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Our group previously showed that 2-(-2-benzofuranyl)-2-imidazoline (2-BFI) is a potent neuroprotective agent 
in the treatment of ischemic stroke in rats. As its mode of action was not well defined, we determined if its 
therapeutic effect includes altering an immune response to experimental ischemic stroke in rats. In the current 
study, 2-BFI significantly reduced stroke-induced brain infarct volume and it also decreased neurological deficits. 
Its anti-immune effects were determined based on flow cytometry measurements of both the 2-BFI-induced 
changes in the Th17/ Treg cell balance ratio and ELISA measurements of proinflammatory IL-17A and anti-in-
flammatory IL-10 cytokine expression levels in the brain and peripheral blood following ischemic strokes. 2-BFI 
blunted the stroke-induced increases in this ratio, which resulted from suppression of the rises in the Th17 cell 
number whereas the proportion of Treg cells increased. Stroke also induced increases in IL-17A expression 
levels whereas the IL-10 expression levels declined. 2-BFI treatment inhibited the rises in IL-17A expression 
levels whereas the corresponding declines in IL-10 were suppressed by this agent. Therefore, one of the neuro-
protective effects of 2-BFI in the treatment of cerebral strokes stems from its suppression of rises in the Th17/ 
Treg balance along with corresponding changes in related cytokines modulating development of this condition.

1. Introduction
Acute ischemic stroke is one of the main causes of death and it is a 
risk factor that can result in chronic physical and cognitive disability. 
(Wu et al. 2019). Ischemic stroke resulting from obstruction of 
cerebral blood flow accounts for most of the cases of strokes. Even 
though it is known that neuro-inflammation is a contributing factor 
to its pathology, there is no effective treatment that selectively targets 
the acute immune response that develops in the brain during cerebral 
ischemia (Rayasam et al. 2018). Therefore, there is a pressing need 
to identify novel targets for reversing immune system activation 
induced by ischemic stroke. Such an undertaking benefits from the 
results of studies that identify agents which reduce ischemic stroke 
neurological deficits through suppressing neuro-inflammation. 
These studies provide the needed insight to develop effective and 
selective new drugs for treatment of ischemic stroke.
It is well-known that the immune system is active in response to 
ischemic stroke. The innate system and the adaptive system play 
key roles following ischemia. The innate system can be activated 
by damage-associated molecular patterns (DAMPs), which are 
released from the ischemic region. Damaged cells also release 
mediators that can increase inflammation and damage the integrity 
of the blood-brain barrier (BBB). If this occurs, inflammatory 
factors enter the peripheral circulation by permeating through the 
disrupted BBB and activate the adaptive immune system. During 
this phase, T cell and B cell mediate the inflammatory response 
through the release of various interleukins and proinflammatory 
cytokines. Accordingly, T cell infiltration across the BBB into the 
brain may contribute to the neuronal damage and activation of 
the repair process (Qin et al. 2020; Tsygan et al. 2019; Xie et al. 
2019). CD4+ T cells are divided into conventional helper T cells 
and regulatory T cells (Qin et al. 2020). Regulatory T cells (Tregs) 

express the forkhead/winged helix transcription factor (Foxp3), 
which makes up approximately 10% of the CD4+ T cells. Treg 
cells have important effects on the control of these autoreactive T 
cells and the maintenance of immune homeostasis through either 
contact-dependent suppression or the release of anti-inflammatory 
cytokines. Tregs also have key roles in the immune responses to 
infectious diseases, cancer, and transplantation tolerance (Göschl 
et al. 2019). Th17 cells express the master transcription factor 
retinoic acid-related orphan receptor γt (RORγt) and secrete inter-
leukin-17 (IL-17), tumor necrosis factor (TNF)-α and IL-6. These 
mediators play critical roles in the development of many autoim-
mune diseases and inflammatory conditions (Bellone et al. 2020). 
In previous studies, the Th17/Treg cell imbalance was identified as 
an important mechanism for initiating immune responses induced 
by the onset and progression of acute ischemic stroke (Dolati et al. 
2018; Hu et al. 2014; Zhang et al. 2014).
2-(2-Benzofu-ranyl)-2-imidazoline (2-BFI), a ligand of the type 2 
imidazoline receptor (I

2
R) was identified as a potently neuropro-

tective agent against ischemic damage in our previous studies (Han 
et al.2009, 2010, 2012, 2013). However, it was unknown whether 
or not 2-BFI reduces changes in the Th17/Treg imbalance induced 
by an acute ischemic stroke. To address this question, 2-BFI was 
administered to determine if it suppresses this balance in the brain 
and the peripheral blood induced by middle cerebral artery occlu-
sion (MCAO) in rats.

2. Investigations and results

2.1. 2-BFI protects the brain against MCAO
We performed 2,3,5-triphenyltetrazolium chloride (TTC) staining 
to measure the infarct volume 72 h after MCAO. As shown in Fig. 
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1A, no infarct area developed in the Sham group whereas infarcts 
appeared on the ipsilateral side in the MCAO group (p<0.01). The 
brain infarct volume expressed as a percentage of the whole brain 
volume was smaller in the 2-BFI group than in the MCAO group 
(p=0.028<0.05).
Neurological deficit scores were obtained to determine whether 
2-BFI treatment reduced the changes in the MCAO model. Neuro-
logical deficits were obvious and readily seen at 72 h after MCAO 
whereas they were absent in the Sham group (p<0.01). Compared 
with the MCAO group, 2-BFI significantly reduced neurological 
deficit scores (p=0.016<0.05) (Fig. 1B).

2.2. 2-BFI treatment reduces MCAO-induced changes in 
the Th17/Treg balance in the brain
Flow cytometry was performed to determine the effects of 2-BFI 
on the changes in the proportions of Th17 cells and Treg cells in 
the brain induced by MCAO. The results show that the proportion 
of Th17 cells significantly increased (p=0.049) while Treg cells 
significantly decreased (p=0.014), in the MCAO group compared 
with the Sham group. Compared with the MCAO group, the 
proportion of Th17 cells significantly decreased in the 2-BFI 
group (p=0.045), whereas the proportion of Treg cells significantly 
increased (p=0.0036) (Fig. 2A).
The results of ELISA showed that the IL-17A expression level 
increased (p=0.003) in the MCAO group, compared with the Sham 
group in the brain tissue. In contrast, the level of IL-10 signifi-
cantly decreased (p=0.0044). However, the level of IL-17A in the 
2-BFI group significantly decreased (p=0.032) and IL-10 signifi-
cantly increased (p=0.0026), compared with the MCAO group in 
the brain tissue. (Fig. 2B).

2.3. 2-BFI treatment suppresses MCAO-induced changes 
in Th17/Treg balance in the peripheral blood
To determine if the changes in the Th17/Treg balance induced by 
2-BFI following MCAO in the brain correspond to those in the 
peripheral blood circulation, flow cytometry was performed. As in 
the brain, the proportion of Th17 cells in peripheral blood of the 
MCAO group significantly increased (p = 0.0002), whereas Treg 
cells significantly decreased (p = 0.0038), compared with the Sham 
group. Similar to the effects of 2-BFI in the brain, the proportion 
of Th17 cells in peripheral blood of the 2-BFI group significantly 

decreased (p=0.0001), Treg cells significantly increased (p=0.026), 
compared with the MCAO group (Fig. 3A).
The results of ELISA showed that compared with the Sham group, 
the levels of IL-17A and IL-10 of the MCAO group significantly 
increased (p=0.0023) and significantly decreased (p=0.0001) in 
the peripheral blood. On the other hand, the levels of IL-17A of 
2-BFI group decreased significantly (p=0.0022) whereas IL-10 
in the 2-BFI group significantly increased in the peripheral blood 
(p=0.044), compared with the MCAO group (Fig. 3B).

3. Discussion
Characterization of changes in the Th17/Treg balance provides 
important insight into mechanisms modulating immune processes 
in ischemic stroke. Dolati et al. (2018) demonstrated that changes 
in the balance of the Th17/ Treg ratio affect immune responses 
underlying the pathogenesis of ischemic stroke. The increases in 
this ratio that occur in ischemic stroke patients are a consequence 
of increases in Th17 cells along with decreases in Treg cell. Li 
et al. (2013) described the changes of the Th17/Treg cells in the 
peripheral blood of atherosclerotic cerebral infarction patients and 
the impact of oxidized low-density lipoprotein (ox-LDL) on this 
ratio. This rise suggests this condition creates an imbalance of the 
Th17/Treg cells ratio and ox-LDL may contribute to this imbalance 
(Li et al. 2013). In the present study, we compared the changes in 
the proportions of Th17 and Tregs cells, and their related inflam-
matory mediator levels in both the brain and the peripheral blood 
of MCAO rats with those in the sham-operated control rats. The 
results indicate that the Th17 cell content increased whereas Treg 
cell content decreased in both the brain and peripheral blood of 
MCAO rats compared with the ratio in the sham-operated rats. 
This correspondence between their brain and blood levels suggests 
that stroke-induced disruption of the blood brain barrier integrity 
may enable activated immune cells in the brain to interchange with 
those in the peripheral circulation.
In our previous study, 2-BFI reduced the neurological deficit 
scores, promoted the recovery of limb function and inhibited apop-

Fig.1: 2-BFI treatment suppresses middle cerebral artery occlusion-induced neuro-
nal damage. Rats were subjected to 2-hour of MCAO followed by reperfu-
sion.2-BFI (3 mg/kg) was injected by i.p.at 0h, 22h, 46h after initiating reper-
fusion. (A) TTC measurement of the infarct volume was determined after 72 
hours of MCAO. (B) Graphical representation of changes in infarct volume. 
n=6. (C) Neurological deficits were assessed at 72 hours of MCAO. n=6. *, 
p<0.01, vs Sham; #, p<0.05, vs MCAO. Sham: vehicle-treated rats; MCAO: 
middle cerebral artery occlusion; 2-BFI: 2-(2-benzofuranyl)-2-imidazoline.

Fig.2: Effects of 2-BFI treatment on stroke-induced changes in Th17/Treg cell bal-
ance and IL-17A and IL-10 expression levels in the brain(A) Flow cytometry 
was performed to assess the proportion of Th17 cells and Treg cells in the 
brain. (B) ELISA determination of IL-17A and IL-10 expression levels in 
the brain. *, p<0.05 vs Sham; **, p<0.01 vs Sham; #, p<0.05 vs MCAO; ##, 
p<0.01 vs MCAO. Sham: vehicle-treated rats; MCAO: middle cerebral artery 
occlusion; 2-BFI: 2-(2-benzofuranyl)-2-imidazoline.
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tosis. Suppression of apoptosis was attributed to a decline in the 
expression of caspase-3 in ischemic brain tissue (Han et al. 2009). 
Furthermore, 2-BFI contributed to increased cell survival based on 
an increase in Bcl-2 gene expression following MCAO induced 
cerebral ischemia (Han et al. 2010). Additional support consistent 
with these beneficial effects is that 2-BFI reduced the infarct 
volume, and promoted angiogenesis (Han et al. 2012). 2-BFI also 
displayed a neuroprotective role by blocking NMDA receptor 
mediated intracellular calcium influx and calcium overload along 
with inhibiting glutamate excitotoxicity (Han et al. 2013). In this 
study, we found that 2-BFI reduced the infarct volume and reduced 
neurobehavioral deficits in MCAO rats. This study also showed 
that the number of Th17 cells in both peripheral blood and brain 
significantly declined whereas the number of Treg cells signifi-
cantly increased after the administration of 2-BFI in MCAO rats. 
These results suggest that the improved functional outcome after 
MCAO is mainly due to inhibiting the rises in the Th17/Treg ratio.
The appropriate expression of proinflammatory cytokines plays 
critical roles in maintaining the Th17/Treg balance. The increase 
in this balance is consistent with increases in IL-17A secretion 
by Th17 cells and a decline in IL-10 secretion by Treg that were 
identified in ischemic stroke patients and stroke animal models 
(Dolati et al. 2018; Hu et al. 2014; Zhang et al. 2014). IL-17A is 
mainly secreted by Th17 cells. It is one of key cytokines in inflam-
mation-associated diseases (Bunte et al. 2019). In an ischemic/
reperfusion model of cerebral infarction, the expressions of IL-17 
mRNA and protein were significantly increased on the first day 
after cerebral infarction, and the peak increase of IL-17 mRNA 
expression was reached on the third day after cerebral infarction, 
while the high level of its protein product was maintained until the 
sixth day (Zhang et al. 2014). The elevated IL-17 expression levels 
were significant post 1, 5, and 10 days in ischemic stroke patients 
compared with the control group (Dolati et al. 2018). Anti-in-
flammatory cytokine IL-10 secreted by Treg cells could provide 
neuroprotective effects (i.e. reduced infarct size) after ischemic 
stroke by inhibiting inflammatory responses (Zhang et al. 2016). 

However, the IL-10 expression levels were instead lower in isch-
emic stroke patients compared patients with no ischemic stroke 
(Hu et al. 2014). Furthermore, we found in the current study that 
the expression level of IL-17A in both the peripheral blood and 
the brain tissue markedly increased in the MCAO rats, but signifi-
cantly fell in the 2-BFI treatment group. In addition, the expression 
of IL-10 in both peripheral blood and brain tissue decreased by a 
large amount in MCAO rats, whereas 2-BFI treatment markedly 
attenuated this decline. These effects are in agreement with ELISA 
measurements showing that 2-BFI blunted the IL-17A expression 
levels and lessened the declines in IL-10 expression levels which 
contribute to the overall neuroprotective role of 2-BFI in the brain 
and peripheral blood of ischemic stroke rats.
The current study has some limitations. The dose of 2-BFI was 
only 3 mg/kg which is lower than the highest dose used in our 
previous study. In that case, a dose response study was performed. 
The 2-BFI dose ranged between 1.5 mg/kg and 6 mg/kg. With 3 
mg/kg, the number of TUNEL positive cells in the infarct area 
decreased. This result suggested that 3 mg/kg of 2-BFI had an 
adequate neuroprotective effect (Han et al. 2010). Secondly, the 
time of 2-BFI administration was only at 0 h after reperfusion (2 
h after MCAO), which is difficult to realize in the clinic. On the 
other hand, in our previous study, 2-BFI (3 mg/kg) was given at 
0, 1, 3, 5, 7, and 9 h after reperfusion. The results showed 2-BFI 
consistently at all of these time points decreased the infarct volume 
and the time of the largest decline infarct volume occurred at 0 h 
after reperfusion (Zhang et al. 2018). Thirdly, glial cells have been 
implicated in stroke immune regulation and exert both beneficial 
and detrimental effects during ischemic stroke (Xu et al. 2020). 
However, their involvement was not dealt with in this study.
Taken together, 2-BFI has a neuroprotective effect on acute isch-
emic stroke since it suppressed increases in the Th17/Treg balance. 
Accompanying these changes, the expression level changes in 
IL-17A and IL-10 corresponded with the effects of 2-BFI on Th17 
and Treg cell numbers. These results suggest that 2-BFI has the 
potential to be used to treat ischemic stroke in a clinical setting if 
its effects are first replicated in future studies using other experi-
mental models.

4. Experimental

4.1. Experimental animals and reagents
Sprague-Dawley rats (male, 3-4 months old, 250-300 g body weight) were obtained 
from Gempharmatech Bioscience Co., (Nanjing China). All animals were fed with 
food and water in the light dark cycle for 12 h a day. All experimental procedures 
followed the Guide for the Care and Use of Laboratory Animals of the China 
National Institutes of Health. All procedures were approved by the Animal Care and 
Use Committee of Wenzhou Medical University. Rats were randomly allocated to 
three different experimental groups: sham-operated group (Sham, n =18), MCAO 
only group (MCAO, n = 18), MCAO with 2-BFI group (2-BFI, n = 18). 2-BFI was 
purchased from Tocris (UK) and TTC staining solution (2,3,5-triphenyltetrazolium 
chloride) was obtained from Sigma Chemical Co., USA. IL-10 ELISA kit (Cat. No. 
70-EK3172/2) and IL-17A ELISA kit (Cat. No. 70-EK3102/2) was purchased from 
MultiSciences Biotech, Co., China. A primary antibody including FOXP3 Antibody, 
CD4 Antibody, IL-17A Antibody and IL-10 Antibody were purchased from ebiosci-
ence (USA).

4.2. Middle cerebral artery occlusion (MCAO) model
Rats were anesthetized with 10% chloral hydrate. Middle cerebral artery occlusion 
(MCAO) model was produced following the animal procedures for transient occlusion 
of the middle cerebral artery as previously described (Han et al. 2012). Briefly, the 
skin was cut about 2-3 cm in the middle of the neck, and the right common carotid 
artery, the external carotid artery, and internal carotid artery were blunt separated. A 
monofilament silicon-coated nylon suture was inserted from the right common carotid 
artery to the right internal carotid artery (The insertion depth of suture was from the 
18±0.5 mm at common carotid bifurcation) to occlude the right middle cerebral 
artery. After 120 min of occlusion, the thread was removed to allow for reperfusion. 
Sham-operated rats underwent an identical surgery except that the suture was not 
inserted. Immediately following the thread being removed to allow for reperfusion, 
rats were administered with 2-BFI at dose of 3 mg/kg at 0 h, 22 h, 46 h after reper-
fusion (2-BFI group) or injected with saline solution through i.p. (MCAO group).

4.3. Assessment of the neurological defi cit
The neurologic examination of the first time was performed when rats woke up after 
anesthesia. Animals with a neurological symptom score of 0 and 4 after MCAO 
were excluded. The last neurologic examination of the was performed at 24 h after 

Fig. 3: Effects of 2-BFI treatment on stroke-induced changes in Th17/Treg cell bal-
ance and IL-17A and IL-10 expression levels in the peripheral blood. (A) 
Flow cytometry was performed to assess the proportion of Th17 cells and 
Treg cells in the peripheral blood. (B) ELISA determined the IL-17A and IL-
10 expression levels in the peripheral blood. *, p<0.05 vs Sham; **, p<0.01 
vs Sham; #, p<0.05 vs MCAO; ##, p<0.01 vs MCAO. Sham: vehicle-treat-
ed rats; MCAO: middle cerebral artery occlusion; 2-BFI: 2-(2-benzofura-
nyl)-2-imidazoline.
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terminating 2-BFI injection (after 72 hours of MCAO). The neurologic deficit scores 
of rats were evaluated using the Zealonga five-point scale: 0 score: no symptoms of 
nerve damage; 1 score: unable to fully extend left front paw; 2 scores: circling to the 
left side; 3 scores-incline to the left side; 4 scores: unable to walk spontaneously with 
loss of consciousness.

4.4. 2,3,5-Triphenyltetrazolium chloride (TTC) staining
To evaluate the infarct volume in rat brain, 2,3,5-triphenyltetrazolium chloride (TTC) 
staining was performed. First, rats were anesthetized and euthanized three days after 
MCAO. Then the brains were removed, sectioned into five 2-mm-thick coronal slices, 
immersed into a 2% TTC solution and incubated for 30 min at 37 °C. Infarcted areas 
lacked typical brick-red staining in the normal brain tissue. These areas were quan-
tified with ImagePro Plus software (V6.0) (Media Cybernetics, Inc., USA). Infarct 
volume was calculated by multiplying the corrected area by the slice thickness and 
summing the volume.

4.5. Flow cytometry
Flow cytometry was used for the measurement of the proportion of Th17 and Treg 
cells in brain or peripheral blood of rats. After rats were anesthetized and euthanized, 
brain tissue was acquired by removing the cerebellum and the brainstem from the 
ischemic brain. The brain tissue was washed with normal saline, digested for 10 min 
with 0.25% trypsinase, centrifuged for 5 min at 1000 rpm; and diluted with PBS. 
A cell suspension (5×106/ml) was prepared for flow cytometry analysis. Blood 
samples were collected from the abdominal aorta. Peripheral blood mononuclear cells 
(PBMCs) were isolated and collected from blood samples (Dolati et al. 2018). For the 
analysis of flow cytometry, PBMCs were suspended at a density of 2.0×106 cells/ml in 
Roswell Park Memorial Institute (RPMI) 1640 Medium (Sigma, USA).
Before flow cytometry, 100 μl of the cell suspension was fixed with 4% paraformalde-
hyde for 30 min and treated with 0.1% Triton X-100 for 15 min at room temperature 
after centrifugation for 5 min at 1000 rpm. The cell suspension was resuspended in 
100 μl 10% BSA-PBS and stained with phycoerythrin (PE)-conjugated anti-CD4 
(Cat. No. 17-0040-80, ebioscience, San Diego, CA, USA), fluorescein isothiocyanate 
(FITC)-conjugated anti- FOXP3 (Cat. No. 53-5773-80, ebioscience, San Diego, CA, 
USA), fluorescein isothiocyanate (FITC)-conjugated anti- IL-17A (Cat. No. 17-4724-
42, ebioscience, San Diego, CA, USA), respectively. Stained cells were assessed by 
using NovoCyte Flow cytometer (ACEA Biosciences Inc., USA) with NovoExpress 
Software 1.2.5 (ACEA Biosciences Inc., USA) according to the manufacturer’s 
instructions.

4.6. ELISA
Three days after MCAO in each of these three groups, abdominal anesthesia was 
performed. The brain was extirpated and the cerebellum and the brain stem were 
removed. A single cell suspension of dispersed brain tissue was prepared (Campanella 
et al. 2002). Blood samples were collected from the abdominal aorta. ELISA was used 
to detect IL-10 and IL-17A expression levels. ELISA detection step was followed 
exactly as the manufacturer recommended. Briefly, 50 μl of samples were added to 
the ELISA plate and incubated for 2 h at room temperature. After washing, 50 μl of 
antibody conjugate was added to each well and incubated for 2 h, followed by the 
addition of 100 μl of substrate solution to each well. After 30 min of incubation at 
room temperature protected from light, 100 μl of stop solution was added to each 
well resulting in a color change from blue to yellow. Dual-wavelength detection was 
performed using a microplate reader to determine the maximum absorption wave-
length at 450 nm and the OD value at either a reference wavelength of 570 nm or 
630 nm.

4.7. Statistical analysis
All data were analyzed by SPSS 20.0 (SPSS Inc., Chicago, Illinois, USA). One-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test for making a 
comparison among multiple groups. Data is displayed as mean ± standard deviations 
(SD). p<0.05 represented statistically significant.
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