compared to the
diabetic group. However, there was still a significant increase in food
intake in these groups when compared to the control group.
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H&E micrographs of pancreatic sections of [A, a] Normal control group and [B, b] Zn treated group. [C, c] diabetic group. [D, d] diabetic+ Zn treated group.
Black arrow: islet of Langerhans with { cells, Blue arrow: exocrine acini cells, Red arrow: blood vessels, Yellow arrow: necrotic islet of Langerhans cells. Upper row original
magnification =100X, lower row =400X and scale bar= 100 um and 20 pm respectively.

This was explained by Khorshidi et al. B, zinc's function in energy
metabolism, appetite control, and adipokine modulation may influence
body obesity. A low-protein diet combined with or without a marginal zinc
deficit is linked to increased adiposity, decreased appetite, and decreased
lean body mass. Zinc is a crucial component of energy metabolism-related
enzymes as well as Zn metalloenzymes that are necessary for the synthesis
of proteins, nucleic acids, and new tissues. Additionally, it controls the
hormones adiponectin, insulin, ghrelin, and leptin, which control fat
accumulation and adiposity. Changes in adipose tissue mass may be
determined by variations in tissue-specific adipokine concentrations
linked to zinc status, which may alter the risk of obesity &7,

Induction of type 2 DM led to a significant increase of blood glucose
and in HOMA-IR and HbA1c levels associated with a significant decrease
of insulin levels when compared to control rats. A lack of insulin due to
the selective death of -cells in the islets of Langerhans by free radicals
resulting from the metabolism of alloxan may be the cause of the elevated
blood glucose level 81, This damage is supported by our histological data,
which indicated that the diabetic group had irregularly shaped islets with
degraded entering connective tissue, as well as a reduction in islet size and
B-cell population.

ZN supplementation improved hyperglycemia, HbAlc and insulin
level and in HOMA-IR level in significant manner when compared to
diabetic rats.

According to Olechnowicz et al. B%, zinc is a necessary trace element
for the regular production, storage, and release of insulin by pancreatic -
cells. There are many phases in the mechanism by which zinc controls
insulin secretion. First, zinc is kept in the pancreatic p-cells' insulin
granules. When blood glucose levels are high, it reaches the B-cells and
triggers the release and synthesis of insulin. This procedure involves the
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co-release of zinc, which stabilizes the insulin molecule and controls its
release from the granules 1. When type 2 DM was induced in diabetic
rats, TG, TC, and LDL levels significantly increased while

HDL levels significantly decreased. According to Obi-Ezeani et al.
[, metabolic abnormalities in diabetic states cause hypercholesterolemia
because the enzyme hydroxyl methyl gluteryl Co-A [HMG Co-A]
reductase is responsible for the synthesis of cholesterol, and insulin
inhibits this enzyme. It follows that a lack of insulin will increase the
production of cholesterol. Thus, one of the main causes of
hypercholesterolemia in diabetes may be an increase in the intestinal
cholesterol acyltransferase-dependent cholesterol esterification.

Another explanation is that hyperglycemia can affect lipid
metabolism in a number of ways, including lowering the activity of the
enzyme lipoprotein lipase [LPL], which is essential for the digestion of
lipoproteins. LPL activity declined in diabetes, which may cause
triglyceride levels to rise and HDL levels to fall 12,

The levels of TG, TC, LDL, and HDL in diabetic rats improved when
they were given ZN supplements. It has been demonstrated that
supplementing with zinc increases the activity of lipoprotein lipase [LPL],
an enzyme essential to lipoprotein metabolism. HDL levels rise as a result
of LPL's hydrolysis of triglycerides in HDL particles (%,

Oxidative stress markers

When type 2 diabetes was induced in rats, oxidative stress was shown
by a significant rise in MDA and a fall in antioxidant enzymes in
comparison to control rats.

According to Casares et al.*l, oxidative stress is limited by
hyperglycemia, which is linked to diabetes. In diabetes, the hexokinase
becomes saturated when the glucose level rises, and the extra glucose is
partially broken down in the insulin-independent tissues using the polyol
pathway. Aldose reductase uses NADPH and H+ from the pentose-
phosphate pathway as cofactors to convert glucose to sorbitol, which is
then oxidized to NADP+.

Zinc supplementation improved the oxidative stress induced by DM.
It decreased MDA and increased the antioxidant enzymes in significant
manner. Antioxidant enzymes need a cofactor to sustain their catalytic
activity, which might be the mechanism. Accordingly, cytosolic SOD
requires copper and zinc to function, but mitochondrial SOD requires
manganese 71,

One well-known metal that is an antioxidant is zinc. It is a well-known
sulfhydryl group protector and an essential part of antioxidant enzymes
like SOD 1, Additionally, it contributes to the production of glutathione,
a potent antioxidant that may stop lipid peroxidation and scavenge free
radicals (9],

Liver enzymes

Alloxan and HFD ingestion led to a significant increase of ALT and
AST levels in diabetic rats when compared to control group.

Maroua et al. ) described how alloxan's hepatotoxic impact causes
the death of hepatic cells. The buildup of amino acids like alanine and
glutamic acid in the blood as a result of the body's protein breakdown
explains the rise in transaminases. Because transaminases have
considerable enzymatic activity, they may convert these amino acids into
carboxylic compounds like pyruvic acid and a ketoglutamic acid, which
can then be converted into glucose 11,
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Another factor is hyperglycemia, which can harm the body's tissues
and blood vessels, including the liver. Liver inflammation and oxidative
stress can be brought on by elevated blood glucose levels. Liver
impairment is indicated by elevated ALT and AST values [,
Additionally, immunological factors or the harmful effects of Alloxan may
cause liver disease.

According to Mukhlif et al. [, oxidative stress brought on by free
radical aggregation results in the destruction of liver cells and lipid
peroxidation of cell or mitochondrial membranes, which triggers an
inflammatory immune response.

When compared to the diabetic group, zinc treatment improves the
levels of the liver enzymes AST and ALT in diabetic rats. The metals of
this element have chelating and anti-free radical/anti-oxidant properties,
which may be responsible for the correction of plasma transaminase
activity and cell membrane stability 7,

As a result, zinc protects the liver under a variety of harmful
circumstances. These results are in line with those of Kataba et al. Y,
who proposed that zinc benefits rat histological and enzymatic changes.

Serum creatinine

Induction of type 2 DM by Alloxan and HFD ingestion led to a
significant increase in creatinine level in diabetic rats when compared to
control.

According to Zhang et al. 7, alloxan has been shown to induce acute
tubule-interstitial nephritis, which in turn leads to nephrotoxicity. Renal
alterations mostly affect the proximal convoluted tubules' epithelium and
range from swelling to necrosis.

Another explanation is provided by Riyani et al. %, who claimed that
hyperglycemia brought on by Alloxan can harm the body's tissues and
blood vessels, including the kidneys. Reduced kidney function and protein
leaks into the urine can result from damage to the glomeruli. Creatinine
builds up in the blood when renal function is compromised, which raises
the amount of creatinine.

It was found that ZN supplementation in diabetic rats caused
improvement in the level of creatinine. Its preventive function explains the
drop in renal parameter rate following the administration of ZN
supplements. Zn is a non-toxic metal with an antioxidant ability that
neutralizes free radicals to prevent or slow down oxidation, enhancing
tissue function to prevent cell membrane rupture 4,

In conclusion, administration of Zn to diabetic rats by a dose of
100mg /kg led to improvement in food intake, a state of hyperglycemia,
lipid profile, liver enzymes which was illustrated by histopathology of
pancreatic and liver tissues. Also, it led to improvement of oxidative stress
and renal dysfunction induced by DM.

The results of the current study should be treated cautiously due to
small sample size in each group and short duration of the study [limiting
steps of the current work]. Future clinical trials are recommended to
validate these results.

Financial and non-financial activities and relationships of
interest:

None



Elmetwally TBA, et al.

IJMA 2025 Apr; 7[4]:5587-5597

REFERENCES

1. Roden M, Shulman GI. The integrative biology of type 2 diabetes. Nature 2019
Dec;576[7785]:51-60. doi: 10.1038/s41586-019-1797-8.

2. Ke C, Narayan KMV, Chan JCN, Jha P, Shah BR. Pathophysiology, phenotypes
and management of type 2 diabetes mellitus in Indian and Chinese
populations. Nat Rev Endocrinol. 2022 Jul; 18 [7]: 413-432. doi:
10.1038/541574-022-00669-4.

3. Gallicia-Garcia U, Benito-Vicente A, Jebari S, Larrea-Sebal A, Siddigi H, Uribe
KB, Ostolaza H, Martin C. Pathophysiology of Type 2 Diabetes Mellitus.
Int J Mol Sci. 2020 Aug 30;21[17]:6275. doi: 10.3390/ijms21176275.

4.Zhao X, An X, Yang C, Sun W, Ji H, Lian F. The crucial role and mechanism of
insulin resistance in metabolic disease. Front Endocrinol [Lausanne].
2023 Mar 28; 14:1149239. doi: 10.3389/fendo.2023.1149239.

5. Gonzalez P, Lozano P, Ros G, Solano F. Hyperglycemia and Oxidative Stress:
An Integral, Updated and Critical Overview of Their Metabolic
Interconnections. Int J Mol Sci. 2023 May 27;24[11]:9352. doi: 10.3390/
ijms24119352.

6. Lima JEBF, Moreira NCS, Sakamoto-Hojo ET. Mechanisms underlying the
pathophysiology of type 2 diabetes: From risk factors to oxidative stress,
metabolic dysfunction, and hyperglycemia. Mutat Res Genet Toxicol
Environ Mutagen. 2022 Feb-Mar;874-875:503437. doi: 10.1016/
j-mrgentox.2021.503437.

7. Khalid M, Alkaabi J, Khan MAB, Adem A. Insulin Signal Transduction
Perturbations in Insulin Resistance. Int J Mol Sci. 2021 Aug 10;22
[16]:8590. doi: 10.3390/ijms22168590.

8. Ho JI, Ng EY, Chiew Y, Koay Y, Chuar PF, Phang SCW, Ahmad B, Kadir
KA. The effects of vitamin E on non-proliferative diabetic retinopathy in
type 2 diabetes mellitus: Are they sustainable with 12 months of therapy.
SAGE Open Med. 2022 May 26;10: 20503121221095324. doi:
10.1177/20503121221095324.

9. Yousefian M, Abedimanesh S, Yadegar A, Nakhjavani M, Bathaie SZ. Co-
administration of "L-Lysine, Vitamin C, and Zinc" increased the
antioxidant activity, decreased insulin resistance, and improved lipid
profile in streptozotocin-induced diabetic rats. Biomed Pharmacother.
2024 May; 174:116525. doi: 10.1016/j.biopha.2024.116525.

10. Barman S, Srinivasan K. Diabetes and zinc dyshomeostasis: Can zinc
supplementation mitigate diabetic complications? Crit Rev Food Sci
Nutr. 2022;62[4]:1046-1061. doi: 10.1080/10408398.2020.1833178.

11. Kambe T, Tsuji T, Hashimoto A, Itsumura N. The physiological, biochemical,
and molecular roles of zinc transporters in zinc homeostasis and
metabolism. Physiol Rev. 2015; 95:749-784. doi: 10.1152/physrev.
00035.2014.

12. Zoroddu MA, Aaseth J, Crisponi G, Medici S, Peana M, Nurchi VM. The
essential metals for humans: a brief overview. J Inorg Biochem. 2019;
195:120-129. doi: 10.1016/j.jinorghio.2019.03.013

13. O'Connor JP, Kanjilal D, Teiteloaum M, Lin SS, Cottrell JA. Zinc as a
therapeutic agent in bone regeneration. Materials [Basel] 2020;13[10]
doi: 10.3390/mal3102211.

14. Skalny AV, Rink L, Ajsuvakova OP, Aschner M, Gritsenko VA, Alekseenko
Sl, etal. Zinc and respiratory tract infections: Perspectives for COVID-19
[Review] Int J Mol Med. 2020;46[1]:17-26. doi: 10.3892/ijmm.2020.
4575.

15. Molenda M, Kolmas J. The Role of Zinc in Bone Tissue Health and
Regeneration-a Review. Biol Trace Elem Res. 2023 Dec;201[12]:5640-

5596

5651. doi: 10.1007/s12011-023-03631-1.

16. Zou P, Du Y, Yang C, Cao Y. Trace element zinc and skin disorders. Front
Med. 2023; 9:1093868. doi: 10.3389/fmed.2022.1093868.

17. Wang X, Wu W, Zheng W, Fang X, Chen L, Rink L, Min J, Wang F. Zinc
supplementation improves glycemic control for diabetes prevention and
management: a Systematic review and meta-analysis of randomized
controlled trials. Am J Clin Nutr. 2019 Jul 1;110[1]:76-90. doi: 10.1093/
ajcn/ngz041.

18. Hussein M, Fathy W, Hassan A, Elkareem RA, Marzouk S, Kamal YS. Zinc
deficiency correlates with severity of diabetic polyneuropathy. Brain
Behav. 2021 Oct;11[10]: e2349. doi: 10.1002/brh3.2349.

19. Ajiboye BO, Ojo OA, Akuboh OS, Abiola OM, Idowu O, Amuzat AO. Anti-
Hyperglycemic and Anti-Inflammatory Activities of Polyphenolic-Rich
Extract of Syzygium cumini Linn Leaves in Alloxan-Induced Diabetic
Rats. J Evid Based Integr Med. 2018 Jan-Dec; 23: 2515690X18770630.
doi: 10.1177/2515690X18770630.

20. Mamikutty N, Thent ZC, Sapri SR, Sahruddin NN, Mohd Yusof MR, Haji
Suhaimi F. The establishment of metabolic syndrome model by induction
of fructose drinking water in male Wistar rats. Biomed Res Int. 2014;
2014:263897. doi: 10.1155/2014/263897.

21. Al-Quraishy S, Dkhil MA, Abdel Moneim AE. Anti-hyperglycemic activity of
selenium nanoparticles in streptozotocin-induced diabetic rats. Int J
Nanomedicine. 2015 Oct 29; 10:6741-56. doi: 10.2147/1JN.S91377.

22. Huggett AS, Nixon DA. Use of glucose oxidase, peroxidase, and O-dianisidine
in determination of blood and urinary glucose. Lancet. 1957 Aug 24;2
73[6991]:368-70. doi: 10.1016/50140-6736[57]92595-3.

23. Nayak SS, Pattabiraman TN. A new colorimetric method for the estimation of
glycosylated hemoglobin. Clin Chim Acta. 1981 Feb 5;109[3]:267-74.
doi: 10.1016/0009-8981[81]90312-0.

24. Voller A, Bartlett A, Bidwell DE. Enzyme immunoassays with special
reference to ELISA techniques. J Clin Pathol. 1978 Jun;31[6]:507-20.
doi: 10.1136/jcp.31.6.507.

25. Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G, Quon MJ.
Quantitative insulin sensitivity check index: asimple, accurate method for
assessing insulin sensitivity in humans. J Clin Endocrinol Metah. 2000
Jul;85[7]:2402-10. doi: 10.1210/jcem.85.7.6661.

26. Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction. Anal Biochem. 1979 Jun;95[2]:351-8. doi:
10.1016/0003-2697[79]90738-3.

27. Koracevic D, Koracevic G, Djordjevic V, Andrejevic S, Cosic V. Method for
the measurement of antioxidant activity in human fluids. J Clin Pathol.
2001 May;54[5]:356-61. doi: 10.1136/jcp.54.5.356.

28. Aebi H. Catalase in vitro. Methods Enzymol. 1984; 105:121-6. doi:
10.1016/50076-6879[84]05016-3.

29. Paglia DE, Valentine WN. Studies on the quantitative and qualitative
characterization of erythrocyte glutathione peroxidase. J Lab Clin Med.
1967 Jul;70[1]:158-69. PMID: 6066618.

30. Richmond W. Preparation and properties of a cholesterol oxidase from
Nocardia sp. and its application to the enzymatic assay of total cholesterol
in serum. Clin Chem. 1973 Dec;19[12]:1350-6. PMID: 4757363.

31. Fossati P, Prencipe L. Serum triglycerides determined colorimetrically with an
enzyme that produces hydrogen peroxide. Clin Chem. 1982 Oct;28[10]:
2077-80. PMID: 6812986.



Elmetwally TBA, et al.

IJMA 2025 Apr; 7[4]:5587-5597

32. Slot C. Plasma creatinine determination. A new and specific Jaffe reaction
method. Scand J Clin Lab Invest. 1965;17[4]:381-7. doi: 10.3109/
00365516509077065.

33. Hossain MJ, Al-Mamun M, Islam MR. Diabetes mellitus, the fastest growing
global public health concern: Early detection should be focused. Health
Sci Rep. 2024 Mar 22;7[3]: €2004. doi: 10.1002/hsr2.2004.

34. Pasupuleti VR, Arigela CS, Gan SH, Salam SKN, Krishnan KT, Rahman NA,
Jeffree MS. A Review on Oxidative Stress, Diabetic Complications, and
the Roles of Honey Polyphenols. Oxid Med Cell Longev. 2020 Nov 23;
2020:8878172. doi: 10.1155/2020/8878172.

35. Akure JY, Ahmed M, Bukar H, Simon, G. Short term effect of zinc
administration on some biochemical parameters and antioxidant enzymes
inalbino rats. IntJ Life Sci Biotechnol Pharma Res 2020; 3: 317-24. DOI:
10.38001/ijIsb.741158

36. Yin P, Wang Y, Yang L, Sui J, Liu Y. Hypoglycemic Effects in Alloxan-
Induced Diabetic Rats of the Phenolic Extract from Mongolian Oak Cups
Enriched in Ellagic Acid, Kaempferol and Their Derivatives. Molecules.
2018 Apr 30;23[5]:1046. doi: 10.3390/molecules23051046.

37. Khorshidi M, Zarezadeh M, Sadeghi A, Teymouri A, Emami MR, Kord-
Varkaneh H, et al. The Effect of Zinc Supplementation on Serum Leptin
Levels: A Systematic Review and Meta-Analysis of Randomized
Controlled Trials. Horm Metab Res. 2019 Aug;51[8]:503-510. doi:
10.1055/a-0955-6662.

38. Mukhlif Z, Rahim S, Jumaa Jamal M. The Effect of Diabetes on the
Histological Parameters in Alloxan Induced Diabetes Male Rats. Prensa
Med Argent 2020; 106, 264. doi: 10.47275/0032-745X-264.

39. Olechnowicz J, Tinkov A, Skalny A, Suliburska J. Zinc status is associated with
inflammation, oxidative stress, lipid, and glucose metabolism. J Physiol
Sci. 2018 Jan;68[1]:19-31. doi: 10.1007/s12576-017-0571-7.

40. Bjerklund G, Dadar M, Pivina L, Dogsa MD, Semenova Y. The Role of Zinc
and Copper in Insulin Resistance and Diabetes Mellitus. Curr Med Chem.
2020;27[39]:6643-6657. doi: 10.2174/0929867326666190902122155.

41. Obi-Ezeani NC, Otuu FC, Onyeanwusi JC, et al. Evaluation of oxidative stress-
induced diabetic complications on alloxan-treated hyperglycaemic rats,
using some biochemical parameters and histological profiles of three
major organs. MOJ Toxicol. 2018;4[2]:59-67. DOI: 10.15406/mojt.
2018.04.00091.

42. Bodaghi AB, Ebadi E, Gholami MJ, Azizi R, Shariati A. A decreased level of
high-density lipoprotein is a possible risk factor for type 2 diabetes
mellitus: A review. Health Sci Rep. 2023 Dec 20;6[12]: e1779. doi:
10.1002/hsr2.1779.

43. Heidari Seyedmahalleh M, Montazer M, Ebrahimpour-Koujan S, Azadbakht
L. The Effect of Zinc Supplementation on Lipid Profiles in Patients with
Type 2 Diabetes Mellitus: A Systematic Review and Dose-Response
Meta-Analysis of Randomized Clinical Trials. Adv Nutr. 2023
Nov;14[6]:1374-1388. doi: 10.1016/j.advnut.2023.08.006.

5597

44, Casares D, Escriba PV, Rosselld CA. Membrane Lipid Composition; Effect on
Membrane and Organelle Structure, Function and Compartmentalization
and Therapeutic Avenues. Int J Mol Sci. 2019 May 1;20[9]:2167. doi:
10.3390/ijms20092167.

45. Sulinskiené J, Bernotiené R, Baranauskiené D, Naginiené R, Staneviciené I,
Kasauskas A, Ivanov L. Effect of Zinc on the Oxidative Stress
Biomarkers in the Brain of Nickel-Treated Mice. Oxid Med Cell Longev.
2019 Sep 2; 2019:8549727. doi: 10.1155/2019/8549727.

46. Prasad AS, Bao B. Molecular Mechanisms of Zinc as a Pro-Antioxidant
Mediator: Clinical Therapeutic Implications. Antioxidants [Basel]. 2019
Jun 6;8[6]:164. doi: 10.3390/antiox8060164.

47. Maroua Z, Iman S, Zineb M, Samir D. Evaluation of in-vitro Antioxidant and
Anti-diabetic activities of leave aqueous extracts of Oudneya Africana.
World J Pharm Sci. 2018; 14: 48-53.

48. Pollegioni L, Rosini E, Molla G. Advances in Enzymatic Synthesis of D-Amino
Acids. Int J Mol Sci. 2020 May 1;21[9]:3206. doi: 10.3390/
ijms21093206.

49. Wan JY, Yang LZ. [2022]: Liver enzymes are associated with hyperglycemia
in diabetes: A three-year retrospective study. Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy 2020; 545-55. doi:
10.2147/DMS0.S350426

50. Coni P, Pichiri G, Lachowicz JI, Ravarino A, Ledda F, Fanni D, et al. Zinc as
a Drug for Wilson's Disease, Non-Alcoholic Liver Disease and COVID-
19-Related Liver Injury. Molecules. 2021 Oct 31;26[21]:6614. doi:
10.3390/molecules26216614.

51. Kataba A, Nakayama SMM, Yohannes YB, Toyomaki H, Nakata H, Ikenaka
Y, Ishizuka M. Effects of zinc on tissue uptake and toxicity of lead in
Sprague Dawley rat. J Vet Med Sci. 2021 Oct 31;83[11]:1674-1685. doi:
10.1292/jvms.20-0684.

52. Zhang P, Li T, Wu X, Nice EC, Huang C, Zhang Y. Oxidative stress and
diabetes: antioxidative strategies. Front Med. 2020 Oct;14[5]:583-600.
doi: 10.1007/s11684-019-0729-1.

53. Riyani A, Nerisandi R, Wiryanti W, Rahmah W, Kurnaeni, N. The correlation
between creatinine levels and estimated glomerular filtration rate [GFR]
with blood glucose levels in diabetes mellitus type 2 patients. Healthcare
in Low-Resource Settings 2024; 12: 10-2. doi: 10.4081/hls. 2023.11790.

54. Sharifi-Rad M, Anil Kumar NV, Zucca P, Varoni EM, Dini L, Panzarini E, et
al. Lifestyle, Oxidative Stress, and Antioxidants: Back and Forth in the
Pathophysiology of Chronic Diseases. Front Physiol. 2020 Jul 2; 11:694.
doi: 10.3389/fphys.2020.00694.



IJNA

INTERNATIONAL

JouRrNAL oF MEbpicaL
ARTs 4

http://ijma.journals.ekb.eg/

l P-ISSN: 2636-4174
E-ISSN: 2682-3780




