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Abstract

Introduction: Type 2 diabetes is characterized by elevated serum glucose and impaired insulin function. Exercise and
crocetin supplement are known as two effective factors in preventing the complications of type 2 diabetes. The present
study investigated the effects of aerobic exercise and the effective compound crocetin on the autophagy signaling
pathway in a heart tissue experimental model of elderly pre-diabetic and diabetic mice.

Materials and Methods: In this experimental study, 45 elderly male and female c57bl6 mice with diabetes [40 mg/kg
peritoneal injection of streptozotocin (STZ)] aged 14-16 weeks and weighing 30-35 grams were randomly divided into
9 healthy control, pre-diabetic, pre-diabetic + aerobic exercise, pre-diabetic + crocetin, pre-diabetic + aerobic exercise
+ crocetin, diabetic, diabetic + aerobic exercise, diabetic + crocetin, and diabetic + aerobic exercise + crocetin groups.
Interval aerobic training was performed for eight weeks, five sessions per week. Mice received crocetin 30 mg/kg/day
by peritoneal injection. Autophagy-related gene 5 (ATG5) and light chain 1 (LC1) expression levels were measured
by real-time polymerase chain reaction (PCR). To analyze the data, one-way analysis of variance (ANOVA) and
Tukey's post hoc test were used (P < 0.05).

Results: The expression of ATG5 in the pre-diabetes group + aerobic exercise + crocetin supplement and the diabetes
group + aerobic exercise + crocetin supplement was significantly higher than that in other groups (P = 0.01). LC1 gene
expression in the pre-diabetes group + aerobic exercise + crocetin supplement and the diabetes group + aerobic exercise
+ crocetin supplement was significantly lower than that in other groups (P = 0.01). Moreover, the insulin and glucose
levels in the pre-diabetes group + aeraobic exercise + crocetin supplement and the diabetes group + aerobic exercise +
crocetin supplement were significantly lower than those in the other groups (P = 0.01).

Conclusion: It seems that interval aerobics and crocetin are effective, alone and synergistically, in improving
autophagy in heart tissue in pre-diabetic and diabetic mice. Therefore, the use of periodic aerobic exercise and crocetin
is recommended in senile pre-diabetes and diabetes.
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Introduction molecular mechanisms underlying cell death in DCM

Diabetic cardiomyopathy (DCM) is a distinct remain unclear (1).

pathological condition associated with cardiac Autophagy is a conserved cellular process in which

dysfunction. This disorder leads to cardiomyocyte loss double-membrane  vesicles  sequester damaged

and contributes to cardiovascular diseases such as proteins and organelles and deliver them to lysosomes

atherosclerosis and hypertension. However, the precise for degradation and energy production (2). It acts as a
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Cardiac Autophagy Response to Exercise and Crocetin in Mic

catabolic mechanism that maintains cellular energy
homeostasis and recycles cytoplasmic components,
including unused macromolecules and invading
pathogens. One of the key signaling pathways involved
in cardiac autophagy is the LC3-I/ATG5 pathway (3).
Diabetes has been shown to induce autophagy in
cardiomyocytes through this signaling mechanism.

A pivotal protein in this process is autophagy-
related gene 5 (ATG5) (4), which participates in the
nucleation of the phagophore — a cup-shaped
membrane precursor that gives rise to the pre-
autophagosomal structure (PAS). The PAS contains
several autophagy-related membrane proteins,
including Beclin-1 (5). ATG5 forms a complex with
ATG12 and ATGL16, catalyzing the conjugation of
LC3-I (light chain 3-I) to phosphatidylethanolamine,
resulting in the formation of LC3-1l on the
autophagosomal membrane. Evidence suggests that
ATGS5 plays a critical role in several human diseases,
including cardiomyopathy (6). Altered expression of
ATG5 has been observed in neurodegenerative
disorders and type 2 diabetes, and ATG5
polymorphisms have been linked to coronary artery
disease, acute myocardial infarction, autoimmune
disorders (such as lupus), and various cancers (7).

In animal models, cardiac overexpression of ATG5
activates autophagy, enhances insulin sensitivity, and
extends lifespan. In contrast, cardiac-specific ATG5
suppression induces cardiomyopathy characterized by
mitochondrial ~ collapse,  disrupted  sarcomeric
structure, left ventricular dilation, impaired cardiac
function, and premature death (8).

Autophagy involves the formation of double-
membrane vesicles that engulf portions of cytoplasm
and organelles, which subsequently fuse with
lysosomes to degrade their contents. Approximately
30 autophagy-related genes regulate this process.
Among them, LC1 plays a crucial role in mammalian
autophagy. It is commonly used as a marker for
autophagosome formation, with the number of
observed autophagosomes serving as an indicator of
autophagic activity (9).

MAP1B-LC1 (microtubule-associated protein 1B
light chain 1) is centrally involved in regulating
Syntaxin 17 (Stx17) function. MAP1B-LC1 links
Stx17 to microtubules, preventing its association with
ATG14L and autophagosome formation in nutrient-
rich conditions. The MAP1B polyprotein is expressed
not only in neurons but also in non-neuronal cells (10).

Jafari et al. reported that high-intensity interval
training, with or without caffeine administration,
modulated the expression of autophagy-related
proteins in diabetic mice. Their findings suggested that
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interval training could serve as a preventive strategy to
mitigate diabetes-induced myocardial autophagy (11).

Physical activity, a practical non-pharmacological
approach to cardiovascular disease, reduces cardiac
risk factors, prevents myocardial damage, and
enhances cardiac performance. In recent years,
exercise training has been recognized as a potent
physiological intervention capable of eliciting
cardiovascular adaptations and conferring metabolic,
anti-inflammatory, and cardioprotective benefits.
Consequently, many researchers have proposed
exercise as a significant therapeutic tool for preventing
and managing cardiovascular disorders. Furthermore,
combining exercise with natural antioxidants may
produce more favorable effects on autophagy and
cardiac health (12).

Among natural antioxidants, saffron (Crocus
sativus L.) and its derivatives have demonstrated
remarkable pharmacological and biological activities.
Crocetin, one of saffron’s key bioactive compounds,
exhibits potent anti-inflammatory and antioxidant
properties through the inhibition of lipoprotein
oxidation, and it has been reported to exert protective
effects against coronary artery disease, hypertension,
neurodegenerative disorders, and cancer (13). Crocetin
has also shown cardioprotective effects in
norepinephrine-induced  cardiac  hypertrophy by
inhibiting lipid peroxidation and enhancing antioxidant
enzyme activities, including catalase, superoxide
dismutase, and glutathione peroxidase (14).

Given the growing prevalence of diabetes and its
detrimental impact on cardiovascular health, along
with the potential synergistic benefits of antioxidant
supplementation and physical exercise, and
considering the limited studies on the effects of aerobic
interval training combined with crocetin on cardiac
autophagy in pre-diabetic and aged diabetic mice, the
present study aimed to investigate the effects of eight
weeks of aerobic interval training combined with
crocetin administration on autophagy-related factors in
cardiac tissue of pre-diabetic and aged diabetic mice.

Materials and Methods
Animal Care: In this experimental study, 48 male
C57BL/6 mice, aged 14-16 weeks and weighing
30-35 g, were obtained from the Royan Institute’s
Laboratory Animal Breeding and Reproduction Center
(Isfahan, Iran). After transfer to the specialized
laboratory, the animals were housed for one week to
acclimate to the new environment. Throughout the
entire experimental period, the mice were maintained
under standard laboratory conditions, including a
12-hour light/dark cycle, ambient temperature of 20-22
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°C, relative humidity of 55%, and free access to food
and water (11). All ethical principles for working with
laboratory animals were strictly followed in accordance
with the Helsinki Declaration, and the study was
approved by the Ethics Committee of Islamic Azad
University, Isfahan (Khorasgan) Branch, under the
ethical code IR.IAU.KHUISF.REC.1401.390.

Induction of Diabetes: Elderly pre-diabetic
C57BL/6 mice, after 12 hours of fasting, received a
single intraperitoneal injection of streptozotocin
(STZ; 20 mg/kg) dissolved in citrate buffer. Similarly,
elderly diabetic C57BL/6 mice, after 12 hours of
fasting, received a single intraperitoneal injection of
STZ (40 mg/kg) dissolved in citrate buffer. Four days
after the STZ injection, blood glucose levels of the
mice were measured using a glucometer. In this study,
mice with blood glucose levels higher than 250 mg/dL
were considered diabetic (15).

It should be noted that three mice died after the
induction of diabetes due to individual sensitivity to
STZ, and finally, 45 mice were included in the
experimental groups. The 45 diabetic mice were
randomly divided into the following groups: pre-
diabetic, pre-diabetic + aerobic exercise, pre-diabetic
+ crocetin, pre-diabetic + aerobic exercise + crocetin,
diabetic, diabetic + aerobic exercise, diabetic +
crocetin, and diabetic + aerobic exercise + crocetin. It
should also be mentioned that to evaluate the effects of
pre-diabetic and diabetic induction, five healthy mice
were included in the healthy control group (6, 11).

Aerobic Interval Training Protocol: After 1 week
of familiarization with the treadmill at 7-10 m/min for
10 minutes, the training groups performed an
exhaustive running test to determine the maximum
running speed for exercise design. To obtain the
maximum running speed of the mice, they first
performed a 5-minute warm-up at 5 m/min, then
increased the speed by 1 m/min every 3 minutes until
exhaustion. Exhaustion was defined as the point at
which the mouse was no longer able to continue
running on the treadmill or when it touched the end of
the treadmill belt three consecutive times within one
minute. During the first week, the adaptation phase of

Table 1. High-intensity interval training protocol

Sharifi-Rigi et al.

training was performed at 7—10 m/min for 10 minutes.
Thereafter, aerobic interval training was conducted,
consisting of alternating running speeds of 7, 10, 13,
10, and 7 m/min in the first week, and speeds of 10, 13,
16, 25, 19, 16, 13, and 10 m/min in the eighth week.
The running speed during the aerobic interval sessions
was progressively increased from 7 to 25 m/min over
the 8-week training period. Aerobic interval training
was performed for eight weeks, five sessions per week.
Each session included a 5-minute warm-up and a
5-minute cool-down. The intensity during warm-up
and cool-down periods corresponded to 50% of the
maximum running speed (Table 1) (16).
Administration of Crocetin: Crocetin supplement
(Product No. 6-881-255) was purchased from Sigma-
Aldrich (USA) and administered daily at a dose of 30
mg/kg body weight to each mouse via oral gavage (17).
Dissection and Sample Collection: 48 hours after the
last exercise session, and following a 12-hour fast, the
rats were anesthetized with a solution of ketamine
(50 mg/mL) and xylazine (20 mg/mL). The depth of
anesthesia was confirmed by pain reflex tests performed
by laboratory specialists. After ensuring complete
anesthesia, the thoracic cavity was opened, and non-
cardiac tissues were carefully displaced. The inflow and
outflow arteries of the heart were ligated, and the cardiac
tissue was carefully excised. The harvested heart tissue
was immediately immersed in liquid nitrogen and
subsequently stored at —80°C until further analysis.
Measurement of LC1 and ATG5 Gene Expression:
The expression levels of LC1 and ATG5 were
measured using quantitative real-time PCR (QRT-
PCR) (4). Briefly, 50 mg of cardiac tissue was
collected from each sample, and total RNA was
extracted from all experimental groups according to
the manufacturer’s protocol (Qiagen, Germany). RNA
quality was assessed by agarose gel electrophoresis
and spectrophotometric measurement at 260 nm using
a PicoDrop device (Sigma, USA). Additionally, RNA
concentration was calculated using the formula:
(C(\mu g/\mu L) = A-{260}times\varepsilon
\times d/1000).

Speed (m/min) Duration (min)
Adaptation 7-10 10 5
Week 1 7,10, 13, 10,7 10, 3,19, 3, 10 5
Week 2 7,10, 13, 15,12, 10, 7 53,33,23,3,3,5 5
Week 3 10, 13, 16, 17, 16, 13, 10 53,323,335 5
Week 4 10, 13, 16, 18, 16, 13, 10 53,323,335 5
Week 5 10, 13, 16, 19, 16, 13, 10 53,323,335 5
Week 6 10, 13, 16, 20, 16, 13, 10 53,323,335 5
Week 7 10, 13, 16, 21, 18, 15, 12,10 5,3,3,20,3,3,3,5 5
Week 8 10, 13, 16, 25, 19, 16, 13,10 5,3,3,20,3,3,3,5 5
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Table 2. Primer Sequences of the Target Genes

Gene Primer Sequence Temperature (°C
B2m F: ACAGTTCCACCCGCCTCACATT 60
R: TAGAAAGACCAGTCCTTGCTGAAG
Lcl F: ATTGAGAAGTTGAAAGGAATCCATG 53
R: GCCCAGTTCGTTTCAGTGCCA
ATG5 F: CTTGCATCAAGTTCAGCTCTTCC 58

R: AAGTGAGCCTCAACCGCATCCT

Complementary DNA (cDNA) was synthesized
using the Fermentas kit (K1621) according to the
manufacturer's instructions, and primers designed
based on the LC1 and ATG5 gene sequences obtained
from PubMed (https://pubmed.ncbi.nim.nih.gov) were
used for reverse transcription. Primer efficiency and
specificity were evaluated using available NCBI
software (https://www.ncbi.nlm.nih.gov).

For gene expression quantification, the
housekeeping gene TBP was used as an internal
control. Following completion of the gRT-PCR and
attainment of cycle threshold (Ct) values, relative gene
expression was calculated using the 2 - AACT method
(Table 2).

Measurement of Serum Insulin and Glucose:
Serum glucose concentration was measured using a
glucometer (AlphaTRAK, Zoetis, USA), and serum
insulin levels (ab277390) were determined using an
ELISA kit from Abcam according to the
manufacturer’s instructions.

Data were first tested for normality using the
Shapiro-Wilk test. Since the data were normally
distributed, one-way analysis of variance (ANOVA)
was performed to evaluate differences between groups.
Tukey’s post hoc test was used to determine the
specific group differences. All statistical analyses were
conducted using SPSS software, version 26 (IBM
Corporation, Armonk, NY, USA).

Results
One-way analysis of variance (ANOVA) revealed

significant differences in glucose (P = 0.01), insulin
(P = 0.01), and cardiac tissue expression of ATG5
(P = 0.01) and LC1 (P = 0.01) among diabetic rat
groups. Post hoc analysis using Tukey's test showed
that pre-diabetic rats had significantly higher glucose
and insulin levels compared to the healthy control
group (P = 0.05). However, pre-diabetic rats subjected
to aerobic exercise (P = 0.05), herbal supplementation
(P = 0.05), or a combination of aerobic exercise and
herbal supplementation (P = 0.05) showed a significant
reduction in glucose and insulin levels compared to the
untreated pre-diabetic group. Similarly, diabetic rats
exhibited significantly higher glucose and insulin
levels compared to healthy controls (P = 0.05).
Nevertheless, diabetic rats in the aerobic exercise
(P = 0.05), herbal supplementation (P = 0.05),
and combined aerobic exercise plus herbal
supplementation groups (P = 0.05) showed a
significant decrease in these parameters compared to
the untreated diabetic group (Table 3).

Post hoc Tukey's test revealed that ATG5
expression was significantly lower in the pre-diabetic
group than in the healthy control group (P = 0.01).
However, pre-diabetic rats subjected to aerobic
exercise (P = 0.01), herbal supplementation (P = 0.01),
or a combination of aerobic exercise and herbal
supplementation (P = 0.01) showed a significant
increase in ATGS5 expression compared to the
untreated pre-diabetic group. Similarly, ATG5
expression in diabetic rats was significantly lower than
in healthy controls (P = 0.01).

Table 3. Mean of glucose and insulin levels in experimental groups

Insulin (nIU/mL) P-value Glucose (mg/dL)

Healthy Control

P-value

954 +41

Pre-diabetic 1.7 £0.02 <0.05" 1422 +£25 <0.05"
Pre-diabetic + Aerobic Exercise 1.2+0.04 <0.05" 117.2+35 <0.05"
Pre-diabetic + Herbal Supplement 1.14 £ 0.04 <0.05" 111+1.4 <0.05"
Pre-diabetic + Aerobic Exercise + Supplement 0.84 £0.25 <0.05" 98.5+0.7 <0.05"
Diabetic 52+0.12 <0.05" 310.2 £10 <0.05"
Diabetic + Aerobic Exercise 4.1 +0.054 <0.05" 290 +0.16 <0.05"
Diabetic + Herbal Supplement 3.8+0.04 <0.05" 281.5+2.07 <0.05"
Diabetic + Aerobic Exercise + Supplement 2.8+0.11 <0.05" 246.6 +1.6 <0.05"

“Indicates significant difference from the control group at P < 0.05.

SD: Standard deviation
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Table 4. Mean of FOXO3 and MuRF1 expression in experimental groups

Group LC1 Expression P-value | ATG5 Expression | P-value
mean + SD mean + SD
Healthy Control 0.98 £ 0.01 <0.01 0.98 +0.02 <0.01

Pre-diabetic

Pre-diabetic + Aerobic Exercise

Pre-diabetic + Herbal Supplement
Pre-diabetic + Aerobic Exercise + Supplement
Diabetic

Diabetic + Aerobic Exercise

Diabetic + Herbal Supplement

Diabetic + Aerobic Exercise + Supplement

5.5+0.01 <0.01"
3.6 +0.015 <0.01"

2.8 +0.007

3.7+ 0.04 <0.01"

0.31+0.014 <0.01
0.45 + 0.005 <0.01

2.7 +£0.007 <0.01" 0.52+0.01 <0.01

<0.01" 0.71 +0.014 <0.01
8.8 £0.07 <0.01" 0.11+0.01 <0.01"
6.2+0.21 <0.01" 0.32 £ 0.007 <0.01"
4.38+0.21 <0.01" 0.4 +0.01 <0.01"

0.61 + 0.005 <0.01"

“Indicates significant difference from the control group at P < 0.05.

SD: Standard deviation

However, diabetic rats in the aerobic exercise
(P = 0.01), herbal supplementation (P = 0.01), and
combined aerobic exercise plus herbal supplementation
groups (P = 0.01) exhibited a significant increase
compared to untreated diabetic rats (Table 3).

Furthermore, Tukey's post hoc analysis indicated
that LC1 expression was significantly elevated in pre-
diabetic rats compared to healthy controls (P = 0.01).
However, pre-diabetic rats receiving aerobic exercise
(P =0.01), herbal supplementation (P = 0.01), or both
interventions combined (P = 0.01) showed a
significant reduction in LC1 expression compared to
the untreated pre-diabetic group. Similarly, LC1
expression in diabetic rats was significantly higher
than in healthy controls (P = 0.01), while diabetic rats
subjected to aerobic exercise (P = 0.01), herbal
supplementation (P = 0.01), or the combination
treatment (P = 0.01) demonstrated a significant
decrease compared to untreated diabetic rats (Table 4).

Discussion

The results of this study demonstrated that crocetin
supplementation and aerobic exercise significantly
reduced insulin and glucose levels and decreased LC1
and ATG5 gene expression in both pre-diabetic and
diabetic groups. Notably, the combined intervention of
exercise and crocetin supplementation resulted in the
most pronounced reductions. Diabetes encompasses a
broad spectrum of complications, with cardiovascular
disease and diabetic cardiomyopathy (DCM) being
among the most critical. Previous studies have shown
that positive lifestyle modifications, such as a healthy
diet and physical activity, can ameliorate metabolic
disturbances associated with diabetes through
mechanisms including autophagy (18).

The present study aimed to investigate the effects
of 8 weeks of aerobic exercise combined with crocetin
supplementation on autophagy signaling pathways in
the cardiac tissue of aged pre-diabetic and diabetic
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mice. Consistent with expectations, STZ-induced
diabetes led to elevated serum glucose and insulin
levels. After 8 weeks of aerobic exercise and crocetin
supplementation, glucose and insulin levels improved
compared with the diabetic control group. The increase
in glucose and insulin in diabetic mice is likely due to
pancreatic B-cell damage. Possible mechanisms for
glucose regulation in response to aerobic exercise
include increased glucose uptake in skeletal muscles
via insulin-dependent and independent pathways,
enhanced GLUT-4 transporter expression, and
increased  glycogen synthase activity (19).
Additionally, aerobic exercise has been shown to
reduce insulin resistance and improve skeletal muscle
glucose metabolism by decreasing fat mass and
increasing Akt (Protein Kinase B) phosphorylation
(20). Behaein et al. reported that aerobic interval
training improved glucose and insulin levels in type 2
diabetic mice (19).

Autophagy is a protective system that maintains
cellular homeostasis by recycling damaged organelles
and protein aggregates. In the present study, diabetes
and pre-diabetes decreased ATG5 expression in the
cardiac tissue of aged mice, whereas aerobic exercise
and crocetin supplementation increased ATG5 levels,
which play a crucial role in cardiovascular protection.
ATG5 forms a complex with ATG7, contributing to
LC3 lipidation and autophagosome membrane
maturation (21). Therefore, upregulation of ATG5
indicates enhanced autophagic activity. Increased
expression of these genes may reflect enhanced
autophagy in cardiac tissue of pre-diabetic and type 2
diabetic individuals. Zhang et al. reported reduced
levels of LC3-I1, ATG5, and ATG?7 in diabetic groups
compared to controls (22). As previously noted,
absence or impairment of autophagy poses significant
challenges, and proper induction of autophagy may
reduce cardiomyocyte death and cardiomyopathy (23).
Several studies have explored the role of autophagy in
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diabetic heart failure through genetic manipulation,
pharmacological  interventions, and lifestyle
modifications, including diet and exercise (23, 24).

In the current study, aerobic exercise and crocetin
were investigated as modulators of autophagy at the
transcriptional level. Our findings indicate that
high-intensity interval training (HIIT) exerts protective
effects against DCM in diabetic mice, improving the
expression of autophagy-related genes compared to
diabetic controls. Exercise serves as a protective factor
to maintain normal cellular homeostasis. Crocetin,
another independent variable examined, significantly
increased transcription levels of Beclin-1 and ATG5
compared with diabetic controls. Zhang et al. analyzed
podocytes and kidney tissue from diabetic mice treated
with curcumin for 8 weeks, showing significant
increases in Beclin-1, ATG5, and autophagy in
podocytes (25).

Previous studies also report that a lack of ATG5
reduces mitochondrial abundance and oxidative
homeostasis in cardiomyocytes under  stress.
Functional cytoplasmic alterations and nucleoplasmic
Ca?" translocation, mediated by increased CaMKII
activity and transcriptional regulation, compromise
cardiac reserve capacity and precede heart failure in
mice and humans (26). In this study, diabetes and pre-
diabetes increased LC1 expression in aged mouse
cardiac tissue, whereas aerobic exercise and crocetin
reduced LC1 levels. Gao et al. demonstrated that
diabetes induced by a high-fat diet and STZ injection
elevated autophagy markers (LC3-1I/LC3-1 ratio,
Beclin-1), decreased p62, and increased fibrosis (27).
Kanamori et al. showed that STZ-induced diabetes
reduced diastolic function while increasing autophagic
activity (LC3-11/LC3-I, p62, cathepsin D, autophagic
vacuoles, lysosomes), suggesting that the PI3K-Akt
signaling pathway regulates autophagy in diabetic
hearts (2). In contrast, Molz et al. reported reduced
autophagy-related gene (p62/SQSTM1, ATG14) and
protein (LC3-Il, TGtg5) expression in skeletal muscle
of patients with type 2 diabetes (28).

The present study also found that continuous
exercise intervention in diabetic mice exerted
protective effects against excessive autophagy
compared to diabetic controls. Frizen et al. reported
that acute knee-extension exercise at 80% peak
workload for 60 minutes reduced LC3 lipidation
by 50%, decreased the LC3-1I/LC3-I ratio, and
decreased autophagosome content in the vastus
lateralis muscle of healthy men (29). Overexpression
of MAP1B-LC1 inhibits the formation of LC3-positive
structures, and phosphorylation/dephosphorylation
regulates MAP1B-LC1 interaction with Stx17.

Sharifi-Rigi et al.

Diabetes induces dissociation of LC1 from Stx17,
leading to rapid activation of autophagy (30). The
present study demonstrates that aerobic exercise and
crocetin supplementation attenuate diabetes-induced
myocardial LC1 expression. Jafari et al. reported that
high-intensity interval training, with or without
caffeine, modulates autophagy-related proteins in
diabetic mice, suggesting HIIT as a preventive strategy
for diabetic myocardial autophagy (31).

Recent studies indicate that regular physical
activity enhances antioxidant capacity, reduces
oxidative stress, and likely mitigates apoptosis,
thereby alleviating disease severity. Exercise not only
promotes mitochondrial biogenesis but also facilitates
the removal of damaged mitochondria through
mitochondrial dynamics and autophagy (32). Crocetin,
with its potent antioxidant and anti-inflammatory
properties, reduces oxidative stress and inflammation
while inhibiting apoptosis, improving disease
outcomes. It appears that combined crocetin
supplementation and regular aerobic exercise protect
the heart against oxidative stress by reducing lipid
peroxidation and activating antioxidant defenses (33).

Limitations

Considering the role of ATG5 and LC1 isoforms in
cardiac autophagy and their sensitivity to exercise, a
limitation of the present study is the lack of measurement
of specific isoforms. Future studies are recommended to
employ complementary methods, such as Western blot
and ELISA, to provide a more comprehensive assessment
of autophagy-related proteins.

Recommendations

To extend the findings of this study, future research
should investigate the effects of aerobic exercise and
crocetin supplementation on other tissues, such as skeletal
muscle, brain, and liver. Given that the current results
indicate improvements in cardiac autophagy in pre-
diabetic and aged diabetic mice, it is suggested that both
interventions—exercise and crocetin supplementation—
be considered individually and in combination to
optimize autophagy regulation in the heart.

Conclusion
The present study demonstrates that eight weeks of
crocetin supplementation and high-intensity interval
aerobic exercise increased ATG5 expression and
decreased LC1 expression, indicating enhanced
cardiac autophagy in pre-diabetic and aged diabetic
mice. Moreover, the combined intervention of aerobic
exercise and crocetin exhibited the most significant
effect on modulating cardiac autophagy. Overall,
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crocetin  supplementation, with its antioxidant
properties, in combination with aerobic interval
exercise effectively improves cardiac autophagy in
pre-diabetic and diabetic mice.

Acknowledgments
This article is extracted from the doctoral thesis of
exercise physiology, | would like to express my
gratitude to all those who helped us in the
implementation of this research.

Authors’ Contribution
Project design and ideation: Khosro Jalali-Dehkordi,
Abolhasan Sharifi-Rigi, Farzaneh Taghian, Mohsen
Akbarpour-Beni
Providing financial resources for the project:
Abolhassan Sharifi-Rigi
Scientific and Executive support of the project:
Abolhasan Sharifi-Rigi, Khosro Jalali-Dehkordi,
Farzaneh Taghian, Mohsen Akbarpour-Beni
Providing equipment and study samples: Khosro
Jalali-Dehkordi, Farzane  Taghian, Mohsen
Akbarpour-Beni, Abolhasan Sharifi-Rigi
Data collection: Abolhasan Sharifi-Rigi, Khosro
Jalali-Dehkordi,  Farzaneh ~ Taghian, = Mohsen
Akbarpour-Beni
Analysis and Interpretation of Results: Khosro Jalali-
Dehkordi, Abolhasan Sharifi-Rigi

Sharifi-Rigi et al.

Specialized statistics services: Khosro Jalali-Dehkordi,
Farzaneh Taghian, Abolhasan Sharifi-Rigi, Mohsen
Akbarpour-Beni

Manuscript  Peroration: Khosro Jalali-Dehkordi,
Farzaneh Taghian, Abolhasan Sharifi-Rigi, Mohsen
Akbarpour-Beni

Specialized Scientific evaluation of the Manuscript:
Khosro Jalali-Dehkordi, Abolhasan Sharifi-Rigi,
Farzaneh Taghian, Mohsen Akbarpour-Beni

Confirm of the final manuscript to be submitted to the
journal: Khosro Jalali-Dehkordi, Abolhasan Sharifi-
Rigi, Farzaneh Taghian, Mohsen Akbarpour-Beni
Maintaining the integrity of the study process from
the beginning to the publication and responding to the
reviewers comment: Khosro Jalali-Dehkordi, Farzane
Taghian, Mohsen Akbarpour-Beni, Abolhasan
Sharifi-Rigi

Funding
The present study is taken from the doctoral
dissertation of Physical Education and Sports Science-
Sports Physiology with ethics code
IR.IAU.KHUISF.REC.1401.390 approved by the
Islamic Azad University of Isfahan (Khorasgan). The
study was conducted without financial support.

Conflict of Interest
The authors have no conflict of interest.

References

1.

9.

Jiang YJ. Excessive ROS production and enhanced autophagy contribute to myocardial injury induced by branched-chain amino
acids: Roles for the AMPK-ULKT1 signaling pathway and a7nAChR. Biochimica et Biophysica Acta (BBA)-Molecular Basis
of Disease 2020; 1867(1): 1-37.

Eldesoqui M, Eldken ZH, Mostafa SA, Al-Serwi RH, El-Sherbiny M, Elsherbiny N, Mohammedsaleh ZM, Sakr NH. Exercise
augments the effect of SGLT2 inhibitor dapagliflozin on experimentally induced diabetic cardiomyopathy, possible underlying
mechanisms. Metabolites. 2022; 12(7): 635.

Ljubojevi¢-Holzer S, Kraler S, Djalinac N, Abdellatif M, VVoglhuber J, Schipke J, et al. Loss of autophagy protein ATG5 impairs
cardiac capacity in mice and humans through diminishing mitochondrial abundance and disrupting Ca2+ cycling.
Cardiovascular Research. 2022; 118(6): 1492-505.

Wesselborg S, Stork B. Autophagy signal transduction by ATG proteins: from hierarchies to networks. Cellular and Molecular
Life Sciences. 2015; 72(24): 4721-57.

Dong Y, Chen H, Gao J, Liu Y, Li J, Wang J. Molecular machinery and interplay of apoptosis and autophagy in coronary heart
disease. Journal of molecular and cellular cardiology. 2019; 136: 27-41.

Xu CN, Kong LH, Ding P, Liu Y, Fan ZG, Gao EH, Yang J, Yang LF. Melatonin ameliorates pressure overload-induced cardiac
hypertrophy by attenuating Atg5-dependent autophagy and activating the Akt/mTOR pathway. Biochimica et Biophysica Acta
(BBA)-Molecular Basis of Disease. 2020; 1866(10): 165848.

Xiao Y, Wu QQ, Duan MX, Liu C, Yuan Y, Yang Z, Liao HH, Fan D, Tang QZ. TAX1BP1 overexpression attenuates cardiac
dysfunction and remodeling in STZ-induced diabetic cardiomyopathy in mice by regulating autophagy. Biochimica et
Biophysica Acta (BBA)-Molecular Basis of Disease. 2018; 1864(5): 1728-43.

Pinto AP, da Rocha AL, Marafon BB, Rovina RL, Mufioz VR, da Silva LE, Pauli JR, de Moura LP, Cintra DE, Ropelle ER, da
Silva AS. Impact of different physical exercises on the expression of autophagy markers in mice. International Journal of
Molecular Sciences. 2021; 22(5): 2635.

Wang L, Wang J, Cretoiu D, Li G, Xiao J. Exercise-mediated regulation of autophagy in the cardiovascular system. Journal of
Sport and Health Science. 2020; 9(3): 203-10.

10. Arasaki K, Nagashima H, Kurosawa Y, Kimura H, Nishida N, Dohmae N, Yamamoto A, Yanagi S, Wakana Y, Inoue H, Tagaya

Journal of Research in Rehabilitation of Sciences/ Vol 18/ January 2023

http://jrrs.mui.ac.ir



Cardiac Autophagy Response to Exercise and Crocetin in Mic Sharifi-Rigi et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

M. MAPIB-LCI prevents autophagosome formation by linking syntaxin 17 to microtubules. EMBO reports 2018; 19(8):
e45584.

Jafari A, Zarghami A, Nikokheslat S, Karimi P. Effect of eight-week high-intensity interval training (HIIT) along with caffeine
injection on the levels of some myocardial autophagy-related proteins in diabetic ratsl.ranian Journal of Diabetes and
Metabolism. 2020; 19(4): 183-94.

Wu NN, Tian H, Chen P, Wang D, Ren J, Zhang Y. Physical exercise and selective autophagy: benefit and risk on cardiovascular
health. Cells. 2019; 8(11): 1436.

Su X, Yuan C, Wang L, Chen R, Li X, Zhang Y, et al. The beneficial effects of saffron extract on potential oxidative stress in
cardiovascular diseases. Oxidative medicine and cellular longevity. 2021; 19: 1-14.

Guo ZL, Li MX, Li XL, Wang P, Wang WG, Du WZ, Yang ZQ, Chen SF, Wu D, Tian XY. Crocetin: a systematic review.
Frontiers in Pharmacology. 2022; 12: 745683.

Hasanzadeh Dolatabadi F, Jalali Dehkordi KH, Taghian F, Hoseini SA. The effect of eight weeks of aerobic training with
Propolis on some mitochondrial biogenesis markers in cardiac tissue of ovariectomized diabetic rats. Armaghane Danesh. 2022;
27(2): 155-69

Haghparast Azad M, Niktab I, Dastjerdi S, Abedpoor N, Rahimi G, Safaeinejad Z, et al. The combination of endurance exercise
and SGTC (Salvia—Ginseng-Trigonella—Cinnamon) ameliorate mitochondrial markers’ overexpression with sufficient ATP
production in the skeletal muscle of mice fed AGEs-rich high-fat diet. Nutrition & metabolism. 2022; 19(1): 17.

Zhang J, Wang Y, Dong X, Liu J. Crocetin attenuates inflammation and amyloid-p accumulation in APPsw transgenic mice.
Immunity & Ageing. 2018; 15(1): 1-8.

Lee Y, Kwon I, Jang Y, Song W, Cosio-Lima LM, Roltsch MH. Potential signaling pathways of acute endurance exercise-
induced cardiac autophagy and mitophagy and its possible role in cardioprotection. The Journal of Physiological Sciences. 2017;
67(6): 639-54.

Behaein B, Abednatanzi H, Gholami M, Ghazalian F. Apoptotic changes of cardiac tissue after HIIT and thyme honey in type
2 diabetic rats. Journal of Applied Health Studies in Sport Physiology. 2022; 9(2): 23-36. [In Persian].

Sherafati-Moghadam M, Pahlavani HA, Daryanoosh F, Salesi M. The effect of high-intensity interval training (HIIT) on protein
expression in Flexor Hallucis Longus (FHL) and soleus (SOL) in rats with type 2 diabetes. Journal of Diabetes & Metabolic
Disorders. 2022; 21(2): 1499-508.

Forte M, Frati G, Sciarretta S. Regulation of calcium handling by autophagy: A novel mechanism limiting cardiac hypertrophy
and dysfunction? Cardiovascular Research. 2022; 118(6): 1377-9.

Zhang L, Ding WY, Wang ZH, Tang MX, Wang F, Li Y, et al. Early administration of trimetazidine attenuates diabetic
cardiomyopathy in rats by alleviating fibrosis, reducing apoptosis and enhancing autophagy. Journal of Translational Medicine.
2016; 14(1): 1-12.

Miyamoto S. Autophagy and cardiac aging. Cell Death & Differentiation. 2019; 26(4): 653-64.

Shi S, Jiang P. Therapeutic potentials of modulating autophagy in pathological cardiac hypertrophy. Biomedicine &
Pharmacotherapy. 2022; 156: 113967.

Zhang P, Fang J, Zhang J, Ding S, Gan D. Curcumin inhibited podocyte cell apoptosis and accelerated cell autophagy in diabetic
nephropathy via regulating Beclinl/UVRAG/Bcl2. Diabetes, Metabolic Syndrome and Obesity. 2020; 13: 641.
Ljubojevi¢-Holzer S, Kraler S, Djalinac N, Abdellatif M, Voglhuber J, Schipke J, Schmidt M, Kling KM, Franke GT, Herbst
V, Zirlik A. Loss of autophagy protein ATG5 impairs cardiac capacity in mice and humans through diminishing mitochondrial
abundance and disrupting Ca2+ cycling. Cardiovascular Research 2022; 118(6): 1492-505.

Gao H, Yang Q, Dong R, Hou F, Wu Y. Sequential changes in autophagy in diabetic cardiac fibrosis. Molecular Medicine
Reports 2016; 1; 13(1): 327-32.

Mgller AB, et al. Altered gene expression and repressed markers of autophagy in skeletal muscle of insulin resistant patients
with type 2 diabetes. Scientific reports. 2017; 7: 43775.

Fritzen AM, et al. Regulation of autophagy in human skeletal muscle: effects of exercise, exercise training and insulin
stimulation. The Journal of Physiology. 2016; 594(3): 745-61.

Arasaki K, Nagashima H, Kurosawa Y, Kimura H, Nishida N, Dohmae N, Yamamoto A, Yanagi S, Wakana Y, Inoue H, Tagaya
M. MAP1B-LC1 prevents autophagosome formation by linking syntaxin 17 to microtubules. EMBO Reports. 2018; 19(8):
e45584.

Jafari A, Zarghami A, Nikokheslat S, Karimi P. Effect of eight-week high-intensity interval training (HIIT) along with caffeine
injection on the levels of some myocardial autophagy-related proteins in diabetic ratsl.ranian Journal of Diabetes and
Metabolism. 2020; 19(4): 183-94.

Gharib MH, Samani KG, ZarrinAbadi Z, Mokhtari M, Heydarian E. Effect of resveratrol supplementation on antioxidant
parameters, lipids profile and several biochemical indices in type 2 diabetic patients: A double-blind randomized-controlled
clinical trial. Iranian Journal of Nutrition Sciences & Food Technology. 2018; 12(4): 33-42.

Cerda-Bernad D, Valero-Cases E, Pastor JJ, Frutos MJ. Saffron bioactives crocin, crocetin and safranal: Effect on oxidative
stress and mechanisms of action. Critical Reviews in Food Science and Nutrition. 2022; 62(12): 3232-49.

Journal of Research in Rehabilitation of Sciences/ Vol 18/ January 2023

http://jrrs.mui.ac.ir



