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Abstract: Sitagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor, is a beneficial class of antidiabetic
drugs. However, a major debate about the risk of developing pancreatitis is still existing. The aim
of the work was to study the histological and immunohistochemical effects of sitagliptin on both
endocrine and exocrine pancreases in a rat model of type 2 diabetes mellitus and to correlate
these effects with the biochemical findings. Moreover, a possible synergistic effect of sitagliptin,
in combination with metformin, was also evaluated. Fifty adult male rats were used and assigned
into five equal groups. Group 1 served as control. Group 2 comprised of untreated diabetic rats.
Group 3 diabetic rats received sitagliptin. Group 4 diabetic rats received metformin. Group 5 diabetic
rats received both combined. Treatments were given for 4 weeks after the induction of diabetes.
Blood samples were collected for biochemical assay before the sacrification of rats. Pancreases were
removed, weighed, and were processed for histological and immunohistochemical examination. In the
untreated diabetic group, the islets appeared shrunken with disturbed architecture and abnormal
immunohistochemical reactions for insulin, caspase-3, and inducible nitric oxide synthase (iNOS).
The biochemical findings were also disturbed. Morphometrically, there was a significant decrease in
the islet size and islet number. Treatment with sitagliptin, metformin, and their combination showed
an improvement, with the best response in the combined approach. No evidence of pancreatic injury
was identified in the sitagliptin-treated groups. In conclusion, sitagliptin had a cytoprotective effect
on beta-cell damage. Furthermore, the data didn’t indicate any detrimental effects of sitagliptin on
the exocrine pancreas.

Keywords: sitagliptin; immunohistochemistry; insulin; caspase-3; iNOS; HFD/STZ diabetes;
pancreas; rat

1. Introduction

The incidence of diabetes mellitus (DM) is dramatically increasing, particularly in developing
countries. In the year 2013, it was reported that about 382 million people had diabetes worldwide,
with type 2 diabetes constituting about 90% of the cases. Moreover, the associated morbidity and
mortality were raised progressively, making diabetes the 8th leading cause of death worldwide during
the year 2012–2013 [1].
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Streptozotocin (STZ) is a chemical agent that is often used to induce the experimental models of
DM through the destruction of the animal pancreatic beta cells with subsequent hyperglycemia. It can
be given in combination with a high-fat diet to establish an animal model of type 2 DM [2].

Metformin is a broadly prescribed oral hypoglycemic medication that can delay the development
of type 2 DM or even prevent it, particularly if associated with a modified lifestyle. It acts primarily via
increasing insulin sensitization in the liver and peripheral tissues, leading to a decrease in the hepatic
glucose output and an increase in peripheral glucose disposal [3].

Currently, the role of incretin hormones is included in the pathogenesis of type 2 DM. Incretins,
including glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP),
are peptide hormones released by the gastrointestinal tract (GIT) mucosa in response to food intake
and stimulate insulin secretion by beta cells, which is so-called incretin effect [4]. These hormones
have a short half-life, so they are present in high concentrations only in the postprandial state, being
rapidly degraded by dipeptidyl peptidase-4 (DPP-4) enzyme and eliminated in urine [5]. In type 2
DM, an “incretin defect” is manifested through the reduction in incretin bioavailability due to their
rapid degradation by dipeptidyl peptidase-4 (DPP-4). Oral administration of dipeptidyl peptidase-4
inhibitors (DPP-4i) has emerged as a new class of antidiabetic agents owing to their ability to extend
the biological effects of incretin hormones [6].

Sitagliptin, a DPP-4i, has been shown to significantly control the inflammation, apoptosis,
oxidative, and nitrosative stresses in animal models of type I and II DM [7]. Also, the once-daily
treatment of type 2 diabetic patients with sitagliptin has revealed a proper glycemic control, as well as
reduced glycosylated hemoglobin (HA1c), with no risk of hypoglycemia [8].

Despite its efficacy and long clinical success, sitagliptin and other incretin-based therapies have
raised important concerns about the likelihood of developing pancreatitis, on extended use [9]. In recent
years, a previous case report study [10] has discussed a patient with no identifiable risk factors for
pancreatitis other than sitagliptin use, who presented with pancreatitis based on clinical symptoms and
laboratory data. More recently, researchers [11] have evaluated pancreatic safety in the Trial Evaluating
Cardiovascular Outcomes with Sitagliptin (TECOS) Study. They reported a small absolute increased
risk for pancreatitis with DPP-4i therapy.

Furthermore, post-marketing registration of possible cases of associated acute pancreatitis pushed
the FDA to announce a post-marketing safety warning to exenatide, liraglutide, and the dipeptidyl
peptidase 4 inhibitor, sitagliptin [12]. Till now, the information on the risk of acute pancreatitis in
patients receiving DPP-4i is limited and controversial [13]. Therefore, the current study was established
to investigate the biological impacts of sitagliptin on both endocrine and exocrine pancreatic tissues in
a rat model of type 2 DM induced by a high caloric diet/low dose streptozotocin (STZ) injection, using
correlated biochemical and histological methods. Moreover, a possible synergistic effect of sitagliptin,
in combination with metformin, was also evaluated.

2. Materials and Methods

2.1. Drugs, Chemicals, and Supplements

• Streptozotocin (STZ), a chemical powder supplied as 1 g vial, was obtained from Sigma-Aldrich
Company (St. Louis, Mo, USA).

• Sitagliptin, in the form of JANUVIA® 100 tablet was obtained from Merck Sharp and Dohme Ltd.
(Pavia, Italy). Each JANUVIA® 100 tablet was ground and dissolved in 10 mL solution of 0.5%
carboxymethyl cellulose (CMC), and afterward shaken to obtain a suspension form (10 mg/mL).

• Metformin, in the form of GLUCOPHAGE® 500 mg tab, was purchased from Minapharm (Cairo,
Egypt) under license of Merck Santé France. Each Metformin 500 mg tablet was ground and
dissolved in 10 mL solution of 0.5% CMC, and afterward shaken to obtain a suspension form
(50 mg/mL).
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• Citric acid, sodium citrate, and sodium carboxymethyl cellulose (Na-CMC) were obtained from
ADWIC CO. (Cairo, Egypt). Citric acid and sodium citrate were used for the preparation of the
citrate buffer.

• The diet ingredients such as lard and soybean oil were purchased from commercial sources.

2.2. Animals

Fifty adult male albino rats, weighing about 170–210 g, were used in the present study. The animals
were locally bred in the animal house of Kasr El-Ainy, Cairo University, Egypt. The rats were housed at
an ambient temperature of 26 ± 1 ◦C, maintained under a natural daily 12-h light/dark cycle. The rats
had free access to food and water ad libitum. For acclimatization, the rats were handled manually for
one week prior to the experiment. All ethical issues regarding animal handling and procedures were
followed and approved. All experimental procedures were done in compliance with the Guide for
Care and Use of Laboratory Animals published by the US National Institutes of Health [14]. Whenever
possible, the procedures in the current study were conducted to avoid or minimize suffering, distress,
and pain to animals.

2.3. Induction of Type 2 Diabetes Mellitus

To establish a nongenetic rat model of type 2 diabetes mellitus, the fat-fed/STZ rat model was used
according to a previous study [15]. The experimental animals were fed with a high-fat diet (HFD) for
3 weeks, then injected by low dose STZ. The high-fat diet (HFD) was composed of 60% fat, 20% protein,
and 20% carbohydrates (No. D12492diet; Research Diets, https://researchdiets.com/formulas/d12492).
During feeding duration, the weight of the rats was measured every week to ensure the weight
gain. Also, fasting blood glucose level was recorded every three days. At the end of the 3 weeks,
the rats were fasted overnight, then received a single intraperitoneal injection of freshly prepared STZ
(40 mg/kg) in citrate buffer (0.1 mM, pH = 4.5) in a volume of 2 mL/kg. Ten days after STZ injection,
the fasting blood glucose level of each rat was recorded in a tail-vein blood sample using an Accu-Chek
Active glucometer (Roche Diagnostics, Manheim, Germany). The diabetic rats with fasting blood
glucose levels higher than 270 mg/dL were selected according to the model described by Furman [15].
The normal control rats were fed with a basal diet and received a single intraperitoneal injection of the
vehicle, citrate buffer. Treatment with sitagliptin and metformin either alone or in combination started
after the estimation of blood glucose, on the 10th day after STZ injection (Table 1).

2.4. Experimental Design

Fifty rats were used and randomly divided into five groups, ten rats each (Table 1):

Group 1: Normal control rats were fed a basal diet, received an equivalent volume of citrate buffer
solution (parallel to STZ), through the same route of administration.
Group 2: untreated diabetic rats. The animals of this group were subdivided into 2 subgroups, 5 rats
received no treatment (subgroup 2a), and the remaining 5 rats received CMC, orally for 4 weeks
(subgroup 2b), parallel to sitagliptin and metformin.
Group 3: sitagliptin-treated diabetic rats were treated with sitagliptin (10 mg/kg/day) via oral gavage
for 4 weeks.
Group 4: metformin-treated diabetic rats were treated with metformin (200 mg/kg/day) via oral gavage
for 4 weeks.
Group 5: both combined-treated diabetic rats received both sitagliptin (10 mg/kg/day) and metformin
(200 mg/kg/day) via oral gavage for 4 weeks.

All animals were fed the corresponding diet throughout the study, a basal diet for control and
HFD for the experimental animals.

In accordance with literature, the doses of sitagliptin and metformin (10 mg/kg and 200 mg/kg,
respectively) were selected from the low end of the ranges used in previous studies [16–18], in order

https://researchdiets.com/formulas/d12492
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that a potential synergistic effect could be detected and to avoid metformin toxicity if given
≥600 mg/kg/day [19]. The dose of medications was adjusted every week, according to the body
weight changes to keep a similar dose per kg body weight of rat, over the whole period of treatment,
for each group.

The body weight changes in the experimental groups were measured every 2 weeks to be compared
with the control group. Also, the fasting blood glucose was measured every 2 weeks through a tail vein
blood sample, using portable Accu-Chek Active glucometer (Roche Diagnostic, Manheim, Germany).

Table 1. Illustration of the workflow of the study.

Stages Days Events

HFD feeding
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D0-D21

• The experimental rats received HFD for 3 consecutive weeks.
• The rats were weighed every week.
• FBG was recorded every 3 days.

STZ injection D22 After overnight fasting of the animals, STZ was injected once
intraperitoneally at a dose of 40 mg/kg.

Diabetes mellitus D32

• Diabetic status of the rats was checked 10 days after
STZ injection.

• Rats with FBG > 270 mg/dL were considered diabetic and
were included.

Initiation of treatment D32

All treatment started on the 10th day after STZ injection and
continued for 4 consecutive weeks:

• Sitagliptin: 10 mg/kg/d
• Metformin: 200 mg/kg/d
• Sitagliptin + metformin: the same dose of both combined

OGTT D60 At the end of the treatment period (4 weeks), an oral glucose
tolerance test (OGTT) was done.

End of experiment D60

At the end of the treatment period (4 weeks) and 8 h after
performing the OGTT:

• All animals were lightly anesthetized.
• Then, cardiac puncture was done to obtain terminal

blood samples.
• The blood sample was stored and then sent for

laboratory assay.
• Finally, the rats were euthanized by cervical decapitation.

2.5. Blood Glucose Tolerance Test (OGTT)

At the end of the treatment period, animals were fasted overnight (12 h) and then orally gavaged
a solution of glucose (2.5 g/kg of body weight) according to the literature [17]. Tail vein blood samples
were taken every 30 min and for 2 h (0, 30, 60, 90, and 120 min) after glucose administration and
checked for glucose level using Accu-Chek Active glucometer.

2.6. Biochemical Profile Assays

At the end of the experiment, all animals were anesthetized using ketamine/xylazine (80/10 mg/kg)
according to previous work [20], and terminal blood samples were obtained directly from the heart
via cardiac puncture. All blood samples were centrifuged, serum was separated and stored at −80 ◦C
for later laboratory analysis of various biochemical parameters. Serum levels of total cholesterol,
triglycerides, and lipase were quantified using the corresponding standard procedures and diagnostic
kits (Cairo, Egypt), for each, according to the manufacturer’s instructions. Moreover, fasting blood
insulin (FBI) was measured using a rat-specific insulin enzyme-linked immunoassay (ELISA) kit
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(Mercodia AB, Uppsala, Sweden). Fasting blood glucose (FBG) was measured by a glucometer.
The insulin resistance (IRI) index was calculated by the homeostasis model of assessment (HOMA-IR)
as follows [21]: HOMA-IRI = FBG (mmol/L) × FBI (µU/mL)/22.5.

2.7. Histological Procedures

After obtaining the blood samples, the anesthetized rats were euthanized by cervical decapitation.
Rats’ pancreases were rapidly dissected, weighed, and immediately fixed in 4% phosphate-buffered
formalin for the processing of paraffin sections and histological examination. Nine segments,
representative of the different parts of the pancreas, were collected from each pancreas of all the
experimental animals. The nine tissue segments of each rat were embedded in 3 paraffin blocks
(3 segments per block) so that each block contained a segment from the head, body, and tail of each
pancreas. Approximately, five-micrometer sections were cut and were subjected to:

• Hematoxylin and eosin (H&E) according to previously stated protocols [22].

In H&E stained pancreatic sections, both exocrine and endocrine pancreases were assessed for
tissue injury. Acinar damage was evaluated according to the appearance of lining cells, its pyramidal
structure, regular patency of the acinar lumen, presence or absence of inflammatory cells, and pyknotic
nuclei. Also, ductal changes in the form of epithelial alterations and cellular infiltration were
investigated. Damage to the islets of Langerhans was evaluated by the presence or absence of intra-islet
hemorrhages, vacuolations, nuclear pyknosis, and cellular infiltrates.

• Immunohistochemical techniques, using the peroxidase-labeled streptavidin-biotin method,
according to previously demonstrated protocols [23].

Immunohistochemical staining was applied for the detection of insulin antibody (INS05 (2D11-H5)).
The primary antibody used was mouse monoclonal insulin antibody (Labvision Corporation,
Fremont, CA, USA). It was supplied at a dilution of 0.5–1.0 µg/mL and incubated with the slides
for one hour at room temperature.

Immunohistochemical staining for the detection of the caspase-3 antibody as a marker of apoptosis.
The primary antibody used was rabbit polyclonal caspase-3 antibody (Labvision Corporation,
Fremont, CA, USA). It was supplied at a dilution of 1:100 and incubated with the slides for one
hour at room temperature.

Immunohistochemical staining for the detection of inducible nitric oxide synthase (iNOS) antibody
as a marker of inflammation. The primary antibody used was rabbit polyclonal iNOS antibody
(Labvision Corporation, Fremont, CA, USA). It was supplied at a dilution of 1µg/mL and incubated
with the slides for one hour at room temperature.

The sections were incubated with the corresponding primary antibody diluted to the corresponding
concentration in PBS for one hour, followed by a reaction with a biotinylated secondary antibody.
After conjugation with streptavidin-biotin-peroxidase complex, 3,3-diaminobenzidine (DAB) was used
as a chromogen, and hematoxylin solution was used as a counterstain. The reaction gave brownish
discoloration in the cytoplasm of the pancreatic cells. All tissue specimens were examined by light
microscopy. Image acquisition was performed with a digital microscope camera (Leica Qwin 500,
Leica, Cambridge, England) computer system.

2.8. Histomorphometric Analysis

The data were obtained using the image analyzer computer system (Leica Qwin 500, Leica,
Cambridge, England). Three histological sections per slide with a total of nine per animal were used in
the morphometric study. The examination was done in non-serial H&E and immunostained pancreatic
sections. The image analyzer was first calibrated automatically to convert the measurement units
(pixels) produced by the image analyzer program into actual micrometer units. It was used for:
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• Assessment of the islet number and islet size: For each study group, the islets were counted,
and islet size was evaluated in 10 different, randomly selected microscopic fields, using lower
magnification. Then, the mean islet number per field and mean islet size were calculated for each
group of animals. The number of islets was expressed as N/10 mm2 of the pancreatic parenchyma,
according to Noor et al. [24]. For the islet size, the maximum diameter of the islet was selected by
comparing all possible radii diameters per islet and choosing the greatest according to previous
work [4].

• Evaluation of the area % of insulin, caspase-3, and iNOS immunostaining: They were measured
in 10 non-overlapping high power fields, using the interactive measurements menu. The brown
coloration of the immunoreaction was covered automatically by a blue mask (binary image).
The area of this binary image was then calculated, which reflected the positively stained cells for
insulin, caspase-3, and iNOS.

2.9. Statistical Analyses

The values obtained were expressed as mean ± SD for each group. Statistical comparison among
different groups was evaluated using a one-way analysis of variance (ANOVA) and post hoc Least
Significant Difference (LSD) test. Calculations were done with SPSS software, version 20 (IBM SPSS
Statistics for Windows, Armonk, NY, USA). Statistical significance was defined as p-value less than 0.05.

3. Results

3.1. Mortality, Food Intake, Water Intake, and Changes in Body Weight, Pancreas Weight, and Pancreas Weight
to Body Weight Ratio

No mortality was observed among the rats of different groups. There was no significant change in
food consumption or water intake among the different treated groups when compared to the untreated
diabetic group. As shown in Table 2, on week 0 (after induction of diabetes and before starting the
treatments), all diabetic rats showed a significant increase in body weight compared to the control
group (p < 0.05). At the end of the treatment period (week 4), weight gain was significant in the
untreated diabetic animals (group 2) when compared to the control one (p < 0.05). In both sitagliptin-
and metformin-treated rats (groups 3 and 4, respectively), the body weight was significantly maintained
(p < 0.05), compared with the untreated diabetic group with better preservation of the body weight in
combined therapy group (p < 0.05). In regards to the pancreatic weight and pancreas/body weight
ratio, both parameters significantly reduced (p < 0.05) in untreated diabetic rats at the end of 4 weeks,
when compared to control. Sitagliptin therapy alone significantly maintained pancreatic weight and
pancreas/body weight ratio compared to the untreated diabetic group (p < 0.05), but still less than
control. In metformin-treated animals, both parameters were slightly but significantly maintained
(,), compared to the untreated diabetic rats. However, the combination of both agents showed better
preservation of pancreatic weight and pancreas weight/body weight ratio than monotherapy groups.
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Table 2. Changes in body weight, pancreatic weight, and pancreas/body weight ratio in the different
studied groups during the treatment period after the induction of diabetes (ten days after STZ injection).
Week 0 (before starting treatment), week 2, and week 4.

Groups

Body Weight (g) Pancreas
Weight (g)

Pancreas to Body
Weight Ratio (%)

Time (weeks) Time (weeks) Time (weeks)

0 2 4 4 4

Normal control 245.15 ± 9.79 261.88 ± 9.62 296.75 ± 9.08 0.800 ± 0.049 0.27 ± 0.014

Diabetic 261.56 ± 8.77 a 305.52 ± 11.33 a 341.80 ± 11.27 a 0.462 ± 0.026 a 0.14 ± 0.008 a

Sitagliptin 262.22 ± 13.68 a 282.25 ± 10.58 ab 318.66 ± 8.97 ab 0.713 ± 0.411 abd 0.22 ± 0.017 abd

Metformin 261.91± 11.08 a 290.51 ± 12.51 ab 318.40 ± 8.65 ab 0.497 ± 0.013 ab 0.16 ± 0.006 ab

Combined 262.74 ± 11.68 a 279.30 ± 16 ab 309.20 ± 9.19 abc 0.802 ± 0.023 bc 0.26 ± 0.009 bc

The values were expressed as mean ± SD (n = 10). a: significantly different when compared to the control group,
b: significantly different when compared to an untreated diabetic group, c: significantly different when compared to
sitagliptin and metformin, d: significantly different when compared to metformin, using post hoc ANOVA (LSD),
p < 0.05.

3.2. Glucose Homeostasis Parameters

After the induction of diabetes and prior to initiation of therapy (week 0), all diabetic rats showed
a significant increase (p < 0.05) in the level of FBG compared to control animals (Figure 1). All treated
diabetic rats showed a variable reduction in the FBG during the treatment period. During this treatment
period, it was apparent that all treated diabetic rats had significantly (p < 0.05) lower FBG compared to
untreated diabetic ones. Whereas the combination of sitagliptin and metformin had a better synergistic
effect on glucose control when compared to either agent alone (p < 0.05) (Figure 1).
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Before the initiation of treatment, all diabetic rats showed a significant decrease (p < 0.05) in serum
insulin, compared to their control (Table 3). By the end of the treatment period, the acquired results
(Figure 2) revealed a significant decrease in serum insulin levels in untreated diabetic animals when
compared to the control group (p < 0.05). The sitagliptin-treated group showed a significant increase
in serum insulin level when compared to the untreated diabetic one (p < 0.05), while a non-significant
change was noted in those metformin-treated. Furthermore, sitagliptin treatment revealed significant
improvement in comparison to metformin treatment (p < 0.05). Actually, the combined treatment in
group 5 showed a significant increase (p < 0.05) in the serum insulin level, with almost normalization
of the value, when compared to the control group.

The insulin resistance index was calculated by the HOMA-IR equation using the level of fasting
insulin (µIU/mL) and fasting glucose (mmol/L). The baseline values of HOMA-IR (before initiation
of therapy) showed a significant increase (p < 0.05) in all diabetic rats compared to control (Table 3).
By the end of the treatment period, all treated diabetic animals showed a significant decrease in
HOMA-IR, when compared to the untreated diabetic group (p < 0.05) with almost correction of the
insulin resistance index, in the combined therapy group (Figure 2). No statistical significance was
noticed between sitagliptin and metformin-treated groups, regarding HOMA-IR values.

Table 3. Baseline values of serum insulin and HOMA-IR of the different studied groups.

Groups Serum Insulin (µU/mL) HOMA-IR

Normal control 13.91 ± 2.33 3.90 ± 0.71

Diabetic 10.44 ± 2.04 a 7.35 ± 1.49 a

Sitagliptin 10.93 ± 1.86 a 7.73 ± 1.23 a

Metformin 11.07 ± 1.99 a 7.42 ± 1.37 a

Combined 10.28 ± 2.01 a 7.70 ± 1.37 a

The values were expressed as mean ± SD (n = 10). a: significantly different when compared to the control group,
using post hoc ANOVA (LSD), p < 0.05.
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Figure 2. Changes in serum insulin and HOMA-IR in the different studied groups at the end of
the treatment period. The values were expressed as mean ± SD (n = 10). a: significantly different,
compared to the control group. b: significantly different, compared to the diabetic untreated group.
c: significantly different, compared to the sitagliptin and metformin-treated groups. d: significantly
different, compared to metformin, using post hoc ANOVA (LSD), p < 0.05.
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In regards to the OGTT conducted at the end of the treatment period, the acquired result of
the test (Figure 3) revealed an impairment in the fasting glucose tolerance and impaired glucose
tolerance during the 2 h of the test in untreated diabetic rats, compared to control (p < 0.05), which was
demonstrated by a greater area under the curve (AUC), in this group. However, all treated groups
showed reduced AUC compared to an untreated diabetic group, indicating no impairment of the
fasting glucose tolerance but impairment (p < 0.05) after glucose administration to a lesser extent than
in the untreated group. Moreover, the AUC was much smaller (p < 0.05) in the combined therapy
group than in monotherapy groups, which indicated the best response in the OGTT.Biology 2020, 9, x FOR PEER REVIEW 9 of 26 
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Figure 3. Changes in the blood glucose level (mg/dL) during the conduction of OGTT (oral glucose
tolerance test) in the experimental groups at the end of the treatment period. The data were expressed as
a mean ± SD (n = 10). a: significantly different, compared to the control group. b: significantly different,
compared to the untreated diabetic group. c: significantly different, compared to the sitagliptin and
metformin-treated groups, using post hoc ANOVA (LSD), p < 0.05.

3.3. Lipid Profile

The baseline values of total cholesterol and triglycerides (TGs), before initiation of treatment,
showed a significant increase (p < 0.05) in both parameters in the untreated diabetic rats compared
to the control animals (Table 4). At the end of the treatment period, sitagliptin, metformin, and both
combined significantly corrected the level of total cholesterol and TGs in all treated groups when
compared to the untreated one (p < 0.05). However, almost complete normalization of the values
of both parameters was observed in the combined therapy group. Noteworthy, sitagliptin alone
treatment showed slight but significant improvement (p < 0.05) in cholesterol levels only in comparison
to metformin-treated animals (Table 5).
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Table 4. Baseline values (before the beginning of treatment) of the lipid profile parameters and serum
lipase in the different studied groups.

Groups Cholesterol (mg/dL) Triglycerides (mg/dL) Lipase (U/L)

Normal control 111.92 ± 5.07 64.25 ± 3.40 514.50 ± 19.80

Diabetic 161.80 ± 8.35 a 138.30 ± 8.63 a 517.55 ± 19.82

Sitagliptin 160.70 ± 6.55 a 137.90 ± 7.48 a 516.70 ± 16.89

Metformin 160.43 ± 7.54 a 137.85 ± 8.33 a 518 ± 19.64

Combined 159.96 ± 8.19 a 137.20 ± 8.35 a 517.30 ± 14.47

The data were expressed as mean ± SD (n = 10). a: significantly different when compared to control, using post hoc
ANOVA (LSD), p < 0.05.

Table 5. Changes in lipid profile parameters and serum lipase in the different studied groups at the
end of the treatment period (4 weeks).

Groups Cholesterol (mg/dL) Triglycerides (mg/dL) Lipase (U/L)

Normal control 111.31 ± 5.14 64.10 ± 3.41 515.35 ± 19.90

Diabetic 161.35 ± 6.68 a 137.70 ± 8.29 a 518.05 ± 19.54

Sitagliptin 119.10 ± 9.68 abc 71.70 ± 6.44 ab 516.90 ± 16.96

Metformin 128.95 ± 10.12 ab 70.36 ± 5.04 ab 517.95 ± 18.64

Combined 113 ± 7.16 bc 63.67 ± 7.32 bd 517.23 ± 17.36

The data were expressed as mean ± SD (n = 10). a: significantly different when compared to control, b: significantly
different when compared to diabetic, c: significantly different when compared to metformin, d: compared to
sitagliptin and metformin, using post hoc ANOVA (LSD), p-value < 0.05.

3.4. Serum Lipase

The results of laboratory assay of lipase activity, before and after treatment, revealed a
non-significant difference in the serum level of lipase in all treated and untreated diabetic rats
when compared to control animals (Table 5).

3.5. Islet Cells Morphology and Pancreatic Acini

H&E stained pancreatic sections of the control animals showed regular and well-defined islets of
Langerhans. They appeared pale staining areas, surrounded by deeply stained peripherally located
pancreatic acini. The islets cells had a cord-like cellular arrangement with intervening blood capillaries.
The endocrine cells of the islets appeared with pale acidophilic cytoplasm and central vesicular nuclei.
The exocrine pancreas showed normal histological structure in the form of regularly, closely packed,
patent acini lined by pyramidal cells with apical acidophilia and basal basophila (Figure 4A).

Regarding the combination of 3 weeks’ HFD with low dose STZ injection in group 2, all specimens
(obtained from the diabetic animals receiving CMC and those not receiving) showed markedly depleted
islets of Langerhans. A concomitant decrease in both the size of islets as well as the number of cells
per islet was evident. The islets appeared shrunken, hypocellular with nuclear pyknosis (Figure 4B).
Other sections showed disrupted histoarchitecture (loss of the normal cellular cord arrangement),
with nuclear pyknosis, vacuolar changes, and congested blood capillaries (Figure 4C). No obvious
histological changes were seen in the surrounding pancreatic acini of the different sections of all
specimens. They appeared closely packed with no cellular infiltration, hemorrhage, or degenerative
changes (Figure 4B).

Treatment with sitagliptin (Figure 4D), metformin (Figure 4E), and their combination (Figure 4F)
showed a marked improvement in islets’ size and histoarchitecture with still minimal apoptotic changes,
which may be slightly marked in metformin-treated group, in the form of small darkly stained pyknotic
nuclei and deeply stained acidophilic cytoplasm (Figure 4E). The pancreatic acini appeared almost
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with normal microstructure in all specimens obtained from sitagliptin-alone or combined treatment
groups. No areas of vascular congestion, hemorrhage, necrosis, fibrosis, or inflammatory infiltrates
were seen in the interstitial tissues (Figure 4D,F). No prominent ductal changes were observed.Biology 2020, 9, x FOR PEER REVIEW 11 of 26 
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Figure 4. H&E stained microscopic photomicrographs of the different studied groups. (A). Control rats
show the endocrine pancreas (EN) with histologic features of normal islets. The exocrine pancreatic
acini (EX) appear with normal pyramidal lining cells, showing basal basophilia and apical acidophilia.
(B,C). The untreated diabetic group shows shrunken islets with a drastic decrease in the number of their
cells. Some islet cells are distorted with vacuolated cytoplasm (stars), small-sized darkly stained nuclei
(arrows), and congested blood capillaries (double arrows) in-between. (D). The sitagliptin-treated
group shows an apparent increase in islet size and normal histoarchitecture. Few islet cells show small,
deeply stained nuclei (arrowheads). Pancreatic acini appear closed packed with normal histology (E).
Metformin-treated group shows an apparent improvement in the islet size, normal cellular arrangement.
Apoptotic changes, in the form of small pyknotic nuclei and deeply acidophilic cytoplasm (arrowheads),
are seen. (F). The combined therapy group shows improved islet size, histoarchitecture, and cytology.
Apoptotic nuclei (arrowheads) are also seen. The pancreatic acini appear normal. Magnification:
(A,F) ×200, (B–E) ×400.

3.6. Immunohistochemical Observations

Regarding the immunohistochemical localization of insulin-secreting islet beta cells, the islet cells
of the control rats displayed a large markedly positive β-cell core surrounded by a mantle zone of
negative non-β-cells (Figure 5A). In the untreated diabetic group, shrunken islet showed a reduction in
insulin immunoreactivity, and only some β cells displayed minimal insulin immunoreaction (Figure 5B).
Treatment of the animals with sitagliptin (group 3), metformin (group 4), or both combined (group 5)
showed variable degrees of maintaining the insulin immunoreaction, which was marked in combined
therapy group (Figure 5C–E, respectively).

Caspase-3 immunostained sections revealed negative immunoreaction in the islet cells of the
control rats (Figure 6A). However, in the untreated diabetic group, shrunken pancreatic islets showed
remarkable positive cytoplasmic immunoreactivity widely distributed among islet cells (Figure 6B).
Treatment with sitagliptin (Figure 6C), metformin (Figure 6D), or both combined (Figure 6E) showed
variable degrees of much less positive immunoreactivity, with marked improvement in the combined
therapy group.
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Arrows mark the brown coloration that is indicative of the positive cytoplasmic reaction. Caspase-3 
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Figure 5. Insulin immunostained photomicrographs of pancreatic islets of the different groups. Arrows
mark the brown coloration that is indicative of the positive cytoplasmic reaction. A marked positive
reaction is marked in the control group (A), in the islet beta cells and surrounded by a peripheral
mantle zone of negatively immunostained cells (arrowheads). The shrunken islet, in the untreated
diabetic group (B), shows a less positive reaction. Sitagliptin-treated (C), metformin-treated (D),
and both-treated (E) groups show viable degrees of improvement of insulin immunoreactivity, which is
marked in the combined therapy group. Magnification: (A–E) ×400.
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Figure 6. Caspase-3 immunostained photomicrographs of pancreatic islets of the different groups.
Arrows mark the brown coloration that is indicative of the positive cytoplasmic reaction. Caspase-3 is
not detected in the islet cells of the control rats (A). Markedly positive cytoplasmic immunoreaction is
noted in the islet cells of the untreated diabetic group (B). Treated groups (C–E) show a decrease in the
caspase-3 immunoreaction, with the least reaction in the combined therapy group (E). Magnification:
(A–E) ×400.
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Immunohistochemical observations of iNOS stained pancreatic sections revealed negative
immunoreaction in the islet cells, as well as the pancreatic acini of the control rats (Figure 7A). However,
in the untreated diabetic group (Figure 7B), pancreatic islets showed remarkable positive iNOS
cytoplasmic immunoreactivity. The pancreatic acini showed negative immunoreaction. All treated
groups showed negative iNOS immunoreactivity in both endocrine and exocrine pancreases. Sitagliptin
alone or combined showed no effect on the pancreatic acini (Figure 7C–E).Biology 2020, 9, x FOR PEER REVIEW 13 of 26 
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Figure 7. iNOS immunostained photomicrographs of pancreatic sections of the different studied groups.
Arrows mark the brown coloration that is indicative of the positive cytoplasmic reaction. The control
group (A) shows a negative reaction. The iNOS immunoreaction is limited to the islet cells of the
untreated diabetic group (B), with no reaction detected in the pancreatic acini. All treated groups
(C–E) show negative iNOS immunoreaction in both endocrine and exocrine pancreases. Magnification:
(A–C) ×400, and (D,E) ×200.

3.7. Histomorphometric Results

3.7.1. The Mean Islet Number and Islet Size

Histomorphometric evaluation of the islet number and islet size (Figure 8) revealed a significant
decrease in both parameters in the untreated diabetic rats compared to the control animals (p < 0.05).
However, these morphometric parameters were significantly increased (p < 0.05) in all treated diabetic
groups when compared to the untreated diabetic group. Moreover, they showed a highly significant
increase in the combined therapy group when compared to monotherapy groups (p < 0.05). Meanwhile,
sitagliptin-treated animals showed a significant increase (p < 0.05) in both the number and size of
pancreatic islets compared to those metformin-treated.
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Figure 8. The pancreatic islet number (A) and islet size (B) in the different studied groups, at the end
of the study period. The data were expressed as mean ± SD (n = 10). a: significantly different when
compared to control, b: significantly different when compared to diabetic, c: significantly different
when compared to sitagliptin and metformin, d: compared to metformin, using post hoc ANOVA
(LSD), p < 0.05.

3.7.2. Area Percent of Insulin Immunoreactivity

Figure 9A shows a significant decrease (p < 0.05) in the mean area % of insulin immunostaining
in the untreated diabetic group when compared to control animals. However, in all treated diabetic
animals, a significant increase (p< 0.05) in the measured parameter was observed when compared to the
untreated diabetic group. Sitagliptin alone significantly improved (p < 0.05) insulin immunoexpression
in B cells, more than metformin. Moreover, the combination with metformin showed a highly significant
increase (p < 0.05) in the area % of insulin, compared to either agent alone.
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Figure 9. The area percent of insulin (A), caspase-3 (B), and iNOS (C) immunoreactivity in the different
studied groups, at the end of the study period. The data were expressed as mean ± SD (n = 10).
a: significantly different when compared to control, b: significantly different when compared to diabetic,
c: significantly different when compared to sitagliptin and metformin, d: compared to metformin, using
post hoc ANOVA (LSD), p < 0.05.
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3.7.3. Area Percent of Caspase-3 Immunoreactivity

The statistical data, shown in Figure 9B, revealed a significant increase (p < 0.05) in the mean area
% of caspase-3 immunostaining in the untreated diabetic group (group 2) when compared to control
animals (group 1). All treated diabetic rats showed a significant decrease (p < 0.05) in the caspase-3
immunostaining compared to those untreated. However, the independent use of each drug showed a
significant decrease (p < 0.05) in sitagliptin-treated animals more than those metformin-treated. In the
combined therapy group, there was a significant decrease (p < 0.05) in the caspase-3 immunostaining
when compared to either sitagliptin or metformin-treated groups.

3.7.4. Area Percent of iNOS Immunoreactivity

Figure 9C shows a significant increase in the area % of iNOS immunoreactivity in the untreated
diabetic group when compared to the control animals (p < 0.05). All treated diabetic groups showed a
significant decrease in the iNOS immunoreactivity when compared to the untreated one (p < 0.05).
No difference in statistical significance was present between the treated diabetic groups.

4. Discussion

Sitagliptin, a selective dipeptidyl peptidase-4 (DDP-4) inhibitor, is a relatively new antidiabetic
drug, which inhibits the enzymatic activity of dipeptidyl peptidase-4 with subsequent blockage of the
rapid degradation of the glucagon-like peptide-1 (GLP-1) [25]. GLP-1 stimulates both the synthesis and
release of insulin from beta cells and reduces the release of glucagon from alpha cells. Therefore, DDP-4
inhibitors exert their glucoregulatory effect through prolonging the duration of the active circulating
incretin hormones in the bloodstream [10].

Interestingly, a key challenge in the long term use of sitagliptin, in chronic management of type 2
DM, is its possible adverse effects on the exocrine pancreas, including acute pancreatitis, as reported in
the literature [26,27]. Due to the seriousness and clinical significance of pancreatitis, the current study
was designed to evaluate the acute biological effects of 4-weeks sitagliptin treatment on both exocrine
and endocrine pancreas and to investigate a potential synergistic action of sitagliptin, when combined
with metformin.

In humans, most insulin-resistant obese individuals show an increase in their insulin secretion
and remain nondiabetic [28]. Later on, the combination of further beta-cell dysfunction precipitates
the development of diabetes due to the failure of the beta cells to compensate for more insulin release
during insulin resistance [29]. Given that both insulin resistance and impaired β cell function constitute
the hallmarks of the pathogenesis of human type 2 DM [30], high-fat diet-fed, streptozotocin-treated
(HFD/STZ) rat model was used to establish a nongenetic rat model of type 2 DM in order to further
mimic the pathology of such human disease. While HFD induces insulin resistance, the low dose of
STZ causes mild impairment in β cell function [31].

The results presented herein provided compelling evidence regarding the biological effects of
sitagliptin on the pancreatic cells and favor its use, in combination with metformin, in controlling
HFD/STZ-induced diabetes in rats.

Foremost, there were no great differences in the biochemical or histological findings obtained
from the untreated diabetic rats (subgroup 2b) receiving oral CMC (vehicle of the drugs) and those not
received (subgroup 2a), so both subgroups were considered the same.

In the current study, the untreated diabetic animals showed a significant weight gain at the
end of the experiment, compared to their control littermates. However, the individual use of either
sitagliptin or metformin alone, in monotherapy groups, equally maintained body weight (prevent about
51% increase in the body weight) compared to the untreated diabetic rats, although both combined
significantly preserved body weight (prevent about 71% increase in the body weight). This means that
both agents combined had a synergistic effect on restraining the increase in body weight. Similarly,
Matveyenko et al. [26] reported a synergistic effect of the combination of both sitagliptin and metformin
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in controlling body weight in a human islet amyloid polypeptide (HIP) transgenic rat model of type 2
diabetes, rather either agent alone. In addition, Reimer et al. [32] reported similar findings in the
Zucker diabetic fatty rat model of type 2 DM. These results indicated an effective combination of both
sitagliptin and metformin in maintaining body weight in different animal models of type 2 DM.

Differently, in the same HFD/STZ rat model of T2DM, Saad et al. [17] revealed weight neutral effects
of the individual use of sitagliptin and metformin compared to the control animals. This difference
might be attributed to the method of induction of DM, in particular, the duration of HFD and the dose
of STZ.

In regards to the pancreatic weight and pancreas/body weight ratio, both parameters were
significantly reduced in untreated diabetic animals compared to their control rats, in accordance with
previous works [33,34]. Oral administration of sitagliptin alone significantly increased both parameters
when compared to the untreated diabetic rats. However, metformin slightly but significantly increased
pancreatic weight and pancreas/body weight ratio when compared to the same untreated diabetic
animals. Noteworthy, the combined therapy group showed a significant increase in the pancreatic
weight and pancreas/body weight ratio in comparison to either of the monotherapy groups.

The main goal of antidiabetic drugs is to decrease or maintain blood glucose levels as tightly
as possible and hence to minimize the development of complications. Although, the response to
these drugs is individualized and can show a great difference, most probably due to the multifactorial
nature of the pathophysiology of T2DM [35]. In the current experiment, the HFD/STZ rat model
showed disruption of glucose homeostasis in untreated diabetic animals. The untreated rats showed
a significant increase in blood glucose levels when compared to the control group, in addition to an
impairment of the OGTT at the end of the experiment. Oral administration of sitagliptin (in group
3), metformin (group 4), and both combined (group 5), at the mentioned dose, significantly reduced
blood glucose levels during the treatment period and showed an improvement in the glycemic control
in diabetic rats, as further evidenced by an amelioration of the OGTT. However, the combination of
both drugs showed better control of FBG than either agent alone. Given that oral metformin could
inhibit DPP-4 activity in T2DM patients, as elucidated by Lindsay et al. [36], the further anti-DPP4
activity could be afforded when combined with sitagliptin. This notion could explain the synergistic
effect of sitagliptin on glucose homeostasis when combined with metformin. Also, an additive effect
of such combination was mentioned and explained by Andersen et al. [25]. Metformin appeared to
stimulate the endogenous GLP-1 secretion, and protection of the elevated levels of incretin hormones
was activated by sitagliptin.

Parallel to the changes in blood glucose level in the different studied groups, serum insulin showed
significant reduction in untreated diabetic group compared to control rats, in accordance with [37–39],
who reported a reduced serum insulin level in HFD/STZ rat model of type 2DM, and in controversy
with the study of Saad et al. [40] in which the diabetic rats exhibited significantly high serum insulin
in the same rat model. The suggested explanation for this controversy may be the duration of HFD
feeding in the aforementioned study. It was 4 weeks, unlike the current study, which could exacerbate
more insulin resistance in diabetic rats. Therefore, insulin failed to act adequately on resistant tissues
with subsequent poor glucose utilization, so β-cells compensated initially for insulin resistance by
increasing insulin secretion.

All treated diabetic animals showed different responses regarding the serum insulin level in
comparison to the untreated one. The sitagliptin-treated group showed a significant increase in
serum insulin, while a non-significant change was noted in those metformin-treated compared to
untreated diabetic animals. Furthermore, sitagliptin treatment revealed a significant improvement in
comparison to metformin treatment. Actually, the combined treatment in group 5 showed a significant
increase in the serum insulin level, with almost normalization of the value, when compared to the
control group. In agreement, Matveyenko et al. [26] revealed that a more synergistic effect, on the
glucose-mediated insulin secretion, was obtained when both sitagliptin and metformin were combined
in a HIP transgenic rat model of type 2 DM. Also, Eitah et al. [41] reported a significant increase and
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normalization of serum C-peptide level, when they utilized sitagliptin, in combination with quercetin,
in STZ-induced diabetic rats. This indicated that sitagliptin, in combination with another antidiabetic
agent, further improved insulin release in different models of experimental DM.

In regards to the insulin resistance index (HOMA-IR), the untreated diabetic group showed
a significant increase in the IR when compared to the control animals. Similarly, previous
studies [17,42] reported significantly higher HOMA-IR values in untreated diabetic rats compared to
the control animals.

However, all treated diabetic rats in different studied groups showed a significant decrease in
insulin resistance compared to the animals of the untreated diabetic group. Likewise, Saad et al. [17]
reported similar results with the least value observed in metformin-treated rats compared to those
sitagliptin-treated, which was inconsistent with our study. The current result showed no significant
difference between sitagliptin and metformin-treated animals regarding IR. The result presented herein
strongly suggested an insulin resistance decreasing effect of sitagliptin, which might be equal to that of
metformin. Consistent with this notion, Zheng et al. [43] reported an ameliorative effect of sitagliptin
on the development of insulin resistance in ob/ob mice. Furthermore, no significant difference was
present in the combined treatment group when compared to the control group. This indicated a
complementary action of the two drugs, on decreasing the IR in the combined therapy group.

Taken all together, the determined parameters of glucose homeostasis could be correlated.
All treated diabetic animals showed a variable statistical difference in FBG, insulin level, and HOMA-IR
in comparison to the untreated diabetic group. The significant decrease in FBG in sitagliptin and
the metformin-treated group was accompanied by a significant increase in the serum insulin level in
the sitagliptin-treated group but not in metformin-treated one. On the other hand, it was associated
with a significant decrease in IR in both groups. Notably, the combination therapy group showed a
more potent synergistic effect on these parameters when compared to the same untreated diabetic
animals. This indicated that the anti-hyperglycemic effect of sitagliptin, in the current rat model of
HFD/STZ-induced diabetes, was mostly afforded through an insulin secretagogue effect and increasing
peripheral glucose utilization. On the other hand, the different glucose-lowering mechanisms
encountered in each monotherapy group can be summarized to synergistically promote further insulin
secretion by beta cells and enhanced insulin sensitivity of the peripheral tissues in the group of
combined treatment modality.

Moreover, the disrupted glucose homeostasis in group 1 was associated with abnormalities in the
lipid profile as manifested by a significant increase in both total cholesterol and TGs, in accordance
with previous publications [44,45]. Also, the increased lipid profile comes hand by hand with the
increase in the body weight of the untreated diabetic rats. These abnormalities may be a cause or a
consequence of the diabetic state and insulin resistance.

However, the independent and concomitant treatments of sitagliptin and metformin remarkably
improved lipid profile compared to the untreated diabetic rats. Likewise, previous researches [17,46]
reported that both sitagliptin and metformin could normalize FBG and significantly corrected the
level of cholesterol and TGs. Furthermore, sitagliptin alone treatment significantly decreased the
level of cholesterol, compared to the untreated diabetic group. However, the combination of both
sitagliptin and metformin completely normalized the cholesterol level in the combined therapy group.
The improved lipid profile in treated diabetic groups might be correlated with the restraining of the
increase in body weight.

Compared to the metformin-treated group, sitagliptin treatment either alone or combined with
metformin showed a significant decrease in the cholesterol level. This observation indicated that
sitagliptin treatment had a better cholesterol-lowering effect more than metformin, and the combination
of both could normalize the cholesterol values. Consistent with an early study [17], comparing
metformin, glimepiride, and sitagliptin, it was found that sitagliptin treatment completely normalized
the level of cholesterol. Inconsistent with the same study [17], our result showed no significant
difference between sitagliptin and metformin-treated rats in TGs lowering effect. This inconsistency
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between the results could be explained by a difference in the constituents of the HFD, the dose of STZ,
duration of feeding, and other different methodologies.

Similar lipid-lowering effects have also been observed with another DPP-4 inhibitor in ZDF
rats [12] and STZ-induced diabetic rats [47]. It is still questionable whether the lipid-lowering effect of
sitagliptin in animal studies is due to enhanced activity of the incretin hormone, improvement of the
glycemic status, or due to delaying gastric emptying time [48–50].

Apart from the potent effect of sitagliptin alone on total cholesterol level, the animals of the
combined therapy group showed approximate normalization of cholesterol and TGs values when
compared to control animals. Overall, the result presented herein strongly suggested that sitagliptin,
in combination with another antidiabetic agent, produced more synergistic effects on cholesterol and
TGs, as evidenced in previous studies [18,41,51], which reported a more potent effect of sitagliptin
when co-administrated with glimepiride, trigonelline, and quercetin, respectively. Owing to the
heterogeneous nature of the pathophysiology of T2DM, sitagliptin/metformin combination provides
an attractive initial combination therapy due to their complementary mechanisms of action, targeting
more than one pathophysiological defect in type 2 diabetes [52].

Serum lipase is an important pancreatic enzyme, mainly produced by acinar cells. Estimation of
serum lipase is now more preferred than amylase as a biomarker for pancreatitis due to its improved
sensitivity, particularly in alcohol-induced pancreatitis. Its persistent elevation of up to 2 weeks creates
a wider diagnostic window than amylase [53]. Induction of diabetes in the diabetic group showed
no significant difference when compared to control. At the end of the experiment, all treated and
untreated diabetic rats showed no significant change when compared to the control animals. The result
presented herein was in accordance with other incretin-based therapy studies. Tatarkiewicz et al. [54]
and Usborne et al. [55] reported that animal treatment with GLP-1 receptor agonists—exenatide and
dulaglutide—respectively, did not modify plasma level of lipase in different models of DM.

In the current study, all specimens obtained from the untreated diabetic animals (group 2)
showed abnormally structured pancreatic islets. They appeared shrunken, hypocellular with altered
histoarchitecture in H&E stained sections. In addition, the islet cells showed vacuolated cytoplasm,
small pyknotic nuclei, and congested blood capillaries. These findings were consistent with other
studies [33,39], which reported that HFD, in combination with low dose STZ injection, produced marked
distortion of the islet histology, apoptotic changes, significant depletion of the islet number and islet size,
as well as the number of cells per islet. Different mechanisms have been postulated to explain islet cell
injury, particularly β-cell damage in type 2 DM. These include increased oxidative stress, accelerated
metabolic stress, increased endoplasmic reticulum stress, activation of inflammatory pathways,
and toxic accumulation of islet amyloid polypeptide, and the end result is β cell de-differentiation and
apoptosis [56].

It has been well known that hyperglycemia and hyperlipidemia are the fuel of certain biochemical
pathways, such as oxidative stress, low-grade inflammation, and apoptosis. Actually, these biochemical
alterations precipitate the development of insulin resistance and beta-cell dysfunction [57].

The histological changes come hand by hand with the morphometric results, which showed a
significant reduction in the islet size and islet number compared to the control animals. Furthermore,
these observations were parallel to the biochemical findings of a significant decrease in the serum
insulin level and a significant increase in blood glucose in comparison to the control group. The insulin
deficiency, in association with increased insulin resistance, as indicated by a significant increase in
HOMA-IR, resulted in an elevation of the blood glucose level. Similarly, these findings of disturbed
parameters of glucose homeostasis were in accordance with Hussien et al. [39], who reported insulin
deficiency, hyperglycemia, and increased HOMA-IR in the same rat model of type DM.

Notably, when correlating the islet number and islet size with the pancreatic weight, both depleted
parameters could be an explanation for the significant reduction in the pancreatic weight of the animals
of the untreated diabetic group due to affection of the islet mass, as demonstrated by Kou et al. [58].
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They suggested that islet number rather than islet size is a major determinant of β- and α-cell mass
in humans.

Compared to the untreated diabetic group, treatment with sitagliptin, metformin, and their
combination in the different studied groups 3, 4, and 5, respectively, showed an improvement in the
islet cell morphology with still minimal apoptotic changes in the form of small-sized darkly stained
pyknotic nuclei and deep acidophilia of the cytoplasm of few endocrine cells of the islets. Taken into
account the morphometric results of the treated groups, there was a significant increase in the islet
size and islet number in all treated groups when compared to the untreated diabetic one. Sitagliptin
alone was superior to metformin alone in maintaining islet size and islet number. However, their
combination was the best to maintain the measured parameters when compared to the control group.

These findings were consistent with the results of Mu et al. [48], who revealed that sitagliptin
preserved beta-cell mass and morphology in the HFD/STZ mice model of DM. In addition, Mohamed
et al. [18] reported a better effect of sitagliptin on the islet cell histoarchitecture and islet diameter than
glimepiride. However, the combination of both sitagliptin and glimepiride revealed a potent effect than
the individual use of these drugs. Moreover, in a HIP rat model of type 2 DM, Matveyenko et al. [26]
reported that sitagliptin preserved beta-cell mass, no effect of metformin, while a synergistic effect
of their combination on beta-cell mass and morphology. Meanwhile, in a rat model of STZ-induced
diabetes mellitus, Eitah et al. [41] reported approximate similar histological effects of the individual
use of sitagliptin and quercetin on the islet cell morphology and islet number. Also, they reported
that sitagliptin, combined with quercetin, maintained the histology and normalized the islet number.
Overall, these observations indicated a better synergistic effect of sitagliptin on the islet cell morphology
and morphometry, when combined with another antidiabetic agent, in different animal models of DM.
Similarly, the improved morphometric measurements of the islet number and islet size in all treated
groups come parallel to the changes in pancreatic weight and could be an explanation for the increased
pancreatic weight in the corresponding treated diabetic groups.

When correlating the histological changes in the islet cells morphology with the biochemical
findings of all treated groups, the observed increased insulin level and decreased blood glucose
concentration may be due to the amelioration of the histological structure of beta cells together with
decreased insulin resistance as indicated by a significant decrease in HOMA-IR. The increased insulin
release by the preserved beta cells, in addition to improved insulin sensitivity, enhanced glucose
utilization in skeletal muscle and peripheral tissues with a subsequent decrease in blood glucose levels.

Regarding the exocrine pancreas, there was a normal structural arrangement of the pancreatic
acini with no evidence denoting pancreatitis, such as hemorrhage, necrosis, inflammatory cell infiltrates
in all sections obtained from all animals of the treated diabetic groups and, in particular, sitagliptin
alone-treatment and sitagliptin plus metformin-treatment groups. This indicated that sitagliptin didn’t
induce pancreatitis in this animal model of HFD/STZ type 2 DM. The H&E results of the pancreatic
acini were supported by the biochemical finding of serum lipase that revealed non-significant changes
in sitagliptin-treated groups. These results were parallel to that of Mega et al. [4], who revealed that
sitagliptin treatment prevented the aggravation of inflammation and fibrosis elicited in both exocrine
and endocrine pancreases in the ZDF rat model of type 2 DM. Similarly, in incretin-based therapy,
Tatarkiewicz et al. [54] showed that exenatide did not evoke pancreatitis in HFD/STZ rat model and
could attenuate chemically-induced pancreatitis in normal and diabetic rodents.

In clinical studies, similar findings were in accordance with the current result. A population-based
cohort study revealed that DDP-4 inhibitors were less likely to cause drug-induced pancreatitis than
sulfonylurea. Also, in a randomized controlled trial, Smits et al. [59] reported no development of
pancreatitis in type 2 diabetic patients receiving sitagliptin, even though there was a brief and modest
increase in plasma lipase and amylase.

Inconsistent with current results, Nachnani et al. [9] reported pancreatic inflammation, pyknotic
nuclei, and cellular infiltrates in normal rats treated with exenatide. In addition, the aforementioned
study [26] that revealed a beneficial effect on islet cells reported an additional adverse effect of sitagliptin
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on the exocrine pancreas in the form of increased pancreatic duct turnover, ductal metaplasia, and,
in one rat, pancreatitis. An interesting finding was revealed by the authors that metformin combination
prevented sitagliptin-induced ductal proliferation and pancreatitis. Furthermore, in a more recent
study, Rouse et al. [27] reported that both sitagliptin and exenatide could induce pancreatic acinar cell
injury in mice. They added that HFD fed mice were more exposed than those on a standard diet.

An explanation was postulated to elucidate the possible underlying mechanisms of such
drug-induced pancreatic changes: the glucagon-like peptide 1(GLP-1) receptor is normally expressed
in the pancreatic duct and islet’s cells and is indirectly stimulated by DPP-4 inhibitors as they lead
to a further increase of the circulating level of GLP-1 [60]. Prolonged GLP-1 stimulation resulted in
the expansion of pancreatic acinar and ductal cells and their growth into the small pancreatic ducts;
this could lead to ductal occlusion, thereby triggering pancreatitis [61]. An intriguing observation is that
the above-mentioned studies [26,27] used very high doses of DPP-4 inhibitor (sitagliptin, 200 mg/kg),
which are not used in humans. So, their results are inapplicable and not reproducible.

Regarding the immunohistochemical observations, the mean area % of insulin immunoreactivity
showed a significant decrease in the untreated diabetic group when compared to the control animals.
This result was similar to that of a previous work [62], which reported a decreased insulin localization
in the untreated diabetic group. Being insulin secretion highlighting the beta-cell function, previous
studies [63] suggested that loss of beta-cell mass and beta-cell function were encountered in the
pathogenesis of type 2 DM.

Sitagliptin-treated and metformin-treated groups showed a significant increase in comparison to
the untreated diabetic one with a better response in sitagliptin-treated rats. However, the combination of
both showed a more potent insulin immunoexpression. The current findings were parallel to a previous
study [41], which showed improved insulin immunoreactivity in the sitagliptin-treated diabetic
group; however, the combination with quercetin restored the intensity of insulin immunostaining.
These results point to a preservative effect of sitagliptin on islet cell function, more than metformin
with a potent synergistic action when both combined.

Caspases are protease enzymes that require the presence of cysteine to perform their catalytic
activity. Their proteolytic effect lies specifically in an aspartate residue, and hence they are so-called
caspase (Cysteine-dependent ASPartate-specific peptidASE). The caspase-cascade system is entangled
in the induction, transduction, and amplification of intracellular apoptotic signals. Caspase-3 is one
of the executer caspases involved in apoptosis [64]. Caspase-3 immunostained sections obtained
from the untreated diabetic group showed a significant increase in the cytoplasmic immunoreactivity
when compared to the control group. Similarly, Liu et al. [65] reported the upregulation of caspase-3
expression in STZ-induced DM. It has been well known that the upregulation of the apoptotic cascades
in islet cells is involved in beta-cell damage and dysfunction [66].

All treated diabetic groups showed a significant decrease in caspase-3 immunoreaction when
compared to the untreated diabetic one, with the least reaction in the combined therapy group.
These results indicated variable anti-apoptotic effects of sitagliptin and metformin. In agreement,
Samaha et al. [67] reported a significant suppression of caspase-3 immunoexpression in the
sitagliptin-treated group. Given that apoptosis is entangled in the pathogenesis of beta-cell dysfunction,
and since sitagliptin and metformin altered the caspase-3 expression with the best response in a
combined approach, these data confirm the potential role of both agents in alleviating apoptotic
changes with an additive effect, when both combined.

Inducible nitric oxide synthase (iNOS) is one of the three isoforms of NOS enzymes involved in the
production of nitric oxide. iNOS is not detectable during normal conditions; however, it is expressed
in the tissues during inflammation [68]. iNOS immunostained sections in the untreated diabetic
group showed a significant increase in the cytoplasmic immunoreactivity of the pancreatic islets when
compared to the control group. Similarly, Sai et al. [69] detected positive iNOS immunostaining in the
pancreatic islets of the STZ-induced diabetic rat model of DM. It is broadly accepted that the induction
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of iNOS in pancreatic islets leads to an increase in NO production associated with dysfunctional
beta-cells [70].

All treated diabetic groups showed a negative iNOS immunoreaction in the pancreatic islets as
well as pancreatic acini. These observations indicated the alleviation of the inflammatory state of
the pancreatic islets with treatment. In addition, no inflammation was elicited by sitagliptin in the
exocrine pancreatic tissue of groups 3 and 5. In agreement, Salehi et al. [71] reported the expression of
iNOS in the pancreatic islets of type 2 diabetic Goto-Kakizaki (GK) rats and counteracted by GLP-1
administration. Considering inflammatory cytokines and NO as potential mediators of pancreatic
beta-cell destruction in diabetes, and since sitagliptin and metformin suppressed iNOS expression in
the islet cells, these data point out to the same direction as ours and emphasize the potential benefit of
both agents in such condition.

Taken all together, daily oral administration of sitagliptin in group 3 maintained body weight,
decreased serum glucose and insulin resistance with concomitant enhancement of insulin secretion,
decreased total cholesterol and TGs, and increased islet number and islet size. The ameliorative
effect of sitagliptin was confirmed by the improvement in the histological structure in H&E stain,
the increase of insulin immunoreactivity, the decrease of caspase-3 immunoexpression, and negative
iNOS immunoreaction in the pancreatic islets of group 3. These results were in agreement with
Ferreira et al. [72], who displayed that sitagliptin treatment improved glycemic state, lipid profile,
and inflammation and reduced the histopathological changes induced in both endocrine and exocrine
pancreases in ZDF diabetic rat model of type 2 DM.

Different suggestions were postulated for the glucose-lowering effect of GLP-1-based therapies,
including DPP-4 inhibitors. Bae [73] declared their role beyond glucose control, including stimulation
of insulin secretion and inhibition of glucagon secretion, expansion of the beta-cell mass, and inhibiting
beta-cell apoptosis, delay of gastric emptying, and reduction of food intake. In addition, Lee et al. [74]
added an anti-inflammatory effect on the islet cells and adipose tissue, contributing to lowering blood
glucose levels in diabetes. The immunohistochemical observations of insulin, caspase-3, and iNOS
immunostaining, in the present work, seemed to confirm many suggestive mechanisms postulated for
the glucose-lowering effect of sitagliptin.

On the other hand, the daily oral administration of metformin in group 4 preserved body weight,
decreased serum glucose, insulin resistance, decreased total cholesterol and TGs, as well as islet number
and islet size. The ameliorative effect of metformin was confirmed by the histological improvement of
the islet morphology in H&E stain, moderate increase of insulin immunoreactivity, and a mild decrease
of caspase-3 immunoexpression in the pancreatic islets of group 4. These results were in agreement
with a previous study [75], where they used the same HFD/STZ diabetic rat model. The authors
revealed that metformin significantly decreased serum glucose concentration, HbA1c, increased plasma
insulin level, significantly reduced cholesterol and TGs, the improved microstructure of the pancreatic
islets, and increased positive insulin immunoreactivity.

Several mechanisms of the glucose-lowering effect of metformin have been proposed. Previous
investigators [76] clarified some mechanistic aspects of metformin, including reduced hepatic
glucose output, increased peripheral glucose utilization, decreased fatty acid oxidation, sensitized
peripheral tissue to insulin action, increased functional activity of glucose transporters, and increased
insulin-mediated insulin receptor tyrosine kinase activity, which then augments a range of insulin
signals. Migoya et al. [77] suggested a different mechanism of metformin action mediated through
GLP-1. They reported that metformin could stimulate GLP-1 secretion rather than inhibit DPP-4
activity. Furthermore, Liu and Hong [78] reported that metformin could enhance the biological effect
of GLP-1 by increasing GLP-1 secretion, suppressing DPP-4 activity, and upregulating the expression
of GLP-1 receptor in pancreatic β-cells. Another novel mechanism was postulated by Saisho [79],
who reported an anti-inflammatory effect for metformin beyond its glucose-lowering effect.
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The findings presented herein supported many suggestions on the mechanistic aspects of
metformin. The current results showed increased insulin sensitivity in the metformin-treated group,
as indicated by decreased HOMA-IR. The postulated anti-inflammatory effect of metformin was
confirmed by attenuation of the iNOS positive immunoreactivity.

The combination of both sitagliptin and metformin in group 5 showed a potent effect on the
pancreatic islets more than the independent use of each drug, as confirmed by the biochemical findings,
morphometric results of the islet number and islet size, H&E findings, and immunohistochemical
observations. It seems that both sitagliptin and metformin have complementary mechanisms of action
and additive effects with respect to increasing concentrations of active GLP-1 in plasma, as suggested
by Migoya et al. [77]. An extended protective effect of sitagliptin on the liver, an issue that was not
addressed in this study, could be considered, which added to metformin effects. In the current animal
model of type 2 DM (HFD/STZ), expected liver steatosis should be taken in mind and considered as
one of the limitations in future work. Shen et al. [80] reported that sitagliptin reduced insulin resistance
in a rat model of HFD/STZ-induced liver steatosis as supported by the suppression of serum TGs and
free fatty acids (FFA) and decreased HOMA-IR. Also, the authors reported anti-inflammatory and
anti-oxidative effects of sitagliptin via reactivation of the SIRT1/AMPK pathway, which was suppressed
by HFD treatment. Suppression of inflammation and oxidative stress elicited in the liver during
metabolic diseases, such as DM and obesity, could improve insulin resistance and the altered liver
pathology, which added to metformin action.

By comparing and contrasting both monotherapy treatments, there were similarities in maintaining
body weight, fasting blood glucose, insulin resistance, and serum TGs. However, sitagliptin
was superior in maintaining pancreatic weight and pancreas/body weight ratio, serum insulin,
serum cholesterol, islet number and size, insulin immunoexpression in beta cells, and caspase-3
immunoexpression in islet cells. Finally, the different mechanisms of action of each monotherapy
encountered in each group of the single treatment modality can be summarized to synergistically
promote better glycemic control in the group of combined treatment modality. Also, no evidence of
pancreatic injury or pancreatitis was detected on short term treatment of low-dose sitagliptin in the
current rat model of type 2 DM, as confirmed by the H&E staining, immunohistochemical observations
of iNOS immunostaining, and the biochemical findings of serum lipase.

However, with a low dosage of sitagliptin used herein (10 mg/kg/day), as compared to the
literature, caution must be applied as the used dosage is approximately 10-times higher than that used
in human (100 mg/day) [81]. Future researches are highly warranted to address such limitation.

5. Conclusions

In this animal model of type 2 DM (HFD/STZ rat model), beta-cell damage was mediated via
inflammatory and apoptotic pathways, as evidenced by iNOS and caspase-3 immunohistochemistry.
Sitagliptin attenuated DM through the preservation of the beta-cell mass and function and decreasing
insulin resistance. The current work declared a cytoprotective effect of low-dose sitagliptin on
the pancreatic beta cells, which might be due to an improvement of the lipid profile, glycemic state,
in addition to its anti-apoptotic and anti-inflammatory effects, as confirmed by the immunohistochemical
observations. Furthermore, the obtained data didn’t indicate that sitagliptin, in the administered dose,
had a detrimental effect on the pancreatic acini in the current HFD/STZ rat model of type 2 diabetes
mellitus. Hence, sitagliptin could be used as an efficient antidiabetic drug during treatment of DM
with adequate safety coverage on the exocrine pancreatic tissue, at least when given at a low dose for
4 weeks in rats. However, further studies, using increasing doses of sitagliptin and different methods,
are greatly warranted to establish the above-mentioned suggestions.



Biology 2020, 9, 6 23 of 27

Author Contributions: Conceptualization, L.M.S. and A.A.M.; Data curation, A.A.M., L.M.S., and E.E.B.;
Methodology, L.M.S. and E.E.B.; Validation, S.M.H. and E.E.B.; Formal analysis, A.A.M.; Investigation, L.M.S. and
E.E.B.; Resources, E.E.B. and S.M.H.; Writing—Original draft preparation, A.A.M. and L.M.S.; Writing—Review
and editing, A.A.M. and S.M.H.; Visualization, S.M.H.; Supervision, E.E.B.; Project administration, L.M.S.
All authors have read and agreed to the published version of the manuscript.

Acknowledgments: Great consideration and deep gratitude were expressed to all our colleagues in the Histology
and Anatomy Departments, Faculties of Medicine, Fayoum, Benha, and Al-Azhar Universities, Egypt, for their
support and help.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tao, Z.; Shi, A.; Zhao, J. Epidemiological Perspectives of Diabetes. Cell Biochem. Biophys. 2015, 73, 181–185.
[CrossRef] [PubMed]

2. Magalhaes, D.A.; Kume, W.T.; Correia, F.S.; Queiroz, T.S.; Allebrandt Neto, E.W.; Santos, M.P.; Kawashita, N.H.;
França, S.A. High-fat diet and streptozotocin in the induction of type 2 diabetes mellitus: A new proposal.
An. Acad. Bras. Cienc. 2019, 91. [CrossRef] [PubMed]

3. Hostalek, U.; Gwilt, M.; Hildemann, S. Therapeutic use of metformin in prediabetes and diabetes prevention.
Drugs 2015, 75, 1071–1094. [CrossRef] [PubMed]

4. Mega, C.; Vala, H.; Rodrigues-Santos, P.; Oliveira, J.; Teixeira, F.; Fernandes, R.; Reis, F.; de Lemos, E.T.
Sitagliptin prevents aggravation of endocrine and exocrine pancreatic damage in the Zucker Diabetic Fatty
rat—Focus on amelioration of metabolic profile and tissue cytoprotective properties. Diabetol. Metab. Syndr.
2014, 6, 42. [CrossRef] [PubMed]

5. Nauck, M. Incretin therapies: Highlighting common features and differences in the modes of action of
glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors. Diabetes Obes. Metab. 2016,
18, 203–216. [CrossRef]

6. Mega, C.; Teixeira-de-Lemos, E.; Fernandes, R.; Reis, F. Renoprotective Effects of the Dipeptidyl Peptidase-4
Inhibitor Sitagliptin: A Review in Type 2 Diabetes. J. Diabetes Res. 2017, 2017, 5164292. [CrossRef]

7. Teodoro, J.S.; Nunes, S.; Rolo, A.P.; Reis, F.; Palmeira, C.M. Therapeutic options targeting oxidative stress,
mitochondrial dysfunction and inflammation to hinder the progression of vascular complications of diabetes.
Front. Physiol. 2018, 9, 1857. [CrossRef]

8. Sakura, H.; Hashimoto, N.; Sasamoto, K.; Ohashi, H.; Hasumi, S.; Ujihara, N.; Kasahara, T.; Tomonaga, O.;
Nunome, H.; Honda, M.; et al. Effect of sitagliptin on blood glucose control in patients with type 2 diabetes
mellitus who are treatment naive or poorly responsive to existing antidiabetic drugs: The JAMP study.
BMC Endocr. Disord. 2016, 16, 70. [CrossRef]

9. Nachnani, J.S.; Bulchandani, D.G.; Nookala, A.; Herndon, B.; Molteni, A.; Pandya, P.; Taylor, R.; Quinn, T.;
Weide, L.; Alba, L.M. Biochemical and histological effects of exendin-4 (exenatide) on the rat pancreas.
Diabetologia 2010, 53, 153–159. [CrossRef]

10. Nelson, M.; Bhandari, N.; Wener, J. Sitagliptin-induced pancreatitis—A longer road than expected.
Clin. Case Rep. 2014, 2, 149–152. [CrossRef]

11. Buse, J.B.; Bethel, M.A.; Green, J.B.; Stevens, S.R.; Lokhnygina, Y.; Aschner, P.; Grado, C.R.; Tankova, T.;
Wainstein, J.; Josse, R.; et al. Pancreatic safety of sitagliptin in the TECOS study. Diabetes Care 2017, 40,
164–170. [CrossRef] [PubMed]

12. Vrang, N.; Jelsing, J.; Simonsen, L.; Jensen, A.E.; Thorup, I.; Soeborg, H.; Knudsen, L.B. The effects of 13 wk
of liraglutide treatment on endocrine and exocrine pancreas in male and female ZDF rats: A quantitative
and qualitative analysis revealing no evidence of drug-induced pancreatitis. AJP Endocrinol. Metab. 2012,
303, E253–E264. [CrossRef] [PubMed]

13. Kim, Y.-G.; Kim, S.; Han, S.J.; Kim, D.J.; Lee, K.-W.; Kim, H.J. Dipeptidyl Peptidase-4 Inhibitors and the Risk
of Pancreatitis in Patients with Type 2 Diabetes Mellitus: A Population-Based Cohort Study. J. Diabetes Res.
2018, 2018. [CrossRef] [PubMed]

14. Committee NRC. Guide for the Care and Use of Laboratory Animals: NIH Publications No. 8023, 8th ed.; National
Academies Press: Cambridge, MA, USA, 2010; 220p.

15. Furman, B.L. Streptozotocin-induced diabetic models in mice and rats. Curr. Protoc. Pharmacol. 2015, 70,
5–47. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12013-015-0598-4
http://www.ncbi.nlm.nih.gov/pubmed/25711186
http://dx.doi.org/10.1590/0001-3765201920180314
http://www.ncbi.nlm.nih.gov/pubmed/30916157
http://dx.doi.org/10.1007/s40265-015-0416-8
http://www.ncbi.nlm.nih.gov/pubmed/26059289
http://dx.doi.org/10.1186/1758-5996-6-42
http://www.ncbi.nlm.nih.gov/pubmed/24650557
http://dx.doi.org/10.1111/dom.12591
http://dx.doi.org/10.1155/2017/5164292
http://dx.doi.org/10.3389/fphys.2018.01857
http://dx.doi.org/10.1186/s12902-016-0149-z
http://dx.doi.org/10.1007/s00125-009-1515-4
http://dx.doi.org/10.1002/ccr3.83
http://dx.doi.org/10.2337/dc15-2780
http://www.ncbi.nlm.nih.gov/pubmed/27630212
http://dx.doi.org/10.1152/ajpendo.00182.2012
http://www.ncbi.nlm.nih.gov/pubmed/22589391
http://dx.doi.org/10.1155/2018/5246976
http://www.ncbi.nlm.nih.gov/pubmed/29850606
http://dx.doi.org/10.1002/0471141755.ph0547s70
http://www.ncbi.nlm.nih.gov/pubmed/26331889


Biology 2020, 9, 6 24 of 27

16. Mega, C.; Vala, H.; Teixeira de Lemos, E.; Fernandes, R.; Oliveira, J.; Ferreira, L.; Teixeira, F.; Reis, F.
Biochemical and histological effects of sitagliptin on Zucker Diabetic Fatty rat pancreas. Virchows Arch. 2010,
457, 91–281.

17. Saad, M.I.; Kamel, M.A.; Hanafi, M.Y. Modulation of adipocytokines production and serum NEFA level
by metformin, glimepiride, and sitagliptin in HFD/STZ diabetic rats. Biochem. Res. Int. 2015, 2015, 138134.
[CrossRef]

18. Mohamed, N.A.; Zaitone, S.A.; Moustafa, Y.M. Effect of Sitagliptin in Combination with Glimepiride on
Glycemic Control and Islet Cell Diameter / Proliferation in A Model of Type 2 Diabetic Rats. IOSR J. Pharm.
2013, 3, 72–80. [CrossRef]

19. Jin, J.; Lim, S.W.; Jin, L.; Yu, J.H.; Kim, H.S.; Chung, B.H. Effects of metformin on hyperglycemia in an
experimental model of tacrolimus- and sirolimus-induced diabetic rats. Korean J. Intern Med. 2017, 32,
314–322. [CrossRef]

20. Tsukamoto, A.; Niino, N.; Sakamoto, M.; Ohtani, R.; Inomata, T. The validity of anesthetic protocols for the
surgical procedure of castration in rats. Exp. Anim. 2018, 67, 329–336. [CrossRef]

21. Guo, X.; Wang, Y.; Wang, K.; Ji, B.; Zhou, F. Stability of a type 2 diabetes rat model induced by high-fat diet
feeding with low-dose streptozotocin injection. J. Zhejiang Univ. B 2018, 19, 559–569. [CrossRef]

22. Bancroft, J.D.; Lyton, C. The Hematoxylins and Eosin. In Theory and Practice of Histological Techniques, 8th ed.;
Suvarna, S.K., Bancroft, J.D., Lyton, C., Eds.; Elsevier Health Sciences: Amsterdam, The Netherlands, 2018;
pp. 126–138.

23. Kiernan, J.A. Immunohistochemistry. In Histological and Histochemical Methods Theory and Practice, 4th ed.;
Kiernan, J., Ed.; Scion Publishing Ltd.: Banbury, UK, 2015; pp. 454–490.

24. Noor, A.; Gunasekaran, S.; Vijayalakshmi, M.A. Improvement of Insulin Secretion and Pancreatic β-cell
Function in Streptozotocin-induced Diabetic Rats Treated with Aloe vera Extract. Pharmacogn. Res. 2017, 9,
S99–S104. [CrossRef] [PubMed]

25. Andersen, E.S.; Deacon, C.F.; Holst, J.J. Do we know the true mechanism of action of the DPP-4 inhibitors?
Diabetes Obes. Metab. 2018, 20, 34–41. [CrossRef] [PubMed]

26. Matveyenko, A.V.; Dry, S.; Cox, H.I.; Moshtaghian, A.; Gurlo, T.; Galasso, R.; Butler, A.E.; Butler, P.C.
Beneficial endocrine but adverse exocrine effects of sitagliptin in the human islet amyloid polypeptide
transgenic rat model of type 2 diabetes: Interactions with metformin. Diabetes 2009, 58, 1604–1615. [CrossRef]
[PubMed]

27. Rouse, R.; Xu, L.; Stewart, S.; Zhang, J. High fat diet and GLP-1 drugs induce pancreatic injury in mice.
Toxicol. Appl. Pharmacol. 2014, 276, 104–114. [CrossRef] [PubMed]

28. Czech, M.P. Insulin action and resistance in obesity and type 2 diabetes. Nat. Med. 2017, 23, 804–814.
[CrossRef] [PubMed]

29. Wortham, M.; Sander, M. Mechanisms of β-cell functional adaptation to changes in workload. Diabetes Obes.
Metab. 2016, 18, 78–86. [CrossRef]

30. DeFronzo, R.A. Pathogenesis of type 2 diabetes mellitus. In Diabetes Epidemiology, Genetics, Pathogenesis,
Diagnosis, Prevention, and Treatment; Bonora, E., DeFronzo, R.A., Eds.; Springer: Cham, Switzerland, 2018;
pp. 181–253.

31. Skovsø, S. Modeling type 2 diabetes in rats using high fat diet and streptozotocin. J. Diabetes Investig. 2014, 5,
349–358. [CrossRef]

32. Reimer, R.A.; Grover, G.J.; Koetzner, L.; Gahler, R.J.; Lyon, M.R.; Wood, S. Combining sitagliptin/metformin
with a functional fiber delays diabetes progression in Zucker rats. J. Endocrinol. 2014, 220, 361–373. [CrossRef]

33. Zhou, J.; Zhou, S.; Zeng, S. Experimental diabetes treated with trigonelline: Effect on β cell and pancreatic
oxidative parameters. Fundam. Clin. Pharmacol. 2013, 27, 279–287. [CrossRef]

34. Zhuo, J.; Zeng, Q.; Cai, D.; Zeng, X.; Chen, Y.; Gan, H.; Huang, X.; Yao, N.; Huang, D.; Zhang, C. Evaluation
of type 2 diabetic mellitus animal models via interactions between insulin and mitogen-activated protein
kinase signaling pathways induced by a high fat and sugar diet and streptozotocin. Mol. Med. Rep. 2018, 17,
5132–5142. [CrossRef]

35. Kahn, S.E.; Cooper, M.E.; Del Prato, S. Pathophysiology and treatment of type 2 diabetes: Perspectives on
the past, present, and future. Lancet 2014, 383, 1068–1083. [CrossRef]

http://dx.doi.org/10.1155/2015/138134
http://dx.doi.org/10.9790/3013-0309-72-80
http://dx.doi.org/10.3904/kjim.2015.394
http://dx.doi.org/10.1538/expanim.18-0003
http://dx.doi.org/10.1631/jzus.B1700254
http://dx.doi.org/10.4103/pr.pr_75_17
http://www.ncbi.nlm.nih.gov/pubmed/29333050
http://dx.doi.org/10.1111/dom.13018
http://www.ncbi.nlm.nih.gov/pubmed/28544214
http://dx.doi.org/10.2337/db09-0058
http://www.ncbi.nlm.nih.gov/pubmed/19403868
http://dx.doi.org/10.1016/j.taap.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24534256
http://dx.doi.org/10.1038/nm.4350
http://www.ncbi.nlm.nih.gov/pubmed/28697184
http://dx.doi.org/10.1111/dom.12729
http://dx.doi.org/10.1111/jdi.12235
http://dx.doi.org/10.1530/JOE-13-0484
http://dx.doi.org/10.1111/j.1472-8206.2011.01022.x
http://dx.doi.org/10.3892/mmr.2018.8504
http://dx.doi.org/10.1016/S0140-6736(13)62154-6


Biology 2020, 9, 6 25 of 27

36. Lindsay, J.R.; Duffy, N.A.; McKillop, A.M.; Ardill, J.; O’Harte, F.P.M.; Flatt, P.R.; Bell, P.M. Inhibition of
dipeptidyl peptidase IV activity by oral metformin in Type 2 diabetes. Diabet Med. 2005, 22, 654–657.
[CrossRef] [PubMed]

37. Naidu, P.B.; Ponmurugan, P.; Begum, M.S.; Mohan, K.; Meriga, B.; RavindarNaik, R.; Saravanan, G. Diosgenin
reorganises hyperglycaemia and distorted tissue lipid profile in high-fat diet–streptozotocin-induced diabetic
rats. J. Sci. Food Agric. 2015, 95, 3177–3182. [CrossRef] [PubMed]

38. Shah, M.A.; Sarkerm, M.M.R.; Gousuddin, M. Antidiabetic potential of Brassica Oleracea Var. Italica in type
2 diabetic sprague dawley (sd) rats. Int. J. Pharmacogn. Phytochem. Res. 2016, 8, 462–469.

39. Hussien, N.I.; Ebrahim, N.; Mohammed, O.M.; Sabry, D. Combination of obestatin and bone marrow
mesenchymal stem cells prevents aggravation of endocrine pancreatic damage in type II diabetic rats. Int. J.
Stem. Cells 2017, 10, 129–143. [CrossRef]

40. Saad, M.I.; Kamel, M.A.; Hanafi, M.Y.; Helmy, M.H.; Shehata, R.R. Effect of sitagliptin and glimepiride on
glucose homeostasis and cAMP levels in peripheral tissues of HFD/STZ diabetic rats. Am. J. Biomed. Res.
2014, 2, 52–60. [CrossRef]

41. Eitah, H.E.; Maklad, Y.A.; Abdelkader, N.F.; el Din, A.A.G.; Badawi, M.A.; Kenawy, S.A. Modulating impacts of
quercetin/sitagliptin combination on streptozotocin-induced diabetes mellitus in rats. Toxicol. Appl. Pharmacol.
2019, 365, 30–40. [CrossRef]

42. Antony, P.J.; Gandhi, G.R.; Stalin, A.; Balakrishna, K.; Toppo, E.; Sivasankaran, K.; Ignacimuthu, S.;
Al-Dhabi, N.A. Myoinositol ameliorates high-fat diet and streptozotocin-induced diabetes in rats through
promoting insulin receptor signaling. Biomed. Pharmacother. 2017, 88, 1098–1113. [CrossRef]

43. Zheng, W.; Zhou, J.; Song, S.; Kong, W.; Xia, W.; Chen, L.; Zeng, T. Dipeptidyl-peptidase 4 inhibitor
sitagliptin ameliorates hepatic insulin resistance by modulating inflammation and autophagy in ob/ob mice.
Int. J. Endocrinol. 2018, 2018, 8309723. [CrossRef]

44. Hu, H.; Xu, M.; Qi, R.; Wang, Y.; Wang, C.; Liu, J.; Luo, L.; Xia, L.; Fang, Z. Sitagliptin downregulates
retinol-binding protein 4 and upregulates glucose transporter type 4 expression in a type 2 diabetes mellitus
rat model. Int. J. Clin. Exp. Med. 2015, 8, 17902.

45. Shao, Y.; Yu, Y.; Li, C.; Yu, J.; Zong, R.; Pei, C. Synergistic effect of quercetin and 6-gingerol treatment in
streptozotocin induced type 2 diabetic rats and poloxamer P-407 induced hyperlipidemia. RSC Adv. 2016, 6,
12235–12242. [CrossRef]

46. Abbas, N.A.T.; El Salem, A. Metformin, sitagliptin, and liraglutide modulate serum retinol-binding protein-4
level and adipocytokine production in type 2 diabetes mellitus rat model. Can. J. Physiol. Pharmacol. 2018,
96, 1226–1231. [CrossRef] [PubMed]

47. Zhang, L.; Zhang, S.-T.; Yin, Y.-C.; Xing, S.; Li, W.-N.; Fu, X.-Q. Hypoglycemic effect and mechanism of
isoquercitrin as an inhibitor of dipeptidyl peptidase-4 in type 2 diabetic mice. RSC Adv. 2018, 8, 14967–14974.
[CrossRef]

48. Mu, J.; Woods, J.; Zhou, Y.P.; Roy, R.S.; Li, Z.; Zycband, E.; Feng, Y.; Zhu, L.; Li, C.; Howard, A.D.; et al.
Chronic inhibition of dipeptidyl peptidase-4 with a sitagliptin analog preserves pancreatic β-cell mass and
function in a rodent model of type 2 diabetes. Diabetes 2006, 55, 1695–1704. [CrossRef] [PubMed]

49. Shigematsu, E.; Yamakawa, T.; Kadonosono, K.; Terauchi, Y. Effect of sitagliptin on lipid profile in patients
with type 2 diabetes mellitus. J. Clin. Med. Res. 2014, 6, 327–335. [CrossRef]

50. Bolevich, S.; Draginic, N.; Andjic, M.; Jeremic, N.; Bolevich, S.; Litvitskiy, P.F.; Jakovljevic, V. The Effects of
DPP4 Inhibitors on Lipid Status and Blood Pressure in Rats with Diabetes Mellitus Type 2. Serb. J. Exp.
Clin. Res. 2019, 1. [CrossRef]

51. Kamble, H.V.; Bodhankar, S.L. Cardioprotective effect of concomitant administration of trigonelline and
sitagliptin on cardiac biomarkers, lipid levels, electrocardiographic and heamodynamic modulation on
cardiomyopathy in diabetic Wistar rats. Biomed. Aging Pathol. 2014, 4, 335–342. [CrossRef]

52. Hayes, J.; Anderson, R.; Stephens, J.W. Sitagliptin/metformin fixed-dose combination in type 2 diabetes
mellitus: An evidence-based review of its place in therapy. Drug Des. Devel. Ther. 2016, 10, 2263.

53. Ismail, O.Z.; Bhayana, V. Lipase or amylase for the diagnosis of acute pancreatitis? Clin. Biochem. 2017, 50,
1275–1280. [CrossRef]

http://dx.doi.org/10.1111/j.1464-5491.2005.01461.x
http://www.ncbi.nlm.nih.gov/pubmed/15842525
http://dx.doi.org/10.1002/jsfa.7057
http://www.ncbi.nlm.nih.gov/pubmed/25530163
http://dx.doi.org/10.15283/ijsc17035
http://dx.doi.org/10.12691/ajbr-2-3-3
http://dx.doi.org/10.1016/j.taap.2018.12.011
http://dx.doi.org/10.1016/j.biopha.2017.01.170
http://dx.doi.org/10.1155/2018/8309723
http://dx.doi.org/10.1039/C5RA16493A
http://dx.doi.org/10.1139/cjpp-2017-0650
http://www.ncbi.nlm.nih.gov/pubmed/30075088
http://dx.doi.org/10.1039/C8RA00675J
http://dx.doi.org/10.2337/db05-1602
http://www.ncbi.nlm.nih.gov/pubmed/16731832
http://dx.doi.org/10.14740/jocmr1889w
http://dx.doi.org/10.2478/sjecr-2019-0037
http://dx.doi.org/10.1016/j.biomag.2014.07.009
http://dx.doi.org/10.1016/j.clinbiochem.2017.07.003


Biology 2020, 9, 6 26 of 27

54. Tatarkiewicz, K.; Smith, P.A.; Sablan, E.J.; Polizzi, C.J.; Aumann, D.E.; Villescaz, C.; Hargrove, D.M.;
Gedulin, B.R.; Lu, M.G.; Adams, L.; et al. Exenatide does not evoke pancreatitis and attenuates chemically
induced pancreatitis in normal and diabetic rodents. Am. J. Physiol. Metab. 2010, 299, E1076–E1086.
Available online: http://www.physiology.org/doi/10.1152/ajpendo.00479.2010 (accessed on 1 July 2019).
[CrossRef]

55. Usborne, A.; Byrd, R.A.; Meehan, J.; Blackbourne, J.L.; Sullivan, J.; Poitout-Belissent, F.; Prefontaine, A.;
Martin, J.A.; Vahle, J.L. An investigative study of pancreatic exocrine biomarkers, histology, and
histomorphometry in male Zucker diabetic fatty (ZDF) rats given dulaglutide by subcutaneous injection
twice weekly for 13 weeks. Toxicol Pathol. 2015, 43, 1093–1102. [CrossRef] [PubMed]

56. Halban, P.A.; Polonsky, K.S.; Bowden, D.W.; Hawkins, M.A.; Ling, C.; Mather, K.J.; Powers, A.C.; Rhodes, C.J.;
Sussel, L.; Weir, G.C. β-cell failure in type 2 diabetes: Postulated mechanisms and prospects for prevention
and treatment. J. Clin. Endocrinol. Metab. 2014, 99, 1983–1992. [CrossRef] [PubMed]

57. Tangvarasittichai, S. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes mellitus.
World J. Diabetes 2015, 6, 456. [CrossRef] [PubMed]

58. Kou, K.; Saisho, Y.; Sato, S.; Yamada, T.; Itoh, H. Islet number rather than islet size is a major determinant of
β-and α-cell mass in humans. J. Clin. Endocrinol. Metab. 2014, 99, 1733–1740. [CrossRef] [PubMed]

59. Smits, M.M.; Tonneijck, L.; Muskiet, M.H.A.; Kramer, M.H.H.; Pieters-van den Bos, I.C.; Vendrik, K.E.W.;
Hoekstra, T.; Bruno, M.J.; Diamant, M.; van Raalte, D.H.; et al. Pancreatic effects of liraglutide or sitagliptin
in overweight patients with type 2 diabetes: A 12-week randomized, placebo-controlled trial. Diabetes Care
2017, 40, 301–308. [CrossRef] [PubMed]

60. Kirk, R.K.; Pyke, C.; von Herrath, M.G.; Hasselby, J.P.; Pedersen, L.; Mortensen, P.G.; Knudsen, L.B.;
Coppieters, K. Immunohistochemical assessment of glucagon-like peptide 1 receptor (GLP-1R) expression in
the pancreas of patients with type 2 diabetes. Diabetes Obes. Metab. 2017, 19, 705–712. [CrossRef]

61. Gier, B.; Matveyenko, A.V.; Kirakossian, D.; Dawson, D.; Dry, S.M.; Butler, P.C. Chronic GLP-1 receptor
activation by exendin-4 induces expansion of pancreatic duct glands in rats and accelerates formation of
dysplastic lesions and chronic pancreatitis in the KrasG12D mouse model. Diabetes 2012, 61, 1250–1262.
[CrossRef]

62. Suman, R.K.; Ray Mohanty, I.; Borde, M.K.; Maheshwari, U.; Deshmukh, Y.A. Development of an experimental
model of diabetes co-existing with metabolic syndrome in rats. Adv. Pharmacol. Sci. 2016, 2016, 9463476.
[CrossRef]

63. Remedi, M.S.; Emfinger, C. Pancreatic β-cell identity in diabetes. Diabetes Obes. Metab. 2016, 18, 110–116.
[CrossRef]

64. Solano-Gálvez, S.G.; Abadi-Chiriti, J.; Gutiérrez-Velez, L.; Rodríguez-Puente, E.; Konstat-Korzenny, E.;
Álvarez-Hernández, D.-A.; Hernández, D.A.; Franyuti-Kelly, G.; Gutiérrez-Kobeh, L.; Vázquez-López, R.
Apoptosis: Activation and inhibition in health and disease. Med. Sci. 2018, 6, 54. [CrossRef]

65. Liu, L.; Du, X.; Zhang, Z.; Zhou, J. Trigonelline inhibits caspase 3 to protect β cells apoptosis in
streptozotocin-induced type 1 diabetic mice. Eur. J. Pharmacol. 2018, 836, 115–121. [CrossRef] [PubMed]

66. Tomita, T. Apoptosis in pancreatic β-islet cells in Type 2 diabetes. Bosn. J. Basic Med. Sci. 2016, 16, 162–179.
Available online: https://www.ncbi.nlm.nih.gov/pubmed/27209071 (accessed on 15 July 2019). [CrossRef]
[PubMed]

67. Samaha, M.M.; Said, E.; Salem, H.A. A comparative study of the role of crocin and sitagliptin in attenuation
of STZ-induced diabetes mellitus and the associated inflammatory and apoptotic changes in pancreatic
β-islets. Environ. Toxicol. Pharmacol. 2019, 72, 103238. [CrossRef] [PubMed]

68. Cinelli, M.A.; Do, H.T.; Miley, G.P.; Silverman, R.B. Inducible nitric oxide synthase: Regulation, structure,
and inhibition. Med. Res. Rev. 2019, 1–32. [CrossRef]

69. Sai Varsha, M.K.N.; Thiagarajan, R.; Manikandan, R.; Dhanasekaran, G. Vitamin K1 alleviates
streptozotocin-induced type 1 diabetes by mitigating free radical stress, as well as inhibiting NF-kB
activation and iNOS expression in rat pancreas. Nutrition 2015, 31, 214–222. [CrossRef]

70. Garcia, F.A.O.; Pinto, S.F.; Cavalcante, A.F.; Lucetti, L.T.; Menezes, S.M.S.; Felipe, C.F.B.; Alves, A.P.N.;
Brito, G.A.C.; Cerqueira, G.S.; Viana, G.S. Pentoxifylline decreases glycemia levels and TNF-alpha, iNOS and
COX-2 expressions in diabetic rat pancreas. Springerplus 2014, 3, 283. [CrossRef]

http://www.physiology.org/doi/10.1152/ajpendo.00479.2010
http://dx.doi.org/10.1152/ajpendo.00479.2010
http://dx.doi.org/10.1177/0192623315596857
http://www.ncbi.nlm.nih.gov/pubmed/26269615
http://dx.doi.org/10.1210/jc.2014-1425
http://www.ncbi.nlm.nih.gov/pubmed/24712577
http://dx.doi.org/10.4239/wjd.v6.i3.456
http://www.ncbi.nlm.nih.gov/pubmed/25897356
http://dx.doi.org/10.1210/jc.2013-3731
http://www.ncbi.nlm.nih.gov/pubmed/24517149
http://dx.doi.org/10.2337/dc16-0836
http://www.ncbi.nlm.nih.gov/pubmed/27998910
http://dx.doi.org/10.1111/dom.12879
http://dx.doi.org/10.2337/db11-1109
http://dx.doi.org/10.1155/2016/9463476
http://dx.doi.org/10.1111/dom.12727
http://dx.doi.org/10.3390/medsci6030054
http://dx.doi.org/10.1016/j.ejphar.2018.08.025
http://www.ncbi.nlm.nih.gov/pubmed/30130525
https://www.ncbi.nlm.nih.gov/pubmed/27209071
http://dx.doi.org/10.17305/bjbms.2016.919
http://www.ncbi.nlm.nih.gov/pubmed/27209071
http://dx.doi.org/10.1016/j.etap.2019.103238
http://www.ncbi.nlm.nih.gov/pubmed/31394428
http://dx.doi.org/10.1002/med.21599
http://dx.doi.org/10.1016/j.nut.2014.05.012
http://dx.doi.org/10.1186/2193-1801-3-283


Biology 2020, 9, 6 27 of 27

71. Salehi, A.; Abaraviciene, S.M.; Jimenez-Feltstrom, J.; Östenson, C.-G.; Efendic, S.; Lundquist, I. Excessive islet
NO generation in type 2 diabetic GK rats coincides with abnormal hormone secretion and is counteracted by
GLP-1. PLoS ONE 2008, 3, e2165.

72. Ferreira, L.; Teixeira-de-Lemos, E.; Pinto, F.; Parada, B.; Mega, C.; Vala, H.; Pinto, R.; Garrido, P.; Sereno, J.;
Fernandes, R.; et al. Effects of sitagliptin treatment on dysmetabolism, inflammation, and oxidative stress in
an animal model of type 2 diabetes (ZDF rat). Mediators Inflamm. 2010, 2010, 592760. [CrossRef]

73. Bae, E.J. DPP-4 inhibitors in diabetic complications: Role of DPP-4 beyond glucose control. Arch. Pharm. Res.
2016, 39, 1114–1128. [CrossRef]

74. Lee, Y.-S.; Jun, H.-S. Anti-inflammatory effects of GLP-1-based therapies beyond glucose control.
Mediators Inflamm. 2016, 2016, 3094642. [CrossRef]

75. Govindaraj, J.; Pillai, S.S. Rosmarinic acid modulates the antioxidant status and protects pancreatic tissues
from glucolipotoxicity mediated oxidative stress in high-fat diet: Streptozotocin-induced diabetic rats.
Mol. Cell. Biochem. 2015, 404, 143–159. [CrossRef] [PubMed]

76. Pernicova, I.; Korbonits, M. Metformin—Mode of action and clinical implications for diabetes and cancer.
Nat. Rev. Endocrinol. 2014, 10, 143. [CrossRef] [PubMed]

77. Migoya, E.M.; Bergeron, R.; Miller, J.L.; Snyder, R.N.K.; Tanen, M.; Hilliard, D.; Weiss, B.; Larson, P.;
Gutierrez, M.; Jiang, G.; et al. Dipeptidyl peptidase-4 inhibitors administered in combination with metformin
result in an additive increase in the plasma concentration of active GLP-1. Clin. Pharmacol. Ther. 2010, 88,
801–808. [CrossRef] [PubMed]

78. Liu, Y.; Hong, T. Combination therapy of dipeptidyl peptidase-4 inhibitors and metformin in type 2 diabetes:
Rationale and evidence. Diabetes Obes. Metab. 2014, 16, 111–117. [CrossRef] [PubMed]

79. Saisho, Y. Metformin and inflammation: Its potential beyond glucose-lowering effect. Endocr. Metab. Immune
Disord-Drug Targets 2015, 15, 196–205. [CrossRef]

80. Shen, T.; Xu, B.; Lei, T.; Chen, L.; Zhang, C.; Ni, Z. Sitagliptin reduces insulin resistance and improves rat
liver steatosis via the SIRT1/AMPKα pathway. Exp. Ther. Med. 2018, 16, 3121–3128. [CrossRef]

81. Rosenstock, J.; Allison, D.; Birkenfeld, A.L.; Blicher, T.M.; Deenadayalan, S.; Jacobsen, J.B.; Davies, M. Effect of
additional oral semaglutide vs sitagliptin on glycated hemoglobin in adults with type 2 diabetes uncontrolled
with metformin alone or with sulfonylurea: The PIONEER 3 randomized clinical trial. JAMA 2019, 321,
1466–1480. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1155/2010/592760
http://dx.doi.org/10.1007/s12272-016-0813-x
http://dx.doi.org/10.1155/2016/3094642
http://dx.doi.org/10.1007/s11010-015-2374-6
http://www.ncbi.nlm.nih.gov/pubmed/25735949
http://dx.doi.org/10.1038/nrendo.2013.256
http://www.ncbi.nlm.nih.gov/pubmed/24393785
http://dx.doi.org/10.1038/clpt.2010.184
http://www.ncbi.nlm.nih.gov/pubmed/21048706
http://dx.doi.org/10.1111/dom.12128
http://www.ncbi.nlm.nih.gov/pubmed/23668534
http://dx.doi.org/10.2174/1871530315666150316124019
http://dx.doi.org/10.3892/etm.2018.6554
http://dx.doi.org/10.1001/jama.2019.2942
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Drugs, Chemicals, and Supplements 
	Animals 
	Induction of Type 2 Diabetes Mellitus 
	Experimental Design 
	Blood Glucose Tolerance Test (OGTT) 
	Biochemical Profile Assays 
	Histological Procedures 
	Histomorphometric Analysis 
	Statistical Analyses 

	Results 
	Mortality, Food Intake, Water Intake, and Changes in Body Weight, Pancreas Weight, and Pancreas Weight to Body Weight Ratio 
	Glucose Homeostasis Parameters 
	Lipid Profile 
	Serum Lipase 
	Islet Cells Morphology and Pancreatic Acini 
	Immunohistochemical Observations 
	Histomorphometric Results 
	The Mean Islet Number and Islet Size 
	Area Percent of Insulin Immunoreactivity 
	Area Percent of Caspase-3 Immunoreactivity 
	Area Percent of iNOS Immunoreactivity 


	Discussion 
	Conclusions 
	References

