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Abstract
Mitochondrial abnormalities accelerate the progression of ischemic brain damage. Sirtuin 3 (SIRT3) is mainly found in 
mitochondria and affects almost all major aspects of mitochondrial function. Luteolin, a flavonoid with diverse biological 
properties, including antioxidant activity, inhibition of cell apoptosis and regulation of autophagy. It also modulates the activ-
ity of AMP activated kinase and/or sirtuin 1 (SIRT 1) by regulating the expression of sirtuins. We investigated the protective 
effects of luteolin on cerebral ischemia-reperfusion. It was found through experiments that luteolin reduced the infarcted 
area of MCAO rat model, and based on the experimental results, it was inferred that luteolin affected the AMPK, mTOR and 
SIRT3 pathways, thereby protecting brain cells. As expected, we found that luteolin can reduce the neurological function 
score, the degree of cerebral edema, the cerebral infarction volume, alleviate morphological changes in the cortex and hip-
pocampus, increase neuron survival and decrease the number of apoptotic neurons. At the same time, luteolin significantly 
reduced the number of GFAP and Iba-1 positive glial cells in the hippocampus while enhanced the scavenging of oxygen 
free radicals and the activity of SOD in mitochondria. Addtionally, it can also enhance antioxidant capacity via the reversal 
of mitochondrial swelling and the mitochondrial transmembrane potential. Moreover, luteolin can increase SIRT3-targeted 
expression in mitochondria, decrease the phosphorylation of AMPK, and increase phosphor-mTOR (p-mTOR) levels, which 
may have occurred specifically through activation of the SIRT3/AMPK/mTOR pathway. We speculate that luteolin reduces 
the pathological progression of CIRI by increasing SIRT3 expression and enhancing mitochondrial function. Therefore, the 
results indicate that luteolin can increase the transduction of SIRT3, providing a potential mechanism for neuroprotective 
effects in patients with cerebral ischemia.
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Introduction

Modern research has shown that the pathogenesis of cer-
ebral ischemia-reperfusion injury (CIRI) is caused by mul-
tiple factors. Its pathogenesis involves cell failure caused 
by energy metabolism, excitatory amino acid toxicity, free 
radical damage, calcium overload, nerve cell apoptosis and 

inflammatory molecule release [1, 2]. However, the exact 
molecular mechanism underlying ischemic neuronal injury 
has not been fully elucidated.

Mitochondria are the “engine” of cells and the key orga-
nelles involved in intracellular energy production, and they 
are known as the “power plant” of the cell [3]. Mitochon-
drial dysfunction may lead to ROS production and irrevers-
ible damage to proteins, lipids and DNA structures [4]. At 
the same time, the mitochondrial oxidative stress process 
causes severe destruction of the cytoskeleton, interferes 
with cell energy metabolism, and participates in a series 
of pathophysiological processes that include microcir-
culatory disorders, vascular endothelial cell damage and 
blood-brain barrier destruction. Neurons are particularly 
sensitive to mitochondrial dysfunction, and increased ROS 
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concentration promotes cell death and protein deposition 
and thus accelerates the apoptosis of neurons in brain tissue. 
Therefore, mitochondrial dysfunction is considered to be one 
of the hallmarks of neuronal death induced by CIRI. Main-
taining mitochondrial function is key to promoting neuronal 
survival and neurological function [5].

SIRT3 is a nicotinamide adenine dinucleotide-dependent 
histone/nonhistone deacetylase [6]. It is the basic deacety-
lase in mitochondria, and 65% of mitochondrial proteins 
contain acetyllysine, suggesting that SIRT3 plays an impor-
tant role in molecular modification [7]. SIRT3 can maintain 
the intracellular homeostasis balance and plays a crucial part 
in mitochondrial oxidative metabolism, energy metabolism, 
signal regulation and apoptosis. Its abnormal function can 
cause mitochondrial metabolic disorders, cell damage, and 
even lead to apoptosis [8]. In addition, SIRT3 repairs or 
clears damaged mitochondria by regulating mitochondrial 
dynamics and mitochondrial autophagy, thus maintaining 
the stability and quality of mitochondria [9]. When cells are 
under stress, the long-chain form of SIRT3 is processed by 
the matrix, and the peptidase MPP hydrolyzes the N-termi-
nal mitochondrial targeting sequence, which generates the 
enzyme-catalyzed short-chain form of SIRT3 that can enter 
the mitochondria to perform its function [10].

Recently, it was found that knockout of the SIRT3 gene 
significantly inhibited AMPK activation mediated by a 
grape-derived antioxidant [11]. This was due to the fact 
that SIRT3 can deacetylate and activate LKB1 (liver kinase 
B1), and active LKB1 can phosphorylate AMPK to activate 
AMPK [12]. SIRT3 can act as a “bridge” between AMPK 
and LKB1 and increase the phosphorylation of AMPK-
Thr172 by promoting binding between AMPK and LKB1 
[13, 14]. AMPK mainly regulates catabolism, while mTOR 
mainly affects biosynthesis, both of which play an important 
role in regulating the balance of cell metabolism. In addition, 
AMPK is an important regulatory factor for autophagy and 
plays a positive role in autophagy by acting on the mTOR 
and ULK1 complexes. These findings suggest that SIRT3 is 
a regulatory factor of mitochondrial autophagy. It has been 
suggested that the key function of SIRT3 is to regulate the 
activity of the AMPK/mTOR signaling pathway and that 
increased SIRT3 can activate AMPK [15]. Moreover, SIRT3 
can regulate the activity of AMPK and mTOR by inducing 
the expression of the AMPK regulatory subunit [16]. These 
results suggested that SIRT3 may be involved in the regula-
tion of AMPK and the mTOR signaling pathway.

The flavonoid luteolin (3′,4′,5,7-tetrahydroxyflavone; 
Fig. 1a) is abundant in pepper, celery, broccoli, thyme, and 
chamomile tea and has been shown to enter the brain, where 
it has significant neuroprotective effect [17]. It has been 
proven that luteolin can reduce oxidative stress, has anti-
inflammatory and antiallergy effects, and can inhibit apop-
tosis and reduce neuronal damage [18, 19]. It can regulate 

mitochondrial function and promote autophagy and has 
significant neuroprotective effects in Alzheimer’s disease, 
cerebral ischemia injury, epilepsy and Parkinson’s disease 
[20–23]. This study was first to demonstrate that luteolin 
has an effect on the expression of SIRT3 after CIRI and has 
neuroprotective effects. Although other studies have shown 
that SIRT3 has neuroprotective effects in Alzheimer’s dis-
ease and ischemic cell models as well as oxidative stress 
neuronal models, most of them have focused on changes 
in SIRT3 after CIRI, and the role of drugs in increasing 
the expression of SIRT3 and their effects on mitochondrial 
protection mechanisms are not completely clear. Therefore, 
it is significant to investigate the expression of luteolin-
activated SIRT3 and its effects on the downstream AMPK/

Fig. 1   The neuroprotective effects of luteolin on cerebral I/R in rats. 
a The basic structure of luteolin. b A five-point scoring system was 
used to evaluate neurological deficits after reperfusion. c Changes in 
body weight in rats after reperfusion. The results are expressed as the 
mean ± standard deviation (SD). ##P < 0.01, I/R vs the sham group; 
**P < 0.01, vs the I/R group.
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mTOR pathway in inhibiting neuritis, apoptosis and oxida-
tive stress and promoting nerve regeneration after CIRI. This 
investigation may provide a new strategy for the treatment 
of cerebral ischemia-reperfusion injury.

Materials and Methods

Drug

Luteolin with a purity of > 98% was purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). The luteolin was dis-
solved in sodium hydrogen carbonate and adjusted to a pH 
value of 7.0, and the final concentration of the luteolin solu-
tion was 3.75 mg/ml. After the CIRI model was generated, 
the rats were subjected to luteolin intraperitoneal injection 
(15, 30, or 60 mg/kg) for 3 days. The activator (50 mg/kg 
resveratrol) was dissolved in normal saline and then admin-
istered via gavage.

Animals

Eighteen-month-old adult Male and female Sprague-Dawley 
rats (weighing 250-300 g) were purchased from the animal 
center of Liaoning Changsheng biotechnology co., Ltd. (cer-
tificate number: SCXK, (Liao) 2015-0001). The temperature 
of the feeding environment was controlled at 21 ± 1 °C, the 
relative humidity was 60 ± 10%, and the day/night cycle was 
maintained at 12 h/12 h. The rats had free access to a stand-
ard rodent pelleted diet and water ad libitum. All procedures 
conformed to the guidelines of the Ethics Committee of Jilin 
University. All animals were acclimatized for at least 1 week 
prior to the treatments.

Rat Model of Focal Cerebral Ischemia

Based on the method used by Longa et al, an animal model 
of focal cerebral ischemia was established. A solution of 
10% chloral hydrate was intraperitoneally injected into the 
rats (350 mg·kg-1). The rats were supine, fixed, and the skin 
was cut on the front of the neck. The common carotid artery 
(CCA) and vagus nerve were separated, and the CCA was 
threaded alternately; the intracranial (ICA) and extracranial 
(ECA) arteries were directly separated and threaded for use. 
The upper thyroid artery and the occipital artery separated 
by the ECA were burned with a coagulator; the ECA proxi-
mal and distal ends were ligated, and the ECA was cut in 
the middle. The pterygopalatine artery (PA) was ligated, and 
the thin threads in the CCA and the ICA were tightened to 
block the blood flow; a small opening was cut in the ECA 
near the CCA bifurcation, and the plug was threaded through 
the small opening in the ICA and slowly advanced forward 
until resistance was encountered. The insertion depth of the 

thread plug was approximately (18.0 ± 0.5) mm. After the 
plug was successfully inserted, the thread plug end was left 
at approximately 1 cm, and the ligature in the ECA was cut 
and the thin thread in the CCA was loosened. It was noted 
whether there was bleeding, and the thin thread plug in the 
CCA and the ICA were removed; the skin was sutured and 
penicillin sodium solution was injected into the incision to 
prevent infection. Attention was given intraoperatively and 
postoperatively to animal warmth and the maintenance of 
anal temperature (37.0 ± 0.5 °C) and room temperature (26 
± 1 °C). After 1.5 h of ischemia, the suture was removed, 
the thread plug was slowly pulled out for the purposes of 
ischemia-reperfusion, and the skin was sutured. In the sham 
operation group, the CCA, the ICA and the ECA were only 
separated and no thread plug was inserted. Based on the 
five-point scale used by Longa et al. [24], the rats were suc-
cessfully divided into groups based on neurological deficit 
scores from 0 to 3. Rats that died within a few hours and 
those that had a thread plug that was deeply inserted under 
the subarachnoid hemorrhage were excluded.

Grouping and Administration

To confirm the effects of luteolin on I/R-induced rats, the 
animals were randomly divided into six groups (n = 15 for 
each group): (1) the sham group: in which the rats underwent 
the same surgical procedures as rats in the I/R group with-
out filament insertion and received the vehicle; (2) the I/R 
group, in which the rats were subjected to 1.5 h of ischemia 
and injected with sodium hydrogen carbonate of the same 
volume; (3) the resveratrol group, in which 50 mg/kg of 
resveratrol [25] was gavaged. (4) the I/R + low-dose luteo-
lin group, in which luteolin was injected intraperitoneally 
in rats at a dosage of 15 mg/kg after 1.5 h of ischemia; (5) 
the I/R + intermediate-dose luteolin group, in which luteo-
lin (30 mg/kg) was injected intraperitoneally after 1.5 h of 
ischemia; (6) the I/R + high-dose luteolin group, in which 
luteolin (60 mg/kg) was injected intraperitoneally after 1.5 h 
of ischemia. The dose of luteolin used in this study is based 
on the study of luteolin on neuroprotection in a model of 
middle cerebral artery occlusion [26]. All experimental 
groups were dosed once a day for three consecutive days. 
In order to accurately reflect the proliferation of cells, we 
intraperitoneally injected 50 mg/kg of 5-bromo-2-deoxy-
uridine (BrdU, Sigma-Aldrich, USA) daily to rats 5 days 
before CIRI.

Measurement of Neurological Outcomes

After ischemia for 1.5 h and reperfusion for 3 days, neuro-
logical deficits were evaluated according to Longa et al. five-
point scoring system. Briefly, rats with normal walking or 
with no neurological deficits scored 0; if the forepaws were 
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not fully extended and there were mild focal neurological 
deficits the score was 1; if there were contralateral rotation 
and moderate focal neurological deficits the score was 2; 
if deficits extended to the contralateral side or there were 
severe focal neurological deficits the score was three points. 
If the rat was immobile or had a low level of consciousness, 
the score was four points. The neurological deficit score was 
determined by a researcher who was blinded to the treatment 
the animal received. Zero and four points of animals were 
excluded, and one-three points of rats were included in the 
statistical standard. After modeling, 12 rats died, includ-
ing one in the sham group, two in the I/R group , two in 
the resveratrol group, two in the I/R + low-dose luteolin 
group, three in the I/R + intermediate-dose luteolin group 
and two in the I/R + high-dose luteolin group. To ensure the 
same number of animals in each group, we filled the cor-
responding MCAO model in subsequent experiments. The 
data of 15 rats in each group were averaged and expressed by 
mean ± standard deviation, and compared with six groups.

Brain Tissue Preparation

After nerve function was measured, 15 rats in each group 
were anesthetized and sacrificed. All experimental animals 
were sacrificed and taken three days after administration. 
Five rats in each group were subjected to hematoxylin and 
eosin (HE) staining, immunofluorescence staining and apop-
tosis measurement. The rats were perfused with 4% para-
formaldehyde and fixed at 4 °C for 24 h. Adjacent 10 μm 
coronal paraffin sections were collected at the ipsilateral 
thalamic level. Three rats were tested for cerebral edema, 
and three were tested for TTC. The hippocampus and cortex 
of four rats were frozen in liquid nitrogen and then stored at 
−80 °C for PCR and Western blot.

Measurement of Brain Edema

After CIRI, the rats were sacrificed, and the head was decap-
itated. The left brain tissue was isolated, weighed, and oven-
dried until a constant weight was reached. The water content 
of the brain tissue was measured by the wet and dry weight 
method. The brain tissue water content was calculated as 
follows: brain tissue water content (%) = [(wet weight−dry 
weight)/wet weight] × 100%

Assessment of the Cerebral Infarct Size

2,3,5-Triphenyltetrazolium chloride (TTC, Lot: T8877; Sigma-
Aldrich, USA) staining was performed to determine the cer-
ebral infarct size. Rats in each group were randomly selected 
for TTC staining. After anesthesia, the olfactory bulb, frontal 
bone, cerebellum and lower brain stem were removed. The 
rats were immersed in normal saline and placed in a −20 °C 

refrigerator for 20 min. Coronal sections were removed, and 
the thickness of each slice was approximately 4 mm. A total 
of three slices were incubated in 2% TTC solution for 30 min 
(37 °C, without light) and soaked in 10% neutral formalin solu-
tion for 24 h. The analysis software Image Pro-Plus 6.0 was 
used to calculate the area of each cerebral infarction, which 
was multiplied by the thickness to obtain the infarct volume 
for each rat and calculate the percentage of the cerebral infarc-
tion volume [27].

The percentage of corrected infarct volume was calculated 
by using the following equation: percentage of corrected 
infarct volume = [contralateral hemisphere area−(ipsilateral 
hemisphere area measured infarct area contralateral hemi-
sphere area)]/% × 100.

H&E Staining and Immunofluorescence Staining

The brain tissue was sectioned in paraffin and placed in a 
65 °C oven for 30 min. Paraffin Section were dewaxed with 
xylene and placed in a gradient ethanol to hydrate. The tis-
sues were placed in hematoxylin staining solution for 2 min, 
rinsed for 5 min in running water, differentiated, stained and 
dehydrated. Then, the neutral resin was sealed and ventilated, 
and the changes in neurons in the cortex and hippocampal CA1 
area were observed under a microscope.

Paraffin sections were routinely dewaxed, washed three 
times with PBS, microwaved for repair three times, and 
washed with PBS three more times. The blocking solution 
was added and the sections were incubated at room tempera-
ture for 30 min, after which anti-BrdU (1:100 dilution), anti-
DCX, anti-GFAP (1:1000 dilution; Abcam, Cambridge, UK), 
and anti-Iba-1 (1:1000 dilution; Abcam, Cambridge, UK) 
were added, and sections incubated overnight in a refrigerator 
at 4 °C. The wet box was removed from the refrigerator and 
rewarmed for 20 min, and sections were washed in PBS three 
times. FITC/TRITC fluorescent secondary antibody (mouse 
anti-rabbit, 1:200 [Santa Cruz Biotechnology, CA, USA] or 
rabbit anti-goat, 1:200 [Santa Cruz Biotechnology, CA, USA]; 
50 μL/tablet) was added, and sections were incubated in the 
dark for 30 min and washed with PBS three times. DAPI was 
added to stain the nucleus, and sections were sealed and incu-
bated at room temperature for 5 min and washed with PBS 
three times. Sections were then sealed and subject to laser 
scanning confocal microscopy. Then, Image-Pro Plus six 
image analysis software was used to the count BrdU+/DCX+ 
positive cells and the Iba-1/GFAP positive cells via laser scan-
ning confocal microscopy.
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The Degree of Mitochondrial Swelling, 
the Mitochondrial Membrane Potential, 
the Mitochondrial Reactive Oxygen Species (ROS) 
and the Manganese Superoxide Dismutase (SOD) 
Activity were Measured

The mitochondrial ROS, SOD activity and membrane poten-
tial were measured according to the instructions that were 
included with the kit (Jiancheng Bioengineering Institute, 
Nanjing, JS, China). The degree of mitochondrial swelling 
was determined by adding 200 μl of mitochondrial swell-
ing response buffer and the proper amount of mitochondrial 
heavy suspension into a 96-well plate; the mitochondrial 
concentration was 0.25 μg/μl, and 1 μl of 0.05 M CaCl2 was 
added. After blending, the change in absorbance at 520 nm 
at 25 ℃ was recorded.

Apoptosis Experiment

The prepared paraffin sections were subjected to TUNEL 
staining to detect apoptosis in the brain tissue from each 
group. The method was carried out according to the instruc-
tions included with the TUNEL assay kit (Roche Molecular 
Biochemicals, Inc., Mannheim, Germany). Each paraffin 
section was incubated in a bead bath at 60 °C and treated 
with transparent xylene and an alcohol gradient. The section 
was then incubated with proteinase K at 37 °C for 30 min 
and washed with phosphate-buffered solution (PBS) three 
times, after which 50 μl of TUNEL reaction solution was 
added. DAPI dye solution was added to cover the tissue at 
room temperature for 15 min, and sections were rinsed three 
times and sealed with a water-soluble tablet. Five patholo-
gies without random crossover were randomly selected 
from each pathological section and observed under a light 
microscope.

Detection of SIRT3, AMPK and mTOR RNA 
Expression in Brain Tissue via Real‑Time Fluorescent 
Quantitative RT‑PCR

The brain tissue of rats was obtained 3 days after MCAO, 
and the total RNA was extracted by using TRIzol reagent 
(Invitrogen, New York, USA). The quality of the total RNA 
was measured by UV spectrophotometry and agarose gel 
electrophoresis. cDNA was synthesized by using the Prime-
ScriptTM reverse transcription kit, and the reverse transcrip-
tion product was diluted five times and used for subsequent 
real-time PCR analysis. Based on the mRNA sequences 
of rat SIRT3, AMPK, mTOR and β-actin published in the 
NCBI database, RT-PCR primers were designed using Oligo 
6.0 software that would yield target fragments that spanned 
two exons. The primer sequences used were as follows: 
SIRT3-F: CCC​GAC​TGC​TCA​TCAA; SIRT3-R: CAC​CAG​

CCT​TTC​CACA; AMPK-F: TTG​CCC​AGT​TAC​CTC​TTT​
CC; AMPK-R: GGT​TCA​TTA​TTC​TCC​GAT​TGTC; mTOR-
F: TGG​CAT​CGT​GCT​GTT​GGG​TG; mTOR-R: TCA​AGT​
ATG​GCA​GGC​GTG​GG; ACTIN-F: TCC​TGT​GGC​ATC​
CAT​GAA​ACT; ACTIN-R: GAA​GCA​TTT​GCG​GTG​CAC​
GAT. All primers were synthesized by Shanghai Maxim 
Biological Co., Ltd. The following RT-PCR amplification 
conditions were used: predenaturation at 95℃ for 5 min, fol-
lowed by 35 cycles of denaturation at 95℃ for 30 s, anneal-
ing at 60℃ for 30 s, and extension at 72℃ for 30 s. Using 
β-actin as an internal reference, the data were subjected to 
relative quantitative analysis using the 2-ΔΔCt method.

The difference in gene expression (2-ΔΔCt) was calcu-
lated using the equation 2-ΔΔCt = experimental group (tar-
get gene Ct value−internal reference gene Ct value)−con-
trol group (target gene Ct value−internal reference gene Ct 
value).

Western Blot Analysis of SIRT3, AMPK, p‑AMPK, 
mTOR and p‑mTOR Protein Expression in Brain 
Tissue

The remaining brain tissue was obtained, and the brain tis-
sue homogenate was repeatedly milled at a low temperature. 
The appropriate amount of RIPA lysis buffer (Beyotime, 
Nanjing, Jiangsu, China) was added, and the supernatant 
was obtained after centrifugation at 4 °C. The total protein 
concentration was measured by BCA assay (Beyotime, 
Nanjing, Jiangsu, China) method. Twenty micrograms of 
whole protein lysate was loaded and subjected to 12% SDS-
PAGE. After electrophoresis, the proteins were transferred 
to a nitrocellulose membrane. After blocking and rinsing, 
SIRT3 (Abcam, Cambridge, MA, USA; 1:100), AMPK 
(Santa Cruz, Dallas, Texas, USA; 1:1000), p-AMPK (Santa 
Cruz, Dallas, Texas, USA; 1:1000), mTOR (Santa Cruz, 
Dallas, Texas, USA; 1:1000) and p-mTOR (Santa Cruz, 
Dallas, Texas, USA; 1:1000) antibodies were added. The 
primary antibody (1:1000) was incubated in a refrigerator at 
4 °C overnight, and then the horseradish peroxidase-labeled 
secondary antibody (1:2000) was added. The membrane was 
washed, developed via chemiluminescence, exposed and 
photographed. The acquired images were analyzed using 
Image-Pro Plus 6.0 image processing software, and the 
relative expression levels of the proteins were expressed as 
the ratio of the intensity of the SIRT3 and GAPDH protein 
bands.

Statistical Analysis

All values were expressed as the mean ± standard deviation. 
Statistical analysis was performed using SPSS 21.0 software 
(SPSS, Inc., Chicago, IL, USA). Statistical significance was 
calculated via one-way ANOVA with Dunnett’s t-test as a 
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correction. P < 0.05 was considered to indicate a statistically 
significant difference.

Results

Luteolin can Alleviate Neurological Deficits in MCAO 
Rats

We studied the effect of luteolin on the symptoms of neuro-
logical dysfunction caused by cerebral ischemia. As shown 
in Fig. 1b, there were no signs of neurological deficit in 
the sham group. Compared with the sham group, the neuro-
logical scores at 24 h (4.58 ± 0.72), 48 h (4.12 ± 0.47), and 
72 h (4.03 ± 0.62) were significantly increased in the model 
group, which indicated the presence of neurobehavioral dis-
order. Luteolin treatment effectively improved functional 
impairment at all tested times, and there was an overall dif-
ference between the model and luteolin groups (p < 0.01).

As shown in Fig. 1c and Table 1, the body weight of each 
group was measured 1 h before surgery, and the weights of 
the rats in the sham, model and drug groups were stable 
and showed no significant differences (p > 0.05). At 24, 48 
and 72 h postsurgery, the body weights in the model group 
were significantly lower than in the sham group. The luteolin 
intermediate-dose and high-dose groupsand the resveratrol 
group showed significantly less reduction in body weight 
after CIRI (p < 0.01), which might be partially attributable 
to the improvement in neurobehavioral deficits.

Luteolin can Alleviate Brain Edema in MCAO Rats

The results showed that cerebral edema in the model group 
was significantly higher than in the sham-operated group 
(p < 0.01). After treatment, the degree of cerebral edema 
in groups treated with different doses of luteolin and the 
positive drug group was decreased (p < 0.05 and p < 0.01, 
respectively). Compared with the low-dose luteolin group, 
the degree of brain edema in the high- and intermediate-
dose and positive drug groups was decreased (p < 0.05); the 
degree of edema in the intermediate-dose luteolin group was 
equivalent to that in the resveratrol group, and no statisti-
cally significant difference was found (Fig. 2c).

Luteolin can Reduce Cerebral Infarction Volume 
in MCAO Rats

The brain tissue sections obtained from the sham-operated 
group were all reddish in color after TTC staining, and no 
infarcts were found. Fig. 2a showed a typical photograph 
of coronal sections in sham, MCAO and luteolin-treated 
rats. The brain tissue staining in the model group and the 
luteolin low-dose group showed obvious white infarcts that 
were mainly located in the left frontal lobe, parietal cortex 
and striate. The volume ratios of the infarcts in the inter-
mediate- and high-dose luteolin groups and the positive 
treatment group were significantly lower (20.69 ± 0.94%, 
15.34 ± 0.82%, and 18.24 ± 0.93%, respectively) than that 
in the model group (49.65 ± 1.38) and the low-dose luteolin 
group (41.23 ± 2.32%; p < 0.05, Fig. 2b).

Luteolin can Reduce Morphological Changes 
in the Cortex and Hippocampus After Cerebral 
Infarction in MCAO Rats

To confirm the effect of luteolin on the number of neurons 
in the hippocampal CA1 region in rats, we observed the 
hippocampal CA1 region on the left side of the rat brain. In 
the sham group, the pyramidal neurons in the CA1 region 
had three-four layers after HE staining of the brain sections 
of rats. The tissue structure was normal, and the cells were 
arranged tightly and orderly; the endothelial cell structure 
integrity was intact, and the nucleolus was clear. In addition, 
the cytoplasm was stained evenly in the hippocampus, and 
the number of nerve cells was not reduced. In the I/R model 
group, the pyramidal neurons in the hippocampal CA1 
region were loose and sparse, the cell structure was indis-
tinct and the number of cells was obviously reduced; nuclear 
pyknosis was observed in most cell nuclei, and dyeing of 
the cells was increased. Vacuolar degeneration between the 
cells of the vertebral body was observed and was accompa-
nied by proliferation of the glial cells, and the loss of nerve 
cells in the hippocampal CA1 area in the model group was 
significantly increased (p < 0.01). After administration, the 
loss of nerve cells in the hippocampal CA1 area of rats in 
the intermediate- and high-dose luteolin groups and the res-
veratrol group was gradually decreased (p < 0.01). In the 
hippocampal CA1 region, the pyramidal neurons remained 

Table 1   Changes in body weight in rats after reperfusion

Group Sham I/R Resveratrol I/R+Luteolin L I/R+Luteolin M I/R+Luteolin H

0h 285.76 ± 12.43 280.87 ± 13.11 282.35 ± 13.31 283.95 ± 11.25 279.43 ± 10.14 284.12 ± 12.28
24h 287.45 ± 12.56 282.35 ± 13.31 285.45 ± 11.34 282.43 ± 12.31 280.34 ± 10.24 285.42 ± 12.35
48h 291.43 ± 12.98 262.43 ± 13.09 279.34 ± 12.35 278.39 ± 11.65 276.34 ± 9.46 281.23 ± 10.31
72h 295.35 ± 10.34 251.17 ± 14.83 280.31 ± 13.15 275.28 ± 11.19 270.35 ± 9.38 282.35 ± 10.23
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normal and were arranged closely; the number of cells in the 
lamina of the vertebral body was increased, the nuclei were 
clear, and the capillary structure was relatively integrated. 
The degree of nerve cell survival was strikingly increased. 
Compared with the low-dose luteolin group, the number of 
pyramidal cells in the hippocampal CA1 area of rats in the 
intermediate- and high-dose luteolin groups was increased 
(p < 0.05; Fig. 3a and b).

HE staining showed that the neurons in the cortex of 
normal rat brains were arranged neatly and orderly and the 
nuclei were clear. In addition, the cell size was consistent 
and the cytoplasm was evenly colored; the fibers were con-
sistent inF size and showed no evidence of degeneration or 
necrosis. In the model group, cells with necrotic foci of dif-
ferent sizes were observed. Numerous apoptotic cells around 
the necrotic foci. The nerve fibers in the brain tissue were 
disordered. The cells were swollen, the nucleoli had con-
tracted and become necrotic, and the number of neurons 
was obviously reduced. After treatment with luteolin, the 
neuronal cell arrangement in rats treated with different doses 
and with positive drugs was slightly disordered. In the inter-
mediate- and high-dose luteolin groups and the resveratrol 
group, the damage was slightly reduced and the degree of 

edema was decreased. In the high-dose luteolin group, the 
degree of neuronal cell damage was decreased, and the cell 
morphology had recovered; moreover, the cell membranes 
and nucleoli were intact, and some normal neuronal cells 
were seen. (Fig. 3c).

Luteolin can Alleviate Cell Apoptosis in MCAO Rats

The results showed that the cortical nerve cells of rats in the 
sham operation group were almost negative; the cells were 
evacuated and their structure was intact, and several posi-
tive cells were occasionally seen. Compared with the sham 
operation group, the number of positive apoptotic cells in the 
cortex of rats in the model group was significantly increased, 
and the difference was significant (p < 0.01). The rate of 
apoptosis in cells from rats treated with different doses of 
luteolin was significantly different from that found in the 
model group (p < 0.01), which indicated that different doses 
of luteolin can alleviate cell apoptosis in MCAO rats Inter-
mediate and high doses were shown to significantly inhibit 
neuronal apoptosis in brain tissue, especially high doses 
(Fig. 4a and b).

Fig. 2   Effects of luteolin on 
cerebral infarct area and water 
content in rats subjected to 
CIRI. a The area of cerebral 
infarction was measured by 
TTC staining, and the typical 
images of TTC staining were 
displayed after reperfusion. The 
red area represents normal brain 
tissue, and the pale area is the 
infarction and ischemic region. 
Luteolin reduced the cerebral 
infarct area in MCAO rats. b 
Evaluation of infarct area 72 h 
after reperfusion. After brain 
tissues were stained with TTC, 
the infarct area was evaluated 
using a morphological image 
analysis system. c The percent-
age of brain edema in each 
group was measured by the wet-
dry method. Each bar represents 
the percentage of infarcts. The 
results are expressed as the 
mean ± SD. ##P < 0.01, I/R vs 
the sham group; *P < 0.05, **P 
< 0.01, vs the I/R group.
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Luteolin can Reduce the Inflammatory Response 
in MCAO Rats

Activated astrocytes and invasive macrophages are 
closely associated with the development of postischemic 
neuroinflammation and neuronal damage. In the brain, 
GFAP is a well-known marker for astrocytes, and Iba-1 
is specifically expressed in microglia. GFAP and Iba-1 
have been identified as specific markers of astrocyte and 
microglia/macrophage activation, respectively. To evalu-
ate the response to neuroinflammation after CIRI, we per-
formed immunostaining for GFAP and Iba-1. As shown in 
Fig. 5a-d, almost all of the microglia obtained from rats 
in the sham group were at rest. Compared with the sham 

operation group, the number of GFAP- and Iba-1-positive 
cells in the hippocampus in rats in the model group was 
increased significantly, and Iba-1-positive microglia had 
been transformed mainly into activated cells; in addition, 
a large number of Iba-1- and GFAP-positive cells were 
observed in the hippocampus (p < 0.01). Compared with 
the model group, the average immunofluorescence inten-
sity of GFAP- and Iba-1-positive cells in the hippocampus 
of rats after luteolin treatment was significantly reduced 
(p < 0.01). These results indicated that luteolin could 
inhibit the aggregation of microglia in the hippocampus 
within the ischemic area and the release of astrocytes and 
thereby exerted an anti-inflammatory effect.

Fig. 3   Effects of luteolin on the histopathology of cortical and hip-
pocampal CA1 neurons in rats subjected to ischemic reperfusion 
shown by HE staining. a Morphological changes in the hippocampal 
CA1 region were assessed by HE staining. b Nerve cell survival in 

the hippocampal CA1 region. c Pathological changes in the cerebral 
cortex in I/R rats (400× magnification). Values are expressed as the 
mean ± SD. ##P < 0.01, I/R vs the sham group; *P < 0.05, **P < 
0.01, vs the I/R group.
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Luteolin Promotes Neurogenesis in MCAO Rats

The expression of BrdU+ cells in the DG of rats was 
detected by immunofluorescence, and proliferating cells 
in the DG region were labeled with BrdU. As shown in 
Fig. 6a, in the sham group, only a small number of BrdU+ 
cells were found in the DG area. In the model group, more 
BrdU+ cells were found in the DG area than in the sham 
group (p < 0.01). After treatment with different doses 
of luteolin and resveratrol, the number of BrdU+ cells 
were increased significantly in the hippocampal DG area 
(p < 0.05 and p < 0.01, respectively), especially in the 
high-dose luteolin group (p < 0.01). It was confirmed that 
luteolin can promote the proliferation of hippocampal DG 
cells in ischemic rats.

Immunofluorescence was used to detect the expression 
of DCX+ cells in the DG of rats. As shown in Fig. 6c, a 
small number of DCX+ cells were observed in the DG in 
the sham group and the model group. Compared with the 
sham group and the model group, the number of DCX+ 
cells in the DG in the intermediate- and high-dose luteolin 
groups and the positive drug groups was increased sig-
nificantly (p < 0.01), especially in the high-dose luteolin 
group (p < 0.01).

Luteolin can Regulate the SIRT3/AMPK/mTOR 
Signing Pathway in MCAO Rats

To explore the mechanism underlying luteolin-induced pro-
tection against cerebral hypoperfusion, we further evaluated 
the effect of luteolin on the SIRT3/AMPK/mTOR pathway 
in brain tissue. We examined the expression of SIRT3, 
AMPK and mTOR mRNA using a semiquantitative RT-
PCR assay. Furthermore, the expression of SIRT3, AMPK 
and mTOR in periinfarct zones of the ischemic cortex 
were examined. As shown in Fig. 7a-c, the level of AMPK 
mRNA in MCAO rats increased significantly, while the level 
of SIRT3 and mTOR mRNA decreased significantly (p < 
0.01). After treatment with luteolin and resveratrol, the level 
of AMPK mRNA decreased and the levels of SIRT3 and 
mTOR mRNA increased significantly (p < 0.05 and p < 
0.01, respectively). The effect of the intermediate- and high-
dose luteolin groups and the resveratrol group was especially 
significant (p < 0.01).

Western blotting was carried out for each region, as 
shown in Fig. 7d. The results showed that after CIRI, the 
phosphorylation of AMPK increased and the expression 
of SIRT3 and mTOR protein decreased significantly (p < 
0.01). After treatment with resveratrol and luteolin, the 

Fig. 4   Nuclei were stained with DAPI (blue); the TUNEL-positive 
cells served as a quantitative assessment of cell death (numbers per 
high-dose power field). a Changes in cerebral cortex cell apoptosis in 
I/R rats (400× magnification) b The number of TUNEL-positive cells 

resulting from cortex cell apoptosis. The results are expressed as the 
mean ± SD. ##P < 0.01, I/R vs the sham group; *P < 0.05, **P < 
0.01, vs the I/R group.
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phosphorylation of AMPK decreased significantly, while the 
expression of the SIRT3 and mTOR proteins increased sig-
nificantly (p < 0.05 and p < 0.01, respectively). In particular, 
a high dose of luteolin significantly inhibited the increase in 
AMPK phosphorylation and increased SIRT3 and mTOR 
expression in the brain after cerebral ischemia (p < 0.01). 
Therefore, these results suggested that the SIRT3/AMPK/
mTOR signaling pathway might play a role in intracellular 
signaling that resulted in luteolin-induced nerve cell death 
suppression.

Changes in Mitochondrial Function after CIRI 
and the Effect of Luteolin

As shown in Fig. 8b-d, compared with the sham-operated 
group, the production of reactive oxygen species (ROS) 
in mitochondria increased, and the degree of swelling in 
mitochondria and the mitochondrial membrane potential 
decreased significantly in the model group (p < 0.01). After 
administration of luteolin and resveratrol, the production of 
mitochondrial reactive oxygen species decreased, and the 

Fig. 5   Effects of luteolin on 
neuroinflammatory responses 
in ischemic brain tissue induced 
by CIRI. Immunofluorescent 
staining was performed 72 h 
after surgery. a Representative 
images of GFAP counterstained 
with DAPI in the CA1 subre-
gion (400× magnification). b 
Quantitative image analysis of 
the immunoreactivity of GFAP 
based on the area fraction of 
GFAP-positive immunostain-
ing in the CA1 area. c Rep-
resentative images of Iba-1 
immunostaining in the CA1 
subregion (400x magnification). 
d Quantitative image analysis of 
Iba-1 immunoreactivity based 
on the area fraction of Iba-1 
immunostaining in the CA1 
area. The results are expressed 
as the mean ± SD. ##P < 0.01, 
I/R vs the sham group; **P < 
0.01, vs the I/R group.
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degree of mitochondrial swelling and the mitochondrial 
membrane potential increased in model group rats (p < 0.05 
and p < 0.01, respectively). Especially in the positive drug 
group and the luteolin intermediate- and high-dose groups, 
the curative effect was significant (p < 0.01). In addition, 
as shown in Fig. 8a, the activity of SOD in mitochondria 
decreased significantly in the model group, and luteolin 
increased the activity of SOD in mitochondria (p < 0.05). 
These results suggest that luteolin can significantly improve 
mitochondrial function after CIRI.

Discussion

SIRT3 maintains mitochondrial function, energy production, 
metabolism, apoptosis and intracellular signaling control. It 
has been shown that up-regulation of SIRT3 can activate the 
downstream signaling pathway AMPK/mTOR and has an 
improved neuroprotective effect in the treatment of ischemic 
cerebrovascular diseases [28]. It is generally believed that 
neuroprotective therapy is an effective strategy to reduce 
neuronal injury during cerebral ischemia-reperfusion, but 

Fig. 6   Effects of luteolin on 
neurogenesis in ischemic 
brain tissue induced by CIRI 
in rats. Immunofluorescent 
staining was performed 72 h 
after surgery. a Representative 
images of BrdU+ cells in the 
DG subregion (400× magnifica-
tion). b The number of BrdU+ 
cells in the DG in rats in each 
group. c Representative images 
of DCX+ cells in the DG 
subregion (400× magnification). 
d The number of DCX+ cells 
in the DG in rats in each group. 
The results are expressed as the 
mean ± SD. ##P < 0.01, I/R vs 
the sham group; *P < 0.05, **P 
< 0.01, vs the I/R group.
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Fig. 7   Effects of luteolin on the 
regulation of the SIRT3/AMPK/
mTOR signaling pathway in 
ischemic brain tissue induced by 
CIRI in rats. PCR and Western 
blot were performed 72 h after 
surgery. a–c Quantitative analy-
sis of the mRNA expression 
of SIRT3, AMPK and mTOR 
as determined by RT-PCR. 
d Representative β-actin-
normalized immunoblotting 
images and quantification of the 
key molecules SIRT3, AMPK 
and mTOR in hippocampal 
extracts from each group. e–h 
Protein levels of SIRT3, AMPK 
and mTOR in each group. The 
results are expressed as the 
mean ± SD. ##P < 0.01, I/R vs 
the sham group; *P < 0.05, **P 
< 0.01, vs the I/R group.
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few effective drugs have been found during the experimental 
study of neuroprotective agents and their underlying mecha-
nisms. Luteolin is a neuroprotective monomer used in Chi-
nese medicine that plays a unique neuroprotective role in 
early brain injury resulting from CIRI due to its significant 
anti-inflammatory and antioxidant effects. A recent study 
showed that rats injected with luteolin (30 and 50 mg/kg) 
for 3 consecutive days showed reduced brain edema and 
neuronal apoptosis. Fu et al. recently reported that luteolin 
can protect against cognitive dysfunction induced by chronic 
cerebral hypoperfusion in rats [29]. Resveratrol (RES) is 
a recognized natural product for the treatment of cerebral 
ischemia. Many researchers have used it as a positive drug 
because of its remarkable effect. RES is a red wine-rich nat-
ural polyphenol with the ability to protect rats from cerebral 
ischemia/reperfusion injury [25]. Studies have shown that 
RSV treatment can alleviate oxidative stress, inhibit inflam-
mation, and reduce lesion volume in animal traumatic brain 
injury models [30, 31]. Compared this as a positive drug 
with valeric acid to further verify the therapeutic effect of 
valeric acid. This study was designed to establish a rat model 
of focal cerebral ischemia-reperfusion. The results showed 
that intermediate and high doses of luteolin could signifi-
cantly reduce the volume of ischemic brain injury and cer-
ebral edema in rats, reduce the degree of neurological dam-
age, improve the pathological and morphological changes in 
the cerebral cortex, increase the survival rate of CA1 region 
nerve cells, significantly inhibit the excessive activation of 
GFAP and Iba-1 in glial cells, inhibit cell apoptosis, and 
promote nerve cell regeneration. Its specific mechanism of 
action may be through the upregulation of SIRT3, which 
activates the AMPK/mTOR signaling pathway to exert neu-
roprotective effects. These results provide direct evidence 
that luteolin may be an exogenous neuroprotective agent that 
protects against damage caused by acute ischemic stroke.

To confirm whether luteolin treatment can reduce delayed 
neuronal death induced by CIRI, we evaluated the histo-
pathological morphology of brain tissue. The results of HE 
staining show that there were a large number of apoptotic 
cells around the necrotic foci and that the nerve fibers in the 
brain tissue were disordered, and it was also observed that 
the cells were swollen and the nucleoli were contracted and 
necrotic. Nerve cell loss in the hippocampal CA1 area in rats 
from the model group was significantly increased (Fig.3). It 
was confirmed that CIRI could induce the death of neurons 
in the fragile CA1 area of the hippocampus. After treatment 
with luteolin, the neuronal cell arrangement was slightly dis-
ordered at different doses of luteolin and in the presence of 
positive drugs; TUNEL staining suggested that resveratrol 
and intermediate and high doses of luteolin can significantly 
inhibit neuronal apoptosis in brain tissue (Fig.4). These data 
proved that luteolin exerted a neuroprotective effect against 
pathological changes related to CIRI.

Ischemic injury can enhance neuronal responses and lead 
to the activation and proliferation of microglia [32]. Acti-
vated microglia can rapidly affect endogenous processes 
by modifying cell morphology and proliferation and the 
release of chemokines and cytokines and thus accelerate 
oligodendrocyte death, axonal degeneration and early BBB 
damage, which will eventually aggravate neuronal damage 
[33, 34]. Astrocytes, as the main cell population in the brain, 
are involved in many important signaling activities, includ-
ing those involved in antioxidant activity, energy transfer, 
neurotransmitter uptake and recycling, ion homeostasis, 
trophic factor synthesis, and neurovascular coupling [35]. 
In pathological conditions, cerebral ischemia injury can acti-
vate astrocytes via a process known as reactive astrocytosis, 
which is characterized by cell hypertrophy and prolifera-
tion and increases in glial fibrillary acidic protein (GFAP). 
This activation also changes the expression of many other 

Fig. 8   Effects of luteolin on 
mitochondrial function in 
ischemic brain tissue induced 
by CIRI in rats. Based on the 
instructions in the kit, the assays 
were performed 72 h after 
surgery. a SOD in mitochon-
dria b ROS in mitochondria. c 
Mitochondrial swelling at A520 
(absorbance ratio). d Mitochon-
drial transmembrane potential. 
The results are expressed as the 
mean ± SD. ##P < 0.01, I/R vs 
the sham group; *P < 0.05, **P 
< 0.01, vs the I/R group.
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molecules involved in cell structure, gene transcription, 
energy metabolism, intracellular signal transduction and 
membrane transport [36]. Therefore, regulating the activa-
tion of astrocytes and reducing the formation of glial scars 
can inhibit physical disturbance after brain injury and pro-
mote the regeneration of neurons. According to common 
morphological classification, Iba-1 cells are mainly divided 
into three types: resting cells, activated differentiated cells, 
and amoeba cells. Resting Iba-1 cells are characterized by 
small cell bodies and fine branching processes [37]. Our 
results showed that almost all microglial cells in the sham-
operated group were at rest (Fig.5). Twenty-four hours after 
MCAO, the microglia cells had mainly transformed into acti-
vated cells, and a large number of deformed GFAP and Iba-1 
cells were observed in the hippocampal area. After treat-
ment, the average GFAP and Iba-1 fluorescence intensity 
in the luteolin groups and resveratrol group, especially the 
high-dose luteolin group, was significantly lower than that 
in the model group. These results suggest that luteolin limits 
the aggregation of microglia in the ischemic hippocampus 
area.

The study found that after the mammalian brain was fully 
developed, thousands of neurons were produced every day in 
the subgranular layer of the dentate gyrus of the hippocam-
pus; although nerve regeneration almost completely stopped, 
immature neurons migrated from the subventricular zone 
(SVZ) to the olfactory bulb to produce crossover neurons 
[38]. The generation of new neurons in the dentate gyrus of 
the hippocampal region from neural precursor cells (NPC) 
resulted in the formation of excitatory granulosa cells and 
the main protruding neurons in the dentate gyrus region, 
which were derived from NPC [39]. These new neurons can 
be integrated into the neural loop to exert normal function-
ing. The results showed that neural regeneration in the hip-
pocampus was closely related to memory functioning. Our 
results showed that there were a small number of BrdU+ 
and DCX+ cells in the dentate gyrus of rats in the sham 
group (Fig.6). Compared with the sham group, the BrdU+ 
and DCX+ cells in rats of the model group were gradually 
increased. Compared with the model group, the number of 
BrdU+ and DCX+ cells in the intermediate- and high-dose 
luteolin groups and the positive drug group were increased 
significantly, suggesting that luteolin can promote nerve 
regeneration and play a neuroprotective role. In addition, 
the release of inflammatory factors weakens the regenerative 
ability of adult nerves. The activation of microglia is directly 
related to the damage resulting from nerve regeneration [40]. 
After CIRI, the concentration of proinflammatory factors 
and the activation of microglia increased, resulting in leu-
kocyte adhesion, aggregation and the release of several pro-
inflammatory factors, such as IL-6, IL-10, and IFN-γ, which 
caused mitochondrial dysfunction and reactive oxygen spe-
cies production [41]. Therefore, decreasing the activation 

of glial cells plays a crucial role in nerve regeneration after 
brain injury. On the one hand, when the brain is ischemic, 
the neurons in the brain are more susceptible to oxidative 
stress because they contain high concentrations of peroxi-
dated unsaturated fatty acids; on the other hand, energy con-
sumption is higher, and the level of antioxidative defense 
is lower [42]. There is increasing evidence that oxidative 
stress is one of the main causes of nerve damage caused by 
cerebral ischemia. Excessive production of reactive oxygen 
species not only leads to oxidative damage of proteins, lipids 
and nucleic acids but also leads to mitochondrial membrane 
permeation, resulting in cell death [43]. Our results showed 
that the activity of SOD in mitochondria decreased, the pro-
duction of ROS in mitochondria increased, and the degree 
of swelling in mitochondria and the mitochondrial mem-
brane potential decreased significantly in the model group. 
After administration of luteolin and resveratrol, the activity 
of SOD in mitochondria increased, mitochondrial ROS pro-
duction decreased, and reversal of mitochondrial swelling 
and the mitochondrial membrane potential increased. Par-
ticularly in the positive drug group and the intermediate- and 
high-dose luteolin groups, the curative effect was significant, 
suggesting that luteolin may play a neuroprotective role by 
regulating oxidative stress and maintaining stable mitochon-
drial function.

SIRT3 can reduce mitochondrial DNA damage induced 
by ROS via deacetylation and stabilization of the DNA base 
excision repair enzyme OGG1 (8-oxoguanine-DNA glycosy-
lase 1), which can repair mitochondrial DNA [44].Sestrins 
not only activate the antioxidant system in mitochondria but 
also induce the occurrence of mitochondrial autophagy [45]. 
It has been suggested that the key function of Sestrins is to 
regulate the activity of the AMPK/mTOR signaling pathway, 
and an increase in Sestrin can activate AMPK [46]. AMPK, 
as a serine threonine kinase, is a metabolic and stress-crit-
ical sensor and effector that is activated during nutritional 
deficiency, severe exercise or heat shock. Although the 
mechanism underlying the activation of AMPK by Sestrin 
is not clear, it has been reported that Sestrins can interact 
with AMPK and increase the amount of the AMPK subunit 
[47]. These results suggest that Sestrins may be involved in 
active regulation of the AMPK signaling pathway. LKB1 is 
the upstream activator of AMPK, and LKB1 is also a target 
of SIRT3 [48]. After SIRT3 deacetylation, activated LKB1 
phosphorylates AMPK and activates it; phosphorylated 
AMPK can activate the TSC1-TSC2 complex to indirectly 
inhibit the mTOR protein complex to induce autophagy. In 
addition, AMPK can also directly inhibit the activity of the 
mTOR protein complex to induce autophagy [49]. However, 
the potential role of mTOR in a number of neurologic dis-
orders so far are controversial. On the one hand, here is a 
growing body of evidence suggesting that rapamycin pro-
motes neuronal viability and reduces neurological damage 
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in several ischemic injury models through inhibiting mTOR 
pathway [50, 51]. On the other hand, a large number of stud-
ies have shown that mTOR activation plays a protective role 
in ischemic brain injury [52, 53]. In a rat MCAO model, 
the activation of mTOR and its downstream target p70S6K 
by melatonin could prevent neuronal apoptosis and reduce 
infarct volume, while inhibition of mTOR activity by the 
mTOR inhibitor rapamycin could increase cerebral infarct 
volume. Through ischemic preconditioning and postisch-
emic treatment, it was shown that the increased expression 
of mTOR in brain tissue after CIRI was beneficial in reduc-
ing infarct volume in cerebral tissue and improving deficien-
cies in behavior [54].

New research has shown that SIRT3 can improve insu-
lin resistance through the AMPK signaling pathway [55]. 
In vitro, SIRT3 can activate PI3K/AKT signal transduction. 
The activation of SIRT3-induced AKT depends on AMPK, 
TSC2 and Rictor, which indicates that SIRT3 modulates 
AKT signaling via AMPK and mTORC2 [56]. These results 
suggest that SIRT3 plays an important role in regulating 
the activity of the AMPK/mTOR signaling pathway. There-
fore, there is a positive feedback loop between processes 
involved in autophagy and SIRT3/AMPK. Based on pre-
vious research results, we believe that there is a positive 
feedback loop between SIRT3 and AMPK. Based on this, 
we can ascertain that SIRT3 activates the AMPK-mTOR 
signaling pathway and plays an important role in ischemic 
brain injury. Our results confirm that luteolin can ameliorate 
injury after CIRI at both the molecular and functional levels, 
and we explored the underlying mechanism. The results sug-
gest that after CIRI, the phosphorylation of AMPK increased 
and the expression of SIRT3 and mTOR protein decreased 
significantly. After treatment with resveratrol and luteolin, 
the phosphorylation of AMPK decreased significantly, while 
the expression of the SIRT3 and mTOR proteins increased 
significantly (Fig.7). In particular, a high dose of luteolin 
could significantly inhibit the increase in AMPK phospho-
rylation and increase the expression of SIRT3 and mTOR 
in the brain after CIRI. Therefore, these results suggest that 
the SIRT3/AMPK/mTOR signaling pathway may play a role 
in intracellular signaling involved in luteolin-induced nerve 
cell death suppression.

Conclusion

In summary, luteolin can significantly improve neurological 
deficits in CIRI rats, improve pathological changes in the 
brain, inhibit apoptosis and inflammation, regulate oxida-
tive stress, and promote hippocampal neurogenesis. Through 
in-depth research, we found that luteolin could upregulate 
hippocampal SIRT3 in rats suffering from cerebral ischemia, 
thus activating the downstream AMPK/mTOR signaling 

pathway and promoting the recovery of nerve function. 
Therefore, we believe that after treatment with luteolin, the 
AMPK/mTOR pathway is activated via the upregulation of 
SIRT3, which thereby inhibits the inflammatory reaction 
and apoptosis in rats after CIRI and promotes neurogenesis 
and the improvement of neurological deficits after ischemia. 
However, the mechanism underlying the specific interaction 
of luteolin with the SIRT3/AMPK/mTOR signaling pathway 
needs further investigation. Luteolin may have the potential 
to promote the treatment and recovery of cerebral ischemic 
patients in the clinic.
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