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Abstract
It has recently been accepted that long-term high-fat diet (HFD) intake is a significant possible cause for prediabetes and 
cognitive and brain dysfunction through the disruption of brain mitochondrial function and dynamic balance. Although 
modulation of mitochondrial dynamics by inhibiting fission and promoting fusion has been shown to reduce the morbidity 
and mortality associated with a variety of chronic diseases, the impact of either pharmacological inhibition of mitochondrial 
fission (Mdivi-1) or stimulation of fusion (M1) on brain function in HFD-induced prediabetic models has never been stud-
ied. Thirty-two male Wistar rats were separated into 2 groups and fed either a normal diet (ND, n = 8) or HFD (n = 24) for 
14 weeks. At week 12, HFD-fed rats were divided into 3 subgroups (n = 8/subgroup) and given an intraperitoneal injection of 
either saline, Mdivi-1 (1.2 mg/kg/day), or M1 (2 mg/kg/day) for 2 weeks. Cognitive function and metabolic parameters were 
determined toward the end of the protocol. The rats then were euthanized, and the brain was immediately removed in order 
to evaluate brain mitochondrial function and mitochondrial dynamics. HFD-fed rats experienced prediabetes, evidenced by 
elevated plasma insulin and the HOMA index, impaired mitochondrial function in the brain, altered dynamic regulation, and 
cognitive impairment were also found. Mdivi-1 and M1 treatment exerted neuroprotection to a similar extent by improving 
metabolic parameters, balancing mitochondrial dynamics, and reducing mitochondrial dysfunction, resulting in a gradual 
increase in cognitive function. Therefore, pharmacological targeting of mitochondrial fission and fusion protected the brain 
against chronic HFD-induced prediabetes.
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Introduction

Over the past decade, the incidence of obesity and the asso-
ciated burden of diseases have increased markedly through-
out the world [1, 2]. It is well accepted that exposure to a 
chronic high-fat diet (HFD) induces obesity-related insulin 
resistance and increases circulating insulin levels, decreas-
ing insulin sensitivity and progression to type 2 diabetes 
[3]. Supporting data from clinical and animal researches 
revealed that obesity-related insulin resistance or prediabe-
tes is associated with an elevated risk of numerous chronic 
illnesses, notably neurodegeneration and cognitive defi-
cit [4–7]. Similarly, our previous reports described a link 
between a decline in cognitive function and the prediabetic 
condition in 12-week HFD-fed rats [8–11]. The underly-
ing mechanisms associated with prediabetes-induced neu-
rodegeneration have been attributed to neuroinflammation, 

 * Siriporn C. Chattipakorn 
 siriporn.c@cmu.ac.th; scchattipakorn@gmail.com

1 Neurophysiology Unit, Cardiac Electrophysiology Research 
and Training Center, Faculty of Medicine, Chiang Mai 
University, Chiang Mai 50200, Thailand

2 Center of Excellence in Cardiac Electrophysiology Research, 
Chiang Mai University, Chiang Mai 50200, Thailand

3 Cardiac Electrophysiology Unit, Department of Physiology, 
Faculty of Medicine, Chiang Mai University, 
Chiang Mai 50200, Thailand

4 Department of Oral Biology and Diagnostic Sciences, 
Faculty of Dentistry, Chiang Mai University, Chiang Mai, 
Thailand

/ Published online: 2 April 2022

Molecular Neurobiology (2022) 59:3690–3702

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-022-02813-7&domain=pdf


oxidative stress, programmed apoptosis, mitochondrial dys-
function, and changes in mitochondrial dynamics [11–13].

Mitochondria are dynamically active organelles gov-
erned primarily by fusion and fission events. The balance 
between fusion and fission is essential for the regulation of 
energy metabolism through mitochondrial quality control 
mechanisms [14, 15]. The proteins mitofusin (Mfn) 1, 2 and 
Optic atrophy type 1 (Opa1) primarily control mitochondrial 
fusion, which acts to repair damaged mitochondria while 
also increasing energy production according to metabolic 
requirements [16–18]. Meanwhile, fission is governed by the 
dynamin-related protein 1 (Drp1) occurring when mitochon-
dria are injured or exposed to intense degrees of oxidative 
responses [16–18]. As shown previously, mitochondria play 
important roles in the pathogenesis of various HFD-induced 
neurodegenerative disorders [8–11]. Changes in mitochon-
drial function promote oxidative stress, which results in 
higher fatty acid synthesis and increased lipid deposition, 
both of which are linked to insulin resistance [19]. Increased 
mitochondrial fission, in particular, has been attributed to 
obesity and the resulting insulin resistance in a variety of 
tissues. Increased mitochondrial fission in the brain due to 
elevated phosphorylated Drp1 at serine 616 (p-Drp1ser616) 
could induce neuronal death and synaptic dysfunction [20]. 
It has also been shown that HFD-activated p-Drp1ser616 
aggravated amyloid plaque aggregation and neurofibrillary 
tangles in Alzheimer’s disease (AD) [21]. In contrast, a 
decrease in mitochondrial fusion proteins (Mfn1/2) has been 
shown to worsen the severity of neurodegenerative diseases 
[22]. Therefore, targeting mitochondrial dynamics by sup-
pressing mitochondrial fission and enhancing fusion could 
be beneficial for patients with either prediabetes or diabetes 
who suffer from neurodegenerative disorders.

Fortunately, pharmacological modulation of mitochon-
drial dynamics has been shown to exert positive impact on 
multiple brain disorders [23–27]. Mitochondrial division 
inhibitor 1 (Mdivi-1) is an effective inhibitor of mitochon-
drial division that has been reported to inhibit Drp1-depend-
ent mitochondrial fission and Bax-dependent cytochrome 
c release during programmed apoptosis [28]. Administra-
tion of Mdivi-1 at 1.2 mg/kg alleviated neuronal apopto-
sis in animal models of brain ischemia [29, 30]. Similarly, 
upregulation of Mfn2 protein expression by a mitochon-
drial fusion promoter (M1) at 2 mg/kg effectively mitigated 
brain mitochondrial dysfunction, blood brain barrier (BBB) 
breakdown, reduced apoptosis, macrophage infiltration, and 
Alzheimer’s disease-related proteins in rats with cardiac I/R 
injury [26]. In addition, our previous study demonstrated 
that either 1.2 mg/kg Mdivi-1 or 2 mg/kg M1 treatment for 
14 days improves cardiometabolic profiles in pre-diabetic 
models [10]. Despite those previous reports, the effects of 
both Mdivi-1 and M1 on cognitive and brain mitochondrial 
function in pre-diabetic rats have never been examined. We 

hypothesized that Mdivi-1 and M1 provide neuroprotection 
in pre-diabetic rats by enhancing mitochondrial function and 
restoring the levels of mitochondrial dynamic proteins, lead-
ing to improve cognitive performance.

Material and Methods

Animal Preparation and Ethical Approval

All rat studies followed NIH standards (Guide for the 
care and use of laboratory animals) and were carried 
out in accordance with the protocol authorized by the 
Faculty of Medicine, Chiang Mai University, Thailand 
(Ethical approval number: 34/2561). Male Wistar rats 
(n = 32, ~ 220 g, ~ 7 weeks old) were obtained from the 
National Laboratory Animal Center, Mahidol University, 
Bangkok, Thailand. This model of male Wistar rat has been 
used in our previous studies [31, 32]. All rats were fed stand-
ard rat chow with water ad libitum and kept at 25 °C, in a 
12-h light/12-h dark cycle for 1 week.

Experimental Design

After acclimatization, rats were randomly assigned to one of 
two dietary groups: a normal diet (ND, comprising 19.77% 
energy from fat, n = 8) and a high-fat diet (HFD, compris-
ing 59.28% calories from fat, n = 24) [12]. Twelve weeks 
after being fed on the same diet, rats in the HFD groups 
were divided into three subgroups to receive one of three 
interventions for 2 weeks: (1) vehicle (0.1% DMSO, i.p.), (2) 
mitochondrial fission inhibitor or Mdivi-1 (1.2 mg/kg/day, 
i.p.), and (3) mitochondrial fusion promoter or M1 (2 mg/kg/
day, i.p.). Throughout the study, the body weight and dietary 
intake of all rats were recorded. Blood samples were taken 
from the tail vein at the beginning and end of the 2-week 
experimental period to determine metabolic parameters. 
An oral glucose tolerance test (OGTT), an open field test 
(OFT), and a novel object location (NOL) were performed. 
The rats were then sedated by intramuscular injections of 
zoletil (50 mg/kg, Vibbac Laboratories, Carros, France) 
and xylazine (0.15 mg/kg, Laboratorios Calier, S.A., Bar-
celona, Spain), and the brain was immediately removed for 
mitochondrial function and biochemical investigations. The 
experimental protocol is shown in Fig. 1.

Determination of Metabolic Parameters

Using commercial colorimetric assays, fasting plasma glu-
cose, total cholesterol (TC), triglyceride (TG) (Erba Diag-
nostics, Mannheim, Germany), and HDL levels (BioVision, 
Inc.) were determined. LDL levels were determined using 
the Friedewald formula. A sandwich ELISA kit was used 
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to measure plasma insulin levels (Millipore, MI, USA). 
HOMA of insulin resistance was calculated using fasting 
plasma insulin and fasting plasma glucose concentrations 
from total area under the curve to determine the degree of 
insulin resistance (AUCg) [32].

Cognitive Function Test

OFT

Open field test (OFT) was conducted to examine general 
locomotor activity in rats as described previously [33]. 
The apparatus in this method is a circular-based box that 
is opened from above (70 cm of the base, 50 cm of height). 
Each animal was placed in the box and given 10 min to 
explore. The animals were taken out after 10 min of explora-
tion. SMART 3.0 software was used to calculate total dis-
tance (cm), mean speed without resting (cm/s), and time 
spent in the center (s) (Panlab, Harvard Apparatus, Barce-
lona, Spain).

NOL

The novel object location (NOL) test is a learning and mem-
ory test that is dependent on the hippocampus. NOL test 
was performed in a black plastic box, a circular-based box 
opened from above (70 cm of diameter, 50 cm of height). 
The field base was paved by a black feature board (80 × 80 
 cm2). For visual clues on the arena’s walls, black and white 
strip lines were placed on the wall of the circular-based 
box. Two small metal cylinders (6.5 cm in diameter, 10 cm 
in height) were used. The task procedure consists of two 
phases: familiarization and NOL test. The familiarization 
phase was performed on the second day of behavioral test-
ing. A single animal was placed in the box containing two 
similar objects, and rats were explored for 10 min, and the 
time of exploration was calculated as a percent exploration. 

On the third day, rats were again placed into the box con-
taining two familiar objects, in which one object was placed 
at a new location. The test was performed for 10 min. A 
video was recorded using a recording camera above the box 
throughout each phase for off-line examination. The per-
centage exploration time and percentage preference index 
were calculated from the following formula: % index prefer-
ence = [(time on object with new location)/(time on object 
1 + time on object with new location)] × 100 [34].

Brain Mitochondrial Function Study

As previously described, brain mitochondria were collected 
using a differential centrifuge technique [35]. Following 
the removal of the brain, it was placed in a 5-mL ice-cold 
MSE solution (225 mmol/L mannitol, 75 mmol/L sucrose, 
1 mmol/L EGTA, 5 mmol/L HEPES, and 1 mg/mL BSA, 
pH 7.4) to rapidly wash out the blood. The brain was then 
homogenized using a homogenizer at 600 rpm in a 10-mL 
ice-cold MSE solution containing 0.05% proteinase (Sigma-
Aldrich). After centrifuging the homogenate at 2,000 g for 
4 min, the supernatant was collected. The supernatant was 
then centrifuged for 9 min at 12,000 g. The mitochondrial 
pellets were collected and resuspended in 4 mL of ice-cold 
MSE-digitonin solution (0.02% digitonin in MSE solution). 
The solution was centrifuged at 12,000 g for an additional 
11 min. Subsequently, the mitochondrial pellet was collected 
and resuspended in a respiration buffer with 150 mmol/L 
KCl, 5  mmol/L HEPES, 5  mmol/L K2HPO40.3H2O, 
5 mmol/L l-glutamate, and 5 mmol/L pyruvate sodium salt. 
The mitochondrial protein was identified using the bicin-
choninic acid assay. Isolated brain mitochondria at 0.4 mg/
mL concentration were utilized to examine mitochondrial 
parameters, including ROS levels, membrane potential 
changes, and swelling in the brain mitochondria.

The fluorescence intensity of dichlorofluorescein (DCF) 
was used to evaluate the amount of ROS in the brain 

Fig. 1  Diagram of the experimental protocol. BW: body weight; 
DMSO: dimethyl sulfoxide; HDL: high-density lipoprotein; HFD: 
high-fat-diet fed rats; HFV: high-fat-diet fed rats with vehicle treat-
ment; HFM1: high-fat-diet fed rats with M1 treatment; HFMdivi1: 

high-fat-diet fed rats with Mdivi-1 treatment; LDL: low-density lipo-
protein; ND: normal-diet fed rats; NDV: normal-diet fed rats with 
vehicle treatment; OGTT: oral glucose tolerance test; TC: total cho-
lesterol; TG: triglycerides
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mitochondria. The red-to-green fluorescence intensity ratio 
of tetraethylbenzimidazolylcarbocyanine iodide (JC1) was 
used to measure brain mitochondrial membrane potential 
changes. The absorbance of mitochondrial protein in a res-
piration buffer was used to evaluate brain mitochondrial 
swelling. A fluorescent/absorbance microplate reader was 
used for all measurements (BioTek). A transmission electron 
microscope was used to capture images of brain mitochon-
dria (TEM; JEM-1200 EX II, JEOL Ltd., Japan).

Determination of Protein Expressions by Western Blotting

The levels of expression of the mitochondrial fission pro-
teins (p-Drp1ser616 and Drp1), mitochondrial fusion proteins 
(Mfn2 and Opa1), apoptotic proteins (Bax, Bcl2, Caspase3, 
and Cleaved caspase3), blood–brain barrier (BBB) protein 
(Claudin5), and neurodegenerative proteins (p-Tau, Tau, 
Amyloid-beta precursor protein (APP), amyloid-beta (Aβ)) 
were determined by Western blot analysis. In brief, the 
cortex and hippocampus were lysed with extraction buffer. 
The cortex lysate (1.8–2.7 mg/mL) or hippocampal lysate 
(0.9 mg/mL) was used to analyze the mitochondrial dynamic 
proteins. Gel electrophoresis on 10% polyacrylamide gel was 
used to separate the tissue lysate, which was then transferred 
onto nitrocellulose membranes. Immunoblots were blocked 
in Tris-buffer saline (pH 7.4) containing 0.1% Tween 20 
for 1 h with 5% skim milk powder or BSA. Then, the mem-
branes were probed with anti-Drp1, anti-p-Drp1ser616, anti-
Mfn2, anti-Bax, anti-Bcl2, anti-Caspase3, anti-Cleaved 
caspase3, anti-Claudin5, anti-p-Tau, anti-Tau, anti-APP, 
anti-Aβ, and anti-β-Actin (Cell Signaling Technology, Dan-
vers, MA, USA) for 12 h. Horseradish peroxidase conjugated 

with anti-rabbit IgG was used to identify bound antibodies. 
To identify peroxidase reaction products, enhanced chemilu-
minescence (ECL) detection reagents were used [34].

Statistical analysis

The data were presented as mean SEM. A one-way ANOVA 
was used to compare variables, followed by an LSD post-hoc 
test. P < 0.05 was regarded statistically significant.

The LSD was used as a post hoc test following the 
ANOVA to identify whether the mean variations were statis-
tically significant from the others. The LSD was also chosen 
for multiple comparisons of data with the same characteris-
tics [36]. In this study, we compared the effects of different 
treatments in this study for a total of 5 groups of analysis, 
and our data have the same characteristics with minor vari-
ations. Thus, our statistician recommended the LSD as a 
suitable test for our data. ANOVA was used for statistical 
analysis, and all results were corrected for multiple compari-
sons using the LSD test.

Results

Mdivi‑1 and M1 Treatment Improved Metabolic 
Parameters in Pre‑diabetic Rats

Body weight, visceral fat, plasma levels of insulin, glucose, 
TC, and LDL, as well as AUCg and HOMA index, of HFD-
fed rats were substantially higher than those of ND-fed 
rats after 14 weeks of HFD intake (Table 1). However, in 
comparison to the ND-fed rats, the HFD-fed rats had lower 

Table 1  The effects of Mdivi-1 
and M1 treatment on metabolic 
parameters in pre-diabetic rats

Values are mean ± SD. n = 8/group. *P < 0.05 vs NDV and †P < 0.05 vs HFV. AUC: area under the curve; 
HDL: high-density lipoprotein; HFV: high-fat-diet fed rats with vehicle treatment; HFM1: high-fat-diet 
fed rats with M1 treatment; HFMdivi1: high-fat-diet fed rats with Mdivi-1 treatment; HOMA: homeostatic 
model assessment for insulin resistance; LDL: low-density lipoprotein; NDV: normal-diet fed rats with 
vehicle treatment

Metabolic parameters Groups

NDV HFV HFMdivi1 HFM1

Body weight (g) 490.6 ± 31.1 652.3 ± 17.9 * 639.6 ± 24.5 * 657.9 ± 35.2 *
Food intake (g/day) 31.2 ± 1.2 33.7 ± 0.9 29.8 ± 0.5 30.7 ± 0.8
Visceral fat (g) 19.7 ± 8.2 51.6 ± 9.8 * 40.2 ± 5.7 * 38.9 ± 7.2 *
Plasma glucose (mg/dl) 114.3 ± 9 121.2 ± 7 119.8 ± 4 109.5 ± 8
Plasma insulin (ng/ml) 2.6 ± 0.5 5.1 ± 0.8 * 3.8 ± 0.7 † 3.6 ± 0.9 †
HOMA index 14.8 ± 4.2 31.8 ± 3.1 * 18.9 ± 4.4 † 20.1 ± 2.8 †
Plasma glucose AUC (AUCg) (mg/

dl × min ×  104)
2.1 ± 0.7 4.1 ± 0.8 * 2.6 ± 0.6 *,† 2.5 ± 0.3 *,†

Plasma total cholesterol (mg/dl) 69.8 ± 3.6 106.3 ± 5.2 * 76.9 ± 4.4 *,† 79.4 ± 4.8 *,†
Plasma total triglyceride (mg/dl) 106.8 ± 9.7 110.3 ± 8.9 99.6 ± 10.1 101.6 ± 4.8
HDL (mg/dl) 27.2 ± 1.4 15.0 ± 1.3 * 22.3 ± 1.0 * 23.2 ± 1.8 *
LDL (mg/dl) 39.7 ± 8.9 61.2 ± 9.8 * 46.3 ± 5.2 † 48.4 ± 6.9 †
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HDL levels. No difference in food intake, plasma glucose, 
and TG levels among all groups was observed. These data 
showed that long-term HFD intake resulted in the predia-
betic condition.

After the 2-week intervention, there were marked 
decreases in plasma cholesterol and LDL levels in the HFD-
fed rats being given Mdivi1 and M1 treatment when com-
pared with vehicle-treated HFD-fed rats (HFV) (Table 1). 
Interestingly, the degree of insulin sensitivity was also 
improved in the Mdivi1 and M1 treated HFD-fed rats as 
indicated by decreasing plasma insulin, AUCg, and HOMA 
index, when compared to HFV rats.

Mdivi‑1 and M1 Treatment Reduced Cognitive 
Impairment, Alzheimer’s and BBB Protein 
Expressions in Pre‑diabetic Rats

After ingestion of HFD for 14 weeks, the anxiety-related 
and exploratory behaviors were tested using OFT. The result 
showed that the total travel distance, mean speed without 
resting, and time spent in the center were not different 
among all groups, suggesting that locomotor activity and 
the anxiety-related and exploratory behaviors were intact 
in all rats and were not differences among groups (Fig. 2a-
c). Next, the hippocampal-dependent learning and memory 
behavior were also tested using the NOL task (Fig. 2d-f). 

The results showed that the percentage of preference index 
of two objects during the familiarization phase was no dif-
ferent between groups (Fig. 2e). On the other hand, the 
preference (%) of two objects during the testing phase was 
markedly decreased in HFV rats, when compared to vehicle-
treated ND-fed rats (NDV), indicating a decline in cognitive 
function of HFD-fed rats (Fig. 2f). Two weeks after interven-
tions, the Mdivi1-and M1-treated HFD-fed rats displayed 
an increase in preference index (%) in comparison with the 
HFV rats (Fig. 2f).

In addition, long-term exposure to HFD consumption 
resulted in an increased Aβ/APP ratio in the cerebral tissue, 
indicating the development of Alzheimer’s like pathologies 
(Fig. 3a). Similarly, Tau hyperphosphorylation (increase 
p-Tau/Tau ratio) was also observed in HFV rats, compared 
with NDV rats (Fig. 3b). Both Mdivi-1 and M1 treatments in 
HFD-fed rats resulted in significantly reduced Aβ aggrega-
tion (Aβ/APP ratio) and Tau hyperphosphorylation (p-Tau/
Tau ratio) back to the same levels of NDV rats (Fig. 3a and 
b).

In relation to the expression of BBB protein, the results 
showed that the expression of claudin5 protein was mark-
edly decreased in HFV rats when compared with NDV rats 
(Fig. 3c). Mdivi-1 and M1 treatment in HFD-fed rats effec-
tively restored this level of protein expression to the same 
level of NDV rats (Fig. 3c).

Fig. 2  The effects of Mdivi-1 
and M1 treatment on anxiety-
related and exploratory 
behaviors as well as cognitive 
function in pre-diabetic rats. a 
Total distance of OFT; b mean 
speed without resting of OFT; 
c time spent in the center of 
OFT; d NOL protocol; e % 
preference index during famil-
iarization period; f % prefer-
ence index during test period. 
Values are mean ± SEM. N = 8/
group. *P < 0.05 vs NDV and 
†P < 0.05 vs HFV. HFV: high-
fat-diet fed rats with vehicle 
treatment; HFM1: high-fat-diet 
fed rats with M1 treatment; 
HFMdivi1: high-fat-diet fed rats 
with Mdivi-1 treatment; NDV: 
normal-diet fed rats with vehicle 
treatment
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Mdivi‑1 and M1 Treatment Mitigated Brain 
Mitochondrial Dysfunction in Pre‑diabetic Rats

Brain mitochondrial function was evaluated in this study 
by detecting ROS generation in mitochondria, membrane 
potential changes, and swelling. When compared to the 
NDV rats, the HFV rats showed a substantial increase in 
mitochondrial ROS levels, membrane potential depolariza-
tion, and swelling (Fig. 4a–c). Mdivi-1 or M1 had a similar 
efficacy in HFD-fed rats in attenuating brain mitochondrial 
dysfunction through reducing ROS production, depolariza-
tion of mitochondrial membranes, and swelling, compared 
with the HFV rats (Fig. 4a–c).

When compared to the NDV rats, the representative TEM 
images of brain mitochondria revealed that the mitochon-
drion in the HFV group showed signs of unfolding cristae 
and swelling (Fig. 4d). Whereas, HFD-fed rats treated with 
Mdivi-1 or M1 had reduced mitochondrial swelling, as seen 
by more prominent cristae in the mitochondria (Fig. 4d).

Mdivi‑1 and M1 Treatment Reduced Brain 
Mitochondrial Dynamic Imbalance in Pre‑diabetic 
Rats

Regarding the mitochondrial fission proteins, HFV rats had 
a significantly increased p-Drp1ser616/total Drp1 ratio, com-
pared to NDV rats, indicating that the mitochondrial fission 
process was dominant after 14 weeks of HFD consumption 
(Fig. 5a). HFD-fed rats treated with either Mdivi-1 or M1 
has a clearly decreased ratio of p-Drp1ser616/total Drp1, when 
compared with HFV rats (Fig. 5a). Mdivi-1 showed greater 
efficacy in reducing p-Drp1ser616/total Drp1 level than M1 
treatment in HFD-fed rats (Fig. 5a).

In addition to mitochondrial fission, the expression of 
mitochondrial fusion proteins (Mfn2 and Opa1) was inves-
tigated. In HFD-fed rats, HFV rats showed a significant 
decreased Mfn2 level, compared to NDV rats (Fig. 5b). 
After treatment with Mdivi-1 and M1, the expression of 
Mfn2 level was significantly increased, when compared to 
the HFV group (Fig. 5b). However, there was no difference 
in the expression of Opa1 among all groups (Fig. 5c).

Mdivi‑1 and M1 Treatment Decreased Brain 
Programmed Apoptosis in Pre‑diabetic Rats

Bax, Bcl2, and cleaved caspase3 expression was used as a 
marker of brain apoptosis. Our findings revealed that the 
ratios of Bax/Bcl2 and cleaved caspase3/caspase3 were 
substantially higher in the HFV rats compared to those of 
NDV rats (Fig. 6a, b). When compared to the HFV group, 
HFD-fed rats treated with Mdivi-1 and M1 had significantly 
reduced expression of those apoptotic proteins (Fig. 6a, b).

Discussion

The major findings of this study are as follows: (1) Long-
term HFD intake resulted in prediabetes with brain impair-
ment. These adverse effects were due to metabolic distur-
bance leading to BBB breakdown, the impairment of brain 
mitochondrial function, brain mitochondrial dynamic dys-
regulation, increased expression of AD-related proteins, 
brain apoptosis, finally resulting in cognitive impairment. 
(2) Inhibition of mitochondrial fission using Mdivi-1 and 
promotion of fusion using M1 improved systemic meta-
bolic parameters and cognitive function by attenuating 

Fig. 3  The effects of Mdivi-1 and M1 treatment on Alzheimer’s and 
blood–brain barrier protein expression in pre-diabetic rats. a Aβ/
APP ratio; b p-Tau/Tau ratio; c Claudin5/β-Actin ratio. Values are 
mean ± SEM. n = 8/group. *P < 0.05 vs NDV and †P < 0.05 vs HFV. 

Aβ: amyloid beta; APP: amyloid precursor protein; HFV: high-fat-
diet fed rats with vehicle treatment; HFM1: high-fat-diet fed rats with 
M1 treatment; HFMdivi1: high-fat-diet fed rats with Mdivi-1 treat-
ment; NDV: normal-diet fed rats with vehicle treatment
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Fig. 4  The effects of Mdivi-1 
and M1 treatment on brain 
mitochondrial function in pre-
diabetic rats. a Mitochondrial 
ROS production; b mitochon-
drial membrane potential 
changes; c mitochondrial 
swelling; d TEM representative 
images of brain mitochondria. 
Values are mean ± SEM. n = 8/
group. *P < 0.05 vs NDV and 
†P < 0.05 vs HFV. HFV: high-
fat-diet fed rats with vehicle 
treatment; HFM1: high-fat-diet 
fed rats with M1 treatment; 
HFMdivi1: high-fat-diet fed 
rats with Mdivi-1 treatment; 
NDV: normal-diet fed rats with 
vehicle treatment; ROS: reactive 
oxygen species

Fig. 5  The effects of Mdivi-1 and M1 treatment on brain mitochon-
drial dynamics in pre-diabetic rats. a p-Drp1ser616/Drp1 ratio; b Mfn2/
β-Actin ratio; c Opa1/β-Actin ratio. Values are mean ± SEM. n = 8/
group. *P < 0.05 vs NDV and †P < 0.05 vs HFV. Drp1: dynamin-
related protein-1; p-Drp1ser616: phosphorylation of dynamin-related 

protein-1 at serine 616; HFV: high-fat-diet fed rats with vehicle treat-
ment; HFM1: high-fat-diet fed rats with M1 treatment; HFMdivi1: 
high-fat-diet fed rats with Mdivi-1 treatment; Mfn2: mitofusin 2; 
NDV: normal-diet fed rats with vehicle treatment; Opa1: optic atro-
phy type 1
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insulin resistance, decreasing brain mitochondrial dysfunc-
tion and dynamic alteration, reducing expression of AD and 
BBB-related proteins, neuronal cell death, and in particular 
improving cognitive function.

Prediabetes induced by long-term HFD consumption is 
characterized by increases in visceral fat accumulation, body 
weight, dyslipidemia, and hyperinsulinemia with euglyce-
mia. All of these pathological conditions can lead to the 
development of type 2 diabetes mellitus [4–6]. Numerous 
preliminary studies carried out by our team have demon-
strated that chronic HFD consumption leads to the develop-
ment of the prediabetic condition with brain disorders and 
cognitive decline through the modulation of mitochondrial 
function [34, 37–40]. Prolonged excessive fat deposition 
causes a rise in plasma free fatty acids (FFAs) and lipid 
buildup, resulting in long-chain acetyl coenzyme A (Acetyl-
CoA) formation, followed by ceramide and diacylglycerol 
(DAG) aggregation. Rising ceramide and DAG levels have 
been shown to cause severe mitochondrial dysfunction by 
increasing mitochondrial β-oxidation and disrupting mito-
chondrial dynamic processes by boosting fission while 
impairing fusion [41–44]. It has been demonstrated that 
brain mitochondrial dysfunction occurs in cases of HFD 
consumption, the genetically induced pre-diabetic condi-
tion, and cases of diabetes, as evidenced by an increase 
in mitochondrial ROS production, changes in mitochon-
drial membrane potential, and swollen mitochondria with 
unfolded cristae in mitochondria [34, 37–40]. In this study, 
we have found that after 14 weeks on a high fat diet, all the 
rats developed brain mitochondrial dysfunction as evidenced 

by increasing ROS production, membrane depolarization, 
and swelling. In the brain, the mitochondrial caveat is the 
very simple approach used to isolate brain mitochondria via 
differential centrifugation, as it limits the ability to know the 
source of the mitochondria, and nothing was employed to 
release synaptosomal mitochondria. In this study, however, 
isolated brain mitochondria from a whole brain were used to 
determine brain mitochondrial function. Therefore, target-
ing synaptosomal mitochondria might be better for future 
studies. In addition to brain mitochondrial dysfunction, the 
pre-diabetic rats also exhibited an increase in mitochon-
drial fission in the brain as indicated by high expression 
of activated Drp1 level. Previous studies found that Drp1, 
Aβ, and phosphorylated tau had a gradually increasing asso-
ciation with prediabetes, which exacerbated Drp1 activity 
and resulted in severe fragmentation of the mitochondria 
[45, 46]. Likewise, the accumulation of Aβ and hyperphos-
phorylated tau in the brain is attributed to greater oxidative 
stress, decreased ATP synthesis and potential of the mito-
chondrial membrane, disrupted mitochondrial calcium con-
trol, increased mitochondrial apoptotic factor secretion, and 
upregulated mitochondrial fission [47, 48]. Although exces-
sive mitochondrial fission-induced fragmentation is a sig-
nificant early event in the development of AD after extended 
exposure to HFD intake, blocking excessive Drp1-mediated 
mitochondrial fission may be an effective treatment route 
for HFD-induced prediabetes and AD. Interestingly, Baek 
SH and colleagues (2017) demonstrated that Drp1 inhibi-
tion reduces mitochondrial fragmentation, mitochondrial 
membrane potential loss, ROS generation, ATP decrease, Aβ 

Fig. 6  The effects of Mdivi-1 
and M1 treatment on brain 
apoptosis in pre-diabetic rats. 
a Bax/Bcl2 ratio; b cleaved 
caspase3/Caspase3 ratio. Values 
are mean ± SEM. n = 8/group. 
*P < 0.05 vs NDV and †P < 0.05 
vs HFV. Bax: Bcl2 associated 
X; Bcl2; B-cell lymphoma 2; 
HFV: high-fat-diet fed rats with 
vehicle treatment; HFM1: high-
fat-diet fed rats with M1 treat-
ment; HFMdivi1: high-fat-diet 
fed rats with Mdivi-1 treatment; 
NDV: normal-diet fed rats with 
vehicle treatment
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deposition, and synaptic depression, resulting in enhanced 
learning and memory in the brain of an Alzheimer’s dis-
ease model [49]. In this study, we also found that inhibition 
of Drp1 using Mdivi-1 exerted neuroprotective effects via 
attenuation of brain mitochondrial dysfunction and reduc-
tion in excessive mitochondrial fission and fragmentation-
mediated brain impairments, resulting in improved cognitive 
function and AD-like pathology in HFD-induced prediabe-
tes. As a result, Drp1 may be crucial in Aβ-mediated and 
AD-related neuropathology, as well as cognitive impairment 
in HFD-induced prediabetes.

In addition to the changes in fission, a reduction in brain 
mitochondrial fusion was observed in our prediabetic mod-
els via the downregulation of Mfn2 protein. Reduced mito-
chondrial fusion and Mfn2 levels in adipocytes have been 
linked to increased fat accumulation [50]. In accordance 
with this, the knocking down of Mfn2 in adipocytes in adult 
mice resulted in systemic metabolic disorders comparable 
to the high fat diet [50]. Mfn2 knockout in adipocytes, on 
the other hand, reduced cell size but increased fat storage, 
indicating that Mfn2 may play a role in regulating adipocyte 
proliferation. Several investigations have consistently iden-
tified decreased expression of major GTPases (e.g., Mfn2) 
involved in mitochondrial fusion in the brains of Alzhei-
mer’s disease patients, suggesting that mitochondrial frag-
mentation occurs in vulnerable neurons in the Alzheimer’s 
brain, largely attributable to defective mitochondrial fusion 
[45, 51–53]. In this study, we have reported for the first time 
regarding an intervention with M1 to promote mitochondrial 
fusion. M1 effectively rescued mitochondrial fragmenta-
tion via the enhancement of Mfn2 expression, leading to 
improvement in mitochondrial function and overall cogni-
tive outcomes. However, we did not find any differences in 
Opa1 expression between all groups. This could be due to 
the degree of development of brain impairment consequen-
tial to long-term HFD consumption or insufficient dosage 
of the M1 treatment; thus, future study is needed to test 
these hypotheses. Regarding the mitochondria in specific 
brain cell populations, Pysh JJ (1972) discovered persistent 
changes in mitochondrial structure, size, and concentration 
among several neuronal and neuroglial cells [54]. A system-
atic qualitative and quantitative electron microscopic com-
parison of mitochondrial structure and content in neurons 
and neuroglia from different regions of the central nervous 
system revealed that the crystal volume fraction of mito-
chondria (crystal packing density) was highest in choroid, 
intermediate in neurons, and lowest in astrocytes and oligo-
dendrocytes, implying that oxidative enzyme concentrations 
may differ significantly between these three mitochondrial 
types. The mitochondrial crystal is dense aggregations of 
macromolecular protein units which either form a periodic 
inner substructure or have a geometric shape, or both inside 
the mitochondria [55]. Mitochondrial crystalline inclusions 

are frequently found in mitochondrial myopathies, such as 
cancer or ischemia [56]. It has been shown that protein crys-
tals function as storage structures in highly metabolic active 
tissues or conditions of reduced metabolism and starvation 
[55]. Moreover, differences in mitochondrial crystal packing 
density, which can be distinguished by shape, size, and pat-
tern, are associated with variations in mitochondrial volume 
fractions of cells and should indicate significant diversity 
in oxidative metabolism capability across the diverse neu-
rons and neuroglia of the central nervous system [54]. It is 
proposed that variations in mitochondrial volume fractions 
of cells, together with differences in mitochondrial crystal 
packing density, should indicate significant diversity in oxi-
dative metabolism capability across the diverse neurons and 
neuroglia of the central nervous system. However, future 
studies are needed to investigate the specific brain cell popu-
lations regarding the modulations in mitochondrial size (a 
proxy for mitochondrial dynamics) at the cellular level.

According to cell-type-specific profiling of brain mito-
chondria, Fecher et al. (2019) demonstrated that mitochon-
dria’s cell-type-specific molecular diversity not only sup-
ports homeostatic demands by conserving fundamental 
functions in cells with varying geometries, but also provides 
mitochondria with specific properties that contribute to a 
specific cell type’s different function in the healthy brain and 
selective vulnerability during disease [57]. Proteomic stud-
ies assume that astrocytic mitochondria metabolize long-
chain fatty acids more efficiently than neuronal mitochondria 
among the three major cerebellar cell types (Purkinje cells, 
granule cells, and astrocytes), implying differences in beta-
oxidation, calcium buffering, and endoplasmic reticulum-
mitochondria interaction [57]. Therefore, future studies 
targeting the effects of mitochondrial dynamic modulators 
on cell-type-specific profiling of brain mitochondria, par-
ticularly mitochondria in astrocytes, are needed.

Several investigations have found that brain apoptosis 
occurs in conjunction with prolonged HFD-induced mito-
chondrial dysfunction in the brain, leading to neurodegen-
erative diseases [38, 40]. The essential components are 
divided into two protein families: caspase enzymes and the 
Bcl-2 family [58]. Caspase enzymes function in a cascade, 
caspase3 being the most significant member of this family, 
playing an essential role in the death of neurons in the cen-
tral nervous system after HFD feeding. The Bcl-2 family 
is a group of cytoplasmic proteins that control apoptosis. 
There are two main groups of this family of proteins, Bcl-2 
(inhibit apoptosis) and Bax (activate apoptosis) [38, 59]. 
Activation of Bax along with decreased Bcl-2 expression 
was observed in brain tissue from rats with the pre-dia-
betic condition and could promote brain apoptosis through 
the triggering of the caspase cascades (i.e., cleaved cas-
pase3) [38, 59]. As a result, apoptotic-mediated neuronal 
death has been identified as one underlying mechanism 

3698 Molecular Neurobiology  (2022) 59:3690–3702

1 3



for cognitive impairment and other neurodegenerative 
diseases [60]. Fortunately, we found that Mdivi-1 and M1 
treatment successfully prevented brain apoptosis subse-
quent to HFD-induced prediabetes.

Additionally, although the protective effects of Mdivi-1 
and M1 on the expression levels of Aβ peptides for plaques 
and tau for tangles, markers of Alzheimer’s disease, sup-
port the link between HFD and brain pathologies, additional 
research into AD behavioral signs should be studied and 
discussed to determine the functional outcomes following 
intervention. In this study, the OFT was performed to deter-
mine exploratory behavior in response to anxiety-provoking 
conditions for all rats before cognitive testing, since stress-
ful experiences have a powerful impact on cognitive func-
tion and can lead to both short- and long-term behavioral 
alterations [61]. The OFT results, including the total travel 
distance, mean speed without resting, and time spent in the 
center, confirmed that all animals were not associated with 
the aggravation of stress in response to anxiety-provoking 
conditions, suggesting that the beneficial effects of both 
Mdivi-1 and M1 could directly rescue cognitive impairment 
without affecting anxiety-related and exploratory behaviors 
in HFD-induced prediabetic models. However, the present 
study has the limitation that for a neuro focused report, the 
lack of any histology limits interpretation of the results as it 
is unclear what changed the behaviors. Therefore, the role of 
mitochondrial dynamic modulators on brain histology needs 
to be elucidated in a future study.

The NOL is a widely applicable test that assesses hip-
pocampal-dependent spatial memory, which is an essential 
structure for memory formation in both humans and rodents 
[62]. The hippocampus is essential for declarative memory, 
which involves relational representations, but not for pro-
cedural memory, dependent on the brain’s motor centers 
[62]. Since the hippocampal memory function is so acutely 
sensitive to disruption, it has been the focus of research in 
a wide variety of fields of neuroscience [63]. Hippocampal 
impairment is related to several adverse issues ranging from 
prolonged stress and aging to seizures and stroke [64–66]. 
Moreover, HFD-induced obesity has previously been shown 
to decline cognitive function via impairing the NOL param-
eters [35, 67]. Numerous interventions, on the other hand, 
such as pharmacological strategies promote hippocampal 
function [35, 67]. In this study, we found that pharmaco-
logical inhibition of mitochondrial fission (Mdivi-1) or 
promotion of fusion (M1) effectively restored NOL-related 
hippocampal function in obese rats, thus rebalancing mito-
chondrial dynamics could be a putative strategy for neuro-
protection against obesity. As a result, hippocampus memory 
testing using NOL may provide insight on the cellular and 
molecular mechanisms of memory and also the influence 
of various environmental modifications on hippocampal 
function.

Only “NOL” which tightly depends on adult hippocam-
pal neurogenesis [62, 68] was used as cognitive test in our 
study. Other cognitive tests such as novel object recognition 
(NOR) should be used to confirm the cognitive impairment 
of this model. It has been shown that the NOR was used to 
evaluate non-spatial learning of object identity, which relies 
on multiple brain regions [62]. However, this study aimed to 
determine the effects of mitochondrial dynamic modulators 
on hippocampus-dependent cognitive function in obese rats. 
Therefore, we have performed only the NOL test, which was 
commonly used in several previous studies [35, 67] and has 
been primarily developed for the evaluation of spatial learn-
ing, which relies heavily on hippocampal activity [62]. Since 
the NOL results were only reported in this study, determina-
tion of non-hippocampus-dependent as the object recogni-
tion test is still further required to reveal the function and 
relative health of specific brain regions involved in memory.

Although Mdivi-1 and M1 at the doses of 1.2 and 2 mg/
kg, respectively, have been noted as cardioprotective 
pharmacological modulators of mitochondrial dynamics 
against cardiac complications in HFD-induced prediabetes 
[10], their protective roles in the brain are still unknown. 
In this study, we demonstrated that Mdivi-1 at 1.2 mg/
kg effectively protected the brain injury induced by long-
term HFD consumption. However, there are some studies 
that reported the side effects of Mdivi-1 in various patho-
logical conditions that need to be mentioned. Mdivi-1 has 
been shown to increase toxic effects in a mouse model 
of Parkinson’s disease [69]. Moreover, Mdivi-1 treat-
ment altered the expression of oxidative phosphorylation 
(OXPHOS) complex proteins and altered the expression 
of mitochondrial serine/proteases, resulting in increased 
superoxide production [70]. Impaired autophagy flux was 
also observed following Mdivi-1 treatment in cardio-
myocytes, suggesting that Mdivi-1 mediated inhibition 
of macro-autophagy. Additional effects of Mdivi-1 have 
been reported to reversibly inhibit mitochondrial Complex 
I-dependent  O2 consumption and reverse electron transfer-
mediated ROS production at concentrations used to target 
mitochondrial fission. Remarkably, Mdivi-1-induced res-
piratory impairment occurs without mitochondrial elonga-
tion and is not replicated by Drp1 deletion, implying that 
Mdivi-1 is not a specific Drp1 inhibitor [69]. In addition 
to Mdivi-1, Hydrazone M1 or mitochondrial fusion pro-
moter-M1 is the most active cell-permeable phenylhydra-
zone compound that effectively decreased the mitochon-
drial fragmentation [71]. M1 was also identified as the 
most active compound in rescuing fusion in Mfn1 or Mfn2 
knockout mouse embryonic fibroblasts (MEFs). In addi-
tion, M1 treatment exerted neuroprotective benefits against 
cardiac I/R injury via restoring Mfn2 protein, reducing 
brain mitochondrial dysfunction, BBB breakdown, mac-
rophage infiltration, apoptosis, and Alzheimer-related 
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proteins [26]. However, references to brain mitochondrial 
functions are still lacking, and proof of effects of M1 treat-
ment on brain mitochondrial morphology in this context 
should be provided. Therefore, future studies are needed to 
investigate the pharmacological properties and long-term 
efficacies of both drugs.

Conclusion

Our findings demonstrated that prolonged HFD consump-
tion led to the development of prediabetes and a decrease 
in brain mitochondrial function and mitochondrial dynamic 
imbalance, leading to brain apoptosis and cognitive decline. 
Modulation of mitochondrial dynamics with either a fission 
inhibitor (Mdivi-1) or a fusion promoter (M1) exerted simi-
lar neuroprotective effects against HFD-induced prediabetes 
via improving metabolic parameters, balancing mitochon-
drial dynamics, and reducing mitochondrial dysfunction, 
resulting in a gradual increase in cognitive function. These 
findings indicate real possibilities for novel therapeutic strat-
egies for diabetes-associated cognitive impairment.
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