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A B S T R A C T   

Increased tau acetylation at K274 and K281 has been observed in the brains of Alzheimer’s disease (AD) patients 
and animal models, and mitochondrial dysfunction are noticeable and early features of AD. However, the effect 
of acetylated tau on mitochondria has been unclear until now. Here, we constructed three type of tau forms, 
acetylated tau mutant by mutating its K274/K281 into Glutamine (TauKQ) to mimic disease-associated lysine 
acetylation, the non-acetylation tau mutant by mutating its K274/K281 into Arginine (TauKR) and the wild-type 
human full-length tau (TauWT). By overexpression of these tau forms in vivo and in vitro, we found that, TauKQ 
induced more severe cognitive deficits with neuronal loss, dendritic plasticity damage and mitochondrial dys
functions than TauWT. Unlike TauWT induced mitochondria fusion, TauKQ not only induced mitochondria 
fission by decreasing mitofusion proteins, but also inhibited mitochondrial biogenesis via reduction of PGC-1a/ 
Nrf1/Tfam levels. TauKR had no significant difference in the cognitive and mitochondrial abnormalities 
compared with TauWT. Treatment with BGP-15 rescued impaired learning and memory by attenuation of 
mitochondrial dysfunction, neuronal loss and dendritic complexity damage, which caused by TauKQ. Our data 
suggested that, acetylation at K274/281 was an important post translational modification site for tau neuro
toxicity, and BGP-15 is a potential therapeutic drug for AD.   

1. Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disease character
ized by progressive cognitive impairments with an incidence of about 
2%–7% among the elderly people over the age of 65, and it is an 
important cause of dementia in the elderly [1]. Despite the increasing 
studies on AD, the specific mechanisms of AD onset and development are 
still unclear, and its therapy is limited to symptomatic treatment, lacking 

effective prevention and cure. As a cytoskeletal protein, tau protein is 
significant to the development and function of the nervous system, and 
its abnormal aggregation is to be one of the main pathological features of 
AD, while the abnormal post-transcriptional modifications of tau protein 
is also an important pathological marker for AD [2,3]. Many 
post-translational modifications of tau exist, the most common being 
phosphorylation [4–7], others including acetylation [8–11], ubiquiti
nation [12,13], SUMOylation [14], and glycosylation [15,16]. 
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Acetylation of tau is more complex than phosphorylation, and different 
sites have diametrically opposed effects on tau pathology and cognition. 
Recently, researchers have found that tau protein can be modified by 
acetylation at multiple sites. Acetylated tau at the K274 and K281 sites 
was remarkably increased in the early stages of AD, and more signifi
cantly in the brains of advanced AD patients with severe dementia [9, 
17]. It has been reported that excessive acetylation of tau at K174 [17], 
K274 [9], K280 [18], and K281 [9] sites, hinders the degradation of tau 
and makes tau aggregate more severely. Tau protein can be catalyzed by 
acetyltransferase p300 and CBP (CREB-binding protein). In AD trans
genic mice (PS19), administration of p300 inhibitor salsalate (SSA) 
reduced acetylated and total tau protein, and attenuated the memory 
impairment of AD mice [17]. These results suggest that acetylation of 
tau protein plays an important role in the occurrence and development 
of AD, and is involved in regulating pathological changes including tau 
protein phosphorylation and cognitive dysfunction. 

In the central nervous system (CNS), adequate energy supply for 
neuronal survival and activity is largely dependent on mitochondrial 
sources, therefore, the brain is more vulnerable to mitochondrial 
dysfunction [19]. Mitochondrial fusion and fission are mainly regulated 
by two different groups of proteins. The fusion proteins mainly include 
mitofusin 1/2 (Mfn1/2), optic atrophy-1 protein (Opa1), while mito
chondrial fission is regulated by dynamin-related protein (Drp1) and 
mitochondrial fission 1 protein (Fis1) [20]. Decreased mitochondrial 
biogenesis and mitochondrial autophagy (mitophagy), abnormal mito
chondrial dynamics (mitochondrial fusion/fission, motility, 
morphology, size and transport), mutations of mtDNA and so on, lead to 
mitochondrial dysfunction, resulting in bioenergetic defects and thus 
playing an important role in the pathogenesis of diseases such as 
neurodegenerative diseases [21–24]. As one of the best-known primary 
abnormalities, mitochondrial dysfunction is a distinctive early feature of 
AD with lower energy metabolism [25]. Mitochondrial dynamics, 
mitochondrial biogenesis, and mitochondrial function are impaired 
differently in animal models and patients of AD. Overexpression of 
phosphorylated tau protein in rat primary neurons reduced mitochon
drial motility and caused significant mitochondrial fragmentation [26]. 
Abnormally fragmented mitochondria were similarly found in hippo
campal and cortical sections of a transgenic AD mouse model 
(APP/PS1), where hyperphosphorylated tau protein could closely 
co-localize and bind to the mitochondrial fission protein Drp1 [27,28]. 
Meanwhile, phosphorylated tau protein also mediated the effect of Aβ 
on abnormal mitochondrial division [29]. We also found that over
expression of wild-type htau in neurons upregulated the expression of 
fusion proteins Mfn1, Mfn2, and Opa1, and decreased the ubiquitination 
modification of Mfn2 without affecting the expression of fission proteins 
Drp1 and Fis1, which confirmed that htau impaired mitochondrial 
functions by enhancing mitochondrial fusion and perinuclear aggrega
tion [30]. However, the effects of acetylated tau in mitochondrial ho
meostasis and the underlying mechanism are still unclear now. 

In the present study, we observed that expression of pseudoacety
lated tau (TauKQ), mimicked tau acetylation at lysine residues K274 and 
K281, resulted in reduced mitochondrial biogenesis, decreased expres
sion levels of mitochondrial fusion protein, and worsened mitochondrial 
dysfunction, therefore exacerbated cognitive ability. However, TauKR 
overexpression did not induce significant differences in the cognitive 
and mitochondrial abnormalities compared with TauWT. BGP-15 
treatment ameliorated TauKQ-induced learning and memory damage 
via promoting mitochondrial biogenesis and improving mitochondrial 
dynamic homeostasis. 

2. Results 

2.1. Overexpressing acetyl mimetic TauKQ exacerbated cognitive 
impairments with neuronal loss, reduced dendritic spines and neuronal 
dendritic complexity 

Among many potential acetylation sites in tau proteins, K274 and 
K281 have been detected in the human AD brains, and appear to induce 
mislocalization of tau, destabilization of the cytoskeleton and synaptic 
dysfunction [8,9,31]. To explore the role of tau acetylation in learning 
and memory, we constructed the acetylation mimic AAV-hSyn-EGFP-tau 
(Lys mutated to Gln at K274 and K281)-3flag (TauKQ), the acetyla
blation mimic AAV-hSyn-EGFP-tau (Lys mutated to Arg at K274 and 
K281)-3flag (TauKR), and the AAV-hSyn-EGFP-tau (wild-type tau)-3flag 
(TauWT). We stereotaxically injected the virus constructs into the dorsal 
hippocampal CA1 subset of 2-month-old C57 mice, respectively. After 
one month, the expression of hTau, enriched in hippocampal CA1, was 
confirmed by immunofluorescence (Fig. 1A). Meanwhile, we demon
strated by immunoprecipitation that the acetylation level of tau was 
significantly increased after the tau-K274/281Q mutation over
expression and decreased after the tau-K274/281R mutation over
expression (SFig. 1A and B). Since K274 and K281 can be both 
acetylated and ubiquitinated [32], we examined the ubiquitination level 
of tau by IP, but found no significant difference in tau ubiquitination 
after K274/281Q mutation or K274/281R mutation overexpression 
(SFig. 1C and D). As the most prominent symptom of AD, cognitive 
decline is closely associated with tau pathology [33]. Therefore, we 
performed behavioral tests to assess cognitive function in mice (Fig. 1B). 
By new object recognition (NOR) test, overexpressing three tau forms in 
hippocampal CA1 had no significant difference in novel object recog
nition preference (Fig. 1C). By Morris water maze (MWM) test, 
compared with the vector control, the mice overexpressing TauWT, 
TauKQ or TauKR showed significantly increased latency to find the 
hidden platform at 5th d (TauWT and TauKR), or 3rd to 5th d (TauKQ) 
during learning phase respectively, and TauKQ overexpression induced 
most serious damage in the learning ability, shown as the significantly 
increased latency at 4th and 5th d compared with TauWT mice. How
ever, acetylablation mimic TauKR-overexpressed mice had better 
learning ability compared with TauKQ-overexpressed mice (Fig. 1D), 
suggesting that acetylation of tau exacerbated the impairment of 
learning. On day 7, the spatial memory was tested by removing the 
platform. A remarkably increased latency to reach the site where plat
form placed before, with decreased target platform crossings, and 
decreased time in target quadrant was shown in three hTau-expressing 
mice, in the meantime, acetylation mimics mutant induced the worst 
memory ability, and TauWT and TauKR overexpressed mice had no 
significant difference in memory index during the test phase (Fig. 1E–H), 
suggesting that tau acetylation exacerbated spatial memory deficits. No 
significant difference in the swimming speed among the mice in four 
groups was detected (Fig. 1I), which excluded defects in motor ability. In 
fear conditioning test, we also observed that three types of tau over
expression decreased freezing time at second day compared with the 
empty vector controls, and the decrease was more significant in TauKQ 
mice than TauWT or TauKR mice, suggesting that tau acetylation ex
acerbates fear memory defects (Fig. 1J and K). 

A growing amount of evidences supported the neurotoxic effects of 
tau as a major event in neuronal loss and synaptic damage, which were 
both strongly associated with the severity of cognitive impairments 
[34–37]. To investigate the potential mechanisms of acetylation-mimics 
tau mutant exacerbating cognitive impairment, we detected neuron 
number firstly. Overexpression of Tau in the CA1 region decreased 
neuron numbers and increased cleaved caspase-3 level, which was more 
prominent while overexpression of TauKQ (Fig. 1L, M; SFig. 2A–D). By 
Nissl staining, in Vec group, neurons in the CA1 region had an intact and 
ordered shape and were closely aligned with Nissl bodies. Meanwhile, 
mice overexpressing three tau forms showed a reduced number of intact 
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neurons (Fig. 1N and O), with abnormal morphology, blurred structure 
and disorganized arrangement (Fig. 1N), which were most apparent in 
the TauKQ mice (Fig. 1N and O). We also observed that the dendritic 
spines of neurons in the CA1 area were significantly reduced after 
overexpressing tau, and TauKQ overexpression induced a more signifi
cant reduction by Golgi staining (Fig. 1P and Q). In order to further 
observe the effect of tau acetylation on dendritic plasticity, lentiviruses 
separately expressing three different types of tau or the empty vector 
were transfected into primary cultured hippocampal neurons at 2 div, by 
staining dendrites with anti-MAP2 at 8 div, Sholl analysis showed that 
overexpressing any one of the three types of tau made the dendrite 
branches of neurons reduced, among them the most pronounced one is 
the TauKQ (Fig. 1R and S). The above results indicate that the mimic 
acetylation of tau at K274/K281 led to aggravating learning and mem
ory impairment in mice, with loss of neurons, decreased dendritic 
spines, and reduced dendritic complexity of neurons. 

2.2. Overexpressing TauKQ exacerbated mitochondrial dysfunction 

Neurons heavily depend on mitochondria to meet the energy de
mand for synaptic transmission. To further study the underlying 
mechanisms of aggravation of neuronal damage and synaptic loss 
induced by acetylation mimic tau mutant, we first examined the effect of 
tauKQ on the mitochondrial function. We found that overexpression of 
human tau in primary cultured neurons decreased both ATP levels and 
the ratio of ATP/ADP, as well as inhibition of complex I activity [30], so 
we conjectured that acetylated tau may induce more negative effects on 
mitochondria than TauWT, as it induced much more serious neuronal 
damage. First, by examining multi-subunit complexes I, II and III, and 
ATP synthase (complex V) of the mitochondrial electron transport chain, 
we found that overexpression of TauKQ significantly decreased mito
chondrial complex I and II, and the other complex also showed a clear 
trend toward decrease, although this trend had no statistical signifi
cance. TauWT and TauKR only decreased mitochondrial complex I 
(Fig. 2A and B). ATP level also significantly reduced, which was more 
prominent in the TauKQ group (Fig. 2C). The total SOD activity was 
higher in the TauWT and TauKR mice than the control, but had no 
change in TauKQ mice (Fig. 2D). To further explore the effect of tau 
acetylation on mitochondrial function, we transfected lentiviruses 
(TauWT, TauKQ, and TauKR) into primary hippocampal neurons to 
examine the intracellular (detected by DCFH-DA) and the mitochondrial 
ROS (detected by MitoSOX) production and mitochondrial membrane 

potential (detected by TMRE) level. We observed that, overexpression of 
three tau forms resulted in intracellular and mitochondrial ROS pro
duction increase (Fig. 2E–H) and mitochondrial membrane potential 
impairment (Fig. 2I and J), which were most pronounced when infected 
with TauKQ viruses. The above results suggested that acetylation of tau 
at K274/K281 exacerbated mitochondrial dysfunction. 

2.3. Overexpressing TauKQ reduced mitochondrial biogenesis 

Then, we investigated the mechanisms by which the acetylation 
mimic tau mutant deteriorates mitochondrial dysfunction. Firstly, we 
detected the proteins related to mitochondrial biogenesis, including 
peroxisome proliferator-activated receptor-γ coactivator 1 alpha (PGC- 
1α), nuclear respiratory factor 1 (Nrf1), and mitochondrial transcription 
factor A (Tfam) [38], whose expression was significantly reduced in 
neurodegenerative diseases such as AD, suggesting reduced mitochon
drial biogenesis [25]. Overexpressing TauKQ reduced PGC-1α, Nrf1 and 
Tfam in primary cultured hippocampal neurons and the hippocampal 
CA1 region of mice (Fig. 3A–D), TauKR or TauWT increased PGC-1α and 
Nrf1 levels compared with TauKQ, while it had no significant difference 
when compared with the vector control in vitro and in vivo. The mito
chondrial outer membrane protein Tomm40 expression was also 
increased in the TauWT and TauKR groups, though acetylated tau 
reversed this, this was possibly due to the reduced mitochondrial 
biogenesis (Fig. 3A–D). Autophagy marker LC3 (microtubule-associated 
protein 1 light chain 3)-II and P62 (SQSTM1) were also increased by 
overexpressing TauWT, TauKQ or TauKR (Fig. 3A–D), this imply that 
autophagy was impaired [39]. Real-time PCR suggested a significant 
decrease in the mRNA level of PGC-1α, Nrf1, or Tfam after TauKQ 
overexpression (Fig. 3E). To further verify whether mitochondrial 
biogenesis is damaged, we measured mtDNA relative to nDNA 
(mtDNA/nDNA). It was found that mtDNA/nDNA was increased in the 
TauWT and TauKR mice, while decreased in TauKQ mice, which sug
gested that mitochondria biogenesis was inhibited by acetyl-mimic tau 
mutant (Fig. 3F). 

2.4. Overexpressing TauKQ disrupted mitochondrial dynamics by 
reducing mitochondrial fusion 

Mitochondria are highly dynamic organelles undergoing coordinated 
cycles of fission and fusion, referred as ‘mitochondrial dynamics’, in 
order to maintain their shape, distribution and size [40]. After 

Fig. 1. Overexpressing TauKQ exacerbated cognitive impairments with neuronal loss, reduced dendritic spines, and decreased neuronal dendritic complexity. (A–K) 
The virus constructs including AAV-hSyn-EGFP-tau (wild-type total human tau441)-3flag (TauWT), acetylation mimic tau mutant AAV-hSyn-EGFP-tau (Lys mutated 
to Gln at K274 and K281)-3flag (TauKQ), the acetylablation mimic tau mutant AAV-hSyn-EGFP-tau (Lys mutated to Arg at K274 and K281)-3flag (TauKR), or the 
empty vector, AAV-hSyn-EGFP-MCS-3flag (Vec) were infused respectively into the hippocampal CA1 subset of 2-month-old C57 mice for one month, respectively, 
and then the behavior tests were carried out. (A) The expression of virus was confirmed by immunofluorescence image. (B) Experimental processes of virus injection 
and paradigms used for testing the cognition: NOR: Novel object recognition, MWM: Morris water maze, FC: Fear conditioning. (C) Overexpressing three tau forms in 
hippocampal CA1 for one month have no significant difference of novel object recognition preference (n = 15–17 mice each group). (D) During 5 days learning test 
by MWM, mice of TauWT, TauKQ or TauKR group showed increased latency to find the hidden platform, and the degree was more significant in mice of TaukQ than 
TauWT or TauKR group (n = 15–17 mice each group). (E) Representative swimming path of mice in each group during the MWM probe test. (F–I) Overexpressing all 
three types of tau in hippocampal CA1 for one month significantly impaired spatial memory during probe trial carried out at day 7 by removing the platform, shown 
as the increased latency to reach the site where the platform put before (F), the decreased crosses in the previous platform area (G) and the decreased time stayed in 
the target quadrant (H). No significant difference in swimming speed among four groups (I) (n = 15–17 mice each group). (J, K) In Fear conditioning (FC) test, 
overexpressing three tau forms in hippocampal CA1 for one month showed decreased freezing time at second day compared with the empty vector controls, the 
decrease was more significant in mice of TauKQ than TauWT or TauKR group (n = 15–17 mice each group). (L, M) Representative images of NeuN immunofluo
rescence staining (L), and the quantitative analysis (M) (n = 3 from three independent experiments). (N, O) Representative images of Nissl staining (N), and the 
quantitative analysis. Neurons with visible nuclei, distinctive nucleolus, and cytoplasmic Nissl staining were regarded as intact neurons and counted (O) (n = 3 from 
three independent experiments). (P, Q) Representative images of Golgi Staining in the hippocampus of mice (P). Quantitative analysis of spine density in the CA1 
subset of mice. 30 neurons from three mice per group were analyzed. (R, S) The primary cultured hippocampal neurons were infected with the lenti-TauWT, lenti- 
TauKQ, lenti-TauKR, or lenti-vector-EGFP (Vec) at 2 div (days in vitro). Neurons were stained using anti-MAP2 antibody and the dendrite complexity was analyzed at 
8 div. The representative images show changed dendrite complexity by overexpressing all three types of tau in cultured hippocampal neurons at 8 div (R). Sholl 
analyses of the numbers of dendritic crossings in hippocampal neurons (S). 15 neurons from six independent cultures were analyzed for each group. 
All data were presented as mean ± SEM. Two-way repeated measures ANOVA test followed by Tukey’s post hoc test for D and S, and One-way ANOVA test followed 
by Tukey’s post hoc test for others. D and S: *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001, vs Vec; #, p < 0.05, ##, p < 0.01, ###, p < 0.001, vs TauWT; 
&&, p < 0.01, vs TauKQ. Others: *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001. 
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Fig. 2. Overexpressing TauKQ exacerbated mitochondrial dysfunctions. (A, B) The expression levels of mitochondrial respiratory complex I (NDUFB8), II (SDHB), III 
(UQCRC2), V (ATP5A) protein and total Tau (Tau5) were detected by Western blotting (A) and quantitative analysis (B) (n = 6 biological replicates each group). (C) 
The change of ATP level in four groups of mice (n = 5 biological replicates each group). (D) The change of total SOD activity in four groups of mice (n = 6 biological 
replicates each group). (E, F) The primary cultured hippocampal neurons were infected with the lenti-TauWT, lenti-TauKQ, lenti-TauKR, or lenti-vector-EGFP (Vec) 
at 2 div, stained with DCFH-DA (red) at 8 div. The image showing the intracellular ROS levels after the indicated treatments (E), and the quantification of relative 
ROS level (red) (F) (n = 6 each group). (G, H) The primary cultured hippocampal neurons were infected with the lenti-TauWT, lenti-TauKQ, lenti-TauKR, or lenti- 
vector-EGFP (Vec) at 2 div, stained with MitoSOX (red) at 8 div. The image showing the mitochondrial ROS levels after the indicated treatments (G), and the 
quantification of relative ROS level (red) (H) (n = 6 each group). (I, J) The primary cultured hippocampal neurons were infected with the lenti-TauWT, lenti-TauKQ, 
lenti-TauKR, or lenti-vector-EGFP (Vec) at 2 div, stained with TMRE (red) at 8 div. The image showing the mitochondrial membrane potential (MMP) in neurons with 
indicated treatments (I), and the quantification of relative MMP level (red) (J) (n = 6 each group). 
All data were presented as mean ± SEM. One-way ANOVA test followed by Tukey’s post hoc test. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001. (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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overexpressing TauWT in primary cultured hippocampal neurons, we 
observed that the expression of mitochondrial fusion protein Mfn1, 
Mfn2, and Opa1 increased, while mitochondrial fission proteins Fis1 and 
Drp1 had no change, which was consistent with our previous study in 
the htau-expressing HEK293 cells and htau transgenic mice [30]. 
However, overexpression of TauKQ significantly reduced Mfn1, Mfn2 
and Opa1 levels compared with the Vec or TauWT group, while TauKR 
overexpression increased Mfn1, Mfn2 and OPA1 levels compared with 
the TauKQ group, accompanied with the increased Mfn1 and Mfn2 level 
compared with the Vec group (Fig. 4A and B). After transfection with 
three types of tau, mitochondria were labeled by MitoTracker Red at 8 
div. We found that overexpression of TauWT and TauKR significantly 
increased mitochondrial length, while mitochondrial length was 
significantly reduced after overexpression of TauKQ (Fig. 4C and D). 
Compared with the Vec group, overexpression of TauWT in the hippo
campal CA1 region increased the mRNA and protein levels of Mfn1, 
Mfn2 and Opa1, and overexpressing TauKR increased Mfn1 and Opa1, 
while TauKQ significantly reduced these fusion proteins (Fig. 4E–G). 
The mitochondrial fission proteins had no significant change in vitro and 
in vivo (Fig. 4A, B, E, F, G). To further confirm the effect of acetylated 

tau on mitochondrial dynamics, we detected mitochondrial morphology 
by electron microscopy. The morphology of mitochondria was divided 
into four categories based on the value of mitochondria length/diameter 
(L/D), and the mitochondria were divided into three categories based on 
the degree of loss of cristae [41]. We observed that mitochondrial 
elongation (the ratio of mitochondria length/diameter is more than 4.5) 
was account for a large proportion with loss of a small number of cristae 
in neurons of the hippocampal CA1 region in TauWT and TauKR mice, 
whereas TauKQ induced mitochondria fragmented (the ratio of mito
chondria length/diameter equal to 1–1.5), and mitochondria 
morphology became rounded and swollen, and mitochondrial cristae 
were severely lost and appeared vacuolated (Fig. 4H–J). 

All the above data suggested that tau acetylated at K274/K281 
aggravated mitochondrial dysfunction by disrupting the dynamic ho
meostasis (promoting mitochondria fission) and inhibiting mitochon
drial biogenesis, which in turn led to neuronal loss and dendritic spine 
damage. 

Fig. 3. Overexpressing TauKQ attenuated mitochon
drial biogenesis. (A, B) The expression levels of 
mitochondrial biogenesis pathway proteins, such as 
PGC-1α, Nrf1 and Tfam, autophagy-related proteins 
p62, LC3, the mitochondrial outer membrane protein 
Tomm40, and total Tau (Tau5) were detected by 
Western blotting (A) and quantitative analysis (B) in 
primary cultured hippocampal neurons with expres
sion of all three types of tau lentivirus. For the 
quantification of LC3, we used LC3-II, the band 
marked by the arrow (n = 6 biological replicates each 
group). (C, D) The protein expression levels of PGC- 
1α, Nrf1, Tfam, Tomm40, LC3, P62 and total Tau 
(Tau5) were detected by Western blotting (C) and 
quantitative analysis (D) in hippocampal CA1 extracts 
of the three types of tau overexpressing mice. For the 
quantification of LC3, we used LC3-II, the band 
marked by the arrow (n = 6 biological replicates each 
group). (E) The mRNA expression levels of PGC-1α, 
Nrf1, and Tfam were detected by qRT–PCR in the 
hippocampal CA1 of the three types of tau over
expressing mice. The fold change was normalized 
with the loading control GAPDH and expressed rela
tive to the Vec group (n = 3–5 each group). (F) The 
change of relative mtDNA copy number (mtDNA/ 
nDNA) in hippocampal CA1 of the four groups mice 
detected by qRT-PCR (n = 3 each group). 
All data were presented as mean ± SEM. One-way 
ANOVA test followed by Tukey’s post hoc test. B, D 
and E: *, p < 0.05, **, p < 0.01, ***, p < 0.001, vs 
Vec; #, p < 0.05, ##, p < 0.01, ###, p < 0.001, 
####, p < 0.0001, vs TauWT; &, p < 0.05, &&, p <
0.01, &&&, p < 0.001, &&&&, p < 0.0001, vs TauKQ. 
F: *, p < 0.05, **, p < 0.01, ***, p < 0.001.   
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2.5. BGP-15 rescued TauKQ-induced injury in mitochondrial biogenesis 

BGP-15 is a hydroxylamine derivative that has been shown to exert 
cyto- and neuroprotective effects in a wide range of models in vivo and 
in vitro [42–56], with involving the mechanisms of increasing mito
chondrial fusion proteins and promoting mitochondrial biogenesis 
through PGC-1α signaling pathway [57,58]. Next, we aimed to investi
gate whether BGP-15 attenuated TauKQ-induced mitochondrial dam
age. In primary cultured hippocampal neurons infected with 
lenti-TauKQ, PGC1-α, Nrf1, Tfam were significantly decreased, and 
then BGP-15 treatment reversed the decreased PGC1-α, Nrf1 and Tfam 
with a significant increase of Tomm40 (Fig. 5A and B). The same results 
were also obtained in vivo (Fig. 5C and D). At the same time, the 
reduction of mtDNA copy number caused by TauKQ was also rescued by 
BGP-15 (Fig. 5E). Treatment with BGP-15 alone did not alter the levels 
of PGC1-α, Nrf1, Tfam, Tomm40 and mtDNA copy number in vivo 

and/or in vitro (Fig. 5A–E). 

2.6. BGP-15 improved mitochondrial dynamic homeostasis by rescuing 
TauKQ-induced mitochondrial fission 

We examined the effects of BGP-15 treatment on mitochondrial dy
namic homeostasis. When treated with BGP-15 alone, mitochondrial 
fusion protein Mfn2 and fission protein Drp1 were significantly 
increased in primary hippocampal neurons. Overexpression of TauKQ 
resulted in a significant decrease in Mfn1, Mfn2 and Opa1 levels, while 
BGP-15 reversed these to the similar level of the Vec, at the same time, 
we also observed an increase in Drp1 (Fig. 6A and B). Labeling mito
chondria with MitoTracker Red, we observed that BGP-15 rescued 
TauKQ-induced mitochondrial fission, presented as the average mito
chondria length increased from ~2 to ~4 μm (Fig. 6C and D). In vivo, 
BGP-15 treatment reversed the decreased Mfn1, Mfn2 and Opa1 levels 

Fig. 4. Overexpression of TauKQ disrupted 
mitochondrial dynamics by reducing mito
chondrial fusion. (A, B) The expression 
levels of mitochondrial dynamic proteins 
were detected by Western blotting (A) and 
quantitative analysis (B) in primary cultured 
hippocampal neurons with expression of 
three types of tau lentivirus (n = 6 biological 
replicates each group). (C, D) The primary 
cultured hippocampal neurons were infected 
with three types of tau lentivirus at 2 div. 
Mitochondria were labeled by MitoTracker 
Red at 8 div. The representative images were 
shown (C). The mitochondrial length 
(counted in the neuronal processes 100–200 
μm away from the cell body) were measured 
and quantified (D). 15–20 neurons from six 
independent cultures were analyzed for each 
group. (E) Overexpression of three types of 
tau changed the mRNA levels of Mfn1, Mfn2, 
and Opa1 in the hippocampal CA1 detected 
by qRT-PCR (n = 3 each group). (F, G) 
Overexpression of three types of tau changed 
the protein levels of Mfn1, Mfn2, and Opa1 
in the hippocampal CA1, detected by West
ern blotting (n = 6 biological replicates each 
group). (H–J) Overexpression of three types 
of tau changed the mitochondrial 
morphology detected by electron micro
scopy in the hippocampal CA1 subset. 
Typical mitochondrial images were pre
sented (H). N, nucleus; arrow, mitochondria. 
The morphology of mitochondria was 
divided into four categories based on the 
value of mitochondria length/diameter (L/ 
D), and the proportion of each category is 
shown (I). The mitochondria were divided 
into three categories based on the cristae 
morphology (blue, intact; red, a slight loss of 
cristae; and green, a severe loss of cristae). 
The proportion of each type of mitochondria 
is shown (J). At least 100 mitochondria from 
three mice per group were analyzed. 
All data were presented as mean ± SEM. 
One-way ANOVA test followed by Tukey’s 
post hoc test. B, E and G: *, p < 0.05, **, p <
0.01, ***, p < 0.001, vs Vec; ###, p <
0.001, ####, p < 0.0001, vs TauWT; &&, p 
< 0.01, &&&, p < 0.001, &&&&, p <
0.0001, vs TauKQ. D: *, p < 0.05, ****, p <
0.0001. (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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caused by TauKQ (Fig. 6E and F). Meanwhile, BGP-15 treatment 
reversed proportion of fragmented mitochondria (the ratio of mito
chondria length/diameter equal to 1–1.5) caused by TauKQ, reduced 
loss of mitochondrial cristae, decreased vacuolization, and increased 
internal mitochondrial densities (Fig. 6G–I). 

2.7. BGP-15 ameliorated TauKQ-induced mitochondrial dysfunction 

The changes in mitochondrial biogenesis and mitochondrial dy
namics are finally reflected in the altered mitochondrial function [59]. 
To investigate the effect of BGP-15 on TauKQ-induced mitochondrial 
dysfunction, by DCFH-DA, MitoSOX and TMRE staining in primary 
hippocampal neurons, we observed that increased intracellular and 
mitochondrial ROS induced by overexpressing TauKQ was attenuated by 
BGP-15 treatment (Fig. 7A–D) and the mitochondrial membrane po
tential was also increased (Fig. 7E and F). Meanwhile, the impaired 
mitochondrial ATP production was ameliorated by BGP-15 treatment 
(Fig. 7G), but the total SOD activity did not change significantly 
(Fig. 7H). 

The above results suggested that BGP-15 attenuated the decreased 
mitochondrial biogenesis and disruption of mitochondrial dynamic 

homeostasis induced by TauKQ overexpression, thereby rescuing mito
chondrial dysfunction. 

2.8. BGP-15 rescued cognitive impairment by amelioration of neuronal 
loss and dendritic spine reduction, and increased neuronal dendritic 
complexity 

Lastly, we further explored whether BGP-15 improved the cognitive 
deficits induced by TauKQ. By MAP2 immunofluorescence staining in 
primary cultured hippocampal neurons, we observed that the dendritic 
complexity of neurons was significantly ameliorated (shorter dendrite 
length and fewer dendritic crossings) by TauKQ overexpression, while it 
was reversed after BGP-15 treatment (Fig. 8A and B). By NeuN immu
nofluorescent staining and Nissl’s staining, we observed that BGP-15 
treatment alone had no effects in neuron number, whereas the 
decreased neuron number induced by overexpressing TauKQ was 
reversed by BGP-15 treatment in the hippocampal CA1 region of mice 
(Fig. 8C–F). Furthermore, both in vitro and in vivo, BGP-15 treatment 
attenuated the increased cleaved caspase-3 levels induced by TauKQ, 
thus indicating that BGP-15 alleviated TauKQ-induced neuronal 
apoptosis (SFig. 3A–D). The Golgi staining showed that the dendritic 

Fig. 5. BGP-15 rescued TauKQ-induced reduction in 
mitochondrial biogenesis. (A, B) BGP-15 rescued 
TauKQ-induced reduction in PGC1-α/Nrf1/Tfam in 
primary cultured hippocampal neurons. After infec
ted with the lenti-tau (Lys mutated to Gln at K274 and 
K281)-EGFP (TauKQ)at 2 div, the primary cultured 
hippocampal neurons were treated with 10 μM BGP- 
15 at 3 div for 5 d, half-change the culture medium 
every other day until sample collection at 8 div. The 
expression levels of PGC-1α, Nrf1, Tfam, Tomm40 
and total Tau (Tau5) were detected by Western 
blotting (A) and quantitative analysis (B) (n = 6 
biological replicates each group). (C, D) BGP-15 
rescued TauKQ-induced reduction in PGC1-α/Nrf1/ 
Tfam in the hippocampal CA1 subset. The virus con
structs including AAV-hSyn-EGFP-tau (Lys mutated to 
Gln at K274 and K281)-3flag (TauKQ) was infused 
into the hippocampal CA1 subset of 2-month-old C57 
mice for 20 d, followed by daily oral BGP-15 (28 mg/ 
kg) for 10 d. The expression levels of PGC-1α, Nrf1, 
Tfam, Tomm40 and total Tau (Tau5) were detected 
by Western blotting (C) and quantitative analysis (D) 
(n = 6 biological replicates each group). (E) BGP-15 
increased mtDNA copy number (mtDNA/nDNA) in 
the hippocampal CA1 subset of TauKQ-expressing 
mice. The relative mtDNA copy number detected by 
qRT-PCR (n = 3 each group). 
All data were presented as mean ± SEM. One-way 
ANOVA test followed by Tukey’s post hoc test. B 
and D: *, p < 0.05, **, p < 0.01, ***, p < 0.001, vs 
Vec; &, p < 0.05, &&, p < 0.01, &&&, p < 0.001, vs 
TauKQ. E: *, p < 0.05, ***, p < 0.001.   
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branches of TauKQ group were severely disrupted and the density of 
dendritic spines was significantly reduced. Meanwhile, BGP-15 treat
ment attenuated the phenotype in TauKQ mice (Fig. 8G and H). Finally, 
we conducted behavioral tests to assess cognitive ability. There was no 
significant difference of novel object recognition preference among the 
four groups mice (Fig. 8I). By MMW test, we found that BGP-15 

improved learning and memory abilities in TauKQ mice shown by 
shorten latency to find the hidden platform during training stage 
(Fig. 8J), the decreased latency to reach the site where platform put 
before, the increased crossing time in the previous platform area and the 
more time stayed in the target quadrant during test phase (Fig. 8K-N). 
There was no significant difference in swimming speed among the four 

Fig. 6. BGP-15 reversed TauKQ-induced mito
chondrial dynamic imbalance. (A, B) BGP-15 
rescued TauKQ-induced reduction of mitochon
drial fusion-associated proteins in primary hippo
campal neurons. The expression levels of Mfn1, 
Mfn2, Opa1, Drp1, Fis1 and total Tau (Tau5) were 
detected by Western blotting (A) and quantitative 
analysis (B) (n = 6 biological replicates each 
group). (C, D) BGP-15 rescued TauKQ-induced 
mitochondrial fragmentation in primary hippo
campal neurons. The representative images were 
shown (C). The mitochondrial length (counted in 
the neuronal processes 100–200 μm away from the 
cell body) were measured and quantified (D). 
15–20 neurons from six independent cultures were 
analyzed for each group. (E, F) BGP-15 rescued 
TauKQ-induced reduction of mitochondrial fusion- 
associated proteins in the hippocampal CA1 subset. 
The expression levels of Mfn1, Mfn2, Opa1, Drp1, 
and Fis1 and total Tau (Tau5) were detected by 
Western blotting (E) and quantitative analysis (F) 
(n = 6 biological replicates each group). (G–I) 
BGP-15 treatment ameliorated the mitochondrial 
morphology in the hippocampal CA1 neurons of 
C57 mice detected by electron microscopy. Typical 
mitochondrial images were presented (G). N, nu
cleus; arrow, mitochondria. The morphology of 
mitochondria was divided into four categories 
based on the value of mitochondria length/diam
eter (L/D). The proportion of each category is 
shown (H). The mitochondria were divided into 
three categories based on the cristae morphology 
(blue, intact; red, a slight loss of cristae; and green, 
a severe loss of cristae). The proportion of each 
type of mitochondria inside the neurons of hippo
campal CA1 is shown (I). At least 100 mitochon
dria from three mice per group were analyzed. 
All data were presented as mean ± SEM. One-way 
ANOVA test followed by Tukey’s post hoc test. B 
and F: *, p < 0.05, **, p < 0.01, ***, p < 0.001, vs 
Vec; &&, p < 0.01, &&&, p < 0.001, vs TauKQ. D: 
****, p < 0.0001. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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groups of mice (Fig. 8O), which excluded defects in motor ability. In fear 
conditioning (FC) test, BGP-15 rescued fear memory defects, which were 
shown by an increased freezing time during memory test (Fig. 8P and Q). 
These data suggested that BGP-15 ameliorated TauKQ-induced cogni
tive deficits. 

3. Discussion 

Tau isolated from AD brain tissue exhibits many post-translational 
modifications (PTM), of which phosphorylation is the most prevalent 
and well-studied. Recently, there are growing evidences that tau is also 
aberrantly acetylated. Acetylated tau at the K274 and K281 sites 
remarkably increased in the early stages of AD, and more significantly 
increased in the brains of advanced AD patients with severe dementia [9, 
17]. There are continuing evidences that human total or phosphorylated 
tau expression in AD animal models leads to mitochondrial dysfunction 
[60]. However, the effects and the mechanisms of acetylated tau protein 
on mitochondria functions have not been well studied until now. In the 
present study, we firstly reported that, tau acetylated at K274/K281 
(TauKQ) had more severe neurotoxicity than wild type and non
acetylated tau. It induced mitochondrial dysfunction by reducing 
mitochondrial biogenesis and disturbing mitochondrial dynamic bal
ance, and thus causing cognitive deficits. We also found that BGP-15 
reversed TauKQ induced mitochondrial dysfunctions and cognitive 
deficits by promoting mitochondrial biogenesis and fusion. 

Mitochondrial abnormalities with energy metabolism defects were 
an early and prominent feature of AD [61–63]. Mitochondrial 

homeostasis is maintained by the coordination of pathways like mito
chondrial biogenesis, dynamics, and degradative pathways, such as the 
activation of mitochondrial proteases, mitochondrial-derived vesicles, 
and mitophagy, the selective degradation of mitochondria via auto
phagy [64]. Increased biogenesis is compatible with the mtDNA copy 
number and enhanced mitochondrial gene expression [38]. Here, from 
three aspects: mitochondrial biogenesis, dynamics (fission and fusion) 
and degradation (mitophagy), we found that the damage induced by tau 
acetylation was the most severe one, although three tau forms all 
induced mitochondrial dysfunctions. In the present study, over
expression of htau resulted in impaired mitophagy by showing increased 
LC3-II, P62, and Tomm40, which was consistent with our previous 
studies [39,65]. However, overexpression of TauKQ not only resulted in 
impaired mitophagy, but also decreased mitochondrial biogenesis, 
which exacerbated TauKQ-induced mitochondrial dysfunctions and 
cognitive defects. It had also been evidenced that there was a significant 
decrease in the mitochondrial production pathway PGC1-α/Nrf1/TFAM 
and the mitochondrial copy number mtDNA in AD human brain [25,66, 
67], which was consistent with our results with TauKQ overexpression. 
Additionally, Tfam plays an important role in the maintenance of 
mtDNA integrity [68], so in addition to controlling the biogenesis of 
mitochondria, the decrease of Tfam in our TauKQ-expressing mice may 
also aggravate the dysfunction of mitochondria in another way. Though 
mtDNA decreased, mitochondrial marker Tomm40 level had no change 
compared with the wt mice. One possibility of this phenomenon is the 
inhibition of the degradation of mitochondria (mitophagy). 

Mitochondria are highly dynamic organelles undergoing continuous 

Fig. 7. BGP-15 ameliorated TauKQ-induced mito
chondrial dysfunctions. (A, B) BGP-15 decreased 
TauKQ-induced intracellular ROS level in primary 
hippocampal neurons. The present image showing the 
intracellular ROS levels (red) in primary neurons 
after the indicated treatments (A). The quantification 
of relative intracellular ROS generation (B) (n = 6 
each group). (C, D) BGP-15 decreased TauKQ-induced 
mitochondrial ROS level in primary hippocampal 
neurons. The present image showing the mitochon
drial ROS levels (red) in primary neurons after the 
indicated treatments (C). The quantification of rela
tive mitochondrial ROS generation (D) (n = 6 each 
group). (E, F) BGP-15 prevented TauKQ-induced 
MMP (red) reduction in primary hippocampal neu
rons. The representative image after indicated treat
ments (E). The quantification of relative MMP (F) (n 
= 6 each group). (G) BGP-15 treatment reversed the 
decreased ATP levels in TauKQ-expressing mice (n =
4–5 biological replicates each group). (H) BGP-15 
treatment did not affect the total SOD activity (n =
5 biological replicates each group). 
All data were presented as mean ± SEM. One-way 
ANOVA test followed by Tukey’s post hoc test. **, 
p < 0.01, ***, p < 0.001, ****, p < 0.0001. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Q. Liu et al.                                                                                                                                                                                                                                      



Redox Biology 62 (2023) 102697

11

(caption on next page) 

Q. Liu et al.                                                                                                                                                                                                                                      



Redox Biology 62 (2023) 102697

12

fusion and fission, a process that is essential for maintaining a healthy 
pool of mitochondria [69]. The unbalance of fusion and fission in 
mitochondria leads to functional changes, including increased lipid 
peroxidation, increased production of reactive oxygen species (ROS), 
decreased membrane potential, respiration and ATP production [70]. 
The mitochondrial dynamics disorder widely found in the AD brain and 
animal models [71], Aβ and tau had quite different effects, Aβ induced 
mitochondria fission [72,73], while total length human tau441 accu
mulation promoted mitochondria fusion [30]. Here, TauWT increased 
fusion proteins Mfn1, Mfn2 and OPA1 levels and thus enhancing mito
chondrial fusion, shown by increased mitochondria length, which was 
consistent with our previous study [30]. However, it was surprising to 
find that, compared with TauWT, TauKQ did not enhance mitochondria 
fusion, on the contrary, TauKQ induced mitochondria fission. TauKR 
reversed mitochondria length with increased mitofusion protein 
compared with those of TauKQ. We have found that wild type tau may 
span on the outer mitochondrial membrane with some domains 
exposing to the inter-membrane spaces. The reason for this difference in 
mitochondrial dynamics may come from the modification of the 
conformation of tau conducted by the acetylation of the K274/281 sites, 
which needs further study. In addition to promoting mitochondrial 
fusion, Mfn1 and Opa1 are also essential for the maintenance of the 
integrity and density of mitochondrial cristae [74]. In TauKQ-expressing 
mice, we detected a decrease in Mfn1 and Opa1, which may explain the 
observed severe loss of mitochondrial cristae and mitochondrial vacu
olation under electron microscope. Over-divided mitochondria are 
supposed to be cleared by mitophagy [64], however, while TauKQ 
overexpressing, mitophagy was also impaired, the accumulation of 
dysfunctional mitochondria forms a vicious cycle that may exacerbates 
the pathology of TauKQ group. The mechanism by which acetylated tau 
leads to alteration of mitochondrial biogenesis and dynamic homeo
stasis is not yet known, and remains to be investigated. 

Tau acetylated at K274/281 inhibited mitochondrial biogenesis and 
mitophagy, and induced mitochondrial fission, while non-acetylated at 
K274/281 induced mitochondrial fusion and inhibited mitophagy, 
which was as similar as tau441. Tau acetylation specifically increased 
neuron cell death in an in vitro model of TBI, as indicated by increased 
cleavage of caspase 3 [75], which was also confirmed in our TauKQ 
model. Upon damage, the mitochondria release apoptotic proteins such 
as cytochrome c and apoptosis inducible factor (AIF) into the cytosol 
[76]. Cyt c binds with apoptotic protein-activating factor-1 (Apaf-1) and 
procaspase-9 to form an “apoptosome”, which actives caspase-9 and 
subsequently caspase-3. The cleaved-caspase-3 protein, an important 
executioner of the apoptotic pathway, is disrupting broad homeostasis 
and leading to neuronal apoptosis [77]. We also found that TauKQ 
induced cleaved-caspase-3 level highest, which was consistent with the 
least neuron number. These data suggested that TauKQ is the most toxic 

in three tau forms, which was confirmed by the more severe decreased 
ATP production and increased ROS level, dendritic plasticity damage, 
more neuron loss and cognitive deficits. 

The disruption of mitochondrial function is considered to be a key 
cause of the pathophysiology of many neurological diseases, including 
AD, and the induction or improvement of mitochondrial function by 
promoting mitochondrial biogenesis, or administration of antioxidants, 
etc., is considered as a novel therapeutic target and confirmed a modern 
neuroprotective approach for most of diseases such as neurodegenera
tive diseases including AD, PD, HD, and ALS in the near future [78–82]. 
In this study, we applied BGP-15 in TauKQ mice, and observed BGP-15 
treatment ameliorated TauKQ-induced neuronal loss and reduced den
dritic spines by promoting mitochondrial biogenesis, improving mito
chondrial dynamic homeostasis, and protecting mitochondrial function, 
thereby improving learning and memory capacity in mice. Our experi
ments demonstrated the potential utility of BGP-15 in a neurological 
disease model. BGP-15 has been shown to improve metabolic function in 
several animal models of human degenerative diseases [43,47,48,51,52, 
58] and has been administered to more than 400 patients in human 
clinical trials without serious drug-related adverse events [83]. The data 
reported here suggests that this drug or a similar compound may exert a 
protective effect on neurons in AD patients. 

4. Limitation 

Though recombinant KQ mutant (lysine residues are substituted with 
glutamine as a mimic of acetyl lysine), and KR mutant (lysine residues 
are substituted with arginine as a mimic of nonacetylated lysine), are 
widely used to study the effects of acetylation, there are some limita
tions. Firstly, using mutant expression is that 100% of the tau protein 
pool will be acetylated or non-acetylated at those Lys residues. This is 
neither physiological nor appropriate when considering the dynamic 
regulation of PTMs such as lysine acetylation. Secondly, it is possible 
that the effects of in vivo acetylation may be overestimated when the KQ 
mutant is used as a mimic of the acetylated lysine. For example, acety
lation of the lysine residues in the Ku70 ring did not remarkably reduce 
the affinity of Ku for DNA by the computational approach, although 
those residues have been acetylated in the in vivo studies [84,85]. 

5. Materials and methods 

5.1. Plasmids, viruses and antibodies 

AAV-hSyn-EGFP-MCS-3flag (empty vector, namely AAV-Vec), AAV- 
hSyn-EGFP-tau-wild-type-3flag (namely AAV-TauWT), AAV-hSyn- 
EGFP-tau (K274 and K281 mutated to Glutamine)-3flag (namely AAV- 
TauKQ) and AAV-hSyn-EGFP-tau (K274 and K281 mutated to 

Fig. 8. BGP-15 ameliorated TauKQ-induced learning and memory impairments, with rescuing neuronal loss and dendritic spine reduction, and increasing neuronal 
dendritic complexity. (A, B) The primary cultured hippocampal neurons were infected with the lenti-tau (Lys mutated to Gln at K274 and K281)-EGFP (TauKQ) at 2 
div, and thus treated with 10 μM BGP-15 at 3 div. Neurons were stained using anti-MAP2 at 8 div and the dendrite complexity was analyzed. The representative 
images of dendrite complexity (A). Sholl analyses showed that the number of dendrite crossings was reduced by overexpressing TauKQ, and BGP-15 reversed the 
reduction (B). 20 neurons from six independent cultures were analyzed for each group. (C, D) BGP-15 ameliorated hippocampal CA1 neuronal loss in TauKQ- 
expressing mice, exhibited by representative images of NeuN immunofluorescence staining (C). Quantitative analysis for the number of neurons with NeuN stain
ing in area framed within white bordered rectangle (D) (n = 3 from three independent experiments). (E, F) Representative images of Nissl staining (E), and 
quantitative analysis (F) (n = 3 from three independent experiments). (G, H) Representative images of Golgi Staining in the hippocampal of mice (G), and quan
titative analysis of spine density in the CA1 area of mice (H). 30 neurons from three mice per group were analyzed. (I–Q) The AAV-TauKQ were infused respectively 
into the hippocampal CA1 subset of 2-month-old C57 mice for 20 d, followed treatment with BGP-15 (28 mg/kg/d) by gavage for 10 d. (I) There was no significant 
difference of novel object recognition preference among the four groups mice detected by NOR test (n = 8–12 mice each group). (J) BGP-15 improved learning ability 
in TauKQ mice shown by shortened latency to find the hidden platform during training stage in the MMW test (n = 8–12 mice each group). (K) Representative 
swimming path of mice in each group during the MWM probe test. (L–O) BGP-15 improved memory ability of TauKQ mice shown as the decreased latency to reach 
the location of platform placed before (L), the increased crosses in the previous platform area (M) and the increased time stayed in the target quadrant (N) during the 
MWM probe test. No significant difference in swimming speed among the four groups during the MWM probe test (O) (n = 8–12 mice each group). (P, Q) In FC test, 
BGP-15 improved fear memory in TauKQ mice shown by increased freezing time at second day (n = 8–12 mice each group). 
All data were presented as mean ± SEM. Two-way repeated measures ANOVA test followed by Tukey’s post hoc test for B and J, and One-way ANOVA test followed 
by Tukey’s post hoc test for others. B and J: *, p < 0.05, **, p < 0.01, ****, p < 0.0001, vs Vec; &, p < 0.05, &&, p < 0.01, &&&&, p < 0.0001, vs TauKQ. Others: *, p 
< 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001. 
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Arginine)-3flag (namely AAV-TauKR) were purchased from OBIO 
Technology (Shanghai, China). The lenti viruses, lenti-hSyn-MCS-EGFP- 
3flag (empty vector, namely lenti-Vec), lenti-hSyn-tau-wild-type-EGFP- 
3flag (namely lenti-TauWT), lenti-hSyn-tau (K274 and K281 mutated to 
Gln)-EGFP-3flag (namely lenti-TauKQ) and lenti-hSyn-tau (K274 and 
K281 mutated to Arg)-EGFP-3flag (namely lenti-TauKR) were also 
purchased from OBIO Technology (Shanghai, China). The antibodies 
used in present study were listed in Supplementary Table 1. 

5.2. Primary hippocampal neuron culture 

The hippocampus of rat embryos (E17) was dissected and lightly 
chopped in Hank’s buffered saline solution, suspended for 15 min at 
37 ◦C in 0.25% (vol/vol) trypsin solution, and seeded at 30,000–40,000 
cells per well on 6-well plates coated with Poly-D-Lysine/Laminin 
(P7405, Sigma-Aldrich) in neurobasal medium (21,103,049, Thermo
Fisher Scientific) supplemented with 2% B27 (17,504,044, Thermo
Fisher Scientific)/0.5 mM glutamine/25 mM glutamate. 

5.3. Animals and stereotactic brain injection 

Wild-type C57BL/6 mice (2-month-old, male) were purchased from 
Beijing Shulaibao Company in accordance with the law of the People’s 
Republic of China on Animal and Plant Inspection and Quarantine. 
Animals were managed in strict accordance with China’s regulations on 
the Management of experimental animals. Mice were kept in the same 
environment with a controlled temperature of 23 ◦C, adequate water, 
free intake, and a circadian rhythm of 12:12 h. All animal experiments 
were conducted in accordance with the policy for the use of animals and 
humans in neuroscience research, and the Institutional Animal Care and 
Use Committee in Tongji Medical College, Huazhong University of Sci
ence and Technology approved the study protocol. 

The mice were anesthetized by isoflurane and injected with the vi
ruses (KOPF brain stereotactic locator, Germany). The coordinates for 
the injection were as follows: CA1 (anterior-posterior: − 1.9 mm; 
mediolateral: − 1.2 mm; dorsoventral: ±1.3 mm from bregma and dura, 
flat skull). Behavioral tests were performed one month after injection, 
and the mice were then sacrificed for biochemical tests. 

5.4. Drug administration 

For animals: 20 d after virus injection, mice were treated with BGP- 
15 ((O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic amidoxime), HY- 
100828, MCE) at 28 mg/kg body weight or vehicle (physiological sa
line) daily by gavage for 10 d [51,57]. 

For primary hippocampal neurons: At 2 div (days in vitro), the pri
mary hippocampal neurons were transfected with lentivirus, given 10 
μM BGP-15 separately at 3 div for 5 d [56], half the culture medium was 
changed every other day until sample collection at 8 div. All cultures 
were kept at 37 ◦C in a humidified 5% CO2 containing atmosphere. 

5.5. Novel object recognition (NOR) test 

The novel object recognition (NOR) test is a learning and memory 
assessment method that is based on the principle that animals have an 
innate tendency to explore new objects. On the first day, mice were 
placed in the box (50 × 50 × 50 cm) with two identical objects for a 5 
min habituation. One of the objects was changed after 24 h and the 
mouse freely moved around. When the mice were within 3 cm of the 
object, the experimenter recorded the mice’s exploration preference for 
the object within 5 min. A video camera above the arenas logged the 
experimental behavior. Before each mouse performed each behavioral 
experiment, the test bench was sprayed with 75% alcohol and wiped it 
clean. The novel object preference calculated by new object exploration 
time/(new object exploration time + old object exploration time) ×
100%. 

5.6. Morris water maze test 

Morris water maze (MWM) test was carried out as described in a 
previous study [86]. For spatial learning, the mice were trained in a 
circular pool. The pool is artificially divided into four quadrants. The 
mice were acclimated for five days before the test. The training time was 
fixed at 12:00 p.m.-18:00 p.m. In each training session, the mouse was 
gently placed into a pool with facing the pool wall and allowed to swim 
freely. The time of the mouse taking to find the platform was recorded as 
a latency time and the animal allowed to stay on the platform for 
another 30 s. If the mouse did not find the platform within 60 s, the 
experimenter gently guided the mouse to the platform and let the mouse 
stay on the platform for 30 s. Training experiments were conducted 
three times a day, continued for five days. At 48 h after day 5th, spatial 
memory was tested by removing the platform. The time the mice 
reached the position where previous platform placed, the number of 
times crossed the platform, and the time stayed in the target quadrant 
were recorded. The motion trails of mice were recorded and analyzed 
using MWZ-100 system (Techman, China). 

5.7. Fear conditioning (FC) test 

A box measuring 20 × 20 × 40 cm was equipped with a ceiling- 
mounted video tracking camera, a light, a speaker, a soundproof door 
and an electric shock floor. On the first day, put the mouse into the cage 
to acclimate for 3 min, followed by 3 tone-shock pairings and a 2 s, 0.9 
mA foot shock, with an interval of 1 min. The box was cleaned with 75% 
alcohol to eliminate residual odor. 24 h after the training, the fear 
memory was tested by subjecting back into the conditioning chamber for 
3 min and measuring the freezing time. 

5.8. Immunofluorescence 

For tissues: The mice were anesthetized with isoflurane. After 0.9% 
normal saline for blood flushing and 4% paraformaldehyde fixation, the 
brain was removed and fixed in 4% paraformaldehyde for another 24 h. 
The brains were dehydrated in 30% sucrose-PBS for 48 h, and then cut 
into 30 μm. The immunofluorescence (IF) experiments were conducted 
according to the established method [87]. The slices were incubated 
with primary antibody. The images were taken using a confocal mi
croscope for IF (Carl Zeiss LSM780). 

For primary cultured neurons: After primary neurons infected with 
the indicated lentivirus, they were fixed with 4% paraformaldehyde for 
15 min, permeabilized with 0.1% Triton X-100 for 30 min, and blocked 
with 5% bovine serum albumin for another 30 min, then immunostained 
using primary antibodies for 1 h at room temperature. Followed by 
washing, fluorescent dye-conjugated secondary antibodies were incu
bated for 1 h at room temperature. All mounted samples were examined 
and imaged on a confocal microscope LSM780 equipped with a 63× oil 
immersion objective (Carl Zeiss). For Sholl analysis, at least 15 primary 
hippocampal neurons were used for each group by Fiji software [88]. 

5.9. Protein extraction and western blotting 

The hippocampus was separated from the mouse brain. Hippocampal 
regions infected with virus were isolated, and homogenized in lysis 
buffer for Western blotting (P0013, Beyotime). Homogenate was mixed 
with 8% (wt/vol) SDS buffer, boiled at 95 ◦C for 10 min, and decom
posed by ultrasonic. 

Western blotting (WB) was performed according to the method 
established in our laboratory [89]. The sample was loaded according to 
the concentration and performed SDS-polyacrylamide gel electropho
resis separation. After the separation, the gel was transferred to the 
nitrocellulose (NC) membrane. After that, the NC membrane was 
blocked with 5% skim milk for 1 h and incubated with the primary 
antibody overnight at 4 ◦C, then washed with TBS-Tween20 (TBST) and 
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incubated with the Odyssey secondary antibody for 1 h at room tem
perature, washed again with TBST and imaged by Odyssey (LI-COR 
Biosciences, USA), finally quantitatively analyzed by ImageJ software. 

5.10. Immunoprecipitation (IP) 

The hippocampal CA1 tissues were homogenized on ice in RIPA 
buffer (P0013D, Beyotime) and then centrifuged at 12,000×g for 20 
min. A total of 200 μl supernatants containing approximately 200 μg of 
total proteins were incubated with primary antibodies (Table S1) 
overnight, followed by addition of protein G agarose (IP05, Millipore) 
for 6h (rotating at 4 ◦C). The agarose beads were washed three times and 
resuspended in 40 μl of SDS-loading buffer, and then denatured at 95 ◦C 
for 10 min. The immunoprecipitants were analyzed by Western blotting. 

5.11. Nissl’s staining 

Mouse brain sections (frozen sections, 30 μm thick) were washed 
with PBS for 3 × 5 min, and then dyed with 0.5% toluidine blue reagent 
(G1036, Servicebio) for 5 min, then slices were dehydrated through 
graded ethanol (75%, 85%, 90%, 100%, 100%) for 10 min each time, 
transparentized in xylene for 30 min, then slices were mounted with 
neutral balsam and imaged by a scanning microscope (SV120, 
OLYMPUS). 

5.12. Relative mitochondrial copy number 

The relative mitochondrial DNA (mtDNA) copy number, which 
expressed as mtDNA/nDNA (nuclear DNA), was measured by qPCR. 
Total DNA was extracted using the QIAamp DNA Mini Kit (51304, 
Qiagen) and operated according to previous research [90]. The primers 
of mitochondrial DNA: (F) GCCAGCCTGACCCATAGCCATAAT and (R) 
GCCGGCTGCGTATTCTACGTTA. And the primers of nuclear control: (F) 
TTGAGACTGTGATTGGCAATGCCT and (R) CCAGAAATGCTGGGCG 
TACT. 

5.13. Mitochondrial functional assays 

ATP assay: We used an ATP Assay Kit (S0026, Beyotime) to detect 
ATP levels in hippocampal CA1 tissues. Briefly, the hippocampal regions 
infected with virus was extracted and lysed with an ATP lysis buffer. 
After protein extraction and measurement, the reaction mixture con
tained sample protein or standard (100 μl) with ATP detection fluid 
(100 μl) was incubated at room temperature for 3–5 min. The lumi
nescence was measured using a microplate reader. ATP levels were 
calculated according to the standard curve and presented as nmol/mg 
protein. 

SOD activity assay: The SOD Assay Kit were used for evaluation SOD 
activity (S0103, Beyotime) in hippocampal CA1 tissues according to the 
manufacturer’s instructions. The absorbance was assessed at 450 nm 
using a microplate reader, SOD activity was normalized to the total 
protein. 

Intracellular ROS assay: We used 2′,7′-Dichlorodihydrofluorescein 
diacetate (DCFH-DA) (S0033, Beyotime) as a probe to detect intracel
lular ROS levels. Briefly, the primary hippocampal neurons were seeded 
at 30,000–40,000 cells per well on 6-well plates, transfected with 
lentivirus at 2 div, and at 8 div, neurons were stained with DCFH-DA in 
serum and phenol red-free medium for 30 min at 37 ◦C in a humidified 
incubator with 5% CO2/95% air (v/v) at 37 ◦C. Neurons were washed 
three times with sterile PBS and then observed under a fluorescent mi
croscope (Nikon, Ti–S, Japan). 

Mitochondrial ROS assay: The mitochondrial ROS production was 
monitored using MitoSox Red probe (40778ES50, Yeasen). Briefly, the 
primary hippocampal neurons were seeded at 30,000–40,000 cells per 
well on 6-well plates, transfected with lentivirus at 2 div, and at 8 div, 
neurons were cultured with serum-free culture medium containing 5 μM 

MitoSox Red probe for 10 min at 37 ◦C. After that, the neurons were 
washed 3 times with warm PBS to remove excess dye and observed 
under a fluorescent microscope (Nikon, Ti–S, Japan). 

Measurement of mitochondrial membrane potential (MMP): TMRE 
kits (Mitochondrial Membrane Potential Assay Kit with TMRE) (C2001, 
Beyotime) were used to assess the MMP level of cells according to the 
manufacture’s protocols. Briefly, primary hippocampal neurons were 
seeded at 30,000–40,000 cells per well on 6-well plates, transfected with 
lentivirus at 2 div, and at 8 div, TMRE (tetramethylrhodamine, ethyl 
ester) staining solution was added to the neurons, incubated for 30 min 
at 37 ◦C. After washed twice with staining buffer, the neurons were 
observed under a fluorescent microscope (Nikon, Ti–S, Japan). 

5.14. Measurement of mitochondrial length 

In primary hippocampal neurons, mitochondria were labeled with 
MitoTracker™ Red CMXRos (M7512, Invitrogen™) according to the 
manufacturer’s protocol, and nuclei were labeled with DAPI (C1002, 
Beyotime). The mitochondria imaged by confocal microscopy (Zeiss 
LSM780 laser scanning confocal microscope, 63 × /1.46 objective) with 
the ZEN program. Neuronal process 100–200 μM from the body were 
used for measuring average mitochondrial length by using ImageJ 
software. 

5.15. Transmission electron microscopy 

Mice were anesthetized and brains were removed and stored over
night in 2.5% glutaraldehyde. The next day, the brains were sliced into 
50 mm thick slices using a vibrating knife. The CA1 region of the mouse 
hippocampus was taken and post-treated in 1% Cesium tetroxide solu
tion for 1 h, dehydrated in graded ethanol and epoxy resin-embedded. 
The polymerization reaction was carried out at 80 ◦C for 24 h. The 
sections (60–70 nm) stained with uranyl acetate and lead citrate, and 
observed under a Hitachi 7100 electron microscope (Nikon, Tokyo, 
Japan). For the quantification of mitochondrial morphology, we 
referred to a published study in which mitochondrial morphology was 
divided into four categories based on the value of mitochondrial length/ 
diameter (L/D), and mitochondria were divided into three categories 
based on cristae morphology [91]. At least 100 mitochondria from three 
mice per group were analyzed, the proportion of each type of mito
chondria in each group was shown. 

5.16. Golgi staining 

Golgi staining was performed by using a FD Rapid GolgiStain Kit 
(PK401, FD Neurotechnology) according to the manufacturer’s in
structions. The mice were anesthetized and their brains were immersed 
in a mixture of AB (1:1) solution. After 24 h, the brain tissue was 
replaced with the new AB solution and soaked for 1 month. The brain 
tissue was soaked in C solution for 3–7 d, after which it was placed on an 
oscillating tissue slicer and cut into slices (100 μm thick). After being air 
dried in the dark, the slices were rinsed in ddH2O for 2 × 4 min, stained 
with a mixture of solution D + E + double distilled water (1:1:2) for 10 
min, and rinsed in ddH2O for 2 × 4 min. Slices were dehydrated through 
graded ethanol (50%, 75%, 95%) for 4 min each time, and anhydrous 
ethanol for 4 × 4 min, and followed with transparentizing in xylene for 
30 min. Images were taken using an optical microscope (Nikon, Japan). 

5.17. Reverse transcription and real-time quantitative PCR 

Reverse transcription and real-time quantitative PCR were carried 
out as established in our laboratory [37]. The PCR system consisted of 3 
mM MgCl2, 0.5 μM forward and reverse primers, 2 μl SYBR Green PCR 
master mixes, and 2 μl cDNA, and the standards for each gene were 
prepared using appropriate primers by a conventional PCR. The samples 
were assayed on a Rotor-Gene 300 Real-time Cycler (Corbett Research, 
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Sydney, Australia). The expression level of the gene was normalized by 
the housekeeping gene GAPDH, which was not affected by the treat
ment. PCR primers employed in the present study are as follows: Mfn1 
forward and reverse primers, 5′-GCAGACAGCACATGGAGAGA-3′ and 
5′-GATCCGATTCCGAGCTTCCG-3’; Mfn2 forward and reverse primers, 
5′-TGCACCGCCATATAGAGGAAG-3′ and 5′-TCTGCAGTGAACTGG
CAATG-3’; Opa1 forward and reverse primers, 
5′-ACCTTGCCAGTTTAGCTCCC-3′ and 5′-TTGGGACCTGCAGTGAA
GAA-3’; Drp1 forward and reverse primers, 
5′-ATGCCAGCAAGTCCACAGAA-3′ and 5′-TGTTCTCGGGCAGA
CAGTTT-3’; Fis1 forward and reverse primers, 
5′-CAAAGAGGAACAGCGGGACT-3′ and 5′-ACAGCCCTCGCACA
TACTTT-3’; PGC1-α forward and reverse primers, 
5′-GCAGTCGCAACATGCTCAAG-3′ and 5′-GGGAACCCTTGGGGT
CATTT-3’; Nrf1 forward and reverse primers, 
5′-AGAAACGGAAACGGCCTCAT-3′ and 5′-CATCCAACGTGGCTCT
GAGT -3’; and Tfam forward and reverse primers, 5′- TCCACAGAA
CAGCTACCCAA -3′ and 5′-AGACGGTTGTTGATTAGGCGT-3′ and 
GAPDH forward and reverse primers, 5′-TTCCCGTTCAGCTCTGGG-3′

and 5′-CCCTGCATCCACTGGTGC-3’. 

5.18. Statistical analyses 

The data were presented as mean ± SEM, and analyzed using 
GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, United States). 
Statistical analyses were conducted using one-way ANOVA or two-way 
ANOVA followed by Tukey multiple-comparisons post hoc tests. The 
statistically significance was set at P < 0.05. According to the article 
method [92,93], we estimated the sample size using pre-experimental 
data, the required sample size was calculated by G*power, effect size 
= 1.264, α = 0.05, Power = 0.8, Number of groups = 4, and the 
calculated sample size of each group is n = 3. 
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