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Abstract

Background
The hippocampus, as one of the most critical regions of the brain, is signi�cantly affected by exercise.
The primary purpose of this study is to evaluate the effect of six weeks of high-intensity interval training
(HIIT) and inhibition of calcitonin gene-related peptide (CGRP) on gene expression of vascular endothelial
growth factor (VEGF) and serine/threonine type 2 kinase protein (mTORC2) in hippocampal tissue of
male Wistar rats.

Methods
Thirty-two healthy male Wistar rats (8 weeks of age) were randomly assigned to one of four groups:
control, CGRP inhibition, HIIT+CGRP inhibition, or HIIT. The CGRP inhibition group received 0.25
mg/kg/day of antibody intraperitoneally. The animals in the training groups underwent high-intensity
interval training (HIIT, ten 2-minute work bouts per day at 22 m/min interspersed by 2-minute rest periods,
�ve days/week). Real-time PCR (2-ΔΔCT) and one-way ANOVA were employed to measure the expression
of genes and analyze the data, respectively.

Results
HIIT signi�cantly enhanced VEGF (p≤0.002) and mTORC2 (p≤0.006) gene expression in the
hippocampal tissue compared to the control group. HIIT+CGRP inhibition resulted in a substantial
increase in VEGF expression compared to the control group (p≤0.007). While HIIT+CGRP inhibition
signi�cantly lowered mTORC2 gene expression (p≤0.001), HIIT alone did not (p≤0.001).

Conclusions
HIIT-induced physiological alterations in the hippocampus can improve the brain’s functional status via
upregulation of VEGF and mTORC2 gene expression as an effective non-pharmacological method.
Additionally, HIIT+CGRP inhibition may represent a new approach via the VEGF and mTORC2 pathways
in the hippocampus.

Background
Exercise training directs gene expression toward patterns necessary for survival (1). As an effective
strategy, high-intensity interval training (HIIT) helps strengthen the central nervous system (2) and
improves physical readiness (3). It results in a distinct gene expression pattern in different brain regions,
with considerable alterations in associated genes (4).
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Inactivity has long been a signi�cant risk factor for brain function, including the hippocampus, which is a
brain structure that enhances memory and cognitive performance (5). Physical activity mitigates the
deterioration in brain function and strengthens the brain’s connections and hippocampus-cortical
network. Hence, the extent to which the hippocampal network changes in this functional pattern is critical,
as exercise exerts the most substantial impact on the hippocampus structure (6). Improvements in
neurogenesis, protection, angiogenesis, and nerve �exibility are some of the exercise-induced neurological
changes in the hippocampus (7), which result in viability via cell proliferation and apoptosis inhibition (8).
As a result, these exercise-induced factors have a signi�cant impact on brain structure and growth (9)
and can regulate a wide variety of physiological changes in involved neurotropic factors (10).

Neuropeptides such as calcitonin gene-related peptide (CGRP) and its receptors appear to be dispersed in
the hippocampus (CA3 pyramidal cells (Region III of the hippocampus)) and dentate gyrus granule cells
(11), which are involved in normal brain development (12). CGRP is a regulatory neuropeptide (13) that
increases anti-apoptotic signaling in the brain, particularly in the hippocampus. It protects the
endothelium and promotes neurogenesis and angiogenesis (14, 15). The effect of CGRP on endothelium
includes growth factor signaling (14), where CGRP inhibition can increase in�ammation and decrease the
expression of vascular endothelial growth factor (VEGF) (16). VEGF can be produced in a variety of cells
and the dentate gyrus of the hippocampus (9). It communicates with endothelial cells via VEGF-R2
receptors (17). Induced by hypoxia (18), the protein plays a critical role in angiogenic and neurogenic
processes. Indeed, VEGF increase is one of the protective mechanisms promoted by CGRP (15–18). VEGF,
which is required for neuroprotective signaling (19), protects endothelial cells by triggering anti-apoptotic
genes and protective signaling pathways via PI3K/AKT (Protein kinase B (PKB)) and thereby controls
endothelial survival (14). The functions of numerous neutrophilic factors in the brain overlap during
growth, and �ndings indicate that hippocampal neurons’ vitality depends on growth factors such as
VEGE and mTORC2. mTORC2 regulates cell proliferation induced by growth stimuli and serves as a
connector for several signaling pathways (20). Additionally, it plays a critical role in neuronal morphology
and synaptic function. It is abundantly produced in the brain, particularly in nerve cells, and is vital for
multiple aspects of hippocampus growth and function (21).

Exercise intensity is a critical factor in determining gene expression (9). Lactate and hypoxia, a byproduct
of intensive exercise, have been demonstrated to in�uence certain effects of exercise on the brain (22).
Exercise effects may be linked with viability, which induces VEGF production by activating the PI3K/AKT
signaling pathway (23). Recent data indicate that physical activity regulates VEGF levels by activating the
mTOR complex pathway (24). As a result, it may affect the physical activity of the VEGF and mTORC2
genes via signaling mechanisms in the rats’ hippocampus (24).

Numerous studies have been conducted on the impact of HIIT on skeletal muscles and heart tissues in
disease and health conditions. However, the literature has not well investigated the effect of such exercise
on brain tissue adaptations and the effective rate of these exercises on VEGF and mTORC2 levels, as
factors involved in the process of angiogenesis and nerve support in various regions of the brain. Thus,
the following concerns are raised: 1. Is HIIT an effective method of maintaining brain health as a time-
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e�cient alternative to regular aerobic exercise in terms of its in�uence on growth factors such as VEGF
and mTORC2, and 2. Can the inhibition of CGRP have any impact on VEGF and mTORC2? Thus, this
study aimed to investigate the extent to which changes in VEGF and mTORC2 gene expression in the
hippocampal region following six weeks of HIIT+CGRP inhibition would affect the health of male Wistar
rats’ brain tissue.

Methods

Animals
Thirty-two male Wistar rats were purchased from the Physiology Research Center a�liated with Kerman
University of Medical Sciences. The rats (8 weeks of age and weighing 205 ± 15 g) were housed in a
12:12 dark-light cycle at a temperature of 22 ± 2°C, relative humidity of 55%, and free access to water and
food (Pellet, Javaneh Khorasan Company). The rats were randomly assigned to one of four groups (n=8
per group): control, CGRP inhibition, HIIT+CGRP inhibition, or HIIT training alone. The ethical principles of
the study followed the principles of working with laboratory animals (IR.USB.REC.1400.029).

Training Protocol
Training Protocol
Rats retained familiarity at a speed of 15 m/min for 15 minutes for two weeks. The exercise training
intensity was determined by measuring blood lactate levels immediately after exercise using a lactometer
(Lactate Scout Company/Code: 37, Germany), with values above 6 mmol/L deemed high intensity (25).
The speed test was initiated with a 10 m/min warm-up that gradually increased (0.3 m/min) until
exhaustion (26). Ten two-minute work bouts were held daily at approximately 22 m/min, 29 ° slope,
interspersed by two-minute rest periods, �ve days per week for six weeks (27). The control and CGRP
inhibition groups were not trained during the experiment and were kept �xed on the conveyor for each
session to induce treadmill stress.

Cgrp Inhibition
A daily dose of 0.25 mg/kg CGRP antibody (BIBN4096BS - Merck Company, Germany) (28) was
administered intraperitoneally to inhibit CGRP. The injection was performed in the HIIT+CGRP inhibition 3
hours before performing the protocol. As the CGRP antibody was used intraperitoneally, we were unable
to control the inhibitor’s global effects on other tissues. To ensure CGRP inhibition, we evaluated CGRP
gene expression in the hippocampus tissue after the protocol concluded (Fig. 1.).

Sampling



Page 5/13

Forty-eight hours after the last training session, all four groups were anesthetized intraperitoneally with
ketamine (10 mg/kg) and xylazine (90 mg/kg), and hippocampus tissue was immediately removed and
frozen in liquid nitrogen (-80°C) for further measurements.

Extraction Protocol
cDNA synthesis and real-time PCR

The tissues were �rst dissected into tiny pieces and powdered in liquid nitrogen using a mortar and
pestle. Afterward, 10-20 mg of powdered tissue was added to 0.3 ml of RLT buffer. The mixture was then
thoroughly mixed with 0.59 ml RNase-free water and incubated for 10 minutes at 55°C in a dry bath.
Subsequently, the resulting mixture was centrifuged for 3 minutes at 12000 g in a refrigerated centrifuge
apparatus at 4°C. Thereafter, the supernatant was transferred to a tube devoid of RNase (1.5 ml).
Following that, 0.5 ml of RPE solution was added to the column, which was centrifuged at room
temperature for one minute at 12000 g to remove any remaining materials. The extracted RNA was then
used to initiate the cDNA synthesis stage. cDNA was created based on the purity of the extracted RNA
and the cDNA synthesis protocol. Real-time PCR including primary Denaturation in 95℃ and for 10
minutes ℃ in each PCR cycle in 95℃ for 15 s and regarding the primers annealing temperature, each
cycle was considered 30s (40 cycles). 18S was used as internal control and the expression rate of the
considered genes was measured with 2-ΔΔCT. Table 1 presents the primer sequences (29).

Table 1
Primers sequences employed for gene expression measurements using real-time PCR

Genes Forward primer (5´→3´) Reverse primer (5´→3´) PubMed
Accession

18S GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA 7MQ9_L1

mTORC2 GGTGGACGAGCTCTTTGTCA AGGAGCCCTAACACTCGGAT XM_032894667.1

VEGF GTCACCACCACACCACCATCGT CTCCTCTCCCTTCATGTCAGGCT XM_032900655.1

CGRP CTGGAG CAGGAGCAAGAGAG TGAGTCA CACAGGTGGCAGT NM_001101.3

Statistical Analysis
Data were expressed as mean and standard deviation (SPSS software, version 22). Shapiro-Wilk test was
used to determine the normality of data distribution, and one-way analysis of variance and Tukey’s post
hoc test were utilized to analyze the data. The signi�cance level was considered P ≤0.05.

Results
The effect of HIIT on VEGF and mTORC2 gene expression
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VEGF and mTORC2 expression levels were signi�cantly increased in the HIIT group compared to the
control group (P=0.002 and P=0.006, respectively). In contrast, the mTORC2 mRNA level in hippocampal
tissue was signi�cantly decreased in the CGRP inhibition group and HIIT+CGRP inhibition group
compared to the control group (P=0.001) (Fig. 2).

VEGF and mTORC2 expressions were signi�cantly increased in the HIIT group compared to the control
group (P=0.002 and P=0.006, respectively). On the contrary, the mTORC2 mRNA level in the hippocampal
tissue was decreased signi�cantly in the CGRP inhibition and HIIT+CGRP inhibition groups compared to
the control group (P=0.001) (Fig. 2).

The combined effect of HIIT and CGRP inhibition on VEGF and mTORC2 gene expression

VEGF level was signi�cantly higher in the HIIT+CGRP inhibition group than in the control group. There
was a signi�cant difference in mTORC2 between the HIIT+CGRP inhibition groups and the HIIT group
(P=0.001), with the mTORC2 being lower in the HIIT+CGRP inhibition group than in the HIIT group
(Fig. 3.).

Discussion
The current �ndings provide pioneering evidence in support of the fact that CGRP and high-intensity
interval training increase VEGF and mTORC2 mRNA levels in the hippocampus of healthy male rats.
Additionally, our research establishes that HIIT enhances cell proliferation, possibly via CGRP signaling.
Speci�cally, our �ndings indicate that 1) exercise training can enhance VEGF and mTORC2 expression in
brain tissue and 2) CGRP and mTORC2 may interact in the hippocampus.

Similar to the present study, Lu et al. measured the effect of eight weeks of intense exercise intervention
higher than lactate threshold on VEGF levels in the brain tissue of C57BL/6 rats (22). They discovered an
increase in VEGF mRNA levels. Lactate generated by muscles appears to enter the brain via MCT
(monocarboxylate transporters), where it ampli�es VEGF mRNA expression in brain tissue (22). In this
context, it has been demonstrated that CGRP secretion is directly associated with lactate generation and
linearly related to lactate release during hypoxic exercise. Given that CGRP is positively linked with VEGF
release, acute exercise may cause an increase in VEGF content by raising CGRP (30, 31). Rezaei and
Nourshahi’s experiments also revealed the usefulness of reducing the rate of brain stroke related to higher
VEGF levels in the brain tissue of male Wistar rats (32). When exposed to anoxia, high-intensity
intermittent exercise may decrease cerebral blood �ow, reduce oxygenation and delivery to the brain, and
considerably increase VEGF expression. This contributes to brain recovery following a stroke (10).
Increased blood-brain barrier permeability is another stimulus, as demonstrated in a study by Cotman et
al., where VEGF increased in the periphery crossed the blood-brain barrier and entered the brain, resulting
in an increasing effect of cerebral VEGF (33). The inverse response of exercise intensity to VEGF
expression (10) may be explained by the impact of high-intensity exercise on glucose uptake in the brain,
as high-intensity exercise reduces glucose uptake in the brain (9). Collectively, the current �ndings
demonstrate that part of the bene�cial interventional effects of intensive intermittent exercise might be
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attributed to increased angiogenesis and neurogenesis in the hippocampus of healthy male rats via
positive regulation of VEGF.

Despite this study’s increase in mTORC2 expression, certain mechanisms have been postulated to explain
why mTORC2 function improves during intense intermittent exercise. Growth factor signals trigger this
complex, and VEGF has been shown to activate several downstream pathways involved in angiogenesis,
including the PI3K-Akt/mTORC2 pathway (34). When growth factor signals activate mTORC2, the
increase in mTORC2 may be followed by an increase in VEGF due to intense activity. Additionally,
exercise increases AKT phosphorylation in Ser473 in the dentate gyrus of the hippocampus (30).
mTORC2 mediator has established the role of AKT ser473 phosphorylation (35). Therefore, mTORC2 may
be directly related to AKT. In sum, mTORC2 integrates growth signals via a variety of mechanisms that
regulate cell viability (36). The current work on CGRP inhibition and HIIT contradicts the studies by
Mitsuaka et al. (2018) (37) and Burkham’s (2019) (14), which revealed that CGRP was directly involved in
the production of VEGF by the endothelium because HIIT+CGRP inhibition on VEGF levels was
accompanied with VEGF increase. This inconsistency is most likely owing to the fact that VEGF is
produced by alternate routes, and it is expected that exercise-induced changes will be more pronounced
on these pathways. However, the decrease in mTORC2 expression appears to increase VEGF expression,
as Tian et al. (38) have shown. They demonstrated that CGRP inhibition had a negative effect on mTOR
signaling in brain tissues, while these changes in FoxO3a (Forkhead box O3) levels were quite the
opposite. Hence, the FoxO3a rise had a downtrend after CGRP injection. As a transcription factor, FoxO3a
is affected by mTORC2 (39), which may be relevant to the expression of FoxO3a-suppressed VEGF (40).
This is indeed not parallel with the present study �ndings. Interestingly, CGRP plays an important role in
eliminating apoptosis and autophagy by activating Akt/mTORC2 signaling, which indicates cell
proliferation and viability in brain tissue (39). In contrast to the increase in VEGF, it appears that the
current study’s absence of mTORC2 increase can be detected in several stress-sensitive regions of the
brain, including the hippocampus. As a result, forced treadmill running might be viewed as a source of
stress generation (41).

There have been no studies to date that examine the concurrent effect of HIIT and CGRP inhibition on
mTORC2 and VEGF levels in hippocampus tissue. However, this work demonstrated that inhibiting CGRP
alters mTORC2 expression, implying a mediating role for CGRP in the process of mTORC2 production.
Thus, in order to capture more precise cellular mechanisms, future research should include experimental
studies on animal species and tissue types. The study’s primary limitation was the time period between
animal sacri�ces, as VEGF and mTORC2 are time-dependent.

Conclusion
HIIT triggers an interactive set of growth factor signaling. Thus, six weeks of HIIT and inhibition of CGRP
may substantially affect the expression of VEGF and mTORC2 genes in the hippocampus tissue of male
Wistar rats. As such, CGRP can be assumed to be a signi�cantly positive factor in hippocampal tissue.
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Figure 1

CGRP gene expression comparison in hippocampus tissue across groups

** Signi�cant difference compared to control group (p <0.05).

Figure 2

VEGF gene expression comparison in hippocampus tissue across groups
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** Signi�cant difference compared to control group (P <0.05).

Figure 3

mTORC2 gene expression comparison in hippocampus tissue in study groups

** signi�cant difference compared to control group,*** signi�cant difference compared to HIIT group (P
<0.05).


