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 Abstract: Background: Alzheimer's Disease (AD) is the most common dementia in clinics. Despite 
decades of progress in the study of the pathogenesis of AD, clinical treatment strategies for AD remain 
lacking. Apigenin, a natural flavonoid compound, is present in a variety of food and Chinese herbs and 
has been proposed to have a wide range of therapeutic effects on dementia.  

Objective: To clarify the relevant pharmacological mechanism and therapeutic effect of apigenin on 
animal models of AD.  

Methods: Computer-based searches of the PubMed, Cochrane Library, Embase, and Web of Science 
databases were used to identify preclinical literature on the use of apigenin for treating AD. All data-
bases were searched from their respective inception dates until June 2023. The meta-analysis was per-
formed with Review manager 5.4.1 and STATA 17.0. 

Results: Thirteen studies were eventually enrolled, which included 736 animals in total. Meta-analysis 
showed that apigenin had a positive effect on AD. Compared to controls, apigenin treatment reduced 
escape latency, increased the percentage of time spent in the target quadrant and the number of plat-
eaus traversed; apigenin was effective in reducing nuclear factor kappa-B (NF-κB) p65 levels; apig-
enin effectively increased antioxidant molecules SOD and GSH-px and decreased oxidative index 
MDA; for ERK/CREB/BDNF pathway, apigenin effectively increased BDNF and pCREB molecules; 
additionally, apigenin effectively decreased caspase3 levels and the number of apoptotic cells in the 
hippocampus.  

Conclusion: The results show some efficacy of apigenin in the treatment of AD models. However, 
further clinical studies are needed to confirm the clinical efficacy of apigenin. 
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1. INTRODUCTION 

 Dementia is an acquired impairment of intellectual func-
tion and other cognitive skills that leads to a reduced ability 
to perform daily activities [1]. Alzheimer's disease (AD) is 
the most common dementia occurring in old age. It involves 
neurodegeneration of the central nervous system (CNS) and 
is characterized by progressive cognitive dysfunction and 
behavioral disorders [2]. Clinical manifestations of AD in-
clude memory impairment, agnosia, aphasia, impairment of 
visuospatial ability, and personality and behavior changes 
[3]. AD is the fourth leading cause of death in older people, 
after cancer, heart disease, and cerebrovascular disease, and 
it is the third most costly of all diseases. Consequently, it 
presents significant challenges to millions of patients, their 
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families, and society as a whole [4]. It is estimated that more 
than 1.315 billion people worldwide will have AD by 2050 
[5]. 

 The pathogenesis of AD is complex and has not been 
fully deciphered [6]. Deposition of amyloid beta (Aβ) in the 
brain parenchyma and cerebral vessels, as well as the pres-
ence of neurofibrillary tangles (NFTs) and progressive loss 
of synapses, are central neuropathologic features of AD [7]. 
However, to date, it is not clear what primarily triggers and 
drives disease progression [8, 9]. In the last decade, despite 
the growing focus on AD research, the complex molecular 
mechanism underlying the pathophysiology of AD remains 
incompletely understood. Among the different multifactorial 
pathways affected by the disease, oxidative stress, harmful 
changes in mitochondria, reduced utilization of brain glu-
cose, and neuroinflammation are currently considered to be 
important factors in disease initiation and/or progression 
[10]. 
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 Aducanumab, the first antibody approved for the treat-
ment of AD by the Food and Drug Administration in nearly 
20 years, sparked a marked controversy soon after its launch 
[11]. Clinical trials showed that the monoclonal drug cleared 
Aβ from the brain, but there was insufficient evidence that it 
slowed or stopped the progression of AD [12]. Additionally, 
approximately 40% of patients treated with this monoclonal 
antibody experienced severe side effects, including cerebral 
edema (ARIA-E) and hemorrhage (ARIA-H) [13]. Lecanem-
ab, another Aβ antibody drug that was released after aducan-
umab, shares the same mechanism (both target Aβ), but the 
drugs have completely different epitopes on which they act 
[14]. The effect of lecanemab as compared to aducanumab is 
clear and is well-documented by clinical data [15]. In a phase 
3 clinical trial, lecanemab reduced dementia-like amyloid 
and delayed early AD disease progression by 27% over 18 
months of treatment, meeting the primary endpoint and all 
key secondary endpoints, with highly statistically significant 
results [16]. However, the potential side effects of drugs tar-
geting Aβ, such as cerebral edema and hemorrhage, limit 
their clinical use. Currently, the central cholinesterase inhibi-
tors donepezil and cabalatine and the glutamate receptor an-
tagonist memantine are widely used in the treatment of AD 
[17]. Nevertheless, these existing therapeutic strategies can 
only relieve symptoms but cannot cure AD [18]. Therefore, 
the prognosis of the majority of dementia patients remains 
poor, and new therapeutic methods to cure this disease must 
be developed. 
 Natural compounds have become a hot topic in research 
because of their advantages, in particular, their convenience, 
high safety, low toxicity, and lack of side effects, which are 
unmatched by conventional Western drugs [19, 20]. A varie-
ty of natural compounds have been shown to play crucial 
roles in the treatment of chronic diseases [21]. Polyphenols 
are the most abundant and widely distributed substances in 
plants [22]. They share the common feature of an aromatic 
ring containing at least one hydroxyl substituent [23], and 
they are often linked to sugars (glycosides) and, therefore, 
tend to be water-soluble [24]. The largest group of naturally 
occurring polyphenols are flavonoids, such as apigenin [25].  
 Apigenin (4’,5,7-trihydroxyflavone) (AP) is a yellow 
crystalline substance with the molecular formula C15H10O5, a 
molecular weight of 270.24 Da, and a melting point of 347-
348°C [26]. It is a flavonoid derivative with three hydroxyl 
substituents, which is insoluble in water but is soluble in 
organic solvents. It is a ligand of naturally occurring glyco-
sides, and it is found mainly in its glycosylated forms in veg-
etables (parsley, celery, onion), fruits (oranges, lemons, 
grapefruit), herbs (chamomile, thyme, oregano, Rorer) and 
plant-based beverages (tea, beer, wine) [27]. Particularly 
high levels are found in parsley and celery: celery contains 
108 mg/kg AP [28] (Fig. 1).  
 It's delayed plasma clearance and slow decomposition in 
the liver increase its systemic bioavailability and make AP a 
potent therapeutic agent in drug research and development 
[29]. The solubility of AP in water is very low (1.35 μg/mL), 
although it has high permeability [30]; thus, the use of AP in 
in vivo studies may be limited. It has been shown that 
providing AP in liposomes, polymer micelles, and nanosus-
pension could improve its solubility and stability, as well as 

the dosage of AP, and can prolong the pharmacological ac-
tivity of the compound [31-33]. 
 Emerging studies have shown that AP has therapeutic 
effects on diabetes, depression, amnesia, osteoarthritis, in-
somnia, cancer, arteriosclerosis, hypertension, and heart dis-
ease [34-36]. Several studies have reported that AP improves 
memory and reduces amyloid deposition in animal models 
[37, 38]. Moreover, clinical trials have found that AP im-
proves cognitive function and provides neurovascular protec-
tion [39]. The neuroprotective mechanisms of AP in AD 
involve reduction of Aβ protein deposition, inhibition of 
aggregation of hyperphosphorylated tau proteins into NFTs, 
reduction of neuroinflammation, anti-oxidative stress and 
anti-apoptotic effects, inhibition of nitrosylation, inhibition 
of acetylcholinesterase (AChE), restoration of histone acety-
lation, promotion of synapse formation, and regulation of the 
extracellular signal-regulated kinase (ERK)/cAMP-response 
element binding protein (CREB)/brain-derived neurotrophic 
factor (BDNF) pathway. The multi-mechanism and multi-
target pharmacological characteristics of apigenin make it 
possible for apigenin to become a new therapeutic drug for 
dementia [40]. 
 Thus, while AP has been shown to be effective against 
AD, the mechanism remains uncertain. Hence, to clarify the 
relevant pharmacological mechanism and therapeutic effects 
of AP, we conducted a systematic review and meta-analysis 
of data obtained from studies of animal models of AD. 

2. MATERIALS AND METHODS 

2.1. Search Strategy 

 This systematic evaluation and meta-analysis were per-
formed according to the Preferred Reporting Items for Sys-
tematic Evaluations and Meta-Analyses (PRISMA) state-
ment [41]. We performed electronic searches for relevant 
publications on the treatment of AD with AP in the PubMed, 
Cochrane Library, Embase, and Web of Science databases 
from their respective inception dates up to June 2023.  
 Literature was retrieved by combining free words with 
subject terms. The search terms included the following: 
apigenin, AD, Alzheimer's Disease, Alzheimer's, and Alz-
heimer’s disease. The full PubMed search is: “Alzheimer's 
Disease” [Title] OR “AD” [Title] OR “Alzheimer Disease” 
[Title] OR “Alzheimer Disease” [Title] OR “Alzheimer Dis-
ease” [MeSH Terms]) AND (“Apigenin” [MeSH Terms] OR 
“Apigenin” [Title/Abstract]. We considered all studies pub-
lished that might be eligible for review. Moreover, the refer-
ences included in the identified publications were further 
screened for additional reports. 
 We included in vivo studies, in which a control group 
was available and for which descriptive statistical results of 
clinical measurements were reported (i.e., mean, standard 
deviation, sample size of participating animals). We exclud-
ed publications that were reviewed, editorials, in vitro stud-
ies, conference papers, unrelated topics, investigated AP 
compatibility with other drugs, missing control groups, or 
that presented incomplete data. 
 The databases were screened, and information was ex-
tracted independently by two authors according to the above 
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Fig. (1). Main sources and map indicating the functions of apigenin. (A higher resolution/colour version of this figure is available in the elec-
tronic copy of the article).
 
inclusion and exclusion criteria. Disagreements were re-
solved by discussion to consensus, or a third author assisted 
in the adjudication. 

2.2. Data Extraction

 The research data were extracted using a self-made data 
extraction table. The main content extracted was the follow-
ing: (1) the basic information of the research, including the 
first author and the year of publication; (2) basic information 
of experimental animals, including breed, sex, sample size, 
and weight; (3) method for inducing an AD animal model; 
(4) detailed information on the intervention population, in-
cluding dose administered, mode of administration and time 
of administration; (5) the outcome indicators; and (6) the 
main conclusions of the study. When multiple independent 
groups were included in a study (e.g., different drug doses), 
these data were extracted and treated as separate experi-
ments, with the corresponding control groups also treated 
separately. Graph-based data were calculated using WebPlot 
Digitizer version 4.5 software (https://automeris.io/ 
WebPlotDigitizer/). 

2.3. Risk-of-bias Assessment of Included Studies 

 The risk-of-bias of the included studies was assessed by 
two authors using the modified SYRCLE risk-of-bias tool 
based on Cochrane tools [42]. The SYRCLE animal experi-
ment risk-of-bias assessment tool included 10 items: (1) ran-
dom sequence generation; (2) baseline characteristics; (3) 
allocation concealment; (4) random housing; (5) blinding of 
participants and personnel; (6) random outcome assessment; 
(7) blinding of outcome assessment; (8) incomplete outcome 
data; (9) selective outcome reporting; (10) other sources of 
bias. These were scored as “Low risk,” “Unclear,” and “High 
risk” for each indicator [43].  
 Two authors independently performed the risk-of-bias 
assessments and cross-checked the results. Cases of disa-
greement were resolved by discussion to consensus. 

2.4. Statistical Analysis 

 The mean and standard deviation (SD) values of the rec-
orded data were collected using WebPlot Digitizer 4.5 soft-
ware. To improve the comparability of results of the same 
indicator tested by different methods, we evaluated the 
standardized mean differences (SMD) to eliminate the effect 
of magnitude between the experimental data. The meta-
analysis was performed using a Review Manager 5.4.1. 
(https://training.cochrane.org/online-learning/core-software/ 
revman) and STATA17.0 (https://www.stata.com/products/ 
windows/). The chi-square test was used to analyze the het-
erogeneity of the results. If there were no statistical hetero-
geneity (p ≥ 0.1, I2 ≤ 50%), a fixed-effects model was used 
for meta-analysis. If there were statistical heterogeneity 
among the results (p < 0.1, I2 > 50%), a random-effects 
model was performed for meta-analysis. The summary statis-
tics of outcomes were quantitatively determined using the 
SMD with corresponding 95% confidence intervals (95% 
CIs), with p < 0.05 indicating a statistically significant dif-
ference. When significant heterogeneity existed, sensitivity 
analyses were conducted by excluding the included data on a 
case-by-case basis to assess the stability of the findings or 
subgroup analyses were performed to explore potential 
sources of heterogeneity in the main validated outcome indi-
cators further. To determine whether publication bias existed 
among the included studies, we constructed funnel plots of 
the main outcome indicators. We assessed funnel plot 
asymmetry using the Egger test and defined significant pub-
lication bias as p < 0.05. For the primary outcome indicators, 
sensitivity analyses were performed using Stata 15.0 soft-
ware when there was significant heterogeneity, and sensitivi-
ty analyses were performed to determine whether these 
changes would affect the combined outcome estimates by 
excluding the included data one by one. A meta-regression 
analysis was then performed to identify confounding factors 
that might contribute to high heterogeneity. Finally, sub-
group analyses were performed on the primary outcome in-
dicators of escape latency and target quadrant dwell time to 
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further explore potential sources of heterogeneity in the pri-
mary validated outcome indicators and to explore the impact 
of different experimental elements on the results to facilitate 
translation to clinical trials. Subgroup analysis was per-
formed according to the following characteristics: AP dose 
(≥ 50 mg/kg or < 50 mg/kg) and intervention mode (intraper-
itoneal [i.p] or transoral administration [oral]). Sources of 
publication bias were analyzed using funnel plots and Eg-
ger's test, and p < 0.05 was considered statistically signifi-
cant. When the presence of publication bias was indicated, 
trim and fill analysis was used to evaluate the effect of publi-
cation bias on the results, and if the combined effect size 
estimates did not change significantly, this indicated that the 
effect of publication bias was not significant, and the results 
were more robust. 

3. RESULTS 

 A total of 336 articles were identified using our retrieval 
strategy with the stated inclusion and exclusion criteria. Af-
ter screening the titles, abstracts, and full texts of the articles, 
13 eligible studies, including 736 animals, were finally in-
cluded. These studies evaluated the neuroprotective effects 
of AP in animal models of AD and explored possible thera-
peutic mechanisms. Duplicates were first removed using 
Endnote software, and then the remaining duplicates were 
manually removed, resulting in an initial screening of 291 
articles. By reading the titles, abstracts and full text, screen-
ing was performed according to inclusion and exclusion cri-
teria. One hundred fifty-four were excluded because they 
were review studies, 44 studies were excluded because they 
were in vitro studies, 5 studies were excluded because they 
were editorials, 16 studies were excluded because they were 
conference papers, 25 studies were excluded because they 
were unrelated topics, 16 studies were excluded because they 
lacked controls, 11 studies were excluded because data were 
incomplete and 7 studies were excluded because AP was 
paired with other drugs, resulting in the inclusion of 13 stud-
ies, all of which were published after 2010 and 6 of which 
were published in the last 3 years, suggesting that the protec-
tive effect of AP on AD has recently received increasing 
attention. The literature screening process and results are 
shown in Fig. (2). 

3.1. Characteristics of the Included Studies 

 Of the 13 included studies, 3 studies [44-46] used a lat-
eral ventricular injection of Aβ25-35 for induction, 1 study 
[47] used a lateral ventricular injection of Aβ1-42 induction 
model, 1 [37] used an amyloid-beta precursor protein (APP)/ 
presenilin-1 (PS1) transgenic model, 1 [48] used bilateral 
oophorectomy, and the remaining 7 studies were chemically 
induced using lipopolysaccharide (LPS) [49], isoacteoside 
(ISO) [50], scopolamine (SCOP) [51], streptozocin (STZ) 
[52], D-galactose[53], methotrexate (MTX) [54], and ace-
tonitrile (ACN) [55]. The following species were used in the 
studies: Swiss albino mouse, Wistar rat, SD rat, Institute of 
Cancer Research (ICR) mice, Kunming mouse, B6C3-Tg 
mice and wild-type mice. The number of animals used in the 
included literature ranged from 3 to 20 animals per group. 
Most of the studies were based on body weight, with AP 
doses of 10, 20, 25, 40, 50, 100, 117, 234, and 351 mg/kg, 

and one study with 2 mg and dosing durations ranging from 
7 days to 12 weeks. The most used animal model was the 
Aβ25-35 induction model, and the most involved routes of 
administration in the studies were transoral administration 
and intraperitoneal injection. The outcome assays involved 
in the study included behavioral assays (Morris Water Maze 
(MWM) escape latency, the percentage of residence time in 
target quadrant, the number of crossings in the right quad-
rant), inflammatory indicators nuclear factor kappa-β (NF-
κB) p65 protein, ERK/CREB/BDNF pathway-related mole-
cules (BDNF and pCREB), oxidative stress indicators, in-
cluding antioxidant enzymes superoxide dismutase (SOD), 
glutathione peroxidase (GSH-Px) and oxidative damage-
related product malondialdehyde (MDA), apoptosis indica-
tors, cysteinyl aspartate specific proteinase-3 (Caspase-3) 
and apoptotic neurons in the hippocampus. Given that most 
studies performed MWM escape latency and the percentage 
of residence time in target quadrant, and that the MWM is a 
very versatile behavioral experiment for animal models of 
AD, using it as a primary outcome indicator also reduces the 
heterogeneity between studies caused by different experi-
mental protocols (Tables 1 and 2). 

3.2. Risk of Bias Assessment Results 

 The 13 included studies had a methodological quality 
score of 3-6 based on the SYRCLE risk of bias tool (Fig. 3). 
There were 2 studies [47, 55] that described in detail the 
generation of random sequences (both random number table 
methods) so that random sequences and allocation of hidden 
risks were classified as low risk. All studies described the 
animal characteristics in detail and ensured similarity be-
tween animals. Therefore, the risk of baseline characteristics 
was all low. Thirteen studies stated that animals were housed 
in a standardized laboratory environment controlling for the 
same temperature and humidity; therefore, the risk of animal 
placement randomization was low. All studies did not men-
tion blinding of participants and study personnel or outcome 
evaluators; therefore, the risk of bias was assessed as un-
clear; 2 studies [44, 49] stated that animals were randomly 
selected for outcome assessment, and we considered the like-
lihood of bias to be low and the remaining 11 studies to be 
unclear; none of the studies mentioned whether data were 
missing, so the risk of completeness of outcome data was 
rated as unclear; all studies adequately reported the prior 
stated variables, and there were no variables that were not 
stated, so the risk of selective reporting was categorized as 
low; 10 studies stated no potential conflict of interest, and we 
classified the other risk entries as low risk. 

3.3. Intervention Effects 

 Cognitive dysfunction is an important clinical manifesta-
tion of AD, and the assessment of memory and executive 
function is an important part of cognitive function assess-
ment in AD. The MWM is a spatial learning test for rodents 
that relies on distal cues to navigate from a starting location 
around the perimeter of an open swimming pool to determine 
the location of an underwater escape platform and is one of 
the most commonly used behavioral tests for spatial learning 
and long-term spatial memory in experimental animals [56]. 
Activation of the CREB-BDNF signaling pathway in the 



732    Current Neuropharmacology, 2025, Vol. 23, No. 6 Zhang et al. 

 

 
 
Fig. (2). Flow diagram of the systematic review. The process of paper inclusion was divided into three steps: searching, de-duplication, and 
manual screening. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
Table 1. Inclusive study on the neuroprotective effect of apigenin on Alzheimer's disease. 

Study (Year) Species (Sex, Amount) Weight (g) Model Intervention Group  
(Dose, Time, Methods) 

Ahmedy et al., 2022  Swiss albino mouse, male, n = 72 25-30 g LPS AP (40 mg/kg) for 7 days, oral 

Alsadat et al., 2021 Wistar rat, male, n = 50 200-250 g Aβ25-35 AP (50 mg/kg) for 4 weeks, oral 

Chen et al., 2017 SD rat, male, n = 100 500-600 g ISO AP (25/50/100 mg/kg) for 7 days, i.p 

Fan et al., 2023 Wistar rat, male, n = 100 220-250 g Aβ1-42 AP (20/40 mg/kg) for 28 days, i.p 

Jameie et al., 2021 Wistar rat, female, n = 42 200-250 g OVX AP (2 mg) for 5 weeks, i.p 

Kim et al., 2021 ICR mice, male, n = 50 25-30 g SCOP AP (10/20 mg/kg) for 14 days, oral 

Liu et al., 2011 Kunming mouse, male, n = 40 25-30 g Aβ25-35 AP (10/20 mg/kg) for 8 days, oral 

Mao et al., 2015 Wistar rat, male, n = 40 240 ± 10 g STZ AP (10/20/40 mg/kg) for 21 days, i.p 

Nikbakht et al., 2019 Wistar rat, male, n = 50 200-250 g Aβ25-35 AP (50 mg/kg) for 4 weeks, oral 

Sang et al., 2017 Kunming mouse, male, n = 36 20 ± 2 g D-galactose AP (50 mg/kg) for 8 weeks, oral 

Taha et al., 2017 SD rat, male, n = 60 150-200 g MTX AP (20 mg/kg) for 30 days, oral 

Zhao et al., 2013 
B6C3-Tg and wild-type mice, male and 

female, n = 36 
NA APP/PS1 AP (40 mg/kg) for 12 weeks, oral 

Zhao et al., 2019 SD rats, male, n = 60 180-220 g ACN 
AP (117/234/351 mg/kg) for 28 days,  

oral 
Abbreviations: Aβ: amyloid β-peptide; ACN: acetonitrile; APP/PS1: amyloid precursor protein/presenilin 1; ICR: imprinting control region; i.p.: intraperitoneal; ISO: isoflurane; 
LPS: lipo-polysaccharide; MCAO: middle cerebral artery occlusion; OVX: ovariectomize; SCOP: scopolamine; SD: Sprague-Dawley. 
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Table 2. Main outcome indexes and conclusions of apigenin in the treatment of Alzheimer's disease. 

Study (Year) Outcome Main Conclusion 

Ahmedy et al., 
2022 

MWM, Y-type maze alternates spontaneously, ATP, PGC-
1α, PGC-1α, TFAM, eMFN2, MFN2, OPA1, PINK-1, Par-
kin, LC3II/I, NAD+/NADH, SIRT3, Intact neurons count in 

CA1 and CA3 

AP has significant neuroprotective potential against lps-induced neu-
rotoxicity by inhibiting NAD+ depletion and activating SIRT3 to 

maintain adequate mitochondrial homeostasis and function. 

Alsadat et al., 
2021 

FJB positive neurons in the CA3 area, BACE1 mRNA, p-tau 
protein, p-tau-positive cells, GSK-3β, GSK-3α 

AP has a protective effect on Aβ25-35 by reducing the hyperphos-
phorylation of tau and inhibiting the expression of BACE1, which in 

turn reduces the expression of GSK-3β. 

Chen et al., 2017 
MWM , H3K9, H4K12, HDAC1, HDAC2, CBP, Pro 

BDNF, BDNF, TrKB, p-CAMKII, p-CREB, p-ERK, IL-2, 
IL-4, IL-10, IκBα, NF-κB p65 

AP restores cognitive function by restoring histone acetylation and 
inhibiting neuroinflammation. 

Fan et al., 2023 MWM, Damaged neurons in the CA1 region, SOD, GSH�
Px, MDA, TNF-α, IL-1β, IL-6, Nrf2, HO-1, NF-κB p65 

Apigenin can inhibit oxidative stress and inflammatory response in 
hippocampal tissue of AD rats caused by Aβ1-42 and improve AD 
symptoms, and its effect may be related to activation of Nrf2/HO-1 

pathway and inhibition of NF-κB nuclear translocation. 

Jameie et al., 
2021 

β-Amyloid plaque count, Live and necrotic neurons in the 
hippocampus, MWM, Caspase-3 

AP and β-estradiol significantly reduced the number of β-amyloid 
plaque symptoms of memory and learning disorders and decreased 

the expression of Caspase-3. 

Kim et al., 2021 
T-Maze Test, Novel Object Recognition Test, MWM, MDA, 

Bax/Bcl-2, Cleaved caspase-3, PARP, BACE, PS1, PS2, 
IDE, RAGE, BDNF, TrkB 

AP is an active substance that can improve cognitive and memory 
function by regulating apoptosis, amyloid production and 

BDNF/TrkB signaling pathway. 

Liu et al., 2011 MWM, rCBF, TrkB, pCREB, BDNF, ACh, AChE 

Oral AP has robust neurovascular coupling protection against Aβ25-
35-induced amnesia in mice, including improved learning and 
memory,  improved cholinergic system, including inhibition of  

AChE activity and increased  ACh levels, modified BNDF, TrkB,  
and p-CREB levels. 

Mao et al., 2015 MWM, MDA, SOD, GSH, cNOS, iNOS, Caspase-3,  
Caspase-9 

AP attenuates DACD in rats by suppressing oxidative stress, nitric 
oxide and apoptotic cascades synthase pathway. 

Nikbakht et al., 
2019 

Y maze test, Neuronal loss was detected in the hilar area  
of the hippocampus, Cytochrome c positive cells and  

Caspase-9 positive cells. 

AP may ameliorate spatial working memory impairment and neuronal 
degeneration by improving mitochondrial dysfunction. 

Sang et al., 2017 OFT, Rota-rod test, MWM, AGEs, SOD, CAT, MDA,  
Nrf2, HO-1, NQO1 AP may play an anti-aging role by activating the NRF2 pathway. 

Taha et al., 2017 
MWM, ROCK-1, ERK1/2, CREB, BDNF, GSH, MDA, 

Caspase-3, IL-1β, Intact neurons count in DG, Intact  
neurons count in CA3 area 

AP lessens MTX-induced neuroinflammation, oxidative stress, and 
apoptosis and boosts cognitive function by inhibiting microglial acti-
vation via modulating the miR-15a/ROCK-1/ERK1/2/CREB/BDNF 

pathway. 

Zhao et al., 2013 MWM, Aβ, BACE1, flAPP, β-CFT, SOD, GSH-Px, BDNF, 
p-ERK/ERK, p-CREB/CREB 

AP may ameliorate AD-related learning and memory impairment  
by reducing Aβ burden, inhibiting the process of amyloidosis,  

inhibiting oxidative stress and restoring the ERK/CREB/BDNF  
pathway. 

Zhao et al., 2019 

OFT, GSH, SOD, GSH-Px, HMGB-1, TLR4, IKK-α,  
p-IKK-α/β, IκB-α, p-IκB-α, NF-κB p65, IL-6, IL-1β, TNF-α, 

TUNEL-positive cells, Cyt-c, Bax, Bcl-2, Caspase-9,  
Caspase-3 

AP can protect the brain from ACN-induced neurotoxicity by inhibit-
ing the TLR4/ NF-κB signaling pathway. 

Abbreviations: Aβ: amyloid β-peptide; Ach: acetylcholine; AChE: acetylcholinesterase; ACN: acetonitrile; AGEs: advanced glycation end-products; AP: apigenin; ATP: adenosine 
triphosphate; BACE-1: β-secreatase; Bax: Bcl2-associated x; Bcl-2: B-cell lymphoma-2; BDNF: brain-derived neurotrophic factor; CAMKII: calcium/calmodulin-dependent protein 
kinase II; Caspase3: cysteinyl aspartate specific proteinase; CAT: Catalase; CBP: continuous blood purification; CREB: cAMP-response element binding protein; ERK: extracellular 
regulated protein kinases; FJB: Fluoro-Jade B; GSH: glutathione; GSK: glycogen synthase kinase; HDAC: histone deacetylases; HMGB-1: High Mobility Group Box 1; HO-1: heme 
oxygenase-1; IDE: insulin-degrading enzyme; IκBα: Inhibitory Subunit of NF Kappa B Alpha; IKK-α: I Kappa B Kinase Alpha; IL-1β: interleukin-1β; iNOS: inducible NO synthase; 
LC3II/I: light chain; LPS: Lipo-polysaccharide; MDA: malondialdehyde; MFN2: Mitofusin-2; NAD+: nicotinamide adenine dinucleotide; NF-κB: nuclear factor-kappa B; 
NQO1,NAD(P)H quinone dehydrogenase 1; NRF2: nuclear factor erythroid 2-related factor 2; OPA1: optic atrophy protein 1; OFT: Open field test; PARP: poly(ADP-ribose) poly-
merase; pCREB: phosphorylated cAMP response element binding protein; PGC-1α: PPARγ coactivator factor-1 α; PINK-1: PTEN induced putative kinase 1; PS1: presenilin-1; 
RAGE: Receptor For Advanced Glycation End; rCBF: Regional Cerebral Blood Flow; ROCK-1: Rho-associated kinase; SIRT3: silent mating type information regulation 2 homolog-
3; SOD: superoxide dismutase; TFAM: Recombinant Transcription Factor A: Mitochondrial; TLR4: Toll-like receptor 4; TNF-α,tumor necrosis factor-α; TrkB: Tyrosine kinase 
receptor B. 
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Fig. (3). (A) Table based on SYRCLE document quality assessment. (B) Graph-based on SYRCLE document quality assessment. (A higher 
resolution/colour version of this figure is available in the electronic copy of the article). 
 
brain is a potential therapeutic target for the treatment of 
cognitive disorders such as AD [57, 58]. In recent years, 
several studies have reported that activation of the ERK/ 
CREB/BDNF pathway would help to improve AD [59]. Ox-
idative stress is an early event in the onset and development 
of AD [60]. The extent of oxidative damage can be deter-
mined by assessing the activity of antioxidant enzymes (e.g., 
SOD, GSH-Px) and the levels of oxidative damage-related 
products (e.g., MDA, a key indirect indicator of reactive 
oxygen species (ROS) production) [61]. Apoptosis is un-
doubtedly an important pathway for the loss of pyramidal 
neurons, leading to cognitive dysfunction [62, 63]. The in-
flammatory response of the brain is an important feature of 
AD and plays an important role in the pathogenesis of AD, 
and NF-κB has an important regulatory role in the inflamma-
tory response [64]. The MWM has become one of the "gold 
standards" in behavioral neuroscience, and because most of 
the included studies measured MWM escape latency and the 
percentage of residence time in the target quadrant, we used 

these as primary outcome measures, with neurobiochemical 
changes as secondary outcome measures. 

3.3.1. Morris Water Maze  

3.3.1.1. Escape Latency 
 In terms of escape latency in the MWM test, 13 groups of 
trials from 8 included studies demonstrated high heterogenei-
ty (I2 = 90�, p < 0.00001); therefore, a random-effects 
model was used. The results showed that AP treatment sig-
nificantly reduced the time required to escape from the 
MWM platform and improved the learning and memory abil-
ities of the animals, with statistically significant differences 
(MD = -14.67, 95% CI: (-19.96, -9.37), p < 0.00001) (Fig. 
4A). To explore the sources of heterogeneity, we performed 
sensitivity analyses, excluding one study at a time from the 
original analysis, with no significant between-study hetero-
geneity, demonstrating that our primary results were robust 
(Fig. 4B). A meta-regression was performed using dose 
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Fig. (4). (A) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: Morris water maze, escape latency (sec).  
(B) Sensitivity analysis demonstrated the reliability of AP to affect escape latency. (A higher resolution/colour version of this figure is avail-
able in the electronic copy of the article). 
 
Table 3. (A) Meta-regression analysis on the results of the escape latency. 

_ES Coefficient Std. Err. t P> | t | [95��  Conf.  Interval] 

Species -1.276769 1.308573 -0.98 0.352 -4.192451 1.638913 

Dose 0.7326276 1.120006 0.65 0.528 -1.762902 3.228157 

_cons -0.7197117 2.572467 -0.28 0.785 -6.451524 5.012101 

 

mode of administration as a categorical feature to detect 
sources of between-trial heterogeneity. The meta-regression 
analysis suggested that p > 0.05 (Table 3A) and no source of 
heterogeneity was found, suggesting that neither dose nor 
mode of administration was responsible for the high hetero-
geneity. 

3.3.1.2. Percentage of Residence Time in the Target Quad-
rant 

 Fourteen sets of trials from the nine included studies 
showed high heterogeneity (I2 = 87%, p < 0.00001), there-
fore a random effects model was used. AP treatment signifi-

cantly increased the percentage of residence time in the tar-
get quadrant, with a statistically significant difference (MD = 
8.93, 95% CI: (6.09, 11.76, p < 0.00001) (Fig. 5A). To ex-
plore the reasons for the heterogeneity, further sensitivity 
analysis was performed, and the heterogeneity did not 
change significantly, demonstrating robust results (Fig. 5B). 
A further meta-regression analysis was performed to detect 
the source of heterogeneity between trials by using dose  
and mode of administration as categorical features, and  
the results suggested that p > 0.05 (Table 3B), no source of 
heterogeneity was found, suggesting that neither dose nor 
mode of administration was responsible for the high hetero-
geneity. 
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Table 3. (B) Meta-regression analysis on the results of the percentage of time in the target quadrant. 

_ES Coefficient Std. Err. t P> | t | [95��  Conf.  Interval] 

Dose 1.347005 1.242461 1.08 0.301 -1.387634 4.081644 

Means -1.735798 1.05919 -1.64 0.130 -4.067059 0.5954623 

_cons 2.105522 2.407097 0.87 0.400 -3.192462 7.403506 

 

Fig. (5). (A) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: Morris water maze, the percentage of residence 
time in the target quadrant. (B) Sensitivity analysis demonstrated the reliability of AP in affecting the percentage of residence time in the 
target quadrant. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
 
3.3.1.3. Number of Crossings in the Right Quadrant 

 Eleven sets of trials from the six included studies showed 
high heterogeneity (I2 = 93%, p < 0.00001); therefore, a ran-
dom effects model was used. AP showed strong efficacy in 
increasing the number of crossings in the right quadrant, 
with a statistically significant difference (MD = 1.87, 95% 
CI: (1.12, 2.61), p < 0.00001) (Fig. 6A). 

3.3.2. NF-κB 

 The NF-κB protein is one of the key mediators of neu-
roinflammation, and cells secrete many typical inflammatory 
cytokines such as interleukin-1β (IL-1β), IL-6 and tumor 

necrosis factor-α (TNF-α) through the activation of NF-κB 
pathway, which can directly damage neurons in the brain 
[65]. A meta-analysis of eight sets of trials from the three 
included studies revealed a large heterogeneity (I2 = 87%,  
p < 0.00001) and therefore, a random effects model was 
used. AP treatment significantly reduced NF-κB p65 levels 
(SMD = -1.9, 95% CI: (-3.08, -0.72), P = 0.002) (Fig. 6B). 

3.3.3. ERK/CREB/BDNF Pathway 

3.3.3.1. BDNF  

 BDNF, a member of a family of growth factors found in 
the brain and central nervous system, regulates processes 
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Fig. (6). (A) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: Morris water maze, the number of crossings in 
the right quadrant. (B) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: NF-κB. (A higher resolution/colour 
version of this figure is available in the electronic copy of the article). 
 
such as neuronal growth differentiation and synapse for-
mation [66]. A meta-analysis of eight sets of trials from five 
studies showed significant heterogeneity (I2 = 82%, p < 
0.00001); therefore, we used a random effects model. The 
results showed that AP treatment significantly increased 
BDNF content (SMD = 1.98, 95% CI: (0.62, 3.34), P = 
0.004) (Fig. 7A). 

3.3.3.2. pCREB 

 CREB is a nuclear transcription factor that is essential for 
hippocampus-dependent memory, and CREB activation 
phosphorylation is required for its function [67]. A meta-
analysis of 7 groups from 4 studies showed high heterogenei-
ty (I2 = 71%, P = 0.002); therefore, a random effects model 
was used. We found that AP treatment significantly in-
creased pCREB levels (SMD = 1.72, 95% CI: (0.55, 2.89),  
P = 0.004) (Fig. 7B). 

3.3.4. Oxidative Stress Indicators 

3.3.4.1. SOD 

 Oxidative stress is an imbalance between the production 
and scavenging of oxygen free radicals in the body or cells, 
resulting in oxidative damage to the body or cells. SOD is an 
antioxidant enzyme that exists in the body itself, and as an 
important component of the enzymatic antioxidant system, it 

plays an irreplaceable role in balancing the oxidative stress 
response in the body [68]. The results of the five studies in-
cluded in the study are as follows: Ten sets of trials from the 
five included studies showed high heterogeneity (I2 = 91%, 
p < 0.00001) and therefore, a random effects model was 
used. AP treatment significantly increased SOD levels (SMD 
= 4.29, 95% CI: (2.14, 6.43), p < 0.00001) (Fig. 8A). 

3.3.4.2. GSH-Px 

 GSH-Px is an important peroxidolytic enzyme in vivo 
that reduces peroxides and protects cells from oxidative 
damage. Six sets of trials from the three included studies 
showed high heterogeneity (I2 = 82%, p < 0.0001); there-
fore, a random effects model was used. AP treatment signifi-
cantly increased GSH-px levels (SMD = 2.88, 95% CI: 
(1.47, 4.28), p < 0.0001) (Fig. 8B). 

3.3.4.3. MDA 

 MDA is one of the products formed by the reaction of 
lipids with oxygen free radicals, and its content represents 
the degree of lipid peroxidation. Twelve sets of trials from 
the six included studies showed high heterogeneity (I2 = 
91%, p < 0.00001); therefore, a random effects model was 
used. AP treatment significantly reduced MDA (SMD =  
-3.55, 95% CI: (-4.95, -2.15), p < 0.00001) (Fig. 8C). 
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Fig. (7). (A) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: BDNF levels. (B) Meta-analysis forest plot 
comparing apigenin versus vehicle treatment. Outcome: pCREB levels. (A higher resolution/colour version of this figure is available in the 
electronic copy of the article). 
 

 
 

Fig. (8). (A) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: SOD levels. (B) Meta-analysis forest plot 
comparing apigenin versus vehicle treatment. Outcome: GSH-px levels. (C) Meta-analysis forest plot comparing apigenin versus vehicle 
treatment. Outcome: MDA levels. (A higher resolution/colour version of this figure is available in the electronic copy of the article). 
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Fig. (9). (A) Meta-analysis forest plot comparing apigenin versus vehicle treatment. Outcome: caspase 3 levels. (B) Meta-analysis forest plot 
comparing apigenin versus vehicle treatment. Outcome: Apoptotic neurons in the hippocampus. (A higher resolution/colour version of this 
figure is available in the electronic copy of the article). 
 
3.3.5. Apoptosis Indicators 

3.3.5.1. Caspase 3 

 The Caspase family plays a central role in the control of 
apoptosis, and Caspase 3 of the family is a key execution 
molecule in the apoptotic process [69]. A meta-analysis of 
six groups from three studies showed significant heteroge-
neity (I2 = 58%, P = 0.05), so a random effects model was 
used. The results showed that AP treatment significantly 
reduced caspase 3 levels (SMD = -8.76, 95% CI: (-11.80,  
-5.72), p < 0.00001) (Fig. 9A). 

3.3.5.2. Apoptotic Neurons in the Hippocampus 

 Damage to hippocampal neurogenesis plays a role in 
memory deficits associated with AD by reducing the availa-
bility of immature neurons for memory formation [70]. A 
meta-analysis of six groups from the four included studies 
showed significant heterogeneity (I2 = 68%, P = 0.009), so a 
random effects model was used. AP treatment significantly 
reduced the number of apoptotic and necrotic cells (SMD =  
-2.75, 95% CI: (-4.36, -1.15), P = 0.0008) (Fig. 9B). 

3.4. Subgroup Analysis 

 To investigate the effect of different subgroup factors on 
outcome indicators, we performed subgroup analyses of the 
main outcome indicators using the dose administered and the 
mode of administration as categorical features: 

3.4.1. Escape Latency 

3.4.1.1. Intervention Dose 

 Intervention doses were divided into two groups of ≥ 50 
mg/kg and < 50 mg/kg. The results suggested that the varia-

bility within subgroups was not significantly reduced, and 
the test for subgroup differences showed no statistically sig-
nificant subgroup effect (P = 0.16), suggesting that the inter-
vention dose did not affect the effect of escape latency (Fig. 
10A). 

3.4.1.2. Intervention Methods 

 The intervention methods were divided into two groups: 
i.p and oral. The results suggest that the variability within 
subgroups was not significantly lower, and tests for subgroup 
differences showed no statistically significant subgroup effects 
(P = 0.46), suggesting that the intervention modality was again 
not responsible for the high heterogeneity (Fig. 10B). 

3.4.2. Percentage of Time in the Target Quadrant 

3.4.2.1. Intervention Dose 

 Intervention doses were divided into two groups: ≥ 80 
mg/kg and < 80 mg/kg. The results suggested that the varia-
bility within subgroups was not significantly reduced, and 
the test for subgroup differences showed no statistically sig-
nificant subgroup effect (P = 0.81), suggesting that the inter-
vention dose did not affect the percentage of time in the tar-
get quadrant (Fig. 11A). 

3.4.2.2. Intervention Methods 

 The intervention methods were divided into two groups: 
i.p and oral. The results suggest that the variability within 
subgroups was not significantly lower, and tests for sub-
group differences showed no statistically significant sub-
group effects (P = 0.5), suggesting that the intervention mo-
dality was again not responsible for the high heterogeneity 
(Fig. 11B). 
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Fig. (10). Subgroup analyses of the escape latency. (A) The dose of intervention on the effect size of the outcome measure; (B) The methods 
of intervention on the effect size of the outcome measure. (A higher resolution/colour version of this figure is available in the electronic copy 
of the article). 
 
3.5. Publication Bias 

 Funnel plots and Egger plots were used to test for publi-
cation bias in the main outcome indicators of escape latency 
and target quadrant time. 

3.5.1. Escape Incubation Period 

 An asymmetric funnel plot was shown, suggesting a po-
tential publication bias (Fig. 12A). Further testing for publi-

cation bias using Egger, the outcome index P = 0.001, with 
an absolute value less than 0.05, indicates that publication 
bias does exist (Fig. 12B). However, a further cut-and-
complement test with insignificant changes in the combined 
effect size estimates indicated that the effect of publication 
bias was not significant, and the results were more robust 
(Fig. 12C). 
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Fig. (11). Subgroup analyses of the percentage of residence time in the target quadrant. (A) The dose of intervention on the effect size of the 
outcome measure; (B) The methods of intervention on the effect size of the outcome measure. (A higher resolution/colour version of this 
figure is available in the electronic copy of the article). 
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Fig. (12). Escape latency. (A) Funnel plot for assessing potential publication bias; (B) Egger’s funnel plot analysis revealed potential publica-
tion bias; (C) The trim and fill analysis was used to evaluate the robustness of the results. (A higher resolution/colour version of this figure is 
available in the electronic copy of the article). 
 
3.5.2. Percentage of Time in the Target Quadrant 

 An asymmetric funnel plot was shown, suggesting a po-
tential publication bias (Fig. 13A). Further testing for publi-
cation bias using Egger, the outcome index P = 0.002, with 
an absolute value less than 0.05, indicates that publication 
bias does exist (Fig. 13B). However, a further cut-and-patch 
test with insignificant changes in the combined effect size 
estimates indicated that the effect of publication bias was not 
significant, and the results were more robust (Fig. 13C). 

4. DISCUSSION 

 AP has been found to be effective in the treatment of AD 
in previous studies, but the mechanism has not yet been fully 
elucidated (Fig. 14). We conducted a meta-analysis of ani-
mal studies on this topic with a view to providing a pre-
clinical evidence chain and rigorous, scientific, and system-
atic support for further clinical studies. To develop a more 
complete and rigorous chain of evidence, we reviewed the 
literature related to AP and AD extensively and summarized 
the possible mechanisms as follows. 

4.1. Inhibition of Aβ Deposition 

 Aβ is one of the main constituents of senile plaques in the 
brain [71], which is the product of the cleavage of amyloid-
beta precursor protein (APP) by a membrane protease [72]. 

Aβ40 and Aβ42 are two major forms of Aβ, and therapeutic 
strategies that reduce Aβ42 levels are associated with re-
duced AD risk, while Aβ40 is associated with enhanced neu-
rotoxicity of Aβ42 [73]. Aβ impairs normal synaptic func-
tion and cognitive ability [74]; reduces levels of neurotrophic 
factors (NT), including nerve growth factor (NGF), BDNF, 
NT3, and NT4/5 [75]; and inhibits molecular transduction of 
learning and memory, including that which is related to mi-
togen-activated protein kinase (MAPK) and CREB activity 
[76].  
 APP cleaving enzyme 1 (BACE1) is an important aspar-
tyl protease that is involved in the generation of myelin in 
peripheral nerve cells and contains two active-site trans-
membrane proteins that can form dimers outside of the cell 
[77]. Studies in transgenic mice have shown that a decrease 
in BACE1 prevents the production of Aβ [78]. In addition to 
its function as an Aβ-secretase, i.e., production of Aβ, 
BACE1 contributes to the typical memory and cognitive 
deficits of AD by regulating the cAMP/ Protein Kinase A 
(PKA)/CREB pathway, which is important in memory func-
tion [79]. Thus, it appears that BACE1 is an important factor 
in the treatment of AD and is the rate-limiting step in the 
amyloidogenic pathway [80].  
 Multiple studies have shown that AP improves memory 
and learning deficits by inhibiting Aβ aggregation and reduc-
ing Aβ amyloid deposition in AP-treated AD model mice. 
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Fig. (13). Percentage of residence time in target quadrant. (A) Funnel plot for assessing potential publication bias; (B) Egger’s funnel plot 
analysis revealed potential publication bias; (C) The trim and fill analysis was used to evaluate the robustness of the results. (A higher resolu-
tion/colour version of this figure is available in the electronic copy of the article). 
 

 
 

Fig. (14). Possible mechanism of AP in the treatment of AD: inhibit BACE1 activity, reduce Aβ aggregation and deposition; inhibit GSK-3β
to lower p-tau and reduce NFTs production; reduce glial cell activation, inhibit TLR4/NF-κB signaling pathway and reduce inflammatory 
factor release; improve mitochondrial dysfunction, activate NRF2 signaling pathway, increase antioxidant enzyme expression, reduce intra-
cellular ROS levels and inhibit oxidative stress; increase Bcl2/Bax, downregulate apoptotic factors such as cytochrome C, Bax, caspase 9 and 
caspase 3 to exert anti-apoptotic effects; upregulate BDNF and its receptors TRKB and pCREB to restore the neurotrophic pathway 
ERK/CREB/BDNF; increase SYNI expression, inhibit glutamate release and promote synapse formation; inhibit HDAC activity and restores 
histone acetylation; inhibits AChE activity and increases cortical Ach levels; inhibits NO production and reduces nitrosylation. (A higher 
resolution/colour version of this figure is available in the electronic copy of the article). 
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Jameie et al. suggested that AP significantly reduced the 
number of Aβ plaques in the hippocampus, as well as the 
symptoms of memory impairment, and decreased caspase 3 
expression in ovariectomized animals [48]. AP inhibited the 
formation of Aβ42 aggregates and effectively alleviated the 
AD-like symptoms in transgenic Drosophila models of AD 
[81]. Furthermore, Zhao et al. found that AP played a crucial 
role in reducing primary Aβ levels and preventing Aβ accu-
mulation in different regions of the brain [82]. Kim et al. 
indicated that AP down-regulated BACE1, along with PS1 
and PS2 protein levels, improving cognitive and memory 
functions by regulating amyloidogenesis [51]. It has also 
been shown to affect APP processing and to modulate the 
amyloid production pathway, thereby attenuating Aβ deposi-
tion, reducing insoluble Aβ levels, and attenuating amyloid 
neurotoxicity [37, 38]. 

4.2. Inhibition of the Aggregation of Hyperphosphory-
lated Tau 

 NFTs consist of insoluble hyperphosphorylated tau pro-
tein and are regarded as another pathological hallmark of AD 
[83]. Tau protein is a microtubule-associated protein that is 
essential for the physiological function of axons and plays a 
key role in intracellular transport [84]. In AD, due to abnor-
mal hyperphosphorylation, the tau protein loses its ability to 
bind to microtubules, resulting in abnormal aggregation into 
fibrous structures within neurons [85, 86]. Several recent 
observational studies have shown that p-tau concentrations 
are closely associated with Aβ deposition [87]. Aβ toxicity 
can be activated by tau, and hyperphosphorylation of tau 
produces NFTs [88].  
 Increased glycogen synthase kinase 3 (GSK3) activity 
was found in the brains of AD patients [89]. GSK3β is a key 
tau kinase in the brain that promotes the formation of NFTs 
in the helix [90]. Alsadat et al. found that AP (50 mg/kg) 
specifically inhibited GSK-3β and significantly reduced the 
level of hyperphosphorylated tau protein in the hippocampus 
of AD rat models by decreasing the expression of GSK3β, 
suggesting that AP is an ideal GSK-3β inhibitor for the 
treatment of AD [44].  

4.3. Anti-inflammatory Effects 

 Inflammation clearly occurs in pathologically vulnerable 
areas of the AD brain, and it is associated with the complexi-
ty of local peri-inflammatory responses [91]. In AD, dam-
aged neurons and neurites in the brain, as well as highly in-
soluble Aβ deposits and NTFs, elicit inflammation [92]. Mi-
croglia, astrocytes, the complement system, and inflammato-
ry cytokines play important roles in the AD inflammatory 
response [93]. Aβ activates astrocytes and microglia, which 
subsequently activate a variety of inflammatory mediators, 
such as inflammatory cytokines (typically IL-1β, IL-6 and 
TNF-α), NF-κB, chemokines, interferon (IFN), and trans-
forming growth factor β(TGF-β) [94]. These inflammatory 
mediators directly/indirectly damage neurons in the brain 
and induce excessive aggregation of Aβ, creating a vicious 
cycle of escalating impairment [95]. Several studies have 
reported the anti-inflammatory effects of AP. AP can signifi-
cantly attenuate the activation of toll-like receptor 4 

(TLR4)/NF-κB signaling pathway by decreasing nuclear 
translocation of activated NF-κB p65, thereby reducing the 
levels of IL-6 and TNF-α, inhibiting mitochondria-mediated 
neuronal apoptosis, and suppressing the inflammatory re-
sponse [40, 55]. AP exhibited anti-inflammatory activity in 
rat models of subarachnoid hemorrhage and spinal cord inju-
ry, demonstrating neuroprotective effects by reducing the 
levels of inflammatory factors in neurological disorders [96, 
97]. Mice fed a celery-based diet rich in AP (aglycone form) 
demonstrate improved absorption of AP and anti-
inflammatory activity [98]. Rezai-Zadeh et al. demonstrated 
that AP could inhibit IFN-γ-induced signal transduction and 
transcriptional activator 1 (STAT1) phosphorylation in 
mouse microglia, which in turn inhibits the production of 
CD40, TNF-α, and IL-6 [99]. 

 Astrocytes are the most widely distributed type of glial 
cells in the brain [100]. They support and protect neurons, 
promote neuronal repair, and improve the regulation of neu-
rotransmitters [101]. Glial fibrillary acidic protein (GFAP) is 
a marker of astrocyte activation. When neurons are damaged, 
astrocytes are activated, producing large amounts of GFAP 
[102]. Liang et al. investigated the therapeutic effects of AP 
on neuroinflammation in mice with GFAP-IL6 expression by 
immunohistochemistry and behavioral experiments. Histo-
logical staining showed that AP reduced the number of acti-
vated glia in the cerebellum and hippocampus of GFAP-IL6 
mice by about 30% and 25%, respectively [103]. Che et al. 
suggested that AP inhibits IL-31 and IL-33 production in 
microglial cells at the gene expression and secretion levels. 
Further analysis showed that AP can block nuclear transloca-
tion of activated NF-κB and STAT3, thereby blocking their 
DNA-binding activity, indicating the effects of AP on these 
two important inflammatory cytokines [104]. 

4.4. Anti-oxidative Stress 

 Emerging evidence suggests that accumulated oxidative 
stress may be one of the key mechanisms causing cognitive 
aging and neurodegenerative diseases, such as AD [105, 
106]. Developing superoxide can clearly be seen in the hip-
pocampus of rats treated with Aβ25-35, suggesting that oxi-
dative stress is involved in Aβ25-35-induced neurodegenera-
tion [107]. Mitochondrial fusion/fission has been found to be 
associated with defects in neuronal development, plasticity, 
and function, both in vitro and in vivo [108]. Mitochondria 
act as important regulators of cellular Ca2+ and play a crucial 
role in ensuring an adequate energy supply to neurons, as 
well as in functional axonal transport, by sequestering and 
releasing Ca2+ [109]. The accumulation of Aβ in mitochon-
dria is one of the earliest pathological conditions in AD. AP 
ameliorates AD symptoms by improving mitochondrial dys-
function [46]. ROS are common by-products of inner mito-
chondrial membrane electron leakage during mitochondrial 
oxidative phosphorylation [110]. Under normal conditions, 
ROS are rapidly eliminated by enzymes, but when the mito-
chondria are perturbed, ROS production may exceed the 
cell's ability to neutralize these compounds, leading to oxida-
tive damage [111]. Excessive production of ROS leads to 
neuronal damage in the hippocampus, producing altered Aβ 
peptide kinetics, leading to increased Aβ load, and contrib-
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uting to AD progression, thereby causing oxidative damage 
through neurotoxic mechanisms and leading to impaired 
cognitive and memory function [112]. Zhao et al. found that 
in addition to scavenging superoxide anions, AP also in-
creased the antioxidant capacity of the brain [38]. AP can 
stimulate the expression of critical genes involved in mito-
chondrial biogenesis and adenosine triphosphate (ATP) syn-
thesis, thereby alleviating muscle atrophy in aged mice [113] 
and preventing hippocampal neuronal loss in rats [114]. Fur-
thermore, apigenin enhances mitochondrial sirtuin-3 (Sirt3) 
activity and ATP production by inducing the master regula-
tor of mitochondrial biogenesis, peroxisome proliferator-
activated receptor γ coactivator factor-1 α (PGC-1α), as well 
as mitochondrial transcription factor A (TFAM) and fusion 
proteins to maintain normal mitochondrial characteristics 
[49]. 
 During neurodegeneration, unsaturated fatty acids in neu-
ronal cell membranes are constantly oxidized, generating 
large amounts of free radicals and producing lipid peroxides 
[115]. Among them, MDA is the most toxic metabolite, 
which interferes with normal neuronal metabolism and func-
tion. The body has systems for scavenging free radicals, in-
cluding SOD, GSH-Px and catalase. Therefore, inhibition of 
oxidative stress and promotion of free radical scavenging 
should be an effective treatment for AD [116]. AP supple-
mentation significantly reduces MDA levels [51]. The radi-
cal scavenging activity of AP against hydrogen peroxide and 
ROS has been demonstrated in numerous studies [45, 117, 
118]. It has been reported that AP exerts antioxidant effects 
by inhibiting ROS, as well as by inhibiting the depletion of 
GSH in hippocampal neurons [45, 119]. Choi et al. found 
that AP could protect HT22 neurons from endoplasmic retic-
ulum stress-induced apoptosis by reducing ROS accumula-
tion and mitochondrial damage [120]. In addition to scaveng-
ing superoxide anions, AP also increases the antioxidant 
capacity of the brain. One study reported that in AD animal 
models, AP can inhibit oxidative stress by directing free rad-
ical scavenging and upregulating intracellular antioxidant 
defenses [40]. Several studies have shown that AP treatment 
reversed the decrease in SOD and GSH-Px activities and the 
increase in MDA levels, suggesting that AP has free radical 
scavenging activity and plays an antioxidant role in the dam-
age response [55, 96, 121]. Oxidized hydroethidine (HEt) 
represents superoxide anion levels in the cerebral cortex. 
Oxidized HEt signals were significantly reduced in AP-
treated APP/PS1 mice, as were changes in oxidative markers 
(e.g., GSH and SOD), suggesting that the AP may be in-
volved in oxidative amelioration in the APP/PS1 mouse 
model [37]. 
 Nuclear factor-erythroid 2-related factor 2 (Nrf2) is part 
of an important endogenous antioxidant pathway and plays a 
role in eliminating excess ROS [122]. AP was found to acti-
vate the Nrf2 signaling pathway through activation of amp-
activated protein kinase [123]. Nicotinamide adenine dinu-
cleotide (NAD)+ is an important metabolite associated with 
bioenergetics that counteracts neurodegenerative processes 
[124]. SIRT3 plays a critical role in controlling mitochondri-
al functions, such as oxidative phosphorylation, metabolism, 
electron transport, and oxidative stress [125, 126]. SIRT3 
activity is dependent on NAD+ levels, and loss of NAD+ 

induces neuronal death and accelerates senescence [124, 
127]. SIRT3 dysfunction leads to p53-mediated mitochon-
drial and neuronal damage in AD [128]. AP has been shown 
to maintain NAD+ levels and inhibit CD38 activity [129]. 
Anmedy et al. found that AP maintained NAD+ levels and 
preserved various metabolic functions, effectively maintain-
ing a normal NAD+/NADH ratio, increasing mitochondrial 
SIRT3 activity, and enhancing ATP production. In turn, 
SIRT3 reduces the accumulation of damaged mitochondria 
and maintains normal mitochondrial function by enhancing 
their fusion or via mitochondrial autophagy [49]. 

4.5. Anti-apoptotic Effects 

 Apoptosis is an intrinsic biochemical, cellular process 
that regulates cell death and is essential for cell survival, 
homeostasis, and maintenance of optimal functional state 
[130]. Apoptosis regulates a number of molecular events in 
predetermined and programmed ways, including cell turno-
ver, embryonic development, and immune system function, 
but when it is disordered, it may be the sole contributor to 
several diseases, including neurodegenerative manifestations 
[131]. Femi-Akinlosotu et al. reported that impairments in 
reference and working memory were significantly associated 
with neuronal cell death in the CA1 region of the hippocam-
pus and that there was a relationship between memory im-
pairment and neurodegenerative diseases affecting the CA1 
subregion of the hippocampus [132]. AP could effectively 
prevent the degeneration of hippocampal neurons and main-
tain the normal number of intact neurons [49]. Similarly, 
Taupin et al. found that AP improved the performance of the 
MWM task by rodents and stimulated neurogenesis in the 
hippocampus of their brains [133]. AP supplementation was 
also shown to attenuate acrylonitrile-induced neuronal apop-
tosis based on a comparison of terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling-positive cell 
counts [55]. 

 The apoptotic genes Bcl2-associated X (Bax) and B-cell 
lymphoma-2 (Bcl2) are both involved in the pathogenesis of 
AD [134]. Among the Bcl2 family proteins, Bcl2 is anti-
apoptotic, whereas Bax is pro-apoptotic [135]. Bcl2 specifi-
cally inhibits apoptosis, resisting various forms of cell death, 
prolonging cell life, and maintaining cell numbers [136]. The 
ratio of Bcl2/Bax determines, to some extent, whether apop-
tosis occurs [137]. AP was found to induce increased expres-
sion of Bcl2 and increase the Bcl2/Bax ratio while down-
regulating apoptotic factors such as cytochrome C, Bax, 
Caspase 9 and Caspase 3, and exerting anti-apoptotic effects 
[51, 55]. 

 Caspase 3 is a cysteine-aspartate protease that plays a key 
role in apoptosis and is widely used as a biomarker of apop-
tosis [138]. Caspase 3 is involved in the cleavage of APP and 
is associated with neuronal death in AD [139]. Studies have 
reported that AP can reduce caspase-3 and BAX levels in 
apoptotic neurons in early brain injury after subarachnoid 
hemorrhage and thereby inhibit neuronal cell death, thus 
exerting a neuroprotective effect [140]. Moreover, AP pre-
vents caspase 3- and caspase 7-induced apoptosis by inhibit-
ing the release of cytochrome C, the most important cysteine 
in synaptic disruption [141]. 
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4.6. Regulation of the ERK/CREB/BDNF Pathway 

 The ERK/CREB/BDNF pathway is the most important 
neurotrophic pathway involved in memory and is commonly 
affected in AD [59]. CREB is a cellular transcription factor 
that plays an important role in memory formation and is ac-
tivated when CREB is phosphorylated. Levels of pCREB 
decrease in the prefrontal cortex of patients with AD, indi-
cating a functional disorder in CREB signal transduction 
[142]. Chiang et al. showed that AP attenuated the reduction 
of HSPB1 and Nrf2 and activated the TRKβ-mediated ERK 
signaling pathway, thereby upregulating CREB and its 
downstream anti-apoptotic BCL2 apoptotic regulator, thus 
exerting neurocytoprotective effects [143]. BDNF plays an 
important role in the development, regulation, and survival 
of basal forebrain cholinergic neurons [144]. Reduced BDNF 
synthesis may adversely affect cholinergic neurons in the 
hippocampus, cortex, and basal forebrain and may explain 
their selective vulnerability in AD [145]. Levels of both the 
precursor and mature form of BDNF and its mRNA are re-
duced early in AD and are associated with loss of cognitive 
function [146]. AP was shown to increase BDNF expression 
in a rat model, with concomitant cognitive improvement 
[147, 148]. The protective effect of AP against learning and 
memory impairment and its improvement of spatial memory 
may be related to the up-regulation of BDNF and its recep-
tors TRKβ and pCREB [45, 51]. Concurrently, AP prevents 
a decrease in BDNF mRNA expression in a rat model [149]. 
Furthermore, AP restored the neurotrophic pathway ERK/ 
CREB/BDNF in the cerebral cortex to improve AD-related 
learning and memory impairment. Therefore, AP appears to 
be an alternative means for the prevention and/or treatment 
of AD [37]. 

4.7. Promotion of Synapse Formation 

 The neuropathological manifestations of AD are synaptic 
loss, synaptic disturbance, and plasticity impairment [150]. 
Tzioras et al. found that soluble oligomers of Aβ and tau can 
propagate in different regions of the brain and contribute 
directly to synaptic dysfunction and loss [151]. It has been 
shown that Aβ and tau oligomers accumulate in the extracel-
lular and synaptic cytoplasm, respectively, in areas demon-
strating substantial synaptic loss, and removal of these pro-
teins improves synaptic function [152].  
 Synaptic plasticity is critical for memory formation and 
storage. Synapsin I (SYNI) is a marker of synapse formation. 
Spatial learning increases SYNI mRNA and protein expres-
sion [153]. AP may play a role in improving synaptic con-
nections and synaptic plasticity in the hippocampus [154]. 
Tu et al. found that AP increased SYNI expression, which is 
associated with neuroprotection and cognitive improvement 
[155]. Glutamate is an excitatory neurotransmitter that plays 
an important role in synaptic plasticity, learning, and 
memory [156]. However, excessive glutamate stimulation 
induces excitotoxicity and has been implicated in the patho-
logical processes of AD [157]. Neuroprotective effects of 
glutamate receptor antagonists have been reported in the 
literature [158]. Chang et al. suggested that AP may exert its 
presynaptic inhibitory effects by reducing Cav2.2 (N-type) 
and Cav2.1 (P/Q-type) channel-mediated Ca2+ entry, thereby 

inhibiting glutamate release from rat hippocampal nerve end-
ings [159]. 

4.8. Restoration of Histone Acetylation 

 Histone acetylation is associated with memory formation 
and cognitive function under physiological and pathological 
conditions [160]. Furthermore, previous studies have sup-
ported the important role of histone acetylation in memory 
consolidation, particularly in spatial memory reconsolidation 
in mice [161]. The dynamic balance of histone acetylation is 
controlled by the competitive regulation of histone deacety-
lases (HDACs) and histone acetylases (HATs) [162]. HDAC 
inhibitors reverse spatial learning and memory deficits in 
established mouse models of AD and activate the transcrip-
tion of synaptic plasticity markers [163]. McAlpin et al. 
found that treatment with HDAC inhibitors improved long-
term memory in the performance of hippocampal-dependent 
paradigms, such as the MWM task [164].  
 AP induces acetylation of H3K9 and H4K12 by inhibit-
ing HDAC activity and decreasing the expression of HDAC1 
and HDAC3 proteins in an in vitro study [165]. AP not only 
restored normal levels of histone acetylation and BDNF sig-
naling cascades but also suppressed neuroinflammation by 
inhibiting pro-inflammatory cytokines and the NF-κB signal-
ing pathway [50]. Additionally, AP inhibited HDAC expres-
sion and restored acetylated H3 and H4 levels, promoted 
BDNF and SYNI expression, and facilitated synaptic protein 
expression in the ischemic hippocampus [155].  

4.9. Inhibition of AChE 

 The cholinergic hypothesis, which was first proposed 
more than 20 years ago, suggests that dysfunction of acetyl-
choline neurons in the brain is largely responsible for cogni-
tive decline in older adults and AD patients [166]. Neuro-
degeneration in AD can affect many types of neurons, par-
ticularly those in the cortex and hippocampus. Among the 
various neurotransmitter systems affected, the effect on the 
cholinergic system cannot be ignored [167]. AP has been 
reported to increase acetylcholine levels in the brain [141]. 
AP improves cholinergic transmission, protects the strength 
and integrity of the blood-brain barrier, prevents Aβ-induced 
decrease in acetylcholine secretion, and promotes choline 
uptake in different parts of the hippocampus [48]. Liu et al. 
studied the mechanism by which AP improves memory im-
pairment in animal models. The results showed that the anti-
AD and neuroprotective effects of AP on Aβ25-35-induced 
mice were related to the improvement of the cholinergic sys-
tem and that AP improved learning and memory in rats by 
inhibiting AChE activity and increasing cortical acetylcho-
line level [45]. 

4.10. Inhibition of Nitrosylation 

 Normal levels of nitric oxide (NO) promote memory and 
learning, but excess NO accumulates with age and is harmful 
to synapses [168]. In the CNS, excess NO can produce a 
nitrosative stress response, leading to neurodegenerative 
damage [169, 170]. In AD, oligomerization of Aβ, excessive 
neuroexcitation, and neuroinflammation can lead to NO  
production and subsequent S-nitrosylation [171]. Abnormal 
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S-nitrosylation may lead to protein misfolding, synaptic 
damage, and apoptosis [172]. AP has been found to exhibit 
potent anti-inflammatory activity by inhibiting NO produc-
tion and expression of inducible nitric oxide synthase and 
cyclooxygenase-2 [173]. Using an AD model derived from 
human induced pluripotent stem cells (iPSC), Balez et al. 
found that AP has potent cytoprotective properties that pro-
tect neuronal synapses and cell viability by promoting an 
overall downregulation of cytokine and NO release in in-
flammatory cells, thereby reducing neuronal hyperexcitabil-
ity and apoptosis [141]. 

5. TOXICITY AND SAFETY 

 AP is becoming increasingly important as a health en-
hancer. It has long been considered safe, with low levels of 
toxicity, and appears to cross the blood-brain barrier [174]. 
Its intrinsic toxicity to normal and cancer cells is lower than 
that of other structurally related flavonoids [175, 176]. He-
molysis tests showed that the hemolysis percentage of AP 
was lower than that of the allowable limit of 5% after treat-
ment for 30 min. Blood compatibility indicates that AP is 
safe for intravenous administration and that AP is non-toxic 
in mammalian systems [177]. Nevertheless, AP can induce 
muscle relaxation and sedation at high doses [178]. AP in-
duces oxidative stress through different pathways, and high 
doses of AP may cause hepatotoxic oxidative stress-induced 
liver damage, possibly due to the regulation of several genes 
by AP at higher doses, at least in Swiss mice [179, 180]. It is 
difficult to achieve the therapeutic doses of AP used in clini-
cal trials by dietary intake, and no harm has been reported to 
date. However, as consumers intentionally increase their AP 
intake from dietary supplements or pharmaceutical sources, 
safety issues related to higher levels of AP exposure may 
arise. 

6. LIMITATIONS 

 Studies to date have shown that AP has promising phar-
macological effects and research prospects in the treatment 
of cognitive dysfunction. AP can significantly improve cog-
nitive function and memory impairment in animal models 
and also protects against different neurotoxin-induced neu-
ronal damage through various mechanisms such as anti-
inflammation and antioxidation, providing a new avenue for 
the development of anti-AD drugs. However, much needs to 
be done before AP can be used as a clinical drug for the 
treatment of AD. 

 The 13 studies included in this review all had control 
groups that were scientifically sound and enhanced the cred-
ibility of the results. While our analysis showed that AP pro-
duced favorable results in animal models of AD, some limi-
tations remain due to the number and quality of studies in-
cluded. First, we searched only the literature in four electron-
ic databases (e.g., PubMed, Web of Science, EMBASE, and 
Cochrane Library), which may have led to some missed arti-
cles or publication bias. Relevant data were lacking in some 
cases, which may have had an impact on the results. Second, 
the literature included in this analysis was generally of low 
quality, and it was not possible to determine whether the 
correct randomization method was used and whether alloca-

tion concealment was performed. Third, the small sample 
size of the literature included in this study, all of which had 
positive results, could also have led to bias. The ultimate aim 
of animal trials is to translate the findings to the clinic; there-
fore, the conclusions reached in this analysis need to be vali-
dated by well-designed, randomized, controlled clinical tri-
als. Finally, the pharmacological mechanisms of AP and AD 
have not been extensively studied, and the number of studies 
using AP as an intervention in AD is limited. Therefore, 
standardized intervention doses and timing of administration, 
as well as pharmacokinetic studies, are required. We hope 
that future studies will address these deficiencies.  

CONCLUSION 

 In this systematic review and meta-analysis, we compre-
hensively examined 13 studies investigating the effect of AP 
on animal models of AD. Our results indicated that AP is a 
promising candidate for AD treatment, as it appeared to im-
prove cognitive impairment in animal models of AD and 
alleviate neuropathological features in the brain. We also 
addressed possible mechanisms underlying the neuroprotec-
tive effects of AP. Furthermore, we highlighted the limita-
tions of current preclinical studies of AP, such as poor meth-
odological quality, a high degree of bias, and insufficient 
mechanistic exploration. This information may guide the 
design of further experiments and clinical trials when appro-
priate. However, our results clearly indicate that AP is an 
avenue worth exploring as a treatment for AD. 

LIST OF ABBREVIATIONS 

AChE = Acetylcholinesterase 
AD = Alzheimer's Disease 
AMPK = AMP-activated Protein Kinase 
APP = Amyloid-beta Precursor Protein 
ATP = Adenosine Triphosphate 
Aβ = Amyloid β-protein 
BACE1 = Beta-site Amyloid Precursor Protein Cleaving 

Enzyme 1 
BDNF = Brain-derived Neurotrophic Factor 
CAT = Catalase 
CI = Confidence Interval 
CNS = Central Nervous System 
COX-2 = Cyclooxygenase-2 
ERK = Extracellular Signal-regulated Kinase 
GFAP = Glial Fibrillary Acidic Protein 
GSH-Px = Glutathione Peroxidase 
GSK3 = Glycogen Synthase Kinase 3 
HATs = Histone Acetylases 
HDACs = Histone Deacetylases 
HEt = Hydroethidine 
IFN = Interferon 
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IL = Interleukin 
iNOS = Inducible Nitric Oxide Synthase 
iPSC = Induced Pluripotent Stem Cells 
JNK = c-Jun N-terminal Kinase 
LPS = Lipopolysaccharide 
MAPK = Mitogen-activated Protein Kinase 
MDA = Malondialdehyde 
MWM = Maurice Water Maze 
NAD = Nicotinamide Adenine Dinucleotide 
NF-κB = Nuclear Factor Kappa-B 
NFT = Neurofibrillary Tangles 
NGF = Nerve Growth Factor 
NO = Nitric Oxide 
Nrf2 = Nuclear Factor-erythroid 2-related Factor 2 
NT = Neurotrophic Factors 
pCREB = Phosphorylated cAMP Response-element 

Binding Protein 
PGC-1α = PPARγ Coactivator Factor-1 α 
PPARγ = Peroxisome Proliferator-activated Receptor γ 
PRISMA = Preferred Reporting Items for Systematic 

Evaluations and Meta-analyses 
PSCI = Post Stroke Cognitive Impairment 
ROS = Reactive Oxygen Species 
SD = Standard Deviations 
SMD = Standardized Mean Difference 
SOD = Superoxide Dismutase 
STAT1 = Signal Transduction And Transcriptional Acti-

vator 1 
SynI = Synapsin I 
TLR4 = Toll-like Receptor 4 
TNF = Tumor Necrosis Factor 
TrKB = Tropomysin Related Kinase B 
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