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Abstract

Background: Exercise training and crocin, as a herbal antioxidant, help improve metabolism and insulin sensitivity in type 2 di-
abetes mellitus (T2D). AMP-activated protein kinase (AMPK) and nuclear respiratory factor 1 (NRF1) involve in the mitochondrial
biogenesis pathway and diabetes control.
Objective: This study aimed to investigate the effects of high-intensity interval training (HIIT), and low intensity continued training
(LICT) in combination with crocin consumption on AMPK and NRF1 gene expression in the muscle tissue of diabetic rats.
Methods: In this experimental study, 56 adult rats were divided into eight groups (n = 7), including diabetic (crocin utilization, HIIT,
LICT, HIIT with crocin, LICT with crocin, control, sham groups) and healthy control group. The HIIT and LICT groups performed five
sessions of training per week for eight weeks, and the crocin consumption groups received 25 mg/kg of crocin daily for eight weeks.
Moreover, AMPK and NRF1 genes expression levels were evaluated in different groups using real-time polymerase chain reaction
(RT-PCR).
Results: According to our results, while induction of diabetes significantly decreased the levels of NRF1 and AMPK gene expression
(P ≤ 0.05), training and crocin consumption significantly increased the levels of AMPK and NRF1 gene expression (P ≤ 0.05).
Conclusions: It appears that crocin consumption along with HIIT improves diabetes symptoms through AMPK and NRF1 mecha-
nism in diabetic rats.
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1. Background

Insulin resistance, elevated hepatic glucose output,
and β-cell dysfunction are the factors that describe type 2
diabetes (T2D) (1). Diabetic patients can be characterized
by weakened protein, lipid, and carbohydrate metabolism
and high levels of fasting blood glucose (2). Muscles, eyes,
blood vessels, heart, and kidneys are the important or-
gans affected in diabetes-induced chronic hyperglycemia.
Hence, muscular atrophy, retinopathy, cardiac dysfunc-
tion, atherosclerosis, and nephropathy are T2D-induced
complications. To improve T2D, insulin sensitivity and glu-
cose homeostasis are considered as effective treatments.
AMP-activated protein kinase (AMPK) is a sensor of energy
that diminishes hepatic glucose production, stimulates
fatty acid oxidation in the adipose, and induces glucose
uptake in the skeletal muscles. The activation of AMPK
causes insulin sensitivity, and therefore AMPK is an at-

tractive therapeutic target for T2D (1). Another potential
AMPK target is nuclear respiratory factor 1 (NRF1), which
is needed for the coordinated expression of a multitude
of nuclear- and mitochondrial-encoded enzymes found
within the mitochondrial respiratory chain. AMPK in-
creases the expression of NRF1. Today, recent studies focus
on anti-diabetic natural antioxidants, which improve ox-
idative stress and inflammation in obesity and T2D. Crocin
is a natural carotenoid found in saffron, which is respon-
sible for the color of saffron and can induce its metabolic
effects through the increase of antioxidants (3). Research
shows that crocin has neuro-protective, anti-platelet, anti-
hyperlipidemic, anti-carcinogenic, and antioxidant prop-
erties (4). Previous studies reported the anti-oxidative and
hypoglycemic properties of crocin in diabetic rats (5). Ac-
cordingly, it was shown that in diabetic rats, blood glu-
cose level significantly reduced by the administration of
60 mg/kg of crocin in the kidneys and liver. Also, ad-
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ministration of 50 and 100 mg/kg of crocin significantly
decreased serum glucose, triglyceride, total cholesterol,
advanced glycation end products (AGEs), and low-density
lipoprotein (LDL) levels in diabetic rats while increasing
high-density lipoprotein (HDL) (6). It is reported that both
high-intensity interval training (HIIT) and low-intensity
continued training (LICT) can improve lipids and blood
glucose metabolism. Accordingly, physical activity along
with exercise modifications can be used in T2D treatment
(7). Furthermore, exercise can increase insulin sensitiv-
ity and FOXO1 expression and reduce blood lipid profiles
and glycated hemoglobin (HbA1c) (7). The results of var-
ious studies have shown that exercise in interaction with
the use of antioxidants can have positive effects on the im-
provement of diabetes and its impairments. In this vein,
it has been shown that four weeks of consuming corian-
der extract with endurance training had interactive hypo-
glycemic effects in diabetic rats (8). Also, simultanous con-
sumption of saffron with resistance training significantly
improved the glycemic indices of diabetic rats (9).

2. Objectives

Although studies provide a good amount of informa-
tion on the biological properties of crocin, there is limited
in vivo research about its potential anti-diabetic properties
alone or in combination with training. Therefore, the main
purpose of this research was to survey the effect of crocin
consumption combined with endurance training on the
levels of AMPK and NRF1 gene expression in diabetic rats.

3. Methods

3.1. Animals and Animal Treatment

In this empirical study, 56 adult male pedigree
Sprague-Dawley rats with a weight of 155 ± 30 g were
purchased from the animal proliferation and reproduc-
tion center of Islamic Azad University (IAU) in Marvdasht,
Iran. Following transfer to the animal physiological lab,
the rats were maintained under standard conditions
(humidity of 50%, 12-hour light and dark cycle, the tem-
perature of 22 to 27°C, and free access to water and food)
and passed the seven-day adaptation period. Streptozo-
tocin (STZ) (Aldrich Sigma) in combination with a high-fat
diet was applied to induce T2D. To this end, all rats were
subjected to eight weeks of a high-fat diet of 45% whole
animal fat, with every 100 grams containing 41 grams of
carbohydrate, 24 grams of protein, and 24 grams of fat
(10). After eight weeks, 50 mg/kg of STZ was administered
intraperitoneally (10), and 96 hours after the adminis-
tration with a small injury in the animals’ tails, a drop
of blood was placed on a glucometer tape and read by a

glucometer. After measuring blood glucose levels in rats,
those with blood glucose levels higher than 300 mg/dL
were chosen as the study samples. Afterward, the rats
were divided into eight groups (n = 7), including diabetic
(crocin utilization, HIIT, LICT, HIIT with crocin, LICT with
crocin, control, sham groups) and healthy control group.
To inquire the diabetes induction of effects on the research
variables, healthy control group was selected. The rats in
HIIT and HIIT with crocin groups were trained in a period
of eight weeks, five training sessions per week at the sever-
ity of 80 to 85% of the maximum speed for two minutes,
and active rest alternations of one minute. HIIT reached
from five sessions in the first week to 12 sessions in the
last week. The rats in LICT and LICT with crocin groups
were also trained for eight weeks, five sessions per week
at an intensity of 50 to 55% of maximum running speed.
LICT started in the first week at 25 minutes and reached
50 minutes in the last week. In addition, the whole size
of training activities (severity, time, and repetition) was
coordinated between the two groups of LICT and HIIT (11).
Also, crocin utilization groups received 25 mg/kg of crocin
(Sigma Company, USA) daily for eight weeks. Crocin was
administered intraperitoneally and dissolved in normal
saline (11). To control the effects of crocin injection on
the variables of the study, the sham group received crocin
solvent intraperitoneally each day. Then, 48 hours after the
final training session, rats were sacrificed to measure the
variables. After about five minutes, rats were anesthetized
with xylazine 2% at a dose of 10 mg/kg and ketamine 10% at
a dose of 50 mg/kg, and the soleus muscle was extracted by
specialists, and the tissue was kept in the freezer at -80°C
for RNA purification.

3.2. RNA Extraction and RT-PCR Analysis

After extraction of DNA, the levels of AMPK and NRF1
gene expression were measured by the real-time poly-
merase chain reaction (RT-PCR) method. The sequence of
primers used is shown in Table 1.

3.3. Statistical Analysis

The Shapiro-Wilk test was used to determine the find-
ings of normal distribution. Also, for analysis of the find-
ings, one-way ANOVA and two-way ANOVA with Tukey’s
post-hoc tests were used. Furthermore, P < 0.05 was con-
sidered as a significant level.

4. Results

The relative levels of AMPK and NRF1 gene expression
(2 – ∆∆CT) in eight research groups are reported in Figures 1
and 2, respectively. The results of the independent sample
t-test showed that the levels of AMPK (P < 0.001) and NRF1
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Table 1. The Sequence Primers of the Genes Required for Real-Time PCR

Gene Forward (5’ - 3’) Reverse (5’ - 3’) Product Size (bp)

B2m CGTGCTTGCCATTCAGAAA ATATACATCGGTCTCGGTGG 244

AMPK GCACCTTCGGCAAAGTGAAG CTCTTCAACCCTCCCGTGTT 266

NRF1 TGGCTGAAGCCACCTTACAA ATGAACTCCATCTGGGCCATT 113

(P < 0.001) gene expression in the diabetic control group
significantly decreased compared to the healthy control
group. Therefore, the induction of diabetes with STZ and a
high-fat diet significantly decreased the levels of AMPK and
NRF1 gene expression in rats. The one-way ANOVA results
revealed significant differences in the levels of AMPK and
NRF1 gene expression in the research groups. The results of
Tukey’s post hoc test showed no significant differences in
the levels of AMPK (P = 0.96) and Nrf1 (P = 0.78) gene expres-
sion in the diabetic control group and sham group. There-
fore, it is estimated that crocin solvent has no significant
effect on the gene expression levels of AMPK and NRF1 in
diabetic rats. However, in the crocin consumption group,
the levels of NRF1 (P < 0.001) and AMPK (P < 0.001) gene
expression were higher than those in the diabetic control
group. In the HIIT group, the levels of NRF1 (P = 0.002)
and AMPK (P = 0.012) gene expression were significantly
increased compared to the diabetic control group. In the
HIIT with crocin consumption group, the level of NRF1 was
significantly higher than the crocin consumption group (P
= 0.001). Moreover, in the LICT with crocin consumption
group, the APMK was significantly lower than the crocin
consumption group (P = 0.01), and in the LICT group, the
level of NRF1 was significantly higher than the diabetic con-
trol group (P = 0.02) (Figures 1 and 2).

5. Discussion

The present study showed that the induction of dia-
betes with STZ (50 mg/kg) and a high-fat diet significantly
reduced the levels of AMPK and NRF1 gene expression. STZ-
induced diabetes is a well-known model that mimics dia-
betic conditions and is useful for evaluating diabetes com-
plications (12). It is suggested that the diabetic conse-
quence of STZ leads to toxicity in pancreatic cells by ex-
cessive production of reactive oxygen species (ROS), which
consequently reduces the release and synthesis of insulin
(13). For example, Dehghani et al. reported that the injec-
tion of 55 mg/kg of STZ reduced the release and production
of insulin and induced oxidative stress and apoptosis (2).

In the present investigation, consuming 25 mg/kg of
crocin increased the levels of AMPK and NRF1 gene expres-
sion. The antioxidant effects of AMPK seem to depend on
the abundance of nutrients and the antioxidant capacity

of cells. Studies show that foods high in antioxidants, espe-
cially those high in polyphenols and fiber, activate AMPK.
Vegetables and fruits are rich in polyphenols and fiber.
Polyphenols are chemicals that color fruits and vegetables
and can help activate AMPK (14). Also, in one study, it was
shown that the optimal level of arginine in the diet (1.62 -
1.96%) can improve the antioxidant capacity by the AMPK
signaling pathway (15).

The ability of crocin to increase the NRF1 and AMPK
could be attributed to the improvement of mitochondrial
biogenesis in the skeletal muscle, as well as the antioxidant
and insulin sensitivity properties of crocin (16). Studies of
the hypoglycemic effects of crocin have shown that this
combination reduces blood sugar, lowers advanced glyca-
tion end products, decreases insulin resistance, and is also
useful in the treatment of diabetic neuropathy (11). It is pos-
sible that crocin, with its strong antioxidant capacity, can
be useful in the treatment of T2D by improving mitochon-
drial function and reducing ROS and oxidative stress (4).
Antioxidant effects of crocin, which have been previously
examined in other models, might confirm this hypothesis
(5). For instance, Naghizadeh et al. reported that crocin
by a reduction in malondialdehyde (MDA) and increase of
glutathione peroxidase decreased cisplatin-induced renal
oxidative stress (17). Moreover, Chen et al. reported that
consumption of 18.7 and 37.5 mg/kg of crocin for six weeks
raised glutathione peroxidase in the liver, superoxide dis-
mutase levels in the kidneys and liver, and total antioxi-
dant capacity in the kidneys in rats (18). Also, Altınöz et al.
demonstrated that consumption of crocin at the dose of 20
mg/kg for 21 days could modulate mRNA expression of an-
tioxidant enzymes (CAT, GPX, and SOD). Further consump-
tion of crocin can treat the STZ-induced oxidative stress in
the brain of diabetic rats (19). The radical scavenging activ-
ity of crocin has also been shown in several in vitro mod-
els (20). Generally, it appears that crocin, by increasing the
rate of antioxidant enzymes and radical scavenging activ-
ity applies its antioxidant activities in the tissues (5).

The results of the present research revealed that HIIT
significantly increased the levels of AMPK and NRF1 gene
expression in diabetic rats. Previous studies have reported
that sports activities reduce the risk of T2D and cardiovas-
cular disease (1). Antioxidant supplements and exercise
can increase the AMP/ATP ratio and consequently activate
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Figure 1. The amount of AMPK expression in the soleus muscles of rats in all research groups. Data are reported as mean ± SEM. Comparisons between different groups are
shown in the figure. * P-value < 0.05; **, P-value < 0.01.
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Figure 2. The amount of NRF1 expression in the soleus muscles of rats in all research groups. Data are reported as mean ± SEM. Comparisons between different groups are
shown in the figure. * P-value < 0.05; **, P-value < 0.01.

AMPK (21). Also, studies have indicated that muscle con-
tractions in humans (22) as well as rodents (23) increase
the AMPK; thus, exercise conveys many of its positive ef-
fects. Exercise increases the ATP turnover by approximately
100-fold in the skeletal muscle, leading to a rapid increase

in the ADP and AMP levels in a severity-dependent manner
(24). In the present study, HIIT had a substantial effect on
the increased values of AMPK and NRF1 gene expression in
diabetic rats. One hour cycling on a bicycle with 75% of
VO2max induced AMPK activation (23); also, cycling up to ex-
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haustion with 45% of VO2max induced Thr172-AMPKα2 phos-
phorylation (25).

The positive effects of exercise are linked to weight loss,
increased muscle Glut4, increased blood flow, decreased
hepatic glucose production, and normalized blood lipids.
Long-term exercise improves glucose tolerance and in-
sulin sensitivity and increases glycogen storage by in-
creasing skeletal muscle mass (26). Research has clearly
shown that endurance athletes and active individuals have
a higher mitochondrial content, which results in better ox-
idation capacity, proper body composition, and resistance
to various diseases, including obesity and diabetes (27).

It was shown that LICT had no significant effect on
AMPK level in diabetic rats. Efficient compatibility to the
training needs optimum exposure to pulses of reactive
oxygen and nitrogen species (RONS). An inadequate ex-
ercising stimulus may induce oxidative deactivation of
AMPK, decreased adaptation, and extreme RONS formation
(28). In this regard, the findings showed that AMPK activa-
tion decreased in response to 120 minutes of cycling (29). A
decreased free radical release and adrenergic response to
prolonged exercise could explicate the decreased AMPK ac-
tivation (28).

Regarding the interactive effects in the present study,
HIIT, along with crocin consumption compared to crocin
consumption, significantly increased the levels of NRF1
gene expression. In the present investigation, changes in
the levels of AMPK and NRF1 gene expression in the mus-
cle tissue confirms the antioxidant properties and poten-
tial role of crocin in defense against free radicals. There-
fore, HIIT, along with concurrent consumption of crocin,
could be considered as a beneficial therapy for diabetic pa-
tients. In conclusion, based on the results of this study, it
appears that crocin probably holds protective effects on di-
abetes, and it can be used in the treatment of diabetic com-
plications. Furthermore, it seems that interval training to-
gether with the consumption of crocin probably have the
potential to improve diabetes symptoms through AMPK
and NRF1 mechanism in diabetic rats.
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tive contstituent of saffron) treatment on brain antioxidant enzyme
mRNA levels in diabetic rats/Diyabetik ratlarda safranın aktif içeriği
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