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A B S T R A C T   

The glucagon-like peptide-1 (GLP-1) was shown to have neuroprotective effects in Alzheimer’s disease (AD). 
However, the underlying mechanism remains elusive. Astrocytic mitochondrial abnormalities have been 
revealed to constitute important pathologies. In the present study, we investigated the role of astrocytic mito
chondria in the neuroprotective effect of GLP-1 in AD. To this end, 6-month-old 5 × FAD mice were subcuta
neously treated with liraglutide, a GLP-1 analogue (25 nmol/kg/qd) for 8 weeks. Liraglutide ameliorated 
mitochondrial dysfunction and prevented neuronal loss with activation of the cyclic adenosine 3′,5′-mono
phosphate (cAMP)/phosphorylate protein kinase A (PKA) pathway in the brain of 5 × FAD mice. Next, we 
exposed astrocytes to β-amyloid (Aβ) in vitro and treated them with GLP-1. By activating the cAMP/PKA 
pathway, GLP-1 increased the phosphorylation of DRP-1 at the s637 site and mitigated mitochondrial frag
mentation in Aβ-treated astrocytes. GLP-1 further improved the Aβ-induced energy failure, mitochondrial 
reactive oxygen species (ROS) overproduction, mitochondrial membrane potential (MMP) collapse, and cell 
toxicity in astrocytes. Moreover, GLP-1 also promoted the neuronal supportive ability of Aβ-treated astrocytes via 
the cAMP/PKA pathway. This study revealed a new mechanism behind the neuroprotective effect of GLP-1 in AD.   

1. Introduction 

Astrocytes are the most abundant neural cells in the central nervous 
system (CNS) and have been shown to play vital roles in maintaining 
brain homeostasis, neuronal nutrient supply, the secretion of neuro
trophic factors, and synaptic plasticity [1]. Accordingly, astrocytic 
malfunction is associated with nerve injury and neurodegeneration. 
Clinical and preclinical research has revealed that astrocytes participate 
in the pathological process of Alzheimer’s disease (AD) [2–5]. Astro
cytes from APP/PS1 mice were shown to cause a marked decrease in 
dendritic complexity in co-cultured neurons [6]. In addition, neurons 
co-cultured with 3 × Tg-AD mouse astrocytes were characterized by 

more apoptotic nuclei and fewer viable cells [7]. However, there are still 
many unknowns about the role of astrocytes in AD. 

Mitochondria are known to be critical organelles of cells and govern 
various physiological processes, such as energy metabolism, antioxidant 
production, cell survival, and death in astrocytes [8]. Accumulating 
evidence has indicated that astrocytic mitochondrial abnormalities 
might be involved in the pathogenesis of CNS diseases [9–12]. 
Regarding AD, a global metabolomic profiling demonstrated that pri
mary astrocyte generated from 5 × FAD transgenic mice exhibited al
terations in the tricarboxylic acid cycle, and similar metabolic changes 
could be induced by exogenous β-amyloid (Aβ) peptide [13]. Further
more, immortalized hippocampal astrocytes from 3 × Tg-AD mice 
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showed impaired mitochondrial energy metabolism and increased 
reactive oxygen species (ROS) production [14]. 

The glucagon-like peptide-1 (GLP-1) is a 30-amino-acid incretin 
hormone known to act as a neuropeptide in the brain, and has been 
shown to have neurotrophic and neuroprotective effects in the CNS [15]. 
Native GLP-1 is rapidly metabolized and inactivated by dipeptidyl 
peptidase-4 (DPP-4) and subsequently eliminated by renal. Thus, GLP-1 
analogues with structural modification are often applied to in vivo 
therapy [16]. It is reported that GLP-1 exerts its effects by binding to and 
activating GLP-1 receptor (GLP-1R) [16], which could be reversed by 
GLP-1R antagonist or knockout [17,18]. GLP-1Rs are widely distributed 
in brain areas closely related to memory and learning [19,20]. Activa
tion of the GLP-1R could elevate the intracellular cyclic adenosine 3′,5′- 
monophosphate (cAMP) signaling pathway level by stimulating adeny
late cyclase and phosphorylating protein kinase A (PKA), ultimately 
increasing the release of neurotransmitters and promoting excitatory 
synaptic transmission [21,22]. Moreover, GLP-1, as well as its analogues 
and receptor agonists, have been shown to prevent neurodegeneration 
in experimental AD models [23–25]. Our previous studies reported that 
GLP-1 analogue could rescue cognitive impairment in AD mice, and the 
mechanism behind this was associated with mitochondrial dynamics 
[26,27]. However, the specifics of the underlying mechanism remain to 
be further explored. 

In the present study, we explored the mechanism of GLP-1 in alle
viating neuronal damage in AD. We found that by activating the cAMP/ 
PKA pathway, GLP-1 mitigated mitochondrial overfission, and simul
taneously improved mitochondrial functions in Aβ-treated astrocytes, 
thus enhancing its neuronal supportive ability. 

2. Materials and methods 

2.1. Reagents 

Liraglutide (Victoza®) was purchased from Novo Nordisk (Bags
værd, Denmark). Aβ1-42 was purchased from ChinaPeptides (Shanghai, 
China). GLP-1 was purchased from MedChemExpress (Monmouth 
Junction, NJ, USA). L-glutamine, 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP), and H-89 were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). D-Hank’s solution and Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 were purchased from Hyclone (Logan, UT, USA). Fetal 
bovine serum (FBS), penicillin/streptomycin, Neurobasal medium, and 
B27 were purchased from Gibco (Carlsbad, CA, USA). For the mito
chondrial stress test, Seahorse XF DMEM, glutamine, glucose, pyruvate, 
oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 
(FCCP), rotenone & antimycin A were purchased from Agilent Tech
nologies (Santa Clara, CA, USA). 

2.2. Animals and drug administration 

Transgenic 5 × FAD mice were obtained from The Jackson Labora
tory and the generation of 5 × FAD mice has been described in previous 
study [28]. 6-month-old 5 × FAD mice were randomly assigned to AD 
group and AD + Lira group, whereas nontransgenic wild-type litter
mates were used as control (WT group) (n = 10 mice per group). All mice 
were housed in a specific pathogen-free environment with a 12 h light/ 
dark cycle under standard laboratory conditions at a temperature of 20 
± 3 ◦C and humidity of 40–60%. Mice in the AD + Lira group were 
subcutaneously administered 25 nmol/kg/qd liraglutide for 8 weeks 
[26], whereas mice in the WT and AD groups received an equal amount 
of 0.9% saline according to the same regimen. 

All animal protocols were conducted in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals 
(NIH eighth edition, revised 2011) and Institutional Animal Care and 
Use Committee of Fujian Medical University (No. FJMU IACUC 2018- 
035). 

2.3. Tissue preparation 

After 8 weeks of liraglutide administration, mice were anesthetized 
with an intraperitoneal injection of 60 mg/kg pentobarbital sodium 
[29]. For Nissl staining, mice were transcardially perfused with 0.9% 
saline followed by 4% paraformaldehyde. Brain tissues were dissected 
and fixed in 4% paraformaldehyde in PBS. Then, brain tissues were 
embedded in paraffin and cut into 4-μm-thick paraffin sections. For 
western blot and enzyme-linked immunosorbent assays (ELISA), brain 
tissues were dissected on ice and then stored at − 80 ◦C. 

2.4. Nissl staining 

Paraffin sections were stained with Nissl staining solution (Sevicebio, 
Wuhan, China) for 10 min and then dehydrated for observation. Sections 
were scanned by Panoramic DESK (3DHISTECH, Hungary) and the mi
crophotographs were generated by Panoramic Scanner (3DHISTECH). 
Representative images of the cortex and hippocampus were acquired 
using the CaseViewer software (3DHISTECH). The number of cells in the 
cortex and hippocampus was counted using the Fiji-Image J software 
(National Institutes of Health, USA). 

2.5. Primary cell cultures 

Cultures of primary astrocytes and neurons were prepared from P0- 
P1 Sprague-Dawley rat pups. Cortices were dissected and pooled into D- 
Hank’s solution, and the meninges were carefully removed. For astro
cyte cultures, cortices were digested in 0.25% trypsin (Gibco, Carlsbad, 
CA, USA) for 15 min at 37 ◦C, and the resulting cell suspensions were 
seeded in 25 cm2 culture flasks. Cells were cultured in DMEM/F12 
supplemented with 10% FBS, 1% penicillin/streptomycin, and 2 mM L- 
glutamine at 37 ◦C and 5% CO2. The astrocyte culture medium was 
changed every 3 days. After 10–14 days, cultures were shaken in an 
orbital shaker at 37 ◦C at a speed of 200 rpm for 18 h. The purity of 
astrocytes was identified using anti-glial fibrillary acidic protein (GFAP) 
immunofluorescence staining. Astrocytes from passage 3 were used for 
subsequent experiments. For neuron cultures, cortices were digested in 
papain dissociation solution (Worthington, Lakewood, NJ, USA) for 20 
min at 37 ◦C. The resulting cell suspensions were plated on poly-D- 
lysine-coated cover glass in 6-well plates at a density of 5 × 104 cells/ 
mL. Neurons were cultured in Neurobasal medium supplemented with 
2% B27, 1% penicillin/streptomycin, and 0.5 mM L-glutamine. Neurons 
at days in vitro (DIV) 3 were used for coculturing with astrocytes. 

Astrocyte-neuron co-culture system was established according to a 
previously described method [30]. Briefly, astrocytes were plated on 
poly-D-lysine-coated polycarbonate membranes of Transwell inserts 
(0.4 μm, Corning, Corning, NY, USA) at a density of 8 × 104 cells/mL. 
After 48 h, the astrocyte culture medium was replaced with neuron 
culture medium and cells were cultured for a further 24 h. Subsequently, 
the astrocytes were treated with drugs before Transwell inserts being 
transferred to the top side of 6-well plates and co-cultured with neurons. 
The co-culture system was maintained until neurons reached DIV 10. 

2.6. Aβ1-42 preparation 

Aβ1-42 peptides were dissolved in hexafluoroisopropanol (HFIP) and 
lyophilized. Soluble oligomeric Aβ1-42 was prepared by dissolving Aβ1-42 
peptides in dimethyl sulfoxide (DMSO) and then diluting the mixture in 
PBS to a final concentration of 400 μM. Obtained solutions were incu
bated overnight at 4 ◦C and stored at − 20 ◦C. 

2.7. Elisa 

To measure cortex cAMP contents, brain tissues were homogenized 
with PBS. To measure intracellular cAMP levels, cells were lysed using 
RIPA buffer (Beyotime, Shanghai, China). To detect the secretion of 
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brain-derived neurotrophic factor (BDNF) from astrocytes, the cell cul
ture supernatant was collected. All specimens mentioned above were 
centrifuged at 3000 rpm for 20 min, and the supernatants were collected 
for experiments. The mouse cAMP ELISA kit, rat cAMP ELISA kit, and rat 
BDNF ELISA kit were performed according to the manufacturer’s in
structions (Shanghai Enzyme-linked Biotechnology, Shanghai, China). 

2.8. Measurement of ATP 

The production of ATP in brain tissues and cells was measured using 
an Enhanced ATP assay kit (Beyotime) according to the manufacturer’s 
instructions. Tissue or cell lysate was centrifuged for 5 min at 12 000 g 
and 4 ◦C, and then 20 μL supernatant and 100 μL ATP detection working 
solution were added to a 96-well opaque plate. Luminescence was 
detected using a SpectraMax iD3 microplate reader (Molecular Devices, 
San Jose, CA, USA) and the concentration of ATP was calculated ac
cording to a standard curve. 

2.9. ROS production 

The production of ROS in brain tissues was measured using ROS 
(DCFH-DA) assay kit (Quanzhou Ruixin Biotechnolgy, Quanzhou, 
China) according to the manufacturer’s instructions. Briefly, tissues 
were homogenized with PBS and disrupted by ultrasonication. Then the 
samples were centrifuged for 15 min at 3000 rpm and the supernatants 
were collected. The supernatants were incubated with DCFH-DA probe 
for 30 min at 37 ◦C, and detected at excitation and emission wavelengths 
of 488 and 525 nm using a microplate reader (Molecular Devices). 

2.10. Western blot analysis 

Tissues or cells were lysed using RIPA buffer containing protease and 
phosphatase inhibitors (Boster, Wuhan, China). Protein concentrations 
were quantified using a BCA assay kit (Boster) according to the manu
facturer’s instructions. Equal amounts of protein from cells were elec
trophoresed on 10–12% sodium dodecyl sulfate–polyacrylamide (SDS- 
PAGE) gels (Boster) and electrotransferred onto polyvinylidene 
difluoride (PVDF) membranes activated by methanol. Membranes were 
blocked with 5% dried skimmed milk in TBST for 2 h and then incubated 
with primary antibodies at 4 ◦C overnight. Primary antibodies used were 
as follows: p-DRP1(s637) (1:1000, #4867, Cell Signaling, Danvers, MA, 
USA), t-DRP1 (1:1000, #8570, Cell Signaling), MFN2 (1:1000, 
#ab56889, Abcam, Cambridge, MA, USA), OPA1 (1:1000, ab157457, 
Abcam), and GAPDH (1:1000, #5174, Cell Signaling). After incubation 
with primary antibodies, membranes were washed in TBST and incu
bated with horseradish peroxidase (HRP)-conjugated anti-rabbit or anti- 
mouse secondary antibodies (1:1000, #7074 or #7076, Cell Signaling) 
for 2 h at 25 ◦C. Then, bands were detected using ECL (SAB, MD, USA) 
and visualized using a ChemiDoc™ Imaging System (BioRad, Danvers, 
MA, USA). Blot images were analyzed using the Image J software and 
protein expression levels were normalized to GAPDH levels. 

2.11. Mitochondrial morphology analysis 

Mitochondrial morphology was determined using MitoTracker Red 
staining (Beyotime). Mitochondria were labeled with 50 nM Mito
Tracker Red probe for 30 min at 37 ◦C. Representative images of mito
chondrial morphology were acquired using a Leica SP5 confocal 
microscope (Leica, Wetzlar, Germany). Quantitative analysis of mito
chondrial morphology was performed using the Image J software, and 
the following parameters were collected: major axis, minor axis, 
perimeter, and area. The aspect ratio (AR = major axis/minor axis) and 
form factor (FF = perimeter2/4π × area) represent the length and degree 
of branching of mitochondria. 

2.12. Mitochondrial ROS production 

Mitochondria in astrocytes were labeled with 100 nM MitoTracker 
Green probe (Beyotime) for 20 min at 37 ◦C. Astrocytes were then 
loaded with 5 μM MitoSOX Red indicator (Invitrogen, Carlsbad, CA, 
USA) for 10 min at 37 ◦C to measure mitochondrial ROS production. 
Nuclei were stained with Hoechst 33432 (Beyotime) for 10 min at 37 ◦C. 
Representative images were acquired using a Leica SP5 confocal mi
croscope and red fluorescence intensity was determined using the Image 
J software. 

2.13. Measurement of cellular oxygen consumption rate (OCR) 

Astrocytes were plated at a density of 8 × 103 cells per well in XFe24 
V7 cell culture microplate (Agilent Technologies, Santa Clara, CA, USA) 
and treated with drugs before cells reached 80–90% confluency. Before 
measurement, astrocytes culture medium was replaced with Seahorse 
XF DMEM supplemented with 2 mM glutamine, 10 mM glucose, and 1 
mM pyruvate (pH = 7.4). For the mitochondrial stress test, the oxygen 
consumption rate (OCR) of primary astrocytes was determined using 
Seahorse XFe24 Flux Analyzer (Agilent Technologies) following subse
quent injections of 1 μM oligomycin, 2 μM FCCP, and 0.5 μM roteno
ne&antimycin A at final concentration. Data were analyzed using the 
Seahorse Wave Desktop software (Agilent Technologies). 

2.14. Measurement of mitochondrial membrane potential (MMP) 

The mitochondrial membrane potential was determined using the 
JC-1 mitochondrial membrane potential assay kit (Beyotime) according 
to the manufacturer’s instructions. Astrocytes were incubated with JC-1 
staining working solution for 20 min at 37 ◦C and washed 3 times with 
JC-1 staining wash buffer. Representative images were acquired using a 
Leica SP5 confocal microscope, and fluorescence intensity was deter
mined using the Image J software. As is known, JC-1 forms aggregates in 
the mitochondrial matrix at high MMP, emitting red fluorescence. When 
MMP collapses, JC-1 remains in the monomeric form, emitting green 
fluorescence. Consequently, MMP was expressed by a decrease in the 
ratio of red/green fluorescence intensity. 

2.15. Cell viability assay 

The viability of the astrocytes was assessed using the MTT (Sigma- 
Aldrich, St. Louis, MO, USA) according to the manufacturer’s in
structions. Briefly, 8–10 × 103 cells/per well were seeded onto a 96-well 
plate. After treatment with drugs, 10 μL MTT solution (1 mg/mL) per 
100 μL DMEM/F12 was added to each well and cells were incubated for 
4 h. After 4 h, the medium was removed and 150 μL DMSO was added 
into each well to resolve the MTT formazan crystals. The absorbance at 
490 nm was measured using a microplate spectrophotometer (BioTek, 
Winooski, VT, USA). 

2.16. Immunofluorescence 

Neurons were fixed in 4% paraformaldehyde for 15 min, then per
meabilized and blocked in 0.3% Triton X-100 and 5% bovine serum 
albumin for 1 h at 37 ◦C. Subsequently, neurons were first incubated 
with anti-βIII-tubulin primary antibody (1:400, ab78078, Abcam) 
overnight at 4 ◦C and then with Alexa 488 secondary antibody (1:400, 
ab150113, Cell Signaling) for 2 h at 37 ◦C. Representative images were 
acquired using a Leica SP5 confocal microscope. The neuronal 
morphology was analyzed using the Image J software and parameters, 
such as axon length, number of neurites from the soma, number of 
secondary branches, and total neurite length were acquired. Sholl 
analysis was performed according to the previous study [31]. 
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2.17. Hoechst and propidium iodide (PI) staining 

Neurons were sequentially incubated with Hoechst (Beyotime) and 
PI (Beyotime) staining solutions for 20 min at 4 ◦C. Representative im
ages were acquired using a fluorescent microscope (Olympus, Tokyo, 
Japan). 

2.18. Statistic analysis 

All data were presented as the mean ± standard error of the mean 
(SEM). Statistical analyses were performed using one-way or two-way 
ANOVA with Bonferroni’s post-hoc test using SPSS Statistics 21.0 
(IBM, Armonk, NY, USA) and GraphPad Prism 7.0 (GraphPad Software, 
La Jolla, CA, USA). Statistical significance was set at P < 0.05. 

3. Results 

3.1. Liraglutide ameliorated mitochondrial dysfunction, prevented neuron 
loss, and activated the cAMP/PKA pathway in the brain of 5 × FAD mice 

Our previous study demonstrated that exenatide, a GLP-1 analogue, 
could improve cognition and regulate mitochondrial dynamics in the 
brain of 5 × FAD mice [27]. However, the underlying mechanism 
remained elusive. 

The cAMP/PKA pathway is deeply involved in the regulation of 
mitochondrial dynamics. To further explore the role of the cAMP/PKA 
pathway in the neuroprotective effect of GLP-1 against AD, we treated 6- 
month-old 5 × FAD mice with subcutaneous injection of liraglutide, 
another GLP-1 analogue, for 8 weeks and evaluated the cortex cAMP 
contents and PKA protein expression levels. Compared with wild-type 
mice, we observed that 5 × FAD mice showed a reduction in cAMP 
level (P < 0.01, Fig. 1A) and were also characterized by inhibition of 
phosphorylation of PKA (P < 0.01, Fig. 1B-C). In contrast, we found that 

Fig. 1. Liraglutide ameliorated mitochondrialdysfunction, prevented neuron loss, and activated cAMP/PKA pathway in the brain of 5 × FAD mice. (A) Cortex cAMP 
contents determined by ELISA. n = 5 mice/group. (B) Protein expression of cortex p-PKA determined by western blot analysis. (C) Relative quantitative analysis of 
cortex p-PKA protein expression. n = 3 mice/group. (D) Cortex protein expression of mitochondrial dynamics related proteins determined by western blot analysis. 
(E-G) Relative quantitative analysis of cortex p-DRP1 (s637) (E), MFN2 (F) and OPA1 (G) protein expression. n = 3 mice/group. (H) ROS production determined by 
ELISA. n = 5 mice/group. (I) ATP production. n = 5 mice/group. (J) Representative images of the Nissl-stained positive neurons in cortex and hippocampus. Scale 
bar = 100 μm. (K) Quantitative analysis of the number of Nissl-stained positive neurons per mm2. n = 3 mice/group. **P < 0.01, ***P < 0.001 vs. WT; #P < 0.05, 
###P < 0.001 vs. AD. 
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liraglutide significantly increased the cAMP level (P < 0.05, Fig. 1A) and 
p-PKA protein expression level (P < 0.05, Fig. 1B-C) in AD + Lira group. 

Consistent with our previous study [27], our results showed that 
liraglutide reversed the decrease of phosphorylation of dynamin-related 
protein 1 (p-DRP1) at the s637 site, mitofusin 2 (MFN2), and optic at
rophy 1 (OPA1) expression levels (P < 0.05, P < 0.001, P < 0.001, 
respectively, Fig. 1D-G), rescued the overproduction of ROS (P < 0.05, 
Fig. 1H), and enhanced the production of ATP (P < 0.05, Fig. 1I) in 5 ×
FAD mice. 

In addition, we also found that liraglutide prevented neuron loss in 
the brain of 5 × FAD mice. Our results from Nissl staining revealed that 
the number of neurons was reduced in both the cortex (P < 0.05, Fig. 1J- 
K) and hippocampus of 5 × FAD mice. Moreover, liraglutide signifi
cantly increased the number of neurons in the cortex of mice in AD +
Lira group (P < 0.05, Fig. 1J-K). 

3.2. GLP-1 prevented mitochondrial fragmentation, ameliorated 
mitochondrial dysfunction, and promoted cell survival in Aβ-treated 
astrocytes via the cAMP/PKA pathway 

Astrocytic mitochondrial abnormalities have been revealed to 
constitute important pathologies in AD. To investigate the effects of 
GLP-1 on astrocytes, we generated an in vitro AD model based on as
trocytes and treated the cells with GLP-1. Primary astrocyte cultures 
were pretreated with 100 nM GLP-1 for 2 h [32] and then incubated with 
10 μM Aβ1-42 for 24 h [33]. Furthermore, PKA inhibitor H-89 was 
applied to validate the role of the cAMP/PKA pathway in the regulative 
effect of GLP-1 (as cAMP is known to mainly work by activating PKA 
[34]). Astrocytes in Aβ + GLP-1 + H-89 group were treated with 10 μM 
H-89 [35] combined with 100 nM GLP-1 for 2 h before being exposed to 
10 μM Aβ1-42. 

Fig. 2. GLP-1 prevented mitochondrial fragmentation in Aβ-treated astrocytes via the cAMP/PKA pathway. Primary astrocyte cultures were pre-treated with 100 nM 
GLP-1 for 2 h and then incubated with 10 μM Aβ1-42 for 24 h. Astrocytes in Aβ + GLP-1 + H-89 group were treated with 10 μM H-89 co-incubated with GLP-1. (A) 
Intracellular cAMP levels determined by ELISA. n = 5 wells/group. (B) Protein expression of p-PKA determined by western blot analysis. (C) Relative quantitative 
analysis of p-PKA protein expression. n = 3 wells/group. (D) Protein expression of mitochondrial dynamics related proteins determined by western blot analysis. (E- 
G) Relative quantitative analysis of p-DRP1 (s637) (E), MFN2 (F), and OPA1 (G) protein. n = 3 wells/group. (H) Mitochondrial morphology was revealed through 
MitoTracker Red staining and analyzed using the Image J software. Scale bar = 10 μm. (I-J) Quantitative analysis of mitochondrial morphology. Morphological 
analysis of mitochondria. Form factor (FF) (I) and aspect ratio (AR) (J) were determined using the Image J software. n = 3 wells/group. *P < 0.05, ***P < 0.001 vs. 
Control; #P < 0.05, ##P < 0.01 vs. Aβ; &P < 0.05 vs. Aβ + GLP-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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3.2.1. GLP-1 activated cAMP/PKA pathway in Aβ-treated astrocytes 
We observed that exposure of astrocytes to 10 μM Aβ for 24 h caused 

decreases in intracellular cAMP level (P < 0.001, Fig. 2A) and p-PKA 
protein expression (P < 0.001, Fig. 2B-C), whereas GLP-1 elevated cAMP 
levels (P < 0.01, Fig. 2A) and promoted the phosphorylation of PKA (P 
< 0.05, Fig. 2B-C) in Aβ-treated astrocytes, consistent with our in vivo 
findings. And the phosphorylation of PKA was inhibited by 10 μM H-89 
(P < 0.05, Fig. 2B-C), whereas the levels of cAMP remained unchanged. 

3.2.2. GLP-1 prevented mitochondrial fragmentation in Aβ-treated 
astrocytes via the cAMP/PKA pathway 

The balance between mitochondrial fission and fusion, which is 
regulated by GTPase-dependent proteins, such as DRP1, MFN2, and 

OPA1, contributes to the normal function of mitochondria [36]. Our 
immunoblot analysis results showed that Aβ induced a significant 
decrease of p-DRP1 (s637), MFN2 and OPA1 expression (P < 0.05, P <
0.001 and P < 0.05, respectively; Fig. 2D-G), whereas GLP-1 signifi
cantly restored the Aβ-induced downregulation of these proteins in as
trocytes (P < 0.05 for all, Fig. 2D-G). We further determined the 
mitochondrial morphology in astrocytes using the MitoTracker Red 
staining, and quantified the values of the mitochondrial form factor (FF) 
and aspect ratio (AR) [37]. As shown in Fig. 2H, mitochondria in the 
control group displayed an elongated tubular structure and were equally 
distributed throughout the cytoplasm. In contrast, Aβ induced a redis
tribution in the mitochondrial size to smaller and rounder mitochondria 
accompanied with reduced FF (P < 0.001, Fig. 2I) and AR values (P <

Fig. 3. GLP-1 ameliorated mitochondrial dysfunction and promoted cell survival in Aβ-treated astrocytes via the cAMP/PKA pathway. (A) ATP production. (B) 
Profiles of oxygen consumption rates (OCR). (C-F) Basal respiration (C), ATP production (D), proton leak (E), and maximal respiration (F) were determined based on 
OCR. n = 5 wells/group. (G) Mitochondrial ROS production was labeled by MitoSOX staining (red), with mitochondria being labeled using MitoTracker Green 
staining (green). Nuclei were stained with Hoechst 33342 (blue). Scale bar = 10 μm. (H) Mitochondrial ROS production expressed by red fluorescence intensity. n = 3 
wells/group. (I) Mitochondrial membrane potential (MMP) determined by JC-1 staining. JC-1 aggregates emit red fluorescence, whereas JC-1 monomers emit green 
fluorescence. Scale bar = 10 μm. (J) Mitochondrial membrane potential expressed by the ration of red/green fluorescence intensity. n = 3 wells/group. (K) Cell 
viability determined using the MTT assay. n = 5 wells/group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. Aβ; &P <
0.05, &&P < 0.01 vs. Aβ + GLP-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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0.05, Fig. 2J). In contrast, GLP-1 enabled the mitochondria of Aβ-treated 
astrocytes to recover to long tubular mitochondrial networks, with 
higher values of FF (P < 0.001, Fig. 2I) and AR (P < 0.001, Fig. 2J). 

However, we also showed that the effect of GLP-1 on promoting 
phosphorylation of DRP1 at s637 was aborted after the inhibition of PKA 
(P < 0.05, Fig. 2D-E). And the fusion-related proteins MFN2 and OPA1 
were also decreased in Aβ + GLP-1 + H-89 group (P < 0.01 and P < 0.05, 
respectively; Fig. 2D and F-G). Furthermore, H-89 reversed the effects of 
GLP-1 on mitochondrial morphology. In particular, we observed that 
mitochondria formed shorter tubules and showed less extensive net
works accompanied by decreased FF and AR values compared with Aβ +
GLP-1 group (P < 0.05 and P < 0.001, respectively, Fig. 2H–J). 

3.2.3. GLP-1 ameliorated mitochondrial dysfunction and promoted cell 
viability in Aβ-treated astrocytes via the cAMP/PKA pathway 

Mitochondria are the important energy suppliers of astrocytes 
through the generation of ATP. We found that Aβ induced a significant 
decrease of ATP production in astrocytes (P < 0.05, Fig. 3A), which was 
restored by GLP-1 (P < 0.05, Fig. 3A). To further assess the mitochon
drial function and metabolic changes, we utilized the Seahorse XFe24 
Flux Analyzer to determine mitochondrial stress by directly measuring 
the oxygen consumption rate (OCR). We first detected the basal respi
ration, showing the energetic demand of astrocytes under baseline 
conditions. A subsequent injection of oligomycin inhibited mitochon
drial ATP synthase, thus allowing the quantification of mitochondrial 
ATP production to be quantified. Besides, the proton leak could serve as 
a sign of mitochondrial impairment. In addition, FCCP is known to un
couple oxidative phosphorylation from ATP synthesis and increase ox
ygen consumption to a maximal value. As such, we identified that under 
baseline conditions, the basal respirations were not different among 
Control, Aβ, and Aβ + GLP-1 groups (Fig. 3C). After oligomycin injec
tion, Aβ group showed a reduction of mitochondrial ATP production (P 
< 0.05, Fig. 3D) and an increase in proton leak (P < 0.05, Fig. 3E), 
whereas GLP-1 increased mitochondrial ATP production (P < 0.05, 
Fig. 3D) and proton leak in Aβ + GLP-1 group (P < 0.01, Fig. 3E). In 
addition, we observed that the maximal respiration showed a trending 
decline in Aβ-treated astrocytes, whereas GLP-1 could restore maximal 
respiration to some extent, despite the lack of significant differences 
observed between groups (Fig. 3F). 

Mitochondria are the main sites of ROS production, and hence 
oxidative stress caused by excessive ROS production might contribute to 
the collapse of MMP, resulting in cellular injury [38]. Our results 
showed that Aβ notably increased the generation of mitochondrial ROS 
in astrocytes (P < 0.01, Fig. 3G-H), whereas GLP-1 decreased mito
chondrial ROS overproduction (P < 0.01, Fig. 3G-H). It should be 
mentioned that we determined MMP using JC-1 staining. Our results 
revealed that Aβ triggered the loss of MMP, as shown by a decrease in the 
ratio of red/green fluorescence intensity (P < 0.001, Fig. 3I-J), whereas 
MMP in Aβ + GLP-1 group was significantly higher than that in Aβ group 
(P < 0.001, Fig. 3I-J). We next evaluated the cell viability using MTT 
analysis. Our results showed that exposure to Aβ impaired cell viability 
of astrocytes (P < 0.001, Fig. 3K). GLP-1 did not result in significant cell 
toxicity to control astrocytes, but enhanced cell viability in Aβ-treated 
astrocytes (P < 0.05, Fig. 3K). 

However, PKA inhibitor H-89 reversed the protective effect of GLP-1 
on mitochondrial function in Aβ-treated astrocytes. More specifically, H- 
89 reduced ATP production (P < 0.05, Fig. 3A), and concomitantly 
decrease the mitochondrial ATP production (P < 0.05, Fig. 3D) and 
increase proton leak in Aβ + GLP-1 + H-89 group. Furthermore, H-89 
resulted in an elevation in the mitochondrial ROS levels (P < 0.05, 
Fig. 3G-H) and subsequently led to the loss of MMP as expressed by a 
decreased ratio in the red/green fluorescence intensity (P < 0.05, Fig. 3I- 
J) in Aβ + GLP-1 + H-89 group. In addition, H-89 decreased cell viability 
of astrocytes in Aβ + GLP-1 + H-89 group (P < 0.05, Fig. 3K). 

3.3. GLP-1 improved the neuronal supportive ability of Aβ-treated 
astrocytes via the cAMP/PKA pathway 

Astrocytes are important neuronal supportive cells in the CNS that 
release multiple neuroprotective factors essential for neuronal devel
opment [1]. Thus, we set up an astrocyte-neuron co-culture system to 
evaluate the effect of GLP-1 on the neuronal supportive ability of as
trocytes under exposure to Aβ. 

We found that Aβ induced reductions in the secretion of BDNF from 
astrocytes (P < 0.01 for both, Fig. 4A), whereas GLP-1 restored the 
secretion of BDNF from Aβ-treated astrocytes (P < 0.05 and P < 0.01, 
respectively; Fig. 4). However, PKA inhibitor H-89 reversed the effect of 
GLP-1 on promoting the secretion of BDNF in Aβ + GLP-1 + H-89 group 
(P < 0.05 for both, Fig. 4A). 

We next analyzed the neuronal complexity of co-cultured neurons. 
As shown in Fig. 4B-G, Aβ-treated astrocytes impaired the neuronal 
complexity of co-cultured neurons, as shown by decreased number of 
neurite interaction, axon length, number of neurites from soma, number 
of secondary branch and total neurite length (P < 0.01, P < 0.001, P <
0.01, P < 0.01, and P < 0.01, respectively, Fig. 4B-G). As expected, we 
found that GLP-1 significantly increased the number of neurite inter
action, axon length, number of neurites from soma, number of secondary 
branch and total neurite length of neurons co-cultured with Aβ-treated 
astrocytes (P < 0.001, P < 0.01, P < 0.01, P < 0.05, and P < 0.05, 
respectively; Fig. 4B-G). However, H-89 significantly impaired the GLP- 
1-rescued neuronal complexity in Aβ-treated astrocytes (P < 0.05, 
Fig. 4B-G). 

We then determined the cell death of co-cultured neurons using 
Hoechst/PI staining. We observed that astrocytes induced more dead co- 
cultured neurons in Aβ group than in control group (P < 0.01, Fig. 4H-I), 
whereas GLP-1 improved the supportive ability of Aβ-treated astrocytes, 
promoting the cell survival of co-cultured neurons (P < 0.01, Fig. 4H-I). 
However, inhibition of PKA reversed the protective effect of GLP-1, with 
astrocytes in Aβ + GLP-1 + H-89 group aggravating the cell death of co- 
cultured neurons (P < 0.05, Fig. 4H-I). 

4. Discussion 

This study demonstrated that GLP-1 alleviated energy deficits and 
prevented neuron loss in the brain of 5 × FAD mice. By activating the 
cAMP/PKA pathway, GLP-1 attenuated Aβ-induced astrocytic mito
chondrial fragmentation, energy stress, and cell toxicity, and increased 
the secretion of BDNF from astrocytes, thus improving the neuronal 
growth and survival of co-cultured neurons. 

Mitochondria are morphologically dynamic organelles that 
constantly undergo fusion and fission. Fission and fusion processes are 
known to determine the morphology and structure of the mitochondrial 
network, which is of paramount importance for mitochondrial homeo
stasis and cell survival [39,40]. Excessive mitochondrial fission has been 
reported to be accompanied by a decline in function, leading to neuro
degeneration in AD [41]. We observed that 5 × FAD mice showed 
imbalanced mitochondrial dynamics in their brains accompanied by 
ROS overproduction and ATP reduction, as previously reported [27]. It 
is reported that Aβ, which is produced locally by APP processing in 
mitochondria, could interact with mitochondrial proteins and initiate 
the AD pathology by inducing mitochondrial dysfunction [42,43]. 
Astrocytic mitochondrial abnormalities have been revealed to constitute 
important pathologies in AD. Previous studies have reported that 
exposure of astrocytes to Aβ induced impairments in mitochondrial 
morphology, dynamics, and function [44–46]. GLP-1 is shown to reduce 
Aβ formation and accumulation [47–49], thus it is likely to improve Aβ- 
induced mitochondrial dysfunction. In accordance with these findings, 
we observed that Aβ led to mitochondrial over-fission and fragmenta
tion, whereas GLP-1 regulated mitochondrial dynamics related proteins 
and reconstructed mitochondrial networks in Aβ-treated astrocytes. The 
balance between mitochondrial fission and fusion maintain the structure 
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and remodeling of mitochondrial cristae, where electron transport chain 
complexes are located, thus regulating mitochondrial respiration and 
ATP synthesis [50]. We also found that GLP-1 exerted beneficial effects 
on energy production and respiratory capacity in Aβ-treated astrocytes. 
Moreover, mitochondrial dysfunction drives ROS overproduction, 
resulting in cellular oxidative damage. Excessive ROS production con
tributes to collapsed MMP, followed by the opening of the mitochondrial 
permeability transition pore (MPTP), triggering cell death through the 
release of pro-apoptotic factors, such as cytochrome c [38,51]. Here, we 
revealed that GLP-1 improved the overproduction of mitochondrial ROS 
and restored the collapse of MMP, concomitantly protecting the viability 
of Aβ-treated astrocytes. 

The mechanism of neuroprotection by GLP-1 is correlated with the 
activation of the cAMP/PKA pathway [52–54]. The cAMP/PKA pathway 
are involved in the regulation of mitochondrial fission and fusion 
[55,56]. PKA directly phosphorylates DRP1 at s637 and decreases its 

GTPase activity, resulting in inhibited mitochondrial fission [57]. cAMP 
locally activates PKA [58], leading to elongated mitochondria and 
increased MMP, and finally prevents apoptosis [59]. Aβ was reported to 
induce mitochondrial impairments in neuroblastoma cells, which were 
reversed following the activation of the cAMP-dependent PKA/CREB 
pathway [60]. Bao et al. reported that liraglutide exerted neuro
protective effects against AGE-induced oxidative stress, inflammation, 
and apoptosis in astrocytes via the GLP-1R-mediated activation of the 
cAMP/PKA/CREB pathway [61]. In our study, GLP-1 and its analogue 
elevated cAMP and PKA in both Aβ-treated astrocytes and 5 × FAD mice 
brain. We further demonstrated that inhibition of PKA by H-89 
decreased p-DRP1 (s637) protein expression and induced mitochondrial 
fragmentation in Aβ + GLP-1 + H-89 group, subsequently reversing 
other beneficial effects of GLP-1 on Aβ-induced mitochondrial and 
cellular impairments in astrocytes. Thus, it could be speculated that 
GLP-1 decreases DRP1-mediated fission by activating the cAMP/PKA 

Fig. 4. GLP-1 improved the neuronal supportive ability of Aβ-treated astrocytes via the cAMP/PKA pathway. (A) BDNF secretion from astrocytes determined by 
ELISA. n = 5 wells/group. (B) Fluorescent images of neurons co-cultured with astrocytes immunostained against βIII-tubulin. Scale bar = 25 μm. (C) Neuronal 
complexity of neurons co-cultured with astrocytes determined by Sholl analysis. Axon length (D), number of neurite from soma (E), number of secondary branch (F), 
and total neurite length (G) were analyzed using the Image J software. n = 3 wells/group. (H) Hoechst and PI staining of neurons co-cultured with astrocytes. Scale 
bar = 10 μm. (I) Quantitative analysis of cell death (%). n = 3 wells/group. **P < 0.01, ***P < 0.001 vs. Control; #P < 0.05, ##P < 0.01 vs. Aβ; &P < 0.05, &&P <
0.01 vs. Aβ + GLP-1. 
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pathway, thus improving mitochondrial dysfunction, and consequently 
promoting cell survival in astrocytes. 

Previous studies reported that astrocytic dysfunction induced by 
mitochondrial abnormality aggravated neuron death in the perilesional 
area [62], and impaired cell survival of cultured neurons [11]. Our study 
demonstrated that mitochondrial malfunction of astrocytes resulted in 
impaired neuronal growth and survival, whereas GLP-1 improved the 
neuronal supportive ability of Aβ-treated astrocytes. Astrocytes secrete a 
variety of neurotrophic factors to protect neurons, such as BDNF 
[63,64]. However, astrocytic BDNF levels in 5 × FAD mice were 
significantly decreased in AD [65]. It has been suggested that Aβ in 
mitochondria attenuates BDNF-neurotrophic tyrosine receptor kinase 2 
(TrkB) signaling and axon transport by impairing the mitochondrial 
dysfunction of neurons [42], implicating a correlation between mito
chondrial function and neurotrophic function in AD. Pugazhenthi et al. 
reported that Aβ deposition downregulated BDNF expression via a 
cAMP-dependent pathway [66]. We found that in line with the sup
pression of the cAMP/PKA pathway, the secretion of BNDF was also 
decreased in Aβ-treated astrocytes, whereas GLP-1 upregulated the 
cAMP/PKA pathway, as well as the production of BDNF. Another study 
reported that GLP-1 could also upregulate BDNF expression in a PKA- 
dependent manner, subsequently inhibiting cell apoptosis in microglia 
[67]. The above findings might account for the effect of GLP-1 on pre
venting neuron loss in the brain of 5 × FAD mice, as shown in our results. 

Collectively, we demonstrated that GLP-1 improved mitochondrial 
function, as well as neuronal supportive ability in astrocytes, and the 
mechanism underlying these effects was associated with the activation 
of the cAMP/PKA pathway, which was beneficial in preventing neuron 
loss in AD brain. 

5. Conclusions 

We demonstrated that GLP-1 exerts its neuroprotective effect in AD 
by improving mitochondrial function of astrocytes by activating the 
cAMP/PKA pathway. This study revealed a new mechanism behind the 
neuroprotective effect of GLP-1 in AD. 
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