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Abstract: Metabolic disorders often lead to cardiac complications. Metabolic deregulations during
diabetic conditions are linked to mitochondrial dysfunctions, which are the key contributing factors
in cardiac hypertrophy. However, the underlying mechanisms involved in diabetes-induced cardiac
hypertrophy are poorly understood. In the current study, we initially established a diabetic rat model
by alloxan-administration, which was validated by peripheral glucose measurement. Diabetic rats
displayed myocardial stiffness and fibrosis, changes in heart weight/body weight, heart weight/tibia
length ratios, and enhanced size of myocytes, which altogether demonstrated the establishment of
diabetic cardiac hypertrophy (DCH). Furthermore, we examined the expression of genes associated
with mitochondrial signaling impairment. Our data show that the expression of PGC-1α, cytochrome
c, MFN-2, and Drp-1 was deregulated. Mitochondrial-signaling impairment was further validated
by redox-system dysregulation, which showed a significant increase in ROS and thiobarbituric acid
reactive substances, both in serum and heart tissue, whereas the superoxide dismutase, catalase, and
glutathione levels were decreased. Additionally, the expression levels of pro-apoptotic gene PUMA
and stress marker GATA-4 genes were elevated, whereas ARC, PPARα, and Bcl-2 expression levels
were decreased in the heart tissues of diabetic rats. Importantly, these alloxan-induced impairments
were rescued by N-acetyl cysteine, ascorbic acid, and selenium treatment. This was demonstrated
by the amelioration of myocardial stiffness, fibrosis, mitochondrial gene expression, lipid profile,
restoration of myocyte size, reduced oxidative stress, and the activation of enzymes associated
with antioxidant activities. Altogether, these data indicate that the improvement of mitochondrial
dysfunction by protective agents such as N-acetyl cysteine, selenium, and ascorbic acid could rescue
diabetes-associated cardiac complications, including DCH.

Keywords: mitochondrial stress markers; reactive oxygen species; diabetes linked cardiac hypertrophy

1. Introduction

Metabolic disorders, such as those caused by high glucose levels (hyperglycemia)
and abnormal lipid profiles (dyslipidemia) are associated with a dysfunctional endocrine
system, clinically related to diabetes mellitus and cardiac hypertrophy [1]. In addition
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to metabolic aberrations and the abnormal transport of fatty acids, the pathogenesis and
progression of diabetes-linked cardiac hypertrophy are also characterized by aberrant in-
sulin signaling, ion homeostasis, autonomic dysfunction, and interstitial fibrosis [2]. These
abnormalities may ultimately lead to morphological, structural, and functional impair-
ments in the heart [3]. An excessive uptake of extracellular glucose into cardiomyocytes,
and the accumulation of glycogen and lipid droplets, are hallmarks of the diabetic heart.
Normal ventricular function can be altered by advanced glycation end products (AGEs),
which may result in the cross-linking of collagen either by receptor-mediated release of
pro-inflammatory cytokines from macrophages or by non-receptor mediated impaired
nitric oxide signaling [4]. This may cause elevated oxidative stress and an unusual increase
in mass in the thickening of the left ventricle, commonly known as hypertrophy [5].

It has been reported that metabolic dysregulation during diabetic conditions may cause
oxidative stress, mitochondrial dysfunction, and the induction of apoptosis. Mitochondrial
dysfunction can also occur due to hyperglycemia during diabetic conditions. The elevated
oxidative damage in cardiomyocytes and progressive stage endothelial cell apoptosis may
activate the renin-angiotensin II system, which is associated with cardiac hypertrophy,
accompanied by interstitial fibrosis [6]. Some other factors responsible for cardiac compli-
cations may include the activation of different transcriptional pathways that regulate the
myocardial substrate utilization. For example, peroxisome proliferator-activated receptor
(PPAR) and peroxisome proliferator-activated receptor-gamma coactivator (PGC), which
constitutes the PPAR/PGC-1 signaling network, and effects the mitochondrial bioenergetics
and the regulation of antioxidative defense system [7].

The expression of PGC-1 α in cardiac muscles is critical due to its ability of main-
taining a balance between fatty acid oxidation and mitochondrial bioenergetics [8]. The
PPAR is thought to regulate ATP production and the expression of genes involved in fatty
acid metabolism. More specifically, it regulates levels of triglycerides, cholesterol, very
high-density lipoproteins (VHDL), and high-density lipoproteins (HDL) [9]. As such, the
PPAR is considered a molecular target of a fibrate class of drugs and is an important candi-
date to study cardiovascular risk factors associated with cardiac pathologies. Excessive
productions of reactive oxygen species (ROS) damage the structure of mitochondria and
destabilize the membrane permeability, which consequently induces apoptosis [10–13].
NADPH oxidases (NOX), xanthine oxidase, nitric oxide synthase (NOS) and mitochondria
are the primary biological sources of ROS production. An increased production of ROS may
cause cardiac pathologies [14]. It has been demonstrated that the scavenging of oxygen
free radicals and suppression of ROS formation can be achieved by natural and synthetic
antioxidants [15].

Different types of antioxidant therapies are used for the treatment of cardiovascular
diseases. For instance, it has been reported that N-acetyl cysteine inhibits oxidative stress,
enhances cardiac adiponectin, reduces myocardial reperfusion, and protects the diabetic
heart against impaired glucose utilization and the risk of myocardial infarction/injury in
diabetic rats [16–21]. N-acetyl cysteine has also been shown to prevent hyperglycemia-
mediated myocardial hypertrophy, and myocyte apoptosis in diabetic rats [22,23]. N-acetyl
cysteine interacts with ROS and removes them from the cardiovascular system, thus
facilitating a decline in cardiac fibrosis [24,25]. Ascorbic acid has also been suggested
to be a potent antioxidant that improves cardiorespiratory health and diastolic function
in type II diabetes (T2D) patients. However, the role of ascorbate in preventing cardiac
pathology is not fully known [26,27]. Selenium acts as a free radical scavenger, but is also
thought to regulate thyroid hormone synthesis, DNA synthesis, reproduction, and fertility
in humans [28–31].

It has been shown that the apoptosis repressor caspase recruitment domain (ARC) and
mitofusin-2 (MFN-2) are involved in mitochondrial fusion, whereas the dynamin-related
protein 1 (Drp1), p53 upregulated modulator of apoptosis (PUMA) and mitochondrial
fission 1 protein (FIS1) are involved in mitochondrial fission [32]. The balance in the mito-
chondrial fission/fusion cycle is crucial to prevent mitochondrial dysfunction. Additionally,
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PUMA is a pro-apoptotic gene, which interacts with the anti-apoptotic Bcl-2 protein family
members and liberates Bax and Bak. In addition to PUMA and Drp1, cytochrome c is
considered one of the key regulators of mitochondrial functioning, [33,34]. The cytochrome
c protein is localized in the mitochondrial intermembrane space under normal physiolog-
ical conditions. However, the release of cytochrome c from mitochondria to the cytosol
causes the activation of the caspase family of proteases–a primary trigger for the onset
of apoptosis [35]. Measuring the levels of cytochrome c leakage from mitochondria to
cytosol and their release out of the cell to the culture medium or biological fluids can help
to identify the degree of apoptosis [36–38].

Previous studies reported cardiac hypertrophy in type 1 diabetes in relation to coro-
nary heart disease and evaluated the associated cardiovascular risk factors [39], how-
ever, the role of the above-mentioned, major mitochondrial redox signaling regulators in
diabetes-induced cardiac hypertrophy are still unknown.

The present study investigates alloxan-induced diabetic cardiac hypertrophy in an
in vivo model. Alloxan monohydrate is a urea derivative (a glucose analogue), which is of-
ten found to be cytotoxic through its generation of ROS, and is thought to demolish β cells
of the pancreas [40]. This glucose analogue has been used to induce diabetes-associated car-
diac hypertrophy in experimental animal models [40–42]. We examined the characteristics
of cardiac hypertrophy, such as myocardial stiffness, changes in interstitial spaces and fi-
brosis, heart weight/body weight and heart weight/tibia length ratios, blood glucose level,
serum calcium levels, cardiac-cell size and conducted a histopathological examination of
heart tissue. Expression analyses of hypertrophic marker GATA-4, mitochondrial apoptotic
markers Drp1, PUMA, and cytochrome c, and anti-apoptotic marker Bcl-2, MFN-2 and
ARC, and fatty acid oxidation markers PGC-1α, and PPARα were also performed.

Additionally, we evaluated the regulation of antioxidant enzymes such as superoxide
dismutase, catalase, and glutathione reductase, which are considered a border line of
defense in metabolic pathways. The protective effects of potent antioxidants were also
evaluated against oxidative damage and pathological indicators. Our data show several
dysregulations in the diabetic heart, including abnormal morphology, an abnormal expres-
sion of anti-apoptotic molecules, and mitochondrial oxidative stress-associated molecules,
as well as a deregulation in anti-oxidative defense enzymes and changes in the lipid profile.
Our data indicate that the improvement of mitochondrial dysfunction by protective agents
such as N-acetyl cysteine, selenium, and ascorbic acid could rescue diabetes-associated
cardiac complications, including diabetic cardiac hypertrophy.

2. Results
2.1. Body Weights and Effects of Antioxidants

Body weight changes are associated with hyperglycemia and an impaired glucose
metabolism [42]. Therefore, we examined the initial and final body weights of experimental
groups. The dosing scheme is presented in Figure 1A. Results show that alloxan induction
significantly decreased the final body weight from day 1 to 11. In contrast, the treatment
with antioxidants such as N-acetyl cysteine (alloxan+N-acetyl cysteine), ascorbic acid
(alloxan+ascorbic acid), and selenium (alloxan+selenium) led the experimental group to
regain body weight progressively from day 1 to day 11 (Figure 1B, and Supplementary
Figure S1).
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Figure 1. Body weight changes and morphological parameters in diabetes-induced cardiac hypertro-
phy. (A) Dosing scheme (B) Effect of N-acetyl cysteine, ascorbic acid, and selenium on animal body
weight. The representative graph of change in body weight in experimental groups (n = 6) are shown.
(C) Measurement of relative glucose levels (n = 6). (D) Cardiac hypertrophy assessment by measuring
relative heart weight/body weight ratio. (E) Cardiac hypertrophy assessment by measuring heart
weight/tibia length ratio (n = 6). NS: Normal Saline, NAC: N-acetyl cysteine, A. Acid: Ascorbic acid,
Se: Selenium. Data are presented as mean± SE of n = 6 biological samples. Significant differences are
shown as p-values. Statistical analysis was performed using one-way ANOVA followed by Tukey’s
test. (***): p < 0.001, (****): p < 0.0001.

2.2. Changes in Blood Glucose Levels and Morphology in Diabetes Induced Cardiac
Hypertrophy Model
Blood Glucose Levels and Effects of N-Acetyl Cysteine

The maintenance of glucose homeostasis is an essential factor for the proper func-
tioning of metabolic pathways in the body. Impaired glucose homeostasis can lead to a
condition known as hyperglycemia, which causes cardiac complications [40]. The admin-
istration of glucose analogue alloxan induces the destruction of beta cells and produces
insulinopenia, which causes Type 1 diabetes [41].

Blood glucose levels were examined in an alloxan-induced model of diabetogenic
cardiac pathology. Our results showed that glucose levels were significantly increased
in the blood of diseased (alloxan) group from day 1 to day 11 (Figure 1C). However,
when alloxan groups were treated with antioxidants such as N-acetyl cysteine (alloxan+N-
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acetyl cysteine), ascorbic acid (alloxan+ascorbic acid), and selenium (alloxan+selenium), the
glucose levels were significantly reduced. The data show that there was a significant change
in initial and final glucose levels in the experimental groups (Figure 1C, and Supplementary
Figure S2). N-acetyl cysteine and ascorbic acid conferred a better antidiabetic potential in
comparison to selenium.

Furthermore, certain baseline characteristics such as ratios between heart weight/body
weight, and heart weight/tibia length (hallmarks of cardiac hypertrophy) were evaluated,
and were found to be significantly increased in diseased subjects. However, when treated
with antioxidants, a significant reduction in these ratios was observed in disease (alloxan)
groups. The N-acetyl cysteine treatment (alloxan+N-acetyl cysteine) and ascorbic acid treat-
ment (alloxan+ascorbic acid) showed a more pronounced effect on the heart weight/body
weight ratio, and relative heart weight/tibia length ratio, as compared to selenium (al-
loxan+selenium) (Figure 1D,E).

2.3. Cellular Organization, Structural Changes, and Tissue Damage in Diabetes-Induced Cardiac
Pathology Model

Since diabetic-linked cardiac pathology represents the perturbation in cellular organi-
zation, structural changes, and tissue damage, we assessed myocardial stiffness, changes
in interstitial spaces, fibrosis by Hematoxylin and Eosin staining, as well as Masson’s
trichrome staining in the diabetic experimental rat model (Figure 2A). First, the cell size
was measured by (SpotCam W software), which is the marker of cardiac hypertrophy. In
total, 100–200 cardiomyocytes were examined in 20–50 fields. Our results show that the
cell size increased in alloxan group (Figure 2B). A hematoxylin and Eosin histopathological
analysis of the disease group showed an increase in cardiomyocyte size, cell shrinkage, and
disturbed nucleus to cytoplasm ratio, fragmented nuclei, and a distortion in the cardiac
myofibrils (Figure 2A(e)). However, in the control group (saline), the nucleus to cytoplasm
ratio was found to be normal, the nuclei were single, prominent, and centrally located
(Figure 2A(b)).

N-Acetyl Cysteine Treatment Restores Myocardial Integrity

After confirming that cardiomyocyte integrity is hampered under diabetic conditions,
we further examined whether N-acetyl cysteine (antioxidant) treatment could impart
cardiac-protective effects against diabetic conditions. Our data reveal that antioxidant
treatment recovered the myocardial integrity, and cellular organization. A histopathological
examination revealed that the antioxidant treatment groups recovered the normal cell size
and surface area in comparison to the disease group (Figure 2A(k,q,w)). Additionally,
the N-acetyl cysteine, ascorbic acid and selenium-treated groups resumed normal cellular
architecture (Figure 2A(h,n,t)). N-acetyl cysteine treatment (alloxan+N-acetyl cysteine)
led to a more protective effect than ascorbic acid (alloxan+ascorbic acid) and selenium
(alloxan+selenium) treatment (Figure 2A). Collectively, the data indicate that glucose-
induced oxidative damage to the cell and structural proteins may cause disorientation in
the cellular organization in the alloxan-induced diabetogenic model, and depict myocardial
injury, which can be recovered by N-acetyl cysteine.



Molecules 2021, 26, 7285 6 of 26

Figure 2. Protective effects of N-acetyl cysteine, ascorbic acid, and selenium in Diabetes induced
cardiac hypertrophy. (A) Representation of morphological images of hearts. Corresponding sections
of cardiac tissues presented by Hematoxylin and Eosin (H & E) and Masson’s Trichrome staining
are shown. NS (a,b,c), Alloxan (d,e,f), NAC (g,h,i), All+NAC (j,k,l), A.Acid (m,n,o), All+A.Acid
(p,q,r), Se (s,t,u), All+Se (v,w,x). NS: Normal Saline, All: Alloxan, NAC: N-acetyl cysteine All+NAC:
Alloxan+N-acetyl cysteine A.Acid: Ascorbic acid All+A.Acid: Alloxan+Ascorbic acid Se: Selenium
All+Se: Alloxan+Selenium, scale bar = 1mm, scale bar = 50 µm, respectively, In H & E staining, black
arrows indicate cell size which is measured by Spotcam W Software (computer-assisted modeling).
In Masson’s Trichrome staining panel, the white arrows indicate an area with fibrosis. (B) Graphical
representation of cross-sectional cell size examination by SpotCam W software. (C) Graphical
representation of collagen deposition in rat heart tissues by MIPARTM.2017 software. (D) Relative
mRNA expression of GATA 4 (n = 6) GAPDH was used as an internal control. (E) Analysis of serum
calcium levels in pathology model (n = 6). Data are presented as mean ± SE of n biological samples.
Significant differences are shown as p-values. Statistical analysis was performed using one-way
ANOVA followed by Tukey’s test. (**): p < 0.01), (***): p < 0.001, (****): p < 0.0001.

2.4. Cardiac Fibrosis in Diabetes-Induced Cardiac Hypertrophy Model

To confirm cardiac fibrosis, Masson’s trichrome staining [43], was performed in the
experimental groups. The disease group (Figure 2A(f)) stained blue color) showed higher
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collagen deposition as compared to the control group (Figure 2A(c)). In contrast, the
antioxidant treatment revealed intact myocardium, indicating the restoration of the cel-
lular architect. N-acetyl cysteine treatment (alloxan + N-acetyl cysteine) (Figure 2A(i))
showed more protective effects in comparison to the ascorbic acid (alloxan+ascorbic acid)
(Figure 2A(r) and selenium (alloxan+selenium) treatment (Figure 2A(x)). However, the
N-acetyl cysteine, ascorbic acid, and selenium alone were comparable to normal saline
groups (Figure 2A(i,o,u)). Additionally, the collagen deposition intensity was measured in
different experimental groups. The results show that in the disease group, collagen deposi-
tion intensity was higher than compared to control groups (Figure 2C). The treatment with
antioxidants prevented collagen deposition.

2.5. Serum Calcium Levels and Transcription Factor GATA 4 Expressions in the Diabetic Cardiac
Hypertrophy Model

Increased serum calcium levels are associated with the risk of diabetic cardiac hy-
pertrophy and aberrant calcium signaling in progressive diabetic cardiac pathological
conditions [43]. Since GATA4 plays a significant role in mammalian cardiac development
and serves as a mediator of cardiac hypertrophy and acts as an important regulator of
calcium signaling, we studied the expression of GATA4 in diabetes-associated cardiac
pathology. The effect of antioxidants on the expression of GATA4 in diabetic cardiac
pathology was also studied. The serum calcium levels and mRNA expression of GATA4
were significantly upregulated in the pathological (alloxan) group in comparison to nor-
mal subjects (Figure 2D,E). In contrast, in disease groups, treatment with antioxidants
restored the calcium levels and prevented oxidative damage. N-acetyl cysteine treatment
(alloxan + N-acetyl cysteine) showed significant downregulation in the expression of
GATA 4 as compared to ascorbic acid (alloxan + ascorbic acid) and selenium treatment
(alloxan + selenium).

2.6. Production of Reactive Oxygen Species (ROS) Is Increased in Diabetic Cardiac Hyper-Trophy

An increase in oxidative stress results in an imbalance in mitochondrial dynamics such
as mitochondrial fission and fusion, and is associated with cardiac pathology. The ROS
production through alloxan comprises the initial step in the development and progression
of the disease and can cause damage to cardiac walls [44]. NADPH oxidase is considered
to be an important contributing factor in the generation of ROS in diabetic cardiac pathol-
ogy [45]. Such damage can be prevented by the neutralization of ROS with antioxidants.
To assess the levels of free radicals, we performed ROS quantification assay both in serum
and heart tissues of the alloxan-induced cardiac hypertrophy model. The results show that
the ROS levels were significantly increased in the alloxan group as compared to the normal
control (Figure 3A,B).

Post ROS production analysis in the disease model, we examined whether antioxidant
treatment could cause a reduction in ROS generation during diabetic-induced cardiac
hypertrophy. A statistically significant decrease in ROS levels was observed when diseased
subjects were treated with antioxidants, such as N-acetyl cysteine, ascorbic acid, and
selenium group in serum and tissue homogenates (Figure 3A,B). The reduction in serum
ROS levels was higher when treated with N-acetyl cysteine (alloxan + N-acetyl cysteine)
and ascorbic acid (alloxan + ascorbic) compared to selenium (alloxan + selenium).
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Figure 3. Assessment of oxidative and anti-oxidative stress profile in cardiac pathology model. (A)
Measurement of ROS levels in serum (n = 6). (B) Measurement of ROS levels in heart tissue (n = 6).
(C) Superoxide dismutase activity in serum (n = 6). (D) Superoxide dismutase activity in heart
tissue (n = 6). (E) Catalase levels in serum (n = 6). (F) Catalase levels in tissues (n = 6). (G) Reduced
glutathione levels in serum (n = 6). (H) Reduced glutathione reductase levels in heart tissues (n = 6).
Data are presented as mean ± SE of n biological samples. Statistically significant differences are
shown as p-values. Statistical analysis was performed using one-way ANOVA followed by Tukey’s
test. (**): p < 0.01), (***): p < 0.001, (****): p < 0.0001.
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2.7. Anti-Oxidative Defense Enzymes Are Downregulated in the Diabetic Cardiac Condition
Which Is Restored by N-Acetyl Cysteine

Enzymatic antioxidants, such as superoxide dismutase (SOD), catalase (CAT), and re-
duced glutathione (GSH) are key components in the defense mechanisms against oxidative
stress. SOD is regarded as a free radical scavenger, which can directly scavenge the reactive
oxygen species and acts as first line of defense against ROS-induced damages. To examine
the SOD activity, we performed SOD assay between the diseased group and those treated
with antioxidants. Results show that alloxan administration impaired the standard values
of SOD, CAT, and GSH profiles (Figure 3C,D), which could be due to ROS production
(Figure 3A,B). The therapeutic potential of antioxidant N-acetyl cysteine, ascorbic acid, and
selenium was also investigated. Our data show that the SOD activity was significantly
decreased in the alloxan-treated group as compared to normal subjects both in serum
and heart tissue homogenates. Specifically, the SOD activities in serum were significantly
recovered (elevated) in disease groups when treated with antioxidants. The protective
effects of N-acetyl cysteine treatment (alloxan + N-acetyl cysteine) and ascorbic acid treat-
ment (alloxan + ascorbic acid) were higher than for the selenium treatment (alloxan +
selenium). However, the levels of SOD were higher in heart tissue compared to the serum
of disease groups. Of note, the serum data shows that compared to selenium, N-acetyl
cysteine and ascorbic acid exhibited a better scavenging potential against ROS-induced
oxidative damage.

The catalase enzyme plays an important role in the body’s defense against oxidative
stress and is necessary for the conversion of hydrogen peroxide produced by superoxide
dismutase activity to water [12]. Our results show that CAT levels in serum and heart tissue
of the disease group were significantly reduced (Figure 3E,F). This indicates that defense
against oxidative stress is hindered during diabetic cardiac hypertrophy. In contrast, CAT
production was restored (elevated) with the treatment of antioxidants such as N-acetyl
cysteine, ascorbic acid, and selenium (Figure 3E,F).

In addition to SOD and CAT, we also quantified glutathione levels in the serum and
heart tissue of disease group relative to those treated with antioxidants. GSH has a high
reduction potential and is capable of donating its reduced equivalent to other molecules
such as ROS, in order to neutralize them and maintain the redox state of the cell [13]. Our
data show that GSH activity was reduced in the serum and heart tissue samples of the
disease group (Figure 3G,H). This indicates that the defense against oxidative stress is
hindered during diabetic cardiac hypertrophy.

In contrast, the GSH level was significantly restored (increased) in the disease group
when treated with antioxidants such as N-acetyl cysteine, ascorbic acid, and selenium,
suggestive of their antioxidative potential. However, treatment with N-acetyl cysteine
(alloxan+ N-acetyl cysteine) showed more profound effects as compared to treatment with
ascorbic acid (alloxan+ ascorbic acid), and selenium (alloxan + selenium).

2.8. Analysis of Lipid Peroxidation and Lipid Profile in Cardiac Pathology

Lipids are an integral part of the body physiology, and the disturbance in lipid levels
plays a central role in the development of cardiovascular diseases (CVDs) [46]. An increase
in the production of free radicals initiates lipid peroxidation by damaging the membrane
phospholipids and is considered to be a contributing factor in cardiac hypertrophy [47]. We
performed a thiobarbituric acid reactive substance (TBARS) assay to measure the oxidative
damage after alloxan administration. A significant increase in TBARS levels was observed
both in serum and heart tissues of the disease group, indicating high oxidative damage to
lipid integrity (Figure 4A,B).
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Figure 4. Assessment of lipid peroxidation and liver toxicity markers in cardiac pathology model.
(A) Relative TBARS levels in serum with and without antioxidants (n = 6). (B) Relative TBARS levels
in heart tissues (n = 6). (C) Relative triglyceride levels in serum (n = 6). (D) Relative cholesterol levels
in serum (n = 6). (E) Relative mRNA expression of PGC-1α (n = 6) (F) Relative mRNA expression of
PPARα (n = 6). (G) Relative ALT levels in serum (n = 6). (H) Relative AST in serum (n = 6). Data
are presented as mean ± SE of n biological samples. Significant differences are shown as p-values.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s test. (*): p < 0.05,
(**): p < 0.01), (****): p < 0.0001.
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In contrast, TBARS levels were significantly decreased in the disease group treated
with antioxidants, i.e., N-acetyl cysteine, ascorbic acid, and selenium as compared to the
alloxan-treated group. N-acetyl cysteine (alloxan + N-acetyl cysteine) and ascorbic-acid
treatment (alloxan + ascorbic acid) conferred more protective effects against oxidative
damage as compared to selenium (alloxan + selenium), both in the serum and heart tissue
homogenates (Figure 4A,B).

A lipid profile is the first screening tool used to estimate deregulations in choles-
terol and triglycerides. An imbalance or deregulation in the lipid profile is considered
a major risk factor for cardiovascular diseases [48]. A high level of triglyceride (hyper-
triglyceridemia) results in an increased risk of cardiac pathologies such as cardiac ischemia,
cardiac hypertrophy, and heart failure. Herein, we assessed the lipid profile in diabetes-
associated cardiac hypertrophy. A significantly higher level of triglycerides was observed
in the disease group. Conversely, when treated with antioxidants, a significant decrease
in serum triglyceride levels was observed. N-acetyl cysteine significantly lowered the
triglyceride levels in comparison to other antioxidants, suggesting its better protective
potential (Figure 4C).

Additionally, cholesterol levels were also measured in the blood circulation. A high
level of cholesterol leads to stroke and causes cardiovascular diseases. Results show that
the serum level of circulating cholesterol was significantly high in the cardiac pathology
model (Figure 4D). An elevated cholesterol level in the disease group is indicative of an
altered lipid profile, which manifests as abnormal heart functioning.

In contrast, the cholesterol level was significantly decreased when treated with an-
tioxidants, i.e., Alloxan + N-acetyl cysteine and alloxan + ascorbic acid in comparison to
the allox-an + selenium treated group. N-acetyl cysteine has shown better potential in
comparison to the other tested antioxidants (Figure 4D).

2.9. Expression of Peroxisome Proliferator-Activated Receptor-Gamma Coactivator (PGC)-1 Alpha
and Peroxisome Proliferator-Activated Receptor PPARα

PGC-1α and PPARα are considered important regulators of mitochondrial fatty acid
β-oxidation [49–51]. The qPCR data show that the mRNA expression of PGC-1α and
PPARα were significantly downregulated in diabetic cardiac hypertrophy whereas treat-
ment with antioxidants such as N-acetyl cysteine and ascorbic acid led to significantly
upregulated PGC-1α and PPARα expression, in comparison to the selenium treatment
group (Figure 4E,F). N-acetyl cysteine conferred a more protective response in comparison
to other antioxidants.

2.10. Toxicity Markers Show Safer Dose Administration in Diabetes-Induced Cardiac
Hypertrophy Model

To measure the toxicity levels and safer dosage administration of different induc-
ers, the liver markers were examined in the pathology model. We examined alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) to assess liver toxicity in all
experimental groups. A prolonged disorder is responsible for the elevated levels of ALT
and AST in the serum. Our results show that the levels of ALT and AST were significantly
increased in the disease group in comparison to normal subjects (Figure 4G,H). In contrast,
ALT and AST levels in serum of disease groups were significantly reduced when treated
with antioxidants. Reduced levels of ALT and AST, upon administration of antioxidants,
indicate the potential of N-acetyl cysteine, ascorbic acid, and selenium in preventing car-
diac damage. N-acetyl cysteine conferred more protective effect in comparison to ascorbic
acid and selenium.

2.11. Expression of Drp1, PUMA, and Cytochrome C Is Increased in Diabetic Induced Cardiac
Pathology Model

Mitochondrial dysfunction is considered a root cause of hyperglycemia in type 1
diabetes. Therefore, we aimed to examine the expression of Drp1 and PUMA in a diabetes-
induced cardiac hypertrophy model. It is understood that Drp1 plays a major role in
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maintaining mitochondrial morphology and is a key regulator of mitochondrial fission [52].
The upregulation of Drp1 in various cell types occurs due to an imbalance between the
mitochondrial fission and fusion, which is mainly caused by an impairment of the electron
transport chain and ATP production. Our data show that the expression of Drp1 is increased
in the disease group, compared to the control group Figures 5A and 6A,B) both at the
mRNA and protein levels. However, the treatment with N-acetyl cysteine significantly
reduced the expression of Drp1 in comparison to the untreated diabetic group. The other
antioxidants, i.e., ascorbic acid and selenium also showed a reduced expression of Drp1.
N-acetyl cysteine exhibited more protection in comparison to ascorbic acid and selenium.

The p53 upregulated modulator of apoptosis (PUMA), also known as Bcl-2-binding
component-3 (BBC3), is a pro-apoptotic gene that interacts with the anti-apoptotic Bcl-2
family members and liberates Bax and Bak [12]. It recruits the Drp1 to the outer membrane
of the mitochondria and initiates a death cascade (apoptosis). Experimental data reveals
that the relative mRNA and protein expression of PUMA (Figures 5B and 6A,C) was
significantly higher in the cardiac pathology model, indicating the induction of apoptosis.
However, treatment with N-acetyl cysteine significantly downregulated the expression of
apoptotic markers at the transcription (mRNA) and translation (protein) levels. N-acetyl
cysteine showed higher protection in comparison to ascorbic acid and selenium.

Ascorbic acid is a standard prototype antioxidant that prevents apoptosis by inhibiting
the activity of different regulators involved in apoptosis [53]. In the current study, ascorbic
acid exhibited protection against ROS-mediated oxidative damage by significantly down-
regulating the mRNA and protein levels of PUMA in disease groups when treated with
potent antioxidants. However, selenium showed a less protective effect in the prevention
of apoptotic cascade. N-acetyl cysteine shows better protective effects against apoptotic
expression in comparison to ascorbic acid and selenium.

Cytochrome c expression is considered to be regulated by hypertrophic stimuli [44].
Therefore, we evaluated the relative expression of cytochrome c through real-time PCR
in experimental groups. A significant increase in the cytochrome c mRNA expression
was observed in the disease group. In contrast, when treated with antioxidants, a statisti-
cally significant decrease in cytochrome c mRNA level was observed in N-acetyl cysteine
treatment (allox-an+N-acetyl cysteine), and in ascorbic treated groups (alloxan + ascorbic
acid) compared to selenium treatment (alloxan + selenium) (Figure 5C). Collectively, the
antioxidant-mediated down-regulation of Drp1, PUMA, and cytochrome c expression
indicates the protective effects of antioxidants against mitochondrial oxidative stress.
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Figure 5. mRNA expression analysis of mitochondrial stress regulatory molecules in diabetes-induced cardiac pathology
model. (A)Relative mRNA expression of Drp1 (n = 6). (B) Relative mRNA expression of PUMA (n = 6). (C) Relative mRNA
expression of cytochrome c (n = 6). (D) Relative mRNA expression of anti-apoptotic genes Bcl-2 (n = 6). (E) Relative mRNA
expression of MFN-2 (n = 6 (F) Relative mRNA expression of ARC (n = 6). Data are presented as mean ± SE of n biological
samples (number of rats). Significant differences are shown as p-values. Statistical analysis was performed using one-way
ANOVA followed by Tukey’s test. (**): p < 0.01), (***): p < 0.001, (****): p < 0.0001.
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Figure 6. Expression analysis of mitochondrial stress regulatory proteins in diabetes-induced cardiac pathology model.
(A) Relative protein expression of Drp1, PUMA, and ARC (GAPDH was used as loading control). (B) The quantitative
densitometric analysis of Drp1 (n = 6) (C) Relative densitometric analysis of endoplasmic reticulum stress marker PUMA (n
= 6) (D) The quantitative densitometric analysis of ARC (n = 6). Data are presented as mean ± SE of n biological samples
(number of rats). Significant differences are shown as p-values. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s test. (**): p < 0.01), (****): p < 0.0001.

2.12. Anti-Apoptotic Markers Bcl-2, MFN-2, and ARC Are Downregulated in Diabetic
Cardiac Hypertrophy

The anti-apoptotic protein, Bcl-2, plays important role in inhibiting apoptosis [54]. We
measured the relative mRNA expression of Bcl-2 in the experimental groups compared
with the control groups. A significant decrease in the expression of Bcl-2 was observed
in the disease group. Conversely, when treated with antioxidants, Bcl-2 expression was
upregulated in all antioxidant-treated groups. N-acetyl cysteine conferred more protection
against apoptotic damage in comparison to other antioxidants (Figure 5D).

The GTPase mitochondrial membrane protein, MFN-2, plays an important role in mito-
chondrial fusion, maintenance, and in the operation of the mitochondrial function [27]. Our
data show that mRNA expression of MFN-2 was significantly downregulated in the cardiac
pathology group (Figure 5E). In contrast, treatment with antioxidants conferred protective
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effects against mitochondrial dysfunction. The N-acetyl cysteine treatment significantly
upregulated the expression of MFN-2 as compared to ascorbic acid and selenium.

Additionally, the apoptosis repressor with a caspase recruitment domain (ARC), also
known as the nucleolar protein, acts as a multifunctional potent inhibitor of apoptosis. We
analyzed the expression of ARC both at the transcriptional and translational levels. Our
results show that the mRNA (Figure 5F) and protein expression (Figure 6A,D) of ARC
was significantly downregulated in the disease group. However, treatment with N-acetyl
cysteine significantly up-regulated the expression of ARC compared to ascorbic acid and
selenium. A reduction in the expression of anti-apoptotic biomarkers in pathological
conditions and an increased expression in disease groups, treated with antioxidants, signify
the protective role of these potent antioxidants in diabetic cardiac hypertrophy. The
complete Western blots are shown in Supplementary Figure S3.

2.13. Correlation between Diabetic, Oxidative, and Hypertrophic Parameters

A correlation analysis was performed to draw the statistical relationships between
different variables in the disease group using the data from six replicates. High blood
glucose levels were positively correlated with ROS-production and oxidative damage, but
are negatively correlated with the expression of oxidative defense enzymes such as SOD,
CAT, and GSH, and were negatively correlated with anti-apoptotic genes such as Bcl-2, and
ARC. Conversely, high glucose and ROS levels were positively correlated with elevated
levels of apoptotic biomarkers such as cytochrome c, DRP1, and PUMA expression along
with indicators of cardiac hypertrophy such as HW/TL ratio and an increase in cell size
and fibrosis. Additionally, high glucose and ROS levels were negatively correlated with
regulators of mitochondrial fatty acid β-oxidation and mitochondrial maintenance such as
PGC-1α, PPARα, and MFN-2. The correlation data is presented in Supplementary Table S1.

3. Discussion

Diabetes remains a serious threat to human health due to its high occurrence rate
and serious pathophysiological conditions [45]. The maintenance of glucose homeostasis
is an essential parameter for the proper functioning of metabolic pathways in the body.
Malfunctioning in glucose homeostasis can lead to a condition termed hyperglycemia,
which causes cardiac complications. Diabetic cardiac hypertrophy is thought to be asso-
ciated with endoplasmic reticulum stress, debilitated mitochondrial signaling, disturbed
calcium homeostasis, malfunctioned coronary microcirculation, and the stimulation of
the renin-angiotensin-aldosterone system, among other effects [46]. Such alterations may
cause multiple deleterious effects on cardiomyocytes and consequently result in heart
failure [47]. One of the major hallmarks of the failing, diabetic heart is oxidative stress,
and the major source of ROS production is the activity of NADPH oxidase enzymes in
cardiomyocytes. NADPH oxidase-dependent mechanisms in the diabetic heart regulate
many processes that promote pathological conditions including cardiac hypertrophy, inter-
stitial fibrosis, cardiac rupture, arrhythmia, and apoptosis [48–52]. Alloxan monohydrate
is a urea derivative (a glucose analogue), which is often found to be cytotoxic due to its
generation of ROS, and is thought to demolish beta-pancreatic cells of the pancreas [40].
Alloxan administration impairs the ability of β cells to produce insulin and regulates the
redox cycling of intracellular thiols, which generates ROS at multiple sites. This may
lead to a pathological state of insulin-dependent diabetes or type 1-like diabetes mellitus.
However, it difficult to distinguish whether the reactive oxygen species are either produced
due to a necrosis of β-pancreatic cells or by persistent hyperglycemic conditions, which
acts as a limitation of the alloxan-induced model [53], and thus a limitation of the current
study. Persistent hyperglycemia causes the auto-oxidation of glucose and the generation of
ROS. Hyperlipidemia also produces ROS through NADPH oxidase. These events cause
myocardial injury by activating protein kinase C and nuclear factor-κB (NF-κB) [54].

The present study identifies some of the cardiac mitochondrial-stress regulatory
players in a diabetes-induced cardiac malfunctioned model, with molecular deregulation
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and associated impaired functions (Figure 7). A successful establishment of the animal
model was confirmed by glucose levels, ratios between heart weight/body weight, the
heart weight/tibia length, as well as abnormal heart histology, non-uniform hypertrophied
cells, an increased cell surface area, and increased fibrosis. The biochemical profiling of
stress and apoptotic markers showed a significant increase in ROS production and decrease
in defense-related enzymes in pathological (alloxan) groups.

Figure 7. Summary representation of data in alloxan-induced cardiac hypertrophic model. Different colors show scavenging
potential of antioxidants in treatment groups (Alloxan+NAC, Alloxan+A.Acid, Alloxan+Selenium). NAC showed better
activity in comparison of other antioxidants. Upregulated (↑); Downregulated (↓).

Intracellular calcium ion homeostasis is a key regulator of cardiac contractility [55].
Abnormal calcium levels in diabetic cardiac hypertrophy may alter cardiac function by
reducing the activity of the sarcoplasm reticulum, sarcolemmal calcium ATPase and other
ion exchangers [56]. As a result of the depolarization of the cell membrane by the activation
of L-type calcium channels, calcium is released from the release channels of the sarcoplasmic
reticulum [57]. The increased flux of calcium is dispersed through the cytosol to reach
contractile protein troponin C. Upon binding with troponin C, it leads to the sliding of thin
and thick filaments, resulting in the contraction of cardiac muscles.

It has been reported that a decrease in sarcoplasmic reticulum calcium (SERCA2a)
expression leads to different diabetes-associated cardiac pathologies [58]. Several studies
involving diabetes models demonstrate that, in hypertrophy-driven cardiomyopathy, the
rate of calcium efflux is depressed in rat myocytes. Furthermore, decreased cardiac ex-
pression of SERCA2 has been observed in both type 1 and type 2 diabetes [59–61]. Studies
performed in diabetic patients at the time of coronary artery bypass surgery, demonstrate
decreased calcium sensitivity in myofilaments, supporting the previous data obtained from
animal model studies [62].

Previous data show that the altered calcium flux may change the expression of different
genes at the mRNA and protein levels in diabetes mellitus [63–66]. The precise role of
GATA4 has not yet been investigated in hyperglycemic-induced cardiac hypertrophy,
although it has been identified as the main regulator of calcium signaling. In our findings,
mRNA levels of this transcription factor were upregulated in disease (alloxan) groups,
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however, when disease groups were treated with antioxidants, the calcium levels were
restored, and GATA4 gene expression was downregulated.

Additionally, the disease groups treated with antioxidants attenuated oxidative stress
by free radicals’ scavenging mechanisms and showed a significant decrease in serum
calcium levels. Diabetic cardiac hypertrophy is strictly linked with altered myocardial
and substrate metabolism [67,68]. In diabetic cardiac hypertrophy, enhanced fatty acid
metabolism is observed along with reduced glucose and lactate metabolism [69]. The
increased fatty acid oxidation enhances the rates of oxidation in the diabetic heart, which
promotes lipid accumulation in the myocardium and primes lipotoxicity [70–73]. Members
of the PPARS family (PPARα, β/δ, and γ) are important regulators of cardiac metabolism,
through their ligand-activated transcription factors [74]. Previous studies have shown that
decreased PGC-1α and PPARα mRNA expression levels are associated with high cardiac
lipid accumulation. Increased levels of triglyceride and cholesterol malfunctioning glucose
transportation may progressively lead to cardiac complications [75,76]. Additionally,
PGC-1α and PPARα expression were found to be down-regulated in diabetic conditions
although treatment with antioxidants upregulated the expression in experimental animal
model studies.

Thiobarbituric acid-reactive substances are produced as a by-product of lipid peroxi-
dation. In the current study, a significant increase in TBARS, triglyceride and cholesterol
levels were observed under diabetic conditions. Disease groups treated with antioxidants
showed a significant reduction of these lipids, suggesting the protective mechanism of
antioxidants against myocardial substrate metabolism.

Treatment with antioxidants N-acetyl cysteine, ascorbic acid, and selenium amelio-
rated oxidative stress by increasing the levels of anti-apoptotic genes and enzymes involved
in antioxidant defense mechanism. Significant increases in superoxide dismutase, catalase,
and GSH were observed in disease groups when treated with antioxidants, indicating
protection against oxidative damage. N-acetyl cysteine exhibited better protective effects
against oxidative damage as compared to ascorbic acid and selenium.

Mitochondria are the central operators of energy and the substrate metabolism. Dys-
functional mitochondrion leads to malfunctions in the respiratory chain, a reduced capacity
of ATP synthesis, elevated oxidative stress, DNA damage, and an apoptosis of cardiomy-
ocytes [77]. The expression of mitochondrial fission markers such as dynamin-related
guanosine triphosphatase (GTPase) protein 1 (Drp1) and PUMA was found to be upreg-
ulated. The elevated level of cytochrome c mRNA further indicates the dysregulated
mitochondrial regulation in hyperglycemic-induced cardiac hypertrophy. We investigated
the protective role of antioxidants against free radical generation. N-acetyl cysteine showed
more protective effects in comparison to N-acetyl cysteine and ascorbic acid. The antiapop-
totic marker, Bcl-2, regulates the intrinsic apoptotic response. The expression of Bcl-2 was
downregulated in the disease group. The expression of MFN-2, a marker of oxidative-
stress-dependent apoptosis in cardiomyocytes, was downregulated in the disease group.
However, a significant increase in Bcl-2 and MFN-2 levels was observed when treated with
antioxidants. The restoration of expression of another anti-apoptotic marker, known as the
apoptosis repressor with caspase recruitment domain (ARC), confirms the antioxidant po-
tential of potent antioxidants. The N-acetyl cysteine group showed an enhanced expression
of ARC as compared to the ascorbic acid group and selenium group.

4. Materials and Methods
4.1. Chemicals

Alloxan monohydrate and N-acetyl cysteine were purchased from Sigma-Aldrich
(Darmstadt, Germany). Ascorbic acid was obtained from Scharlau, and Selenium was
obtained from DAEJUNG (Korea). Phenylmethanesulfonyl Fluoride (PMSF) was purchased
from (Roth Germany) CAS no: 329-98-6.
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4.2. Study Design

Sprague Dawley rats were obtained from the Animal House of the Department of
Biological Sciences, Quaid-i-Azam University, Islamabad, Pakistan. Rats of both sexes
were divided into 8 experimental groups and each group which comprised of 6 rats
that were randomly divided at a ratio of 1:1 in each experimental group. The body
weight of all animals ranged between (120 g–180 g) [78,79] and they ranged from 4–6
weeks old (Figure 1A). All animals were fed on normal feed and water. To prevent
hypoglycemic shocks, the diabetic group was fed on water containing a 5% glucose solution
for 18 h [80–82].

Normal saline group: In this group, normal saline (0.9%) 500 µL was administered
subcutaneously for consecutive 11 days.

Diabetic group: Disease was induced in this group by administering a single intraperi-
toneal injection of alloxan (120 mg/kg), following 24 h of fasting (Alloxan was dissolved in
normal saline) [80].

Ascorbic acid group: Ascorbic Acid (80 mg/kg) was subcutaneously administered to
this group for 11 consecutive days.

Alloxan + Ascorbic acid group: Diabetic rats were treated subcutaneously with ascor-
bic acid (80 mg/kg) for 11 consecutive days, followed by the induction of diabetes with a
single alloxan dose [42,80].

N-acetyl cysteine group: NAC (50 mg/kg) was administered subcutaneously to this
group for 11 days consecutively.

Alloxan + N-acetyl cysteine group: After inducing diabetes as in the disease group, this
group was treated subcutaneously with NAC (50 mg/kg) for 11 consecutive days [24,80].

Selenium group: 0.6 mg/kg selenium dissolved in 2.5% DMSO was administered
orally for 11 consecutive days.

Alloxan + Selenium group: A single injection of alloxan as 120 mg/kg was followed
by selenium dosing for 11 consecutive days [29,31,80].

The 24-h dosage interval was followed for all antioxidants. All animal- handling
procedures were according to the standard protocols documented in the “Guide for the Care
and Use of 1L2 laboratory Animals (National Institute of Health, Islamabad, Pakistan) as
per the considerations of the U.K., Animals (Scientific Procedures) Act, 1986 and approved
by the ethical committee of Quaid-i-Azam University Islamabad, Pakistan (Ethical approval
number: #BEC-FBS-QAU2017-67). Rats were anesthetized and their glucose level was
measured. Hearts were obtained from all the animals and washed with chilled 0.9%
normal saline and distilled water to remove blood. Organs were weighed using an electric
weighing machine and stored at −20 ◦C. Organs were fixed in 10% formalin and processed
for histopathological analysis. For RNA extraction, a portion of heart tissue was treated
with TRIzol and stored at −70 ◦C. All the spectrophotometry experiments were carried out
using 8453 UV–Visible spectrophotometer (Agilent, Santa Clara, CA, USA).

4.3. Measurement of Blood Glucose Level

Blood glucose levels were measured by the strip method using FreeStyle Optium
glucometer (Abbot, Alameda, CA, USA) according to the manufacturer’s instructions. The
results were recorded in units of mg/dl in triplicates for each sample.

4.4. Serum Separation from Blood

The blood samples from all experimental models were collected in gel tubes. Blood
was centrifuged at 6000 rpm for 10 min and the clear upper layer was pipetted into
Eppendorf tubes. The serum samples were stored at −20 ◦C for further molecular analysis.

4.5. Tissue Homogenization

Heart tissues (100 mg) were homogenized using an electric homogenizer according
to the previously described protocol [83]. After homogenization, centrifugation was per-
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formed at 13,000 rpm at 4 ◦C for 10 min. The upper clear-enriched extracted phase was
obtained and was used in a biochemical analysis and Western blot analysis.

4.6. Reactive Oxygen Species (ROS) Assay

For measurements of the amount of ROS in experimental rat models, the previously
described protocols were followed. Absorbance was measured at 505 nm using 8453 UV–
Visible spectrophotometer (Agilent, Santa Clara, CA, USA). Three readings were taken
for each sample after an interval of 15 s and their average was calculated [84]. For the
measurement of ROS, a H2O2 standard calibration curve was plotted, and levels of ROS
were measured.

4.7. Thiobarbituric Acid Reactive Substances (TBARS) Assay

The protocol of Buege and Austin was followed for measurement of TBARS ac-
tivity [85]. Optical density was measured at 532nm, using spectrophotometer.The fol-
lowing formula was used to calculate Lipid peroxidation products as Nm/mg TBARS
(Nm/mg protein) = O.D × Total volume× Sample volume × 1.56 × 105 ×mg protein/mL
(1.56 × 105 = Molar Extinction Coefficient).

4.8. Superoxide Dismutase (SOD) Assay

The activity of SOD in serum and tissue homogenates was evaluated using the assay
of the previously described protocol [86]. Absorbance was measured at 560nm and three
readings were taken within 1 min. The following formula was used to calculate the
percentage inhibition of NBT:

Inhibition of NBT = (A blank - A sample)/(A blank) × 100 (1)

The amount of enzyme causing 50% inhibition in NBT reduction rate is defined as
“one unit of SOD activity”. SOD activity was measured on a unit/minute scale.

4.9. Catalase Activity (CAT) Assay

A catalase assay was also performed, following the previously optimized protocol [24].
Absorbance was measured three times at 240 nm.Without a sample, the mixture was
considered blank. The one-unit activity of catalase is described as an “absorbance change
of 0.01 as unit per minute”.

4.10. Reduced Glutathione (GSH) Assay

For an evaluation of the glutathione reductase activity in experimental rats, GSH
activity was evaluated by previously described protocols. Absorbance was recorded at
412 nm [87].

4.11. Lipid Profiling

The lipids, including triglyceride and cholesterol, were profiled through AMP Di-
agnostic kit, Austria. All experimental procedures were carried out according to the
manufacturer’s instructions [42].

4.12. Calcium Test

Serum calcium levels were also measured by using the AMP diagnostic kit, Austria
according to the manufacturer’s instructions.
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4.13. Liver Profiling
4.13.1. Alanine Aminotransferase (ALT) Assay

ALT was performed using the AMP diagnostic kit protocol. The ALT-enzyme level
was checked in serum. Absorbance was obtained at a wavelength of 340 nm. The following
formula was used for the measurement of enzymatic activity [42].

∆A/min × 3333 = ALT activity (unit/litter) at 37 ◦C (2)

4.13.2. Aspartate Aminotransferase (AST) Assay

AST enzyme levels were detected in experimental models by using the AMP kit
method. Absorbance was obtained at a 340 nm wavelength. The following formula was
used for calculation [42].

∆A/min × 3333 = AST activity (unit/litter) at 37 ◦C (3)

4.14. Western Blot Analysis

The relative protein expression of biomarkers was analyzed by immunoblotting.
Firstly, for the quantification of proteins, a Bradford assay was performed. Samples were
subjected to denaturation (boiled at 100 ◦C for 10 min) and then separated on 12% SDS-
PAGE. Samples were then transferred to the nitrocellulose membranes, following the
protocol described in [24]. After blocking with non-fat skimmed milk, the membrane was
treated with primary antibodies (Drp1:sc-271583, PUMA:sc-374223, ARC sc-374177; Santa
Cruz Biotechnology Texas, USA, GAPDH; K00027; Solarbio, China) at [1:5000] dilutions for
overnight incubation at 4 ◦C, followed by secondary antibody [goat anti-mouse antibody
ab-97020 IgG-AP; Abcam, UK 1: 2000] dilution. For the detection of signals, a 1 step TM
NBT/BCIP cat no.34042 Thermo-Fisher Scientific substrate was used according to the
manufacturer’s instructions, to subsequently visualize blots. The images were recorded
and further quantified by Image J software.

4.15. Histological Analysis

For the morphological evaluation, the formalin-fixed, paraffin-embedded specimens
were cut into 3 µm sections followed by Hematoxylin Eosin as described previously [24].
Additionally, Masson’s trichrome staining was also performed according to published
protocols [88]. The obtained sections were then observed under polarized light and bright-
field microscope (DIALUX 20 EB, Olympus, Tokyo, Japan) at 40X and 4×magnifications,
respectively. Cell surface areas were measured by SPOT CamW 4.0. Software [24]. Collagen
intensity was measured using a collagen recipe, through MIPAR TM.

2017 software [89].

4.16. Real-Time PCR Analysis

RNA extraction was conducted using the previously described protocols [24]. Total
RNA was extracted with TRIzol reagent (Invitrogen) and quantified by UV/Vis Nano-
Drop TM Spectrophotometer (NanoDrop, V3.7, Thermo-Fisher Scientific, USA) in ng/µL
units. RNA was treated with DNase 1 (Thermo-Fisher Scientific, USA) and absorption was
observe at 260 nm (A260) and 280 nm (A280). cDNA synthesis was carried out from RNA
using Thermofisher scientific Revert Aid First Strand cDNA Synthesis Kit, according to the
instructional protocol in a thermocycler (T100 Bio-Rad Thermocycler, USA). Specific gene
primers were designed from the NCBI database and Ensemble genome Browser. Primers
were purchased from IDT and BJI (China) and were optimized using a conventional PCR.
The list of primers is presented in Table 1. Real-time PCR reaction mix was prepared
using SYBER green master mix (Thermo-fisher scientific) kit. RT PCR reaction was run in
the MyGo Pro instrument. The expression of target genes was quantified, and data were
normalized against GAPDH as an internal control.
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Table 1. List of gene primers for real-time PCR.

Target Gene ID Primer Sequence

Rattus norvegicus PPARα 25747 FP 5′-ATGAACAAAGACGGGATGC-3′

RP 5′-TCAAACTTGGGTTCCATGAT-3′

GATA-4 54254 FP 5′-CCCATGGGTCCTCCATC-3′

RP 5′-GGGGGTGCTGATTACG-3′

DRP1 114114 FP 5′-GATGCCATAGTTGAAGTGGTGAC-3′

RP 5′-CCACAAGCATCAGCAAAGTCTGG-3′

PUMA 317673 FP 5′-ACGACCTCAACGCACAGTACGA-3′

RP 5′-CCTAATTGGGCTCCATCTCGGG-3′

MFN-2 64476 FP 5-′TCAAGACCGTGAACCAGC-3′

RP 5′-AGAAGTGGACACTTGGAGTTG-3′

GAPDH 24383 FP 5′-TTCAACAGCAACTCCCATT -3′

RP 5′-CACCACCCTGTTGCTGTA-3′

ARC 85383 FP 5-TGCCAGGAGCTGCTACGCTGT-3

RP 5-TGGGCATGGAGGGTCATAGCTG-3

FP, Forward Primer; RP, Reverse Primer.

4.17. Statistical Analysis

Data were analyzed using Prism software (GraphPad Software, USA). To evaluate
significant differences among different experimental groups, the statistical tests, including
multiple comparison tests ANOVA followed by Tukey’s test, were applied. All data were
presented as a mean ± SE of available samples number. P values of less than 0.05 were
considered statistically significant. A correlation analysis was performed to identify the
statistical relationships between biological variables in pathological groups using the data
for all six replicates. The values for the Pearson correlation coefficients (or Pearson’s r)
were calculated between all variables using GraphPad Prism.

5. Conclusions

Our data identify numerous dysregulations in the diabetic-associated cardiac pathol-
ogy model, including the abnormal expression of mitochondrial stress-associated molecules,
and hypertrophy of the heart-tissue environment—both reflected locally and from the se-
cretion of macromolecules in the circulation. Additionally, N-acetyl cysteine was found
to be a potential protective agent, and may be used to ameliorate diabetes-linked cardiac
pathology. An upregulation of apoptotic and cardiac hypertrophic biomarkers may provide
further insight into pathology-related signaling cascades, whereby the downregulation
of apoptotic biomarkers may explain the improved scavenging potential of antioxidants.
Since N-acetyl cysteine, a specific standard antioxidant, demonstrated better scavenging
potential against oxidative damage, it could be further exploited for enhanced therapeutic
strategies in treating diabetic heart conditions.

Supplementary Materials: The following are available online, Figure S1: comparison of initial and
final body weight change in experimental groups, Figure S2: comparison of initial and final blood
glucose levels, Figure S3: Representative images of western blots, Table S1: Correlation between
diabetic, oxidative and hypertrophic or fibrotic parameters.
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ROS Reactive Oxygen Species
TBARS Thiobarbituric Acid Reactive Substances
SOD Superoxide Dismutase assay
CAT Catalase
ALT Alanine Aminotransferase Assay
AST Aspartate Aminotransferase Assay
Drp1 Drp1 (dynamin-related guanosine triphosphatase (GTPase) protein 1)
PUMA p53 upregulated modulator of apoptosis
GATA-4 GATA binding protein 4
MFN-2 Mitofusin-2
ARC Apoptosis repressor with caspase recruitment domain
NAC N-acetyl Cysteine
PPARα peroxisome proliferator-activated receptors (PPARs) alpha
FIS1 Mitochondrial fission 1 protein
PDK4 Pyruvate dehydrogenase lipoamide kinase isozyme 4
ACC acetyl-Co-A carboxylase
CPT1 carnitine palmitoyltransferase I
SERCA2a Sarcoplasmic reticulum calcium pumps
AMPK AMP-dependent protein kinase
AGEs advanced glycation end products
BG Blood glucose
SA surface area
TGS Triglyceride
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