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Background and Objective: Ischemic cerebrovascular disease is one of the main diseases threatening 
human health and survival and is a commonly occurring disease in neurology. Due to its high disability 
rate, ischemic cerebrovascular disease is one of the most important diseases to be prevented and treated at 
present. The risk factors of cerebral ischemia include atherosclerosis, hypertension, hyperlipidemia, and 
blood viscosity caused by thrombocytosis. After cerebral ischemia, cerebral ischemia-reperfusion injury 
may be induced by oxidative stress (OS), inflammatory reaction, nitric oxide damage, apoptosis, excitatory 
amino acid toxicity, calcium (Ca2+) overload, and other mechanisms. Hesperidin is a flavanone compound 
and is a key component in citrus plants. It is a kind of traditional Chinese medicine extract with high levels of 
Pericarpium, shell, fruit, and green peel. In recent years, Hesperidin has received great attention, compelling 
evidence has indicated Hesperidin plays a beneficial role in cerebral ischemia.
Methods: We conducted a literature search for published manuscripts hesperidin in ischemia/
reperfusion up to December 2021 in common English databases (i.e., PubMed, EMBASE, Web of Science, 
SpringerLink, Wiley, Cochrane Library) and Chinese databases [Chinese BioMedical Literature Service 
System (CBM), WANFANG database, China Knowledge Resource Integrated Database (CNKI)].
Key Content and Findings: In this article, we reviewed the mechanisms of action of hesperidin in the 
treatment of cerebral ischemia, including antioxidant stress, anti-inflammatory reaction, anti-atherosclerosis, 
anti-thrombosis, anti-apoptosis, and nitric oxide regulation. 
Conclusions: In this narrative review, Hesperidin exhibits antioxidant stress, anti-platelet aggregation, 
vasodilation, anti-atherosclerotic, anti-inflammatory, anti-apoptotic, hypolipidemic, anti-tumor, 
cardiovascular protection, and nitric oxide-release regulatory properties Such a comprehension of the 
recent progress of hesperidin will help identify biomarkers for diagnosis and therapeutic targets to cerebral 
ischemia.
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Introduction

Ischemic cerebral vascular disease (ICVD) is one of the 
major diseases threatening human health and survival. 
ICVD is a common neurological disorder that leads to 
a high rate of disability among patients and requires 
therapeutic management and prevention of complications 
(1-3) .  The r i sk  factors  of  cerebra l  i schemia  are 
atherosclerosis, hypertension, hyperlipidemia, and blood 
viscosity caused by increased platelet levels (4). Treatment 
based on these risk factors can prevent the occurrence of 
cerebral ischemia. Following the occurrence of cerebral 
ischemia, reinstating the blood flow or enhancing the blood 
supply in the ischemic area is mandatory for repairing 
the damage to ischemic brain tissue; however, this may 
also result in reperfusion injury. The so-called ischemia-
reperfusion injury refers to the gradually aggravated 
tissue injury caused by the restoration of blood perfusion 
after organ ischemia for a certain period of time. Recent 
research has reported that the pathogenesis of cerebral 
ischemia-reperfusion injury includes oxidative stress (OS), 
inflammatory reaction, nitric oxide injury, apoptosis, 
excitatory amino acid toxicity, calcium (Ca2+) overload, etc. 
(Figure 1) (5). Effective therapy can reduce brain tissue 
necrosis to alleviate the symptoms associated with cerebral 
ischemia-reperfusion injury.

Traditional Chinese medicine (TCM) has a documented 
history of more than 2,000 years, and through ancient 
practice and continual understanding, a rich database of 
natural and traditional therapeutic compounds has been 
gradually accumulated (6). In recent years, studying the 
effective ingredients in TCM has become a particular 
focus of research attention, which aims to formulate new 
therapeutic measures for the treatment and prevention 
of many diseases. Hesperetin, an important natural and 
traditional medicinal ingredient, is reportedly present 
in quite high concentrations in numerous medicinal 
sources such as Pericarpium citri reticulatae, Poncirus 
trifoliate shell, Poncirus trifoliate fruit, and Pericarpium 
citri reticulatae viride (7). It has varied therapeutic effects 
and multiple mechanisms of action, including anti-
atherosclerosis, anti-OS, anti-inflammatory reaction, 
anti-apoptosis, carbon monoxide regulation, anti-
hyperlipidemia, and anti-thrombosis (8-12), which can 
be applied for the prevention and treatment of cerebral 
ischemia-reperfusion injury. Moreover, studies have shown 
that hesperetin is not accumulated in any organ, and is a 
very safe pharmacological component without obvious side 

effects (13,14). Khan et al. summarized the antioxidant and 
anti-inflammatory effects of hesperetin on neurological 
disorders (15); Ferreira de Oliveira et al. summarized the 
therapeutic potential of hesperidin in cancer cell cycle 
regulation and apoptosis induction (16); and Iranshahi 
et al. summarized the antibacterial effect of hesperidin 
both in vitro and in vivo (17). The current reviewed paper 
provides a deeper insight into the mechanisms of action 
and molecular targets of Hesperetin and shows the gaps 
in our knowledge about Hesperetin. However, there are 
currently no reports or relevant articles on the treatment 
of cerebral ischemia with hesperetin and its clinical 
application. We believe that hesperetin will be a new 
therapeutic drug with significant potential value and an 
effective remedy for cerebral ischemic injury. In this paper, 
we review the complex and multi-targeted mechanism 
of action of hesperetin to provide theoretical support 
for better and more reasonable use of hesperetin in the 
treatment of cerebral ischemia. We present the following 
article in accordance with the Narrative Review reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-3136/rc).

Methods

We conducted a literature search for published manuscripts 
hesperidin in ischemia/reperfusion up to December 2021 in 
common English databases (i.e., PubMed, EMBASE, Web 
of Science, SpringerLink, Wiley, Cochrane Library) and 
Chinese databases [Chinese BioMedical Literature Service 
System (CBM), WANFANG database, China Knowledge 
Resource Integrated Database (CNKI)]. The following 
search words and terms: “ischemia/reperfusion” OR 
“cerebral ischemia” OR “brain ischemia,”, and “hesperetin” 
were used in this review. The qualitative and quantitative 
analyses were conducted in parallel by interpreting each 
paper to avoid missing potentially valuable data (Table 1).

Discussion

Overview of ischemic stroke 

Stroke can be broadly classified into two types: ischemic 
stroke and hemorrhagic stroke. Among these, ischemic 
stroke is the most common, accounting for nearly 80% 
of all stroke cases (18). The pathogenesis of ischemic 
stroke is very complicated, and given its high rates of 
morbidity, disability, mortality, and recurrence, as well as 

https://atm.amegroups.com/article/view/10.21037atm-22-3136/rc
https://atm.amegroups.com/article/view/10.21037atm-22-3136/rc
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8908171/table/t1/
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Figure 1 Causes of ischemia-reperfusion injury. The pathogenesis of cerebral ischemia-reperfusion injury includes OS, inflammatory 
reaction, nitric oxide injury, apoptosis, excitatory amino acid toxicity, Ca2+ overload, etc. NO, nitric oxide; OS, oxidative stress.
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Table 1 The search strategy summary

Items Specification

Date of search (specified to date, month and year) December 30, 2021

Databases and other sources searched English databases (i.e., PubMed, EMBASE, Web of Science, Cochrane Library) 
and Chinese databases [Chinese BioMedical Literature Service System (CBM), 
WANFANG database, China Knowledge Resource Integrated Database (CNKI)]

Search terms used (including MeSH and free text 
search terms and filters)

“ischemia/reperfusion” OR “cerebral ischemiainjury” OR “brain ischemia” and 
“hesperetin”

Timeframe 1970–2021 

Inclusion and exclusion criteria (study type, language 
restrictions etc.)

The inclusion criteria: (I) studies written in English and Chinese; (II) studies that 
assessed the correlation between hesperetin and ischemic stroke; III) studies that 
the mechanism of hesperetin in ischemic stroke

The exclusion criteria: (I) publications with duplications or studies with 
overlapping data from the same author; (II) abstracts, case reports, proceedings, 
letters, reviews, and meta-analyses; (III) incomplete outcome data

Selection process (who conducted the selection, 
whether it was conducted independently, how 
consensus was obtained, etc.)

Two reviewers independently extracted the data from each included study using 
a standard criterion

Any additional considerations, if applicable No

its considerable economic burden, it seriously threatens 
the safety and quality of human life. Ischemic stroke is 
a general term for brain tissue necrosis caused by the 
stenosis or occlusion of arterial blood supply (carotid and 
vertebral arteries) and insufficient blood supply to the brain. 
Tissue plasminogen activator, intravenous thrombolysis, 
and intravascular mechanical thrombectomy (19-21) are 
currently used for the treatment of ischemic stroke, but 

due to the reduced scope for widespread application and 
lower safety profiles, their clinical application is highly 
restricted. In recent years, a previous study has shown 
that the incidence of cerebral ischemia is the result of the 
interaction of multiple pathophysiological features, such 
as OS, apoptosis, inflammatory reaction, calcium overload, 
and blood-brain barrier damage (22). Due to the complexity 
and variability of its pathological process, a single drug 
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component is inadequate to control and resolve the overall 
problem; hence, there is a pressing need for clinically useful 
drugs, which are significantly efficacious and have a reduced 
side effect profile, for the treatment of cerebral ischemia. 
TCM has been increasingly explored for the prevention and 
treatment of cerebral ischemia in recent years, owing to its 
complex composition and intervention in the pathological 
process of cerebral ischemia via multiple targets and 
pathways.

Cerebral ischemia-reperfusion injury refers to the 
phenomenon of brain cell damage following an ischemic 
response; in this condition, restoration of the normal 
function of tissues and organs is not achieved or improved 
to a certain extent and the ischemic injury is further 
aggravated after the recovery of blood reperfusion. The 
main mechanisms of cerebral ischemia-reperfusion injury 
are OS, apoptosis, excessive nitric oxide (NO) synthesis, 
inflammatory reaction, Ca2+ overload, and excitatory amino 
acids. Unraveling the complex mechanism of cerebral 
ischemia-reperfusion injury can help to establish effective 
therapeutic strategies and may provide a reference for the 
effective management of this condition.

Overview of hesperetin

Basic situation of hesperetin
Hesperetin is a flavanone compound. It is a kind of TCM 
extract that exists in the form of Hesperidin in nature (23), 
which is hydrolyzed to produce hesperetin under the action 
of human intestinal flora and exerts a pharmacodynamic 

effect (Figure 2). Hesperetin is a natural ingredient that is 
present in a variety of medicinal plants including clematis, 
citrus, chrysanthemum, and others (24) and is more 
abundantly available in citrus. Its concentration is quite 
high in various medicinal sources, such as Pericarpium 
citri reticulatae, Poncirus trifoliate shell, Poncirus trifoliate 
fruit, and Pericarpium citri reticulatae viride, in which it is 
a predominant ingredient (7). The relative molecular mass 
of hesperetin is 302.28, its molecular formula is C16H14O6, 
and its melting point is 227.5 ℃. It has poor water solubility 
(273 mg/L) and is easy to dissolve in organic reagents. The 
structure of hesperetin contains multiple reactive radicals, 
such as ketone, carbonyl, ether, methoxy, as well as numerous 
phenol-hydroxyl groups, making it a potent biological 
molecule with a broad pharmacological effect (25).  
Hesperetin is not accumulated in any organ; it is safe to 
use and does not exhibit any obvious side effects (8-12). 
Moreover, it has multiple functions, including anti-OS, 
anti-platelet aggregation, vasodilation, anti-atherosclerosis, 
anti-inflammation, anti-apoptosis, anti-hyperlipidemia, 
anti-tumor, cardiovascular protection, and regulation of 
nitric oxide release (26-29). In recent years, reports have 
shown that hesperetin and its derivatives exert therapeutic 
effects such as anti-Alzheimer’s disease, anti-Parkinson’s 
disease, anti-hyperglycemia, anti-hemocoagulase, and anti-
fibrosis of the lung, kidney, and liver, as well as inhibition of 
some new tumors (22,30-35). 

There are several methods for extracting hesperetin 
from orange peel, including solvent extraction, aqueous 
two-phase extraction, alkaline extraction-acid precipitation, 

Hesperidin Hesperetin-7-b-d-glucoside

Hesperetin Glucose

Rharnnose

Figure 2 Hydrolysis of hesperidin to produce hesperetin.
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and ultrasound (36). The extracted material is a mixture, 
and the next step requires purification of hesperetin via 
macroporous resin adsorption, ion exchange, high-speed 
countercurrent chromatography, or high-performance liquid 
chromatography. Hesperetin is an important flavonoid; 
it is non-toxic, safe, and reliable. Furthermore, it also has 
spectral pharmacological functions, including antibacterial, 
antioxidant, anti-cancer, expectorant, immune regulation, 
cardiovascular protection, etc. (37,38). However, owing to 
its poor water solubility, the application of hesperetin is 
limited. Therefore, the chemical modification of hesperetin 
to improve its hydrophilicity is currently a research hotspot. 
Researchers have methylated the 7-position hydroxyl group 
of hesperetin, transformed hesperetin into its sulfonated 
sodium salt, or coordinated hesperetin with metal ions to 
improve its water solubility (39,40). At present, hesperetin 
is used clinically as an auxiliary drug for the treatment of 
cardiovascular diseases and diabetes. In addition, since 
hesperetin has a selective inhibitory effect on cancer cells 
and has no effect on normal human cells, it can be used as 
an auxiliary drug for the treatment of cancer patients who 
are resistant to chemotherapy and radiotherapy (41,42).

There are few published domestic research reports 
related to hesperetin but are instead predominantly 
focused on hesperidin, such as its drug efficacy, production 
technology, and so on. However, with the continuous 
development of clinical medicine, modern pharmaceutical 
research has revealed detectable levels of hesperetin in the 
blood, urine, and feces of mice following ingestion over 
a specified period. Surprisingly, no trace of hesperidin 
was detected in any of the mice samples tested. Further 
investigation has determined that when using intestinal 
microorganisms for the degradation of flavonoid glycosides 
in vitro, hesperidin will only change marginally after it is 
degraded to hesperetin. These experimental findings have 
confirmed that most of the hesperidin is hydrolyzed to 
hesperetin via intestinal microbial flora-induced metabolism, 
which is then absorbed into the blood through the intestinal 
tract and transported to various tissues and organs to exert 
its clinical effects (43). The basis of hesperidin’s effect  
in vivo is probably the effect of its metabolic decomposition 
into hesperetin, and thus, exploring the role of hesperetin in 
the human body is crucially important.

Advantages/disadvantages of hesperetin
Hesperetin exerts numerous pharmacological effects, but 
due to its poor water solubility and low biological activity, its 
clinical application is considerably limited (44). To improve 

the biological activity of hesperetin and enhance its clinical 
effects, some researchers have used the synthetic derivatives 
of hesperetin and its pharmaceutical preparations through 
the application of biological nanotechnology in recent years, 
which has improved the water solubility and bioavailability of 
hesperetin. Ding et al. and Wang et al. synthesized a series of 
hesperetin derivatives and evaluated their anti-inflammatory 
activity, and found that the derivatives exhibit higher anti-
inflammatory activity than hesperetin (45,46). Mary Lazer 
et al. synthesized hesperetin chitosan folic acid nanoparticles 
(CHF) and evaluated the half  maximal inhibitory 
concentration (IC50) values of hesperetin and CHF on 
human colon cancer HCTl5 cells (47). Their results showed 
that the IC50 value of hesperetin was 190 µmol/L, while 
that of CHF was only 28 µmol/L, which confirmed that the 
application of nanotechnology improved the water solubility 
of hesperetin and also greatly enhanced its bioavailability. 

Mechanism of hesperetin in the treatment of cerebral 
ischemia

Anti-OS and apoptosis
OS is a pathophysiologic phenomenon that is caused by the 
excessive production of reactive oxygen species (ROS) due 
to the external influence of cells in vivo. Thus, OS leads to 
an imbalance between oxidation and the antioxidant system 
and makes the system tend toward oxidization, resulting in 
cell damage. This concept was first proposed by Paniker 
et al. (48). In cerebral ischemia-reperfusion injury, OS 
can damage nerve cells via direct ROS damage and the 
activation of other signaling pathways. The direct ROS 
damage includes damage to membranes caused by lipid 
peroxidation (LPO), oxidation and deactivation of enzymes, 
and the modification of nitrogenous bases of chromosomal 
deoxyribonucleic acid (DNA), which all may directly 
affect the survival and development of cells and lead to cell 
damage. Indirect ROS damage to cells is mainly activated 
through the mitochondrial-mediated apoptosis pathway 
regulated by altering mitochondrial pore permeability (49). 
ROS can also damage nerves during cerebral ischemia-
reperfusion injury by affecting transcription factors (50). 

ROS is related to the pathogenesis of neurodegenerative 
diseases. Similarly, the transcription factors, nuclear factor 
erythroid 2-related factor 2 (Nrf-2) and heme oxygenase-1 
(HO-1), are the main cellular mechanisms regulating 
antioxidant and cytoprotective genes, which are down-
regulated in neurodegenerative diseases. Lipopolysaccharide 
(LPS) induces ROS production, resulting in oxidant/
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Figure 3 Anti-oxidative stress and anti-apoptosis of hesperetin. LPS induces ROS production, resulting in oxidant/antioxidant imbalance 
and OS. LPS promotes OS by inducing the production of LPO and ROS. LPS also down-regulated the expression of Nrf-2, HO-1 and 
anti-apoptotic Bcl-2, while increased significantly the expression of JNK/Bax and cleaved Caspase-3. Hesperetin could inhibit the expression 
of LPO and ROS and promote the expression of Nrf-2 and HO-1, while promoted Bcl-2 protein levels and prevents LPS-induced neuron 
apoptosis by reducing the expression of JNK/Bax and Caspase-3, indicating that hesperetin exerts anti-oxidative stress and anti-apoptosis. 
LPS, lipopolysaccharide; ROS, reactive oxygen species; OS, oxidative stress; LPO, lipid peroxidation; Nrf-2, nuclear factor erythroid 2-related 
factor 2; HO-1, heme oxygenase-1; Bcl-2, B cell lymphoma-2; JNK, c-Jun N-terminal kinase; Bax, Bcl-2 associated X protein.

antioxidant imbalance and OS (51-54). The results reported 
by Muhammad et al. showed that LPS promotes OS by 
inducing the production of LPO and ROS in mouse brains 
and HT-22 cells (55). Their western blotting results showed 
that LPS also down-regulated the expression of Nrf-2 
and HO-1 in the mouse brain. In the hesperetin-treated 
group, the increased expression of LPO and ROS and the 
decreased expression of Nrf-2 and HO-1 were significantly 
regulated, indicating that hesperetin exerts an antioxidant 
effect on mouse brain cells (Figure 3).

Apoptosis refers to the spontaneous and orderly cell 
death controlled by genes to maintain the stability of 
the internal environment. In the apoptotic system, the B 
cell lymphoma-2 (Bcl-2) and Caspase families play a key 
role in receiving, transmitting, or expanding apoptotic 
signals inside or outside the cell or when the cell executes 
apoptosis commands, and are crucial to the regulation 
of apoptosis (56). The Bcl-2 family can be divided into 
two categories: anti-apoptosis proteins and pro-apoptotic 
proteins, and Bcl-2 and Bcl-2 associated X protein (Bax) 
have been extensively investigated. Studies have shown that 

the expression levels of the two regulatory proteins directly 
determine the apoptosis and survival of cells following 
external stimulus (57,58). The Caspase family comprises 14 
subtypes: 

Type I (Inflammation) includes Caspase-1, Caspase-4, 
Caspase-5, Caspase-11, Type II (apoptosis initiators) 
includes Caspase-8, Caspase-9, Caspase-10; Type II 
(apoptosis executors) includes Caspase-3, Caspase-6, 
Caspase-7; Type III (response regulators) includes 
Caspase-2, Caspase-12, Caspase-14, etc. (59). Liang et al. 
found that the Bcl2 protein levels decreased, while those 
of Bax increased, in an animal model of cerebral ischemia-
reperfusion (60). Liu et al. also found that the Caspase-3 
protein levels increased in an animal model of cerebral 
ischemia-reperfusion (61). Therefore, apoptosis is involved 
in the occurrence and development of cerebral ischemia-
reperfusion injury.

c-Jun N-terminal kinase (JNK), a stress kinase, is 
involved in the apoptotic process. OS induced by cerebral 
ischemia triggers the JNK cascade (62). The anti- and pro-
apoptotic protein markers, Bcl-2 and Bax, play an important 



Annals of Translational Medicine, Vol 10, No 14 July 2022 Page 7 of 15

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(14):806 | https://dx.doi.org/10.21037/atm-22-3136

role in the regulation of the apoptotic cell death pathway 
at the mitochondrial level (63,64). Another factor leading 
to apoptotic neurodegeneration is the Caspase cascade, 
especially C-3, which is the main effector of the apoptosis 
cascade leading to neurodegeneration (65). Muhammad 
et al. showed that the expression of JNK/Bax and cleaved 
Caspase-3 increased significantly in LPS-treated mice, while 
the level of anti-apoptotic Bcl-2 decreased markedly (55). 
Hesperetin also promoted Bcl-2 protein levels and prevents 
LPS-induced neuron apoptosis by reducing the expression 
of JNK/Bax and Caspase-3 (Figure 3).

Anti-atherosclerosis
Intracranial atherosclerosis (ICAS) is a common cause 
of ischemic stroke. The study of Chinese intracranial 
atherosclerosis (CICAS) has confirmed that ICAS is the 
most common vascular disease in Chinese patients with 
cerebrovascular disease, which is closely related to the high 
risk of stroke recurrence. The risk factors of ICAS mainly 
include age, race, hypertension, hyperlipidemia, metabolic 
syndrome, smoking, etc., which are also risk factors for 
ischemic stroke. Although ICAS is the main vascular disease 
in patients with ischemic stroke in Asia, 20–30% of Asian 
patients with ischemic stroke are caused by extracranial 
atherosclerosis (ECAS) (66). 

Atherosclerosis and its resulting cerebrovascular disease 
seriously endanger the lives and health of people in China 
and around the world. After diffuse atherosclerosis of the 
cerebral artery, the lumen is narrowed, which reduces the 
blood supply to the brain parenchyma and causes ischemic 
changes in the brain. Macrophages play an important 
role in the mechanism of atherosclerosis. Hesperetin can 
enhance the expression of macrophage lipid transporter 
adenosine triphosphate binding transporter A1, inhibit 
macrophage infiltration in the plaque site, and reduce foam 
cell formation in the plaque area. Wang et al. (67) labeled 
CD68 macrophages by immunofluorescence staining, which 
showed that hesperetin can significantly reduce macrophage 
infiltration into aortic sinus plaques and foam cell formation, 
and inhibit the expression and secretion of tumor necrosis 
factor-α (TNF-α) and monocyte chemoattractant protein-1 
(MCP-1) inflammatory factors in apoE-/mice, thereby 
reducing or delaying the progression of atherosclerosis and 
inhibiting the inflammatory reaction (Figure 4). Hesperetin 
also exerts an anti-atherosclerotic effect by inhibiting the 
proliferation and migration of smooth muscle cells. Jin  
et al .  (27) studied the effect of hesperetin on the 
proliferation of primary cultured rat aortic vascular smooth 

muscle cells (VSMCs) induced by platelet-derived growth 
factor (PDGF)-bb. Their results illustrated that hesperetin 
inhibited PDGF-bb-induced proliferation of rat aortic 
VSMCs through G(0)/G(1) blockade (Figure 4).

Anti-inflammatory reaction
The inflammatory reaction is an important cause of 
continuous brain tissue injury following cerebral ischemia, 
especially in cerebral ischemia-reperfusion. Therefore, 
controlling a series of cascade inflammatory reactions 
after cerebral ischemia is an important strategy to reduce 
cerebral ischemia-reperfusion injury (68). After cerebral 
ischemia, microglia and astrocytes are activated rapidly, 
and the activated and proliferated microglia and astrocytes 
release a large number of pro-inflammatory mediators 
and neurotoxic molecules, which participate in the 
cerebral ischemia-induced inflammatory reaction. These 
inflammatory mediators can in turn further stimulate the 
activation and proliferation of microglia and astrocytes, 
thereby aggravating the inflammatory reaction and forming 
a vicious circle.

Nuclear factor-kappaB (NF-κB) is a multidirectional 
transcription factor that regulates several other genes 
involved in the inflammatory reaction and stimulates a 
variety of cell signaling pathways, leading to increased 
production of inflammatory cell factors. Thus, the inhibition 
of NF-κB-mediated cellular and molecular processes 
may provide a potential target for neuroinflammatory-
related neurological diseases. LPS treatment leads to the 
activation of microglia and increased astrocytes, and also 
increases the expression of inflammatory mediators, such 
as phosphorylation nuclear factor κB (p-NF-κB), TNF-α, 
and interleukin-1β (IL-1β), which are involved in various 
kinds of psychogenic diseases including cerebral ischemia 
(69-70). The findings of Muhammad et al. demonstrated 
that hesperetin significantly reduces the expression level of 
phosphorylated-nuclear factor-kappaB (p-NF-κB) in LPS-
stimulated mice brains, and markedly reduces the expression 
levels of TNF-α and IL-1β cytokines (55). The effect of 
hesperetin on neuroinflammation is notably mediated by 
the inhibition of NF-κB signaling (Figure 5).

Mitogen activated protein kinases (MAPKs) are 
important upstream regulators of inflammatory cytokines 
in various biological systems. MAPKs, including the 
extracellular signal-regulated kinase 1/2 (ERK1/2), JNK, 
and p38 MAPK, are involved in the activation of BV-2 
microglia cells stimulated by LPS. Jo et al. reported that 
hesperetin can significantly inhibit the phosphorylation of 
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expression and secretion of TNF-α and MCP-1 inflammatory factors, thereby inhibiting the inflammatory reaction and reducing or delaying 
the progression of atherosclerosis. Hesperetin also exerts an anti-atherosclerotic effect by inhibiting PDGF-bb-induced proliferation of 
rat aortic VSMCs through G(0)/G(1) blockade. TNF-α, tumor necrosis factor-α; MCP-1, monocyte chemoattractant protein-1; VSMCs, 
vascular smooth muscle cells.
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Figure 5 Anti-inflammation of hesperetin. LPS treatment increases the expression of inflammatory mediators, such as p-NF-κB, TNF-α, 
and IL-1β, which are involved in cerebral ischemia. Hesperetin significantly reduces the expression level of p-NF-κB and markedly reduces 
the expression levels of TNF-α and IL-1β cytokines. MAPKs, including the ERK1/2, JNK, and p38 MAPK, are important upstream 
regulators of inflammatory cytokines, which could stimulate by LPS. Hesperetin can significantly inhibit the phosphorylation of ERK1/2 
and p38 MAPK after LPS treatment. The effect of hesperetin on neuroinflammation is notably mediated by the inhibition of NF-κB 
and MAPKs signaling. LPS, lipopolysaccharide; p-NF-κB, phosphorylation nuclear factor κB; TNF-α, tumor necrosis factor-α; IL-1β, 
interleukin-1β; MAPKs, Mitogen activated protein kinases; ERK1/2, extracellular signal-regulated kinase 1/2.
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Figure 6 Anti-thrombosis of hesperetin. Hesperetin can inhibit platelet aggregation induced by collagen and arachidonic acid, and the 
cellular mechanism of hesperetin’s antiplatelet activity is mainly mediated by inhibition of PLC-2 phosphorylation and cyclooxygenase-1 
activity. This beneficial characteristic of hesperetin is critical in thrombosis. PLC-2, phospholipase C-2.

ERK1/2 and p38 MAPK in LPS-stimulated BV-2 microglia 
(Figure 5) (9).

Anti-thrombosis
After a cerebral ischemic attack, the blood remains in a 
hypercoagulable state, which is conducive to the formation 
of platelet thrombi and is directly involved in the occurrence 
and development of repeated cerebral ischemia (71). By 
constructing an middle cerebral artery occlusion (MCAO) 
model, Okada et al. confirmed that platelets are activated 
after focal cerebral ischemia, and platelet activation 
plays a key role in the natural course of the disease (72). 
Thrombosis is one of the important factors in secondary 
brain injury. Therefore, inhibiting platelet aggregation and 
subsequent thrombosis can play a protective role in brain 
injury following ischemic episodes.

According to Jin et al., hesperetin can inhibit platelet 
aggregation induced by collagen and arachidonic acid, 
and the cellular mechanism of hesperetin’s antiplatelet 
activity is mainly mediated by inhibition of phospholipase 
C-2 (PLC-2) phosphorylation and cyclooxygenase-1  
activity (27). This beneficial characteristic of hesperetin is 
critical in thrombosis (Figure 6).

Anti-hyperlipidemia
Hyperlipidemia is diagnosed in patients with total 
cholesterol over 220 mg/dL, triglycerides over 160 mg/dL, 
high-density lipoprotein (HDL) below 40 mg/dL, and low-
density lipoprotein (LDL) above 160 mg/dL, or those with 
a history of using lipid-lowering drugs. In a clinical study of 
the risk factors for stroke recurrence, Kang et al. confirmed 
that hyperlipidemia is correlated with the recurrence 
of ischemic stroke within 5 years, especially in cases of 
large atherosclerotic stroke, which may be attributable to 

the more severe baseline atherosclerotic stenosis in such 
patients (73). Also, Zhao et al. showed that patients with 
atherosclerotic dyslipidemia have a higher risk of recurrence 
of ischemic stroke (74). Atherosclerotic dyslipidemia 
is defined as the decrease of HDL and the increase of 
triglycerides. Lee et al. reported that elevated triglyceride 
levels and decreased HDL levels in a fasting state increase 
the risk of coronary heart disease and ischemic stroke in 
diabetes patients (75). Therefore, high cholesterol, high 
triglycerides, decreased HDL, increased LDL, and a history 
of treatment with lipid-lowering drugs are all risk factors 
for ischemic stroke.

The experimental study reported by Choi et al. showed 
that hesperetin could inhibit the activity of cholesterol-
producing and esterifying enzymes, thereby achieving 
an anti-hyperl ipidemia effect  (76) .  3-hydroxy-3-
methylglutaryl-coenzyme A (HMG CoA) reductase and 
acyl coenzyme cholesterol acyltransferase (ACAT) are the 
main rate-limiting enzymes for cholesterol synthesis and 
esterification in animals. An experiment using high-fat 
model mice showed that the synthesis and esterification of 
cholesterol are affected by hesperetin and its metabolites, 
which is represented by reducing the activities of HMG-
CoA reductase and ACAT enzymes. The carrier protein 
is the protein part of lipoproteins, which are involved in 
the transport of cholesterol and triglycerides in the body. 
Hesperetin reduces the bioavailability of assembled lipids for 
carrier protein-bound lipoproteins, thereby improving the 
transport capacity of cholesterol in the blood. Hesperetin 
reduces blood lipid by reducing the transcription of ACAT-
2 messenger ribonucleic acid (mRNA) in Hep (hepatocyte) 
G2 cells and reducing the synthesis carrier protein. The 
above effects are achieved in three ways: (I) reducing the 
activity of ATAC1 and ATAC2; (II) selectively reducing the 
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Figure 7 Anti-hyperlipidemia of hesperetin. Hesperetin reduces blood lipid by reducing the transcription of ACAT-2 mRNA in Hep G2 
cells and reducing the synthesis carrier protein, while reduces the bioavailability of assembled lipids for carrier protein-bound lipoproteins, 
thereby improving the transport capacity of cholesterol in the blood. Hesperetin also affected the synthesis and esterification of cholesterol, 
which is represented by reducing the activities of HMG-CoA reductase and ACAT enzymes. The anti-hyperlipidemia effects of hesperetin 
are achieved in three ways: (I) reducing the activity of ATAC1 and ATAC2; (II) selectively reducing the expression of ATAC2; and (III) 
reducing the activity of the triglyceride transfer protein. ACAT-2, acyl coenzyme cholesterol acyltransferase-2; mRNA, messenger 
ribonucleic acid; Hep, hepatocyte; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A.

expression of ATAC2; and (III) reducing the activity of the 
triglyceride transfer protein (Figure 7).

Anti-nitric oxide damage
Research results in recent years have shown that NO, a 
nitrogen oxide compound with free radicals, uses arginine as 
a substrate and produces the dual effects of neuroprotection 
and neurotoxin catalyzed by nitric oxide synthase (NOS). 
There are three isoforms of the NOS isoenzyme, namely, 
nNOS, iNOS, and eNOS. The NO that is produced is 
neurotoxic, which is generally due to the overexpression 
of iNOS and nNOS, while the NO produced by eNOS 
has a neuroprotective effect. Previous studies have shown 
that nNOS plays a key role in the process of ischemia and 
initiates the primary effects in the early phase of excitotoxic 
injury. Firstly, iNOS protein and catalytic activity can 
be detected 12 hours after cerebral ischemia. Next, the 
iNOS inhibitor can reduce the infarct area in the focal 
cerebral infarction model 24 hours after cerebral ischemia. 
Finally, iNOS reaches a peak within 48 hours after cerebral 
ischemia and recovers to the basic level after 7 days. 
Experimental results have demonstrated that endothelial 
NOS has a neuroprotective effect, and NO mediated by 
neurogenic NOS participates in brain injury in the early 
stage of ischemia and has a neurotoxic effect (77,78). NO 
has the dual functions of neuroprotection and neurotoxicity 

(Figure 8) (9). All the mechanisms of hesperetin in the 
treatment of cerebral ischemia were summarized in Table 2. 
Such a comprehension of the recent progress of hesperetin 
will help understand the progress of the effect of hesperetin 
intervention on the evolution of cerebral ischemia.

Conclusions and future prospects

In summary, hesperetin are widely involved in various 
regulatory pathways and play an important role, such as 
anti-oxidative stress and apoptosis, anti-atherosclerosis, 
anti-inflammatory reaction, anti-thrombosis, anti-
hyperlipidemia, anti-nitric oxide damage. The mechanism 
of hesperetin in the treatment of cerebral ischemia was 
summarized in Table 2. At present, there are few studies 
on hesperetin in the treatment of cerebral ischemia, and 
most of these are experiments that use nerve cells to 
construct a certain model of cerebral ischemia in vitro, 
excluding a few in vivo studies. More research is required 
to further explore this topic. However, hesperetin exhibits 
numerous pharmacological effects that can be modulated 
to treat cerebral ischemia, and thus, its overall pathogenic 
mechanism of action is worth studying. At the same time, 
a study has shown that hesperetin inhibits Ca2+ overload in 
cardiomyocytes (79). We believe that hesperetin may also 
have the same effect on brain cells.
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The advantages of hesperetin are its abundance, large 
output, low production cost, accurate biological activity, 
and minimal toxic side effects. China is a large citrus-
producing country, with a citrus output of 41.318 million 
tons in 2018, and therefore has extremely rich hesperetin 
resources. As a key component of citrus fruits, hesperetin 

has broad development prospects. The main disadvantage 
of hesperetin is that despite its many pharmacological 
effects, its clinical application is greatly limited due to 
its poor water solubility and low biological activity. To 
improve the biological activity and enhance the therapeutic 
role of hesperetin, researchers have used synthetic 
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Figure 8 NO damage and function of hesperetin. The NO that is produced is neurotoxic, which is generally due to the overexpression of 
iNOS. Hesperetin could inhibit the expression of iNOS and exert the neuroprotective effect. NO, nitric oxide; iNOS, inducible nitric oxide 
synthase.

Table 2 Summary of the mechanism of hesperetin in the treatment of cerebral ischemia

Effect Mechanism References

Anti-oxidative stress and apoptosis Inhibit ROS, LPO, and JNK/Bax, caspase-3 (46-50)

Promote Nrf2, HO-1, and Bcl-2

Anti-atherosclerosis Inhibit TNF-α, MCP-1, and the G0/G1 phase (56)

Promote adenosine triphosphate binding transporter A1

Anti-inflammatory reaction Inhibit P-NF-κB, ERK1/2, and p38 MAPK (58-60)

Anti-thrombosis Inhibit PCL-2, phosphorylation, and cyclooxygenase-1 (24)

Anti-hyperlipidemia Inhibit HMG-CoA reductase and ACAT enzymes (65)

Assembled lipid for carrier protein binding

Transcription of ACAT-2 mRNA

Anti-nitric oxide damage Inhibit iNOS (66,68)

ROS, reactive oxygen species; LPO, lipid peroxidation; JNK, c-Jun N-terminal kinase; BAX, Bcl-2 associated X protein; Nrf-2, nuclear 
factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; Bcl-2, B cell lymphoma-2; TNF-α, tumor necrosis factor-α; MCP-1, monocyte 
chemoattractant protein-1; p-NF-κB, phosphorylated -nuclear factor-kappaB; ERK1/2, extracellular signal-regulated kinase 1/2; p38 
MAPK, p38 mitogen-activated protein kinase; PLC-2, phospholipase C-2; HMG CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; ACAT, acyl 
coenzyme cholesterol acyltransferase; iNOS, inducible nitric oxide synthase.
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derivatives of hesperetin, prepared through the application 
of bionanotechnology pharmaceutical preparations, 
to markedly improve its bioavailability in recent years. 
Collectively, these features indicate the considerable 
research significance of hesperetin.

Currently, the clinical application of hesperidin includes 
the treatment of paroxysmal tachycardia, the rescue of 
septic shock, and chronic gastritis (80). There are presently 
no reports on the treatment of cerebral ischemia using 
hesperetin, and the application of hesperetin in cerebral 
ischemia requires further study. The pharmacological 
mechanism of hesperetin has not been fully elucidated; 
however, with further research on its mechanism of action 
and the development of related derivatives, the potential 
pharmacological effects and value of hesperetin will be 
further explored, which will contribute to the development 
and synthesis of more efficient hesperetin analogues or 
novel drugs.
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