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Metrnl regulates cognitive dysfunction and hippocampal
BDNPF levels in D-galactose-induced aging mice

Chen Hong'?, Zhi Wang', Si-li Zheng', Wen-jun Hu', Shu-na Wang', Yan Zhao' and Chao-yu Miao'

Aging is one of the main risk factors for cognitive dysfunction. During aging process, the decrease of brain-derived neurotrophic
factor (BDNF) and the impairment of astrocyte function contribute to the cognitive impairment. Metrnl, a neurotrophic factor,
promotes neural growth, migration and survival, and supports neural function. In this study, we investigated the role of Metrnl in
cognitive functions. D-galactose (D-gal)-induced aging model was used to simulate the process of aging. Cognitive impairment was
assessed by the Morris water maze test. We showed that Metrnl expression levels were significantly increased in the hippocampus
of D-gal-induced aging mice. Metrnl knockout did not affect the cognitive functions in the baseline state, but aggravated the
cognitive impairment in the D-gal-induced aging mice. Furthermore, Metrnl knockout significantly reduced hippocampal BDNF,
TrkB, and glial fibrillary acidic protein (GFAP) levels in the D-gal-induced aging mice. In the D-gal-induced aging cell model in vitro,
Metrnl levels in the hippocampal astrocytes were significantly increased, and Metrnl knockdown and overexpression regulated the
BDNF levels in primary hippocampal astrocytes rather than in neurons. We conclude that Metrnl regulates cognitive functions and
hippocampal BDNF levels during aging process. As a neurotrophic factor and an endogenous protein, Metrnl is expected to
become a new candidate for the treatment or alleviation of aging-related cognitive dysfunction.

Keywords: Metrnl; aging; cognitive impairment; BDNF; hippocampus; astrocytes

Acta Pharmacologica Sinica (2023) 44:741-751; https://doi.org/10.1038/541401-022-01009-y

INTRODUCTION

Learning and memory are important cognitive functions [1]. In
humans, impaired learning and memory functions are typical
features of dementia, which seriously affects the quality of life, and
might even lead to death [2, 3]. Aging is the most prevalent cause
of dementia, and the situation is worsening due to the rapid
increase in the elderly population [2-4]. However, the etiology and
pathogenesis of aging-related dementia are still unclear, the drugs
for improving cognitive functions are limited and the treatment of
dementia is inadequate [5, 6].

Metrnl is a secreted protein that was identified by our
laboratory as a novel adipokine (also known as Subfatin) [7].
Metrnl is abundant in subcutaneous white adipose tissue and
barrier tissues, including the skin and the intestinal and respiratory
tract epithelium. It regulates insulin sensitivity, lipid metabolism,
inflammatory response, and intestinal functions [8-13]. Two
studies have investigated the role of Metrnl in the central nervous
system (CNS). One study reported that there were four genes,
including METRNL, lost in the chromosome 17 of humans with
mild ring 17 syndrome (a rare disorder with clinical features of
mental retardation, growth delay, seizures, etc.) [14]. The other
study reported that Metrnl was a neurotrophic factor that can
promote neurite outgrowth and subventricular zone neuroblast
migration in vitro and support the survival and function of spiral
ganglion neurons in deafened guinea pigs [15]. These studies

suggested that Metrnl is a neurotropic factor that might be related
to cognitive functions.

D-galactose (D-gal) is an aldohexose that exists in the normal
metabolic process. However, a long-term overdose of D-gal causes
systemic oxidative stress, inflammation, apoptosis, a decrease in
brain-derived neurotrophic factor (BDNF) levels, and cognitive
dysfunction, which mimics aging to a certain degree [16]. The D-
gal-induced aging model is widely used for pharmacodynamic
evaluation and studying the mechanism of aging and aging-
related cognitive impairment [17, 18].

The role of Metrnl in the CNS is not fully elucidated, and the
function of Metrnl in the cognitive functions, especially in aging-
related cognitive impairment also has not been reported. There-
fore, in this study, we used D-gal-induced aging model to simulate
aging and determined the role of Metrnl in aging-related
cognitive dysfunction. Our study might elucidate the efficacy of
Metrnl in the treatment of cognitive impairment.

MATERIALS AND METHODS

Animals and the generation of Metrnl knockout mice

All animal experiments were performed following the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use
Committee of the Second Military Medical University. All animals
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Table 1. Primer sets used in the study.

Gene Forward primer (5-3') Reversed primer (5'-3)

GAPDH GGGTCCCAGCTTAGGTTCAT CCCAATACGGCCAAATCCGT
Metrnl CTGGAGCAGGGAGGCTTATTT GGACAACAAAGTCACTGGTACAG
TrkB CTGGGGCTTATGCCTGCTG AGGCTCAGTACACCAAATCCTA
BDNF TCATACTTCGGTCATGAAGG ACACCTGGGTAGGCCAAGTT

were acclimated to the laboratory environment for one week and
housed in a standard animal room with a 12 h/12 h dark/light
cycle at 22-26°C and 40%-70% humidity. Ella-Cre mice and
C57BL/6 mice were purchased from the Shanghai Research Center
for Model Organisms (Shanghai, China).

Metrnl floxed mice (Metrnl'™*/1**) Ella-Cre mice, and C57BL/6
mice were used to generate Metrnl knockout mice (Metrnl™").
The targeting construct of Metrnl'”®'*® was characterized in our
previous study [8]. Briefly, three loxP sequences were inserted into
the Metrnl allele to flank exon 3 and the coding region of exon 4,
which could be excised by Cre recombinase. Ella-Cre mice, which
target the expression of Cre recombinase to the stages of mouse
oocytes and preimplantation embryos, were used to generate
Metrnl knockout mice [19]. To obtain Metrnl knockout mice,
initially, Metrnl'®®©® mice were crossed with Ella-Cre mice to
generate Metrnl™ " Ella-Cre mice. These mice were crossed with
C57BL/6 mice to generate Metrnl™~ mice. Finally, Metrnl™~ mice
were inbred to generate Metrnl™~ mice [11].

Preparation of D-gal-induced aging mouse model

Metrnl knockout mice and wild-type control mice were used to
prepare the D-gal-induced aging model according to the standard
procedure [17]. Briefly, the mice were intraperitoneally injected
with D-gal (100 mg-kg™"-d™"; Sangon Biotech; China) for 60 days
to establish the D-gal-induced aging mouse model. The control
group was intraperitoneally injected with an equal volume of
saline as vehicle control.

Morris water maze test

The experimental device was located in a separate laboratory to
avoid external interference. We performed the test in a black
circular pool (120 cm in diameter and 45 cm in height) with visual
cues of different colors and shapes of plastic plates hanging on
the shelf. Four illuminants were presented outside the curtain to
increase visibility. The pool was filled with opaque water using a
nontoxic, water-soluble white dye and the temperature was kept
at 22+1°C. It was divided into four quadrants. An invisible
platform (10 cm in diameter) was placed in the center of one of
the four quadrants and submerged 1 cm below the water surface.
The behavior of the mice and their swimming paths were
monitored by a video tracking system. The protocols were based
on the reports of Vorhees and Williams [20]. Briefly, we conducted
the test over six consecutive days. The spatial acquisition test was
performed from days 1 to 5, and the probe trial was conducted on
day 6. On the days of the spatial acquisition test, the mice were
placed in four fixed positions in water but in a different order each
day. In each trial, we let the mouse swim for 60s in the pool to
find the hidden platform. If it could not find the platform within
60 s, we guided it to the platform for 20 s. On day 6, we removed
the platform and placed the mouse on the opposite quadrant of
the platform for 60s. Escape latency and total distance were
monitored during the spatial acquisition test to analyze the
learning ability. The frequency of crossing the platform and the
time spent in the target quadrant were monitored to analyze the
memory function in the probe trial on day 6. The swimming speed
was monitored to analyze the motor function. The average values
of these parameters for each session and each mouse were
evaluated.

SPRINGERNATURE

Primary hippocampal neuron and astrocyte culture

The protocols were based on published methods [21, 22]. Primary
hippocampal neurons and astrocytes were cultured using similar
steps but in different culture media. Hippocampal tissues were
dissected from the cortex of newborn C57BL/6 mouse brains under
the microscope. Then, the tissues were digested by StemPro
Accutase” Cell Dissociation Reagent (Life Technologies; Carlsbad,
CA, USA) for 5-10 min at 37°C in a constant temperature shaker.
Suspensions of hippocampal neurons were planted for 4-6 h on poly-
D-lysine-coated (Sigma-Aldrich; St. Louis, MO, USA) six wells (Corning;
Midland, MI, USA) with DMEM containing 20% FBS. Then, the medium
was replaced by Neurobasal’-A medium (Life Technologies; Carlsbad,
CA, USA) mixed with 2% B27 (Life Technologies; Carlsbad, CA, USA),
25 pM GlutaMAX™-| Supplement (Life Technologies; Carlsbad, CA,
USA) and 1% Penicillin-Streptomycin (Life Technologies; Carlsbad,
CA, USA). To inhibit glial growth, 10 uM cytosine arabinoside
(Sigma-Aldrich; St. Louis, MO, USA) was added the day after
the neurons were planted. After being cultured for seven days, the
mature neurons were stained by Tuj-1 (neuron marker; Millipore;
Billerica, MA, USA) and glial fibrillary acidic protein (GFAP, astrocyte
marker; Millipore; Billerica, MA, USA) to ensure that the proportion
was higher than 90%. As for hippocampal astrocytes, the suspensions
containing hippocampal astrocytes were planted in Petri dishes (6 cm
in diameter) in DMEM containing 10% FBS. After 5-7 days of culture,
the astrocytes were transferred to new plates and generally used in
passage 1. All cells were cultured in the humidified incubator at 37 °C
with 5% CO,. Half of the medium was changed every two days.

Preparation of D-gal-induced aging cell model

The D-gal-induced aging cell model was based on a previously
described experimental method [23]. Briefly, primary hippocampal
neurons and astrocytes were planted in the six-well plates and
cultured for seven days following the above-mentioned method.
On day 8, we changed the medium, added D-gal into the medium
(the final concentration of D-gal was 10 mg/mL), cultured the cells
for another 48 h, and used them to conduct further tests after
changing the medium.

Lentivirus-mediated overexpression and knockdown of Metrnl in
neurocytes

The sequence 5-CACGCTTTAGTGACTTTCAAA-3’ was used to
construct the Metrnl shRNA lentivirus based on our previous
study [8]. Human (Gene ID: 284207) and mouse Metrnl sequences
(Gene ID: 210029) were used to construct Metrnl-expressing
lentivirus [8]. The cells were infected with multiplicity of infection
in a value of 20~30.

Real-time PCR and Western blot

Real-time PCR and Western blot analyses were performed based
on the methods described in our previous study [7]. To perform
real-time PCR, the RNA was extracted with TRIzol (Invitrogen). The
primers are listed in Table 1. To perform Western blot analysis, the
antibodies used included the TrkB antibody (Cell Signaling #4603),
the BDNF antibody (Abcam ab108319/ab205067), the Synapto-
physin antibody (Abcam ab14692), the GFAP antibody (Abcam
ab7260), the CD130 antibody (Abcam ab202850), the IL-6
antibody (Abcam ab7737), the STAT3 antibody (Santa Cruz sc-
8019), the p-STAT3 antibody (Santa Cruz sc-8059), the Donkey
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Fig. 1

Distribution of Metrnl in the central nervous system. a, b Representative Western blots (a) and quantitative analysis (b) of Metrnl

protein expression in different brain regions. n = 3 per group, *P < 0.05, **P < 0.01 versus hippocampus. ¢ Metrnl mRNA expression in different
brain regions. n =6 per group, *P < 0.05, ***P < 0.001 versus hippocampus. d, e Representative Western blots (d) and quantitative analysis (e)
of Metrnl protein expression in the hippocampal neurons and astrocytes. n =4 per group, **P < 0.01 versus Primary neurons. f Metrnl mRNA
expression in the hippocampal neurons and astrocytes. n =4 per group, *P < 0.05 versus primary neurons. Data are shown as mean + SD.

anti-mouse antibody (LI-COR IRDye 800CW 926-32212), and the
Donkey anti-rabbit antibody (LI-COR IRDye 800CW 926-32213).

Detection of Metrnl and BDNF levels in the cell supernatant
The Metrnl and BDNF levels in the cell supernatant were detected
using ELISA kits (R&D Systems; Minneapolis, MN, USA).

Detection of oxidative stress indicators

The oxidative stress indicators included Caspase-3, maleic
dialdehyde (MDA), glutathione peroxidase (GSH-px) and super-
oxide dismutase (SOD). These were detected using the respective
detection kits (Beyotime Biotechnology; China).

Statistical analysis

All data are presented as the mean*SD. Two-way repeated
measures ANOVA was performed, followed by Fisher's least
significant difference post hoc analysis to assess the escape
latency, total swimming distance, and swimming speed, with
genotype or treatment as the between-group variation and
training days as the within-group variation. The Mann-Whitney
U test and the Kruskal-Wallis test were performed to compare the
frequency of crossing the platform between two groups and
among multiple groups, respectively. The Two-tailed Student’s t-
test was performed to compare two groups. A one-way ANOVA
was performed, followed by the Fisher’s least significant difference
post hoc analysis to compare multiple groups. All statistical tests
were performed using the SPSS 11.0 software (SPSS Inc.; Chicago,
IL, USA). All differences among and between groups were
considered to be statistically significant at P < 0.05.

RESULTS

Distribution of Metrnl in the CNS

Metrnl is a neurotrophic factor whose distribution in the CNS is
not clear. We compared the mRNA and protein levels of Metrnl in
the frontal cortex, hippocampus, cerebellum, and olfactory bulb.
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The results showed that the expression of Metrnl was highest in
the hippocampus at the protein level, but the Metrnl mRNA level
was highest in the frontal cortex and was slightly higher than that
in the hippocampus (Fig. Ta-c). We also compared the expression
of Metrnl in the hippocampal neurons and astrocytes in vitro and
found that the expression of Metrnl was considerably higher in the
hippocampal astrocytes than in the hippocampal neurons at both
protein and mRNA levels (Fig. 1d-f).

Metrnl knockout mice in the baseline state displayed no
significant changes in learning and memory functions

Metrnl knockout mice were generated by the excision of exon 3 and
the coding region of exon 4 of the Metrnl gene, and were verified by
genotyping (Fig. 2a, b). The knockout efficiency of Metrnl in the
Metrnl knockout mice was verified by performing real-time PCR and
ELISA; the results showed that the Metrnl knockout mice did not
express Metrnl (Fig. 2c, d). We further compared the learning and
memory functions of Metrnl knockout and wild-type control mice by
conducting the Morris water maze test. The results showed no
significant differences in escape latency, total distance and swimming
speed between different genotypes (Fig. 2e, f, i, j). The frequency of
crossing the platform and the percentage of time spent in the target
quadrant in the probe trial on day 6 also failed to differ significantly
between Metrnl knockout and wild-type control mice (Fig. 2g, h, j).
These results indicated that in the baseline state, the deficiency in
Metrnl did not affect learning and memory functions. We also
compared the expression of cognition-related proteins, including
BDNF, TrkB, synaptophysin and postsynaptic density protein 95
(PSD95), and found no significant differences in the frontal cortex
(Fig. 2k, I) and hippocampus (Fig. 2m, n) between the two groups.

Metrnl knockout aggravated learning dysfunction in

the D-gal-induced aging mice

We established the D-gal-induced aging mouse model and further
compared the learning and memory functions of Metrnl knockout

SPRINGER NATURE
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Fig.2 Learning and memory functions and cognition-related proteins in the Metrnl knockout mice (KO) and wild-type control mice (WT)
in the baseline state. a Strategy for generating Metrnl KO mice. b Genotyping of Metrnl KO and WT mice. ¢ Serum Metrnl levels of Metrnl KO
and WT mice. n =4 per group, **P <0.01 versus WT. d Metrnl mRNA levels in the telencephalon. n =4 per group, ***P <0.001 versus WT.
e Escape latency in the spatial acquisition training during day 1-5 (Group: F; 28 = 0.279, P> 0.05; Training days: F4112 = 18.41, P <0.05).
n=15 per group. f Total distance in the spatial acquisition training during days 1-5 (Group: F; g = 0.65, P>0.05; Training days:
Fa,112y = 10.58, P < 0.05). n = 15 per group. g Frequency of crossing the platform in the probe trial on day 6. n = 15 per group. h Percentage of
time in the target quadrant in the probe trial on day 6. n =15 per group. i Swimming speed during days 1-6 (Group: F(; 5= 0.17, P> 0.05;
Training days: F(s140)=9.08, P<0.05). n=15 per group. j Representative traces of mice movement on day 1, day 5 and day 6.
k-n Representative Western blots and quantitative analysis of BDNF, TrkB, synaptophysin and PSD95 protein expression in the frontal cortex
(k, 1) and hippocampus (m, n). n =3 per group. Data are shown as mean =+ SD.
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Fig.3 Assessment of learning and memory functions in the Metrnl knockout mice (KO) and wild-type control mice (WT) in the D-gal-induced
aging model. a Design of the experiment. Metrnl WT and KO mice were divided into three groups: saline WT group, D-gal WT group and D-gal KO
group. D-gal groups were intraperitoneally injected with D-gal (100 mg/kg) for 60 days and saline group was injected with a corresponding
volume of saline. The Morris water maze test was conducted to assess the learning and memory functions. After that, the brain tissues of mice
were harvested for the next study. b Escape latency in spatial acquisition training during days 1-5 (Group: F; 35y = 13.02, *P < 0.05 versus Saline WT,
#P<0.05 versus D-gal WT; Training days: Fi140 = 9544, P<0.05). ¢ Total distance in spatial acquisition training during days 1-5 (Group:
Fo,35)= 33.84, *P < 0.05 versus Saline WT, *P < 0.05 versus D-gal WT; Training days: F 4,140, = 98.28, P < 0.05). d Frequency of crossing the platform in
probe trial on day 6. e The percentage of time in the target quadrant in probe trial on day 6, *P < 0.05 versus Saline WT. f Swimming speed during
day 1-6 (Group: Fz35 = 0.15, P > 0.05; Training days: Fs 175y = 3.47, P < 0.05). g Representative traces of mice movement on day 1, day 5 and day 6.
n =10 for each saline WT group; n= 12 for each D-gal WT group; n =16 for each D-gal KO group. Data are shown as mean = SD.

and wild-type control mice by conducting the Morris water maze their escape latency, and the total distance (Fig. 3b, ¢, g). The D-
test (see Fig. 3a for the experimental protocol). Overall, all mice gal-treated mice showed a significantly longer escape latency and
showed a decrease in their escape latency and total distance traveled a significantly greater total distance than the saline-
during training (Fig. 3b, ¢, g). The groups differed significantly in treated mice. Metrnl deficiency further increased the escape

Acta Pharmacologica Sinica (2023) 44:741-751 SPRINGER NATURE
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Fig. 4 Cognition-related proteins, JAK-STAT3 pathway proteins, and oxidative stress indicators of Metrnl knockout mice (KO) and wild-type
control mice (WT) in the D-gal-induced aging model. a-d Representative Western blots and quantitative analysis of BDNF, TrkB, synaptophysin, PSD95
and GFAP protein expression in the frontal cortex (a, b) and hippocampus (c, d). n =3 per group, *P < 0.05, **P < 0.01 versus WT. e, f Representative
Western blots (e) and quantitative analysis (f) of JAK-STAT3 pathway proteins including STAT3, p-STAT3, gp130, and IL-6 in the hippocampus. n = 3 per
group. g-j Caspase-3 (g), MDA (h), GSH-px (i), and SOD (j) levels in the telencephalon. n =3 per group. Data are shown as mean + SD.

latency and the total distance traveled by the D-gal-treated mice
(Fig. 3b, ¢, g). In the probe trial, the percentage of time spent in
the target quadrant by the saline-treated mice was significantly
higher than that by the D-gal-treated mice (Fig. 3e, g), but there
were no differences between D-gal-treated Metrnl knockout and
wild-type mice (Fig. 3e, g). Additionally, all three groups showed a
comparable frequency of crossing the platform and swimming
speed (Fig. 3d, f, g). These results suggested that D-gal impaired
learning and memory functions, and Metrnl deletion further
aggravated learning dysfunction.

SPRINGERNATURE

Metrnl knockout decreased the hippocampal BDNF levels in

the D-gal-induced aging mice

We further studied the effects of Metrnl deficiency on cognition-
related proteins in D-gal-induced aging mice. Metrnl knockout
decreased the levels of BDNF, TrkB, and GFAP in the hippocampus,
but not in the frontal cortex (Fig. 4a—d). We also investigated the
JAK-STAT3 pathway which is involved in the regulation of neurite
outgrowth by Metrnl [15], but found no differences in the
hippocampal STAT3, p-STAT3, IL-6, and the co-receptor gp130
(CD130) levels between the two genotypes in the D-gal induced
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Fig. 5 Hippocampal BDNF and TrkB levels in the Metrnl knockout mice (KO) and wild-type control mice (WT) after intraperitoneal
injection of D-gal for three and seven days. a, b Representative Western blots (a) and quantitative analysis (b) of hippocampal BDNF and TrkB
protein expression after intraperitoneal injection of D-gal for three days. n=4 per group. ¢ BDNF and TrkB mRNA expression in the
hippocampus after intraperitoneal injection of D-gal for three days. n =4 per group. d, e Representative Western blots (d) and quantitative
analysis (e) of hippocampal BDNF and TrkB protein expression after intraperitoneal injection of D-gal for seven days. n =4 per group,

**P < 0.01 versus WT. Data are shown as mean % SD.

aging model (Fig. 4e, f). Our results (Supplementary Fig. 1c-f) and
those reported in previous studies indicated that oxidative stress
and apoptosis were the major causes of cognitive impairment in
the D-gal-induced aging model [17]. We further tested oxidative
stress and apoptosis in the Metrnl knockout and wild-type mice
after treatment with D-gal, but found no significant changes in the
levels of the Caspase-3, MDA, GSH-px, and SOD between the two
genotypes (Fig. 4g-j).

Metrnl knockout reduced hippocampal BDNF levels in the early
stage of the D-gal-induced aging mouse model

To determine the time course for the reduction of hippocampal
BDNF levels caused by Metrnl knockout, we determined the
hippocampal BDNF levels in the Metrnl knockout and wild-type
mice after intraperitoneal administration of D-gal for three and
seven days. No significant differences were found in the
hippocampal BDNF and TrkB levels between Metrnl knockout
and wild-type mice after administration of D-gal for three days
(Fig. 5a—c). However, after administration of D-gal for seven days,
Metrnl knockout significantly decreased BDNF levels, and
increased TrkB levels in the hippocampus (Fig. 5d, e). These
results indicated that Metrnl knockout might reduce hippocam-
pal BDNF levels in the early stage of the D-gal-induced aging
model.

Metrnl did not affect the BDNF levels in the primary hippocampal
neurons of the D-gal-induced aging model in vitro

Hippocampal Metrnl increased in the D-gal-induced aging mice
in vivo (Supplementary Fig. 1g-i). Thus, we determined the Metrnl
levels in the primary hippocampal neurons of the D-gal model
in vitro but found no significant changes (Fig. 6a-c). To further
investigate the effect of Metrnl on hippocampal neurons, lentivirus-
mediated Metrnl knockdown and overexpression were conducted in
the primary hippocampal neurons (Fig. 6d, g). The Metrnl knock-
down or overexpression did not significantly change the expression
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of BDNF and TrkB in the hippocampal neurons of the D-gal model
in vitro (Fig. 6e, f, h, i).

Metrnl regulated the BDNF levels in the primary hippocampal
astrocytes of the D-gal-induced aging model in vitro

We also determined the changes in Metrnl in the primary
hippocampal astrocytes of the D-gal model in vitro and found
that the mRNA and protein levels of Metrnl in the hippocampal
astrocytes increased significantly (Fig. 7a—c). Lentivirus-mediated
knockdown and overexpression of Metrnl were conducted in the
primary hippocampal astrocytes to further determine the effect of
Metrnl on hippocampal astrocytes (Fig. 7d, i). In the D-gal model of
hippocampal astrocytes in vitro, Metrnl knockdown reduced the
BDNF levels (Fig. 7d, e, g, h), while Metrnl overexpression
increased the expression and secretion of BDNF (Fig. 7i-m).

DISCUSSION

In this study, we showed that Metrnl deficiency aggravates
cognitive dysfunction and downregulates the hippocampal BDNF
levels during the aging process. Our main findings were as follows:
(@) Metrnl protein levels were higher in the hippocampus than in
the other three brain regions, and the mRNA and protein levels of
Metrnl in the hippocampal astrocytes were considerably higher in
the hippocampal astrocytes than in the hippocampal neurons
in vitro. (b) Metrnl deficiency did not influence the learning and
memory functions of mice or the BDNF levels in the baseline state.
However, in the D-gal-induced aging mouse model, Metrnl
knockout aggravated the aging-related learning impairment in
mice and downregulated their hippocampal BDNF levels. (c)
Metrnl knockout reduced hippocampal BDNF levels in the early
stage of the D-gal-induced aging mouse model. (d) In the D-gal
model of hippocampal astrocytes in vitro, Metrnl overexpression
increased the BDNF levels, and Metrnl knockdown decreased the
BDNF levels.
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Fig. 6 Effects of Metrnl knockdown and overexpression on BDNF and TrkB levels in the D-gal model of primary hippocampal neurons
in vitro. a, b Representative Western blots (a) and quantitative analysis (b) of Metrnl protein expression in the neurons. n =4 per group.
¢ Metrnl mRNA expression in neurons. n =4 per group. d Knockdown of Metrnl by lentivirus transfection in the neurons. n =5 per group,
*P < 0.05 versus Control. e, f Representative Western blots (e) and quantitative analysis (f) of BDNF and TrkB protein expression in the neurons
after Metrnl knockdown. n =3 per group. g Concentration of Metrnl in the supernatant of neurons after Metrnl overexpression. n=5 per
group, ***P < 0.001 versus Control. h, i Representative Western blots (h) and quantitative analysis (i) of BDNF and TrkB protein expression in
the neurons after Metrnl overexpression. n =4 per group. Data are shown as mean + SD.

Aging impairs learning and memory functions and increases the
risk of dementia [24]. The D-gal-induced aging model is widely
used for studying aging and aging-related cognitive impairment
[17]. Chronic administration of D-gal not only causes mitochon-
drial dysfunction but also increases oxidative stress, inflammation,
and apoptosis, decreases BDNF levels, and finally, leads to
cognitive dysfunction [16]. In this study, we successfully prepared
the D-gal-induced aging mouse model and reproduced the typical
features of this model, including learning and memory dysfunc-
tions and low expression of BDNF (Fig. 3 and Supplementary
Fig. 1). The hippocampal Metrnl levels in the D-gal-induced aging
mice increased significantly (Supplementary Fig. 1g-i), suggesting
that Metrnl might be related to aging-related cognitive dysfunc-
tion. The Morris water maze test is a primary method to assess
learning and memory and is probably the most widely used
behavioral test for studying cognitive functions in rodents [25, 26].
Hence, we investigated the effects of Metrnl on the cognitive
functions in the D-gal-induced aging model by conducting the
Morris water maze test and found that Metrnl knockout
aggravated aging-related learning dysfunction (Fig. 3). These
results indicated that Metrnl regulates learning function during
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the aging process and has a protective effect on aging-related
learning impairment. In the D-gal-induced aging mouse model,
Metrnl knockout aggravates learning deficit but does not
significantly reduce memory function, although there is a
reduction trend. Thus, Metrnl mainly regulates learning rather
than memory; however, further studies need to be performed to
verify this.

BDNF is an important member of the neurotrophin family
mainly and is secreted by neurons and astrocytes. It promotes the
survival and differentiation of neural cells, participates in axonal
growth, modulates synaptic plasticity, and strongly affects
cognitive functions [27]. Moreover, BDNF is the most abundant
protein among the neurotrophin family members, especially in the
hippocampus, which is closely associated with learning and
memory functions [28, 29]. In the D-gal-induced aging mouse
model, a decrease in the level of BDNF is a primary reason for
aging-related cognitive impairment [16]. In this study, we found
that Metrnl knockout aggravated the decrease in hippocampal
BDNF levels in the D-gal induced aging mice. These findings were
consistent with the poorer learning function of Metrnl knockout
mice than of the wild-type mice in the D-gal-induced aging
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Fig. 7 Effects of Metrnl knockdown and overexpression on BDNF and TrkB levels in the D-gal model of primary hippocampal astrocytes
in vitro. a, b Representative Western blots (a) and quantitative analysis (b) of Metrnl protein expression in the astrocytes. n =4 per group,
***¥P < 0.001 versus Control. ¢ Metrnl mRNA expression in the astrocytes. n =4 per group, ***P < 0.001 versus Control. d Knockdown of Metrnl
by lentivirus transfection in the astrocytes. n =6 per group, ***P < 0.001 versus Control. e BDNF and TrkB mRNA expression in the astrocytes
after Metrnl knockdown. n =5 per group, **P < 0.01 versus Control. f Concentration of BDNF in the supernatant of astrocytes after Metrnl
knockdown. n =6 per group. g, h Representative Western blots (g) and quantitative analysis (h) of Metrnl, BDNF, TrkB, and GFAP protein
expression in the astrocytes after Metrnl knockdown. n = 6 per group, *P < 0.05 versus Control. i Concentration of Metrnl in the supernatant of
astrocytes after Metrnl overexpression by lentivirus transfection. n = 6 per group, ***P < 0.001 versus Control. j BDNF and TrkB mRNA levels in
the astrocytes after Metrnl overexpression. n=6 per group, **P <0.01 versus Control. k Concentration of BDNF in the supernatant of
astrocytes after Metrnl overexpression. n = 4 per group, *P < 0.05 versus Control. I, m Representative Western blots (I) and quantitative analysis
(m) of Metrnl, BDNF, TrkB, and GFAP protein expression in the astrocytes after Metrnl overexpression. n =6 per group, *P < 0.05, ***P < 0.001
versus Control. Data are shown as mean + SD.
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condition (Figs. 3b, ¢, g; 4c, d). TrkB is the specific receptor for
BDNF in the CNS and is necessary for cognitive functions [30, 31].
Therefore, we also evaluated the TrkB levels to determine whether
the changes in the TrkB levels were similar to those of the BDNF
levels. Overall, changes in the TrkB levels were not consistent with
the changes in BDNF and Metrnl levels, which indicated that
Metrnl does not directly affect TrkB. However, as the specific
receptor of BDNF, TrkB levels can be influenced by BDNF to a
certain extent [31]. The changes in BDNF levels caused by Metrnl
might partly affect TrkB levels, but the effect might not be
significant since TrkB acts as a receptor not only for BDNF but also
for other neurotrophic factors. Thus, changes in other neuro-
trophic factors during aging can also affect TrkB levels. The effect
of Metrnl on learning function is more closely related to
hippocampal BDNF than TrkB, but whether Metrnl regulates the
learning function via hippocampal BDNF still needs to be verified.

Astrocytes have important physiological functions and affect
synaptic activity and plasticity, neuronal network oscillations, and
cognitive functions [32]. In the pathological brain condition,
astrocyte impairment can lead to cognitive dysfunction [33]. In
patients with aging-related Alzheimer’s disease, the changes in
the astrocyte skeleton structure occur even before amyloid
deposition and have a significant effect on cognitive functions
[34, 35]. We found that the GFAP (a specific biological marker of
astrocyte) levels in the Metrnl knockout mice were lower than
those in the Metrnl wild-type mice in the frontal cortex and
hippocampus (data not shown), although the Metrnl knockout
mice did not show learning and memory impairment in the
baseline state. Moreover, in the D-gal-induced aging mouse
model, Metrnl deficiency aggravated the reduction in the GFAP
levels in the hippocampus (Fig. 4c, d), which was similar to the
changes in the BDNF levels. Additionally, the expression of Metrnl
in the hippocampal astrocytes was higher than that in the in
neurons (Fig. 1d—f). These results suggested that there might be
associations among Metrnl, hippocampal BDNF, and hippocampal
astrocytes, and Metrnl might regulate the hippocampal BDNF
levels via hippocampal astrocytes.

To verify the above speculation, we developed the D-gal-
induced aging cell model and evaluated the changes of Metrnl
levels in the hippocampal astrocytes and neurons. We found that
the Metrnl levels were significantly increased in the D-gal-induced
aging cell model of hippocampal astrocytes but not neurons
(Figs. 6a—c; 7a-c). We further investigated the effects of Metrnl on
BDNF in the D-gal model of neurons and astrocytes in vitro and
found that Metrnl can regulate the BDNF levels in the
hippocampal astrocytes but not neurons (Figs. 6; 7). In the D-
gal-induced aging cell model in vitro, Metrnl knockdown reduced
the mRNA and protein levels of BDNF in hippocampal astrocytes
(Fig. 7e, g, h), and Metrnl overexpression increased the BDNF
levels (Fig. 7j-m). These results further indicated that Metrnl could
regulate the BDNF levels in hippocampal astrocytes during the
aging process.

However, in the D-gal-induced aging cell model in vitro, Metrnl
knockdown did not significantly reduce the GFAP levels in the
hippocampal astrocytes (Fig. 7g, h), which differed from the
finding that Metrnl knockout significantly reduced GFAP levels
in vivo. GFAP is not only the main intermediate filament protein in
astrocytes but is also an important component of the cytoskeleton
in astrocytes. It helps to maintain the mechanical strength and
shape of the cells [36]. GFAP degrades slowly (like other
intermediate filament proteins) with a degradation half-life of
approximately a month [37]. In Metrnl knockout mice, the Ella-Cre-
induced deletion of Metrnl in mice occurs at the embryonic stage,
which gives Metrnl enough time to affect the expression of GFAP
in vivo. However, the duration of Metrnl overexpression or
knockdown in the astrocytes in vitro is considerably shorter than
the half-life of GFAP. The time available for Metrnl to change the
GFAP levels in vitro is insufficient, even if it does work. This might
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be the main reason for the inconsistent results of GFAP in vivo and
in vitro.

Aging is the main risk factor for cognitive impairment and
neurodegenerative diseases [38]. During the aging process, a
decrease in the BDNF levels and abnormalities in astrocyte
function lead to cognitive impairment [39]. We found that Metrnl
affected the learning function, hippocampal BDNF and GFAP
levels during the aging process, suggesting that Metrnl, hippo-
campal BDNF, astrocytes, and the learning function might be
associated. Metrnl might regulate hippocampal BDNF levels
through hippocampal astrocytes and improve aging-related
learning impairment. However, further studies need to be
conducted to obtain more direct evidence. In follow-up studies,
astrocyte-specific Metrnl knockout mice need to be developed to
verify the above mentioned speculation.

To summarize, in this study, we found that Metrnl regulates
cognitive functions and hippocampal BDNF levels during the
aging process and affects hippocampal BDNF levels in the early
stage. As a novel neurotrophic factor and an endogenous protein,
Metrnl might be a new target for treating aging-related cognitive
impairment.
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