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Abstract: The current study aimed to evaluate the anti-diabetic effects of canagliflozin (CANA) and
indapamide (INDA) and their impacts as adiponectin modulators in experimentally induced type 2
diabetes mellitus (T2DM). T2DM was associated with a significant rise in blood glucose level and
HbA1C%, andreduced adiponectin and insulin secretions. Moreover, the malondialdehyde (MDA)
contents in both the epididymal adipocytes and soleus muscle significantly escalated, while the
total antioxidant capacity (TAC) and epididymal adipocyte Nrf2 expression significantly declined.
Moreover, serum TNF-α, epididymal adipocyte’s NOD-like receptor protein 3, NLRP3, NF-κB and
CD68 expressions markedly escalated, and serum IL-10 significantly declined. Furthermore, there was
a significant escalation in PPARγ expression in epididymal adipocytes, with a significant reduction
in soleus muscle’s expression of IRS1. CANA and INDA treatments markedly reduced blood glucose
levels, increased adiponectin and insulin secretion, enhanced anti-oxidant defenses, and reduced
oxidative burden, with marked anti-inflammatory impact. Interestingly, the impact of indapamide
on DM indices and oxidative and inflammatory changes was comparable to that of canagliflozin.
Nevertheless, indapamide had a superior effect compared to canagliflozin on HbA1c%, expression
of IRS1 and reduction of NF-κB and CD68 expressions. INDA could be effective in regulating
T2DM, with underlined anti-diabetic, antioxidant, and anti-inflammatory properties. INDA increased
IRS1 expression and modified adiponectin/NLRP3/PPARγ crosstalk. The impacts of INDA are
comparable to those of the standard anti-diabetic drug CANA.

Keywords: canagliflozin; indapamide; adiponectin; NLRP3; PPARγ; IRS1

1. Introduction

Diabetes mellitus (DM) is a metabolic syndrome highlighted mainly by both chronic
hyperglycemia and abnormalities in fat and protein metabolism due to either the inade-
quate secretion or impaired action of insulin [1]. Actually, hyperglycemia is considered
a significant contributor to the strong oxidative stress usually associated with DM [2].
The increased intake of both glucose and macronutrients is usually associated with the
incidence of obesity, another major contributor to type 2 diabetes mellitus (T2DM). Obesity
is usually associated with a pro-inflammatory state, enhanced oxidative stress, which inter-
feres with the anti-inflammatory properties of insulin. Moreover, the established insulin
resistance, hyperglycemic state, and oxidative stress caused by T2DM induce the develop-
ment of several diabetic complications, including nephropathy, retinopathy, neuropathy,
cardiovascular diseases, and nonalcoholic fatty liver disease (NAFLD) [3].

Various prospective investigations in different ethnic groups have reported low serum
levels of adiponectin to be an independent risk factor for T2DM and its associated cardiovas-
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cular complications [4]. Along these lines, animal studies have also confirmed adiponectin
to be an insulin-sensitizing hormone with anti-diabetic activity [5]. Adiponectin knock-out
mice were more prone to developing high-fat diet (HFD)-induced insulin resistance [6].

In skeletal muscle, adiponectin induces fatty acid β-oxidation, with a subsequent
decrease in lipid accumulation and an increase in insulin sensitivity [7]. In addition to
its insulin-sensitizing properties, adiponectin has been reported to protect against var-
ious obesity-related pathologies, including hypertension, heart failure, atherosclerosis,
steatohepatitis, airway inflammation, and breast cancer [8].

The number of anti-diabetic drugs available that aim to control adequate blood sugar
levels, thus controlling T2DM, is increasing. However, most of these medications have lim-
ited efficacy, and their use is usually associated with the development of many undesirable
adverse effects, including resistance, weight gain, dropsy, and increased rates of secondary
treatment failure [9].

The sodium-dependent glucose cotransporters SGLT1 and SGLT2 are of significant
importance for the regulation of glucose homeostasis. They regulate the absorbance of
glucose from the diet in the small intestine (via SGLT1) by reabsorbing the filtered glucose
in the tubular system of the kidney (primarily via SGLT2 and to lesser extent via SGLT1).
Then, glucose is returned into the blood stream, thus inhibiting urinary glucose loss.
Currently, three SGLT2 inhibitors are available—canagliflozin (CANA), empagliflozin,
and dapagliflozin—and these are now widely approved antihyperglycemic therapies
due to their unique glucosuric mechanism. These agents thus represent a new class of
oral anti-diabetic agents with a novel mechanism. They have been reported to improve
glycemic control and to promote weight loss and blood pressure reduction in patients with
T2DM [10].

Indapamide (INDA) is a thiazide-like diuretic with antihypertensive properties. INDA
exhibits protective effects against target organ damage in animal models of hypertension.
It reduces left ventricle hypertrophy in spontaneously hypertensive rats, and limits the
expression of ventricular fibronectin, thus preventing the development of cardiac fibrosis.
INDA also hinders nephrosclerosis via the induction of endothelium-dependent vasodi-
latation. Moreover, INDA exhibits some potentially important pharmacological properties,
including blocking voltage-operated calcium channels and promoting the production of
prostacyclin, thus limiting sympathetic nerve activation [11]. Furthermore, INDA signifi-
cantly lowers blood pressure in hypertensive patients with T2DM. Additionally, it preserves
patients’ lipid profiles and glucose metabolism, and exerts no potential side effects [12].

The current study was conducted to evaluate the modulatory impact on adiponectin
of both CANA and INDA, as well as their subsequent impact on insulin resistance, overall
glycemic control, changes in adipose tissue associated with T2DM, and glucose use in the
skeletal muscles.

2. Materials and Methods
2.1. Experimental Animals

Thirty-six adult male Sprague-Dawley rats (240–300 g) were purchased from the
Urology and Nephrology Center, Mansoura, Egypt. The rats were maintained 6 rats/cage
at 25 ◦C with a 12 h light–dark cycle until the start of the experimental procedure with access
to water and food ad libitum. The Research Ethics Committee of the Faculty of Pharmacy,
Mansoura University, Egypt, accepted the experimental protocol and procedures.

2.2. Drugs and Chemicals

Streptozotocin (STZ) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and was
prepared by dissolution in a pH 4.5 citrate buffer immediately prior to use [13]. Fructose
was obtained from El-Goumhouria Co. (Cairo, Egypt). CANA was received as Invokana®

tablets, manufactured by Janssen Pharmaceuticals (Beerse, Belgium), and prepared as a
suspension in 0.5% carboxymethylcellulose (CMC) for oral administration. Other excipi-
ents in the tablets included hydroxypropyl cellulose, croscarmellose sodium, magnesium
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stearate, microcrystalline cellulose, lactose anhydrous, iron oxide yellow, polyethylene
glycol, polyvinyl alcohol, talc, and titanium dioxide. INDA was obtained as DIUREX®

tablets (AMRIYA, Alexandria, Egypt), and was prepared as a suspension in 0.5% CMC for
oral administration. Other excipients in the tablets included spray-dried lactose, micro-
crystalline cellulose, croscarmellose sodium (type A), magnesium stearate, Hypromellose,
titanium dioxide, and macrogol 400.

2.3. Experimental Protocol

The rats were allocated into 6 experimental groups, with 6 rats/group. One group
of rats was fed regular standard chow (RSC) for 8 weeks and served as a normal CTRL.
A further 2 groups were also maintained on RSC for 8 weeks, and received daily CANA
(10 mg/kg, orally) or INDA (10 mg/kg, orally), respectively, starting from week 5, and
served as CANA CTRL and INDA CTRL, respectively. The remaining rats received HFD
+ 25% fructose in drinking water for 4 weeks, after which the HFD-fed rats were fasted for
12 h, and received a single intraperitoneal injection of STZ (35 mg/kg). The composition of
the HFD was cholesterol 2.5%, lard fat 10%, sucrose 20%, and powdered RSC 67.5% [14],
with 25% fructose in drinking water [15]. After STZ injection, the glucose was monitored
and recorded for 3 successive days in blood samples from the tail vein tip using a blood
glucose meter to ensure the incidence of DM.

Diabetic rats that developed DM, confirmed on the basis of recorded blood glucose
levels (≥200 mg/dL), were further allocated into 3 experimental groups in a random
order. The experimental groups included: diabetic CTRL—rats given 0.2 mL of (0.5%
CMC, orally) for 4 weeks; diabetic/CANA group—rats given oral daily CANA (10 mg/kg);
and diabetic/INDA group—rats given oral daily INDA (10 mg/kg). CANA and INDA
treatments were initiated from week 5 to week 8. Meanwhile, the diabetic CTRL, dia-
betic/CANA and diabetic/INDA groups were supplied with HFD plus 25% fructose in
their drinking water. The overall experimental period was 8 weeks.

The changes in blood glucose and B.W. were recorded twice weekly. The animals
were sacrificed by overdose of thiopental sodium (40 mg/kg) at the end of week 8. Post
exsanguination, the epididymal adipocytes, the soleus skeletal muscles, and the pancreas
were harvested and further processed after washing in ice cold saline.

2.4. Determination of Glycosylated Hemoglobin (HbA1c) in the Blood, Serum Total Antioxidant
Capacity (TAC), and Insulin, Adiponectin, Tumor Necrosis Factor-α (TNF-α) and Interleukin-10
(IL-10) Concentrations

Blood samples were drawn from the retro-orbital plexus. First, whole blood samples
were used for HbA1c determination using rat HbA1c assay kit (Biodiagnostic, Giza, Egypt).
Another group of samples were left to coagulate at room temperature and were centrifuged
for 15 min at 4000 rpm to separate the sera. These were used for TAC estimation using
the Biodiagnostic Kit (Egypt). Additionally, using Cusabio rat ELISA kits (Houston, TX,
USA), insulin (Cat. no. CSB-E05070r), adiponectin (Cat. no. CSB-E07271r), TNF-α (Cat.
no. CSB-E11987r) and IL-10 (Cat. no. CSB-E04595r) were quantified in serum. All the
procedures specified by the manufacturer were followed in all cases.

2.5. Tissue Homogenate Preparation and Determination of Malendiof Contents of Malondialdehyde
(MDA), Nucleotide-Binding Oligomerization Domain (NOD)-Like Receptor Protein, Nuclear
Factor Erythroid 2-Related Factor 2 (Nrf2) and 3 (NLRP3) Epididymal Adipocytes and Soleus
Muscle, and Insulin Receptor Substrate 1 (IRS1) Content in the Soleus Muscle

The tissue homogenates were processed according to Samaha et al., 2020 [16]. Using
the Biodiagnostic Kit (Egypt), the supernatants of both tissues were used to estimate the
contents of MDA in the tissues. Moreover, using Cusabio ELISA kits (USA), NLRP3 (Cat. no.
CSB-EL015871MO) and Nrf2 (Cat. no. CSB-E16188m) were quantified in the supernatant of
the adipose tissue and the soleus muscle supernatant was used for the determination of
IRS1 (Cat. no. CSB-PA047827) according to the enclosed pamphlet from the manufacturer.
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2.6. Western Blot Analysis

The epididymal adipocytes samples were segmented and suspended at 4 ◦C in lysis
buffer, iced for 10 min, then vortexed for 10 s and centrifuged at 14,000× g for 10 min to
separate the cell pellets, which were then resuspended in a mixture of cold RIPA buffer
(pH 7.4) and 1:300 phosphatase and protease inhibitors Sigma-Aldrich (St. Louis, MO,
USA), and incubated on ice for 20 min and recentrifuged at 14,000× g for 10 min at 4 ◦C for
removal of cellular debris, and the supernatant was separated to be used for Western blot
analysis. The total protein concentration in the samples was determined colorimetrically
using the Bradford method. Equal amounts (25 µg) of protein samples were mixed and
boiled with SDS loading buffer for 5 min, allowed to cool on ice for 7 min, and then loaded
into SDS-polyacrylamide gel and separated using Cleaver electrophoresis, before being
transferred onto polyvinylidene fluoride membranes for 30 min at 2.5 A and 25 V for
30 min. Then, 5% nonfat dry milk in TBS-T was used for two hours at 37 ◦C to block the
membrane, and it was incubated overnight at 4 ◦C with primary antibodies against Nrf2
(Cat. no. ab92946, abcam, USA), PPAR-γ (Cat. no. SC-271392, Santa Cruz Biotechnology,
Dallas, TX, USA) and β-actin (Cat. no. SC-69879, Santa Cruz Biotechnology, Dallas, TX,
USA) proteins. The blots were then washed three times with TBS-T and incubated with
horseradish peroxidase-linked secondary antibodies (Dako) for another 60 min at room
temperature and washed three times with TBS-T. The chemiluminescent Western ECL
substrate (Perkin Elmer, Waltham, MA, USA) was applied to the blot as instructed, and the
chemiluminescent signals were captured with a Chemi Doc imager (Biorad, Hercules, CA,
USA), the band intensities were measured and normalized to β-actin [17,18].

2.7. Histological and Immunohistochemical Analysis

The epididymal adipose tissue and the pancreatic head were fixed in 10% buffered
formalin and processed for stained with hematoxylin and eosin (H&E) stain. The epididy-
mal adipose tissue was also investigated for the expression of both of the nuclear factor
kappa B (NF-κB) and the cluster of differentiation CD68 (CD68). Representative sections
were photographed (Olympus® digital camera installed on Olympus® microscope, using
400× objective) and analyzed using ImageJ software, with 6 reads for adipose tissue, and
then the mean for each rat was determined. The images were further analyzed using
VideoTest Morphology® software (Russia) with a specific built-in routine for area, % area
measurement and object counting.

2.8. Homeostasis Model Assessment of β-Cell Function (HOMA-β)

Homeostasis model assessment β-cell function (HOMA-β) index was determined in
accordance with Matthews et al., 1985 [19].

HOMA − β =
20 × f astinginsulin (mU

L )

[ f astingglucose (mmol
L )− 3.5]

(1)

2.9. Statistical Analyses

Data represent the mean ± standard error of mean (S.E.M). One-way analysis of vari-
ance (ANOVA) followed by post hoc Tukey–Kramer test was used for statistical comparison
between the mean values. GraphPad Instat 3.05 and GraphPad Prism 7 (San Diego, CA,
USA) software packages were used for statistical evaluations and plotting of graphs. The
accepted level of significance was p < 0.05.

3. Results

Subjecting the drug control (CTRL) group to CANA and INDA treatments induced a
non-significant difference compared to the to normal CTRL; thus, these three groups are
hereafter collectively referred to as normal CTRL.
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3.1. Impact of Daily CANA and INDA Treatment on Body Weight

Diabetic CTRL rats demonstrated a significant decrease in B.W. of approximately 29%
(p < 0.05) compared to the normal CTRL. Daily INDA (10 mg/kg) treatment for 4 weeks
resulted in a significant reduction in B.W. of about 16% (p < 0.05) compared to the diabetic
CTRL, while daily oral CANA (10 mg/kg) treatment for 4 weeks induced a non-significant
decrease in B.W. compared to that in the diabetic CTRL (Figure 1).

Figure 1. Impact of daily CANA and INDA treatment on B.W.: oral CANA and INDA treatments
were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group). ANOVA
followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison; a against
normal CTRL, c against initial B.W.

3.2. Impact of Daily CANA and INDA Treatment on Serum Blood Glucose

Four weeks post DM induction, blood glucose exhibited a significant increase of
about 4-fold (p < 0.05) in the diabetic CTRL compared with the normal CTRL. Oral CANA
(10 mg/kg) and INDA (10 mg/kg) treatment for 4 weeks significantly reduced blood
glucose by about 78% (p < 0.05) and 45% (p < 0.05), respectively, compared with the diabetic
CTRL. Meanwhile, serum glucose significantly decreased by about 72% (p < 0.05) and 45%
(p < 0.05) upon treatment with CANA (10 mg/kg) and INDA (10 mg/kg), respectively,
with respect to their former blood glucose levels, but without any significant difference
compared to the normal CTRL. CANA (10 mg/kg) induced a superior effect in terms of
blood glucose level reduction compared to that of INDA (Figure 2).
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Figure 2. Impact of daily CANA and INDA treatment on blood glucose: oral CANA and INDA
treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group).
ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical compar-
ison; a against normal CTRL, b against diabetic CTRL, c against initial blood glucose, d against
diabetic/CANA.

3.3. Impact of Daily CANA and INDA Treatment on HbA1c%

HbA1c% exhibited a significant increase of approximately 1.9-fold (p < 0.05) in the dia-
betic CTRL compared to the normal CTRL. Oral CANA (10 mg/kg) and INDA (10 mg/kg)
treatment for 4 weeks caused a significant decrease of about 22% (p < 0.05) and 52%
(p < 0.05), respectively, in HbA1c% compared to the diabetic CTRL, but without any signifi-
cant difference compared to the normal CTRL. INDA (10 mg/kg) reduced HbA1c% more
effectively than CANA (Figure 3).

Figure 3. Impact of daily oral CANA and INDA treatment on HbA1c%: oral CANA and INDA
treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group).
ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison;
a against normal CTRL, b against diabetic CTRL, d against diabetic/CANA.

3.4. Impact of Daily CANA and INDA Treatment on Serum Insulin

In context, there was a significant reduction of approximately 93% in serum insulin
in the diabetic CTRL group (p < 0.05) compared to normal CTRL. Oral CANA (10 mg/kg)
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and INDA (10 mg/kg) treatment for 4 weeks significantly improved serum insulin levels,
which exhibited a significant increase of approximately 13- (p < 0.05) and 6.3-fold (p < 0.05),
respectively, compared to diabetic CTRL. CANA (10 mg/kg) was found to have a superior
effect in terms of enhancing serum insulin levels (Figure 4), as it almost restored serum
insulin levels to normal, on the basis of a comparison with the normal CTRL.

Figure 4. Impact of daily oral CANA and INDA treatment on serum insulin: oral CANA and INDA
treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group).
ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison;
a against normal CTRL, b against diabetic CTRL, d against diabetic/CANA.

3.5. Impact of Daily CANA and INDA Treatment on HOMA-β

The HOMA-β index is believed to be a significant measure for pancreatic β-cell
functionality. It is evident from the results that the insulin secretory capacity of pancreatic
β-cells in the diabetic CTRL was significantly diminished, compared to that of the normal
CTRL, by about 99% (p < 0.05). Oral CANA (10 mg/kg) and INDA (10 mg/kg) treatment
for 4 weeks significantly improved the secretory abilities of β-cells, with insulin secretion
exhibiting significant increases of about 156- (p < 0.05) and 13-fold (p < 0.05), respectively,
compared to the diabetic CTRL. CANA (10 mg/kg) had a superior effect in terms of
improving β-cell secretory function compared to that of INDA, with glycemic control
almost being restored to normal, on the basis of a comparison with the normal CTRL,
Figure 5.

Figure 5. Impact of daily CANA and INDA treatment on HOMA-β: oral CANA and INDA treatments
were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group). ANOVA
followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison; a against
normal CTRL, b against diabetic CTRL, d against diabetic/CANA.
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3.6. Impact of Daily CANA and INDA Treatment on Serum Adiponectin

Diabetic CTRL showed a significant decrease in serum adiponectin concentration of
approximately 91% (p < 0.05) compared to the normal CTRL. Oral CANA (10 mg/kg)
and INDA (10 mg/kg) treatment for 4 weeks resulted in significant elevations in serum
adiponectin by approximately 9- (p < 0.05) and 5-fold (p < 0.05), respectively, compared to
the diabetic CTRL. CANA (10 mg/kg) boosted serum adiponectin levels more effectively
than INDA. There was no significant difference between serum adiponectin for treatment
with CANA and the normal CTRL (Figure 6).

Figure 6. Impact of daily CANA and INDA treatment on serum adiponectin: oral CANA and INDA
treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group).
ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison;
a against normal CTRL, b against diabetic CTRL, d against diabetic/CANA.

3.7. Impact of Daily CANA and INDA Treatment on the TAC and MDA Contents in Epididymal
Adipose Tissue and the Soleus Muscle

MDA—the product of lipid peroxidation—and TAC capacity represent sensors that are
sensitive to the oxidative status within cells. In context, serum TAC exhibited a significant
decrease of about 12% (p < 0.05) in the diabetic CTRL compared to the normal CTRL. Oral
CANA (10 mg/kg) and INDA (10 mg/kg) treatment for 4 weeks resulted in a significant
approximately 1.1-fold (p < 0.05) increase in serum TAC compared to the diabetic CTRL,
while no significant difference was detected compared to normal CTRL. MDA contents in
both epididymal adipose tissue and the soleus skeletal muscle in the diabetic CTRL rats
exhibited significant increases of about 6.8- (p < 0.05) and 2.1-fold (p < 0.05), respectively,
compared to normal CTRL. Oral CANA (10 mg/kg) and INDA (10 mg/kg) treatment for
4 weeks caused significant decreases in the MDA content of epididymal adipose tissue by
approximately 94% (p < 0.05) and 91% (p < 0.05), respectively, and in the soleus muscle by
approximately 88% (p < 0.05) and 95% (p < 0.05), respectively, compared to the diabetic
CTRL, with no significant difference when compared to the normal CTRL (Figure 7).
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Figure 7. Impact of daily CANA and INDA treatment on serum TAC (A) and MDA content in
epididymal adipose tissue (B) and soleus muscle (C) oral CANA and INDA treatments were initiated
once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group). ANOVA followed by post
hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison; a against normal CTRL,
b against diabetic CTRL.
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3.8. Impact of Daily CANA and INDA Treatment on Nrf2 Content in Epididymal Adipose Tissue

The Nrf2 content in epididymal adipose tissue exhibited a significant decrease of
approximately 84% (p < 0.05) compared to the normal CTRL. Oral CANA (10 mg/kg)
and INDA (10 mg/kg) treatment for 4 weeks significantly enhanced Nrf2 expression by
approximately 4- (p < 0.05) and 3-fold (p < 0.05), respectively, compared to the diabetic
CTRL. CANA (10 mg/kg) had a superior effect in terms of boosting Nrf2 expression in
epididymal adipose tissue to that of INDA, but without significant difference compared to
the normal CTRL (Figure 8).

Figure 8. Impact of daily CANA and INDA treatment on epididymal adipose tissue Nrf2 content
(ELISA) (A), (Western blotting) (B,C) oral CANA and INDA treatments were initiated once daily
for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group). ANOVA followed by post hoc
Tukey–Kramer test at (p < 0.05) was used for statistical comparison; a against normal CTRL, b against
diabetic CTRL, d against diabetic/CANA.

3.9. Impact of Daily CANA and INDA Treatment on Serum TNF-α and IL-10

Serum TNF-α was significantly increased in the diabetic CTRL rats by approximately
10-fold (p < 0.05) compared to the normal CTRL. Oral CANA (10 mg/kg) and INDA
(10 mg/kg) treatment for 4 weeks caused significant decreases of approximately 87%
(p < 0.05) and 64% (p < 0.05), respectively, in serum TNF-α compared to the diabetic CTRL.
CANA (10 mg/kg) had a superior effect in terms of lowering serum TNF-α compared to
INDA. Meanwhile, serum IL-10 significantly deteriorated in the diabetic CTRL, where it
showed a significant decrease of approximately 90% (p < 0.05) compared to the normal
CTRL. Oral CANA (10 mg/kg) and INDA (10 mg/kg) treatment for 4 weeks significantly
enhanced serum IL-10, which exhibited approximately 9- (p < 0.05) and 5-fold (p < 0.05)
increases, respectively, compared to the diabetic CTRL. CANA (10 mg/kg) had a superior
impact on serum IL-10 concentration compared to INDA, but without significant difference
compared to normal CTRL (Figure 9).
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Figure 9. Impact of daily CANA and INDA treatment on serum TNF-α (A) and IL-10 (B) oral CANA
and INDA treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M.
(6 rats/group). ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical
comparison; a against normal CTRL, b against diabetic CTRL, d against diabetic/CANA.

3.10. Impact of Daily CANA and INDA Treatment on NLRP3 Expression in Epididymal Adipose
Tissue

Epididymal adipose NLRP3 expression was significantly increased in the diabetic
CTRL by approximately 2.4-fold (p < 0.05) compared to the normal CTRL. Oral CANA
(10 mg/kg) treatment for 4 weeks caused a significant decrease of approximately 37%
(p < 0.05) in NLRP3 expression compared to the diabetic CTRL, but demonstrated no
significant difference compared to the normal CTRL, while daily INDA (10 mg/kg, orally)
did not induce a significant decrease in NLRP3 expression compared to the diabetic CTRL
(Figure 10).



Antioxidants 2022, 11, 691 12 of 25

Figure 10. Impact of daily CANA and INDA treatment on epididymal adipose tissue NLRP3
expression: oral CANA and INDA treatments were initiated once daily for 4 weeks. Data represent
the mean ± S.E.M. (6 rats/group). ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05)
was used for statistical comparison; a against normal CTRL, b against diabetic CTRL, d against
diabetic/CANA.

3.11. Impact of Daily CANA and INDA Treatment on Soleus Muscle IRS1 Expression

There was a significant decrease of about 44% (p < 0.05) in Soleus muscle IRS1 expres-
sion in the diabetic CTRL compared to the normal CTRL. Oral INDA (10 mg/kg) treatment
for 4 weeks significantly boosted IRS1 expression about 2-fold (p < 0.05) compared to the
diabetic CTRL. However, CANA (10 mg/kg) treatment did not induce a significant increase
in IRS1 expression compared to the diabetic CTRL. Thus, in this aspect, INDA (10 mg/kg)
had a superior effect in increasing IRS1 expression in the soleus muscle compared to that of
CANA (Figure 11).

Figure 11. Impact of daily CANA and INDA treatment on soleus muscle IRS1 expression: oral
CANA and INDA treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M.
(6 rats/group). ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical
comparison; a against normal CTRL, b against diabetic CTRL, d against diabetic/CANA.

3.12. Impact of Daily CANA and INDA Treatment on PPARγ Expression in Epididymal Adipose
Tissue

The diabetic CTRL demonstrated a significant increase of approximately 34% (p < 0.05)
in PPARγ expression in epididymal adipose tissue compared to the normal CTRL. Oral
CANA (10 mg/kg) treatment for 4 weeks caused a significant decrease of approximately
18% (p < 0.05) in PPARγ expression compared to the diabetic CTRL, while oral INDA
(10 mg/kg) did not induce significant suppression in PPARγ expression compared to
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the diabetic CTRL, exhibiting no significant difference compared to the normal CTRL
(Figure 12).

Figure 12. Impact of daily oral CANA and INDA treatment on epididymal adipose tissue (A) PPARγ
expression: oral CANA and INDA treatments were initiated once daily for 4 weeks. (B) western
blotting Data represent the mean ± S.E.M. (6 rats/group). ANOVA followed by post hoc Tukey–
Kramer test at (p < 0.05) was used for statistical comparison; a against normal CTRL, b against diabetic
CTRL.

3.13. Impact of Daily CANA and INDA Treatment on Morphological Changes in Epididymal
Adipocytes

The histopathological examination of the normal (Figure 13A,B), CANA (Figure 13C,D)
and INDA (Figure 13E,F) CTRLs confirmed the normal shape and size of the adipocytes.
The diabetic CTRL specimen (Figure 13G–J) exhibited a significant decline by approx-
imately 36% (Figure 13 p < 0.05) in the perimeter of the epididymal adipocytes com-
pared to the normal CTRL. Both CANA (10 mg/kg) (Figure 13K,L) and INDA (10 mg/kg)
(Figure 13M,N) significantly enhanced the perimeter of the epididymal adipocytes, which
exhibited a significant approximately 1.4-fold (p < 0.05) increase compared to the diabetic
CTRL (Figure 13).
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Figure 13. Cont.
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Figure 13. Adipose tissue specimens: normal (A,B), CANA (C,D), and INDA (E,F) CTRLs revealing
the normal shape and size of the epididymal adipocytes; diabetic CTRL (G–J) showing congestion
(arrow), decreased size of adipocytes, and macrophage infiltration (arrow heads). Marked increase in
the size of the adipocytes in CANA (K,L) and INDA (M,N) treatment groups. Low magnification:
100× bar 100; high magnification: 400× bar 25. (O) Impact of daily treatment with CANA and
INDA on epididymal adipocyte perimeter: oral CANA and INDA treatments were initiated once
daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group). ANOVA followed by post hoc
Tukey–Kramer test at (p < 0.05) was used for statistical comparison; a against normal CTRL, b against
diabetic CTRL.

3.14. Impact of Daily CANA and INDA Treatment on Pancreatic Morphological Changes

Figure 14 presents sections from pancreatic specimens with normal structure of both
the exocrine acini and the islets of Langerhans (IL); α- and β-cells in normal (Figure 14A,B),
CANA (Figure 14C,D) and INDA (Figure 14E,F) CTRLs. The diabetic CTRL (Figure 14G–M)
specimens exhibited significant loss of basophilia in the exocrine acini, and retraction in
the size of the islets with vacuolation of the α- and β-cells. In the CANA-treated group
(Figure 14N–R), restoration of α- and β-cells was revealed, along with congestion and
focal injury of the exocrine acini with infiltration with few perivascular mononuclear cells.
In the INDA-treated group (Figure 14S,T) revealed mildly vacuolated β-cells with mild
congestion and normal exocrine acini.
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Figure 14. Pancreatic sections from normal (A,B), CANA (C,D) and INDA (E,F) CTRLs revealing
well-preserved exocrine acini (arrows) and islets of Langerhans (IL); α (curved arrows) and β cells
(arrowheads) in diabetic CTRL (G–M) showing congestion (crossed arrows), vacuolated exocrine
acini (wavy arrow), and pyknotic nuclei in most α- and β-cells (rocket arrows) in the islets of the
Langerhans (IL), confluent area of necrosis (stars), shrinkage of the pancreas, and vacuolation of β
cells (short arrow). Pancreatic sections from the CANA-treated group (N–R) showing restored α

(curved arrows) and β (arrowheads) cells, congestion (crossed arrows), focal damage to the exocrine
acini (double-headed arrows) and infiltration of several perivascular mononuclear cells (dotted
arrows). Pancreatic sections from the INDA-treated group (S,T) showing mild vacuolation of β cells
(arrowheads), congestion (crossed arrows), and normal exocrine acini (arrows). Low magnification:
100× bar 100; high magnification: 400× bar 25.

3.15. Impact of Daily CANA and INDA Treatment on CD68 Expression in Epididymal Adipose
Tissue

The percentage of CD68-positive immuno-stained area in the epididymal adipose
tissue of the diabetic CTRL was significantly elevated by approximately 62-fold (p < 0.05)
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compared to the normal CTRL. Treatment with CANA (10 mg/kg) and INDA (10 mg/kg)
for 4 weeks resulted in significant decreases of approximately 73% (p < 0.05) and 91%
(p < 0.05), respectively, in CD68 expression compared to the diabetic CTRL. INDA (10 mg/kg)
had a better effect in terms of reducing the expression of CD68 in epididymal adipose tissue
(Figure 15).

Figure 15. Immuno-stained adipose specimen against CD68 revealing negative immuno-staining
in the normal (A,B), CANA (C,D), INDA (E,F) CTRLs. Increased positive immuno-staining of
CD68-labeled macrophages (arrows) in the diabetic CTRL (G,H), and marked retraction in the
CANA (I,J) and INDA (K,L) treatment groups. IHC counterstained with Mayer’s hematoxylin.
Low magnification: 100× bar 100; high magnification: 400× bar 25. (M) Impact of daily treatment
with CANA and INDA on CD68 expression in epididymal adipose tissue: oral CANA and INDA
treatments were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group).
ANOVA followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison;
a against normal CTRL, b against diabetic CTRL, d against diabetic/CANA.



Antioxidants 2022, 11, 691 18 of 25

3.16. Impact of Daily CANA and INDA Treatment on NF-κB Expression in Epididymal Adipose
Tissue

The percentage of NF-κB-positive immuno-stained area in the epididymal adipose
tissue of the diabetic CTRL significantly increased by approximately 102-fold (p < 0.05)
compared to the normal CTRL. Treatment with CANA (10 mg/kg) and INDA (10 mg/kg)
for 4 weeks caused significant decreases of approximately 85% (p < 0.05) and 94% (p < 0.05),
respectively, in NF-κB expression compared to the diabetic CTRL. INDA (10 mg/kg) was
superior with respect to suppressing of NF-κB expression to INDA (Figure 16).

Figure 16. Cont.
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Figure 16. Immunostained epididymal adipose sections against NF-κB, confirming negative reaction
and staining in the normal (A,B), CANA (C,D), and INDA (E,F) CTRLs. Enhanced positive NF-
κB expression in diabetic CTRL (arrows) (G,H), and significantly decreased NF-κB expression in
CANA (I,J) and INDA (K,L) treatment groups. IHC counterstained with Mayer’s hematoxylin. Low
magnification: 100× bar 100; high magnification: 400× bar 25. (M) Impact of daily CANA and INDA
treatment on NF-κB expression in the epididymal adipose tissue: oral CANA and INDA treatments
were initiated once daily for 4 weeks. Data represent the mean ± S.E.M. (6 rats/group). ANOVA
followed by post hoc Tukey–Kramer test at (p < 0.05) was used for statistical comparison; a against
normal CTRL, b against diabetic CTRL, d against diabetic/CANA.

4. Discussion

T2DM is a multifactorial metabolic disorder that primarily affects glucose hemostasis
in the human body. The main clinical and diagnostic features of T2DM are impaired glucose
tolerance and hyperglycemia, and these are both also the direct result of either absolute or
relative insulin deficiency or insulin resistance [20].

Adiponectin is a prominent adipocyte-secreted protein, and it is usually down-regulated
in individuals suffering from obesity and its complications [21]. Unlike the other adipokines,
adiponectin has been reported to demonstrate anti-diabetic, anti-inflammatory and anti-
atherogenic properties [22]. Several approaches for maximizing adiponectin’s beneficial
therapeutic impacts have been investigated, including increasing either its plasma level
or its activity. Exogenously administered adiponectin, can also be used to elevate the
circulating levels of adiponectin, and endogenous adiponectin’s impacts can be maximized
indirectly through drugs that modulate either its expression or its functions. However,
the administration of exogenous adiponectin represents a challenge due to its elevated
endogenous circulating levels and its multimeric conformations. Hence, boosting endoge-
nous adiponectin’s impacts using pharmacological agents, nutraceuticals, and lifestyle
modification remains the best option [23].

The current study was conducted to evaluate the potential modulatory impact of
CANA and INDA on endogenous adiponectin and to pinpoint the molecular pathways
of the anti-diabetic effects of both drugs via adiponectin modulation in a rat model of
T2DM. Thus, T2DM was established experimentally in rats using the fat plus fructose/STZ
method [16,24].

Diabetic rats in the current study did not gain weight. This is consistent with Dai
and Mcneill, 1995 [25], who reported that supplying the rats with 10% fructose caused a
decline in diet consumption and failure to gain weight. Nevertheless, no weight gain was
detected after 4–8 weeks of high fructose consumption [26]. The adjustment of the rats to
the additional calories due to the consumption of 60% fructose resulted in the consumption
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of fewer calories from the diet, and thus the maintenance of normal B.W., which accounts
for the observed retraction in B.W. gain with the consumption of the HFD [27].

Moreover, STZ-induced injury and subsequent destruction of β-cells led to an ex-
tensive retraction in serum insulin concentration. Insulin is an anabolic hormone with a
stimulatory effect on protein metabolism, enhancing protein synthesis and decreasing its
degradation. In turn, insulin insufficiency prompts the accelerated catabolism of proteins.
Taken together, the previous explanation may account for the obvious decrease in B.W.,
which can primarily be attributed to inadequate insulin action. When this occurs, the
body begins consuming fat and muscles instead for energy, causing a decrease in overall
B.W. [28,29].

Treatment with CANA slightly reduced the rats’ B.W., but non-significantly, while
treatment with INDA was associated with a significant loss in B.W. compared with both
the initial rats’ B.W. and the diabetic CTRL. The observed reduction in B.W. with INDA
therapy can be attributed to its diuretic properties.

As observed in the results of the present study, diabetic rats had the classical features
of established DM, including significantly increased fasting blood glucose, HbA1c%, low
serum insulin and HOMA-β. In T2DM, and despite the basal levels of β-cell’s regeneration
and replication in the islets, β-cell apoptosis was enhanced, with an approximately 50%
reduction in their number [30]. As T2DM progresses, the insulin-resistant status and
the ensuing insulin deficiency forces a compensatory response in the β-cells to maintain
normal blood glucose. Eventually, β-cell exhaustion prevails, with persistence of the
hyperglycemic state in severely diabetic patients [31]. Nevertheless, the chronic persistence
of high blood-free fatty acids induces β-cells lipotoxicity and suppresses their insulin
secretory properties [32].

CANA and INDA significantly reduced HbA1c% and final blood glucose levels. These
observations are in accordance with the reports of Sharabi et al., 1996 [33] and Henry et al.,
2015 [34]. This hypoglycemic effect was further confirmed by the restoration of normal
HOMA-β and insulin levels with CANA and INDA therapy. CANA and INDA might
induce such recovery by means of the potentiation of pancreatic insulin secretion from the
existing the β-cells as reported by Huang et al., 2009 [35]; Yang et al., 2020 [36].

CANA increased serum adiponectin levels, which is in line with the results of
Garvey et al., 2018 [37]. Even though various studies have reported INDA to lower
serum adiponectin levels [38,39], the current results confirm that INDA increases serum
adiponectin levels.

Oxidative stress, which develops with T2DM secondary to the elevation in glucose
and/or fatty acid oxidation, induces uncurbed production of reactive oxygen species
(ROS), which further suppresses insulin release, negatively impacts insulin sensitivity,
and interferes with insulin signaling in insulin-responsive tissues. Indeed, increased
intracellular ROS production following mitochondrial dysfunction has been reported to
compromise adipocyte functions and suppress adiponectin secretion [40]. Previous reports
have confirmed a positive correlation between both adiponectin and the biomarkers of
the antioxidant elements, including TAC [41–43], and the current results confirm this.
Furthermore, a negative correlation was between MDA and adiponectin level in the current
study as well, which is also in agreement with the observations of [44].

Both CANA and INDA reduced MDA content in both the adipocytes and the muscles,
which is in agreement with the observations of Ma et al., 2013 [45] and Hasan et al.,
2020 [46]. Moreover, both drugs significantly boosted serum TAC, which is consistent with
the observations of Kojsová et al., 2006 [47] and Kabil and Mahmoud, 2018 [48].

Nrf2 is a transcription factor that regulates the cellular antioxidant response by
enhancing the expression of endogenous antioxidant and cytoprotective enzymes [49].
Adiponectin has been reported to ameliorate cardiac hypertrophy by preserving myocar-
dial Nrf2 expression [50]. Moreover, Hasan et al., 2020 [46] and Schragenheim et al.,
2018 [51] confirmed CANA and INDA to enhance Nrf2 expression in epididymal adipose
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tissue, with significant decreases in oxidative load and lipid peroxidation, and enhancement
of the TAC, thus confirming their antioxidant impact.

Inflammasome activation and ROS production have been reported to be strongly
associated. Different signaling pathways are thought to be integrated by ROS, resulting in
their production and inflammasome activation [52]. Upon proinflammatory stimulation,
the NLRP3 inflammasome, a significant inflammatory mediator, is assembled. Moreover,
NF-κB signaling is crucial for proper NLRP3 inflammasome activation. Interestingly,
hyperglycemia has been reported to activate NLRP3 inflammasomes and downstream
effector inflammatory cytokines, including TNF-α and IL-1β [53], which are believed to
induce programmed proinflammatory cell death (pyroptosis) [54].

In agreement with Ma et al., 2013 [45], Kabil and Mahmoud, 2018 [48], Inoue et al.,
2019 [55] and Brown et al., 2021 [56], both CANA and INDA down-regulated the inflamma-
tory pathway mediated by NF-κB and NLRP3. On the other hand, the results of Morsy et al.,
2021 [57] were along the same lines as the current observations regarding the enhancing
impact of CANA on serum levels of IL-10. To the best of our knowledge, no previously
published literature has discussed the impact of INDA on IL-10.

The binding of adiponectin to AdipoR1 would fully repress NF-κB signaling and
cause a decrease in muscle inflammation. Moreover, adiponectin has been reported to
enhance insulin sensitivity and glucose uptake by prompting IRS1 binding to its insulin
receptor [58]. In context, CANA and INDA enhanced the expression of IRS1 in the soleus
muscle in the current study.

White and brown adipose tissue express PPARγ in high concentrations, where it
is believed to be involved in the mediation of numerous biological processes, including
adipogenesis, glucose homeostasis, atherogenesis, inflammation, and tumor susceptibil-
ity [59]. HFD consumption has been reported to be associated with a significant reduction
in PPARγ expression in adipocytes [60,61]. On the other hand, Ji et al., 2017 [62] and Sikder
et al., 2018 [63] reported HFD to markedly enhance PPARγ expression, which confirms
the results observed in the current study. CANA caused a significant decrease in PPARγ
expression, which is also in agreement with the observations of Ji et al., 2017 [62]. To the
best of our knowledge, no previously published literature has discussed the impact of
INDA on PPARγ.

The use of HFD to induce T2DM is associated with the hypertrophy of adipocytes due
to enhanced energy intake [64,65]. The incorporation of STZ to HFD for the establishment
of T2DM is in line with the reports of Jung et al., 2017 [66] and Yin et al., 2020 [67]. The
lack of insulin accelerates lipolysis that accompanies the uncontrolled diabetic state may
account for the reduction in adipocyte perimeter. On the other hand, the results observed
in the current study confirm that CANA and INDA treatments are able to restore the size
of epididymal adipocytes.

CANA attenuated the morphological alterations in the islets, which is in accordance
with the observations of Mohamed et al., 2021 [68], and this was also consistent with the
biochemical enhancements, and, notably, the effect of CANA on these parameters was
significantly superior to that of INDA, which might explain the superior anti-inflammatory
and antioxidant effects observed for CANA compared to those observed for INDA.

In agreement with Brown et al., 2021 [56] and Nasiri-Ansari et al., 2018 [69], both
CANA and INDA suppressed the NF-κB-mediated signaling pathway via suppression
of CD68 expression in epididymal adipose tissue, further confirming the modulatory
impact of adiponectin on inflammatory signaling and confirming the anti-inflammatory
properties of adiponectin, as it reduces inflammation by targeting the differentiation and
function of macrophages. It suppresses differentiation of myeloid progenitor cells, inhibits
foam cells formation from macrophages, promotes macrophages polarization to an M2
anti-inflammatory state, and decreases the expression of toll-like receptor 4 (TLR4) in
macrophages and progenitor cells [70].
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5. Conclusions

CANA and INDA improved DM indices with an underlined ability to enhance insulin
secretion, and modulate and preserve adiponecting concentration, in parallel with a signifi-
cant preservation of the histopathogical characteristics of both adipocytes and pancreatic
β-cells. Meanwhile, glucose use in the skeletal muscles significantly improved. Both CANA
and INDA targeted key intracellular mediators empirically linked to the pathogenesis of
T2DM and its related pathologies, including inflammation, oxidative stress, infiltration of
adipocytes by macrophages, and insulin use in the skeletal muscles. Of note, the effects of
CANA and INDA were comparable on the inflammatory and antioxidant scales. Never-
theless, CANA was superior to INDA as a modulator of adiponectin secretion and insulin
secretion, and possessed a prominent anti-inflammatory impact.
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