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Abstract
Alzheimer’s disease (AD) and diabetes mellitus (DM) share common pathophysiological findings, in particular, the mam-
malian target of rapamycin (mTOR) has been strongly implied to link to AD, while it also plays a key role in the insulin 
signaling pathway. However, the mechanism of how DM and AD is coupled remains elusive. In the present study, we found 
that streptozotocin (STZ)-induced DM mice significantly increased the levels P-mTOR Ser2448, P-p70S6K Thr389, P-tau 
Ser356 and Aβ levels (Aβ oligomer/monomer), as well as the levels of Drp1 and p-Drp1 S616 (mitochondrial fission proteins) 
are increased, whereas no change was found in the expression of Opa1, Mfn1 and Mfn2 (mitochondrial fusion proteins) com-
pared with control mice. Moreover, the expression of 4-HNE and 8-OHdG showed an aberrant increase in the hippocampus 
of STZ-induced DM mice that is associated with a decreased capacity of spatial memory and a loss of synapses. Rapamycin, 
an inhibitor of mTOR, rescued the STZ-induced increases in mTOR/p70S6K activities, tau phosphorylation and Aβ levels, as 
well as mitochondria abnormality and cognitive impairment in mice. These findings imply that rapamycin prevents cognitive 
impairment and protects hippocampus neurons from AD-like pathology and mitochondrial abnormality, and also that rapa-
mycin treatment could normalize these STZ-induced alterations by decreasing hippocampus mTOR/p70S6K hyperactivity.

Keywords mTOR/p70S6K · Tau hyperphosphorylation · Amyloid-β · Mitochondrial abnormality · Cognitive deficit · 
Diabetes mellitus

Introduction

Diabetes mellitus (DM) is defined as a complex metabolic 
disease, which is characterized by chronic hyperglycemia. 
Over 60% of DM patients experience diabetic neuropathy 
complications in peripheral or central nervous systems [1, 
2]. Recently, several clinical findings and epidemiologi-
cal studies showed that DM patients have a relatively high 

risk of developing cognitive dysfunction and Alzheimer’s 
disease (AD) [3, 4]. DM and AD share several similarities 
in molecular, biochemical, and mechanistic abnormalities 
[3–5]. AD is the most common cause of dementia and it is 
characterized by histopathological, biochemical and molecu-
lar abnormalities, including dystrophic neuritis, amyloid-β 
deposits, abnormal neurofibrillary tangles, constant oxida-
tive stress, mitochondrial dysfunction and DNA damage [6]. 
However, the underlying mechanism of how DM and AD are 
connected remains relatively unexplored.

As an evolutionarily conserved serine/threonine protein 
kinase existing in all eukaryotic cells, the mammalian target 
of rapamycin (mTOR) plays a critical role in mediating pro-
tein synthesis, autophagy, glucose homeostasis, and mito-
chondrial function [7, 8]. mTOR is activated by growth fac-
tors (IGF1), insulin receptors (IRs), PI3K/Akt and GSK-3β. 
p70S6K, a downstream target for mTOR, regulates transla-
tion, and several studies indicated that mTOR could regulate 
the insulin response via p70S6K activation, especially in 

Yuanting Ding and Heng Liu have equally contributed to the 
manuscript.

 * Zhi Tang 
 tangzhi_2000@hotmail.com

1 Department of Clinical Research Center, The First Affliated 
Hospital of Guizhou University of Traditional Chinese 
Medicine, Baoshan Road No.71, Guiyang 550001, Guizhou, 
China

2 Department of Anesthesiology, Tongren Municipal People’s 
Hospital, Tongren 554300, Guizhou, China

http://orcid.org/0000-0002-6506-9290
http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-020-03160-6&domain=pdf


266 Neurochemical Research (2021) 46:265–275

1 3

the brain. Thus, the regulation of mTOR hyperactivities is 
necessary for maintenance of brain homeostasis [9–11].

Recent studies from our and Oddo’s laboratory have 
spotlighted the role of mTOR in AD [12, 13], and these 
studies indicated that hyperactive mTOR exists in human 
AD brains, and that mTOR signaling is closely linked with 
AD pathology. Former studies also showed that the reduc-
tion of mTOR by genetic or pharmacological approaches 
in multiple animal models of AD could ameliorate Aβ and 
tau pathology while ameliorating cognitive deficits, thus 
suggesting an efficient therapeutic strategy for AD [12, 14]. 
However, whether mTOR-regulated AD-like pathology is 
associated with DM-related cognitive deficits remains to be 
elucidated. In this study, we demonstrated the activation of 
mTOR/p70S6K signaling and the change of AD-like pathol-
ogy in STZ-induced DM mice. We also showed that rapamy-
cin treatment could reverse AD-like pathology, mitochon-
drial abnormality and cognitive deficit through a mechanism 
of decreasing mTOR/p70S6K hyperactivity.

Methods and Material

Materials, Reagents and Antibodies

Streptozotocin (STZ), rapamycin, RIPA buffer, SDS, Tris 
and protease inhibitor cocktail were obtained from Sigma-
Aldrich Co. (St, Louis, MO, USA). A Bradford kit was 
supplied by Bio-rad (California, USA). For the detailed 

information of the primary antibodies used in the present 
study, please refer to Table 1.

Animals and Treatment

Male C57BL/6J mice (6–8 weeks old) were obtained from 
Guizhou experimental Animal Center in China, and pre-
approved by the regional Animal Care center and Ethics 
Committee. The humidity and temperature kept ranged from 
30 to 55% and 22–25 °C, respectively. A total of 24 mice 
were randomly separated into three groups (n = 8): control 
group, STZ group, and STZ + Rapamycin group. All mice 
were deprived of water for 12 h before treatment. 200 mg/kg 
STZ was intraperitoneally injected into C57BL/6J mice to 
induce DM as previously described [15]. The control mice 
were injected with an equal volume of 0.9% citrate buffer. 
Ten days after STZ administration, the mice tail vein blood 
glucose levels were confirmed using a digital glucometer, 
and a blood glucose concentration > 16 mM was considered 
to represent DM. After that, STZ-induced DM mice were 
randomly divided into STZ and STZ + Rapamycin groups, 
whereby the STZ + Rapamycin mice were administered with 
rapamycin 1.5 mg/kg, three times for one week by intraperi-
toneal (ip) injection, while the STZ mice group were intra-
peritoneally injected with 0.9% citrate buffer at the same 
times and volume. Behavioral tests were performed on the 
last week with rapamycin treatment. After the behavioral 
test was done, mice were then sacrificed to collect the brain 
tissue for western blot and immunofluoresencent staining.

Table 1  Antibodies used in this study

T total, r rabbit, m mouse, p phosphorylated, IF immunofluorescence, WB western blot

Antibody Host Specificity Phospho-epitopes WB dilution IF dilution Sources

Anti-Tau S356 r p-Tau S356 1:1000 – Invitrogen
Anti-Tau5 m T-Tau 1:500 – Santa cruz
Anti-mTOR (7C10) r T mTOR – 1:1000 – Cell signaling
Anti-p-mTOR r P-mTOR S2448 1:1000 – Cell signaling
Anti-P70S6K r T P70S6K – 1:1000 – Cell signaling
Anti-p-P70S6K (108D2) r P- P70S6K T389 1:1000 – Cell signaling
Phospho-DRP1 (Ser616) antibody r p-Drp1 S616 1:1000 – Cell signaling
β-tubulin r β-tubulin – 1:2000 – Cell signaling
Aβ1−42 r Aβ1–42 1:1000 – Abcam
4-HNE r 4-HNE – 1:4000 1:100 Abcam
8-OHdG m 8-OHdG – - 1:100 Abcam
PSD95 r PSD95 – 1: 1000 – Abcam
SNAP25 r SNAP25 – 1: 5000 – Abcam
Synaptophysin r Synaptophysin – 1: 5000 – Abcam
Drp1 m Drp1 – 1:500 – Santa cruz
Mfn1 m Mfn1 – 1:500 – Santa cruz
Mfn2 m Mfn2 – 1:500 – Santa cruz
OPA1 m OPA1 – 1:500 – Santa cruz
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Behavioral Testing

A round tank of 160 cm diameter and 50 cm height was 
used in this study. For the Morris water maze test (MWM) 
training, the mice were transferred into the water maze room 
at 9:00 am to acclimatize for 1 h. The training included 24 
trials for 6 consecutive days. In each trial, mice were trained 
to seek a hidden platform (20 cm diameter) submerged 
1 cm under the water surface for 60 s, and after that, mice 
remained on the platform for 20 s. If these mice couldn’t find 
the platform within the 60 s, the mice were gently guided to 
find the platform within the 60 s and land on the platform 
for 20 s. On day 7, the platform was removed and a spatial 
probe trial lasting 60 s was performed. The escape latency, 
the number of platform crossings and swimming speed were 
monitored by ANY-maze video tracking software (USA).

Preparation of Brain Samples and Protein 
Measurement

After MWM testing, all mice were immediately anesthe-
tized by 10% chloral hydrate via intraperitoneal injection 
and euthanized. Immediately, the hippocampus was homog-
enized in RIPA buffer with 0.1% protease inhibitors cocktail 
on ice. Protein concentration of samples was determined by 
a Bradford kit.

Western Blotting

The Forty microgram protein was separated by 7.5–12% 
(w/v) SDS-polyacrylamide gels, and the separated proteins 
were further blotted onto 0.22–0.45µ m PVDF membranes 
(Millipore MA, USA). The membranes were blocked in 5% 
(w/v) nonfat milk for 1 h, after which the membranes were 
incubated with primary antibodies (Table 1) at 4 °C, over-
night. After washing by Tris-buffered saline supplemented 
with 0.1% (v/v) Tween-20 (TBST), the membranes were 
incubated with anti-mouse or anti-rabbit secondary antibod-
ies (1:5000, Bio-rad, California, USA) at room temperature 
for 1 h [13]. Immunoreactive bands were visualized by a 
ChemiDoc™ MP imaging system (Bio-rad, USA). The same 
membrane was used to detect other proteins with very differ-
ent molecular weights, probed filters were stripped by using 
stripping buffer (100 mM 2-Mercaptoethanol, 2% SDS, 
62.5 mM, Tris–HCl pH 6.8) at 50 °C for 30 min, and wash-
ing 3 times (15 min) with TBST, then incubated with the 
primary antibody. The protein levels of total and respective 
phosphorylated were examined in two separate membranes. 
The following procedures were adopted: (1) the same sample 
was used to evaluate total and phosphorylated protein levels; 
(2) the two gels were prepared and ran at the same time; (3) 

proteins have been transferred onto PVDF membranes and 
stained with specific antibodies, each band of interest was 
normalized with respect to β-tubulin.

Immunofluoresencent Staining and Confocal Image

For immunofluorescent staining, we followed the method 
previously described (14) with minor modification. Dewaxed 
and rehydrated hippocampal sections were blocked in TBST 
with 5% normal goat serum for 60 min. Sections were then 
incubated with primary antibodies: 4-HNE (rabbit, 1:100) 
or 8-OHdG (mouse, 1:100) at 4 °C overnight. After wash-
ing in TBS, the immunoreaction was detected using Alexa 
Fluor 488 (1:500, Life Technology, Carlsbad, CA, USA) or 
Alexa Fluor 549 (1:500, Life Technology, Carlsbad, CA, 
USA) conjugated secondary antibodies, respectively. Sec-
tions were mounted by vector anti-fading mounting medium 
(vector laboratories, Burlingame, CA, USA), and observed 
using Leica SP8 confocal microscopy. For 4-HNE staining, 
all images were captured on at 40 × objective with constant 
exposure time for per mouse (every section of the brain, 
n = 8 mice/group); To count the number of 8-OHdG posi-
tive cells, which was counted manually from 5 serial 40⋅ 
magnification per mouse (every section of the brain, n = 8 
mice/group).

Statistical Analysis

Statistical analysis was performed using SPSS software, ver-
sion 19.0, and the results were presented as mean ± SEM. 
Before calculation, all data were analyzed with normal dis-
tribution analysis. MWM data were analyzed using two-way 
repeated measures ANOVA. The other assay parameters 
were analyzed by one-way ANOVA followed by Bonferroni 
post-hoc test for multiple comparisons.

Results

Rapamycin Attenuated Hyperactive mTOR/p70S6k 
Pathway in the Hippocampus of STZ‑Induced DM 
Mice

mTOR hyperactivity is associated with hyperglycemia and 
insulin resistance in the periphery [16]; however, whether 
brain mTOR was linked to DM-related changes remains 
unclear. To investigate the role of mTOR/p70S6k in the hip-
pocampus of STZ-induced DM mice, the protein kinases and 
phosphatase of mTOR/p70S6k were examined by western 
blotting. We found that levels of phosphorylated mTOR at 
S2448 and p70S6k at T389 were raised in the hippocampus 
compared with the control group (p < 0.05 Fig. 1a, b). How-
ever, no change was found in the expression of total mTOR 
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and p70S6k among the three groups (Fig. 1a, b). While fur-
ther exploring the effect of rapamycin reducing mTOR in 
the hippocampus, we detected that rapamycin administration 
significantly decreased the levels of p-mTOR S2448 and 
P-P70S6k T389 in the hippocampus of STZ + Rapamycin 
mice compared with STZ-induced DM mice, whereas no 
alteration was observed in the total mTOR and P70S6k lev-
els (Fig. 1a, b).

Rapamycin Ameliorated Hyperphosphorylated 
Tau Protein and Aβ1‑42 Levels in Hippocampus 
of STZ‑Induced DM Mice

As shown in Figs. 2a and b, the STZ-induced DM mice had 
increased levels of hyperphosphorylated tau at Ser356, Aβ1-
42 oligomer and monomer in the hippocampus (p < 0.05, 
Fig. 2a, b). Rapamycin treatment could decrease levels 
of phosphor-tau S356 and Aβ1-42 oligomer and mono-
mer, whereas the total tau protein level had no change in 
STZ + Rapamycin mice.

Rapamycin Ameliorated the Impaired Mitochondrial 
Dynamics in Hippocampus of STZ‑Induced DM Mice

It is proposed that mitochondrial dynamics play an impor-
tant role in controlling mitochondrial morphology, distri-
bution, and function. Western blotting revealed that the 
mitochondrial fusion proteins had no significant alterations 
as indicated by OPA1, Mfn1 and Mfn2 levels (Fig. 3a, b), 
whereas the levels of mitochondrial fission proteins Drp1 
and p-Drp1S616 are obviously increased in STZ-induced 

DM mice compared to control mice, this effect being 
reversed by rapamycin treatment in STZ + Rapamycin 
mice (Fig. 3a, b)

Rapamycin Attenuates Oxidative Stress Damage 
in Hippocampus of STZ‑Induced DM Mice

To determine oxidative stress damage following STZ, we 
measured lipid peroxidation (4-hydroxynonenal (4-HNE)) 
and DNA oxidation (8-hydroxy-2′-deoxyguanosine 
(8-OHdG)) products via immunofluorescent staining or 
western blot (Figs. 4 and 5). The level of 4-HNE was 
measured in the hippocampal homogenates by western 
blot, as shown in Fig. 4a, and the level of 4-HNE was 
augmented in STZ-induced DM mice compared to control 
mice, and rapamycin treatment markedly decreased 4-HNE 
levels in STZ + Rapamycin mice (Fig. 4a, b). As shown in 
Figs. 4c and d, the intensity of 4-HNE significantly raised 
in the hippocampus of STZ-induced DM mice, compared 
to the control group (Fig. 4c, d). Rapamycin treatment 
obviously lowered 4-HNE intensity in STZ + Rapamycin 
mice (Fig. 4c, d). The 8-OHdG immunoreactive cells were 
counted in the hippocampus (Fig. 5a, b), and we detected 
that the number of 8-OHdG immunoreactive cells were 
augmented in the hippocampus of STZ-induced DM mice. 
In contrast, rapamycin treatment could significantly lower 
the number of cells in STZ + Rapamycin mice (Fig. 5a, 
b). These results imply that rapamycin reduces oxidative 
stress damage following STZ.

Fig. 1  Rapamycin ameliorated mTOR/p70S6K pathway in STZ-
induced DM mice. Representative immunoblots of mTOR and 
p70S6K proteins in panel (a) Histogram of p-mTOR S2448, 
T-mTOR, p70S6K T389, and T-p70S6K in panel (b) CON  control 
mice, STZ  STZ-induced DM mice, STZ + Rapa  rapamycin treated 

STZ-induced DM mice. Blots are representative from 8 mice; quan-
tifications of the blots were performed by normalizing the protein of 
interest to β-tubulin. (*P < 0.05 vs. control group; #P < 0.05 vs. rapa-
mycin treatment)
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Rapamycin Rescued Impaired Memory 
in STZ‑Induced DM Mice

MWM test data showed that the escape latency of the mice 
significantly increased, while the time spent in the target 
quadrant and the number of platform location crossings 
dramatically decreased in STZ-induced DM mice compared 

with control mice (Fig. 6a, b, d). After application of rapa-
mycin, the improved memory presented in STZ + rapamy-
cin mice, exhibiting a shorter latency and an increased time 
spent in the target quadrant, along with increased numbers of 
platform location crossings (Fig. 6b, d). To examine if STZ 
could affect the athletic ability of mice, the swimming speed 
of mice in MWM were recorded, and the data showed no 

Fig. 2  Rapamycin reduced levels of hyperphosphorylated tau protein 
and Aβ1-42. The levels of tau hyperphosphorylation, Aβ1-42 oli-
gomer, and monomer are detected on the blots (panel a). Histogram 
of p-Tau S356, T-tau (tau5) protein Aβ1-42 oligomer, and monomer 
expression in panel b. CON  control mice, STZ  STZ-induced DM 

mice, STZ + Rapa  rapamycin treated STZ-induced DM mice. Blots 
are representative from 8 mice; quantifications of the blots were per-
formed by normalizing the protein of interest to β-tubulin. (*P < 0.05 
vs. control group; #P < 0.05 vs. rapamycin treatment)

Fig. 3  Rapamycin reversed abnormal mitochondrial fission/fusion in 
STZ-induced DM mice. Representative immunoblots of OPA1, Mfn1, 
Mfn2 and Drp1 protein expression were detected in the hippocampus 
(Panel a). b Quantitative density analysis of mitochondrial fusion and 
fission proteins in panel b; CON control mice, STZ STZ-induced dia-

betic mice, STZ + Rapa  rapamycin treated STZ-induced DM mice. 
Blots are representative from 8 mice; Quantifications of the blots 
were performed by normalizing the protein of interest to β-tubulin. 
(*P < 0.05 vs. control group; #P < 0.05 vs. rapamycin treatment)
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obvious differences among the three mice groups (Fig. 6c), 
suggesting that rapamycin treatment did not radically influ-
ence the motion ability of mice in the present experiment.

Rapamycin Protected the Synapses in STZ‑Induced 
Diabetic Mice

Since synapses are the structural basis of memory, we meas-
ured the synaptic protein expression. As shown in Figs. 7a 
and b, markedly decreased levels of PSD95 (post-synaptic 
protein)and SNAP 25 (pre-synaptic proteins) were observed 
in the hippocampus of STZ-induced DM mice compared 
with control mice (P < 0.05, respectively). After rapamycin 
application, the levels of PSD95 and SNAP 25 had increased 
in the STZ + rapamycin mice. The level of synaptophysin 
(pre-synaptic proteins) were not significantly changed in the 
three mice groups. These results indicate that the synapses 
are protected by rapamycin.

Discussion

Previous experimental and epidemiological studies have 
shown that there is an apparent link between AD and DM 
[3, 5, 17]. Although DM has two major subtypes, with type 
1 diabetes and type 2 diabetes having distinct initial etiolo-
gyies, dysregulation of insulin nevertheless occurs in both 
diseases. Severe hypoinsulinemia leads to pancreatic cell 
loss in type 1 DM [18], and for type 2 DM, which is driven 
by peripheral insulin resistance, the pancreas fails to produce 
sufficient insulin, resulting in both insulin resistance and 
hypoinsulinemia [19]. Like type 2 DM, type 1 DM patients 
also show signs of insulin resistance [20]. Although human 
epidemiology most clearly links type 2 DM with increased 
risk of AD [21–23], dysregulation of insulin signaling in the 
brain is a commonality for type 1 and type 2 DM [24, 25]. 
Previous evidence has shown that employing STZ in a high 
dose can induce DM-related cognitive deficits at an early 
stage [15, 26], due to the single high dose STZ being toxic 
to pancreatic beta cells, and so is frequently used to model 
Type 1 DM [26]. In the current study, hippocampal AD-
like pathology accompanying cognitive impairments were 
observed in mice after STZ injection. AD-like pathology, as 

a common feature during brain aging, involves complicated 
mechanisms. The hippocampus is a critical functional area 
of learning and memory, while it is also vulnerable to hyper-
glycemia [26–28]. Therefore, in this study, we investigated 
whether mTOR attenuated STZ induced AD-like pathol-
ogy and spatial memory impairments in early stages, and 
attempted to identify the underlying mechanisms.

Previous studies have revealed that mTOR/p70S6k sign-
aling is hyperactive in postmortem human brains [11–14, 
29], whereas up-related mTOR/p70S6k signaling was found 
to be linked to AD pathogenesis. Previous evidence from 
several studies has indicated that declining mTOR sign-
aling could lower Aβ and tau levels. Specifically, Oddo’s 
group showed that employing rapamycin rescued cognitive 
deficits and improved Aβ and tau pathology by increasing 
autophagy in 3×Tg-AD mice [12, 14]. Our studies have 
also shown that genetic reduction in mTOR signaling could 
decrease tau synthesis and hyperphosphorylation, suggesting 
a strong linking Aβ, tau and mTOR. Meanwhile, accumulat-
ing evidence has shown that dysregulation of mTOR/p70S6k 
signaling also contributes to insulin resistance [30–32] and 
aggravates the progression of diabetic complications, i.e. 
diabetic nephropathy [2]. Recent publications have appeared 
to explore the physiological or pathological role of mTOR 
signaling in the brain and its relevance to the development 
of AD and links to DM [33].

In this study, we indicated that levels of phosphorylated 
mTOR at Ser 2448 and phosphorylated p70S6k at Thr389 
were augmented in the hippocampus of STZ-induced DM 
mice, implying it was hyperactivated in the diabetic brain. 
Rapamycin has been shown to effectively decrease levels of 
p-mTOR Ser 2448 and p-p70S6k Thr389 in the hippocam-
pus of STZ + Rapamycin mice compared to STZ-DM mice. 
In STZ induced-DM mice, we identified increasing levels 
of hyperphosphorylated tau at Ser356 site and Aβ1-42 oli-
gomer and monomer in the hippocampus after STZ injection 
compared with control mice. To further investigate if the 
mTOR/p70S6k pathway mediates phosphorylation of tau 
protein, and Aβ synthesis contributes to AD-like pathology 
in DM, we observed the effect of rapamycin on STZ-DM 
mice. After rapamycin administration into STZ-induced 
diabetic mice, we found that hyperphosphorylated tau at 
Ser356, but not total tau, decreased in STZ + Rapamycin 
mice, and levels of Aβ1-42 oligomer and monomer also 
decreased in STZ + Rapamycin mice. These data suggested 
that mTOR-regulated hyperphosphorylation of tau and Aβ 
synthesis are associated with DM-related cognitive deficits. 
With the increased expression of p-tau and Aβ oligomer and 
monomer in the condition of hyperglycemia, oxidative stress 
is greatly increased in the DM animal models and clinical 
DM patients [34, 35], and radically speeds up the pathologi-
cal progress of the mitochondrial dynamics [34, 36, 37]. A 
balance of mitochondrial dynamics is vital for maintaining 

Fig. 4  Rapamycin attenuated an increased 4-HNE expression in STZ-
induced DM mice. Representative blots for 4-HNE in panel a 4-HNE 
protein expression of quantitative analysis is shown in panel (b) Blots 
are representative from 8 mice; Quantifications of the blots were per-
formed by normalizing the protein of interest to β-tubulin. (*P < 0.05 
vs. control group; #P < 0.05 vs. rapamycin treatment). Representative 
immunofluoresent images for 4-HNE expression in the DG of the hip-
pocampus in Panel (c) Red color denotes 4-HNE. Nuclei stained with 
DAPI (Blue color). Quantitative graph of 4-HNE fluorescent intensity 
is shown in panel (d) Scale bars indicate 20 µm

◂
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mitochondrial morphology and functions under physical and 
pathological situations such as DM [36], AD [34], and stroke 
[38]. In this study, we indicated increased levels of mito-
chondrial fission protein (Drp1 and p-Drp1 S616) in the hip-
pocampus of STZ-induced DM mice, whereas no change had 
been found in mitochondrial fusion proteins (OPA1, Mfn1 
and Mfn2) compared to the control group. Rapamycin treat-
ment could lower Drp1 and p-Drp1 S616 levels but not the 
mitochondrial fusion proteins in STZ + Rapamycin mice, 

suggesting that rapamycin reverses the impairment of mito-
chondrial dynamics by reducing mTOR/p70S6K hyperactiv-
ity in the hippocampus of the STZ-treated DM mice. Defec-
tive mitochondria could generate more ROS products, finally 
causing oxidative stress damage to lipid and nucleic acids 
[39, 40]. In this study,we showed that the expressions of lipid 
peroxidation (4-HNE) and nucleic peroxidation (8-OHdG) 
were clearly increased in STZ-induced DM mice (Figs. 4 
and 5), and subsequent rapamycin treatment could decrease 

Fig. 5  Rapamycin reduced an increased DNA oxidation in STZ-
induced DM mice.Representative confocal images for anti-8-OHdG 
immunostaining of the CA1 areas of the brain (green color). Nuclei 
stained with DAPI (Blue color) in panel a; Quantitative graph pre-

sents the number of 8-OHdG positive cells in Panel b. (*P < 0.05 vs. 
control group; #P < 0.05 vs. rapamycin treatment). Scale bars indicate 
20 µm
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the expressions of 4-HNE and 8-OHdG in the hippocampus 
of the STZ + rapamycin mice, which taken together suggest 
that hyperactive mTOR/p70S6k induced by hyperglycemia 
might accelerate tau hyperphosphorylation and Aβ oligomer/

monomer aggregates, the impaired balance of mitochon-
drial fission and fusion, and cellular peroxidation, which 
were drastically ameliorated by rapamycin treatment. STZ-
induced DM mice showed a learning and memory deficit 

Fig. 6  Rapamycin rescued memory deficiency in STZ-induced DM 
mice. a MWM test for 6 days and the escape latency was recorded. 
b Representative number of platform crossings. c Representative time 

spent in the target quadrant. d Swimming speed in MWM. N = 8 mice 
(*P < 0.05 vs. control group; #P < 0.05 vs. rapamycin treatment)

Fig. 7  Rapamycin protected the synapses in STZ-induced DM mice.
Representative immunoblots of PSD95, SNAP 25 and synaptophy-
sin protein expression were detected in the hippocampus (Panel a). 
Quantitative density analysis of SNAP 25, synaptophysin and PSD95 

proteins in panel b; CON control mice, STZ STZ-induced diabetic 
mice, STZ + Rapa rapamycin treated STZ-induced DM mice. Blots 
are representative from 5 to 8 mice. (*P  < 0.05 vs. control group; #P  
< 0.05 vs. rapamycin treatment)
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similar to that seen in DM patients [41]. In this study, STZ-
induced DM mice performed with cognitive dysfunction 
according to the MWM test. We further explored in this 
study whether inactivation of mTOR/p70S6k by rapamycin 
could attenuate STZ induced spatial memory impairment. 
Application of rapamycin with STZ-induced DM mice for 
one week could improve the spatial memory of the mice. It is 
proposed that STZ could impair spatial memory via activa-
tion of mTOR/p70S6k, whereas rapamycin might effectively 
reverse memory impairments in the STZ- induced DM mice. 
Many evidence showed that loss of synapses occurred in 
early AD, which is a robust link to cognitive deficits, leading 
to the conception that synaptic failure plays a vital role in 
AD [42]. Animal data have implied that memory deficiency 
is correlated with the distinct changes in synaptic plasticity 
in hippocampal slices in STZ induced diabetic rats [43, 44]. 
In our study, we found that rapamycin treatment reversed 
the decreased levels of PSD95 and SNAP 25 in the hip-
pocampus of STZ-induced DM mice. Previous evidence has 
also supported that mTOR/p70S6k had played a key role 
in maintaining cognitive function and synaptic plasticity, 
and chronic suppression of mTOR/p70S6K with rapamycin 
improved memory in young adult mice and delayed age-
related cognitive decline in older mice [12, 45].

Conclusions

In summary, our study showed that in diabetic rats, we 
observed mTOR/p70S6k hyperactivation, tau hyperphos-
phorylation, Aβ oligomer/monomer accumulations, mito-
chondria abnormality and memory impairment, and we dem-
onstrated that inactivation of mTOR/p70S6k by rapamycin 
attenuated the AD-like pathology and DM-related cognitive 
deficits.
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