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Background: Capsaicin is known for its therapeutic benefits, including anti-inflammatory, antioxidant, and cholesterol-lowering
effects. However, its clinical application is limited by poor bioavailability, primarily due to its low solubility in water.

Objective: To evaluate the efficacy of our newly optimized capsaicin-loaded chitosan nanocapsules (CAP@CS) in mitigating
cardiotoxicity induced by type 2 diabetes mellitus (T2DM) and a high-fat diet in male Sprague Dawley rats.

Methods: Nanocapsules containing capsaicin and chitosan were synthesized using the micro-emulsion technique and character-
ized using dynamic light scattering (DLS) and transmission electron microscopy (TEM), were administered to sixty male rats,
which assigned to five groups: control, diabetic, diabetic with rosuvastatin, diabetic with capsaicin (CAP), and diabetic with
CAP@CS. The inflammatory markers and biochemical indicators associated with myocardial damage, tissue oxidative stress,
and inflammation were assessed.

Results: DLS analysis revealed an average size of ~260 nm and a zeta potential of ~+18 mV. TEM images depicted circular and uni-
form nanocapsules. The diabetic + CAP@CS group showed more significant reductions in blood glucose and lipid levels compared
to other diabetic groups, and markedly increased the concentrations of the antioxidant enzymes superoxide dismutase (SOD),
catalase, and glutathione peroxidase (GPx), reduced glutathione, and upregulated nuclear factor erythroid 2-related factor 2
(NRF-2), and heme oxygenase-1 (HO-1) expressions more significantly than the diabetic + CAP group. CAP@CS upregulated
nitric oxide concentrations and its bioregulator, inducible nitric oxide synthase (iNOS), demonstrating enhanced cardioprotec-
tion. The formula exhibited a more pronounced anti-inflammatory impact, as demonstrated by the tumor necrosis factor-alpha
(TNF-q), interleukin-6 (IL-6), and interleukin-1 beta (IL-1/) assessment. Histological investigations employing hematoxylin and
eosin stain, Masson trichrome (MTC), and immunohistochemical analysis of a-smooth actin and desmin revealed the notable
superiority of the new formula (CAP@CS) over capsaicin (CAP) in mitigating the myocardial damage mediated by diabetes.
This efficacy was substantiated by assessments of myocardial protein content, malondialdehyde (MDA), heat shock protein 70
(HSP70) determination, alanine transaminase (ALT), aspartate transaminase (AST), and troponin levels.

Conclusion: CAP@CS nanocapsules present a promising therapeutic strategy, improving for cardioprotection in T2DM, offering
potential benefits such as improved efficacy, bioavailability, and reduced side effects.
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Introduction ment, along with the presence of cardiac fibrosis and apop-
tosis in the myocardium, induced by oxidative stress fac-
tors [3—5]. Additionally, oxidative stress can induce car-

diac fibrosis by increasing collagen production, promoting

Diabetes mellitus encompasses diverse metabolic dis-
orders marked by a chronic elevation of blood glucose lev-

els. Individuals with diabetes face an elevated risk of se-
vere health complications, resulting in heightened medical
costs, reduced quality of life, and increased mortality [1].
Persistent hyperglycemia adversely affects the vascular sys-
tem, causing damage to the heart, eyes, kidneys, and nerve
blood vessels, ultimately leading to life-altering complica-
tions [2].

In diabetic patients, oxidative stress has been estab-
lished as a primary contributor to the onset of cardiomyopa-
thy and myocardial structural changes in the myocardium,
leading to the progression of cardiac failure. Pathologi-
cal hypertrophy is characterized by cardiomyocyte enlarge-

the conversion of fibroblasts to myofibroblasts, and stimu-
lating the production of transforming growth factor-3 [6].
Conversely, interleukin-1 beta (IL-1/3) and IL-6, along with
tumor necrosis factor-alpha (TNF-«/), have been identified
as contributors to the progression of cardiomyopathy and
dysfunction in diabetics. Genetic disruption of these cy-
tokines positively impacted a mouse model, decreasing hy-
pertrophy, fibrosis, and cardiac dysfunction. Molecular
mechanisms implicated in myocardial inflammation in di-
abetes encompass activation of the NF-xB pathway, lead-
ing to upregulation of cytokines, chemokines, and adhesion
molecules, thereby contributing to cardiomyopathy [3,7].
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Chitosan nanoparticles (CS) are increasingly recog-
nized as a versatile platform for innovative drug de-
livery systems due to their favorable properties, such
as biodegradability, biocompatibility, enhanced stability,
minimal toxicity, and ease of preparation [8]. Various
therapeutic agents, including small molecules, proteins,
and polynucleotides, can be encapsulated within chitosan
nanoparticles [9—12].

Capsaicin (CAP), the primary natural alkaloid found
in chilies and peppers, demonstrates diverse therapeutic
potential, encompassing analgesic [13], anti-inflammatory
[14], anti-cancer [15], bactericidal [16], and antioxidant
properties [17]. The clinical application of CAP is hin-
dered by its low aqueous solubility and limited bioavail-
ability, reducing therapeutic efficacy. Therefore, the im-
perative is the development of new strategies to improve
the CAP’s solubility and bioavailability [18]. Researchers
have explored innovative delivery systems [19]. These in-
clude micro- and nano-emulsions [20,21], liposomes [22],
micelles [23], hydrogel beads [24], and solid nanoparticles
[25].

This study aimed to enhance the efficacy of CAP
against cardiac myopathy in type 2 diabetes mellitus
(T2DM) by developing stable capsaicin-loaded chitosan
nanocapsules (CAP@CS). The CAP@CS were prepared
using the micro-emulsion method and characterized by par-
ticle size, zeta potential analysis, and transmission elec-
tron microscopy (TEM). Their therapeutic effectiveness
in mitigating myocardial damage was investigated in a
T2DM animal model. Myocardial redox status was as-
sessed through malondialdehyde (MDA), antioxidant en-
zyme activity (SOD), and serum levels of inflammatory cy-
tokines (TNF-a, IL-6), liver enzymes (aspartate transam-
inase (AST), alanine transaminase (ALT)), and nitric ox-
ide (NO). Additionally, histopathological examinations of
myocardial tissues were performed in normal, diabetic, and
diabetic-treated animals.

Materials and Methods

Materials

CAP (M2028, purity >95%), low-viscous chitosan
(#50494), potassium phosphate monobasic anhydrous
(#795488), sodium phosphate dibasic dihydrate (#P7751),
sodium acetate (#S8750), acetic acid (#506007), polyethy-
lene glycol (#8.17045), glucose (#1724615), tween 80
(#655207) methanol (#1098229), and citrate-phosphate
buffer (#P4809) were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Preparation of CAP@CS Nanocapsules

Capsaicin-loaded chitosan nanocapsules (CAP@CS)
were synthesized using the previously described micro-
emulsion method [26] with some modifications. The oil
phase was prepared by dissolving 5 mg CAP in 200 mL of
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absolute ethanol containing 1 mg/mL polyethylene glycol
(molecular weight 6000). Concurrently, an aqueous phase
comprising 10 mg chitosan in 20 mL of a 1% (v/v) acetic
acid solution was stirred at room temperature. These two
phases were combined and stirred for 2 hours to form a
stable oil-in-water (O/W) micro-emulsion. To eliminate
uncaptured CAP, the mixture underwent dialysis against
a phosphate buffer (pH 8.5) for 12 hours using a dialysis
bag. This procedure resulted in the formation of the final
CAP@CS nanocapsules.

Physicochemical Characterization of CAP@CS

The particle size, surface charge (zeta potential), and
size distribution of CAP@CS nanocapsules were deter-
mined using dynamic light scattering (DLS) on a ZetaSizer
Nano (Malvern Instruments Ltd., Bristol, UK). Each sam-
ple was measured three times, and the reported values rep-
resent the average. The dispersity of particle sizes was
quantified by the polydispersity index (PDI). Additionally,
a transmission electron microscope (LEO 906 E, Carl Zeiss
Microscopy GmbH, Jena, Germany) provided visual con-
firmation of the size and surface features of the synthesized
CAP@CS nanocapsules.

The entrapment efficiency (EE) of CAP into the
CAP@CS was estimated, where, nanocapsules were cen-
trifuged at 20 °C. The supernatant, containing any free
CAP, was collected after centrifugation. A UV-Vis spec-
trophotometer (UV-1601, Shimadzu, Kyoto, Japan) mea-
sured the amount of unencapsulated CAP at its maximum
absorption wavelength of 280 nm. Entrapment efficiency
(EE) of CAP within the nanocapsules was then calculated
using the following equation:

EE(%)=[(T-C)/T] x 100

Where T represents the initial total amount of CAP
added and C represents the free CAP concentration in the
supernatant. All experiments were performed in triplicate.

In Vitro Release of CAP from CAP@CS

The release profiles of capsaicin-loaded chitosan
nanocapsules (CAP@CS) and free CAP were compared in
vitro using a dialysis method. Two pH environments (pH
4 and 7.4) were investigated. Release experiments were
conducted with an NE4-COPD dissolution test apparatus
(Copley Scientific, Nottingham, UK). In brief, 5 mL of the
prepared nanocapsule suspension was placed in a dialysis
bag, immersed in 900 mL of the selected release medium at
37 + 0.5 °C, and stirred at 100 &= 2 rpm. At predefined time
intervals, 3 mL of the dissolution medium was withdrawn
and replaced with fresh medium. The released CAP con-
centration was measured at each point by monitoring the ab-
sorbance peak at 280 nm using a UV-Vis spectrophotometer
(UV 1601, Shimadzu, Osaka, Japan).
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Mathematical Modeling and Release Kinetics

To ascertain the most appropriate model describing the
CAP’s dissolution profile, in vitro dissolution data were an-
alyzed using various kinetic models, including zero-order
[27], first-order [28], Higuchi diffusion [29], Korsmeyer-
Peppas [30], Hixon-Crowell [31], and Weibull [32]. Model
selection for fitting the release data was determined by the
correlation coefficient R? within the previously described
models. The model producing the highest R? value was
considered to provide the most accurate representation of
the release data.

Stability Studies

To evaluate the formulation’s stability, samples were
stored at both 4 °C and room temperature. Particle size,
polydispersity index (PDI), and zeta potential were mea-
sured at predetermined intervals, including upon fresh
preparation and after 4 weeks of storage. All measurements
were performed in triplicate.

Animals and Experimental Design
Animals

Sixty male Sprague-dawley rats weighing 130-140
grams were housed in well-ventilated, lit, top-opening
cages with free access to water and food. They were main-
tained at a temperature of 26 £ 3 °C and subjected to a
12-hour light-dark cycle. The study protocol received ap-
proval from the Standing Committee of Bioethics Research
(Approval No. 222/2024) at Prince Sattam Bin Abdulaziz
University.

After a ten-day acclimatization period, the animals un-
derwent an 8-hour fast, followed by a single intraperitoneal
(i.p.) administered dose of streptozotocin (STZ) at a dose
of 40 mg/kg, dissolved in a citrate-phosphate buffer (pH
4.5). The control group received an i.p. injection of citrate-
phosphate buffer alone and followed a standard diet for two
weeks.

Diabetic categorization was established when fast-
ing blood glucose exceeded 250 mg/dL at 48 h after STZ
i.p. administration, as confirmed by an oral glucose tol-
erance test (OGTT) conducted by an ACCU-Chek Active
(Roche Diagnostics) glucometer. The OGTT, performed
two weeks after STZ injection on two different days, as-
sessed blood glucose levels at fasting, 30, 60, 90, and 120
min after oral intake of a 40% glucose solution (3 g/kg).
Rats with OGTT levels surpassing 11.1 mmol/L were con-
sidered diabetic, and only uniformly hyperglycemic rats
were included for subsequent investigations [33].

The diabetic group was fed a high-fat diet (HFD) con-
sisting of 25% protein, 17% carbohydrate, and 58% fat as a
percentage of total calories.
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Experimental Groups

(1) Control group: Animals received a daily 1%
Tween-80 suspension (1 mL/kg, p.o.) dissolved in distilled
water for 12 weeks.

(2) Diabetic group: Animals, in addition to a high-fat
diet (HFD), were orally administered a daily 1% Tween-80
suspension (1 mL/kg, p.o.) dissolved in distilled water for
12 weeks.

(3) Rosuvastatin-treated group: Animals on HFD
were orally administered rosuvastatin (R148P0, Sigma-
Aldrich, St. Louis, MO, USA) at 20 mg/kg/day for 12
weeks [34].

(4) CAP-treated group: Animals on an HFD were
orally administered CAP (Sigma-Aldrich, St. Louis, MO,
USA) at a 6 mg/kg/day dose for 12 weeks [35].

(5) CAP@CS-treated group: Animals on HFD orally
received CAP@CS nanocapsules (6 mg/kg/day) for 12
weeks.

Throughout the experiment, animal weights and fast-
ing blood glucose were monitored weekly, and treatment
doses were adjusted according to their weights. One week
before concluding the study, rats underwent an overnight
fast, and the oral glucose tolerance test (OGTT) was per-
formed in triplicate.

Upon study completion, rats were fasted for 12 hours
overnight and sacrificed under ketamine anesthesia (50
mg/kg, i.p.). Blood was collected from the inferior vena
cava and centrifuged at 3000 rpm for 15 min, and the col-
lected serum was refrigerated at —20 °C for future biochem-
ical analysis. Hearts were promptly dissected and washed
with cold saline (4—6 °C), and portions of the cardiac tissues
were collected from all groups. These tissues were homog-
enized in a cold potassium phosphate buffer solution (100
mM), centrifugation at 3000 rpm for 20 minutes to obtain
a 10% concentration homogenate, followed by supernatant
collection, and stored at —80 °C for further analysis.

Histopathological Analysis

Hematoxylin and Eosin (H&E) Staining

The heart muscles of the collected rats were fixed
in 10% formalin for 24 hours at 28-27 °C. Subsequently,
the muscles were embedded in wax and sliced into five-
micrometer-thick sections. Sections of the myocardium un-
derwent staining by H&E following standard procedures,
involving a five-minute exposure to 0.8% hematoxylin
(RBA-4213-00A, CellPath, Powys, UK) and a three-minute
application of 0.35% eosin stain (RBC-0201-00A, Cell-
Path, Powys, UK) at 28 °C. Tissue structures were exam-
ined by an Olympus BX53 (Olympus, Tokyo, Japan) light
microscope at 200x magnification. The severity of my-
ocardial damage was graded as follows: 0 = Normal tissue
without changes, 1 = mild multifocal damage with mild in-
flammation, 2 = moderate myocardial damage and/or ad-
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vanced inflammatory infiltration, 3 = advanced myocardial
damage with severe inflammation, and 4 = severe myocar-
dial damage associated with multifocal necrotic tissue dam-
age and severe inflammation [36].

Masson’s Trichrome Staining

Myocardial tissues embedded in paraffin were sliced
into sections with 5 um thickness, stained by aniline Mas-
son’s trichrome blue stain. Sections were examined using
optical microscopy with a magnification power 200 x to de-
termine the fraction size of interstitial and perivascular fi-
brosis.

Immunohistochemistry

Paraffin-embedded myocardial tissues were sectioned
into 3 um thickness using a microtome. Deparaffiniza-
tion of myocardial tissues occurred, followed by antigen
retrieval through a 20-minute heat treatment in boiling
water (80 °C). Washing cycles, lasting five minutes be-
tween steps, were performed using 0.1 M phosphate buffer
with pH 7.4. Cardiac tissue sections were treated with di-
luted rabbit polyclonal primary antibodies against a-SMA
(1:200, ab5694, Abcam, Cambridge, UK) and Desmin
(1:200, ab15200, Abcam, Cambridge, UK) for 16 hours,
following the manufacturer’s guidelines. The sections were
visualized using a Leica DM2000 light microscope. Anal-
ysis of randomly selected fields (n = 6) per slide was con-
ducted using image analysis software (Image-Pro Plus 5.0,
Media Cybernetics, Rockville, MD, USA). Two indepen-
dent pathologists blinded to the pathological findings per-
formed histopathology and immunohistochemical staining,
scoring, and quantification. The overall expressions of pro-
teins were determined as the mean histoscore values.

Western Blotting

Cardiac tissue homogenates were boiled for five
minutes, added to a loading buffer containing 2-
mercaptoethanol, and applied to 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel. The gel ran for 2 hours at 100 volts. Subsequently,
the proteins were transferred to polyvinylidene fluoride
(PVDF) membranes and blocked using a tris-buffer block-
ing solution for 1 hour, containing 5% (w/v) non-fat milk
and 0.05% Tween-20. The membranes were incubated
overnight at 4 °C with primary antibodies: anti-Cleaved
Caspase-3 (1:1000, ab214430, Abcam, Cambridge, UK),
anti-heat shock protein 70 (anti-Hsp70, 1:1000, ab181606,
Abcam, Cambridge, UK), and S-actin (1:1500, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). A goat anti-rabbit
polyclonal immunoglobulin with horseradish peroxidase
(1:5000) (Cell Signaling Technology Inc., Danvers, MA,
USA) served as a secondary antibody. Bands were visu-
alized using chemiluminescence, and protein bands were
determined and quantified as fold change compared to the

Journal of

BIOLOGICAL REGULATORS

and Homeostatic Agents

control group after normalization to (-actin protein using
Image J (Fiji Imagej; 1.51 n, National Institute of Health ,
Bethesda, MD, USA) software.

Determination of Myocardial Tissue Total Protein

The protein content in the tissue homogenates was
quantified using the Bradford technique, employing the
Bio-Rad (#5000001, Hercules, CA, USA) protein assay kit.

Catalase Activity Determination in the Myocardial
Tissue

This assay is employed to quantify the remaining lev-
els of hydrogen peroxide in the cardiac tissue homogenate
following the action of the catalase enzyme. Hydrogen per-
oxide was added to a known amount of catalase enzyme
dissolved in a reaction buffer and incubated for 30 min-
utes at 28 °C. The enzymatic reaction was halted by adding
sodium azide, and the produced color was assessed calori-
metrically at 590 nm, using a commercial kit (ab83464, ab-
cam, Waltham, MA, USA).

Lactate Dehydrogenase (LDH), Alanine
Transaminase (ALT), and Aspartate Transaminase
(AST) Determination

LDH, ALT, and AST are enzymes widely distributed
in the body, with their highest levels found in the cardiac
and hepatic tissues. The levels of these enzymes were
significantly increased in case of myocardial injury. In
the resent study, ALT, AST, and LDH enzyme activities
were determined in rats sera using commercial assay kits
(ab241035, ab105135 and ab102526 respectively, Abcam,
Cambridge, UK).

Serum Creatine Kinase-MB (CK-MB) Determination

Creatine kinase (CK) activity in sera was determined
calorimetrically by a commercial CK assay kit obtained
from Abcam (ab285231, Cambridge, UK). The assay re-
lies on reactions involving adenosine diphosphate and phos-
phocreatine, leading to the generation of an intermediate-
colored product. The absorbance of this product can be de-
termined at 450 nm.

Cardiac Troponin I Level Determination

Cardiac troponin I (CTNI) is a biomarker commonly
used to indicate the extent of myocardial damage. Using an
enzyme-linked immunosorbent assay (ELISA) technique,
CTNI levels were determined in sera using the standard kit
(# SEB820Ra, Fernhurst, TX 77494, O’ahu, HI, USA). The
kit procedures depend on sandwich enzyme immunoassays
to quantitatively determine CTNI in rats’ serum.

Determination of SOD Activity

The enzyme activity of the superoxide dismutase
(SOD) enzyme in cardiac tissue homogenate was deter-
mined using a standard commercial kit from Biodiagnos-
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tics (# SD 2521, Cairo, Egypt). The methodology involves
the addition of tetrazolium salts to the sample, producing
formazan dye, whose increase in absorbance at 450 nm is
measured.

Reduced Glutathione (GSH) Concentration
Determination

The reduced glutathione (GSH) content in cardiac tis-
sue homogenate was determined using a standard com-
mercial kit from Biodiagnostics (GR 2511, Cairo, Egypt).
The procedure followed the manufacturer’s instructions and
was based on reducing 5,5'-dithiobis-2-nitrobenzoic acid
(DTNB) by tissue GSH, producing a yellow color, which
was determined colorimetrically at 412 nm.

Glutathione Peroxidase (GSH-Px) Activity
Determination

The activity of the glutathione peroxidase enzyme
(GSH-Px) was determined in tissue homogenate using
a standard biodiagnostics kit (GP 2524, Biodiagnostics,
Cairo, Egypt). GSH-Px activity was determined at a wave-
length 0of 412 nm, corresponding to the maximal absorbance
of the enzyme-catalyzed reaction product.

Total Antioxidant Capacity Determination

A colorimetric assay based on the reaction between the
antioxidants present in the sample and hydrogen peroxide
(H203) determined total antioxidant capacity in rats. The
amount of HyO5 that did not react with sample antioxidants
was measured calorimetrically by converting it into a col-
ored product, which can be determined at a wavelength of
510 nm.

Determination of Serum Lipid Levels in Rats

The lipid profiles of animals, including high-density
lipoprotein (HDL # ab65390), total cholesterol (TC #
ab65390), and triglyceride (TG # ab65336), were deter-
mined by using a commercial standard kit obtained from
Abcam (Cambridge, UK) and following the manufac-
turer’s instructions. Low-density lipoprotein (LDL) con-
centrations were determined using the equation LDL =
TC — (HDL + VLDL), while very low-density lipoprotein
(VLDL) = TG/5 (Abcam, Cambridge, UK).

Malondialdehyde (MDA) Content Determination

The assessment of the level of lipid peroxidation in the
myocardial tissue was determined by estimating the levels
of malondialdehyde (MDA) in tissue homogenates. This
process is based on the reaction between thiobarbituric acid
and MDA tissue content in an acidic medium at 95 °C, pro-
ducing a pink color. The determination was performed at a
wavelength of 532 nm [37,38].
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Nitric Oxide (NO) Determination

Determining myocardial (NO) levels was conducted
utilizing the Griess reaction, a colorimetric assay com-
monly used to determine NO levels. In this assay, Griess
reagent (# ab234044) obtained from Abcam (Cambridge,
UK) was added to the tissue sample homogenate, produc-
ing a deep purple color, which was measured spectrophoto-
metrically at 540 nm [39,40].

Inflammatory Mediator s Level Determination

Serum levels of the inflammatory mediators
interleukin-1 beta (IL-13) and interleukin-6 (IL-6) were
assessed using the enzyme-linked immunosorbent assay
(ELISA) technique. The assessments followed the man-
ufacturer’s instructions by R&D Systems (Minneapolis,
MN, USA).

Statistical Analysis

Statistical analysis in the present study was conducted
using GraphPad Prism (version 9.2.0, Dotmatics, Boston,
MA, USA). Values were displayed as the mean + stan-
dard error of the mean (SEM). A one-way ANOVA test
was employed to compare the obtained results, followed by
the Tukey-Kramer test. The difference between groups was
considered significant if p < 0.05.

Results

Characterization of CAP@CS Nanocapsules

As shown in Fig. 1, DLS measurements revealed an
average particle size of 260 nm for the prepared CAP@CS
nanocapsules, exhibiting a narrow PDI of 0.48. However,
as presented in Fig. 2, TEM analysis depicted nanospheres
with a diameter of approximately 220 nm. The zeta poten-
tials of CS, CAP, and CAP@CS nanocapsules are measured
to be +37.24 mV, —12.33 mV, and +21.23 mV, respec-
tively. The encapsulation efficiency (EE) of CAP within
the CAP@CS nanocapsules reached a maximum of 64.77
+ 1.26%.

Size Distribution by Intensity

Intensity (Percent)

1000 10000

01 1 10 100

Size (d, nm)

Fig. 1. Particle size distributions of capsaicin-loaded chitosan
nanocapsules CAP@CS nanocapsules. CAP@CS, capsaicin-
loaded chitosan nanocapsules.


https://www.biolifesas.org/

3924

Fig. 2. TEM images of CAP@CS nanocapsules (scale bar rep-

resents 200 nm). TEM, transmission electron microscopy.

In Vitro Release of CAP from CAP@CS

Fig. 3 illustrates the dissolution profiles of CAP@CS
nanocapsules and free CAP in phosphate buffer solution at
pH 4 and 7.4. Within 10 hours, less than 3% of the free
CAP in the dialysis bag was released, in contrast to 59.33%
from the CAP@CS nanocapsules. Over the same period,
the cumulative CAP release from CAP@CS nanocapsules
was 51.15 % at pH 4 and 11.1% at pH 7.4 in the phosphate
buffer.
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Fig. 3. Cumulative release of CAP@CS and free CAP under
varying pH conditions. CAP, capsaicin.

Mathematical Modeling and Analysis of Release
Kinetics

In vitro, release data from different parameters were
analyzed using various kinetic models to understand the
CAP release mechanism. Table 1 summarizes the regres-
sion coefficients (R?) and release rate constants (k) for un-
modified CAP and CAP@CS nanocapsules in phosphate
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buffers at pH 4 and 7.4. The Weibull model demonstrated
the optimal fit for all cases, exhibiting significantly higher
R? values for CAP@CS nanoparticles (0.9949 at pH 7.4 and
0.9987 at pH 4) compared to unmodified CAP (0.9737).

Stability Study

Stability studies were conducted at 4 °C and at room
temperature for the CAP@CS nanocapsules, and the results
are summarized in Table 2. It was found out that no con-
siderable variations occurred. After 4 weeks of storage, the
formulation showed a slight increase in size at 4 °C, and
at room temperature, respectively, as 289.33 + 7.19 and
338.66 £+ 15.63, which were within the acceptable range.
Further, the values of PDI were found to be 0.466 + 0.02
and 0.554 + 0.02. In addition, the zeta-potential values re-
mained near —30 mV, which indicated the stability of the
nanocapsules.

Table 1. Mathematical modeling and release kinetics of CAP
and capsaicin-loaded chitosan nanocapsules (CAP@CS)
nanocapsules at different pH conditions.

. CAP@CS CAP
Kinetic Model
pH 4 pH 7.4 pH 7.4
K, 0.07 0.001 0.002
Zero-Order
R2 0.97 0.9818 0.9135
. K, 0.001 0 0
First-Order
R2 0.9775 0.9842 0.9138
. . kH 0.715 0.344 0.017
Higushi
R2 0.9012  0.8622 0.9183
kKP 0.18 0.6 0.006
Korsmeyer-Peppas
R? 0.9972  0.9883 0.9732
. kHC 0 0 0
Hixon-Crowell
R2 0.9751 0.9834 0.9137
B 0.742 0.731 0.571
Wiebull Ti 5.589 10.244 9.927
R2 0.9987  0.9949 0.9737

Table 2. Nanocapsule size, zeta potential, polydispersity
index (PDI); entrapment efficiency (EE%) for the
formulation stored at 4 °C and at room temperature for four

weeks (n = 3).
Storage temperature 4°C Room temperature (25 °C)
Size (nm) 289.33 +7.19 338.66 + 15.63
PDI 0.466 + 0.02 0.554 4+ 0.02
Zeta potential (mV) +37.13 £ 0.92 +28.7 £ 0.57
EE% 57.63 +£0.318 63.1+1.7
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Histopathological Results
H&E Staining

The control group (Fig. 4A) exhibited a normal my-
ocardial tissue structure with regular myofiber striations.
In contrast, the diabetic group (Fig. 4B) showed myocar-
dial fiber separation, intense inflammatory cell infiltra-
tion, edema, and vacuolated cells with prominent inflam-
matory cell infiltration. The myocardial tissue appeared
highly congested, and myocardial muscles were degener-
ated. Conversely, the rosuvastatin-treated group (Fig. 4C)
demonstrated a moderate reduction in pathological changes
in the myocardium. This included a moderate departure
of myocardium striations, vacuolization of some myocar-
dial cells, and upregulation of inflammatory cells rela-
tive to the normal control group. The CAP-treated group
(Fig. 4D) exhibited a significant amelioration in the patho-
logical changes in the myocardium, with a noticeable re-
duction in the inflammatory cell infiltration.

Moreover, the improvement was more pronounced
in the CAP@CS-treated group (Fig. 4E) compared to the
CAP-treated group. The damage score revealed (Fig. 4F)
that damage level induced by DM was decreased when
CAP@CS treatment was applied. The CAP@CS group
showed no inflammatory cell infiltration and preserved nor-
mal cardiac fiber organization. The myocardial congestion
was also significantly reduced, without any degeneration
observed in the cardiac muscle.

Masson’s Trichrome

The histopathological assessment of the cardiac mus-
cle using Masson’s trichrome revealed that the normal con-
trol group (Fig. SA) had no collagenous fibers (x200). In
contrast, the diabetic group (Fig. 5B) showed a significant
increase in dense collagen deposition in the myocardial tis-
sue, surrounding blood vessels, and fibrotic tissues found
in the myocardium’s interstitial and perivascular regions.

Rosuvastatin oral administration (Fig. 5C) moder-
ately reduced collagen deposition and perivascular fibrosis.
Moreover, the CAP-administered group (Fig. 5D) demon-
strated a significant reduction in cardiac fibrosis and mild
collagen deposition, while the CAP@CS nanocapsules-
treated group (Fig. SE) showed an intense reduction in
the distribution of fibrotic tissue and collagen deposition.
(Fig. 5F) showed that the diabetic group received CAP@CS
nanocapsules has lowest fibrosis percentage.

Immunohistochemistry

Effects of CAP@CS Nanocapsules on a-SMA Protein
Distribution

In diabetic rats (Fig. 6B), the levels of alpha-smooth
muscle actin (a-SMA) protein immune expression in car-
diac tissue were significantly higher than those noticed in
the control group (Fig. 6A), which exhibited nearly no
a-SMA protein expression. In contrast, the CAP-treated

Control

Diabeti

N

Fig. 4. Histopathology of rats’ hearts (H&E stain, n = 6). (A)
The control group, (B) the diabetic group, (C) the diabetic group
received rosuvastatin, (D) the diabetic group received CAP, (E)
the diabetic group received CAP@CS nanocapsules, and (F) dam-
age score of cardiac muscle for all experimental groups. Arrows
No 1| = inflammatory cells infiltration, No 2 = congestion and No

= vacuolization of some myocardial cells. @ = significantly
different relative to the control group; # = significantly different
relative to the diabetic group; $ = significantly different relative to
the diabetic + rosuvastatin group; * = significantly different rel-
ative to the diabetic + CAP@CS group. H&E, hematoxylin and

eosin.

group (Fig. 6C) displayed weak staining of positive a-
SMA distributed in different regions of the myocardium
and around some perivascular areas, which was less notice-
able than the rosuvastatin-treated group (Fig. 6D). More-
over, the CAP@CS nanocapsules-treated group (Fig. 6E,F)
showed faint, lower immune expression of a-SMA com-
pared to other treated diabetic groups.

Effects of CAP@CS Nanocapsules on Desmin Protein
Distribution

The current study’s immunohistopathological investi-
gation of myocardial tissue revealed that the control group
(Fig. 7A) exhibited strong positivity of desmin antibod-
ies associated with normal stained Z-lines and interca-
lated disks. In diabetic rats (Fig. 7B), uneven faint stain-


https://www.biolifesas.org/

3926

Control

A B
Diabetic+Rosuvastatin
C D
E F % of fibrosis
a
@ G
3 @#
@#s”

Fig. S. Histopathology of rats’ hearts (Masson trichrome stain,
n = 6). (A) The control group, (B) the diabetic group, (C) the
diabetic group received rosuvastatin, (D) the diabetic group re-
ceived CAP, (E) the diabetic group received CAP@CS nanocap-
sules, and (F) fibrosis percentage of cardiac muscle for all exper-
imental groups. Arrows pointed to myocardial fibrotic tissue. @
= significantly different relative to the control group; # = signif-
icantly different relative to the diabetic group; $ = significantly
different relative to the diabetic + rosuvastatin group; * = signifi-
cantly different relative to the diabetic + CAP@CS group.

ing of desmin and cross-striation disarrangement were ob-
served. Desmin staining was nearly normalized in the CAP-
treated group (Fig. 7D), with some aggregation observed
in the intermyofibrillar spaces. Meanwhile, the CAP@CS
nanocapsules-treated group (Fig. 7E,F) showed consistent
cross-striation patterns, intense staining at Z-lines, and in-
tercalated disks, maintaining a consistent cross-striation
pattern. Desmin staining was reduced in the rosuvastatin
group (Fig. 7C), with considerable desmin alignment dis-
tortion.

Effects of CAP@CS on the Concentration of HO-1

In the present study, Western blotting was em-
ployed to examine the impact of oral administration
of CAP@CS nanocapsules on the relative concentra-
tion of heme oxygenase-1 (HO-1) in rats’ cardiac tissue
(Fig. 8A,B). A comparison between the diabetic group and
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Fig. 6. Inmunohistochemistry results of Alpha-Smooth Mus-
cle Actin («-SMA) in cardiac tissues (n = 6). (A) The control
group, (B) the diabetic group, (C) the diabetic group received ro-
suvastatin, (D) the diabetic group received CAP, (E) the diabetic
group received CAP@CS nanocapsules, and (F) distribution per-

centage of a-SMA for all experimental groups, wherease a-SMA
was predominantly expressed in vascular medial smooth muscle
cells, myocardial arterioles and in the border zone of damages my-
ocardial tissue. Arrows pointed to a-SMA. @ = significantly dif-
ferent relative to the control group; # = significantly different rela-
tive to the diabetic group; $ = significantly different relative to the
diabetic + rosuvastatin group; * = significantly different relative
to the diabetic + CAP@CS group.

the CAP group revealed a significant increase in HO-1 rel-
ative concentration compared to the non-treated diabetic
group. The oral administration of the CAP@CS nanocap-
sules produced a higher upregulatory effect on HO-1 rela-
tive concentration than all treated groups.

Effects of CAP@CS on the Relative Concentrations of
HSP 70

The relative heat shock protein 70 (HSP70) amounts
were determined using Western blot analysis. Compared to
the control group, the diabetic group showed nearly a five-
fold upregulation in the relative concentration of HSP70.
Rosuvastatin oral treatment led to a moderate decrease in
HSP70 concentration, albeit significantly less than the re-
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Fig. 7. Immunohistochemistry results of desmin in cardiac tis-
sues (n = 6). (A) The control group, (B) the diabetic group, (C)
the diabetic group received rosuvastatin, (D) the diabetic group
received CAP, (E) diabetic group received CAP@CS nanocap-
sules, and (F) distribution percentage of desmin for all experimen-
tal groups, wherease Desmin was found at myocardial Z-discs and
link myofibrils to one another, to the sarcolemma, and to the my-
ocardial nuclear envelope, @ = significantly different relative to
the control group; # = significantly different relative to the dia-
betic group; $ = significantly different relative to the diabetic +
rosuvastatin group; * = significantly different relative to the dia-
betic + CAP@CS group.

duction achieved with CAP. Notably, the CAP@CS-treated
group displayed the lowest concentration of HSP70 among
all treated diabetic groups, as depicted in Fig. 8C,D.

Effects of CAP on Cleaved Caspase-3 Relative
Concentration

Western blotting analysis was employed to assess the
relative amounts of cleaved caspase-3 in rats’ cardiac tis-
sue (Fig. 8E,F) to evaluate the effectiveness of CAP@CS
nanocapsules as an anti-apoptotic agent. The results in-
dicated a significantly (p < 0.05) higher relative concen-
tration of cleaved caspase-3 in the diabetic group com-
pared to the control group. Rosuvastatin oral administration
weakly attenuated cleaved caspase-3 upregulation. Con-
versely, CAP administration significantly (p < 0.05) atten-
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Fig. 8. Effect of CAP@CS administration on HO-1, HSP 70
and cleaved caspase-3 myocardial protein expression. Hence,
(A) and (B) figures refer to HO-1 myocardial protein expression,
(C) and (D) figures refer to Heat shock protein 70 (HSP 70) my-
ocardial protein expression, (E) and (F) figures refer to cleaved
caspase-3 myocardial protein expression. The quantitative analy-
sis was represented as a relative expression, and protein expression
was normalized against beta-actin, @ = significantly different rel-
ative to the control group; # = significantly different relative to the
diabetic group; $ = significantly different relative to the diabetic +
rosuvastatin group; * = significantly different relative to the dia-
betic + CAP@CS group. Results were displayed as mean =+ stan-
dard error of the mean (SEM) (n = 3). HO-1, heme oxygenase-1.

uated cleaved caspase-3 upregulation, although this atten-
uating effect was significantly lower than observed in the
CAP@CS nanocapsules-treated group.

Effect of CAP on Lipid Profile

Serum triglyceride (Fig. 9A), low-density lipoprotein
(Fig. 9B), very low-density lipoprotein (Fig. 9C), and TC
levels (Fig. 9D) in diabetic rats fed on HFD were signifi-
cantly increased, surpassing levels observed in the control
group. Furthermore, compared to the control group, dia-
betic rats fed on HFD exhibited a significant decrease in
HDL levels, as illustrated in Fig. 9E. Treating diabetic rats
with CAP@CS nanocapsules led to a significant decrease in
TG, TC, LDL, and VLDL levels, which were lower than in
the CAP-treated group but not significantly different from
the rosuvastatin-treated group. Moreover, compared to the
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diabetic HFD group, CAP@CS nanocapsules treatment sig-
nificantly increased HDL levels, which were higher than
the CAP-treated group but not significantly higher than the
rosuvastatin-treated group.
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Fig. 9. Effect of CAP@CS administration on the levels of
serum lipids. (A) Triglyceride (TG), (B) low-density lipoprotein
(LDL), (C) very low-density lipoprotein (VLDL), (D) total choles-
terol (TC), and (E) high-density lipoprotein (HDL). @ = signifi-
cantly different relative to the control group, # = significantly dif-
ferent relative to the diabetic group, $ = significantly different rela-
tive to the diabetic + rosuvastatin group, * = significantly different
relative to the diabetic + CAP@CS group. Results were displayed
as mean £+ SEM (n = 12).

Effect on Oxidative Stress Parameters

As depicted in Fig. 10A, the antioxidant enzymes
SOD, catalase (Fig. 10B), and glutathione peroxidase
(GSH-Px) (Fig. 10C) were significantly lower in diabetic
rats fed on HFD compared to the control group, which
exhibited higher concentrations. Oral administration of
CAP@CS nanocapsules significantly ameliorated the de-
pletion of these enzymes, and these ameliorative effects
were significantly more potent than the effects observed
with CAP alone.
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Fig. 10. Effect of CAP@CS administration on oxidative stress
parameters. (A) Superoxide dismutase (SOD), (B) catalase, (C)
glutathione peroxidase (GSH-Px), (D) malondialdehyde (MDA),
and (E) nitric oxide. @ = significantly different relative to the
control group, # = significantly different relative to the diabetic
group, $ = significantly different relative to the diabetic + rosu-
vastatin group, * = significantly different relative to the diabetic
+ CAP@CS group. Results were displayed as mean 4+ SEM (n =
12).

Effect of CAP@CS Administration on Lipid Peroxidation

The malondialdehyde (MDA) level (Fig. 10D), a com-
monly used biomarker for evaluating tissue lipid perox-
idation, was examined in this study. Oral treatment by
CAP significantly protected rats’ myocardium against lipid
peroxidation, and the MDA concentration in the myocar-
dial was significantly lower than the determined concentra-
tions observed in the untreated diabetic and rosuvastatin-
treated groups. Moreover, the CAP@CS nanocapsules-
treated group exhibited the lowest observed MDA concen-
trations among all treated groups.

Effect of CAP on NO Level

As shown in Fig. 10E, the diabetic group exhibited a
noticeable upregulation in the myocardial tissue content of
nitric oxide (NO) compared to the control group, which was
further increased by oral administration of CAP. However,
the highest nitric oxide concentration was observed in the
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Fig. 11. Effect of CAP@CS administration on blood glucose levels at 0, 30, 60, 90, and 120 min of oral glucose tolerance test
(OGTT). @ = significantly different relative to the control group, # = significantly different relative to the diabetic group, $ = significantly

different relative to the diabetic + rosuvastatin group, * = significantly different relative to the diabetic + CAP@CS group. Results were

displayed as mean + SEM (n = 12).

CAP@CS nanocapsules-treated group, while the oral ad-
ministration of rosuvastatin did not affect nitric oxide con-
centrations in cardiac tissue.

Comparison of Blood Glucose Levels in Rats

During the OGTT, rats orally administered CAP ex-
hibited substantially lower blood glucose levels at 0 min-
utes, 30 minutes, 60 minutes, 90 minutes, and 120 minutes
compared to the diabetic non-treated group. In contrast, the
group treated with CAP@CS nanocapsules exhibited the
most substantially reduced OGTT values compared to the
other diabetic groups (Fig. 11). Oral administration of ro-
suvastatin did not affect a statistically significant change in
blood glucose levels.

Effect of CAP@CS on Inflammatory Mediators

The elevated levels of interleukin-6 (IL-6),
interleukin-1 beta (IL-15) and tumor necrosis factor-
alpha (TNF-«) in diabetic animals that were administered
a high-fat diet (HFD) were evident in Fig. 12A—C respec-
tively, in comparison to the control group. In contrast,
the administration of CAP via oral route resulted in a
substantial reduction (p < 0.05) in the IL-6 and IL-15

concentrations compared to the diabetic and rosuvastatin-
treated groups. Notably, the lowest concentration of both
inflammatory mediators was observed in the CAP@CS
nanocapsules-treated group.

Effect of CAP@CS on Cardiac Enzymes

In this work, the diabetic rats exhibited significantly
higher levels of the cardiac enzymes CK (Fig. 12D), lactate
dehydrogenase (LDH) (Fig. 12E), and cardiac troponin I
(CTNI) (Fig. 12F) than those observed in the control group.
Oral treatment with CAP significantly reduced the levels
of these enzymes compared to the diabetic group. In con-
trast, CAP@CS oral administration significantly amelio-
rated these enzymes, whereas rosuvastatin administration
produced a moderately reducing effect.

The activities of AST (Fig. 13B) and ALT (Fig. 13A)
in cardiac tissue were significantly reduced after oral ad-
ministration of CAP in comparison to the diabetic group.
However, the CAP@CS-treated group exhibited substan-
tially lower values in these parameters than the CAP-treated
group. On the other hand, the rosuvastatin-treated group
also showed a significant decrease in both ALT and AST
tissue activities.
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Fig. 12. Effect of CAP@CS administration on the inflamma-
tory and cardiac enzymes parameters. (A) Interleukin-6 (IL-6),
(B) Interleukin-1 beta (IL-18), (C) Tumor necrosis factor-alpha
(TNF-c), (D) Creatine kinase (CK), (E) Lactate dehydrogenase
(LDH), and (F) Cardiac troponin I in the normal and treated ani-
mals. @ = significantly different relative to the control group, #
= significantly different relative to the diabetic group, $ = signif-
icantly different relative to the diabetic + rosuvastatin group, * =
significantly different relative to the diabetic + CAP@CS group.
Results were displayed as mean = SEM (n = 12).

Discussion

Chitosan (CS), derived from partially deacetylated
chitin with a positive charge, is a promising drug carrier.
Chitosan nanoparticles enhance poorly soluble drugs’ sol-
ubility and oral absorption. Capsaicin (CAP), the pun-
gent alkaloid in chili peppers, possesses various therapeu-
tic benefits, including antioxidant activity. As a negatively
charged molecule, CAP readily forms stable complexes
with chitosan through electrostatic interactions, facilitating
sustained drug release.

This study explored using a chitosan-based system to
develop a nanocarrier loaded with hydrophobic CAP. The
objective was to evaluate the efficacy of this system in ame-
liorating cardiac myopathy in a rat model of T2DM.

The CAP@CS nanocapsules were formulated using a
microemulsion technique. TEM revealed the formation of
uniform, circular nanospheres with a diameter of approx-
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Fig. 13. Effect of CAP@CS on the levels of (A) AST and (B)
ALT in the normal and treated rats. @ = significantly differ-
ent relative to the control group, # = significantly different rela-
tive to the diabetic group, $ = significantly different relative to
the diabetic + rosuvastatin group, * = significantly different rela-
tive to the diabetic + CAP@CS group. Results were displayed as
mean &= SEM (n= 12). AST, aspartate transaminase; ALT, alanine

transaminase.

imately 220 nm. However, DLS measurements indicated
an average size of approximately 260 nm. This difference
is probably due to the solvent effect causing the hydrated
nanocapsules to swell in solution, leading to a larger size
when measured by DLS.

Zeta potential measurements showed negative poten-
tial for CAP and positive potential for CAP@CS, indicating
the successful encapsulation of the negatively charged CAP
molecules within the positively charged chitosan matrix.

The release profile of CAP@CS nanocapsules exhib-
ited pH dependence. A rapid burst release was observed
at pH 4 (59.33% in 4 hours), which was significantly (p
< 0.001) lower than that observed at pH 7.4 (11.1% in 4
hours). The cumulative release of CAP plateaued at both
pH values after 4 hours, with no significant difference (p >
0.05).

The hypothesis suggests that the controlled release
mechanism of CAP@CS nanocapsules is related to pH-
induced structural changes in the capsules. Wang W et
al. (2018) [41] demonstrated that CAP@CS nanocapsules
swell considerably under acidic conditions (e.g., pH 4) due
to the protonation of amino groups within the polymer shell.
This swelling likely opens up pores or weakens the capsule
structure, thereby facilitating the diffusion and release of
encapsulated CAP.

Type 2 diabetics have a two- to fourfold increased risk
of developing cardiovascular morbidities compared to those
without the disease, according to the American Heart As-
sociation [42,43]. Despite an abundance of research in this
field, there is no pharmaceutical treatment that explicitly
targets the various types of cardiac damage that people with
T2DM may experience.

The present study aims to explore the therapeutic po-
tential of CAP@CS nanocapsules in mitigating myocar-
dial damage induced by type 2 diabetes mellitus (T2DM).
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A T2DM-induced myocardial damage model was estab-
lished in animals, exhibiting disrupted myocardial integrity,
widened interstitial spaces, focal necrosis of muscle fibers,
and inflammatory cell infiltration. These results align with
findings from previous reports [44,45].

The oral administration of CAP demonstrated promis-
ing results, decreasing the extent of diffused necrosis, re-
ducing inflammatory cell infiltration, and mitigating my-
ocardial damage. CAP’s observed efficacy was superior to
that of rosuvastatin, a commonly used reference drug.

The most significant protective effect against T2DM-
induced myocardial injury was observed in animals treated
with CAP@CS nanocapsules. This formulation demon-
strated a remarkable reduction in the histological score of
cardiac injury, surpassing all other treatment groups.

Desmin, as a critical intermediate filament protein for
the construction and function of cardiomyocytes, plays a
crucial role in maintaining the myocardium’s integrity and
serving as a platform for intracellular signaling. Disrup-
tion of desmin can result in cardiomyopathy [46,47]. In this
study, CAP and CAP@CS oral administration were found
to significantly maintain desmin’s normal integrity in the
myocardial tissue of diabetic rats. This effect was more
prominent in the CAP@CS-treated group than in the CAP-
treated group.

In normal cardiac tissue, quiescent fibroblast-like cells
are abundant. Nevertheless, in myocardial injurious activ-
ities, these cells transform into activated a-SMA-positive
myofibroblasts [48,49]. Myofibroblasts release extracel-
lular matrix proteins to protect heart muscle against rup-
ture [50]. However, the overproduction of activated fibrob-
lasts might contribute to the development of cardiac fibro-
sis, leading to increased rigidity and impaired systolic and
diastolic functions [51,52]. Consistent with previous stud-
ies, the current investigation observed a substantial increase
in both @-SMA and myocardial fibrosis in the diabetic an-
imal model. However, CAP@CS administration signifi-
cantly ameliorated these pathological changes more than
the CAP-treated and standard drug (rosuvastatin)-treated
groups. This amelioration may be mediated via activating
TRPV1 receptors, inhibiting the TGF-31/Smad2/3 signal-
ing pathway, and ameliorating cardiac myofibroblast acti-
vation.

Cardiac remodeling in cases of extensive myocardial
injury is frequently initiated by alterations in the extracel-
lular matrix, fibrosis, and apoptosis [53]. These processes
frequently result from oxidative stress and excessive oxi-
dation of fatty acid [54]. Additionally, diabetes can induce
cardiomyopathy via different pathways, including glucose
transition metal-catalyzed autoxidation, leading to the pro-
duction of hydrogen peroxide (H203), superoxide anion
(02-), and reactive dicarbonyl metabolites [55,56]. Consis-
tent with these mechanisms, our study observed significant
myocardial damage in diabetic rats with an intense upregu-
lation of MDA cardiac tissue concentrations, accompanied
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by a remarkable reduction of the antioxidant enzymes cata-
lase, SOD, and glutathione peroxidase.

Studies have provided evidence supporting the potent
antioxidant capabilities of CAP, ameliorating intracellular
oxidative stress [42,57,58]. CAP’s antioxidant effects can
be mediated by influencing the cellular expression of heat
shock protein 1, increasing the expression of the mRNA of
hydroperoxide glutathione peroxidase and SOD, resulting
in amelioration of elevated levels of the cellular MDA and
protection against reduced glutathione and catalase enzyme
depletion caused by oxidative stress [23,59]. The present
study observed that CAP oral administration significantly
ameliorated SOD, glutathione peroxidase (GPx), catalase,
and myocardial GSH tissue depletion. Furthermore, the
CAP@CS oral administration nearly normalized these an-
tioxidant cardiac tissue concentrations.

Heme oxygenase (HO) is a cellular component that is
critical in protecting against oxidative stress. It exists in two
forms: HO-1 (inducible) and HO-2 (constitutive). The in-
ducible form (HO-1) can induce heme degradation, produc-
ing carbon monoxide (CO), iron, and biliverdin, which are
further converted into bilirubin [60,61]. Both bilirubin and
biliverdin are potent antioxidants, capable of increasing the
tissue levels of the antioxidant enzymes SOD, catalase, and
GPx [62]. The study observed that cap oral administration
significantly upregulated HO-1 myocardial expression, and
the CAP@CS formula significantly enhanced this effect.

Studies on CAP have confirmed its ability to reduce
daily calorie consumption, enhance the release of glucagon-
like peptide-1 (GLP-1), and decrease the small intestine’s
absorption of glucose. These effects are primarily mediated
via the activation of TRPV1 receptors [63—65]. Moreover,
CAP administration has been reported to upregulate mus-
cular insulin receptor expression and reduce plasma lep-
tin levels [66]. Additionally, the CAP can enhance lipid
metabolism, promote lipolysis, and stimulate hepatocytes’
lipid autophagy [67]. The study aligns with these findings,
showing that CAP significantly reduced blood glucose lev-
els and improved diabetic rats’ lipid profiles. Interestingly,
the newly formulated CAP@CS showed even higher hypo-
glycemic and hypolipidemic effects than CAP alone.

Apoptosis is a significant pathological feature in my-
ocardial injury, and it can lead to necrosis and determinan-
tal cardiac damage [68]. Caspase-3 is an initiator and ex-
ecutioner protein of cellular apoptosis, significantly upreg-
ulated in the case of cardiomyopathy, precisely its active
form, cleaved caspase-3 [69]. The Western blot technique
was utilized to assess the impact of CAP@CS on myocar-
dial apoptosis. The results demonstrated that CAP@CS
significantly decreased myocardial apoptosis by decreasing
the upregulated concentrations of cleaved caspase-3. This
effect was more potent than in the CAP and rosuvastatin-
treated groups.

Chronic inflammation, as found in the case of di-
abetes, is a crucial factor in developing cardiomyopathy
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[70]. Hyperglycemia can enhance the release of differ-
ent types of cytokines through the activation of recep-
tors for damage-associated molecular patterns (DAMP) and
pathogen-associated molecular patterns. The NLR family
pyrin domain-containing 3 (NLRP3) inflammatory path-
way can mimic the effects of inflammatory cytokines, in-
cluding NF-xB, TNF-q, IL-6, IL-13, and IL-18, leading to
leukocyte infiltration into the myocardium [71,72]. These
released cytokines can activate cardiac fibroblasts, caus-
ing interstitial cardiac fibrosis formation [73]. The find-
ings of this study align with these mechanisms. How-
ever, researchers suggested that CAP exhibited an anti-
inflammatory effect by activating PPAR~y receptors and
promoting the expression of liver X receptor alpha (LXRc),
inhibiting the release of inflammatory cytokines [74]. In
agreement with these findings, the present study demon-
strated a remarkable reduction in the inflammatory cy-
tokines and leucocyte infiltration after oral administration
of CAP@CS, indicating a higher anti-inflammatory effect
than CAP.

HSP70 upregulation has been noticed in patients with
cardiomyopathy, and increased levels of HSP70 are posi-
tively correlated with the development of myocardial dys-
function and remodeling. It has been reported that HSP70
inhibition can improve myocardial dysfunction. The West-
ern blotting procedure [75] employed in this study showed
that CAP oral administration decreased HSP 70 levels in
diabetic rats, and this effect was significantly enhanced by
using our new formula, CAP@CS.

The intracellular calcium influx, facilitated by con-
nexin 43, is enhanced by the activation of TRPV1 receptors,
which can be activated by CAP administration, increasing
the expression of molecules involved in lipid metabolism
[76]. Additionally, it has been observed that CAP can aug-
ment the expression of TRPV1 receptors, which are down-
regulated by an HFD, activating the AMP-activated protein
kinase pathway and leading to an increase in glucose and
fatty acid levels [66,76]. Consistent with these results, a
significant decrease was observed in the levels of triglyc-
erides, LDL, VLDL, and cholesterol in the group treated
with CAP compared to the diabetic group. This effect was
significantly enhanced by using the CAP@CS form, which
produced an intense hypoglycemic effect in diabetic rats
compared to CAP alone.

Conclusion

The present study introduced a new CAP@CS formu-
lation of CAP offering a distinctive pharmacological prop-
erty that was more potent than the parent compound CAP
in ameliorating cardiac injury in diabetic rats.
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