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Abstract
Mounting evidences have demonstrated that diet-induced obesity is associated with cognition impairment via increasing 
oxidative stress and inflammation in the brain. Atorvastatin (Ator, a HMG-CoA reductase inhibitor) is a cholesterol lowering 
drug. Studies have reported that Ator can ameliorate the development and progression of cognition impairment. Addition-
ally, silent information regulator 1 (SIRT1) has been demonstrated to be beneficial in cognition impairment. However, the 
interaction between Ator and SIRT1 activation for cognition impairment remains unclear. This study aimed to identify a 
relationship between the use of Ator and cognition impairment induced by high-fat diet via Sirt1 activation. A total of 60 
healthy male C57BL/6J mice were purchased and then divided into 6 groups, including normal diet group (control), a high-fat 
diet group (40%HFD, 40% energy from fat), a model group (60%HFD, 60% energy from fat), and model group treated with 
different doses of Ator (high-dose (80 mg), moderate-dose (40 mg), and low-dose (20 mg) groups). All interventions took 
place for 7 months. Metabolic phenotypes were characterized for body weight and analysis of serum lipid level. The level of 
cognition development was examined by Morris water maze (MWM) approach and novel object recognition test (NORT); 
besides, the expression of Creb1, Gap-43, BDNF, CaMKII, and ERKs of frontal cortex and hippocampus was determined by 
reverse transcription polymerase chain reaction (RT-PCR). Then, the levels of factors related to inflammation (TNF-a, IL-1β, 
HMGB1 and IL-6) and oxidation stress (SOD, MDA, CAT and GSH-Px) were assessed using commercially available kits. 
Finally, SIRT1 and its downstream molecules (Ac-FoxO1, Ac-p53, Ac-NF-κB, Bcl-2 and Bax) were evaluated by Western 
blot analysis. Compared with the 60% HFD group, body weight and serum lipid levels were significantly decreased in the 
Ator treated groups. The results of MWM and NORT, as well as the levels of Creb1, Gap-43, BDNF, CaMKII, and ERKs 
were markedly reversed in the moderate- and low-dose of Ator treated groups. Meanwhile, the expression of IL-1β, TNF-a, 
IL-6, HMGB1, and MDA was notably decreased, whereas the activity of SOD, CAT, and GSH-Px was increased. It was also 
revealed that the expression of SIRT1 was remarkably unregulated, the level of Bcl-2 was upregulated, and the content of Ac-
FoxO1, Ac-p53, Ac-NF-κB, and Bax was downregulated in the moderate- and low-dose of Ator. Furthermore, results showed 
that the effect of moderate-dose of Ator was significantly greater than the low-dose of Ator. However, these effects were 
not observed in the high-dose of Ator. Our results showed that moderate- and low-dose of Ator can significantly attenuate 
cognition impairment induced by HFD through its antioxidant and anti-inflammatory functions related to SIRT1 activation.
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Introduction

The incidence of obesity continues to rapidly grow with 
at least two-third of the adult population characterized as 
obese and another one-third labeled with overweight [1–3]. 

Current diet content and the amount of fat intake can be 
altered, contributing to the increasing incidence of obe-
sity. Moreover, a recent study demonstrated that objective 
hypercholesterolemia is a significant risk factor for cogni-
tion impairment [4]. Cognition impairment is a progres-
sively neurodegenerative disease, influencing ability nec-
essary to intelligent maintenance and development. The 
number of patients suffering from dementia worldwide was 
more than 46.8 million in 2015. Unfortunately, the inci-
dence will almost double every 20 years, reaching 74.7 and 

 * Dongya Huang 
 dongyahuang77@hotmail.com

1 Department of Neurology, East Hospital, Tongji University 
School of Medicine, Shanghai 200120, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-019-02738-z&domain=pdf


1066 Neurochemical Research (2019) 44:1065–1078

1 3

131.5 million in 2030 and 2050, respectively [5]. Indeed, 
several studies suggested that a diet rich in fat can disrupt 
cognition function [6–8]. Mechanistically, the increased risk 
of cognition impairment in obesity can be associated with 
chronic hyperglycemia, reductions in molecules regarding 
memory formation, brain vascular damage, accumulation of 
advanced glycation end products, peripheral insulin resist-
ance, and oxidative and inflammatory stress [9, 10]. How-
ever, to date, in depth analysis of biological mechanism for 
cognition impairment observed with high-fat diet (HFD) has 
not been fully perceived.

Statins are clinically used to decrease blood cholesterol 
levels through inhibiting the enzyme 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase, being the 
most potent agents for reduction of cholesterol serum levels 
among all hypolipidemic drugs. Furthermore, statins can 
exert other pleiotropic effects being independent of choles-
terol reduction, including regulation of immune function, 
maintaining plaque stability, anti-inflammatory, anti-platelet, 
anti-fibrotic, and anti-oxidant effects [11, 12]. Statins are 
also associated with a reduced incidence of dementia and 
slow progression of Alzheimer’s disease (AD) [13]. Ator-
vastatin (Ator) is a commonly available member of statins 
family. Experimental data indicated that Ator intervention 
can ameliorate cognition impairment through manipulating 
cholesterol metabolism, improving endothelial function, 
as well as increasing synaptogenesis in hippocampus [14, 
15]. An in vitro experiment also suggested that statin can 
modulate amyloid-β deposition and tau metabolism in AD 
model [16]. However, a number of researches warned about 
statin-related reversible cognition impairment or memory 
loss [17]. Moreover, in 2012, the United States Food and 
Drug Administration (FDA) addressed the potential cog-
nitive-impairing effects caused by statin [18]. Randomized 
controlled trials evaluating the effects of statins on cognition 
with AD patients failed to show positive outcomes [19]. A 
case report also linked cognition impairment with use of 
high-dose of statin [20]. Cholesterol is vital for learning and 
memory formation, and cholesterol at low level may be asso-
ciated with cognition dysfunction [21]. Increased exposure 
to statin may lead to increased diffusion and decreased cho-
lesterol level locally in brain, thereby causing cognitive side 
effects [17, 22, 23]. The objective of this study is to clarify 
statins’ effects on cognition and some potential mechanisms.

Sirtuins, also called HDACs III, are a class of proteins 
that possess either mono-ADP-ribosyltransferase, or deac-
ylase activity, including deacetylase, desuccinylase, demalo-
nylase, demyristoylase and depalmitoylase activity. Silent 
information regulator type-1 (SIRT1) is known to be pro-
tective against cognition impairment [24]. SIRT1 contains 
some protective cellular responses, including antioxidant, 
anti-inflammatory, and anti-apoptotic via de-acetylation of 
a variety of proteins [25–27]. The available clinical trials, 

monitoring the beneficial effects of resveratrol on patients 
with AD showed positive results [28]. Additionally, the ben-
eficial effects of SIRT1 activation will certainly be of great 
therapeutic importance in the future. However, the interac-
tion between Ator and SIRT1 activation in cognition devel-
opment has still remained unclear.

This study aimed to identify a relationship between use 
of Ator and cognition impairment induced by high-fat diet 
via Sirt1 activation. Furthermore, the potential influence 
of different doses of Ator on cognition function is a hot 
research topic as well. Moreover, it was attempted to clarify 
the effects of SIRT1 activation on the process. In the present 
study, we hypothesized that moderate- and low-dose of Ator 
may suppress cognition impairment induced by HFD via 
SIRT1 activation.

Materials and Methods

Animals and Diets

A total of 60 healthy male C57BL/6J mice (age, 6 weeks) 
were purchased from Shanghai SLAC Laboratory Animal 
Co., Ltd. (Shanghai, China) and maintained in specific 
pathogen-free conditions. Mice were randomly divided into 
the following 6 groups: control, 40% HFD, 60% HFD (the 
model), 60% HFD + 20 mg Ator, 60% HFD + 40 mg Ator, 
and 60% HFD + 80 mg Ator (n = 10, equal in each group). 
The mice in control group were fed ad libitum with standard 
rodent diet as previously described. The mice in HFD-based 
groups were given either 40% HFD (40% kJ from fat) or 
60% HFD (60% kJ from fat) (Xietong Organism, Jiangsu, 
China). Mice fed with 60% HFD were partially given dif-
ferent doses of Ator (Sigma-Aldrich, St. Louis, MO, USA) 
dissolved in 0.9% physiological saline by oral gavage at the 
same time. The dosage of Ator was 3, 6 or 12 mg/kg/day, 
which was equivalent to the regular oral dosage appropriate 
for human (20, 40 or 80 mg/day). All interventions took 
place for 7 months. All animal experiments complied with 
the ARRIVE guidelines and were carried out in accordance 
with the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health.

Body Weight and Serum Lipid Analysis

Body weight was monthly monitored, and blood samples 
were collected from eye angular vein after intraperitoneal 
injection of 10% chloral hydrate 7 months later. Then, the 
samples were collected and kept at room temperature for 
30 min and centrifuged at 12,000 g for 15 min at 4 °C to col-
lect the serums. The serums were assayed to indicate the lev-
els of triglyceride (TG), total cholesterol (TC), low-density 
lipoprotein cholesterol (LDLC), and high-density lipoprotein 
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cholesterol (HDLC) conducted by Shanghai Rongsheng Bio-
Tech Co., Ltd. (Shanghai, China) through an automatic bio-
chemical analyzer (7020; Hitachi, Tokyo, Japan).

Novel object recognition test (NORT)

The NORT was carried out in a black acrylic chamber 
(44 × 44 cm2) and the objects to be discriminated were dif-
ferent in shape, color, size, and material (objects A and B). 
Mice were individually adapted to the chamber in which 
two identical novel objects (A + A or B + B) were placed 
at the center for 20 min for 4 consecutive days. Then, mice 
were submitted to an acquisition trial for 5 min in maze 
where a familiar and a novel object (A + B) were placed 
at the 5th day. Discrimination index (DI) were calcu-
lated as fol lows:DI = (novel object exploration time∕

total exploration time × 100)−(familiar object exploration

time∕total exploration time × 100).

Morris Water Maze (MWM) Test

A 120 × 50 cm open circular pool was filled halfway with 
water and maintained at 22 ± 1  °C. Water surface was 
divided into four quadrants (NE, SE, SW, and NW) and four 
visual clues (N, E, S, and W) were placed on the curtains of 
the tank. A white escape platform submerged in the middle 
of one of the quadrants was approximately 1 cm below the 
water level. Each mouse was submitted to 5 trials from 5 
starting points (NE, E, SE, S, and SW) randomly on 5 con-
secutive days. Mice were allowed to swim for 60 s to find 
the platform, and then rested for 20 s. Those mice which 
couldn’t locate the platform were guided to the platform. 
After that, the platform was removed at the 6th day, and mice 
were placed from the opposite side of the original platform 
to measure latency time and number of entries into the prior 
platform zone during 60 s.

RNA Isolation and Determination 
of Cognition‑Associated Markers

Total RNA in frontal cortex and hippocampus was extracted 
using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and 
1 g RNA was reversely transcribed using cDNA Synthesis 

Kit (Thermo Fisher Scientific, Waltham, MA, USA). Then, 
reverse transcription polymerase chain reaction (RT-PCR) 
was undertaken by QuantStudio™ 6 Flex Real-Time PCR 
System (Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions. Relative gene 
expressions were calculated and normalized using the  2−ΔΔCt 
method. Primers used are shown in Table 1 (Sangon Biotech, 
Shanghai, China).

Evaluation of Inflammatory Cytokines

The frontal cortex and hippocampus were collected to be 
measured using commercially available immunoassay to 
determine the level of interleukin-6 (IL-6) (Cat#BMS603-2, 
Thermo Fisher Scientific, Waltham, MA, USA), High-
Mobility Group Box 1 protein (HMGB1) (Cat#ST51011; 
IBL International GmbH, Hamburg, Germany), tumor 
necrosis factor-α (TNF-α) (Cat#BMS607-3; Thermo Fisher 
Scientific, Waltham, MA, USA), and interleukin-1β (IL-1β) 
(Cat#KMC0011; Thermo Fisher Scientific, Waltham, MA, 
USA) according to the manufacturer’s instructions.

Measurement of CAT, GSH‑Px, SOD, and MDA

The activities of CAT (Cat#S0082; Beyotime Institute of 
Biotechnology, Shanghai, China), glutathione peroxidase 
(GSH-Px) (Cat#A005; Jiancheng, Nanjing, China,), super-
oxide dismutase (SOD) (Cat#19160-1KT-F; Sigma-Aldrich, 
St. Louis, MO, USA), and MDA (Cat#MAK085-1KT; 
Sigma-Aldrich, St. Louis, MO, USA) content in frontal 
cortex and hippocampus were measured by commercially 
available kits.

Western Blot Analysis

Frontal cortex and hippocampus were separately homog-
enized in RIPA lysis buffer (Beyotime Institute of Biotech-
nology, Shanghai, China) followed with protease inhibitor 
cocktail (Sigma-Aldrich, St. Louis, MO, USA), and then 
quantified by bicinchoninic acid assay (BCA assay) (Beyo-
time Institute of Biotechnology, Shanghai, China). After 
that, 30 µg of protein was loaded onto sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) gels 

Table 1  Primer sequences used Gene Forward primer(5′–3′) Reverse primer(5′–3′)

Crebl AGC AGC TCA TGC AAC ATC ATC AGT CCT TAC AGG AAG ACT GAACT 
Gap-43 TGG TGT CAA GCC GGA AGA TAA GCT GGT GCA TCA CCC TTC T
BDNF TCA TAC TTC GGT TGC ATG AAGG AGA CCT CTC GAA CCT GCC C
CaMKII TGC CTG GTG TTG CTA ACC C CCA TTA ACT GAA CGC TGG AACT 
ERKs TCC GCC ATG AGA ATG TTA TAGGC GGT GGT GTT GAT AAG CAG ATTGG 
β-actin TGT CCA CCT TCC AGC AGA TGT GCT CAG TAA CAG TCC GCC TAGA 
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and transferred onto polyvinylidene difluoride (PVDF) 
membranes. Then, the membranes were then blocked 
with 5% skim milk in Tris-buffered saline, 0.1% Tween 
20 (TBST), and incubated overnight at 4 °C with primary 
antibodies as follows: SIRT1 (1:1000; Cat#ab12193; 
Abcam, Cambridge, UK), acetylated-forkhead box class 
O1 (1:500; Ac-FoxO1; Cat#sc-49437; Santa Cruz Bio-
technology, Dallas, TX, USA), acetylated-p53 (1:1000; 
Ac-p53; Cat#ab75754; Abcam, Cambridge, UK), 
acetylated-NF-κB p65 (1:1000; Ac-NF-Κb; Cat#ab19870; 
Abcam, Cambridge, UK), Bax (1:1000; Cat#ab32503; 
Abcam, Cambridge, UK), Bcl-2 (1:1000; Cat#ab182858; 
Abcam, Cambridge, UK), and β-actin (1:2000; Cat#66009-
1-Ig; Proteintech, Rosemont, Chicago, IL, USA). Then, 
the membranes were incubated with secondary anti-rab-
bit-horseradish peroxidase (HRP) (1:2000; Cat#ab6721; 
Abcam, Cambridge, UK) or anti-mouse-HRP antibodies 
(1:2000; Cat#ab6728; Abcam, Cambridge, UK) at normal 
temperature for 2 h. The enhanced chemiluminescence rea-
gent (Eecl; Millipore, Bedford, MA, USA) and gel imag-
ing system (Bio-Rad Laboratories, Hercules, CA, USA) 
were used to detect bands. Protein levels were normalized 
to β-actin levels in respective blots.

Immunofluorescence

After deparaffinized and antigen retrieval, the sections 
(3 µm) of frontal cortex and hippocampus were processed 
and incubated with primary antibodies as follows: SIRT1 
(1:50; Cat#9475; Cell Signaling Technology, Danvers, 
MA, USA) overnight at 4 °C, followed application of Cy3-
conjugated (1:300; Jackson Immuno Research Laborato-
ries, West Grove, PA, USA) for 1 h at room temperature. 
Slides were counterstained with DAPI (4,6-diamidino-
2-phenylindole) (Sigma-Aldrich, St. Louis, MO, USA) 
and acquired by Leica microscope (Leica Microsystems 
GmbH, Wetzlar , Germany). Each group was scored from 
3 random images of 5 mice and counted by an observer 
blinded to the treatment.

Statistical Analysis

In this study, SPSS 19.0 software (IBM, Armonk, NY, 
USA) was used to statistically analyze the data. One-way 
analysis of variance (ANOVA) and Student–Newman–Keuls 
test were used for making comparison among the groups. 
Data were expressed as the mean ± standard error of the 
mean (SEM). A p-value < 0.05 was considered statistically 
significant.

Results

Effects of HFD and Ator on Metabolic Phenotypes

There were significant increases in body weight fed by 
HFD over the 7-month period. Serum lipid parameters 
in HFD-based groups, including TG, TC, and LDLC, 
were drastically increased, while there were significant 
decreases in the level of HDLC compared with control. 
Meanwhile, results of these parameters were significantly 
different between 40% HFD and 60%HFD groups (Fig. 1).

As indicated in Fig. 2, body weight was significantly 
decreased in those treated with Ator compared with mice 
in 60% HFD group. Moreover, dyslipidemia could be 
reversed by Ator treatment in a dose-dependent manner.

Effects of HFD and Ator on Behavioral Tests

Results of MWM test revealed that mice in all groups were 
able to reduce the latency time spent to find the platform 
during trial days. There were less time and fewer num-
ber of entries into the platform zone induced by HFD and 
the results of 60% HFD group were even lower than the 
40% HFD group (Fig. 3a). In NORT, HFD-based groups 
showed a lower DI than control group, and the level of DI 
was significantly lower in 60% HFD group compared with 
40% HFD group (Fig. 3b).

As shown in Fig. 4a, moderate- and low-dose of Ator 
remarkably increased the time and entry number into the 
quadrant compared with model group, and those were even 
higher increased in the moderate group. In addition, results 
of NORT demonstrated that moderate- and low-dose of 
Ator- showed a significant preference for novel object than 
the old one, while high-dose of Ator did not conclude the 
similar results. Meanwhile, DI in moderate-dose group 
was higher than the low-dose group (Fig. 4b).

Effects of HFD and Ator on Cognition‑Associated 
Creb1, Gap‑43, BDNF, CaMKII, and ERKs

Expressions of cognition-associated markers in frontal 
cortex and hippocampus were significantly decreased in 
HFD-based groups in comparison with control, and the 
decreases were remarkably lower in 60% HFD group than 
those in 40% HFD group (Fig. 5).

Following moderate- and low-dose of Ator, contents 
of the five cognition-associated parameters were nota-
bly increased compared with the model group, and the 
increases were higher in moderate-dose group than those 
in the low-group. In contrast, compared with the model 
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group, the expressions in the high-dose group were not 
increased (Fig. 6).

Effects of HFD and Ator on Inflammation 
and Oxidative Stress

Our data demonstrated that levels of TNF-α, IL-1β, 
HMGB1, and IL-6 in HFD-based groups revealed a pro-
nounced increment compared with control group, and the 
levels of these factors were higher in 60% HFD group than 
those in the 40% HFD group (Fig. 7). Alternatively, expres-
sions of SOD, catalyse (CAT), and GSH-Px were markedly 
decreased, while the content of malondialdehyde (MDA) 
was significantly increased in HFD-based groups compared 
with control group. Additionally, compared with the 40% 
HFD group, expression levels of SOD, CAT, and GSH-Px 
were significantly downregulated, whereas expression level 
of MDA was significantly upregulated in 60% HFD group 
(Fig. 8).

The moderate- and low-dose of Ator resulted in the 
increase of TNF-α, IL-1β, HMGB1, and IL-6 induced by 
60% HFD; and the rate of decrease in moderate-dose group 
was higher than the low-dose group. In contrast, high-dose 

of Ator did not result in similar conclusion (Fig. 9). Levels 
of SOD, CAT, and GSH-Px rose progressively, and content 
of MDA remarkably decreased treated with moderate- and 
low-dose of Ator compared with the model group; besides, 
the rates of increment and decrement in the moderate-dose 
group were both greater than the low-dose group (Fig. 10).

Effects of HFD and Ator on SIRT1‑Dependent 
Mechanism

As illustrated in Fig. 11, the percentage of SIRT1-positive 
staining cells was significantly lower in HFD-based groups 
compared with control group, and the rate of decrease was 
even higher in 60% HFD group. Moreover, results obtained 
from Western blotting revealed that there was significant 
downregulation in the expression level of SIRT1 and Bcl-
2, and upregulation in the expression level of Ac-FoxO1, 
Ac-p53, Ac-NF-κB, and Bax in HFD-based groups com-
pared with control group; also, the inhibition of SIRT1 in 
60% HFD group was greater (Fig. 12).

The decreased number of SIRT1-positive staining 
cells was significantly increased in those cells treated 
with moderate- and low-dose of Ator compared with 60% 

Fig. 1  Effects of HFD on metabolic phenotypes. Body weight per month and assay of serum lipid levels. Data are presented as mean ± SEM 
(n = 10) (***p < 0.001, **p < 0.01, *p < 0.05 vs. control group; ###p < 0.001, ##p < 0.01, #p < 0.05 vs. 40%HFD group)
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Fig. 2  Effects of Ator on metabolic phenotypes. Body weight and 
assay of serum lipid parameters. Data are presented as mean ± SEM 
(n = 10) (***p < 0.001, **p < 0.01, *p < 0.05 vs. 60%HFD group; 

&&&p < 0.001, &&p < 0.01, &p < 0.05 vs. 20  mg of Ator group; 
###p < 0.001, ##p < 0.01, #p < 0.05 vs. 40 mg of Ator group)

Fig. 3  Effects of HFD on behavioral tests. a Results of escape latency 
time to the platform during training days, number of entries, and time 
spent into hidden platform zone. b Results of discrimination index 

(DI) by novel object recognition test (NORT). Data are presented as 
mean ± SEM (n = 10) (***p < 0.001, **p < 0.01, *p < 0.05 vs. control 
group; ###p < 0.001, ##p < 0.01, #p < 0.05 vs. 40% HFD group)
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HFD group, and the rate of increase was lower in the 
low-dose group. However, regional analysis of the high-
dose group did not reveal such increase (Fig. 13). Results 
of Western blotting analysis showed that the inhibition 
of SIRT1 was activated in moderate- and low-dose of 
Ator; and the activation in the moderate-dose group was 

stronger. In contrast, the high-dose of Ator on 60% HFD 
group showed no significant effect on SIRT1 activation 
(Fig. 14).

Fig. 4  Effects of Ator on behavioral tests. a Results of MWM. 
b Results of NORT. Data are presented as mean ± SEM (n = 10) 
(***p < 0.001, **p < 0.01, *p < 0.05 vs. 60% HFD group; 

&&&p < 0.001, &&p < 0.01, &p < 0.05 vs. 20  mg Ator group; 
###p < 0.001, ##p < 0.01, #p < 0.05 vs. 80 mg of Ator group)

Fig. 5  Effects of HFD on 
cognition-associated markers. 
Levels of cognition-associated 
markers in frontal cortex and 
hippocampus. Data are pre-
sented as mean ± SEM (n = 5) 
(***p < 0.001, **p < 0.01, 
*p < 0.05 vs. control group; 
###p < 0.001, ##p < 0.01, 
#p < 0.05 vs. 40% HFD group)
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Discussion

Growing evidences have demonstrated that obesity can be 
associated with cognition impairment. In this study, we 
successfully established a diet-induced obesity model in 
C57BL6J mice via 40% HFD or 60% HFD fed for 7 months. 
We observed the effects of HFD and Ator on cognition-asso-
ciated markers, in addition to the expression of a variety of 
molecules involved in the processes of learning and memory 
formation. Finally, we measured the results of SIRT1 medi-
ated inflammation and oxidative reaction in the processes. 
The main findings are as follows: (i) HFD induces cognition 
impairment in a dose-dependent manner; (ii) moderate- and 
low-dose of Ator can protect mice against cognition impair-
ment; (iii) moderate- and low-dose of Ator can attenuate 
neuroinflammation and oxidative stress; (iv) SIRT1 activa-
tion is involved in the protective effect; and (v) high-dose of 
Ator has no protective effect. To our knowledge, the present 
study, for the first time, provides a direct evidence that high-
dose of Ator may not play a protective role in mice fed with 
HFD.

The hippocampus and frontal cortex are critical brain 
regions for learning and memory processing. Animal-based 
studies have shown that high-calorie diet can damage the 
structure and function of brain [29]. Moreover, changes of 
molecular levels associated with cognition development and 
maintenance in frontal cortex and hippocampus are impor-
tant neurochemical foundations for learning and memory 

processing, such as growth-associated protein-43 (Gap-
43), brain-derived neurotrophic factor (BDNF), extracel-
lular signal-regulated kinases (ERKs), CaMKII, and Creb1 
[30–35]. In our study, we found that HFD decreased the 
expression levels of these molecules, and the effect of 60% 
HFD was greater than 40%HFD. Furthermore, the results 
of MWM and NORT were generally used to assess cogni-
tion level. Our findings therefore suggest that HFD has a 
direct negative influence on cognition in a dose-dependent 
manner, and previous studies have shown the same results 
as well [36–38].

Neuroinflammation has been widely reported to play a 
key role in diverse pathological events related to neurode-
generative disorders. Additionally, HFD is known to increase 
the burden of inflammatory stress in hippocampus and cor-
tex, including IL-1β, TNF-α, HMGB1, and IL-6 [39–46]. 
Our results were correlated with previous researches that the 
expression of these molecules was significantly increased 
in frontal cortex and hippocampus in HFD-based groups. 
Oxidative-dependent injury has been well-known to be 
highly involved in cognition impairment [47, 48]. Further-
more, MDA is directly produced by lipid peroxidation, and 
also can be used to indicate the degree of lipid peroxidation. 
The major antioxidant enzymes are SOD, CAT, and GSH-Px 
[47, 49–51]. In this study, we found that HFD increased lipid 
peroxidation and caused an imbalance in antioxidant system, 
as demonstrated by decreased activities of the CAT, SOD, 
and GPx, and the increased content of MDA. These results 

Fig. 6  Effects of Ator on 
cognition-associated markers. 
Results of cognition-associated 
markers. Data are presented 
as mean ± SEM (n = 5). 
(***p < 0.001, **p < 0.01, 
*p < 0.05 vs. 60% HFD group; 
&&&p < 0.001, &&p < 0.01, 
&p < 0.05 vs. 20 mg of Ator 
group)
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suggest that HFD can induce oxidative stress, and then may 
increase to a higher vulnerability to cognition impairment.

An earlier evidence also suggested that HFD may induce 
cognition impairment by inhibiting SIRT1 activation [52]. 
Previous studies showed that SIRT1 was critically associ-
ated with learning and memory process, and the inhibition 
of SIRT1 led to acetylation of some essential molecules, 
such as FoxO1, NF-κB, and p53. The acetylation of these 
molecules was closely involved in brain inflammation, oxi-
dative stress, and apoptosis [53]. As shown in the present 
study, the expression of SIRT1 and Bcl-2 was decreased, 
while the expression of Bax was increased in the HFD-based 
groups, however, these changes were reversed by moderate- 
and low-dose of Ator. Our results suggest that the protective 

effects provided by moderate- and low-dose of Ator could 
be associated with SIRT1 activation, resulting in enhanced 
anti-oxidative, anti-inflammatory, and anti-apoptotic effects. 
These findings lend credence to studies of statins in previous 
researches. For instance, statin can increase the expression 
of SIRT1, thereby inhibiting the p53-dependent apoptosis in 
endothelial progenitor cells [54]. Statin attenuates cell apop-
tosis via the elevation of SIRT1 and subsequent inactivation 
of NF-κB activity [55]. Additionally, treatment with statins 
is also mediated by SIRT1 activation to reduce oxidative 
stress and inflammation response [56, 57].

Treatment with Ator can alleviate weight gain and 
improve serum lipid level compared with 60% HFD group 
in the present study. Moreover, mice treated with moderate- 
and low-dose of Ator showed that cognition impairment is 

Fig. 7  Effects of HFD on inflammation. Levels of TNF-a, IL-1β, 
HMGB1, and IL-6. Data are presented as mean ± SEM (n = 5), 
(***p < 0.001, **p < 0.01, *p < 0.05 vs. control group; ###p < 0.001, 
##p < 0.01, #p < 0.05 vs. 40% HFD group)

Fig. 8  Effects of HFD on oxidative stress. Assay of SOD, MDA, 
CAT, and GSH-Px. Data are presented as mean ± SEM (n = 5), 
(***p < 0.001, **p < 0.01, *p < 0.05 vs. control group; ###p < 0.001, 
##p < 0.01, #p < 0.05 vs. 40% HFD group)
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significantly ameliorated, as reflected by a superior perfor-
mance in behavioral tests and higher expression of those 
cognition markers. As reported in previous studies concern-
ing the potential effect of statin on the treatment of cogni-
tion impairment, some evidences have reported beneficial 
effects [14–16]. In vitro experiments have also shown that 
Ator can attenuate hippocampal inflammatory and oxidation 
response mediated by injection of Aβ [16, 58]. Our results 
also suggest that level of inflammation and oxidation mark-
ers can be decreased through treatment with moderate- and 
low-dose of Ator.

However, high-dose of Ator (80 mg) did not demonstrate 
such effects in our study. High-dose statins are defined 
as atorvastatin (80 mg), simvastatin (80 mg), pravastatin 

(40 mg), and rosuvastatin (20 mg) per day [59]. A study 
concentrated on different effects of high-dose statin (80 mg) 
versus low-dose one (10 mg) in patients with no priority of 
high-dose statin [60]. A previous clinical study revealed that 
high-dose of Ator was not effective in decreasing the levels 
of circulating inflammation-related biomarkers [61]. Statin 
may also increase glucose level and decrease HDL level, 
thereby increasing the risk of mild cognition impairment 
[62].

However, the present study contains a number of 
limitations. Firstly, we didn’t discuss the side effects of 
high-dose of Ator, and the single effect of high-dose on 
cognition without the effect of high-fat diet. As reported 

Fig. 9  Effects of Ator on inflammation markers. Data are presented 
as mean ± SEM (n = 5) (***p < 0.001, **p < 0.01, *p < 0.05 vs. 60% 
HFD group; &&&p < 0.001, &&p < 0.01, &p < 0.05 vs. 20  mg of Ator 
group)

Fig. 10  Effects of Ator on oxidative stress. Data are presented as 
mean ± SEM (n = 5) (***p < 0.001, **p < 0.01, *p < 0.05 vs. 60% 
HFD group; &&&p < 0.001, &&p < 0.01, &p < 0.05 vs. 20  mg of Ator 
group)



1075Neurochemical Research (2019) 44:1065–1078 

1 3

Fig. 11  Effects of HFD on SIRT1 immunofluorescence staining. 
Assay and quantification of SIRT1 immunofluorescence staining. 
Nucleus were stained with DAPI as shown in blue. SIRT1-positive 
staining cells were visualized in red (magnification, × 400). Data are 

presented as mean ± SEM (n = 5) (***p < 0.001, **p < 0.01, *p < 0.05 
vs. control group; ###p < 0.001, ##p < 0.01, #p < 0.05 vs. 40% HFD 
group)

Fig. 12  Effects of Ator on SIRT1 immunofluorescence staining. 
Assay and quantification of SIRT1 immunofluorescence staining. 
Nucleus were stained with DAPI as shown in blue. SIRT-positive 
staining cells were visualized in red (magnification, × 400). Data are 

presented as mean ± SEM (n = 5) (***p < 0.001, **p < 0.01, *p < 0.05 
vs. 60% HFD group; ###p < 0.001, ##p < 0.01, #p < 0.05 vs. 40% HFD 
group)
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in previous studies, statins decreased levels of some 
fat-soluble substances, including vitamin A, vitamin E, 
and ubiquinone related to subtle impairments in mental 
processing [63]. Occasional event reported that treat-
ment with high-dose of statin might increases the risk of 

hepatotoxicity and intracerebral hemorrhage [64]. Fur-
thermore, in the present study, we demonstrated that the 
protective effects of low- and moderate dose of Ator are 
associated with SIRT1 activation. However, the exact 
mechanistic role of SIRT1 by loss- or gain- of function 

Fig. 13  Western blot analysis of the effects of HFD on SIRT1, Ac-FoxO1, Ac-p53, Ac-NF-κB, Bcl-2, and Bax expressions. Data are presented 
as mean ± SEM (n = 5) (***p < 0.001, **p < 0.01, *p < 0.05 vs. 60% HFD group; &&&p < 0.001, &&p < 0.01, &p < 0.05 vs. 20 mg of Ator group)

Fig. 14  Western blot analysis of the effects of Ator. Data are presented as mean ± SEM (n = 5) (***p < 0.001, **p < 0.01, *p < 0.05 vs. 60% HFD 
group; &&&p < 0.001, &&p < 0.01, &p < 0.05 vs. 20 mg of Ator group)
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was not performed in our study. Thus, in the future study, 
we will pay a great attention to these issues.

In conclusion, the present study suggests that treatment 
with moderate- and low-dose of Ator treatment results in a 
significant neuroprotective effect against cognition impair-
ment induced by HFD through modulation of SIRT1 acti-
vation, reducing oxidation production, as well as inhibiting 
inflammation. Our study may provide strong evidences for 
the clinical administration of statins on the treatment of obe-
sity associated with dementia risk.
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