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Abstract 

Background Type 2 diabetes mellitus (T2DM) induced diabetes-associated cognitive dysfunction (DACD) that seri-
ously affects the self-management of T2DM patients, is currently one of the most severe T2DM-associated complica-
tions, but the mechanistic basis remains unclear. Mitochondria are highly dynamic organelles, whose function refers 
to a broad spectrum of features such as mitochondrial dynamics, mitophagy and so on. Mitochondrial abnormali-
ties have emerged as key determinants for cognitive function, the relationship between DACD and mitochondria 
is not well understood.

Methods Here, we explored the underlying mechanism of mitochondrial dysfunction of T2DM mice and HT22 cells 
treated with high glucose/palmitic acid (HG/Pal) focusing on the mitochondrial fission-mitophagy axis with drug 
injection, western blotting, Immunofluorescence, and electron microscopy. We further explored the potential role 
of caveolin-1 (cav-1) in T2DM induced mitochondrial dysfunction and synaptic alteration through viral transduction.

Results As previously reported, T2DM condition significantly prompted hippocampal mitochondrial fission, whereas 
mitophagy was blocked rather than increasing, which was accompanied by dysfunctional mitochondria and impaired 
neuronal function. By contrast, Mdivi-1 (mitochondrial division inhibitor) and urolithin A (mitophagy activator) ame-
liorated mitochondrial and neuronal function and thereafter lead to cognitive improvement by inhibiting excessive 
mitochondrial fission and giving rise to mitophagy, respectively. We have previously shown that cav-1 can significantly 
improve DACD by inhibiting ferroptosis. Here, we further demonstrated that cav-1 could not only inhibit mitochon-
drial fission via the interaction with GSK3β to modulate Drp1 pathway, but also rescue mitophagy through interacting 
with AMPK to activate PINK1/Parkin and ULK1-dependent signlings.

Conclusions Overall, our data for the first time point to a mitochondrial fission-mitophagy axis as a driver of neuronal 
dysfunction in a phenotype that was exaggerated by T2DM, and the protective role of cav-1 in DACD.
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Graphical Abstract
Graphic Summary Illustration. In T2DM, excessive mitochondrial fission and impaired mitophagy conspire 
to an altered mitochondrial morphology and mitochondrial dysfunction, with a consequent neuronal damage, overall 
suggesting an unbalanced mitochondrial fission-mitophagy axis. Upon cav-1 overexpression, GSK3β and AMPK are 
phosphorylated respectively to activate Drp1 and mitophagy-related pathways (PINK1 and ULKI), ultimately inhibits 
mitochondrial fission and enhances mitophagy. In the meantime, the mitochondrial morphology and neuronal func-
tion are rescued, indicating the protective role of cav-1 on mitochondrial fission-mitophagy axis.

Introduction
Type 2 diabetes mellitus (T2DM) was one of the well-
established independent risk factors for dementia [1], 
which has been individually associated with both accel-
erated cognitive decline and an increased risk of cog-
nitive impairment in several epidemiological studies 
[2–4]. T2DM and its progression is associated with a 1.5 
to 2.5-fold increased risk for dementia, and this trend 
is similar for both Alzheimer’s disease and Parkinson’s 
Disease [5, 6], which are the most common subtypes of 
dementia. In 2021, 537 million adults worldwide were 
living with T2DM, and this is expected to increase to 
783 million by 2045, with a 49% increase [7]. T2DM 
induces diabetes-associated cognitive dysfunction 
(DACD) imposes a significant health burden due to the 
increasing number of individuals afflicted with T2DM, 
and the resulting pathological consequences on cogni-
tive processes. In this sense, it is urgent to dissect the 
cellular and molecular mechanisms underlying DACD.

Mitochondria are crucial metabolic hubs that gener-
ate ATP essential for neuronal growth, function, and 

regeneration via oxidative phosphorylation (OXPHOS) 
[8]. Compelling pathological and genetic data define 
mitochondria failure as the cause of numerous acquired 
diseases, especially neurodegeneration [9]. Mitochon-
drial quality control is mediated by mitochondrial 
dynamic processes, coupled with continuous cycles of 
fission and fusion [10]. Fusion and fission events work 
together to maintain the crucial cellular functions, 
including mitochondrial respiratory activity, mitochon-
drial DNA distribution, ATP production, apoptosis, cell 
survival or calcium signaling [11]. Of note, mitochon-
drial fission appears to go in-hand with mitophagy. 
Normally, damaged mitochondria undergo asym-
metrical fission, which generates small and isolated 
mitochondrial fragments of feasible size, followed by 
targeted encapsulation via autophagosome [12]. Both of 
mitochondrial fission and mitophagy have been widely 
reported to be implicated in T2DM and its various 
complications [11, 13, 14].

In particular, accumulating evidence supports that 
excessive mitochondrial fission pave the way for DACD 
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[15–17], which is a multistep process mainly depended 
on dynamin-related protein-1 (Drp1) [18]. In addition, 
phosphorylation of  Ser616 on Drp1 was demonstrated 
to be a critical step enabling Drp1 GTPase activity for 
mitochondrial fission, which could be directly inhibited 
by p-ser9 glycogen synthase kinase 3β (GSK3β) [15, 19]. 
Also a point of contention is mitophagy, the specialized 
form of autophagy, serves as a primary mitochondrial 
quality control machinery to selectively encapsulate and 
clear damaged mitochondria [20]. In mammals, there are 
both PTEN-induced kinase 1 (PINK1)/Parkin-depend-
ent pathway and PINK1/Parkin-independent pathways 
of mitophagy [21]. Numerous clinical and experimental 
studies have implicated a potential correlation between 
deficient mitophagy and DACD [22, 23]. Up to date, how-
ever, there are few studies investigating the specific role 
and mechanism of mitochondrial fission-mitophagy axis 
in the DACD, which still needs more exploration and 
tangible evidence.

Compelling pathological and genetic data defines cave-
olin-1 (cav-1) as a versatile membrane lipid raft scaffold-
ing protein, raises the essence of cav-1 in various cellular 
activities [24, 25]. Earlier, we summarized a comprehen-
sive overview about how cav-1 modulates pathogeneses 
of neurodegenerative diseases [24]. Subsequently, we fur-
ther confirmed that cav-1 is a novel candidate with anti-
oxidative and neuroprotective effects in DACD through 
modulating neuronal ferroptosis-mediated mitochon-
drial homeostasis [26]. Yet, it is still not clear whether 
cav-1 could improve DACD by modulating mitochon-
drial fission-mitophagy axis.

Therefore, in this study, we set out to explore mito-
chondrial fission-mitophagy axis in the occurrence and 
development of DACD. Understanding hippocampal 
neuronal specific responses to T2DM condition will aid 
in our understanding of precise cues for DACD. As we 
expected, T2DM environment significantly prompted 
mitochondrial fission, whereas mitophagy was blocked 
rather than boosted, which was accompanied by dysfunc-
tional mitochondria and impaired neuronal function. 
Furthermore, we proved cav-1 improved T2DM-induced 
DACD by inhibiting excessive mitochondrial fission and 
stimulating defective mitophagy to balance the mito-
chondrial fission-mitophagy axis.

Results
T2DM induces excessive mitochondrial fission 
and mitochondrial dysfunction
It has been shown previously that mitochondrial abnor-
malities in the hippocampus of db/db mice are induced 
by increased mitochondrial fission via a GSK3β/Drp1-
dependent mechanism [15]. Our study validated the 
above results using T2DM mice and HT22 cells with HG/

Pal. We found significantly increased phosphorylation of 
Ser616 on Drp1 in the T2DM group (Fig. 1A-C), accom-
panied by marked alterations in mitochondrial morphol-
ogy (Fig.  1D). Also, intracellular smaller and ruptured 
mitochondria, accompanied with decreased mitochon-
drial density and length (Fig. 1E, F), as well as the ratio 
of mitochondrial length/width (Fig. 1G) in the CA1 neu-
rons of T2DM mice were observed by transmission elec-
tron microscope (TEM), which were characterized as 
mitochondrial morphological features of mitochondrial 
fission. As expected, the above mitochondrial division-
associated changes in the T2DM model were restored by 
the mitochondrial fission inhibitor Mdivi-1.

Next, we validated the above-described results in the 
T2DM mice in  vitro. We treated HT22 cells with HG/
Pal and Mdivi-1. The results of Mito-Tracker and JC-1 
staining suggested that HG/Pal significantly reduced 
mitochondrial density and length (Fig.  1H-J), as well as 
mitochondrial membrane potential (MMP), which were 
recovered following Mdivi-1 treatment (Fig.  1K, L). In 
addition, HT22 cells exposed to HG/Pal presented much 
higher level of pDrp1/Drp1 compared to untreated HT22 
cells, which was reversed by Mdivi-1 (Fig.  1M-O). Our 
data verified that T2DM model promotes hippocampal 
neuronal excessive mitochondrial fission.

Mdivi‑1 ameliorates DACD by improving mitochondrial 
and neuronal function in T2DM mice
Given that the importance of mitochondrial morphol-
ogy and function in synaptic function, we then further 
examined the expressions of the mitochondrial OXPHOS 
proteins (complex I-V) and ATP level to evaluate the 
mitochondrial function. Compared to the control model, 
the expressions of complex I-V and ATP concentration 
were dramatically decreased in the T2DM mice, while 
Mdivi-1 reversed this process (Fig.  2A-G). Of inter-
est, the physiological and metabolic parameters (body 
weight, blood glucose, serum fasting insulin and HOMA-
IR levels) of T2DM + vehicle and T2DM + Mdivi-1 
groups were comparable, which indicated that Mdivi-1 
did not exert effects by altering the physiological metab-
olism mentioned above (Fig S2  A-D). Furthermore, we 
quantified synaptophysin (SYP) and PSD95 to evaluate 
synapse function. Consistent with our previous findings 
[27], there was no significant difference in the level of 
SYP among all groups, except for an apparent decreased 
PSD95 expression in the T2DM mice, which was rescued 
following the Mdivi-1 administration (Fig. 2H-J).

Subsequently, we performed the Y maze and MWM 
tests to assess spatial learning memory and long-term 
spatial memory, respectively. There were no differences 
in locomotion among the four groups (Fig.  2K, L). Dur-
ing the Y maze test, the T2DM model exhibited a much 
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lower spontaneous alternation rate as demonstrated pre-
viously, which again was reversed effectively by Mdivi-1 
(Fig.  2M). Furthermore, in the MWM test, the T2DM 
mice showed a prolonged latency to reach the hidden plat-
form in the acquisition phase of the MWM, while Mdivi-1 

showed protective effects on cognition of the T2DM mice 
(Fig. 2N). In the probe test, compared with T2DM group, 
Mdivi-1 efficiently increased the number of platform 
crosses and prolonged time spent in the target quadrant 
(Fig. 2O-Q). Taken together, the results of behavioral tests 

Fig. 1 Mitochondria fission is increased in the T2DM environment. A-C Representative Western blot and densitometric analysis of p-Drp1/
Drp1 and Drp1 in the hippocampal tissue lysates (n = 6). D‑G Transmission electron microscopy showing mitochondrial morphology of neurons 
in the hippocampus of different groups, and measurements of mitochondrial density (E), length (F), ratio of length to width (G) (n = 3). Scale bar: 
1 µm. H‑J Representative Mito-Tracker and densitometric analysis of mitochondrial density and length in HT22 cells from the different groups 
(n = 4). Scale bar: 10 µm. K, L Representative JC-1 staining images and analysis in HT22 cells of different groups (n = 4). Red and green showed JC-1 
aggregates and monomers respectively. Scale bar: 100 µm. M–O Representative Western blot and densitometric analysis of p-Drp1/Drp1 and Drp1 
in the lysates of HT22 cells (n = 4). The results are represented as mean ± SD. *P < 0.05 versus Control + vehicle, #P < 0.05 versus T2DM + vehicle group, 
**P or ##P < 0.01, ***P or ###P < 0.001, ****P or.####P < 0.0001
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demonstrated Mdivi-1 administration could markedly 
attenuate worsened cognitive ability in the T2DM mice.

T2DM promotes decreased mitophagy and mitochondrial 
dysfunction in the hippocampus
There is now some evidence that mitophagy is involved 
in the process of DACD [22, 23], however, direct evi-
dence is still lacking and the exact mechanism remains 
unclear. As shown in Fig. 3, the results of TEM showed 

that the mitochondria swelled and shortened, and the 
mitochondrial cristae disappeared in the T2DM group, 
accompanied with higher ratio of damaged mitochondria 
(Fig.  3A, B). Further, to confirm that mitophagy is also 
responsible for DACD induced by T2DM, we examined 
the AMP activated protein kinase (AMPK, the crucial 
activator of PINK1/Parkin and ULK1 pathway [28–32]), 
PINK1/Parkin pathway (conventional mitophagy) and 
ULK1 (Atg1/Unc-51 like autophagy activating kinase 

Fig. 2 Inhibition of mitochondria fission by Mdivi-1 improves mitochondrial and neuronal function in HFD/STZ mice. A‑F Representative Western 
blot and densitometric analysis of OXPHOS-related proteins, including complex I (NDUFS8), complex II (SDHB), complex III (CYTB), complex 
IV and complex V (ATPase IF1) in the hippocampal tissue lysates (n = 6). β-actin is used as a loading control. G ATP level in the hippocampus 
(n = 4). H‑J Representative Western blot and densitometric analysis of PSD95 and SYP levels in the hippocampal tissue lysates (n = 6). β-actin 
is used as a loading control. K, M Total arm entries (left) and spontaneous alteration ratio (right) in the Y-maze test (n = 10). L, N‑P The Morris 
water maze (MWM) analysis is quantified to obtain the (L) swimming speed, (N) latency, (O) crossing times, and (P) target-zone duration 
(n = 10). Q Representative traces from the MWM test. The results are represented as mean ± SD. *P < 0.05 versus Control + vehicle, #P < 0.05 
versus T2DM + vehicle group, **P or ##P < 0.01, ***P or ###P < 0.001, ****P or ####P < 0.0001
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1)-dependent (PINK1/Parkin-independent) pathway to 
assess mitophagy [28, 29, 33]. Compared with the control 
group, the phosphorylation level of AMPK at tyrosine 
172, the expressions of PINK1, Parkin, autophagy protein 
5 (Atg5), the phosphorylation level of ULK1 at Ser555 
and the ratio of LC3II/I were significantly decreased, 
while p62 expression was elevated in the T2DM mice 
(Fig.  3C-I). Considering that AMPK is a downstream 
effector of UA (mitophagy activator) [34, 35], we think 
that UA induced the PINK1/Parkin and ULK1 pathway, 

and partially normalized the mitochondrial morphology 
through AMPK (Fig. 3C-I).

To confirm the above results, we further performed 
in vitro studies in HG/Pal treated HT22 cells. A tendency 
was observed in western blotting results of cells that was 
in parallel to the results in vivo (Fig S3 A-H). Meanwhile, 
we subjected HT22 cells to mitophagy detection, which 
revealed that cellular mitophagy was impeded by HG/Pal, 
but returned to normal following UA treatment (Fig S3 I, 
J). Consistent with the mitophagy detection, the results 

Fig. 3 Mitophagy is decreased in the hippocampus of T2DM mice. A Transmission electron microscopy showing mitochondrial morphology 
of neurons in the hippocampus of different groups, and ratio of damaged mitochondria (n = 3). C‑J Representative Western blot and densitometric 
analysis of PINK1, Parkin, p-AMPK/AMPK, p-ULK1/ULK1, Atg5, p62 and ratio of LC3II/I in the hippocampal tissue lysates (n = 6). β-actin is used 
as a loading control. The results are represented as mean ± SD. *P < 0.05 versus Control + vehicle, #P < 0.05 versus T2DM + vehicle group, **P 
or ##P < 0.01, ***P or ###P < 0.001, ****P or.####P < 0.0001
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of JC‐1 staining showed UA effectively stabilized the 
MMP of HG/Pal treated HT22 cells (Fig S3 K, L). Over-
all, these data suggested T2DM inhibits mitophagy in the 
hippocampal neurons.

UA improves DACD by improving mitochondrial 
and neuronal function in T2DM
To assess the functional relevance of mitophagy in neu-
ronal function and memory ability, we also further quan-
tified complex I-V expressions and ATP level. T2DM 
significantly decreased complex I-V expressions as well 
as ATP level, while these effects were ameliorated by 
UA (Fig.  4A-G). Additionally, UA not only re-upregu-
lated PSD95 expression (Fig. 4H-J), but also significantly 
improved impaired hippocampus-related learning/mem-
ory in T2DM mice (Fig.  4K-Q). Similar to the Mdivi-1-
treated mice, there was no effect on physiological and 
metabolic parameters of T2DM mice post UA adminis-
tration (Fig S2  E–H). These findings demonstrated that 
the involvement of mitophagy in the mitochondrial and 
neuronal function and impairments in hippocampus-
dependent memory induced by T2DM.

Cav‑1 overexpression in the neurons inhibits mitochondrial 
fission in T2DM mice via GSK3β/Drp1 pathway
We and others have shown previously that cav-1 plays 
a protective role in T2DM induced DACD, and our 
results above demonstrated that T2DM increases mito-
chondrial fission and inhibits mitophagy to induce mito-
chondrial imbalance of hippocampal neurons. In view 
of this, we asked whether cav-1 protected hippocam-
pal neurons from T2DM by regulating mitochondrial 
fission-mitophagy axis. We injected the AAVs carrying 
hSyn-promoter and cav-1 cDNA into the CA1 region to 
establish a mouse model overexpressing cav-1 (Fig. 5A). 
Unsurprisingly, TEM images and western blotting analy-
sis indicated the T2DM mice with overexpressed cav-1 
had preserved mitochondrial length and ultrastructure 
order (Fig. 5B-E), as well as a lower ratio of p-Drp1/Drp1 
(Fig.  5F, G, I). Accordingly, HT22 cells transfected with 
cav1 lentivirus (LV) presented reduced phosphorylation 
of Drp1 (Fig. 5K, L, N), longer mitochondria and higher 
mitochondrial density (Fig. 5O-Q).

GSK3β has been reported to be activated in db/
db mice owing to dephosphorylation on Ser9 residue 
and can mediate mitochondrial defects by modulating 
Drp1 Ser616 phosphorylation. Thus, we speculated that 
GSK3β/Drp1 signaling pathway could be the mechanism 
whereby cav-1 prevents T2DM induced excessive mito-
chondrial fission. In fact, results of the western blotting 
assay (Fig. 5F, I, K, M) and co-immunoprecipitation (Co-
IP) confirmed cav-1 interacts with GSK3β and inactivates 
GSK3β by phosphorylation on Ser9 residue in a T2DM 

mouse model (Fig.  5J). These findings revealed that 
cav-1 upregulation protected neurons against T2DM-
induced increased mitochondrial fission via GSK3β/Drp1 
pathway.

Neuron‑targeted cav‑1 overexpression enhanced 
mitophagy in T2DM mice via AMPK
We went on to further explore the possibility that cav-1 
prompts mitophagy during T2DM. As expected, we 
found that exogenous cav1 markedly upregulated the 
expressions of PINK1, Parkin, Atg5, p-ULK1/ULK1 and 
LC3II/I, whereas downregulated the expression of p62 
in the T2DM mice (Fig.  6A, C-H). Furthermore, neu-
ron-targeted cav-1 overexpression effectively rescued 
mitochondrial matrix density and organized cristae mor-
phology, accompanied with decreased ratio of damaged 
mitochondria (Fig.  6I). In parallel to the results in  vivo, 
cav-1-LV treatment activated the PINK1/Parkin and 
ULK1-dependent pathways (Fig.  6J, L-Q) and boosted 
mitochondria-lysosome interactions (Fig. 6R, S).

Based on previous studies and combined with the data 
we have obtained, we hypothesized that cav-1 might 
enhance mitophagy by increased phosphorylation of 
AMPK, which was verified by the following results. 
T2DM significantly inhibited AMPK phosphorylation at 
tyrosine 172 in the hippocampus, which were reversed 
by cav-1 overexpression (Fig.  6A, B, J, K. More than 
that, immunoprecipitation of cav-1 followed by immu-
noblotting with AMPK showed an AMPK immunore-
active band, which means cav-1 could directly regulate 
AMPK in T2DM-affected brain (Fig.  5J). These results 
demonstrated that cav-1-AMPK interaction mediates 
mitophagy under T2DM condition.

Cav‑1 upregulation ameliorated DACD by improving 
mitochondrial and neuronal functions
On the basis of the above findings, we hypothesized that 
cav-1 upregulation ameliorates DACD by maintaining 
mitochondrial homeostasis and neuronal function. To 
this end, we assessed the mitochondrial morphology and 
structure in hippocampal neurons from T2DM mice. 
The TEM results indicated T2DM augmented mitochon-
drial fission and increased damaged mitochondria, and 
the morphology of mitochondria was recapitulated in 
T2DM + Cav-1-AAV group (Fig. 5B). We also performed 
western blotting and ATP assay on hippocampal tissues, 
T2DM downregulated complex I-V expressions and 
ATP level, these effects were reversed upon cav-1 over-
expression (Fig S4  A-G). Similarly, Cav-1-LV effectively 
increased the MMP of HG/Pal treated HT22 cells in vitro 
(Fig S4 H, I).

Consistent with our previous study, HE staining results 
demonstrated that the neurons in the hippocampal CA1 
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region of T2DM mice exhibited high ratio of nuclear-
cytoplasmic, vacuolated cytoplasm, and hyperchromatic 
nuclei, while the neurons of the control group were 
regularly arranged with distinct cytoplasmic borders 
(Fig.  7A). We additionally performed Golgi staining to 
reconstructed hippocampal CA1 pyramidal cells for mor-
phometric analysis (Fig.  7B). T2DM + cav-1-AAV mice 

produced significant increases in the number of branch 
points of regions located 40 mm, 70 mm, 100 mm, and 
130 mm from the center of soma, but T2DM + con-
AAV mice did not (Fig. 7C). The complexity of neuronal 
processes was reduced in T2DM + con-AAV group, as 
manifested by lower numbers of total spine density and 
various neuronal spine densities, while these structural 

Fig. 4 Enhancement of mitophagy by UA relieves mitochondrial and neuronal injury and cognitive dysfunction of T2DM mice. A-F Representative 
Western blot and densitometric analysis of OXPHOS-related proteins, including complex I (NDUFS8), complex II (SDHB), complex III (CYTB), complex 
IV and complex V (ATPase IF1) in the hippocampal tissue lysates (n = 6). β-actin is used as a loading control. G ATP level in the hippocampus 
(n = 4). H‑J Representative Western blot and densitometric analysis of PSD95 and SYP levels in the hippocampal tissue lysates (n = 6). β-actin 
is used as a loading control. K, M Total arm entries (left) and spontaneous alteration ratio (right) in the Y-maze test (n = 10). L, N‑P The Morris 
water maze (MWM) analysis is quantified to obtain the (L) swimming speed, (N) latency, (O) crossing times, and (P) target-zone duration 
(n = 10). Q Representative traces from the MWM test. The results are represented as mean ± SD. *P < 0.05 versus Control + vehicle, #P < 0.05 
versus T2DM + vehicle group, **P or ##P < 0.01, ***P or ###P < 0.001, ****P or.####P < 0.0001
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defects were reversed by cav-1 overexpression (Fig. 7D-
G). Also, cav-1 upregulation markedly increased PSD95 
expression (Fig. 7H-J).

In parallel to the previous results, re-expression of 
cav-1 improved cognitive performance in the T2DM 
mice (Fig. 7K-Q). The data up to this point suggested that 
the restoration of cav-1 facilitated cognitive function by 
protecting hippocampal neuronal morphology and func-
tion in the T2DM condition.

Discussion
In the present study, our data showed that (1) T2DM 
induced excessive mitochondrial fission and suppressed 
mitophagy in the hippocampus; (2) cav-1 overexpression 
conferred substantial protective effects against DACD 
by preserving mitochondrial fission-mitophagy axis; (3) 
GSK3β/Drp1 signaling served as a novel down-stream 
target of mitochondrial fission inhibition by cav-1; (4) the 

Fig. 5 Cav-1 overexpression inhibits mitochondrial fission by GSK3β/Drp1 pathway. A Schematic figure of virus injection. The AAV vector 
was injected into left and right CA1 areas in the T2DM mouse. B‑E Transmission electron microscopy showing mitochondrial morphology 
of neurons in the hippocampus of different groups (B), and measurements of mitochondrial density (C), length (D), ratio of length to width 
(E) (n = 3). Scale bar: 1 µm. F‑I Representative Western blot and densitometric analysis of cav-1, p-Drp1/Drp1 and Drp1 in the hippocampal 
tissue lysates (n = 6). β-actin is used as a loading control. J Densitometry of immunoreactive bands (n = 3). K‑N Representative Western blot 
and densitometric analysis of cav-1, p-Drp1/Drp1 and Drp1 in the HT22 cells of different groups (n = 4). β-actin is used as a loading control. O‑Q 
Representative Mito-Tracker and densitometric analysis of mitochondrial density and length in HT22 cells from the different groups (n = 4). Scale bar: 
10 µm. The results are represented as mean ± SD. *P < 0.05 versus Control + Con-AAV/LV, #P < 0.05 versus T2DM + Con-AAV/LV group, **P or ##P < 0.01, 
***P or ###P < 0.001, ****P or.####P < 0.0001
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Fig. 6 Cav-1 overexpression boosts mitophagy via AMPK pathway. A‑H Representative Western blot and densitometric analysis of p-AMPK/
AMPK, PINK1, Parkin, p-ULK1/ULK1, Atg5, p62 and ratio of LC3II/I in the hippocampal tissue lysates (n = 6). β-actin is used as a loading control. I 
The proportion of damaged mitochondria in the neurons of hippocampus (n = 3). J‑Q Representative Western blot and densitometric analysis 
of p-AMPK/AMPK, PINK1, Parkin, p-ULK1/ULK1, Atg5, p62 and ratio of LC3II/I in the HT22 cells (n = 4). β-actin is used as a loading control. R, S 
Representative mitophagy dye and lyso dye and densitometric analysis of mitophagy dye intensity (n = 4). Scale bar: 100 µm. The results are 
represented as mean ± SD. *P < 0.05 versus Control + Con-AAV/LV, #P < 0.05 versus T2DM + Con-AAV/LV group, **P or ##P < 0.01, ***P or ###P < 0.001, ****P 
or.####P < 0.0001
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interaction between cav-1 and AMPK is the key for cav-1 
to promote mitophagy during T2DM.

DACD is a disease state in which DM leads to cogni-
tive decline and dementia, especially T2DM, is closely 
associated with a high rate of mortality [36, 37]. In spite 
of the pathogenesis of DACD has been described in lots 
of in-depth studies, precise pathophysiological mecha-
nisms for DACD have not yet been elucidated, making 
it somewhat challenging to engage effective therapeu-
tic intervention for DACD. Understanding molecular 
mechanisms in the hippocampus of T2DM mice model 
will likely generate novel approaches for the treatment of 
T2DM-induced DACD.

There is already a large evidence base to suggest that 
mitochondria, the "gatekeeper" for functional bioener-
getics and balanced redox homeostasis, represent an 
emerging drug target for many age-associated neurologi-
cal disorders, including T2DM-induced DACD [38–40]. 
Consistent with our previous results [39], we found that 
under T2DM condition, the redox homeostasis was 
destructed, which impair mitochondrial respiration 
function, leading to neuronal energy disorder. Addition-
ally, rescued mitochondrial activity within compromised 
neurons could effectively improve neuronal function and 
recover cognitive ability in T2DM mice.

Mitochondria are cytoplasmic organelles that undergo 
morphologic changes for the adaption to cellular ener-
getic demands. These changes can occur through the flux 
of iterative fusion and fission events, which are termed 
as mitochondrial dynamics [41]. When faced with exces-
sive cellular stress, mitochondrial fission procedures are 
responsible for separating pre-degraded mitochondria 
that was damaged [42, 43], whereas the complementa-
tion between functional mitochondria and dysfunc-
tional mitochondria, enabling survival of dysfunctional 
mitochondria, was facilitated through fusion [44]. Mito-
chondrial fission precedes neuronal death after opposing 
T2DM condition [15, 17, 45], which is mediated by Drp1 
(a cytosolic protein that initiates mitochondrial fission 
through its recruitment to the mitochondrial surface, 
which contributes to the phosphorylation at serine616) 

pathway [18]. Consistently, our data suggested T2DM 
shifted the balance of mitochondrial fission and fusion 
towards fission in the hippocampus of mice, neuronal 
mitochondria began to swell and fragment into small 
individual mitochondria, resulted by up-regulation of 
pDrp1 expression. While mitochondrial fission inhibi-
tor Mdivi-1 treatment showed an opposite outcome both 
in vitro and in vivo. In addition, Mdivi-1 significantly res-
cued T2DM-induced DACD by improving mitochondrial 
and neuronal function.

In the mitochondrial life cycle, fission events enable 
both biogenesis of a healthy pool of newly synthesized 
mitochondria and clearance of damaged mitochondria 
via mitophagy, a special form of autophagy and a pro-
tective mechanism that selectively degrades dysfunc-
tional mitochondria to sustain mitochondrial function 
and structure following damage or stress [46]. Ample 
evidence points towards that T2DM may lead to accu-
mulated mitochondrial DNA mutations from oxidative 
stress, which induces mitophagy-resistant mitochon-
dria to aggregate, resulting in mitophagy arrest [47, 48]. 
Such defects in mitophagy have been reported to cause 
decreased synaptic function due to stress-induced glu-
cocorticoids [49]. Combining the above evidence can 
raise a reasonable hypothesis that T2DM causes exces-
sive fission and defective mitophagy, which dramati-
cally mediated mitochondrial dysfunction. Previous 
researches have proved ULK1 protein and PINK1/Par-
kin pathway are both critical to promote mitophagy [33, 
50]. ULK1, for its part, is determined as a critical element 
of the mitophagic integrated system. In some cases, it 
may additionally connect with PINK1/Parkin-mediated 
mitophagy [51]. More than that, ULK1 can also directly 
phosphorylate mitophagy receptors such as FUNDC1, 
BNIP3, NIX and so on [50, 52, 53]. It is worth noting that, 
impairment in the PINK1/Parkin and ULK1-dependent 
pathways have been observed in both T2DM and neuro-
degeneration [33, 54, 55].

In accordance with these previous findings, our in vivo 
and in  vitro analyses revealed for the first time that 
long-term T2DM environment could serve as a driving 

Fig. 7 Cav-1 overexpression improves neuronal function and synaptic morphology, as well as cognitive ability in T2DM mice. A Representative 
HE staining of mouse hippocampus sections in each group. Scale bar: 100 µm. B Golgi imaging for the neuronal morphology (left) and 3D 
reconstruction of dendrites (right) in hippocampal pyramidal neurons of CA1 region in the experimental groups (n = 3). Scale bar: 100 (left) 
and 10 (right) µm. C Statistical analysis for the dendritic complexity. (D‑G) Quantification of the total spine density (D), stubby spine density 
(E), mushroom spine density (F), long thin spine density (G), and filopodia/dendrite spine density (H) in hippocampal CA1 pyramidal neurons 
of each group. I‑K Representative Western blot and densitometric analysis of PSD95 and SYP levels in the hippocampal tissue lysates (n = 6). 
β-actin is used as a loading control. L, N Total arm entries (left) and spontaneous alteration ratio (right) in the Y-maze test (n = 10). M, O‑Q The 
Morris water maze (MWM) analysis is quantified to obtain the (M) swimming speed, (O) latency, (P) crossing times, and (Q) target-zone duration 
(n = 10). R Representative traces from the MWM test. The results are represented as mean ± SD. *P < 0.05 versus Control + Con-AAV, #P < 0.05 
versus T2DM + Con-AAV group, **P or ##P < 0.01, ***P or ###P < 0.001, ****P or.####P < 0.0001

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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factor to induce an imbalance in mitochondrial fission 
and mitophagy, which in turn led to mitochondrial dys-
function and then neuronal function impairment, leading 
to DACD. Herein, we found T2DM mice hippocampus 
developed lower expressions of PINK1, Parkin, Atg5 
and LC3II/I, downregulated phosphorylation of ULK1, 
elevated p62 expression, swollen mitochondria with 
irregular cristae morphology, accompanied by a cascade 
of events such as mitochondrial dysfunction, neuronal 
damage and cognitive impairment, which were reversed 
by UA treatment. Interestingly, physiological and meta-
bolic parameters were not affected by either Mdivi-1 or 
UA, which means that the anti-T2DM protective effects 
of them were actually due to the improved mitochondrial 
quality control, instead of improving diabetes-associated 
metabolic defects.

It is extensively recognized that cav-1 is closely asso-
ciated with the pathophysiological processes and risk 
factors of neurodegenerative diseases [24]. In terms of 
DACD, we have previously shown that cav-1 attenu-
ates DACD by modulating neuronal ferroptosis-medi-
ated mitochondrial homeostasis. Taking into account 
the effects of cav-1 in DACD and based on the findings 
discussed above, here we speculated cav-1 can regulate 
mitochondrial fission-mitophagy axis to control mito-
chondrial quality. The following results from our study 
supported this idea. Specific overexpression of cav-
1-targeted hippocampal neurons exerted a protective 
action on imbalanced mitochondrial dynamics of T2DM 
mice. Up-regulation of cav-1 not only effectively inhib-
ited increased mitochondrial fission, but also significantly 
activated defective mitophagy in the T2DM group. Mean-
while, mitochondrial morphology and function, neuronal 
plasticity and cognitive ability were improved by overex-
pressing cav-1.

It is rational to seek therapeutic strategies to rebal-
ance the disrupted mitochondrial fission-mitophagy axis 
to preserve mitochondrial function. For this reason, we 
further investigated the specific mechanism by which 
cav-1 modulates mitochondrial fission-mitophagy axis. 
GSK3β has already been pointed out to be activated in 
either T2DM-affected hippocampus or high glucose-
treated human SK cell lines owing to dephosphorylation 
at serine 9, which is essential to prevent Drp1 phospho-
rylation on Ser616 under T2DM condition in  vitro and 
in  vivo [15, 56, 57]. And blockage of GSK3β-regulated 
Drp1 phosphorylation could provide neuroprotection 
in neuronal and mouse models of Alzheimer’s disease 
[58]. Here, coincided with previous studies, in our T2DM 
mouse model, we found the level of p-GSK3β Ser9 was 
significantly decreased compared with the control group, 
the similar trend was observed in HT22 cells. However, 
cav-1 overexpression efficiently inactivated GSK3β by 

phosphorylating GSK3β in  vitro and in  vivo. We then 
further demonstrated cav-1 can interact with GSK3β by 
Co-IP in vivo. Hence, we believe the interaction between 
cav-1 and GSK3β may lie, at least in part, in the blockage 
of excessive mitochondrial fission.

On the other hand, AMPK, an energy sensor with aber-
rant expression in multiple diseases, appears to have 
a major impact on the development of DM and related 
complications [59]. In recent years, AMPK has received 
an increasing amount of attention as a key regulatory fac-
tor of mitochondrial metabolism and mitophagy in meta-
bolic disorders [60, 61]. In fact, it has been reported that 
AMPK implicates in mitochondrial fission and possibly 
interplays with PINK1/Parkin signaling [54]. Mitophagy 
can reportedly be modulated through PINK1/Parkin 
pathway, which in turn is positively regulated by AMPK 
via phosphorylation on Thr172 [31, 62–64]. AMPK also 
mediated ULK1 phosphorylation at Ser555 to regu-
late mitophagy in various cell types [29, 54, 65]. In our 
present study, we observed marked reduced p-AMPK 
Thr172 along with much lower expression levels of 
PINK1, Parkin and p-ULK1 in T2DM condition both 
in  vivo and in  vitro, while these changes were reversed 
by cav-1. Similarly, we also confirmed the interaction 
between cav-1 and AMPK by Co-IP in vivo. These results 
demonstrated that cav-1 rescued mitophagy primarily 
by interacting with AMPK to activate PINK1/Parkin and 
ULK1-dependent pathways under T2DM condition.

In summary, we demonstrated that cav-1 improved 
T2DM-induced DACD by blocking excessive mitochon-
drial fission and stimulating defective mitophagy, respec-
tively. This is the first evidence of an imbalance between 
mitochondrial fission and mitophagy in a long-term 
T2DM environment, which provides new insights into 
our understanding the role of mitochondrial dynamic 
equilibrium in the pathogenesis of DACD, highlighting 
the opportunity of a novel therapy for DACD.

Material and methods
Animals
As described in our previous study [26], male C57BL/6  J 
mice, aged 4  weeks (weighting 14–17  g), were purchased 
from the Laboratory Animal Center of Xi’an Jiaotong Uni-
versity (Xi’an, Shanxi, China, 2018–107). Mice were housed 
in a 12 h light/dark cycle with food and tap water ad libi-
tum. All animal experimental protocols were approved by 
Xi’an Jiaotong University institutional Animal Care and 
conducted in accordance with the ARRIVE guidelines.

T2DM model was conducted following a method 
described previously [26]. Schematic model of this study 
is shown in Supplementary Figure S1.
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In vivo drug treatment with Mdivi‑1 and Urolithin A (UA)
Mice were injected intraperitoneally with either vehi-
cle, Mdivi-1 (25  mg/kg body weight, Selleck, USA) and 
UA (2.5 mg/kg body weight, Selleck, USA) daily in week 
23. The Mdivi-1 and UA treatment lasted two and eight 
weeks respectively. Mdivi-1 and UA were dissolved in 
vehicle (2%DMSO + 50%PEG300 + 5%Tween80 +  ddH2O).

Stereotaxic injection
Stereotaxic injection was performed as reported pre-
viously [26]. The Supplemental Methods provide the 
detailed protocols.

HT22 cell culture and treatment
Immortalized mouse HT22 hippocampal neurons (Beina 
Chuanglian Biotech Institute, Beijing, China) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, 
SH30022.01, HyClone, USA); supplemented with 10% 
fetal bovine serum (Gibco Life Technologies, USA), 1% 
penicillin; cultured at 37 °C in 5%  CO2. The DMEM was 
changed every three days.

As previously described [26], high glucose (HG) plus 
palmitate (Pal) was used in  vitro experiments to mimic 
HFD and STZ-induced in  vivo model of DM. Mdivi-1 
(1  μM, Selleck, USA)/UA (100  μM, MCE, USA)/vehicle 
was administered with HG/Pal treatment on HT22 cells 
for 24 h.

Co‑immunoprecipitation (Co‑IP)
The Co-IP experiments performed with the Pierce Co-IP 
Kit (Thermo Fisher Scientific, Waltham, MA, USA) fol-
lowing the manufacturer’s protocol. Immune complexes 
collected from hippocampal tissue lysate were detected 
by western blotting.

Western blotting
The hippocampal samples from mice and the HT22 cel-
lular samples were prepared and subjected to western 
blotting analysis as described previously [26, 65]. The 
Supplemental Methods provide the detailed protocols. 
List of antibodies involved in the western blotting is 
shown in Supplementary Table S1.

Behavioral tests
Y maze and Morris water maze (MWM) tests were per-
formed in week 28 as described earlier in detail [26]. The 
Supplemental Methods provide the detailed protocols.

Hematoxylin–eosin (HE) staining
HE staining was performed as described in detail previ-
ously by us [26]. The Supplemental Methods provide the 
detailed protocols.

Mito‑Tracker staining
Mitochondria in HT22 cells were visualized with the 
mitochondria-sensitive dye Mito-Tracker Green (Beyo-
time Biotechnology, China). Cells plated on small dishes 
were cultured to 70% density. After different treatments, 
cells were incubated in Mito-Tracker Green staining 
solution (0.2 μM) at 37 °C for 1 h. Subsequently, the small 
dishes were washed with PBS, fluorescent images of live 
cells were detected by 490/516 nm using an inverted fluo-
rescence microscope (Olympus).

Mitophagy detection
For the detection of mitophagy in HT22 cells, a novel 
Mitophagy Detection Kit (Dojindo Molecular Tech-
nologies, Rockville, USA) was used. Cells were washed 
twice with Hanks’ balanced salt buffer and afterwards 
incubated at 37  °C for 1 h with 100 nmol Mtphagy Dye 
diluted in DMEM. Subsequently, discard the superna-
tant and wash the cells with Hanks’ balanced salt buffer. 
After different treatments, cells were incubated at 37  °C 
for 1 h with 1 μmol/l Lyso Dye to observe the co-locali-
zation of Mtphagy Dye and lysosome. After washing with 
Hanks’ balanced salt buffer, the cells were scanned with 
an inverted fluorescence microscope (Olympus).

JC‑1 staining
JC-1 staining was performed as previously described 
[26]. The Supplemental Methods provide the detailed 
protocols.

ATP detection
ATP level was measured using the specific kit in accord-
ance with the instructions (Beyotime Biotechnology, 
Shanghai, CN, S0027).

Serum insulin measurement
Serum insulin was measured as described in detail pre-
viously by us and Liu et  al. [26, 66]. The Supplemental 
Methods provide the detailed protocols.

Golgi staining
Golgi staining was performed as described in detail pre-
viously by us and Long et al. [26, 67]. The Supplemental 
Methods provide the detailed protocols.

Transmission electron microscope (TEM)
The experimental procedure for TEM was performed as 
described in detail previously by us and Stoica et al. [26, 
68]. The Supplemental Methods provide the detailed 
protocols.
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Statistical analysis
All data results were expressed as the mean ± stand-
ard error of the mean (S.E.M.). All data were analyzed 
with GraphPad Prism software (version 9.0). Two-way 
repeated measures ANOVA was applied for analyzing the 
MWM (group × day). Comparisons between groups were 
performed with one-way ANOVA followed by Tukey or 
Dunnett test. Statistical significance was set at P < 0.05.
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