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Abstract: Background: Oxidative stress, lipid profile and renal functions are well-known conventional
risk factors for diabetes mellitus (DM). Metformin and gliclazide are popularly used monotherapy
drugs for the treatment of DM. Aims: This study aims to assess the short-term treatment of single
and dual therapy of glipizide/metformin on oxidative stress, glycemic control, serum lipid profiles
and renal function in diabetic rats. Methods: DM was induced in rats with streptozotocin (STZ),
then five different treatments were applied, including group I (untreated healthy control), group II
(diabetic and untreated), group III (diabetic and treated with metformin), group IVI (diabetic and
treated with glipizide) and group V (diabetic and treated with a combination of metformin and
glipizide. Lipid peroxidation (LPO), nitric oxide (NO), total antioxidant capacity (TAC), fasting
blood glucose (FBG), glycated hemoglobin (HbA1c), total cholesterol, triglycerides, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), creatinine and urea were measured. Results:
Compared to the untreated DM group, FBG and HbA1c were significantly reduced in the DM groups
(p < 0.01) treated with metformin (159.7 mg/dL & 6.7%), glipizide (184.3 mg/dL & 7.3%) and dual
therapy (118 mg/dL & 5.2%), respectively. Treatment with dual therapy and metformin significantly
decreased LPO and NO levels but increased TAC in diabetic rats more than glipizide compared to
untreated diabetic rats. Furthermore, metformin (19.8 mg/dL, p < 0.001), glipizide (22.7 mg/dL,
p < 0.001), and dual therapy (25.7 mg/dL, p < 0.001) significantly decreased urea levels in the treated
rats compared to untreated DM rats (32.2 mg/dL). Both drugs and their combination exhibited a
substantial effect on total cholesterol, HDL, LDL and atherogenic index. Conclusions: These results
suggest that the therapeutic benefits of metformin and glipizide are complementary. Metformin exhibited
superior performance in improving glycemic control and decreasing oxidative stress, while glipizide
was more effective against dyslipidemia. These findings could be helpful for the treatment of future
vascular patients, antilipidemic medicines and antioxidant therapy to improve the quality of life.
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1. Introduction

Diabetes mellitus (DM) is a chronic disorder associated with a group of metabolic
derangements characterized by elevated blood sugar levels, frequent urination, increased
hunger and increased appetite. DM can lead to several untreated problems, such as diabetic
ketoacidosis, hyperosmolar hyperglycemic disorders or death [1]. Severe, long-lasting
risks include heart failure, chronic kidney disease, foot ulcers, nerve damage, eye injury
and cognitive disability [2,3]. DM has three major types. Type 1 diabetes is attributed
to the pancreas’ inability to produce adequate insulin associated with beta-cell loss [4].
Type 2 diabetes begins with insulin resistance, where cells respond incorrectly to insulin.
Gestational diabetes is the third primary type that occurs when pregnant women experience
elevated blood sugar levels without a prior history of DM [5].

Oxidative stress (OS) is caused by an imbalance between oxygen-derived radicals and
the organism’s antioxidant potential. This disrupts the natural cellular balance between
radical production and defense. This causes oxidative damage to proteins, lipids and
nucleic acids [6]. OS leads to an enormous number of diseases over time, including DM,
atherosclerosis, inflammatory conditions, hypertension, heart disease, neurodegenerative
diseases and cancer [7,8]. Oxidative stress is enhanced in both insulin-dependent and
non-insulin-dependent diabetes. In addition, increasing the generation of free radicals
and oxidative stress is a critical event in the development of the micro-and macrovascular
complications of diabetes [3]. This hypothesis has been supported by the demonstration
of elevated levels of oxidative stress biomarkers in patients with type 2 diabetes who are
suffering from complications of their disease [9]. As a result, it appears plausible to assume
that antioxidants can play a significant role in the improvement of diabetic symptoms.
Various studies have linked diabetes to increased free radical formation and decreased
antioxidant capacity [9]. Furthermore, numerous studies have been conducted on the
impact of antioxidants in the management of diabetes [9].

Dyslipidemia is an abnormal level of lipids in the blood (e.g., triglycerides, fat phos-
pholipids and cholesterol). Dyslipidemia is one of the most significant risk factors for DM
and cardiovascular disease [10]. Atherosclerosis is accelerated in both type 1 and type 2
and is induced in diabetic patients by dyslipidemia [11]. Dyslipidemia in diabetic patients
suggests the presence of what is known as the lipid triad: hypertriglyceridemia, low levels
of high-density lipoprotein (HDL) and high levels of low-density lipoprotein (LDL) [10,12].
However, other studies have reported normal or minimally elevated total cholesterol levels
in diabetic patients despite the risk of cardiovascular disease [13].

Hyperglycemia due to DM stimulates glucose self-oxidation to produce free radicals,
which contribute to macro and microvascular dysfunction [14]. DM can lower antioxidant
protection by reducing plasma/serum status or free radical scavenging activity, and in-
creasing plasma-oxidization levels of specific antioxidant agents like ascorbic acid and
vitamin E. Furthermore, people with type 2 diabetes showed a decrease in the endothelial
synthesis of nitric oxide (NO) [15]. Current clinical trials consider the therapeutic potential
of medications for DM based on the present understanding of the pathogenesis of diabetic
complications. However, studies on antidiabetic drug efficacy have raised significant con-
cerns, such as the effects of the medications on antioxidant properties [16], serum lipid
profiles [17], blood glucose levels and overall safety [18].

Renal disease is a severe and recurrent DM complication. Kidney damage in DM
may occur due to arterial (renovascular) and microvascular (classic diabetic renal disease)
factors [19]. Furthermore, DM is the major reason for end-stage renal disease (ESRD).
Controlling the glucose level is the best method to avoid diabetic kidney diseases [20].
Diabetic kidney disease affects about 35% of the diabetic population. Moreover, there
is a growing risk of cardiovascular mortality at each successive stage of diabetic kidney
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disease. The number of patients expected to progress to a chronic renal disorder may
increase with the younger onset of diabetes among patients with diabetes [21,22]. Kidney
disease is typically divided into five stages by glomerular filtration rate (GFR). The first stage
presents with albuminuria or another abnormal feature. Then, the next four stages are
measured under the 90, 60, 30 and 15 mL/minute/1.73 m2 threshold deterioration. The
GFR is measured in normal clinical practice from serum creatinine, age and sex using a
diabetes test [21].

Metformin monotherapy has been shown to improve metabolic disorders [23] and
reduce oxidative stress [24] in diabetic patients. Many DM patients used metformin alone
to regulate their blood glucose levels. In contrast, metformin is used in combination with
glipizide to effectively lower blood glucose levels, although they function in different ways.
In addition to decreasing the quantity of glucose produced in the liver, metformin also
increases the amount of glucose absorbed by muscle tissue; gliclazide increases the amount
of insulin produced by the pancreas [23].

Gliclazide (Diamicron®, Servier (Ireland) Industries Ltd, Ireland, 160–320 mg daily)
and Glipizide (Minodiab®, Pfizer (USA), New York, NY, USA, 2.5–5 mg daily) belong to
a class of drugs known as second-generation sulfonylureas. Second-generation sulfony-
lureas have a more non-polar side chain than first-generation sulfonylureas, increasing
their hypoglycemic potency. There are differences between gliclazide and glipizide in the
dose, absorption rate, duration of action, elimination route and binding site on the target
pancreatic cell receptor. These tablets work by stimulating the pancreas gland to produce
more insulin hormone and lower blood glucose. They are frequently used in combination
with Metformin. It has been proven that combining gliclazide with metformin synergis-
tically lowers glycosylated hemoglobin (HbA1c) level [25]. Nevertheless, the combined
metformin/gliclazide therapy has a therapeutic effect on oxidative stress, lipid profile and
hepatorenal functions [26].

The effects of the combination of gliclazide and metformin on oxidative stress, lipid
profile and renal dysfunction have been studied in diabetic patients. However, the combi-
nation of metformin and glipizide medication and its effect on oxidative stress, lipid profile
and renal function has not been well studied. Furthermore, examining the effectiveness of
the metformin/glipizide as a combination therapy in treating type 2 diabetes needs to be
further investigated.

Thus, the present study aims to evaluate the effect of metformin and/or glipizide
on oxidative stress, lipid profile and renal dysfunction by measuring urea and creatine
level, readjusting glycemic control, correcting dyslipidemia and achieving therapeutic benefits
without significant toxic effects in streptozotocin-induced diabetic rats. It is also the aim of this
study to compare the efficacy of metformin with glipizide in treating type 2 diabetes (T2DM).

2. Materials and Methods
2.1. Materials

Streptozotocin (STZ), metformin hydrochloride, total glycated hemoglobin kit and
glipizide were purchased from Sigma Aldrich (St. Louis, MO, USA). Lipid peroxidation
(LPO) assay kit, total serum nitrate/nitrite (NO(x)) kit, total antioxidant capacity (TAC)
kit, serum creatinine, and urea concentration kits were purchased from Biodiagnostic
(Cat. Tahrir, Cairo, Egypt). Triglycerides assay kit, total cholesterol assay kit, HDL& LDL
precipitating reagent kit were purchased from United Diagnostics Industry (UDI, Makka,
KSA). All chemicals used were of analytical grade and were used as received without any
further purification. All solutions were prepared with Millipore water.

2.2. Ethics

The Health Research Ethics, Deanship of Scientific Research, Qassim University (Ap-
proval No: 18-02-07), following the National Research Council (US) Guide for the Care and
Use of Laboratory Animals [27].
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2.3. Animals

The present study used 30 male Sprague Dawley rats with an age range of between
5 and 6 months, weighing 200–250 g, obtained from the animal house at the College of
Pharmacy, Qassim University, Saudi Arabia. The rats were maintained in a room at a
temperature of 25–27 ◦C, a humidity of 50–80%, and a 12:12-h light: dark cycle. The animals
had free access to standard pulverized rat pellets and water throughout the experiments.

2.4. Experimental Groups

The rats were divided into five groups of equal size (N = 6 rats per group): group I
(untreated healthy control), group II (diabetic and untreated), group III (diabetic and treated
with metformin), group IV (diabetic and treated with glipizide) and group V (diabetic and
treated with a combination of metformin and glipizide). Then, the rats were maintained in
a room at a temperature of 25–27 ◦C, a humidity of 50–80%, and a 12:12-h light: dark cycle
with free access to water and food [28,29]. A two-tail option provided effect size d as 4.27
on G Power V.3.1.9.4 software, Neu-Isenburg, Germany [30], while to obtain the statistical
power (1-β err prob) of 80% and a specific α error probability of 0.05, the least animal size
per group was n > 3.

2.5. Induction of Diabetes

DM was induced in all groups by administering a single dose (65 mg/kg body weight)
of streptozotocin (STZ). STZ was freshly dissolved in 5 mM citrate buffer, pH 4.5, and
was then injected into rats by the intraperitoneal route of administration (i.p.) [31,32]. STZ
injections were preceded by administering nicotinamide at 230 mg/kg i.p. to partially
protect the β-cells against STZ [32,33]. Two days after administering STZ, fasting blood
glucose levels (BGLs) were measured with an Accu-Chek glucometer (Roche, Germany)
using blood samples taken from the tip of the tail. DM was successfully induced in all rats,
as indicated by high BGLs (i.e., BGL > 200 mg/L in all cases) [34].

2.6. Medications

Rats in group I and group II (diabetic and untreated) received distilled water through
oral gavage twice daily with no medications. Metformin was dissolved in distilled water
and orally administered b.i.d. to rats in group III at a dose of 60 mg/kg of body weight [35]
via an intragastric tube. Glipizide was dissolved in distilled water and orally administered
to rats in group IV at a dose of 2.5 mg/kg of body weight/day once daily [36] via oral
gavage. Finally, group V was administered both drugs. All groups were treated for three
weeks following the onset of DM. For each of the three groups, random BGL was obtained
daily using blood samples taken from the tip of the tail. At the end of the experiment,
the rats were anesthetized and sacrificed using the ‘open-drop’ method with an ether-
impregnated cotton ball in a bell jar for 5–10 min. Blood samples were collected from
the medial canthus of the eye and a heart puncture, then stored in sterilized tubes for
serum separation and total glycated hemoglobin (HbA1c) from was measured from whole
blood [37].

2.7. Biochemical Assays
2.7.1. Glycemic Control for Total Glycated HbA1c Assay

Total HbA1c was estimated according to a standard technique by Bunn & Gallop et al. [38],
using an entire glycated hemoglobin kit.

2.7.2. Oxidative Stress

The extent of (Lipid peroxidation (LPO) assay) was determined calorimetrically (expressed
in nmol/L) according to Ohkawa et al. [39] using an LPO assay kit (Cat. No. MD 2529).
Moreover, the total serum nitrate/nitrite (NO(x)) was measured calorimetrically (expressed
in nmol/mL) according to Miranda et al. [40] through the acidic Griess reaction using total
nitric oxide and nitrate/nitrite assay kit. Furthermore, the total antioxidant capacity (TAC)
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was measured calorimetrically (expressed in mM/L) according to Kovacevic et al. [41]
using a TAC kit, Sigma-Aldrich, St. Louis, MO, USA, (Cat. No. TA2513).

2.7.3. Lipid Profile Assays

Serum triglycerides were measured via enzymatic colorimetric detection according
to Fossati & Prencipe et al. [42] using the glycerol-3-phosphatase oxidase (GPO) method
(expressed in mg/dL) with a Serum Triglyceride Determination Kit (Cat. No. EL59L-1000;
KSA). Moreover, the total cholesterol (expressed in mg/dL) was measured using an enzy-
matic liquid-phase colorimetric test. The cholesterol oxidase phenol-4-aminophenazone-
peroxidase (CHOD-PAP) method was proceeded according to Allain et al. [43] using a
cholesterol assay kit from UDI (Cat. No. EL24-1200; KSA). The HDL (expressed in mg/dL)
was measured via an enzymatic colorimetric test using the HDL-precipitating reagent
phosphotungstate in the presence of divalent cation (Mg+2) according to the procedure re-
ported by Warnick et al. [44] using the HDL kit (Cat. No. EL41-360; KSA). Furthermore, an
indirect measurement of LDL (expressed in mg/dL) was performed using the Friedewald
equation [45] based on the levels of total cholesterol, HDL and triglycerides as follows:

LDL = Total cholesterol − HDL − (
Trigfivfiveycerides

5
)

VLDL-C was calculated based on the formula [46]

VLDL =
Triglycerides

2.2

The atherogenic index was calculated on the formula [47]

AIP = log(
Triglycerides

HDL
)

2.7.4. Renal Function Assay

Serum creatinine and urea concentrations were measured spectrophotometrically (ex-
pressed in mg/dL) according to Fabiny and Ertingshausen et al. [48] and Tabacco et al. [49],
using creatinine assay and urea kits, respectively.

2.8. Statistics

Statistical analyses were performed using SPSS (SPSS for Windows version 26; IBM
Corp., Armonk, NY, USA). GraphPad Prism Version 9 was used to draw the figures. Data
are expressed as the mean (M) ± standard deviation (SD) and presented using bar charts.
The Shapiro—Wilk test was used to verify that data were normally distributed. One-way
analysis of variance (ANOVA) followed by either Tukey’s HSD or Kruskal Wallis posthoc
tests were performed to compare the study groups based on variance equality. Pearson
(average) and Spearman’s (not standard) correlation coefficient (r-value) were calculated
using the GraphPad Prisms. Significance was considered when the p-value was <0.05.

3. Results
3.1. Glycaemic Control Assays

FBG levels were monitored in the different groups studied. The metformin combina-
tion with glipizide had the most effective hypoglycemic effects. Compared to the untreated
DM group (362.7 mg/dL), FBG levels were significantly reduced in DM groups treated
with metformin (159.7 mg/dL, p < 0.01), glipizide (184.3 mg/dL, p < 0.01) and dual therapy
(118 mg/dL, p < 0.01).

HbA1c is glycated hemoglobin glucose mainly bound to the hemoglobin β chain
N-terminal valine. HbA1c can be easily precipitated depending on the differences in net
charge. The enzyme method currently available measures HbA1c by explicitly applying an
enzyme that sticks to the N-terminal valine [49].
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The results showed that the level of HbA1c decreased markedly in diabetic rats treated
with metformin compared to untreated diabetic rats (6.73 ± 0.4% vs. ~9.0 ± 0.7%, p < 0.001)
(Figure 1).

Figure 1. Effects of metformin, glipizide and their combination on (A) fasting blood glucose levels
(FBG) and (B) glycated hemoglobin (HbA1c) levels in diabetic rats. The data is expressed as the
Mean ± SD. A, B, and C notation (in capital letters) indicate the significant difference levels p < 0.001,
p < 0.01, and p < 0.05 between studied groups and healthy controls, respectively. While a, b and c
notation (in small letters) indicate the significant difference levels p < 0.001, p < 0.01, and p < 0.05
between studied groups and untreated DM groups, respectively.

Similarly, the HbA1c level was significantly lower in diabetic rats following treatment
with glipizide than in untreated diabetic rats (7.3 ± 1.5% vs. 9.0 ± 0.7%, p = 0.01), and
the combination of glipizide and metformin was the most effective at decreasing the level
of HbA1c and FBG to the expected levels of the untreated healthy control (5.2 ± 0.4%)
(Figure 1A,B). The results suggest that metformin more effectively controls blood glucose
levels in diabetic rats than glipizide. The combination of both drugs showed synergistic
interaction and is more effective than single therapy in terms of glycemic control.

3.2. Oxidative Stress Assays

Remarkable changes in the LPO, NO and TAC levels were detected in the positive
control group, signifying the induction of oxidative stress due to DM induced by STZ [50].

In Figure 2, in relation to healthy rats, the diabetic rats have a significantly high level
of LPO (17.5 nmol/L vs. 9.5 nmol/L, p < 0.001) and NO (18.3 nmol/L vs. 8.8 nmol/L,
p < 0.001) and significantly low levels of TAC (0.2 mmol/L vs. 0.8 mmol/L, p < 0.001)
(Figure 2A–C).
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Figure 2. Effects of metformin, glipizide and their combination on the levels of (A) lipid peroxidation
(LPO), (B) nitric oxide (NO) and (C) total antioxidant capacity (TAC) in diabetic rats. The data is
expressed as the Mean ± SD. A, B, and C notation (in capital letters) indicate the significant difference
levels p < 0.001, p < 0.01, and p < 0.05 between studied groups and healthy controls, respectively.
While a, b and c notation (in small letters) indicate the significant difference levels p < 0.001, p < 0.01,
and p < 0.05 between studied groups and untreated DM groups, respectively.

The results showed treating diabetic rats with metformin significantly decreased LPO
(10.6 nmol/L vs 17.5 nmol/L, p < 0.01) and NO (11.2 nmol/L vs 18.3 nmol/L, p = 0.01), and
increased TAC (0.6 mM/L vs 0.2 mM/L, p < 0.001) in comparison to levels in untreated
diabetic rats (Figure 2A–C). In contrast, treating diabetic rats with glipizide showed a sig-
nificant reduction in LPO (12.11 nmol/L) and NO (13.5 1 nmol/L) compared to the diabetic
rat; an increase in TAC was comparable to those of untreated diabetic rats (Figure 2C).
Interestingly, the combination of metformin and glipizide significantly decreased the levels
of LPO and NO and significantly increased the levels of TAC compared to the untreated
diabetes rats (Figure 2A–C).

3.3. Lipid Profile Assays

Figure 3 showed an increase in the levels of lipid profile parameters except for HDL in
diabetic rats compared to the health control (p < 0.001, p < 0.05 for TG). The group treated
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with metformin, glipizide and combination showed no remarkable change in total choles-
terol (Figure 3A), TG (Figure 3B) and VLDL (Figure 3E) compared to the healthy control.
The results showed that HDL increased significantly following treatment with metformin
(46.5 mg/dL) and the combination (51.7 mg/dL) more than glipizide rats (40.1 mg/dL) in
comparison to levels in the untreated diabetic group (32.1 mg/dL, p = 0.001) (Figure 3C).
With the same pattern, LDL levels were markedly lower in diabetic rats treated with
combination (33.8 mg/dL), metformin (43.7 mg/dL), and glipizide (46.2 mg/dL) than
untreated diabetic rats (72.2 mg/dL, p = 0.001) (Figure 3D). Furthermore, there were sig-
nificant changes in AIP from 0.60 in the diabetes control group to 0.39 mg/dL (p < 0.001),
0.48 mg/dL (p < 0.01) and 0.38 mg/dL (p < 0.001) in the cases of metformin, glipizide and
combination groups, respectively (Figure 3F).

Figure 3. Effects of metformin, glipizide and their combination on lipid profiles in diabetic rats;
(A) total cholesterol, (B) triglycerides, (C) HDL, (D) LDL, (E) VLDL, and (F) AIP. Each data is
expressed as the Mean ± SD. A, B, and C notation (in capital letters) indicate the significant difference
levels p < 0.001, p < 0.01, and p < 0.05 between studied groups and healthy controls, respectively.
While a, b and c notation (in small letters) indicate the significant difference levels p < 0.001, p < 0.01,
and p < 0.05 between studied groups and untreated DM groups, respectively.

3.4. Renal Function Assay

Creatine as a parameter of renal function was comparable between all treatment
groups with no considerable difference, meaning no change due to induction of DM by STZ
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(Figure 4A). At the same time, urea levels were significantly decreased in all treated groups
compared to untreated diabetic rats and untreated health control (p < 0.001) (Figure 4B).

Figure 4. Effects of metformin, glipizide, and their combination on kidney function tests (A) creatinine
and (B) urea in diabetic rats. Each data is expressed as the Mean ± SD. A, B and C notation (in capital
letters) indicate the significant difference levels p < 0.001, p < 0.01, and p < 0.05 between studied
groups and healthy controls, respectively. While a, b, and c notation (in small letters) indicate the
significant difference levels p < 0.001, p < 0.01, and p < 0.05 between studied groups and untreated
DM groups, respectively.

3.5. The Association between Oxidative Stress Markers and Atherogenic Index

To find the association and relation between the tested samples, a correlation coefficient
(r-value) was calculated. This correlation measures the linear relationship between the
tested samples. It is the ratio between the covariance of two variables such that the result
always has a value between −1 and 1.

Positive correlations were observed between AIP and both LPO (r = 0.77, p < 0.001,
Figure 5A) and NO (r = 0.74, p < 0.001, Figure 5B) and between LPO and NO (r = 0.84,
p < 0.001) (Figure 5D). While negative correlations were observed between TAC and AIP
(r = −0.72, p < 0.001, Figure 5C), LPO (r = −0.72, p < 0.001, Figure 5E), and NO (r = −0.78,
p < 0.001, Figure 5F).
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Figure 5. The correlation coefficient between studied oxidative stress markers and atherogenic
index plasma in all studied rats; (A) LPO vs AIP, (B) NO vs AIP, (C) TAC vs AIP, (D) NO vs LPO,
(E) TAC vs LPO, and (F) TAC vs NO. Data expressed as correlation coefficient (r) values and p < 0.001
indicates the significant difference between studied parameters.

3.6. The Association between Oxidative Stress Markers and FBG and Cholesterol Levels

Positive correlations were observed between NO and Cholesterol (r = 0.68, p < 0.001,
Figure 6A) and LPO and cholesterol (r = 0.67, p < 0.001, Figure 6B), as well as between LPO
and FBG (r = 0.76, p < 0.001, Figure 6D) and NO and FBG (r = 0.73, p < 0.001, Figure 6E).
While negative corrleations were observed between TAC and cholesterol (r = −0.49, p < 0.01,
Figure 6C) and FBG (r = −0.53, p < 0.001, Figure 6F).
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Figure 6. The correlation coefficient between studied oxidative stress markers and FBG and choles-
terol in all studied rats; (A) Total cholesterol vs NO, (B) Total cholesterol vs LPO, (C) Total cholesterol
vs TAC, (D) Total FBG vs LPO, (E) FBG vs NO, and (F) FBG vs TAC. Data expressed as correlation
coefficient (r) values and p < 0.001 indicates the significant difference between studied parameters.

4. Discussion

In the present study, we compared the beneficial effects of metformin, glipizide, and
their combination in diabetic rats and found that: (i) the treatment with the combination of
metformin and glipizide was more potent than single therapy in improving glycemic control
and attenuating oxidative stress, (ii) metformin was non-inferior to glipizide in improving
glycemic control and attenuating oxidative stress; (iii) glipizide exhibited a more powerful
effect against atherogenic dyslipidemia than metformin (only by increasing HDL levels
but most notably by lowering LDL); and (iv) neither drug significantly affected creatinine
levels or renal function, and metformin decreased urea levels further than glipizide or the
combination, indicating that both drugs were safe at the prearranged doses. The study
flowchart (Figure 7) represents all divided groups in the methodology. The rats were
anesthetized and sacrificed after three months, and blood samples were collected from the
medial canthus of the eye and a heart puncture. The HbA1C percent was determined using
whole blood, while the lipid profile, renal function tests and oxidative stress biomarkers
were determined using serum lipid peroxide, nitric oxide and total antioxidant capacity.
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Figure 7. Scheme summarizes all the experimental groups, treatment and administration.

Lipid peroxidation represents oxidative lipid degradation. Meanwhile, oxidative
stress plays a significant role in DM. One of the common treatments for type 2 diabetes
is the combination of metformin and glipizide; however, the therapeutic benefits of this
combination on oxidative stress, lipid profile and renal functions have not been thoroughly
investigated. The antioxidant indices, including LPO, NO and TAC, were measured in
this study. It is clear from the current study results that the parameters mentioned above
were comparable in all studied populations. When comparing diabetic patients receiving
combined therapy to those receiving metformin or glipizide monotherapy, the results were
more efficient for the diabetic rats. Nowadays, oxidative stress in diabetes is considered
the basis for the pathogenesis of all diabetes-related complications [51]. Glycemic control,
lipoprotein profile and hepatorenal function in diabetic patients are all adversely affected
by increased free radical production.

The findings of this study showed that the administration of a combination of met-
formin and glipizide significantly improved oxidative stress status in patients with type 2
diabetes. The synergistic interaction between both drugs with different targets and mech-
anisms of action leads to an increase in the antioxidant capacity, insulin secretion and
glucose uptake. This synergistic interaction results in control of oxidative stress damage
effects, the lipid profile and glycemic status. The conclusive evidence of such a combination
prevents the vascular complications of hyperglycemia (Figure 8).
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Figure 8. The synergistic interactions between metformin and Glipizide in diabetes with different
targets and mechanisms of action lead to decreased oxidative stress damages and prevented vascular
complications of hyperglycemia.

A lipid profile assay is a blood analysis that checks fatty lipids and fatty substances
in the body used as energy sources. Lipids include cholesterol, triglycerides, HDL, LDL,
VLDL and AIP. Lipid profile evaluation is a significant tool in aiding the diagnosis and
prognosis of DM [52]. This agrees with previous studies, including on the combinations of
metformin and gliclazide (same class) [53,54]. Similarly to the findings of this study, Hassan
and Abd-Allah demonstrated that combined metformin/gliclazide treatment significantly
improved lipid profile, as evidenced by decreased total cholesterol and significantly in-
creased HDL levels compared to the control group, when compared the study participants
were compared [55]. The similar effects of monotherapy versus combination therapy on
lipid profile, as demonstrated in this study, are consistent with a previous study that found
similar efficacy of both drugs on lipid profile in the same patient [56].

Like most sulfonylureas, metformin has been shown to decrease oxidative stress [15,23]
effectively. Studies that have investigated the effect of glipizide on oxidative stress are
scarce [57]. The studies showed reduced oxidant stress in diabetic rats, as in the present
study, while the influence of metformin on oxidative stress was even more pronounced.
Furthermore, the TAC of diabetic rats treated with metformin was significantly higher
than that of rats treated with glipizide, highlighting the increased capacity of metformin to
minimize oxidative stress compared to glipizide.

Further, recent studies confirmed the valuable role of metformin in controlling oxida-
tive stress [23,58]. Moreover, the effect of metformin on oxidative stress was investigated
in a study by Esteghamati et al. [58], demonstrating that metformin is more effective than
lifestyle change alone in reducing oxidative stress in patients with type II DM. Similarly, a
study by Chakraborty et al. [23] with a larger sample size of diabetic patients randomly
assigned to metformin or a placebo, showed that treatment with metformin restored an-
tioxidant status in patients with type II diabetes and suggested a cardioprotective role
for metformin. This conclusion was later supported by SPREAD-DIMCAD investigators,
who reported that treatment with metformin for three years substantially reduced major
cardiovascular events compared to therapy with glipizide over a median follow-up time of
5 years [17].
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Our findings suggest that glipizide is more effective at treating dyslipidemia than
metformin, which appears to contradict earlier clinical studies. A very preliminary in-
vestigation conducted by Zhang et al. [59] attempted to confirm the potential benefits of
metformin over glipizide, as previously established in the SPREAD-DIMCAD study. In a
3-year study, Zhang and his group evaluated lipid profiles in serum samples obtained from
diabetic patients treated with either metformin or glipizide. They confirmed that metformin
was non-inferior to glipizide in lowering atherogenic lipids. In contrast, the present study
showed that glipizide exerted a more powerful effect than metformin against atherogenic
dyslipidemia, with markedly lower LDL levels in diabetic rats treated with glipizide compared
to those treated with metformin. Likewise, we only observed a significant increase in HDL
following treatment with glipizide, and not after treatment with metformin.

Similarly, other studies have demonstrated similar patterns of changes in serum lipid
profiles due to glipizide treatment [60,61]. These results explain the mechanism of type 2
diabetes dyslipidemias, which was defined based on insulin resistance that distorts lipopro-
tein lipase to hepatic lipase ratio, resulting in decreased levels of HDL-cholesterol. The
decline of HDL cholesterol esters is mainly due to increased cholesterol ester transfer pro-
tein (CETP) activity that eventually results in lower HDL cholesterol [10]. The mechanism
for increasing triglyceride levels in hyperglycemic individuals also includes decreasing
lipoprotein lipase activity (LPL). LPL activity has been lower in Type II DM patients [62].
However, apart from the study by Zhang et al. [59], there are few studies regarding the
effects of glipizide and metformin on serum lipid profiles. Future investigations should
further explore this topic.

The kidneys play a vital role in the excretion of waste products and toxins such as urea,
creatinine and uric acid. Assessment of renal function is essential in managing patients
with kidney disease, pathologies affecting renal function, hypertension and DM [63]. Our
results indicated that the level of creatine in all treatment groups was similar, indicating no
change owing to STZ-induced DM. Urea levels were also reduced in all treatment groups
compared to the untreated diabetic rats and healthy controls.

In addition, it is worth mentioning that a recent study conducted by Alsharidah et al.
(2018) [26] failed to demonstrate the therapeutic benefits of a combined metformin/gliclazide
treatment on oxidative stress, lipid profiles and hepatorenal function in comparison to
metformin monotherapy. Furthermore, glycaemic control was poor in diabetic patients
undergoing the combined therapy. In contrast, metformin and glipizide successfully ex-
erted these therapeutic benefits in STZ-induced diabetic rats. The contradictions between
Alsharidah et al. (2018) [26] and the present study are exciting, as the individual therapy
was superior in STZ-induced diabetic rats than in diabetic patients. Further research is nec-
essary to explain the physiological variations in responses to metformin and glipizide and
to explore the likely confounders that could augment or weaken the therapeutic potential
of these drugs.

5. Conclusions

The therapeutic benefits of metformin and glipizide seemed to be complementary in
the rats’ model: metformin was superior in improving glycaemic control and mitigating
oxidative stress, while glipizide exhibited a more powerful effect against atherogenic
dyslipidemia. The combination of both drugs showed the most potent products in glycemic,
lipid profile and oxidative stress. The complementary nature of the effects of metformin
and glipizide explains the growing evidence for the synergistic effects of these two drugs.
Further research is needed to extend these conclusions to human patients.
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