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A B S T R A C T   

Methionine restriction (MR) extends lifespan and delays the onset of aging-associated pathologies. However, the 
effect of MR on age-related cognitive decline remains unclear. Here, we find that a 3-month MR ameliorates 
working memory, short-term memory, and spatial memory in 15-month-old and 18-month-old mice by preser-
ving synaptic ultrastructure, increasing mitochondrial biogenesis, and reducing the brain MDA level in aged mice 
hippocampi. Transcriptome data suggest that the receptor of fibroblast growth factor 21 (FGF21)-related gene 
expressions were altered in the hippocampi of MR-treated aged mice. MR increased FGF21 expression in serum, 
liver, and brain. Integrative modelling reveals strong correlations among behavioral performance, MR altered 
nervous structure-related genes, and circulating FGF21 levels. Recombinant FGF21 treatment balanced the 
cellular redox status, prevented mitochondrial structure damages, and upregulated antioxidant enzymes HO-1 
and NQO1 expression by transcriptional activation of Nrf2 in SH-SY5Y cells. Moreover, knockdown of Fgf21 
by i.v. injection of adeno-associated virus abolished the neuroprotective effects of MR in aged mice. In conclu-
sion, the MR exhibited the protective effects against age-related behavioral disorders, which could be partly 
explained by activating circulating FGF21 and promoting mitochondrial biogenesis, and consequently sup-
pressing the neuroinflammation and oxidative damages. These results demonstrate that FGF21 can be used as a 
potential nutritional factor in dietary restriction-based strategies for improving cognition associated with neu-
rodegeneration disorders.   

1. Introduction 

The elderly population is increasing worldwide [1,2] and the inci-
dence of age-related neurodegenerative disorders associated with 
cognitive decline is on the rise [3]. Multiple biological processes such as 
inflammation, neurobiological changes, diet, and lifestyle contribute to 
age-related cognitive decline [4]. Dietary patterns, including calorie and 
protein restrictions, have been widely reported to affect longevity or 
mitigate age-related diseases and metabolic syndrome [5–9]. Methio-
nine restriction (MR), which reduces the essential amino acid 

methionine (Met) in diet, extends lifespan in yeast, Drosophila, and ro-
dents [10–12]. MR reduces oxidative damage and changes the lipid 
composition in the brain [13,14], which may contribute to neuronal 
vitality. Furthermore, MR improved the impairment of working memory 
and spatial memory in high fat diet (HFD)-induced obese mice [15,16]. 
However, the protective effect of MR on age-related cognitive decline 
and its underlying mechanism remain unclear. 

Fibroblast growth factor 21 (FGF21) is a member of the FGF family, 
which is primarily expressed in the liver and adipose tissue [17]. Several 
metabolic functions of MR have been shown to be mediated by FGF21 
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[18–20]. FGF21 acts directly via its receptor FGFR1/β-klotho, which 
stimulates the secretion of lipolysis-related hormones and activates 
AMPK signaling to promote energy metabolism and extend lifespan 
[21]. Activation of nuclear factor erythroid 2–related factor 2 (Nrf2) 
signaling by FGF21 leads to the transcriptional activation of antioxidant 
genes [20]. FGF21 can potentially affect neural functions and FGF21 
administration suppresses an oxidative stress response and inflamma-
tory cytokine production in the brain of D-galactose-treated mice [22]. 
FGF21 receptors, including FGFR1 and β-klotho, are also expressed in 
the brain. Peripheral FGF21 can cross the blood-brain barrier and 
interact with β-klotho to promote remyelination in the central nervous 
system [23,24]. Recombinant human FGF21 (rFGF21) restores synaptic 
plasticity, dendritic spine density, and cerebral mitochondrial function 
and improves cognition in obese rats [25]. FGF21 attenuates 
HFD-induced cognitive impairment and anxiety-like behavior via 
metabolic modulation and anti-inflammatory responses in a mouse 
model [26]. Mitochondrial dysfunction is known to contribute to the 
development of neurodegenerative disorders. In human dopaminergic 
neurons, FGF21 enhances mitochondrial function and activates PGC-1α 
[27]. These findings support the hypothesis that FGF21 plays a vital role 
in promoting cognitive function under the dietary intervention of MR. 

In this study, we aim at defining the protective effect of MR on age- 
related cognition decline and sought to investigate whether FGF21 in 

the brain is a critical mediator of neuronal functions. We find that MR 
improved cognition by activating circulating FGF21 and further pro-
tecting synaptic ultrastructure and enhancing mitochondrial biogenesis 
genes. These results may contribute to developing new dietary strategies 
against the cognitive decline inherent in aging and some neurodegen-
erative disorders, thus acquiring considerable clinical value. 

2. Materials and methods 

2.1. Short hairpin design and AAV production 

The sequence of Fgf21 (Mus musculus, NCBI Gene ID: 56636) was 
analyzed for suitable sequences for RNA interference-mediated 
silencing. A negative control (NC, 5′-TTCTCCGAACGTGTCACGT-3′) or 
shFGF21 (5′-GGGATTCAACACAGGAGAAAC-3′) with a TTCAAGAGA 
hairpin loop and TTTTTT termination sequence were generated, 
annealed, and cloned into a pAAV-U6-eGFP entry vector (Shanghai 
GenePharma Co., Ltd). After plaque selection and amplification, all vi-
ruses were purified using a discontinuous CsCl gradient. The final titer of 
AAV-shFGF21 was 1.6 × 1012. The effect of AAV-shFGF21 in vivo was 
evaluated in aged C57BL/6J mice (see Supplementary Methods). 

Fig. 1. Methionine restriction alleviated cognitive impairment in aged mice. 
(a) Schedule of animal treatments and behavior tests (n = 8–10 mice per group); (b) Bodyweight; (c) Methionine intake. The cognitive functions were assessed using 
the behavioral tests as described in Methods; (d) Locomotor activity; (e) Spontaneous alteration; (f) NOR index (new object); (g) Escape latency (Morris water maze 
test); (h) Escape latency (Barnes maze test). Data show mean ± SEM. *p < 0.05, **p < 0.01 compared to the CD group. Significant differences between mean values 
were determined using two-way ANOVA with Tukey’s multiple comparison test. Significant differences between mean values were determined using two-way 
ANOVA with Tukey’s multiple comparison test. 
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2.2. Mouse experiments and dietary intervention 

Male and female C57BL/6J mice of different ages were used in this 
study. All mice were originally obtained from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd., and housed in the Northwest A&F 
University animal facility under standard conditions at 22 ± 2 ◦C and 50 
± 15% humidity with a strict 12 h: 12 h light: dark cycle. The animals 
were fed ad libitum before the dietary prevention and AAV treatments. 

For the first set of animals, male C57BL/6J mice (2-, 12-, and 15- 
month-old) were treated with a control methionine diet (0.86% Met) 
and methionine restriction diet (0.17% Met) for 3 months (n = 10) 
(Fig. 1a). The detailed dietary composition is provided in Supplemen-
tary Data. Two mice in the 18M-CD group and one mouse in the 18M-MR 
group died during the dietary intervention, data of which were 
excluded. Body weight, food intake, and water consumption were 
recorded, and methionine intake was calculated. 

The second set of mice (2- and 15- month-old) were treated with 
AAV-shFGF21 (5 × 109 p.f.u. viruses per mouse, tail vein injection) and 
subjected to the same regimen of MR intervention (n = 8). AAV in-
jections were administered twice, one before adaptive feeding and one 
in the middle of the experiment. 

For the third set of animals, male and female C57BL/6J mice (15- 
month-old) were treated with control methionine diet and methionine 
restriction diet for 3 months (n = 8). The dietary intervention method, 
behavioral experiment schedule, and sample collection method were the 
same as those used for the first set of animals. 

After the MR regimen, cognitive behavior was assessed using 
behavioral tests. After the behavioral tests, the mice were killed, and the 
serum and tissue samples were collected by snap-freezing in liquid ni-
trogen and storing at − 80 ◦C or by directly storing in 4% para-
formaldehyde for histological analysis. 

All experimental procedures were performed according to the Guide 
for the Care and Use of Laboratory Animals: Eighth Edition (ISBN-10: 0- 
309-15396-4). All relevant ethical regulations for animal testing were 
followed, and the research protocols were approved by the Northwest 
A&F University and BGI Institutional Review Board on Bioethics and 
Biosafety (BGI-IRB). 

2.3. Open field test 

The open field test was used to assess locomotor activity. The open 
field apparatus consisted of a square box (length: 30 cm, width: 30 cm, 
height: 40 cm) and a locomotor monitoring system. The testing area was 
divided into a center area and four corner areas. Each mouse was placed 
in the center of the box and allowed 5 min of spontaneous activity. The 
SuperMaze software (Shanghai Xinruan Information Technology Co., 
Ltd, China) was used to record and measure the total distance traveled, 
total distance traveled in the central region, resting time, and time spent 
in the central region. 

2.4. Y-maze test 

The Y-maze was composed of three arms at 120◦ each. Each mouse 
was placed in the center of the Y-maze and allowed free exploration to 
all three arms for 8 min. The percentage alternation was calculated as 
the ratio of actual to possible alternations (defined as the total number of 
arm entries − 2) × 100%. 

2.5. Novel object recognition test 

The experimental process of the novel object recognition test con-
sisted of three sessions: habituation, training, and test session. During 
the first session, each mouse was placed in the center of an open field 
box without objects for 5 min. The next day, each mouse was placed in 
the box for 10 min with two identical odorless objects that were placed 
equidistant from each other in this training session. On the third day, the 

same process was conducted for the test session; however, one object 
was replaced by a novel object. The apparatus was cleaned with 70% 
ethanol between each trial interval. The mice were considered to exhibit 
object exploration when they licked, sniffed, and touched the objects 
with the paws or head within a distance of 2 cm from the object. 
Furthermore, the percentage NOR index was used to discriminate the 
novel object in the test session: 

NOR index=
(

novel objectexploration time− familiar object exploration time
total exploration time

)

2.6. Morris water maze (MWM) test 

The MWM test was used to examine the spatial learning ability and 
memory of the rodents per our previous study with some modifications 
[28]. Briefly, MWM testing was conducted in a circular pool filled with 
water with white food-grade titanium dioxide (XR-XM101, Shanghai 
Xinruan Information Technology Co. Ltd, Shanghai, China). The pool 
was divided into four conceptual quadrants of equal area. On day 0, each 
mouse received four habituation-training sessions. The platform was 
visible, and the water was colorless on day 0, whereas the opacity of 
water was increased to hide the submerged platform on day 1 to day 6. 
On day 6, the platform was removed from the maze and a probe trail was 
conducted in which mice were placed in the pool for 60 s. The video 
tracking system recorded the time spent in the target quadrant, the la-
tency to the platform, and the number of platform crossings (SuperMaze 
software). 

2.7. Barnes maze test 

The Barnes maze is also a definitive test for examining the spatial 
learning and memory of mice. Each mouse was placed in the maze and 
allowed to explore for 5 min of adaptation trials. On the next day, the 
bright light was used to motivate mice to enter the hidden escape box 
during the 7-day training (two training trials per day). The maze has the 
same designated escape position for each mouse. However, the mouse 
was randomly assigned to one of the four different escape positions to 
overcome bias. Each mouse was placed under an opaque start box in the 
center of the maze for 30 s to explore the platform freely, after which the 
start box was lifted. The trial ended when the mouse had climbed into 
the hidden escape or after 5 min had elapsed. The maze and escape box 
were wiped with 70% ethanol after each trial and the maze was rotated. 
All data were recorded using a video tracking system (SuperMaze 
software). 

2.8. Transmission electron microscopy (TEM) 

The hippocampi of mice were collected, fixed with 2.5% glutaral-
dehyde (v/v) for 4 h, and then washed thrice with 0.1 M phosphate 
buffered saline (PBS), pH 7.2. Then, the tissue was fixed in 1% OsO4 for 
1 h. Next, the tissue was washed again with PBS and successively 
dehydrated with 30%, 50%, 70%, 80%, 90%, and 100% ethanol for 15 
min each. Finally, the LR-WHITE was embedded and dried in an oven at 
60 ◦C. The samples stained with uranyl acetate and lead citrate were 
acquired using a JEM-1230 transmission electron microscope (JEOL, 
Tokyo, Japan). 

2.9. Real-time polymerase chain reaction (RT-PCR) 

Total RNA from the brain and liver tissues was extracted using TRIzol 
(Jingcai Bio., Xi’an, China). The HiFiScript cDNA synthesis kit was used 
for reverse transcribing the RNA. RT-PCR was performed in a CFX96TM 
real-time system (Bio-Rad). The following cycling conditions were used: 
95 ◦C for 10 min, then 95 ◦C for 15s, and 60◦C for 1 min for 40 cycles. 
The 2− ΔΔCT method was used to analyze the relative changes in gene 
expression. For mitochondrial DNA (mtDNA, COX2) and nuclear DNA 
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(nDNA, globin), the total DNA was extracted from cortex tissue using a 
DNA extraction kit (Bioteke Co., Beijing, China). The primer sequences 
are shown in the Supplementary Table 2. 

2.10. RNA-sequencing and data analysis 

The reads were filtered and trimmed using Trimmomatic v0.38. 
Clean reads were mapped to the Mus musculus genome sequence (ftp://ft 
p.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/635/GCF_0000016 
35.26_GRCm38.p6) using Hisat2 v2-2.1.0. The reads of each sample 
were then assembled into transcripts and compared with reference gene 
models using StringTie v1.3.4d. We merged the 44 transcripts to obtain 
a consensus transcript using the StringTie-Merge program. Transcripts 
that did not exist in the CDS database of the Mus musculus genome were 
extracted to predict new genes. The gene expression FPKM values were 
calculated using StringTie based on the consensus transcript. A repeated 
double cross-validation framework (rdCV-PLSDA) and a multivariate 
dimension reduction method, DIABLO, were used for multiple RNA-seq 
data and clinical data, as described previously. GSEA was conducted 
using the GSEA v4.1.0 for Windows [29,30]. Curated gene sets (C2) from 
the Molecular Signatures Database (MSigDB) version 7.2 and Gene 
Ontology sets (C5) were evaluated using GSEA. Normalized enrichment 
scores (NESs) and adjusted q values were computed using the GSEA 
method based on 1,000 random permutations of the ranked genes. 

2.11. Cell culture 

SH-SY5Y cells were provided by the Kunming Institute of Zoology, 
Chinese Academy of Sciences (Kunming, China), and cultured in Dul-
becco’s minimal essential medium (DMEM) (Gibco Co., USA) supple-
mented with 10% fetal bovine serum (FBS), 100 IU mL− 1 penicillin, and 
100 μg mL− 1 streptomycin at 37 ◦C in a humidified atmosphere of 5% 
CO2. For Western blot assay, the cultured cells were treated with 100 nM 
rFGF21 for 12 h and extracted using a protein extraction reagent. To 
evaluate the effect of FGF21 on oxidative stress, the cultured cells were 
treated with 100 nM rFGF21 for 12 h, following which the medium was 
discarded and the cells were treated with or without H2O2 (100 μM) for 
24 h. Intracellular redox status was determined by dyeing with 10 μM 
H2DCFDA for 20–30 min at 37 ◦C in the dark. Fluorescence was observed 
using an inverted fluorescence microscope and quantified using a 
multimode microplate reader at 485 nm excitation and 538 nm emis-
sion. Mitochondrial dysfunction was detected by staining with 10 μM 
JC-1 for 30 min at 37 ◦C in the dark. Fluorescence was observed using an 
inverted fluorescence microscope and quantified using a multimode 
microplate reader at 485 nm excitation and 538 nm (green) and 585 nm 
(red) emissions. 

2.12. Western blotting 

Proteins were extracted using a protein extraction reagent. The total 
proteins were separated via sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and then transferred onto a polyvinylidene fluoride 
membrane using a wet transfer apparatus. Appropriate antibodies were 
used, and the immunoreactive bands were visualized using an enhanced 
chemiluminescence reagent. The information regarding primary anti-
bodies is shown in Supplementary Table 1. The results of the Western 
blot were quantified using band densitometry analysis of the Quantity 
One software. 

2.13. Statistical analysis 

Other than RNA sequencing data, other data were reported as mean 
± SEM, significant differences between mean values were determined by 
two-way ANOVA. A post hoc test was performed using Tukey’s test for 
multiple comparison test by Graphpad Prism 6.0 software. Means were 
considered to be statistically significant if p < 0.05. 

3. Results 

3.1. MR suppresses age-dependent cognitive impairment 

Two-month-old, 12-month-old, and 15-month-old C57BL/6J mice 
were fed either a control diet (CD; 0.86% Met, w/w) or a methionine 
restricted diet (MR; 0.17% Met, w/w) for three months (Fig. 1a). At the 
end of the dietary intervention, the food intake and body weight of the 
15-month-old-CD and 18-month-old-CD mice (initial age was 12 months 
and 15 months, respectively) were significantly higher compared to 5- 
month-old-CD mice (initial age was 2 months); analysis of variance 
(two-way ANOVA with Tukey’s test, p < 0.01). The body weights of mice 
fed the MR diet were lower than those of mice in the control group, 
despite an increased food intake (Fig. 1b and c). Met intake was 
significantly reduced in mice fed the MR diet (two-way ANOVA with 
Tukey’s test, p < 0.01; Fig. 1d). It is noteworthy that the serum Met level 
increased in 15 month-old-CD mice, whereas MR intervention reduced 
Met levels to a level similar to that in the 5 month-old-CD group (Sup-
plementary Data 1, Supplementary Fig. 1). In addition, fatty liver was 
observed in the 15- and 18-month-old-CD, and MR reduced lipid accu-
mulation in liver (Supplementary Fig. 2). 

Our previous studies have shown that 15-month-old C57BL/6J mice 
exhibited reduced working memory and spatial memory dysfunction 
[31,32]. The effects of MR on cognitive impairment in aged mice were 
assessed using several behavioral tests after dietary intervention. An 
open field test was conducted to evaluate the locomotive activity and 
exploring ability. The locomotor activity of mice in the three age groups 
did not differ significantly after the dietary intervention (Supplementary 
Fig. 3A). However, MR decreased the resting time and increased the time 
spent in the central area in aged mice (Supplementary Fig. 3B and C). 
The Y-maze test was performed to understand the effects of MR on 
working memory. The spontaneous alteration of 15- and 18-mon-
h-old-CD mice was significantly poorer than that of 5-month-old-CD 
mice (two-way ANOVA with Tukey’s test, p < 0.01). Conversely, the 
spontaneous alteration was recovered in the MR-treated group (Fig. 1e). 
A novel object recognition test (NOR) was performed to understand the 
effects of MR on short-term memory. In the training phase, the mice 
explored in an open field with two identical objects. The NOR index did 
not differ significantly between age-matched CD and MR groups (Sup-
plementary Fig. 3D). However, in the testing phase, one of the objects 
was replaced by a different object, and MR treatment restored the 
decrease in age-related NOR index of mice in the 15- and 18-month-old 
group (two-way ANOVA with Tukey’s test, p < 0.05; Fig. 1f). 

The Morris water maze (MWM) and Barnes maze were used to 
evaluate spatial memory [33,34]. Considering the excessive stress that 
swimming induces in aged mice, the water maze was conducted on 5- 
and 15-month-old mice, and the Barnes maze was conducted on 5- and 
18-month-old mice. MWM and Barnes maze were conducted using the 
same schedule, including a place navigation test and probe trial test. In 
the MWM 3-day and 5-day place navigation test, MR improved the 
escape latency of 15-month-old mice (Fig. 1g, Supplementary Fig. 3G). 
In the probe trial test, MR enhanced the number of platform crossings in 
the targeting area and the percentage of distance in the targeting 
quadrant of 15-month-old mice (two-way ANOVA with Tukey’s test, p <
0.05; Supplementary Fig. 3E and F). Similarly, in the 5-day Barnes maze 
place navigation test, MR improved the escape latency of 18-month-old 
mice (two-way ANOVA with Tukey’s test, p < 0.05; Fig. 1h). In the probe 
trial test, the 5-month-old mice showed frequent movement close to the 
targeting box. MR increased the number of entries near the targeting box 
in 18-month-old mice (Supplementary Fig. 3J). The representative paths 
are shown in Supplementary Fig. 3H and I. These experiments demon-
strate that MR ameliorates age-induced cognitive impairment. 
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3.2. MR improves synapse ultrastructure and mitochondrial biogenesis in 
the hippocampus 

The hippocampus is the neural basis of cognitive function [35]. 
Representative micrographs of hematoxylin and eosin (H & E)-stained 
mouse hippocampus are shown in Supplementary Fig. 2. In particular, 
neuronal degeneration and nuclear shrinkage were observed in the 
dentate gyrus region of aged mice, while MR protected against neuronal 
damage (Supplementary Fig. 2). To investigate the effect of MR on 
synaptic function, the ultrastructure of the synapses and mitochondrial 
morphology in the hippocampi of 5-, 15-, and 18-month-old mice were 
assessed by transmission electron microscopy (TEM; Fig. 2a). Analysis of 
postsynaptic density (PSD) revealed that both the length and width of 
the PSD were elevated in the 15- and 18-month-old-MR groups (two-way 
ANOVA with Tukey’s test, p < 0.01). While MR did not affect the length 
and width of PSD in 5-month-old mice (Fig. 2b and c). MR increased the 
length and width of the PSD in the 15- and 18-month-old-MR groups 
compared to those in the age-matched CD groups (two-way ANOVA with 
Tukey’s test, p < 0.01). PSD95 is an essential structural protein required 
for postsynaptic density [36]. Quantitative polymerase chain reaction 
(qPCR) analysis confirmed that MR elevated the mRNA level of Psd95 in 
18-month-old mice (two-way ANOVA with Tukey’s test, p < 0.05; 
Fig. 2d). 

Fragmental phenotype and irregular shape of mitochondria were 
also observed in age-matched CD groups (colored asterisks in Fig. 2a), 
whereas MR decreased the ratio of abnormal mitochondria to normal 
mitochondria in 15- and 18-month-old mice (Fig. 2e). To investigate 
mitochondrial biogenesis in MR-fed aged mice, the mtDNA/nDNA ratio 
(represent by Cox2/globin ratio) in the cortex and the expression of 
Pgc1α in the hippocampus were determined. The Cox2/globin ratio and 

Pgc1α mRNA level did not change in 5- and 15 month-old mice on MR 
diet. In 18 month-old mice, the Cox2/globin ratio and Pgc1α mRNA levels 
were elevated by MR (two-way ANOVA with Tukey’s test, p < 0.05; 
Fig. 2f and g). These results suggest that MR improves synapse ultra-
structure and mitochondrial biogenesis in the hippocampi of aged mice. 

3.3. MR affects nervous structure-related genes and FGF21 receptor 
expression in the hippocampus 

To further investigate how MR regulates vital biological processes 
and pathways in the brain, we performed RNA-seq of mouse hippocampi 
(Supplementary Data 2). After mapping clean RNA-seq reads of all mice 
against the Mus musculus genome, we detected 13,218 genes (including 
3,187 new predicted genes with no annotation) with fragments per 
kilobase of transcripts per million mapped reads (FPKM) value (Sup-
plementary Data 3). Gene set enrichment analysis (GSEA) has been 
commonly used for pathway or functional analysis of RNA-seq data. The 
top 10 enrichments gene sets of GSEA in curated gene sets and ontology 
gene sets (based on Molecular Signatures Database), respectively, was 
listed according to normalized enrichment score (NES; Fig. 3a). The 
results show that one of the top-rank enriched gene set Reac-
tome_Signaling_By_FGFR1 were downregulated in 18-month-old MR 
mice hippocampi (NES = − 1.98, NOM p-val < 0.0001; Fig. 3c). Heatmap 
representations of gene expression differences between 18-month-old- 
CD and 18 month-old-MR mice revealed opposite expression patterns 
(Fig. 3b). The mRNA levels of Fgfr1 and β-klotho were significantly 
increased with age but decreased by MR treatment (two-way ANOVA 
with Tukey’s test, p < 0.01; Fig. 3d). Genes upregulated by MR were 
associated with biological pathways, including GO_Myelin_Sheath and 
GO_Ensheathment_Of_Neurons (Fig. 3a). FGF21 decreased with age in 

Fig. 2. Methionine restriction improved synapse ultrastructure and altered mitochondrial biogenesis in the aged mice hippocampus. 
(a) Representative images showing the ultrastructure of the synapse. The yellow asterisks indicate the abnormal mitochondria; (b, c) The length and width of PSD (n 
= 3 slices per group); (d) Psd95 mRNA expression detected using qRT-PCR; (e) Abnormal mitochondria ratio; (f) Mitochondrial DNA levels in brain tissue; (g) Pgc1α 
mRNA expression in the hippocampus. Data show mean ± SEM. *p < 0.05, **p < 0.01 compared to the CD group. Significant differences between mean values were 
determined using two-way ANOVA with Tukey’s multiple comparison test. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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Fig. 3. Methionine restriction promoted serum FGF21 expression while it inhibited FGFR1 signaling in the hippocampus 
(a) The bar graphs show normalized enrichment scores (NESs) of the gene set enrichment analysis (GSEA) on the curated gene sets and ontology gene sets for the 
RNA-seq analyses; (b–c) GSEA plot depicting the enrichment of downregulated genes involved in FGFR signaling in the 18M-MR group (NES = − 1.98, NOR p <
0.0001); (d) Expression of Fgfr1 mRNA in the hippocampus was detected using RT-qPCR; (e) β-klotho mRNA expression in the hippocampus. FGF21 level in the (f) 
serum, (g) liver, and (h) brain. Data show mean ± SEM. *p < 0.05, **p < 0.01 compared to the CD group, Significant differences between mean values were 
determined using two-way ANOVA with Tukey’s multiple comparison test. (i) The performance of predictive models for gene sets and signatures of characteristic 
indicators of MR status; (j) The model performance of DIABLO integrative modeling in relation to MR; (k) A clustered image map (Euclidean distance, complete 
linkage) of signatures. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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serum, liver, and brain. MR significantly activated FGF21 levels in mice 
of all ages (two-way ANOVA with Tukey’s test, p < 0.01; Fig. 3f–h). 

The correlation between mouse performance, MR altered genes, and 
MR-mediated FGF21 activation was evaluated by integrated analyses 
using the Data Integration Analysis for Biomarker Discovery using a 
Latent Component method for OMICs (DIABLO), a multivariate dimen-
sion reduction discriminant analysis method designed to identify bio-
logically relevant and highly correlated signatures from various OMICs 
techniques [37]. Behavioral performance, Met intake, and FGF21 con-
tent were selected as characteristic indicators and nervous system 
related genes as hub genes. First, we evaluated whether the MR-altered 
hub genes and characteristic indicators could predict the MR status of 

mice in a multivariate manner [38]. Predictive modeling was conducted 
using a partial least square discriminant analysis incorporated into a 
repeated double cross-validation framework (rdCV-PLSDA), which 
effectively minimized the risk of statistical overfitting [39]. We obtained 
80 optimal separation genes from the 348 enriched genes and then 
selected 48 genes related to neural function based on literature 
regarding follow-up integrated analysis (Supplementary Fig. 4A). A 
significant separation between 18-month-old-CD and 18-month-old-MR 
mice was observed (Fig. 3i). Integrative modeling was then performed 
on the RNA-seq and characteristic indicator signatures, and one latent 
component comprising 7–8 key predictors from each data set was 
identified, contributing to a significant separation between the 

Fig. 4. Upregulation of Nrf2 was involved in FGF21-mediated MR protection against age-related neuroinflammation and oxidative stress 
(a, b) Tnfα and Il1β mRNA expression in mice hippocampi; (c, d) Ho1 and Nqo1 mRNA expression in mice hippocampi; (e) MDA level in mouse brain. SH-SY5Y cells 
were treated with rFGF21 (100 μM) for 24 h. (f) Western blots of Nrf2 signaling pathway proteins. SH-SY5Y cells were treated with H2O2 (100 μM) for 24 h with or 
without treatment with rFGF21 (100 μM) for 24 h. Intracellular redox status was determined by dyeing with H2DCFDA, and mitochondrial dysfunction was detected 
by staining with JC-1. (g) Representative images of H2DCFDA and JC-1 staining; (h) Fluorescence was observed using an inverted fluorescence microscope. Data 
show mean ± SEM. *p < 0.05, **p < 0.01 compared to the control group. Significant differences between mean values were determined using two-way ANOVA with 
Tukey’s multiple comparison test. (i) The proposed model for regulation of circulating FGF21-FGFR1/β-klotho-mediated activation of Nrf2 pathway. MR-mediated 
FGF21 promotes nuclear translocation of Nrf2, leading to improved neuroinflammation, oxidative stress, and mitochondrial biogenesis. The FGF21-Nrf2 axis may 
represent a novel target for treating age-related cognitive decline. 
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18-month-old-CD and 18-month-old-MR groups (Fig. 3g, Supplementary 
Fig. 4C). The key predictors were also highly correlated (Fig. 3k, Sup-
plementary Fig. 4B). 

3.4. FGF21 alleviates neuroinflammation and oxidative stress 

We have shown previously that the effect of MR on cognitive func-
tion was associated with hippocampal neuron function (Fig. 2). 
Inflammation and oxidative homeostasis are closely related to neuronal 
cell function and cognitive functions [40]. The expression of inflam-
matory cytokines in the mouse hippocampus was determined using 
qPCR; results showed that the mRNA levels of Tnfα and Il1β increased 
significantly in the 18 month-old group. MR reduced the elevation of 
inflammatory factors (two-way ANOVA with Tukey’s test, p < 0.05; 
Fig. 4a and b). Inflammatory responses often occur in conjunction with 
oxidative stress, and in our previous studies on aging mice, the levels of 
inflammatory factors and oxidative markers were found to increase 
simultaneously [31,32]. The Nrf2-derived antioxidant defense system, 
which leads to the transcriptional activation of HO1, NQO1, SOD2, and 
several antioxidant genes, is also present in nerve cells [41]. MR 
significantly increased the mRNA levels of Ho1 and Nqo1 in the hippo-
campi of 18-month-old mice (two-way ANOVA with Tukey’s test, p <
0.05; Fig. 4c and d). MR also reduced malondialdehyde (MDA) levels, a 
lipid peroxidation product and marker of oxidative damage [42], in the 

cortex of aged mice (Fig. 4e). These results suggested that MR decreased 
neuroinflammation and oxidative stress in the hippocampi of aged mice. 

In previous studies, FGF21 expression was significantly activated by 
MR and FGF21 possessed anti-inflammatory and antioxidant properties 
[43,44]. To further investigate whether FGF21 can activate 
antioxidant-signaling pathways in neurocytes, we treated SH-SY5Y cells 
with 100 nM rFGF21 and assessed the antioxidant enzyme levels. We 
observed that rFGF21 increased the expression of total Nrf2, HO1, and 
NQO1. rFGF21 increased the nuclear level of Nrf2, thus showing that 
rFGF21 promoted the nuclear translocation of Nrf2 (Fig. 4f). To deter-
mine whether or not the antioxidant enzymes activated by rFGF21 can 
improve oxidative stress, SH-SY5Y cells were pretreated with 100 μM 
H2O2, followed by treatment with 100 nM rFGF21. Using H2DCFDA 
staining, reactive oxygen species (ROS) fluorescence was observed to 
increase after the H2O2 treatment of SH-SY5Y cells; however, rFGF21 
treatment reduced fluorescence values (Fig. 4g). Mitochondrial mem-
brane potential, evaluated by JC-1 staining, revealed that rFGF21 
treatment alleviated oxidative stress (Fig. 4g). The quantitative analysis 
is shown in Fig. 4h. These results suggest that FGF21 might be a mo-
lecular target for MR to perform its neuroprotective functions (Fig. 4i). 

3.5. FGF21 is required for the beneficial effects of MR 

FGF21 was shown to improve HFD-induced cognitive impairments 

Fig. 5. FGF21 was required for MR-mediated improvement of cognitive impairment in aged mice. 
(a) Schedule of animal treatments and behavior tests (n = 8 mice per group); (b) Bodyweight; (c) Methionine intake; (d) Serum FGF21 level. (e) Spontaneous 
alteration; (f) NOR index (new object); (g) Escape latency (Barnes maze test); (h) Representative images showing the ultrastructure of the synapse. The yellow 
asterisks indicate the abnormal mitochondria; (i) The length of PSD (n = 3 slices per group); (j) Psd95 mRNA expression detected using RT-qPCR; (k) Abnormal 
mitochondria ratio; (l) Mitochondrial DNA levels in brain tissue; (m) Pgc1α mRNA expression in the hippocampus. Data show mean ± SEM. *p < 0.05, **p < 0.01 
compared to the CD group. Significant differences between mean values were determined using two-way ANOVA with Tukey’s multiple comparison test. 
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[26,45]; however, whether the neuroprotective function of MR requires 
FGF21 activation remains unclear. The crucial role of FGF21 in 
ameliorating age-related cognitive deficits was investigated by knocking 
down Fgf21 in aged mice. Adeno-associated virus (AAV)-shFGF21 was 
synthesized for knocking down Fgf21 in aged mice and a AAV loaded a 
scramble shRNA was used as a negative control. The in vivo silencing 
effects of AAV-shFGF21 were evaluated first (Supplementary Fig. 5 A-C). 
The results showed that AAV-shFGF21 treatment reduced serum, liver, 
and brain FGF21 levels in aged mice effectively; this inhibition was 
maintained for at least three weeks (Student’s t-test, p < 0.01; Supple-
mentary Fig. 5 D-F). Representative immunohistochemical images of the 
liver showed that AAV-shFGF21-mediated Fgf21 silencing was suffi-
cient. In addition, abnormal fat accumulation was observed in 
AAV-shFGF21-treated mice liver (Supplementary Fig. 5G). 

Both 5- and 18-month-old mice were injected with AAV-shFGF21 via 
the tail vein, followed by a CD or MR interventions (Fig. 5a). In the AAV- 
5- and AAV-18 month-old groups, MR reduced the Met intake and body 
weight (ANOVA with Tukey’s test, p < 0.01; Fig. 5b and c). The 
improved effect of MR on FGF21 expression was abolished by AAV 

treated in 18 month-old mice (Fig. 5d). Unexpectedly, MR still improved 
the age-related accumulation of adipocytes in the liver of aged mice with 
Fgf21 knockdown (Supplementary Fig. 7). 

Cognitive improvement, assessed using previous behavioral tests 
associated with MR, was partially abolished by Fgf21 knockdown. Per-
formance in the open field test was similar to that observed without AAV 
injection (Supplementary Fig. 6A–C). In particular, the improvement in 
spontaneous alteration (Y-maze), NOR index (NOR testing phase), and 
escape times (Barnes maze probe trial) were abolished by Fgf21 
knockdown (Fig. 5e–g, Supplementary Fig. 6D,E,G and H). In addition, 
AAV injection did not affect the morphology of neurons in the hippo-
campi of mice, although MR improved the shrinkage of neuronal nuclei 
(Supplementary Fig. 7). Analysis of PSD revealed that Fgf21 knockdown 
reduced the length and width of PSD, which were elevated in 18-month- 
old-MR mice (Fig. 5h and i). The mRNA level of Psd95 was also reduced 
in MR aged mice with Fgf21 knockdown (Fig. 5j). Abnormal mito-
chondrial ratio, Cox2/globin ratio, and Pgc1α mRNA expression, upre-
gulated in the 18-month-old-MR mice, were abrogated by Fgf21 
knockdown (Fig. 6k-m). The effects of MR on the oxidative stress and 

Fig. 6. MR improved the cognitive impairments and synaptic ultrastructure in aged male and female mice. 
(a) Bodyweight (n = 8 mice per group); (b) Methionine intake; (c) Spontaneous alteration; (d) NOR index (new object); (e) Escape latency (Barnes maze test); (f) 
Serum FGF21 level; (g) Representative images showing the ultrastructure of the synapse. The yellow asterisks indicate the abnormal mitochondria; (h, i) The length 
and width of PSD (n = 3 slices per group); (j) Abnormal mitochondria ratio. Data show mean ± SEM. *p < 0.05, **p < 0.01 compared to the CD group. Significant 
differences between mean values were determined using two-way ANOVA with Tukey’s multiple comparison test. 
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inflammation were partly abolished by FGF21 knockdown (Supple-
mentary Fig. 6I–M). Collectively, these results indicate that FGF21 is 
required for the protective effects of MR on cognitive function. 

Our previous studies were performed on male C57BL/6 J mice, 
which could limit the applicability of our findings, as female mice are 
known to respond differently to dietary challenges [46,47]. Hence, we 
repeated the dietary intervention on 15-month-old male and female 
mice. Body weight of aged male and female mice decreased under low 
Met intake (Fig. 6a and b). Serum FGF21 levels were high in aged mice 
subjected to MR intervention, irrespective of sex (Fig. 6f). The role of sex 
in MR-mediated changes in cognitive function was assessed by the 
behavioral paradigms mentioned above in terms of locomotor activity, 
working memory, short-term memory, and spatial memory. MR 
improved the performance of aged female mice in terms of spontaneous 
alteration (Y-maze), NOR index (NOR testing phase), and escape times 
(Barnes maze probe trial test), similar to aged male mice (Fig. 6c–e, 
Supplementary Fig. 8). Thus, it may be surmised that the effect of MR on 
the cognitive function of mice did not vary with sex. Synaptic structure 
in the hippocampi of mice also indicated that MR improved the synapse 
length and width of male and female aged mice (ANOVA with Tukey’s 
test, p < 0.01; Fig. 6g–i). Mitochondrial morphology showed a similar 
response, with a lower number of abnormal mitochondria in both sexes 
(ANOVA with Tukey’s test, p < 0.01; Fig. 6j). 

4. Discussion 

Previous studies have shown that MR extends lifespan in multiple 
organisms [48]. However, whether MR can alleviate age-related 
cognitive deficits is not known, and the underlying mechanism re-
mains unclear. Our group and another independent group previously 
reported that MR improved cognitive functions in HFD-induced obese 
mice [15,16]. In this study, we demonstrated for the first time that a 
3-month MR intervention alleviated age-related cognitive impairment, 
which depended on FGF21, a critical nutritional response mediated by 
MR, using comprehensive approaches on aged mice synaptic structure, 
mitochondrial biogenesis, and the Nrf2 signaling. 

Aged mice showed cognitive decline in terms of loss of working-, 
short-term-, and spatial memory [31,32,49]. In particular, the neuro-
logical decline in aged mice is reflected in neuronal and synaptic 
structural damage in the hippocampus [31,32,49]. The RNA-seq data 
suggested that the neural processes-related pathways in the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), including Alzheimer’s 
disease, neurotrophin signaling pathway, and neuroactive 
ligand-receptor interaction, in the hippocampi of aged mice were altered 
by MR intervention (Supplementary Data 4 and 5). Brain mitochondria 
in young mice showed intact and parallel cristae, whereas those in aged 
mice exhibited vacuole cavitation, shrinkage, and reduction of mito-
chondrial cristae. Our previous data showed that MR improved cogni-
tive decline in aged mice. Importantly, the correlation between 
behavioral performance, MR altered genes, and MR-mediated FGF21 
activation observed in integrated analysis, suggest a pronounced 
contribution of FGF21 on MR improving age-related cognitive decline. 
The activation of MR on FGF21 expression is widely reported in previous 
studies [50–52]. MR was shown to increase Fgf21 mRNA and protein 
levels in the serum and liver in both young and aged mice [51,52]. In the 
case of dietary MR, the hepatocytes sense the methionine insufficient 
and respond by activating the transcriptional programs of the cytopro-
tective, integrated stress response. General control nondepressible 2 
(GCN2), an amino acid sensor, activates the phosphorylation of the 
eukaryotic initiation factor-2α (eIF-2α), which further activates acti-
vating the transcription factor 4 (ATF4) constituting the trophic 
response [52]. ATF4 binds to the responsive elements within the FGF21 
promoter, leading to increased production of FGF21 [53]. 

Therefore, FGF21 circulation is maintained at high levels, including 
in the central nervous system. Previous studies showed that the activa-
tion of MR on circulating FGF21 decreased with mouse age [51]. 

However, we found that the FGF21 levels in the serum and liver were 
still significantly high in 18-month-old mice fed under MR for three 
months. In particular, the FGF21 content in the brain increased signif-
icantly (Fig. 3). In methionine-restricted obese mice, MR functioned in 
an FGF21-dependent and independent manner. MR regulated energy 
metabolism of adipose tissue by activating FGF21 signals in the brain 
[19]. However, MR decreased inflammatory responses of adipose tissue 
in an FGF21-independent manner [54]. In the current study, we focused 
on FGF21 as a neuroprotective factor of MR for two reasons: Firstly, it 
has been reported that hippocampal Fgfr1 mRNA increased in major 
depression, schizophrenia, and bipolar disorder patients [55]. GSEA 
analysis of hippocampal RNA-seq data and PCR in this study showed 
that the hippocampal FGFR1 signal increased abnormally with aging. 
FGFR1 is indispensable for FGF21 function [56]. Secondly, in addition to 
its metabolic function, FGF21 also performs neuroprotective functions. 
FGF21 attenuates HFD-induced cognitive impairment via metabolic 
regulation and anti-inflammatory responses in obese mice [26]. FGF21 
improves cognition by restoring synaptic plasticity, dendritic spine 
density, cerebral mitochondrial function, and cell apoptosis in obese 
insulin-resistant male rats [25]. We observed that the cognitive and 
neuroprotective functions of MR were lost after using AAV-shFGF21 to 
knockdown Fgf21 expression. Notably, Fgfr1 mRNA was decreased by 
MR treatment. It has been demonstrated that the FGFR1 mRNA levels 
were compensative up-regulated by diabetes-driven decreasing of 
plasma FGF21 in mice heart [57], which could be partly explained by 
the compensatory increase induced by age-related FGF21 insufficient. 
However, the relationship between FGFR1 deficiency and cognitive 
function is still unclear at the current stage. The effects of absence of 
FGFR1 on cognitive function should be investigated in the future 
research. 

Reports on the mechanism underlying the neuroprotective function 
of FGF21 are limited. However, the mechanism via which FGF21 in-
creases metabolism is known and is related to the activation of mito-
chondrial function and increase in mitochondrial biogenesis [27,58]. 
This is consistent with the results showing that MR improved mito-
chondrial morphology in the hippocampus and enhanced the expression 
of mitochondrial synthesis-related genes. Additionally, FGF21 can 
activate Nrf2 signaling via the FGFR/β-klotho receptor [45]. Our in vitro 
data showed that FGF21 treatment activated the Nrf2 signaling in 
SH-SY5Y cells and attenuated the oxidative damage induced by H2O2. 
This is consistent with the results showing that MR ameliorated hippo-
campal inflammation and enhanced the mRNA levels of the antioxidant 
enzymes Ho-1 and Nqo1 in vivo. However, low-dose FGF21 reduced the 
inflammatory response in adipose tissue slightly. In this study, FGF21 
reduced the expression of inflammatory factors in the hippocampus. As 
FGF21 is a major endogenous nutritional factor, its systemic adminis-
tration cannot strictly be correlated with the neuroprotective function of 
FGF21. 

The metabolic response to MR was reported to differ between males 
and females, although these studies were performed in young mice. 
Therefore, to extend the applicability of MR to protection against age- 
induced cognitive function, we repeated the experiments using 15- 
month-old male and female mice. Contrary to our expectations, FGF21 
activation was not affected by sex. The mechanism underlying the dif-
ference in MR interventions between males and females were reported 
on obese mouse models [59,60]. The difference was mainly reflected in 
the metabolic response of male mice and the increase in FGF21-induced 
energy consumption, whereas the metabolic response of female mice 
was related to the reduction in energy intake. Nevertheless, the final 
weight reduction was due to MR, which is also consistent with our re-
sults. More relevant, MR activates the FGF21 expression in the liver and 
serum of both male and female mice. This supports the previous 
conclusion that MR improves the cognitive function of aging mice via 
FGF21. Based on the current results, it would be valuable to assess the 
effectiveness of MR on mouse models of Alzheimer’s disease, which is 
associated with cognitive impairment. 
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It may be concluded that MR attenuates the cognitive decline caused 
by aging. The nutritional response signal, FGF21, is required for MR- 
mediated protection of neurological function and upregulation of hip-
pocampal mitochondrial biogenesis. These results suggest that dietary 
restriction or specific essential amino acid restriction may be designed as 
nutritional interventions to prevent age-related cognitive disorders. 
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