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Introduction

As a major cause of disability and death worldwide, stroke 
poses a great threat to human life. Depending on the site of 
damage, patients may experience a variety of sequelae, such 
as impaired motor, sensory, speech, and cognitive functions. 
Strokes are classified as ischemic and hemorrhagic, with 
ischemic being the majority [1]. Ischemic-hypoxic lesion 
necrosis occurs when cerebral blood vessels are obstructed 
and blood flow is significantly reduced resulting in inad-
equate oxygen supply [2]. The infarcted lesion consists of 
a central zone and a peripheral zone, which is the ischemic 
penumbra. Due to the presence of collateral circulation, the 
ischemic penumbra still receives part of the blood supply 
and the damaged nerve cells are in a reversible state [3]. 
Therefore, thrombolysis within 3 to 4.5 h after stroke can 
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Abstract
Background Repetitive transcranial magnetic stimulation (rTMS) exerts neuroprotective effects early in cerebral ischemia/
reperfusion (I/R) injury. Intermittent theta-brust stimulation (iTBS), a more time-efficient modality of rTMS, improves the 
efficiency without at least decreasing the efficacy of the therapy. iTBS elevates cortical excitability, and in recent years it 
has become increasingly common to apply iTBS to patients in the early post-IS period. However, little is known about the 
neuroprotective mechanisms of iTBS. Endoplasmic reticulum stress (ERS), and ferroptosis have been shown to be involved 
in the development of I/R injury. We aimed to investigate the potential regulatory mechanisms by which iTBS attenuates 
neurological injury after I/R in rats.
Methods Rats were randomly divided into three groups: sham-operated group, MCAO/R group, and MCAO/R + iTBS 
group, and were stimulated with iTBS 36 h after undergoing middle cerebral artery occlusion (MCAO) or sham-operated. 
The expression of ERS, ferroptosis, and apoptosis-related markers was subsequently detected by western blot assays. We 
also investigated the mechanism by which iTBS attenuates nerve injury after ischemic reperfusion in rats by using the modi-
fied Neurological Severity Score (mNSS) and the balance beam test to measure nerve function.
Results iTBS performed early in I/R injury attenuated the levels of ERS, ferroptosis, and apoptosis, and improved neurologi-
cal function, including mNSS and balance beam experiments. It is suggested that this mode of stimulation reduces the cost 
per treatment by several times without compromising the efficacy of the treatment and could be a practical and less costly 
intervention.

Keywords iTBS · ERS · Ferroptosis · Neurological injury · Ischemic stroke

Received: 17 October 2023 / Accepted: 11 January 2024
© The Author(s) 2024

Mechanisms of intermittent theta-burst stimulation attenuating 
nerve injury after ischemic reperfusion in rats through endoplasmic 
reticulum stress and ferroptosis

Xin-Ya Shen1 · Xing-Yu Zhang2 · Ping-Ping Han3 · Yi-Ning Zhao3 · Guo-Hui Xu4 · Xia Bi1

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-024-09241-x&domain=pdf&date_stamp=2024-2-15


Molecular Biology Reports

save the penumbra and effectively reverse tissue damage, 
and it is currently the main means of clinical treatment for 
ischemic stroke [4]. However, when ischemia and hypoxia 
are prolonged, the intracellular ion concentration balance is 
disrupted, calcium overload in neurons leads to the activa-
tion of multiple cell death pathways, and damaged neurons 
will not be salvaged. In addition, the restoration of blood 
supply may cause cerebral ischemia-reperfusion injury, 
which is associated with a variety of pathophysiological 
processes such as increased oxygen free radicals, intracel-
lular calcium overload, and over-activation of inflammatory 
responses [5]. The narrow time window for thrombolysis 
and reperfusion injury results in poor functional recovery in 
patients with ischemic stroke; therefore, there is an urgent 
need to explore therapeutic strategies for IS to improve the 
symptoms and prognosis of the patients, which not only 
improves the quality of life of the patients but also reduces 
the economic burden on the society [6].

Due to the abundance of easily peroxidized cholesterol 
and unsaturated fatty acids in neurons and glial cell mem-
branes, coupled with low levels of antioxidant enzymes in 
the brain, the ability to scavenge free radicals is low [7]. 
As a result, brain tissue is very susceptible to oxygen radi-
cal attack. The current study suggests that both endoplasmic 
reticulum stress (ERS) triggered by reactive oxygen species 
(ROS) and ferroptosis are involved in neurological damage 
after ischemic stroke. The endoplasmic reticulum (ER) is 
a central organelle involved in metabolic processes and is 
primarily responsible for protein synthesis and processing 
as well as maintaining intracellular calcium homeostasis. 
Aggregation of unfolded or misfolded proteins or an imbal-
ance in intracellular calcium homeostasis can trigger ERS, 
a self-protective mechanism.ERS maintains protein homeo-
stasis by triggering the unfolded protein response (UPR), 
which activates three stress sensors located in the endoplas-
mic reticulum membrane: serine/threonine-protein kinase/
endoribonuclease inositol-requiring enzyme 1 α (IRE1), the 
protein kinase R -like endoplasmic reticulum kinase (PERK) 
and transcription factor 6 (ATF6) [8]. Moderate ERS facili-
tates the restoration of intracellular homeostasis; however, 
when the cell fails to restore homeostasis, excessive ERS 
triggers cell death by activating autophagy and apoptosis 
[9]. Ferroptosis is the latest cell death pathway discovered 
in 2012, and iron overload, lipid peroxidation, and gluta-
thione peroxidase 4 (GPX4) inactivation are the three key 
elements that induce ferroptosis [10]. Brain tissue contains 
large amounts of iron, which plays an important role in the 
growth and development of the nervous system and is asso-
ciated with synaptic development, myelin sheath formation, 
neurotransmitter Synthesis, and oxidative metabolism of 
neuronal cells [11], and extremely small disruptions in iron 
homeostasis can significantly alter the function of the organ. 

Excess free iron (Fe2+) catalyzes lipid peroxidation after 
cerebral ischemia, along with reduced glutathione (GSH) 
levels [12], which promotes the onset of ferroptosis, leading 
to neuronal death [13].

Transcranial magnetic stimulation (TMS) is a painless 
and noninvasive magnetic stimulation technique that can 
produce clinical improvement in ischemic stroke [14, 15]. 
Repetitive Transcranial Magnetic Stimulation (rTMS) is a 
more commonly used clinical treatment [16]. As the name 
“rTMS” describes, it refers to the generation of more than 
two regular repetitive stimulation pulses at a time, and the 
magnetic signals can reach the cerebral cortex through the 
skin and skull without attenuation, causing changes in the 
membrane potential of cortical nerve cells [17]. Low-fre-
quency rTMS (LF-rTMS) with a frequency ≤ 1 Hz inhibits 
cortical function, while high-frequency rTMS (HF-rTMS) 
with a frequency > 1 Hz excites cortical function [18]. 
Recently, it has been shown that rTMS burst stimulation 
mode (TBS) has similar or even better efficacy than conven-
tional rTMS [19]. It combines multiple pulses into a single 
string stimulation, which largely shortens the treatment 
time compared to rTMS [19]. Two different stimulation 
modalities, intermittent theta-burst stimulation (iTBS) and 
continuous theta-burst stimulation (cTBS) produce oppo-
site effects. iTBS increases cortical excitability, whereas 
cTBS decreases cortical excitability [20]. However, it is not 
clear whether TBS can alleviate nerve damage by inhibiting 
ERS and ferroptosis. In the present study, we investigated 
the MCAO/R model in rats treated with iTBS ipsilateral to 
the lesion to assess the neuroprotective effects of iTBS by 
attenuating ERS and ferroptosis and to explore the potential 
value of iTBS application in reperfusion injury in ischemic 
stroke.

Methods

Experimental animals

All animal experiments were in accordance with the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals (promulgated by the National Research 
Council in 1996), and the protocols were approved by the 
Nursing Committee of the Institute of Laboratory Animal 
Research, Shanghai University of Traditional Chinese Med-
icine. Adult male Sprague-Dawley rats (weight 230–270 g, 
6–8 weeks old) were purchased from Shanghai SLRC Labo-
ratory Animal Co. The rats were housed under experimental 
conditions experiencing a 12-hour light and 12-hour dark 
cycle at a temperature of 22 ± 2 degrees Celsius, and were 
able to move freely with access to adequate food and water. 
After 7 days of acclimatization, the rats were randomly 
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divided into three groups: the sham-operated group, the 
MCAO group, and the MCAO + iTBS group. The experi-
menter who performed the final evaluation was unaware of 
any allocation in the mouse experiments.

Middle cerebral artery occlusion/reperfusion 
(MCAO/R)

Fasting was performed for 1 day before MCAO surgery and 
body weight was recorded before anesthesia. During surgery, 
rats were continuously anesthetized by 1.5% isoflurane, and 
body temperature was maintained by thermostatic pads. The 
rats were immobilized in the supine position, and the skin 
was incised by making a vertical incision along the mid-
dle of the clavicle after the neck was partially shaved. The 
left common carotid artery (CCA), internal carotid artery 
(ICA), and external carotid artery (ECA) were bluntly sepa-
rated with a cotton swab until the left common carotid artery 
(CCA), internal carotid artery (ICA), and external carotid 
artery (ECA) were fully exposed. A ligature was made distal 
to the left ECA and a slipknot was tied proximally. The CCA 
and ICA were clamped with small arterial clips. The left 
ECA was straightened, and a suitable nylon ligature (Ruihua 
Life Science and Technology Co., Ltd., China) was slowly 
inserted into the stump of the ECA and then passed through 
the CCA into the ICA. When the ligature was inserted for 
18–20 mm and resistance was felt, it indicated that the liga-
ture had reached the middle cerebral artery, and the purpose 
of occlusion of blood flow could be achieved. At this time, 
the reserved ligature wire was tightened to provide a fixa-
tion effect, and 30 ml of saline was injected intraperitoneally 
for rehydration after suturing layer by layer. After 90 min of 
middle cerebral artery occlusion, the nylon thread plug was 
pulled out for reperfusion. No nylon wire pins were inserted 
in the sham operation group, and all other operations were 
consistent with those in the MCAO group. After awaken-
ing from anesthesia, Longa scoring was performed, and 
rats with a score of 1–3 were included in the experiment. 
Animals with a score of 4 showed severe brain damage and 
were excluded from the experiment.

iTBS

The rats were randomized into three groups: the sham oper-
ation group, the MCAO/R group, and the MCAO/R + iTBS 
group. The operator was unaware of the grouping of the 
experiments. Rats in the MCAO/R + iTBS group were given 
a treatment regimen of iTBS 36 h after MCAO/R surgery 
[21]. The rats were stimulated twice a day for 7 consecutive 
days. Stimulation protocol: intensity 25%, intra-cluster fre-
quency 50 Hz, intra-cluster count 3, intra-cluster stimulation 
time 0.06 s, inter-cluster frequency 5 Hz, inter-from count 

10, stimulation time 2.00 s, intermittent time 8 s, repetitions 
20 times, total number of stimuli 600. The sham-operated 
and MCAO/R groups were given sham stimulation, i.e., the 
coil was placed 15 cm above the head of the rat, which was 
beyond the effective stimulation range.

Nissl and hematoxylin-eosin (HE) staining

Intact brain tissues were removed after rats were sacrificed, 
and then immersed in 4% paraformaldehyde and treated at 
4 °C for 48 h. Paraffin sections with a thickness of 4 µM were 
made, which were subsequently deparaffinized, hydrated, 
rinsed, and stained with cresyl violet, and then dehydrated 
with 95% ethanol for 5 min, 100% ethanol for 10 min, and 
xylene for 10 min, and the changes were observed with a 
light microscope. Alternatively, tissues were sectioned and 
then deparaffinized with xylene, rehydrated with gradient 
ethanol, and stained sequentially with HE to observe patho-
logical changes.

Western blot assays

Infarcted tissue from rat brain cortex was taken and washed 
repeatedly, lysis buffer and protease inhibitor were added, 
and the upper layer of the clear liquid was centrifuged to 
make the protein sample to be tested. Protein concentration 
was determined by the BCA method, and according to the 
results obtained, the sample concentration was adjusted to 
be consistent and boiled for 10 min to denature the protein 
sufficiently. Subsequently, the proteins were separated by 
SDS-PAGE, and the proteins on the gel were transferred to 
polyvinylidene difluoride (PVDF) membranes for immu-
noblotting. The PVDF membranes were closed at room 
temperature for 2 h to improve specificity and sensitivity. 
Finally, the membranes were incubated in antibody dilutions 
overnight at 4 °C. IRE1 (1:500 dilution, Abclonal, A17940), 
Phospho-IRE1 (1:500 dilution, Abclonal, AP0878), PERK 
(1:1000 dilution, Cell signaling, 5683 S). Phospho-PERK 
(1:1000 dilution, Cell signaling, 3179 S), ATF6 (1:1000 
dilution, Cell signaling, 65,880 S), GRP78 (1:1000 dilu-
tion, Abcam, ab21685), COX2 (1:1000 dilution, Cell sig-
naling, 12,282 S), GPX4 (1:1000 dilution, Cell signaling, 
59,735 S), CHOP (1:1000 dilution, Cell signaling, 2895 S), 
Bcl-2 (1:5000, Proteintech, 60178-1-Ig). Unbound pri-
mary antibody was washed three times with TBST buffer 
for 10 min each. The protein bands were then incubated 
with horseradish peroxide-labeled secondary antibody for 
1 h at room temperature, washed three times similarly, and 
detected with chemiluminescent reagents. Image obser-
vation using an EPSON imaging system (EPSON; V300, 
Japan). Densitometric analysis was performed using Alpha 
software (Alpha Innotech; alphaEaseFC, USA).
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analysis. Data were considered statistically significant when 
P < 0.05.

Results

iTBS attenuates ERS after cerebral ischemia-
reperfusion

We verified the effects of iTBS by examining the levels 
of IRE1, PERK, ATF6, and GRP78. Protein expression 
of IRE1, PERK, ATF6, and GRP78 was detected after 
MCAO/R as well as iTBS intervention. The results showed 
that MCAO/R rats had higher levels of IRE1, PERK, ATF6, 
and GRP78 compared to the sham-operated group, and the 
levels of IRE1, PERK, ATF6, and GRP78 were reduced 
in MCAO/R rats treated by iTBS (Fig. 1A-H). The above 
data suggest that neurologic deficits in MCAO/R rats are 
associated with ERS activation, and iTBS reversed ERS in 
MCAO/R rats.

iTBS attenuates ferroptosis cerebral ischemia-
reperfusion

We explored whether iTBS treatment had an effect on fer-
roptosis. GPX4 and COX2 levels associated with ferroptosis 
were assessed by protein blotting. After cerebral ischemia, 
ferroptosis was significantly upregulated in rats in the 
MCAO/R group, as evidenced by decreased GPX4 levels 
and increased COX2 levels. However, the MCAO/R + iTBS 
group showed the opposite trend to the MCAO/R group, 
exhibiting increased GPX4 levels and decreased COX2 lev-
els (Fig. 2A-D). The results indicated that iTBS treatment 
inhibited MCAO/R-induced ferroptosis.

iTBS attenuates neuronal cell apoptosis in rats after 
cerebral ischemia-reperfusion

After cerebral ischemic injury, the expression level of 
CHOP in rats of the MCAO/R group was increased, while 
the expression level of anti-apoptotic protein Bcl-2 was 
decreased. After treatment with iTBS, the level of CHOP 
was down-regulated, while the level of Bcl-2 was up-reg-
ulated (Fig. 3A-D). Consistently, Nissl staining showed 
increased neuronal cell apoptosis after MCAO/R and 
decreased neuronal cell apoptosis after iTBS treatment 
(Fig. 3E). In addition, HE staining also showed that the cells 
in the Sham group were neatly arranged with clear struc-
tures. cells in the MCAO/R group were irregularly arranged 
with blurred structures. Compared with the MCAO/R group, 
the pathological changes were significantly improved after 
iTBS treatment (Fig. 3F). It indicates that iTBS can alleviate 

Neurobehavioral assessment

Conducted 24 h after MCAO/R surgery and after 7 con-
secutive days of iTBS stimulation, the severity of neuro-
logical deficits in rats was determined by scoring all rats 
using the modified Neurological Severity Score (mNSS). 
mNSS range from 0 to 18 and are divided into motor, sen-
sory, and reflex components for testing. Among them, the 
motor includes muscle status and abnormal movement, and 
sensory includes vision, touch, and proprioception [22]. The 
higher the score, the more severe the neurological deficit. 
Rats with mNSS greater than 6 points for MCAO/R injury 
were included in the experiment.

Evaluation of neurological function

Motor coordination and balance of rats were evaluated by 
the balance beam test, performed after 7 days of continu-
ous stimulation with iTBS. The environment was ensured 
to be quiet and free of disturbance during training and test-
ing. Wooden boards with a width of 2 cm and a length of 
120 cm were fixed at each end to a support frame [23], so 
that they were kept horizontal and suspended 10 cm above 
the ground, and soft pads were provided under the balance 
beam to prevent the rats from falling and getting injured. 
Rats were trained to cross the balance beam every day for 
3 days prior to MCAO/R and were encouraged to continue 
walking by tapping their rumps when they stalled. Rats that 
failed to cross the balance beam were not included in the 
experiment. Tests were performed 1 h after MCAO/R by 
placing the rat at one end of the balance beam. The number 
of falls and postural adjustments were observed and scored 
as the rats walked. The scoring was as follows [23, 24]: 0, 
no ability to stand and fall from the balance beam; 1, no 
movement but could stay on the balance beam; 2, attempted 
to walk but would fall and could not pass through the bal-
ance beam; 3, walked through the balance beam with more 
than 50% of the total number of steps with foot slips; 4, 
walked through the balance beam with less than 50% of the 
total number of steps with foot slips; 5, successfully passed 
through the balance beam with only one-foot slip on the 
affected side; 6, Successfully passed the balance beam with-
out foot slip.

Statistical analysis

IBM SPSS Statistics 25 statistical software and GraphPad 
Prism 9.0 were used in the study. data from the sham-oper-
ated group, MCAO/R group, and MCAO/R + iTBS group 
were analyzed by one-way analysis of variance (ANOVA), 
followed by the Tukey multiple comparison as a post hoc 
comparison, and Mann-Whitney U test for nonparametric 
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Fig. 1 iTBS attenuated the occurrence 
of ERS after cerebral ischemia-reper-
fusion. (A-H) Representative protein 
blots of p-IRE1, IRE1, p-PERK, 
PERK, ATF6 and GRP78. Standardized 
to GAPDH. n = 6/group, **P < 0.01 vs. 
Sham group, ***P < 0.001 vs. Sham 
group, ns indicates no statistical signifi-
cance vs. Sham group, ###P < 0.001 vs. 
MCAO/R group. Data are expressed as 
mean ± standard deviation
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that the MCAO/R group without iTBS stimulation had indi-
vidual rats with mNSS of less than 6. This suggests that the 
rats have the ability to restore neurological function on their 
own. In conclusion, the neurological functions of rats were 
restored after iTBS treatment. In other words, iTBS was 
able to protect the neurological function after IS.

Discussion

The current clinical treatment of IS focuses on thrombolysis 
within 3 to 4.5 h, and if it is not treated within this time 
frame, then irreversible damage to brain function can occur. 
This is one of the reasons why IS patients have a poorer 
prognosis. In addition, thrombolysis has the potential to 
cause ischemia-reperfusion injury. This is because of cal-
cium overload in ischemic tissues after restoration of blood 
supply, as well as the high production of harmful oxygen 
free radicals. Finding treatment and rehabilitation for IS 
is always urgent and necessary. rTMS has been found to 
be neuroprotective and has become an important treatment 
nowadays. a randomized controlled trial in 2018 showed 
that the combined use of LF-rTMS and HF-rTMS or LF-
rTMS alone was effective in promoting motor recovery of 

apoptosis caused by continuous ERS after cerebral ischemia 
and has neuroprotective effects. The above data demon-
strated that iTBS treatment could attenuate neuronal apop-
tosis in MCAO/R injury.

iTBS attenuates neurological decline in rats after 
cerebral ischemia

We assessed the degree of neurological impairment by 
performing mNSS and balance beam experiments on rats 
after MCAO/R surgery [25]. It should be noted that all post-
MCAO rats had mNSS greater than 6 before iTBS was per-
formed to be included in the experiment. The results showed 
that the mNSS of post-MCAO/R rats were higher than those 
of the sham-operated group, and iTBS treatment was able to 
reduce the mNSS (Fig. 4A). It indicated that iTBS reduced 
the severity of neurological impairment in MCAO/R rats. 
In addition, the results of the balance beam test showed 
that MCAO/R decreased the rat’s score in the balance beam 
experiment, representing a decrease in motor coordination 
and balance, which was reversed by iTBS (Fig. 4B). It is 
noteworthy that the rats included in the experiment all had 
mNSS greater than 6 after MCAO surgery. However, scores 
again after 7 consecutive days of iTBS stimulation showed 

Fig. 2 iTBS attenuated the occurrence of fer-
roptosis after cerebral ischemia-reperfusion. 
(A-D) Quantification of GPX4 and COX2 
protein levels. GAPDH was used as an internal 
control. n = 6/group, *P < 0.05 vs. Sham group, 
***P < 0.001 vs. Sham group, ####P < 0.001 
vs. MCAO/R group. Data are expressed as 
mean ± standard deviation

 

1 3

  377  Page 6 of 12



Molecular Biology Reports

Fig. 3 iTBS attenuates neuronal cell apoptosis in rats after cerebral 
ischemia-reperfusion. (A-D) Representative plots of CHOP and Bcl-2 
protein bands. Standardized to GAPDH. n = 6/group, *P < 0.05 vs. 
Sham group, **P < 0.01 vs. Sham group, ***P < 0.001 vs. Sham group, 

###P < 0.001 vs. MCAO/R group. Data are expressed as mean ± stan-
dard deviation. (E) Nissl staining shows the appearance of apoptosis. 
(F) HE staining shows histopathologic changes

 

1 3

Page 7 of 12   377 



Molecular Biology Reports

ischemia-reperfusion through ERS and ferroptosis, and 
improve the motor coordination and balance ability of rats.

It is common in clinical practice to see patients who 
still have sequelae after undergoing thrombolytic therapy, 
including motor, sensory, speech, psychological, and cogni-
tive functions that are impaired to varying degrees. There-
fore, we used MCAO/R model rats to simulate reperfusion 
injury. The ipsilateral hemisphere of the rats was treated 
with iTBS twice a day for 7 consecutive days on the day 
following the MCAO surgery. The data demonstrated that 
iTBS was able to alleviate neurological injury in ischemia-
reperfusion rats, including rescuing neuronal apoptosis and 
neurological deficits. mNSS proved the improvement of 
neurological function, whereas balance beam experiments 
proved the improvement of motor and balance function in 
rats. Meanwhile, our study further showed that the neuro-
protective effects exerted were likely due to the attenuation 
of ERS and ferroptosis after ischemia-reperfusion injury. 
Three stress sensors located in the endoplasmic reticulum 
membrane, IRE1, PERK, and ATF6, as well as the chap-
erone protein GRP78, which is resident in the ER, are 
markers of ERS occurrence. It has been extensively demon-
strated that the UPR is triggered by ERS to maintain protein 
homeostasis, which activates three stress sensors located in 
the endoplasmic reticulum membrane: IRE1, PERK, and 
ATF6 [8]. ERS overactivation activates both autophagy and 
apoptosis, the two pathways of cell death, and triggers cell 
death. Among them, IRE1 mediates the phosphorylation of 
the anti-apoptotic B-cell lymphoma-2 (Bcl-2) by initiating 
one of the upstream regulatory components of autophagy, 
the JNK signaling pathway [32]. When Bcl-2 binds to the 
autophagy gene Beclin-1 and is in a state of equilibrium, 
moderate autophagy is able to protect neuronal cells and 
attenuate brain damage [33]. Bcl-2 phosphorylation leads 
to the dissociation of Beclin1/Bcl-2 and the up-regulation 
of the level of Beclin-1, which activates autophagy. Exces-
sive autophagy leads to neuronal cell death [34]. Activated 

the upper limb in stroke patients. Among them, the com-
bined use of LF-rTMS and HF-rTMS was more obvious 
for the improvement of motor function [26]. It is currently 
believed that the mechanism of action of rTMS is mainly 
related to the regulation of neural excitability. In addi-
tion, it also produces Long-term potentiation (LTP), which 
affects synaptic plasticity [27]. This process is accompa-
nied by changes in calcium-responsive signaling pathway 
responses, neurotransmitter release, brain-derived neuro-
trophic factor production, and gene activity [28].

iTBS is a new mode of rTMS, in which the time used 
for burst stimulation is shorter and the induced effect is 
more long-lasting compared to traditional rTMS. This new 
treatment mode shortens the treatment time and reduces 
the wear and tear of the instrument to a great extent [19]. 
IS patients may have dysfunctions in several aspects, and 
the brain regions governing these functions are different, 
and the accurate localization of the TMS coils to the cor-
responding brain functional regions is the key to exerting 
the therapeutic effect. When treating patients in the clinic, 
the localization cap combined with the functional response 
area localization method is mostly used to determine the 
site, and then the figure-of-eight coil is aligned with this 
precise site for stimulation. In the case of iTBS stimulation 
in rats, the coil is placed in the center of the head because 
the head is too small for precise positioning. Perhaps in the 
future, a more precise apparatus can be designed for ani-
mal experiments to improve the limitations of the experi-
ment. Several trials have demonstrated the effectiveness of 
iTBS in the treatment of stroke. First, it can improve the 
motor function of patients’ upper limbs [29]; second, it can 
also promote the recovery of gait and balance [30]; in addi-
tion, it can effectively improve swallowing function [31]. 
On this basis, the present study further explored the mecha-
nism by which the iTBS mode exerts neuroprotective effects 
and demonstrated that it could attenuate nerve injury after 

Fig. 4 iTBS attenuates neurological function decline 
in rats after cerebral ischemia-reperfusion (A) iTBS 
attenuates mNSS decline in rats after cerebral ischemia-
reperfusion. n = 6/group, ***P < 0.001 vs. Sham group, 
###P < 0.001 vs. MCAO/R group. (B) iTBS attenuated 
cerebral ischemia-reperfusion after increased rat balance 
beam test scores
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permeable transporter pore (mPTP) pore complex through 
the mitochondrial pathway [44, 45], or controls Ca2+ in a 
stable range to inhibit apoptosis through the endoplasmic 
reticulum pathway [46]. Sustained ERS can induce apop-
tosis due to the upregulation of CHOP expression by three 
stress sensors through different pathways. Subsequently, 
CHOP mediates endogenous apoptosis by inhibiting the 
expression of the anti-apoptotic protein Bcl-2. In addition 
to this, CHOP also triggers caspase-8-related cascade reac-
tions to mediate exogenous apoptosis [47]. Our study found 
that iTBS was able to down-regulate the level of CHOP and 
up-regulate the level of Bcl-2, attenuating neuronal apopto-
sis in rats after cerebral ischemia-reperfusion.

ERS and ferroptosis are undoubtedly involved in the 
development of injury after cerebral ischemia-reperfusion. 
Our work is basic and simple, aiming to preliminarily 
explore whether iTBS plays a neuroprotective role in IS and 
whether its mechanism is related to the inhibition of ERS 
and ferroptosis. It is well known that sustained activation of 
ERS induces apoptosis. This is because three stress sensors 
upregulate CHOP expression, which subsequently mediates 
apoptosis via endogenous or exogenous pathways. In other 
words, excessive ERS leads to apoptosis, and together with 
ferroptosis, there are already at least two cell death path-
ways involved in the process of ischemia-reperfusion injury. 
A recent study found that ferroptosis in diabetic myocar-
dial ischemia-reperfusion injury was caused by ERS [48]. 
However, whether there is an interaction between ERS and 
ferroptosis after cerebral ischemia-reperfusion has not been 
demonstrated. To validate such an idea would require the 
addition of an inhibitor or activator of ERS and then test-
ing the levels of ferroptosis markers. Similarly, our data can 
only suggest that iTBS ameliorated both ERS and ferropto-
sis, which in turn mitigated apoptosis as well as the decline 
in neurological function. Whether the beneficial effects of 
iTBS are due to the attenuation of ferroptosis as a result 
of inhibition of ERS still needs to be demonstrated subse-
quently, and the signaling pathways involved need to be fur-
ther investigated. Another cell death pathway, pyroptosis, 
has been shown to be inhibited by iTBS through the TLR4/
NFκB/NLRP3 signaling pathway [21]. Such results sug-
gest that perhaps there is an interactive relationship between 
apoptosis, pyroptosis, autophagy, and ferroptosis. iTBS 
inhibition of one cell death pathway can simultaneously 
inhibit other cell death pathways, the mechanism of action 
of which is very complex and still needs to be explored in 
depth.

The treatment time window and the risk of complications 
limit the outcome of IS patients, and it has become difficult 
to make a breakthrough with existing treatments. Currently, 
immune-mediated inflammatory response has become a 
therapeutic target of wide interest to researchers. Recent 

PERK induces the key transcription factor ATF4 via eIF2α 
phosphorylation, followed by activation of CHOP (C/EBP 
homologous protein) to regulate ATG5 or direct regulation 
of ATG12 to promote autophagy [35]. In addition, activa-
tion of ATF6 can similarly promote autophagy via CHOP 
[36]. Overall, three stress sensors, IRE1, PERK, and ATF6, 
are activated during ERS to upregulate multiple autophagy-
related genes. Excessive ERS not only increases autophagy 
but also induces apoptosis, which is associated with the 
activation of proteins CHOP and caspase-12 downstream 
of IRE1, PERK, and ATF6. Glucose-regulated protein 78 
(GRP78), which is homologous to heat shock protein 70 
(HSP70), is a chaperone protein resident in ER. GRP78 
promotes proper protein folding and assembly and induces 
UPR, which is one of the markers of ERS response [37]. 
The reduction in the levels of these markers, IRE1, PERK, 
ATF6, and GRP78, after intervention with iTBS, represents 
an attenuation of ERS. Such results provide a theoretical 
basis for the mechanism by which the iTBS model attenu-
ates reperfusion injury after ischemic stroke.

Activation of ferroptosis after cerebral ischemia is asso-
ciated with increased lipid peroxidation, ultimately leading 
to neuronal death [13]. Inhibition of ferroptosis reverses 
ischemic injury [38] and has great potential in the treatment 
of IS. The System Xc-GSH-GPX4 axis plays an inhibitory 
role in ferroptosis [39], and GPX4 is able to convert and 
detoxify cytotoxic lipid hydroperoxides (PLOOH) [40]. In 
other words, GPX4 upregulation inhibits ferroptosis, while 
GPX4 downregulation promotes ferroptosis. a 2014 article 
in Cell tested and analyzed a series of genes associated with 
ferroptosis and showed that PTGS2, a gene encoding cyclo-
oxygenase2 (COX2), was the gene that was upregulated the 
most after the onset of ferroptosis; however, inhibition of 
PTGS2 did not inhibit the onset of ferroptosis [41]. This 
suggests that COX-2 or PTGS2 can only be used as a marker 
for the onset of ferroptosis, but not as an effective target to 
inhibit ferroptosis. The increase in the level of GPX4 in the 
antioxidant system of iTBS-treated rats and the decrease in 
the level of PTGS2, a marker of ferroptosis, indicate that 
iTBS reduced the occurrence of ferroptosis.

A large number of cells in the ischemic penumbra 
undergo apoptosis after I/R injury, and the number of apop-
totic neurons is closely related to the magnitude of the final 
damage. We assessed apoptosis in cortical tissues by mea-
suring CHOP and Bcl-2 levels as a means of determining 
whether brain damage was attenuated. The Bcl-2 gene fam-
ily plays a large role in the regulation of apoptosis, with 
those that promote apoptosis referred to as pro-apoptotic 
proteins, and those that inhibit apoptosis referred to as anti-
apoptotic proteins [42, 43].Bcl-2 is an anti-apoptotic protein 
that regulates mitochondrial membrane potential (MMP) 
and the opening of the mitochondrial outer membrane 
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changes secondary to an injury that is not severe and does 
not damage a vital part of the brain. This explains why it is 
necessary to carry out simultaneous bilateral rehabilitation 
after stroke, and when applying TMS to post-stroke patients, 
in addition to stimulating the affected cerebral cortex, stim-
ulating the healthy cerebral cortex might likewise improve 
functional recovery. Our present work focused on ferrop-
tosis and apoptosis induced by ERS and did not examine 
immune cells as well as inflammatory factors. It is therefore 
not possible to speculate whether iTBS reduces cell death 
by having an effect on the immune system. The interaction 
between the immune system and the nervous system is also 
a target for us to carry out the next research.
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studies have confirmed that the inflammatory response and 
the intrinsic immunity of the central nervous system play 
a key regulatory role in overall pathogenesis, and macro-
phages and natural killer (NK) cells are the two main types 
of intrinsic immune cells. Macrophages are distributed in 
different tissues of the human body, and microglia, as mac-
rophages in the central nervous system (CNS), are the first 
and most important line of immune defense in the CNS 
involved in active defense and are a very central class of 
cell types in the CNS to maintain homeostasis and health. 
Microglia are cells in a dynamic process. On the one hand, 
in the whole life cycle of the organism, it will continue to 
survive and die but also be accompanied by newborn regen-
eration. A dynamic equilibrium is reached between the 
two to maintain a stable cell number. This process, called 
microglia turnover, is one of the central mechanisms for 
maintaining homeostasis. Microglia can be activated into 
two states, producing cytotoxic or neuroprotective effects, 
respectively. In the early stage of ischemic stroke, activated 
M2 microglia show neuroprotective effects on the brain by 
phagocytosis of neuronal fragments and secretion of vari-
ous trophic factors, which improve the long-term neuro 
prognosis after stroke, but overactivation may also exac-
erbate neuronal death, and microglia are gradually polar-
ized to the M1 type, which exerts neuroinjurious effects 
mainly through secretion of some proinflammatory factors. 
M2-type microglia can participate in post-stroke neuropro-
tective mechanisms and their derived exosomes protect the 
brain from ischemia-reperfusion injury [49]. In addition, 
extracellular vesicles derived from M2-type microglia can 
promote white matter repair after ischemic stroke in mice 
[50], which is key to the recovery of cognitive and neu-
rological functions after ischemic stroke. Modulating the 
activation state of macrophages using clinical drugs, gene 
modulation, or cell transplantation in an appropriate time 
window can improve the inflammatory environment and 
convert M1-type microglia to M2-type, which is an effec-
tive approach to treat the disease. iTBS has been shown 
to modulate the polarization of microglia and improve the 
motor function of mice with cerebral ischemia [21]. Natural 
killer (NK) cells are innate lymphocytes that can be rapidly 
mobilized in the early stages of the immune response, and 
NK cells in the bloodstream are rapidly summoned into the 
brain tissue, especially at the site of injury, within 30 min 
after stroke. nKG2A is an inhibitory receptor expressed on 
the surface of NK cells, and nKG2D is an activating recep-
tor, in which there is no significant ipsilateral and contralat-
eral expression of nKG2A The difference suggests that left 
basal ganglia infarction caused not only ipsilateral but also 
contralateral immune responses, thus showing that stroke is 
not a localized injury but an active whole-brain immunity. 
As a result, some patients have depression and cognitive 

1 3

  377  Page 10 of 12

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Molecular Biology Reports

signaling pathway in cerebral ischemic mice. J Neuroinflamma-
tion 19(1):141

22. Chen B et al (2022) Construction of a circRNA-miRNA-mRNA 
network revealed the potential mechanism of Buyang Huanwu 
Decoction in the treatment of cerebral ischemia. Biomed Pharma-
cother 145:112445

23. Zhang Y et al (2022) Piperine ameliorates ischemic stroke-
induced brain injury in rats by regulating the PI3K/AKT/mTOR 
pathway. J Ethnopharmacol 295:115309

24. Liu C et al (2022) EphA4 regulates white matter remyelination 
after ischemic stroke through Ephexin-1/RhoA/ROCK signaling 
pathway. Glia 70(10):1971–1991

25. Hong Y et al (2020) High-frequency repetitive transcranial mag-
netic stimulation improves functional recovery by inhibiting 
neurotoxic polarization of astrocytes in ischemic rats. J Neuroin-
flammation 17(1):150

26. Long H et al (2018) Effects of combining high- and low-fre-
quency repetitive transcranial magnetic stimulation on upper limb 
hemiparesis in the early phase of stroke. Restor Neurol Neurosci 
36(1):21–30

27. Cirillo G et al (2017) Neurobiological after-effects of non-inva-
sive brain stimulation. Brain Stimul 10(1):1–18

28. Cooke SF, Bliss TV (2006) Plasticity in the human central ner-
vous system. Brain 129(Pt 7):1659–1673

29. Zhang JJ, Bai Z, Fong KNK (2022) Priming intermittent Theta 
Burst Stimulation for Hemiparetic Upper Limb after Stroke: a 
Randomized Controlled Trial. Stroke 53(7):2171–2181

30. Koch G et al (2019) Effect of cerebellar stimulation on Gait and 
Balance Recovery in patients with Hemiparetic Stroke: a Ran-
domized Clinical Trial. JAMA Neurol 76(2):170–178

31. Rao J et al (2022) Bilateral cerebellar intermittent Theta Burst 
Stimulation Combined with swallowing Speech Therapy for Dys-
phagia after Stroke: a Randomized, Double-Blind, Sham-Con-
trolled, clinical trial. Neurorehabil Neural Repair 36(7):437–448

32. Zhang Y et al (2019) Caffeic acid reduces A53T α-synuclein by 
activating JNK/Bcl-2-mediated autophagy in vitro and improves 
behaviour and protects dopaminergic neurons in a mouse model 
of Parkinson’s disease. Pharmacol Res 150:104538

33. Pattingre S et al (2005) Bcl-2 antiapoptotic proteins inhibit beclin 
1-dependent autophagy. Cell 122(6):927–939

34. Lorin S et al (2010) Evidence for the interplay between JNK and 
p53-DRAM signalling pathways in the regulation of autophagy. 
Autophagy 6(1):153–154

35. B’Chir W et al (2013) The eIF2α/ATF4 pathway is essential for 
stress-induced autophagy gene expression. Nucleic Acids Res 
41(16):7683–7699

36. Hirsch I et al (2014) ERp29 deficiency affects sensitivity to 
apoptosis via impairment of the ATF6-CHOP pathway of stress 
response. Apoptosis 19(5):801–815

37. Lu G, Luo H, Zhu X (2020) Targeting the GRP78 pathway for 
Cancer Therapy. Front Med (Lausanne) 7:351

38. Tuo QZ et al (2017) Tau-mediated iron export prevents ferroptotic 
damage after ischemic stroke. Mol Psychiatry 22(11):1520–1530

39. Seibt TM, Proneth B (2019) Conrad, Role of GPX4 in ferrop-
tosis and its pharmacological implication. Free Radic Biol Med 
133:144–152

40. Lane DJR et al (2021) Ferroptosis and NRF2: an emerging bat-
tlefield in the neurodegeneration of Alzheimer’s disease. Essays 
Biochem 65(7):925–940

41. Yang WS et al (2014) Regulation of ferroptotic cancer cell death 
by GPX4. Cell 156(1–2):317–331

42. Ashkenazi A et al (2017) From basic apoptosis discoveries to 
advanced selective BCL-2 family inhibitors. Nat Rev Drug Dis-
cov 16(4):273–284

References

1. Ajoolabady A et al (2021) Targeting autophagy in ischemic 
stroke: from molecular mechanisms to clinical therapeutics. Phar-
macol Ther 225:107848

2. Zhu H et al (2022) Interleukins and ischemic stroke. Front Immu-
nol 13:828447

3. Hossmann KA (2012) The two pathophysiologies of focal brain 
ischemia: implications for translational stroke research. J Cereb 
Blood Flow Metab 32(7):1310–1316

4. Marmagkiolis K et al (2015) Safety and Efficacy of Stent retriev-
ers for the management of Acute Ischemic Stroke: Compre-
hensive Review and Meta-Analysis. JACC Cardiovasc Interv 
8(13):1758–1765

5. Cai J et al (2022) AMPK: the key to ischemia-reperfusion injury. 
J Cell Physiol 237(11):4079–4096

6. Stapf C, Mohr JP (2002) Ischemic stroke therapy. Annu Rev Med 
53:453–475

7. Saeed SA et al (2007) Some new prospects in the understanding 
of the molecular basis of the pathogenesis of stroke. Exp Brain 
Res 182(1):1–10

8. Smith JA (2020) STING, the endoplasmic reticulum, and Mito-
chondria: is three a crowd or a conversation? Front Immunol 
11:611347

9. Gupta R, Ambasta RK, Pravir K (2021) Autophagy and apoptosis 
cascade: which is more prominent in neuronal death? Cell Mol 
Life Sci 78(24):8001–8047

10. Jiang X, Stockwell BR, Conrad M (2021) Ferroptosis: mecha-
nisms, biology and role in disease. Nat Rev Mol Cell Biol 
22(4):266–282

11. Ferreira A, Neves P, Gozzelino R (2019) Multilevel impacts 
of Iron in the brain: the Cross talk between neurophysiological 
mechanisms, Cognition, and Social Behavior, vol 12. Pharmaceu-
ticals (Basel), 3

12. Yan HF et al (2021), ferroptosis: mechanisms and l. Signal Trans-
duct Target Ther 6(1):49

13. Cui Y et al (2021) ACSL4 exacerbates ischemic stroke by pro-
moting ferroptosis-induced brain injury and neuroinflammation. 
Brain Behav Immun 93:312–321

14. Iriarte IG, George MS (2018) Transcranial Magnetic Stimulation 
(TMS) in the Elderly. Curr Psychiatry Rep 20(1):6

15. Lefaucheur JP et al (2020) Evidence-based guidelines on the thera-
peutic use of repetitive transcranial magnetic stimulation (rTMS): 
an update (2014–2018). Clin Neurophysiol 131(2):474–528

16. Blumberger DM et al (2022) Effectiveness of Standard Sequen-
tial Bilateral Repetitive Transcranial Magnetic Stimulation vs 
Bilateral Theta Burst Stimulation in older adults with Depression: 
the FOUR-D Randomized Noninferiority Clinical Trial. JAMA 
Psychiatry 79(11):1065–1073

17. Klomjai W, Katz R, Lackmy-Vallée A (2015) Basic principles 
of transcranial magnetic stimulation (TMS) and repetitive TMS 
(rTMS). Ann Phys Rehabil Med 58(4):208–213

18. Fisicaro F et al (2019) Repetitive transcranial magnetic stimula-
tion in stroke rehabilitation: review of the current evidence and 
pitfalls. Ther Adv Neurol Disord 12:1756286419878317

19. Chung SW, Hoy KE, Fitzgerald PB (2015) Theta-burst stimula-
tion: a new form of TMS treatment for depression? Depress Anxi-
ety 32(3):182–192

20. Bai Z, Zhang J, Fong KNK (2022) Effects of transcranial mag-
netic stimulation in modulating cortical excitability in patients 
with stroke: a systematic review and meta-analysis. J Neuroeng 
Rehabil 19(1):24

21. Luo L et al (2022) Intermittent theta-burst stimulation improves 
motor function by inhibiting neuronal pyroptosis and regu-
lating microglial polarization via TLR4/NFκB/NLRP3 

1 3

Page 11 of 12   377 



Molecular Biology Reports

48. Li W et al (2020) Ferroptosis is involved in diabetes myocardial 
Ischemia/Reperfusion Injury through endoplasmic reticulum 
stress. DNA Cell Biol 39(2):210–225

49. Song Y et al (2019) M2 microglia-derived exosomes protect the 
mouse brain from ischemia-reperfusion injury via exosomal miR-
124. Theranostics 9(10):2910–2923

50. Li Y et al (2022) M2 microglia-derived extracellular vesicles pro-
mote white matter repair and functional recovery via miR-23a-5p 
after cerebral ischemia in mice. Theranostics 12(7):3553–3573

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations. 

43. Czabotar PE et al (2014) Control of apoptosis by the BCL-2 pro-
tein family: implications for physiology and therapy. Nat Rev 
Mol Cell Biol 15(1):49–63

44. Alarifi S et al (2017) Regulation of apoptosis through bcl-2/bax 
proteins expression and DNA damage by nano-sized gadolinium 
oxide. Int J Nanomedicine 12:4541–4551

45. Liu J et al (2018) Piperlongumine restores the balance of 
autophagy and apoptosis by increasing BCL2 phosphoryla-
tion in rotenone-induced Parkinson disease models. Autophagy 
14(5):845–861

46. Rosa N et al (2022) Bcl-xL acts as an inhibitor of IP(3)R chan-
nels, thereby antagonizing ca(2+)-driven apoptosis. Cell Death 
Differ 29(4):788–805

47. Hu H et al (2018) The C/EBP homologous protein (CHOP) tran-
scription factor functions in endoplasmic reticulum stress-Induced 
apoptosis and microbial infection. Front Immunol 9:3083

1 3

  377  Page 12 of 12


	Mechanisms of intermittent theta-burst stimulation attenuating nerve injury after ischemic reperfusion in rats through endoplasmic reticulum stress and ferroptosis
	Abstract
	Introduction
	Methods
	Experimental animals
	Middle cerebral artery occlusion/reperfusion (MCAO/R)
	iTBS
	Nissl and hematoxylin-eosin (HE) staining
	Western blot assays
	Neurobehavioral assessment
	Evaluation of neurological function
	Statistical analysis

	Results
	iTBS attenuates ERS after cerebral ischemia-reperfusion
	iTBS attenuates ferroptosis cerebral ischemia-reperfusion
	iTBS attenuates neuronal cell apoptosis in rats after cerebral ischemia-reperfusion
	iTBS attenuates neurological decline in rats after cerebral ischemia

	Discussion
	References


