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Abstract: Autophagy attenuation has been found in neurodegenerative diseases, aging, diabetes
mellitus, and atherosclerosis. In experimental models of neurodegenerative diseases, the correction
of autophagy in the brain reverses neuronal and behavioral deficits and hence seems to be a prom-
ising therapy for neuropathologies. Our aim was to study the effect of an autophagy inducer, tre-
halose, on brain autophagy and behavior in a genetic model of diabetes with signs of neuronal dam-
age (db/db mice). A 2% trehalose solution was administered as drinking water during 24 days of
the experiment. Expressions of markers of autophagy (LC3-II), neuroinflammation (IBA1), redox
state (NOS), and neuronal density (NeuN) in the brain were assessed by immunohistochemical
analysis. For behavioral phenotyping, the open field, elevated plus-maze, tail suspension, pre-pulse
inhibition, and passive avoidance tests were used. Trehalose caused a slight reduction in increased
blood glucose concentration, considerable autophagy activation, and a decrease in the neuroinflam-
matory response in the brain along with improvements of exploration, locomotor activity, anxiety,
depressive-like behavior, and fear learning and memory in db/db mice. Trehalose exerted some
beneficial peripheral and systemic effects and partially reversed behavioral alterations in db/db
mice. Thus, trehalose as an inducer of mTOR-independent autophagy is effective at alleviating neu-
ronal and behavioral disturbances accompanying experimental diabetes.

Keywords: leptin-deficient db/db mice; trehalose; autophagy; behavior; memory; obesity;
neurodegeneration

1. Introduction

Diabetes mellitus is a prevalent metabolic disorder contributing to significant mor-
bidity and mortality in humans [1,2]. Diabetes development is closely related to progres-
sive hyperglycemia, leading to the formation of advanced glycation end products. The
latter, when interacting with a receptor called RAGE, triggers a release of proinflamma-
tory cytokines and inflammation that spread to many tissues and organs [3,4]. Many pre-
ventative and therapeutic agents have been developed for normalizing the glycemic pro-
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file in patients with diabetes. In addition to various pharmacological treatments, nonphar-
macological modalities have been suggested to improve glycemic control in patients with
diabetes [5,6]. In some experiments, amyloid-beta pathologies link Alzheimer’s disease
and type 2 diabetes in a transgenic model [7,8]. A model of type 2 diabetes mellitus, called
db/db mice, is characterized by a deletion of the leptin receptor gene; this deficit leads to
obesity, insulin resistance, and type 2 diabetes mellitus [9].

A variety of diabetic complications have been observed in various tissues of the pe-
ripheral and central nervous systems. Cognitive dysfunction is a major complication in
type 2 diabetes mellitus [7-11]. Diabetes causes such complications as insulin resistance,
heart and kidney failure, neurodegeneration, and Alzheimer’s disease [2]. According to
numerous studies, db/db mice are regarded as a classic model of diabetes-mellitus-medi-
ated cognitive dysfunction. Several mechanisms are thought to be responsible for cogni-
tive deficits in diabetes, including impaired hippocampal synaptic plasticity, decreased
density of dendritic spines, oxidative stress, and inflammation. Dysregulated autophagy
is involved in the pathogenesis of various neurodegenerative diseases such as Alz-
heimer’s disease and Parkinson’s disease. Nonetheless, the relation between autophagy
and cognitive dysfunction in db/db mice remains unclear. Thus, in this study, we hypoth-
esized that reduced autophagy might be involved in the behavioral dysfunction seen in
db/db mice and that stimulation of autophagy could reduce the deficit.

Trehalose, a disaccharide of glucose, is a naturally occurring nontoxic and nonreduc-
ing bioactive sugar that is synthesized in many organisms when cells are exposed to
stressful conditions, including dehydration, heat, oxidation, hypoxia, or even anoxia. Tre-
halose is not synthesized in the human body but is widely used in the food industry. Tre-
halose, which is synthesized in many organisms ranging from bacteria to plants, may
modulate insulin sensitivity via more than seven molecular pathways, thus leading to
better control of hyperglycemia [12,13]. Although the exact cause of insulin resistance has
not been fully elucidated, a number of major mechanisms have been uncovered, namely,
oxidative stress, inflammation, insulin receptor mutations, endoplasmic-reticulum stress,
and mitochondrial dysfunction [12].

The relation between neurodegeneration and diabetes is determined by the similarity
of the pathogenic factors that cause these processes [14,15]. Neurodegenerative diseases
(Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease) involve oxidative
stress in their pathogenesis through a variety of mechanisms, including induction of oxi-
dation of nucleic acids, proteins, and lipids; formation of advanced glycation end prod-
ucts; mitochondrial dysfunction; glial-cell activation; amyloid  deposition and plaque
formation; apoptosis; cytokine production; inflammatory responses; and proteasome dys-
function [14,16]. Not all aspects of neurodegeneration development have been studied
thoroughly to date, including the behavioral characteristics of experimental animals with
diabetes [17-19]. The relation of the state of autophagy with damage to the hippocampus
and the progression of cognitive impairment remains poorly understood. Due to the mul-
tiple mechanisms underlying the development of type 2 diabetes mellitus in db/db mice,
which are burdened by the signs of Alzheimer’s disease and cognitive impairment, the
disaccharide trehalose was chosen here as a suitable therapy and has shown its effective-
ness in the treatment of neurodegeneration [20,21].

In this regard, the aim of the study was to investigate the effect of autophagy inducer
trehalose on behavior, memory, and brain autophagy in db/db mice, which feature meta-
bolic disorders related to leptin receptor deficiency followed by neuroinflammatory dis-
orders and obesity and are burdened by cognitive dysfunction.

2. Materials and Methods
2.1. Animal Used

The study was carried out on specific pathogen-free mice of db/db strain (BKS.Cg-
Dock7m+/+Leprdb/], stock #000642; Jackson Laboratory; Bar Harbor, ME, USA). Wild-
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type (WT) C57BL/6] male mice and db/db mice (3 months old), which had leptin receptor
deficiency, were purchased from the SPF-vivarium of the Institute of Cytology and Ge-
netics SB RAS (Novosibirsk, Russia). The animals were housed on a regular 12/12 h
light/dark cycle (lights on 02:00 a.m.), a constant room temperature of 23 + 2 °C, and rela-
tive humidity of 45 + 10%. The mice had access to standard mouse chow and water ad
libitum during the 2-week acclimation period prior to experimentation. All experimental
procedures were conducted according to the guidelines of the Declaration of Helsinki and
the eighth edition of the Guide for the Care and Use of Laboratory Animals, published in
2011 by the United States National Academy of Sciences. The study protocol was ap-
proved by the Local Ethics Committee of the Scientific Research Institute of Neurosciences
and Medicine (approval No. 2 of 20 February 2020) and the Institutional Review Board (7
July 2021).

2.2. Experimental Design

Mice were subdivided into four groups (6-8 animals each): (1) WT mice drinking
water ad libitum during the whole experiment (24 days); (2) WT mice drinking 2% treha-
lose solution instead; (3) db/db mice drinking water ad libitum during the whole experi-
ment; (4) db/db mice drinking 2% trehalose solution instead. Behavior testing began two
weeks after the start of the experiment (on days 15-24) without stopping the consumption
of trehalose. On the day of euthanasia (day 25), animals of all groups were culled with
CO2 and transcardially perfused as described below (Section 2.5). The scheme of the ex-
periment is given in Supplementary Figure S1.

2.3. Biochemical Assays

The blood samples were collected during chest dissection prior to transcardial per-
fusion. The blood collection, serum preparation and storage, and biochemical assays in
the serum were performed as described earlier [22]. Total serum cholesterol and triglyc-
erides (TGs) were quantified on an Architect ¢8000 biochemical analyzer (Abbott, Abbott
Park, IL, USA), whereas low-density lipoprotein (LDL) cholesterol was assayed with the
Biosystems kits, Costa Brava (Biosystems S.A., Barcelona, Spain) on a Labio 200 biochem-
ical analyzer BS-200 (Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen,
China) [23,24].

2.4. Behavioral Tests
Pre-Pulse Inhibition Test (PPI).

The PPI test of the acoustic startle reflex (ASR) was performed in a sound-attenuating
chamber SR-Lab-San Diego Instruments, San Diego, CA,USA, Startle Response System. A
session was initiated with an acclimation period followed by 10 presentations of startle
pulses-alone (110 dB)—Blocks 1. Trial types for the PPI included four different pre-pulse
intensities (72, 78, 82, and 86 dB); each pre-pulse preceded the startle pulse (110 dB) by a
40 ms inter-stimulus interval and was presented 10 times in random order (Blocks 2 and
3). Inter-trial intervals varied from 5 to 25 s. Block 4 contained the exact same 10 startle
pulses trials as Block 1 [25].

We calculated PPI for each pre-pulse intensity as follows: PPI = 100 x [(pulse-alone)
— (pre-pulse + pulse score)]/pulse-alone score, where the pulse-alone score is the average
of pulse-alone values from Blocks 2 and 3.

The Open-Field Test (OFT)

The OFT was carried out in an apparatus with a square arena (40 cm x 40 cm) and
plastic walls 37.5 cm high brightly lit from above (1000 lux). For 10 min, the animal was
free to explore the test arena. The following parameters were determined: general loco-
motion (the distance traveled in cm); vertical locomotor and exploratory activity (rearing
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number); anxiety (time spent in the central part of the arena and the number of entries
into the center) [26,27].

Elevated Plus Maze (EPM) Test

The EPM apparatus consisted of two open arms (30 x 5 cm), two closed arms of the
same size with 15 cm-high walls, and a center platform (5 x 5 cm), and was elevated to a
height of 120 cm above the test room floor. Each mouse was placed in the central area
facing one of the open arms. Distance traveled, the number of entries, and the percentage
of time time spent in the center or in open or closed arms were recorded for 5 min. The
apparatuses were cleaned with 75% alcohol after each test. A reduction of the percent of
time spent and the number of entries into the center and open arms is considered an anx-
iety-like index [18].

Tail Suspension Test (TST)

The TST was performed to evaluate depression-like and antidepressant behavior af-
ter drug treatment [28,29]. A mouse’s tail was threaded through the opening of the plastic
panel and secured with a patch. The test was conducted for a 6 min period. Depressive-
like behavior was inferred from increased duration of immobility. Immobility was defined
as a lack of attempt to move limbs and staying in the vertical posture during the suspen-
sion.

Behavioral indicators in the OFT and TST were recorded using vertical and horizon-
tal video cameras and the EthoVisionXT software and hardware system (Noldus, Wa-
geningen, The Netherlands).

Passive Avoidance Test

Fear memory and learning were assessed via the passive avoidance paradigm as pre-
viously described [25,29]. A single conditioning session was performed in an experimental
chamber consisting of dark and light compartments of the automated Gemini Avoidance
System (San Diego Instruments, San Diego, CA, USA). A mouse received a foot shock (0.5
mA, 2 s) after entering the dark compartment, and the door was closed to prevent an es-
cape on the training day. The number of crossings between the compartments at habitua-
tion and latencies to enter into the dark compartment on the training and test days were
automatically recorded by the GEMINI. San Diego Instruments.Version 1.0.0 (San Diego
Instruments, San Diego, CA, USA). The maximum duration of testing was 300 s.

2.5. Immunohistochemical (IHC) Analysis

The animals were transcardially perfused with phosphate-buffered saline (PBS) and
4% paraformaldehyde in PBS. The brains were postfixed in a 30% sucrose solution in PBS
at 4 °C, then immersed in the embedding Tissue-Tek O.C.T. compound (Sakura Finetek
USA, Torrance, CA, USA), frozen, and stored at -70 °C.

The IHC analysis was performed on 30 um-thick cryosections according to a protocol
described in detail previously [26,30,31]. Coronal slices along the hippocampus and amyg-
dala (AP: —2.03 to -2.15 mm) of each mouse brain were prepared. We applied a rabbit
polyclonal antibody (NB100-2220, 1:400 dilution, Novus Biologicals, Littleton, CO, USA)
as a primary antibody to detect autophagosome marker MAP1LC3B, a mouse monoclonal
antibody NOS-3F7-B11 B5 (GTX22801, 1:100 dilution, GeneTex, Alton Pkwy Irvine, CA,
USA) as the primary antibody to detect nitric oxide synthase (NOS), a goat polyclonal
antibody (NB100-1028, 1:200 dilution, Novus Biologicals, Littleton, CO, USA) as the pri-
mary antibody to detect the AIF-1/IBA1 microglial marker, and a rabbit monoclonal anti-
body (ab177487, 1:200 dilution, Abcam, Cambridge, UK) as the primary antibody to detect
neuronal marker NeuN. A fluorescently labeled (Alexa Fluor 488 —conjugated) goat anti-
rabbit IgG antibody (ab150077, 1:500 dilution, Abcam, Cambridge, UK) served as the sec-
ondary antibody for LC3-II, IBA1, and NeuN, whereas a fluorescently labeled (Alexa
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Fluor 568 —conjugated) goat anti-mouse IgG antibody (ab175473, 1:400 dilution, Abcam,
Cambridge, UK) served as the secondary antibody for NOS.

Fluorescence intensity of IBA1 or NOS immunostaining was measured as back-
ground-corrected optical density (vs. background staining of the nonimmunoreactive re-
gions) in the images converted to grayscale. Fluorescence intensity of punctate LC3-II was
measured with subtraction of low diffuse fluorescence of some areas (punctate staining
vs. background staining of nonpunctate regions) in the images converted to grayscale.

The density of neurons was determined in the frontal cortex and hippocampal re-
gions CA1 and CA3 as the area occupied by NeuN-positive cells.

Fluorescent images were finally obtained by means of an Axioplan 2 (Carl Zeiss, Jena,
Germany) imaging microscope and then analyzed in Image Pro Plus Software 6.0 (Media
Cybernetics, Rockville, MD, USA). The area of interest was 19,353 um? in the hippocampal
CA1 area, 26,100 um? in the hippocampal CA3 areas, and 18,208 um? in the dentate gyrus
(DG), frontal cortex, and amygdala.

2.6. Transmission Electron Microscopy

Liver samples for electron microscopy were fixed in 4% paraformaldehyde in Hanks
medium and a 1% OsOs solution (Sigma, St. Louis, MO, USA) in phosphate buffer (pH
7.4) for 1 h, dehydrated in ethanol of ascending concentrations, and embedded in epon
(Serva). Preparation of semithin sections and analysis under JEM 1400 electron micro-
scope (JEOL Ltd., Tokyo, Japan) have been described earlier [32].

2.7. Statistical Analysis

Results are presented as mean + S.E.M. and were subjected to one-way, factorial, or
repeated-measures ANOVA followed by post hoc Fischer’s LSD test. Data with p < 0.05
were regarded as statistically significant. The normality of the data distribution was de-
termined by the Shapiro-Wilk W test.

3. Results
3.1. Effect of Trehalose Treatment on db/db Mice

Compared to the control WT mice, the weight of db/db mice (drinking water) with
obesity was higher; trehalose consumption with drinking water was followed by a de-
crease in body weight in db/db mice and to a lesser degree in WT mice (Figure 1).
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s Rk &
35 1
30

25
OH20

BT

20

15 4

body weight, g

10 A

S -

0
WT db/db

Figure 1. Effect of trehalose consumption with drinking water on body weight of db/db mice. The
data are expressed as mean + S.E.M of the values obtained in each group of animals (1 = 6-8 per
group). Statistically significant differences: *** p < 0.001 as compared to the control, p < 0.05 as
compared to the db/db-H20 group.
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Relative weight of the liver was higher in db/db mice (two-way ANOVA, genotype
factor: F(1,25) = 5.71, p = 0.02); however, relative weights of the heart and brain were sig-
nificantly lower (genotype factor: F(1,25) = 101.8, p < 0.0001; F(1,25) = 84.63, p < 0.0001,

respectively). The drug factor (F(1,25) =5.19, p = 0.03) produced a significant effect on the
relative weight of their brains (Figure 2).
8 -

7

6 -

OWT-H20
BWT-Tr

3 - O db/db-H20
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relative weight (%)

xxx
ETEx X

liver heart brain

Figure 2. Relative weights of the liver, heart, and brain in db/db mice treated with trehalose. The
data are expressed as the mean + SEM of the values obtained in each group of animals (1 = 6-8 per
group). Statistically significant differences: ** p <0.01; *** p <0.001 vs. WT.

Hypolipidemic effects of trehalose treatment were noted in db/db mice (Figure 3A,B),
as was an improvement of liver function according to ALT activity (Figure 3C).
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Figure 3. The impact of trehalose on serum total cholesterol (A), triglycerides (B), and ALT activity (C) in db/db mice. The
data are expressed as the mean + SEM of the values obtained in each group of animals (1 = 5-6 per group). Statistically
significant differences: ** p <0.01; *** p <0.001 vs. WT-H20 group; #p < 0.05; ##p < 0.001 vs. untreated db/db-H20 group.

Blood glucose was significantly higher in db/db mice than in control WT mice, and
trehalose treatment decreased the blood glucose level compared to untreated db/db mice
(Figure 4), but not compared to the normal level of WT mice.
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Figure 4. Effect of trehalose consumption with drinking water on the blood glucose level (mg/dl) in
db/db mice. The data are expressed as the mean + SEM of the values obtained in each group of
animals (n = 5-8 per group). Statistically significant differences: *** p <0.001 vs. WT-H20 group, *p
<0.05 vs. db/db-H:0 group.

3.2. IHC Analysis

The genotype factor had a significant effect on the expression of LC3-II in the CA1
(F(1,12) = 10.6, p = 0.007) and CA3 (F(1,12) = 28.58, p = 0.0002) hippocampal areas. LC3-II
expression in the CA1 (p < 0.05) and CA3 (p <0.01) areas was lower in db/db mice than in
the control WT mice (Figure 5).
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Figure 5. The impact of trehalose treatment on LC3-II expression in the hippocampus and amygdala.
(A) Quantitative results. The data are expressed as the mean + S.E.M. of the values obtained in each
group of animals (1 = 4 per group). Statistically significant differences: * p <0.05; ** p <0.01 vs. WT-
H:0 group; #p < 0.05; #p < 0.01 vs. untreated db/db-H20 group. (B) LC3-II immunoreactivity in the
CA1 hippocampal area. Magnification, 200%; scale bar, 100 um.

The expression of LC3-1I in the CA1 (F(1,12) = 10.6, p = 0.007), CA3 (F(1,12) =25.29, p
=0.0003), and DG (F(1,12) = 25.05, p = 0.0003) hippocampal areas was significantly influ-
enced by the drug factor. This parameter was markedly higher in all studied areas of the
hippocampus of WT and db/db mice that consumed trehalose. Thus, compared to the
control WT mice, brain LC3-II expression was lower in the tested hippocampal CA1 and
CA3 areas of db/db mice, while trehalose treatment increased this index.

The expression of NOS was significantly influenced by the genotype factor in the
CA1(F(1,12)=6.71, p=0.02) and DG (F(1,12) = 5.09, p = 0.04) hippocampal areas and amyg-
dala (F(1,10) = 21.8, p = 0.0009), and by the drug factor in the DG of the hippocampus
(F(1,12) = 6.44, p = 0.03) and amygdala (F(1,10) = 9.96, p = 0.01). In db/db mice compared to
the WT mice, NOS expression was higher in CA1 (p < 0.05), CA3 (p < 0.05), and DG (p <
0.01) areas of the hippocampus and amygdala (p < 0.01), while trehalose treatment de-
creased this index in the DG (p <0.01) and amygdala (p < 0.05) (Figure 6). Thus, compared
to the control WT mice, brain NOS expression was higher in all tested areas of the hippo-
campus (CA1, CA3, DG) and amygdala in db/db mice, while trehalose treatment signifi-
cantly decreased this index in the DG and amygdala.
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Figure 6. The influence of trehalose treatment on NOS expression in the hippocampus and amyg-
dala. (A) Quantitative results. The data are expressed as the mean + S.E.M. of the values obtained in
each group of animals (1 = 4 per group). Statistically significant differences: * p <0.05; ** p <0.01 vs.
WT-H20 group; #p < 0.05; #p < 0.01 vs. db/db-H20 group. (B) NOS immunoreactivity in the DG of
the hippocampus. Magnification, 200%; scale bar, 50 pum.

The neuronal nuclear antigen (NeuN) is a marker of neuronal maturation [30]. The
density of neurons was determined in the prefrontal cortex and hippocampal regions CA1
and CA3 by means of the area occupied by NeuN-positive cells. Db/db mice were found
to have a lower density of neurons in the frontal cortex (p < 0.05) but not in the hippocam-
pus. Trehalose treatment did not affect neuronal density in the brain of db/db mice but
increased this index in CA1 (p <0.01) and CA3 (p < 0.001) areas of the hippocampus in WT
mice (Figure 7). Thus, trehalose treatment did not influence the neuronal density in db/db
mice but increased this index in the CA1 and CA3 areas of the hippocampus in WT mice.
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Figure 7. The influence of trehalose treatment on neuronal density (according to NeuN expression)
in the frontal cortex (Fc) and CA1 and CA3 areas of the hippocampus. (A) Quantitative results.
Neuronal density in the Fc of db/db mice was lower compared to the WT mice. The data are ex-
pressed as the mean + S.E.M. of the values obtained in each group of animals (1 = 4-5 per group).
Statistically significant differences: * p <0.05; ** p <0.01; *** p <0.001 vs. WT-H20 group. (B) Neuronal
density according to NeuN expression in the Fc. Magnification, 200x; scale bar, 100 pum.

The expression of IBA1 was significantly influenced by the genotype factor in the
CA1 (F(1,12) = 9.25, p = 0.01), CA3 (F(1,12) = 15,4, p = 0.002), and DG (F(1,12) = 26.58, p <
0.001) hippocampeal areas, and by the drug factor in the CA3 area (F(1,12) = 5.82, p = 0.03)
and DG of the hippocampus (F(1,12) = 12,01, p = 0.005). In db/db mice compared to WT
mice, IBA1 expression was higher in the CA1 (p <0.01), CA3 (p < 0.01), and DG (p < 0.001)
areas of the hippocampus (p < 0.01), while trehalose treatment decreased this index (Fig-
ure 8). Thus, compared to the control WT mice, IBA1 expression was higher in hippocam-
pal CAl and CA3 areas and DG in db/db mice, while trehalose treatment decreased this
index.
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Figure 8. Effect of trehalose treatment on IBA1 expression in the hippocampus. (A) Quantitative
results. The data are expressed as the mean + S.E.M. of the values obtained in each group of animals
(n =4 per group). Statistically significant differences: * p < 0.05; ** p < 0.01; *** p < 0.001 vs. WT-H20
group; *p < 0.05; #p < 0.01 vs. db/db-H20 group. (B) IBA1 immunoreactivity in hippocampal CA1
area. Magnification, 200x; scale bar, 100 pm.

3.3. Behavioral Changes in db/db Mice and Protective Effects of Trehalose
3.3.1. PPI of the ASR

There was a significant genotype-affected difference between the db/db and WT mice
in the PPI of the ASR (Figure 9). PPI was lower in db/db mice (two-way ANOVA, geno-
type factor) at 72 dB (F(1,25) =9.72, p = 0.005), 78 dB (F(1,25) = 7.34, p = 0.01), 82 dB (F(1,25)
=13.98, p=0.001), and 86 dB (F(1,25) =4.05, p = 0.05), as well as globally across all prepulse
intensities (F(1,25) = 9.86, p = 0.004). Trehalose did not have a significant influence on PPI
in WT and db/db mice at all prepulse intensities (72, 78, 82, and 86 dB) and on the global
prepulse (two-way ANOVA, drug factor: F(1,25) = 0.41, p = 0.53).

ASR was significantly higher in db/db than in WT mice (two-way ANOVA, genotype
factor: F(1,25) =10.7, p = 0.003). In mice that consumed trehalose, there was a tendency for
a lower ASR (drug factor: F(1,25)=2.4, p=0.1).
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Figure 9. (A) Pre-pulse inhibition (PPI) and (B) the acoustic startle reflex (ASR) amplitude and the impact of trehalose (Tr).
The data are expressed as the mean + S.E.M. of the values obtained in each group of animals (1 = 7-8 per group). Statisti-
cally significant differences according to the LSD post hoc test: ** p < 0.01; * p <0.05 vs. WT-H20 group.
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3.3.2. The OFT

The OFT showed a reduction in overall exploratory/locomotor activity in the diabetic
mice. The db/db mice traveled shorter total distances (p < 0.01) in the arena and had a
lower rearing frequency (p < 0.01) than WT mice (Figure 10). After treatment with treha-
lose, db/db mice showed an improvement in exploratory/locomotor activity. They trav-
eled a longer distance (p < 0.05) and made more rearings (p < 0.05) than db/db mice that

consumed water.
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Figure 10. The effect of trehalose (Tr) on behavior of WT and db/db mice in the open field test. (A) Distance traveled; (B)
rearings; (C) entries into the center; (D) time in the center. Each bar represents mean + S.E.M. of data from 7-8 mice per
group. Statistically significant differences according to the LSD post hoc test: * p <0.05; ** p <0.01; *** p <0.001 vs. WT-H20
group, #p <0.05 vs. db/db-H:0O.

Anxiety-like behaviors were noted in the OFT performed on diabetic mice. Com-
pared with the WT, db/db mice spent less time in (p < 0.05) and entered the central area
less often (p < 0.05). Trehalose attenuated anxiety-like behavior in the mice with diabetes;
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the db/db mice that consumed trehalose spent more time in the center (p <0.05) and visited
it more often (p < 0.05) than the db/db mice that drank water. We can conclude that treha-
lose treatment increases motor and exploratory activity and reduces anxiety in db/db
mice.

3.3.3. EPM Test

This test also showed a reduction in exploratory/locomotor activity and increase in
anxiety in the diabetic mice (Figure 11). Db/db mice traveled shorter total distances
(F(1,24) =79.66, p <0.0001), and there were less frequent passages between arms (F(1,24) =
62.24, p < 0.0001). They went out into the open arms (F(1,24) = 28.99, p < 0.0001) and the
central area of the maze less often (F(1,24) = 474.45, p < 0.0001), and spent less time in the
center (F(1,24) = 27.8, p < 0.0001) and more time in the closed arms (F(1,24) = 21.55, p <
0.0001).

A 30 B 30 c
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Figure 11. The impact of trehalose (Tr) on behavior of WT and db/db mice in the EPM test. Total distance traveled (A), the
number of entries (B), and percentage of time spent (C) in the center of the elevated plus-maze. Each bar represents mean
+ S.E.M. of data from 7-8 mice per group. Statistically significant differences according to the LSD post hoc test: *** p <
0.001 vs. WT-H20 group, #p <0.05 vs. db/db-H20 group.

Treatment with trehalose led to an increase in exploratory/locomotor activity and a
decrease in the manifestation of anxiety-like behaviors in db/db mice. Db/db mice that
consumed trehalose traveled a longer distance (genotype x drug factor: F(1,24) =4.99, p <
0.05); they often went to the center of the maze (genotype x drug factor: F(1,24) =1.14, p <
0.05) and spent more time there (drug factor: F(1,24) = 6.67, p < 0.05) but less time in the
closed arms (drug factor: F(1,24) =6.22, p <0.05) than the db/db mice that consumed water.
The influence of the genotype x drug factor on the number of passages between arms was
detected (F(1,24) = 4.51, p < 0.05). Thus, we showed that trehalose reduced manifestations
of anxious behavior.

3.3.4.TST

There was a tendency for longer immobility in the TST in db/db mice (p <0.1 vs. WT).
Treatment with trehalose reduced the depressive-like behavior in the db/db mice by re-
ducing the duration of immobility (p < 0.01 vs. db/db-H>O group; Figure 12). Therefore,
trehalose treatment reduced depressive-like behavior in db/db mice.
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Figure 12. The effect of trehalose (Tr) on depressive-like behavior of WT and db/db mice in the tail
suspension test. The data are expressed as the mean + SEM of the values obtained in each group of
animals (n = 6-8 per group). Statistically significant differences according to the LSD post hoc test:
#p <0.01 vs. db/db-H20 group.

3.3.5. Passive Avoidance Test

During the initial 300 s familiarization (habituation) period with an experimental
chamber, deficient locomotor and exploratory activities in db/db mice were observed in
comparison with WT mice (Figure 13). A two-way ANOVA detected the main effect of
genotype (p < 0.001) but did not detect any significant effect of trehalose. Db/db mice ex-
pressed passive behavior as reflected by their longer latency to enter into the dark com-
partment (p < 0.01) and reduced number of crossings (p < 0.001) in comparison with WT
mice. Trehalose did not change this behavior in either db/db or WT mice.
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Figure 13. Hypolocomotive and hypoexploratory behavior of db/db mice during familiarization with an experimental
chamber performed before a training session. (A) Latency to enter into the dark compartment. (B) crossing from one

compartment into the next. Each bar represents mean + S.E.M. of data from 7-8 mice per group. Statistically significant
differences: ** p < 0.01; ** p <0.001 vs. WT.

Figure 14 presents data on passive avoidance learning and the effects of trehalose in
db/db and WT mice. It should be noted that db/db mice, on the day of training, retained
a long latency to enter into the dark compartment compared to WT mice (p < 0.001), simi-
larly to the day of familiarization. Retrieval of a memory trace was measured by means of
step-through latency in the test session performed 24 h after training. In WT mice, long
latency to enter into the fearful compartment was recorded during testing, indicating
good retrieval of the fear memory trace. Db/db mice showed deficient learning in com-
parison with WT mice, as evidenced by the significance of the factor line in the ANOVA
(p <0.001) and by the significance of the percentage of increase in step-through latency on
the test day relative to the training day (p < 0.001). Exposure to trehalose did not change
the passive avoidance learning in WT mice; db/db mice treated with trehalose demon-
strated pronounced avoidance of the fearful compartment during the testing period. A
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two-way ANOVA revealed that db/db mice that received trehalose had longer step-
through latency than the db/db mice receiving H20 (p < 0.05). Therefore, trehalose cor-
rected the deficit of the fear memory trace formation.
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Figure 14. Trehalose attenuates impairment of the passive avoidance learning in db/db mice. (A) Latency to enter into the
dark compartment. (B) crossing from one compartment into the next. Percentage of the increase in step-through latency
on the test day relative to the training day. Each bar represents mean + S.E.M. of data from 7-8 mice per group. Statistically
significant differences according to the LSD post hoc test: ** p <0.01; *** p <0.001 vs. WT; # p < 0.05 vs. db/db-H20O group.

3.4. Morphological Analysis of Autophagy in the Liver

According to electron microscopic study of hepatocytes, results on intact WT mice
are in agreement with the literature (Figure 15a). Trehalose consumption with drinking
water was followed by the formation of autophagosomes in some hepatocytes (Figure
15b).

In db/db mice, significant accumulation of lipids was noted in the cytoplasm of
hepatocytes. Hepatocyte heterogeneity in lipid content was also observed. The sizes of
lipid inclusions were small, medium, and large (Figure 15c). Hepatocytes differed in the
content of glycogen. Twisted and ring-shaped mitochondria were seen (Figure 15¢,d). Au-
tophagosomes with a cytoplasm fragment, mitochondria, and lipid droplets (LD) were
noted (Figure 15d-f). Increased autophagy induced by trehalose was detectable in the
brain and in liver cells.
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Figure 15. (a) A fragment of hepatocyte cytoplasm from a WT mouse. Mild glycogen accumulation
and well-pronounced membranes of the endoplasmic reticulum and mitochondria. (b) A fragment
of the cytoplasm of a hepatocyte from a WT mouse treated with trehalose. Autolysosome (arrow).
() Accumulation of lipid droplets in the cytoplasm of a hepatocyte of a db/db mouse. Large lipid
inclusions (arrows). Convoluted mitochondria (M). (d) An autophagosome with a cytoplasm frag-
ment of a hepatocyte (arrows) from a db/db mouse treated with trehalose. Convoluted mitochondria
(M). (e) An autophagosome with lipids in the cytoplasm of a hepatocyte from a db/db mouse treated
with trehalose (arrows). (f) Autophagosomes with mitochondria in the cytoplasm of a hepatocyte
from a db/db mouse treated with trehalose (arrows).
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4. Discussion

Neurodegenerative diseases are widespread disorders with a prevalence increasing
with age. The effectiveness of their treatment depends on the understanding of their eti-
ology, which is not clear at present. A common feature of these diseases is the accumula-
tion of proteins prone to aggregation and protein inclusions, which are markers of these
diseases and have pathogenic significance. The cellular tool for their elimination is au-
tophagy (chaperone-mediated autophagy, macroautophagy, and selective autophagy).
The key role of autophagy in the maintenance of cellular survival and in the suppression
of neurodegeneration has been evaluated in Alzheimer’s, Parkinson’s, and Huntington’s
diseases, which are accompanied by the accumulation of beta-amyloid, alpha-synuclein,
and huntingtin, respectively. Autophagy is weakened in various ways in these diseases
and decreases with aging [33]. Alzheimer’s disease and type 2 diabetes mellitus share
many common pathophysiological features, such as insulin resistance, inflammation, ox-
idative stress, and amyloid aggregation and deposition [4].

Aberrant autophagy plays a key role in aging, type 2 diabetes mellitus, and neuro-
degeneration [34]. Suppression of autophagy in db/db mice partially resembles the
changes that occur in aging [35]. Recent evidence indicates that polyphenols (e.g., resvera-
trol and curcumin), flavonoids (e.g., quercetin), polyamines (e.g., spermidine), and sugars
(e.g., trehalose) limit brain damage in vitro and in vivo. Their common mechanism of ac-
tion leads to the restoration of efficient autophagy, which subsequently processes the mis-
folded proteins and dysfunctional mitochondria [36]. Sodium-glucose cotransporter 2
(SGLT2) inhibitor empagliflozin and dipeptidyl peptidase 4 (DPP4) inhibitor linagliptin
reactivate glomerular autophagy in db/db mice, thus manifesting a positive effect [37].
Recently, trehalose, an inducer of autophagy, was suggested as a possible positive factor
in the control of neurodegeneration development and in the regulation of blood glucose
levels [34,37]. Trehalose might also be used in the treatment of other diseases, such as
cardiometabolic, liver, and other illnesses followed by disturbances in glucose metabolism
[2,34,38]. Trehalose restores autophagy and some neuronal deficits induced by hypergly-
cemia [39—-41]. Hence, trehalose as an inducer of mTOR-independent autophagy seems to
be a promising agent for the treatment of neuronal and behavioral disturbances accompa-
nying experimental diabetes. However, mechanisms of positive effects of autophagy in-
ducers used in the treatment of diabetes in humans (metformin and trehalose) have been
insufficiently studied.

Animal models and clinical assessments of diabetic patients have revealed that dia-
betes causes several abnormalities at both chemical and ultrastructural levels of the brain
that result in dysfunctional behaviors [19] and increase the risk of major depressive disor-
der. In Alzheimer’s disease, there is predominant damage to the hippocampus, which is
tightly linked with defects of cognition [42]. Although accumulating evidence indicates
that oxidative stress, chronic inflammation, and programmed cell death may lead to the
brain dysfunction associated with many neurological diseases, the precise mechanisms
underlying diabetes-related neurological disorders remain unclear [43].

In the present study, we investigated the influence of trehalose on the cognitive abil-
ities of db/db mice by analyzing behavioral, cognitive, and some biochemical characteris-
tics of brain functions. The results revealed that trehalose attenuates the inflammatory
response, increases autophagy, and improves cognitive function. It has been reported that
db/db mice fail on some behavioral tasks, such as working/reference special memory in
the Morris water maze test, novel object recognition task, and contextual and cued fear
conditioning [11,44,45]. In the present study, diabetic mice showed impaired cognitive
function as manifested in the passive avoidance test. We found a deficiency in the for-
mation of a trace of fear memory. Db/db mice only poorly learned how to associate a con-
ditioned stimulus (the environment context, an experimental chamber) with a mild foot
shock (unconditioned stimulus), as evidenced by the significance of the percentage in-
crease in latency to enter into the fearful compartment on the testing day relative to the
training day.
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Among the neuropsychiatric symptoms of diabetes, an important role belongs to
emotional manifestations of behavior, such as anxiety, fear, attention, and depression,
which make a significant contribution to the clinical profile of the disease. We demon-
strated here that db/db mice are characterized by a decrease in motor and exploratory
activity in terms of distance traveled and the number of rearings in the open field test.
Db/db mice showed reduced motivation (a natural trait for rodents striving for a dark
mink), as reflected by their long latency to enter into the dark compartment during habit-
uation in the passive avoidance test and low exploratory activity, as reflected by the re-
duced number of crossings. In addition, these mice showed increased anxiety through
shorter time and a lower number of visits into the central area in the open-field test and
plus-maze test. They also tended to manifest depressive-like behavior as reflected by a
tendency for longer immobility in the TST. An increase in the ASR was documented too,
which corresponds to unconditioned fear, while a decrease in PPI for all pre-pulse inten-
sities points to a deficit in sensorimotor gating, in selective attention, and in the filtering
of insignificant information.

In db/db mice, we detected a functional disturbance in emotion that corresponds to
Alzheimer’s-disease-like pathology [46], namely, anxiety in the elevated plus-maze and
open field tests and its good alleviation due to trehalose application. There was also a
recovery of exploratory and locomotor activity as assessed by the open field test. Db/db
mice showed a deficit of long-term memory in the passive avoidance test, whereas treha-
lose improved this parameter. The trehalose treatment also had some restorative effect in
the tail suspension test, which evaluates depressive-like behavior and antidepressant-like
effects. Considerable alterations were seen in these mice in PPI and ASR testing in agree-
ment with [18], but trehalose failed to reverse deficits of sensorimotor gating.

The inflammatory process and autophagy are crucial factors during the development
of diabetes-associated cognitive impairment. We showed decreased expression of autoph-
agy marker LC3-II in the hippocampus (CA1, CA3, and DG). Autophagy stimulation nor-
malized the expression of LC3-II in db/db mice. In addition, the expression of endothelial
nitric oxide synthase (NOS) and microglial activation (IBA1 expression) in the brain were
greater in the diabetic mice and were attenuated by trehalose. It should be noted that the
therapeutic effect of trehalose may be related to a beneficial action on inflammatory bowel
processes, which are active in db/db mice and affect other concomitant complications, in-
cluding brain disturbances [13,47]. It has been reported that activation of autophagy, in
particular, by 3% trehalose, prevents inflammatory processes in the intestines of mice
[48,49].

In db/db mice, defined by the deletion of the leptin receptor, there is uncontrolled
food intake, obesity, hyperglycemia, insulin resistance, and the development of type 2
diabetes mellitus along with pathological complications, in particular, neurodegeneration
and cognitive impairment. Here, the diabetic mice effectively reproduced the human
symptoms (background obesity, decreased brain weight, and high blood glucose levels
[50]), whereas long-term treatment with 2% trehalose caused a significant decrease in
body weight (Figure 1) and blood glucose levels (Figure 4) without a significant influence
on the weight of the brain (Figure 2).

Shortly after the application of trehalose, a short-term increase in the glucose level
occurs in the blood, owing to the cleavage of trehalose by intestinal enzyme trehalase,
yielding glucose [51]. The growth of glucose levels is prevented by simultaneous inhibi-
tion of glucose absorption in the intestine by trehalose [52]. In general, the normalizing
effect on glucose metabolism is noted, consisting of an increase in insulin sensitivity and
alleviation of metabolic syndrome [53,54].

Thus, in db/db mice, trehalose attenuated the negative manifestations of type 2 dia-
betes mellitus, judging by the detectable weight loss in the mice, a reduction in hypergly-
cemia, and a hypolipidemic effect. Moreover, trehalose exerted substantial beneficial ac-
tions on the exploratory and locomotor activity, anxiety, long-term memory, and depres-
sive-like behavior. A good therapeutic effect of trehalose was documented here that is
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relevant to the pathogenesis of Alzheimer’s disease-like disturbances in the brain, in par-
ticular, inducible oxidative stress and neuroinflammation in the hippocampus, cognitive
impairment, and behavioral alterations revealed in the passive avoidance test, OFT, EPM
test, and tail suspension test, respectively. Due to these effects, trehalose can be considered
a therapeutic agent for inhibiting neurodegenerative symptoms accompanying type 2 di-
abetes mellitus.

According to recent findings, alleviating effects of trehalose in diabetes can result
from the improvement of glycemic control and insulin response [55], increased rate of
autophagy [56,57], protective effect against oxidative stress [58], as well as influence on
gut microbiota [59]. Therefore, trehalose was suggested as a potential preventive therapy
for metabolic syndrome and diabetes development [60].

Here, we have shown a new positive effect of trehalose treatment on motor and ex-
ploratory activity, reducing anxiety, improving depressive-like behavior. The alleviation
was associated with increased autophagy in the brain cells, a hypoglycemic effect, and
improvement in immunohistochemical indexes (anti-inflammatory and anti-oxidative ef-
fects). As was revealed in our study, trehalose treatment induced autophagy not only in
the brain cells but also in the liver (according to the increased number of autophagosomes
in the hepatocytes) and possibly in other organs. Further studies are necessary and per-
spective in this area.

In summary, this study provides evidence that trehalose exerts protective effects
against diabetes-induced cognitive and behavioral impairments by inhibiting the inflam-
matory response and enhancing autophagy. Thus, trehalose is expected to be a promising
novel agent for the treatment of cognitive dysfunction in diabetes.

5. Conclusions

We demonstrated that trehalose has some beneficial peripheral and systemic effects
and partially reverses behavioral aberrations in db/db mice. Trehalose, owing to a variety
of cytoprotective mechanisms of action on a degenerating brain—with the main mecha-
nism being autophagy induction—has a pronounced normalizing effect on the behavior
and cognitive function of mice. Our results will provide the basis for in-depth research on
the use of trehalose for the amelioration of diseases complicated by neurodegenerative
processes.
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cle/10.3390/cells10102557/s1, Figure S1: Scheme of the experiment.

Author Contributions: Conceptualization, T.A.K. and A.B.P.; methodology, N.I.D., N.P.B. and
A.A.A,; software and visualization, M.V.O.; validation, M.A.T. and T.G.A.; formal analysis, C.-L.L.
and M.V.O,; investigation, A.A.A.,, M.V.T.,, N.P.B. and N.V.G,; resources, E.L.Z.; data curation,
M.AT. and T.G.A.; writing—original draft preparation, T.A.K.; writing—review and editing,
N.LD.,, M.V.O,, N.P.B,, AB.P. and M.A.T,; supervision, M.A.T. and T.G.A.; project administration,
T.G.A,; funding acquisition, T.G.A. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by budgetary funding from the Russian Government for basic
scientific research of the Scientific Research Institute of Neurosciences and Medicine (theme No.
AAAA-A21-121011990039-2; 2021-2025).

Institutional Review Board Statement: Relevant to this study are the Institutional Review Board
Statement and approval of 7.07.2021 and ethical approval No. 2 of 20.02.2020. This study was con-
ducted according to the guidelines of the Declaration of Helsinki and approved by the Local Ethics
Committee of the Scientific Research Institute of Neurosciences and Medicine (protocol No. 2 of
20.02.2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Cells 2021, 10, 2557 20 of 22

Acknowledgments: We would like to thank our colleagues from the Institute of Cytology and Ge-
netics for providing db/db mice for our experiments and our laboratory technician Konstantin S.
Pavlov for performing some behavioral tests on the mice. Many thanks to laboratory technician
Tatiana A. Ryakskikh for help with the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhang, Y.; Pan, X.F.; Chen, J; Xia, L.; Cao, A.; Zhang, Y.; Wang, ].; Li, H.; Yang, K,; Guo, K,; et al. Combined lifestyle factors and
risk of incident type 2 diabetes and prognosis among individuals with type 2 diabetes: A systematic review and meta-analysis
of prospective cohort studies. Diabetologia 2020, 63, 21-33, doi:10.1007/s00125-019-04985-9.

Rojas, M.; Chavez-Castillo, M.; Bautista, J.; Ortega, A.; Nava, M.; Salazar, ].; Diaz-Camargo, E.; Medina, O.; Rojas-Quintero, ].;
Bermudez, V. Alzheimer’s disease and type 2 diabetes mellitus: Pathophysiologic and pharmacotherapeutics links. World .
Diabetes 2021, 12, 745-766, doi:10.4239/wjd.v12.i6.745.

Hamed, S.A. Brain injury with diabetes mellitus: Evidence, mechanisms and treatment implications. Expert Rev. Clin. Pharmacol.
2017, 10, 409-428, doi:10.1080/17512433.2017.1293521.

Pugazhenthi, S.; Qin, L.; Reddy, P.H. Common neurodegenerative pathways in obesity, diabetes, and Alzheimer’s disease. Bi-
ochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2017, 1863, 1037-1045, doi:10.1016/j.bbadis.2016.04.017.

Kim, J.; Park, K.; Kim, M.J; Lim, H.; Kim, K.H.; Kim, S.W; Lee, E.S.; Kim, H.H.; Kim, S.J.; Hur, K.Y ; et al. An autophagy enhancer
ameliorates diabetes of human IAPP-transgenic mice through clearance of amyloidogenic oligomer. Nat. Commun. 2021, 12, 183,
doi:10.1038/s41467-020-20454-z.

Lim, H.; Lim, Y.M.; Kim, K.H.; Jeon, Y.E.; Park, K,; Kim, J.; Hwang, H.Y; Lee, D.].; Pagire, H.; Kwon, H.J.; et al. A novel autoph-
agy enhancer as a therapeutic agent against metabolic syndrome and diabetes. Nat. Commun. 2018, 9, 1438, doi:10.1038/s41467-
018-03939-w.

Lazarov, O.; Minshall, R.D.; Bonini, M.G. Harnessing neurogenesis in the adult brain-A role in type 2 diabetes mellitus and
Alzheimer’s disease. Int. Rev. Neurobiol. 2020, 155, 235-269, d0i:10.1016/bs.irn.2020.03.020.

Wijesekara, N.; Ahrens, R.; Sabale, M.; Wu, L.; Ha, K,; Verdile, G.; Fraser, P.E. Amyloid-beta and islet amyloid pathologies link
Alzheimer’s disease and type 2 diabetes in a transgenic model. FASEB |. 2017, 31, 5409-5418, d0i:10.1096/1j.201700431R.
Alpers, C.E.; Hudkins, K.L. Mouse models of diabetic nephropathy. Curr. Opin. Nephrol. Hypertens. 2011, 20, 278-284,
doi:10.1097/MNH.0b013e3283451901.

Bonds, J.A.; Shetti, A.; Stephen, T.K.L.; Bonini, M.G.; Minshall, R.D.; Lazarov, O. Deficits in hippocampal neurogenesis in obe-
sity-dependent and -independent type-2 diabetes mellitus mouse models. Sci. Rep. 2020, 10, 16368, doi:10.1038/s41598-020-
73401-9.

Li, CW.; Deng, M.Z.; Gao, Z.].; Dang, Y.Y.; Zheng, G.D.; Yang, X.J.; Chao, Y.X,; Cai, Y.F.; Wu, X.L. Effects of compound K, a
metabolite of ginsenosides, on memory and cognitive dysfunction in db/db mice involve the inhibition of ER stress and the
NLRP3 inflammasome pathway. Food Funct. 2020, 11, 44164427, doi:10.1039/c9f002602a.

Yaribeygi, H.; Yaribeygi, A.; Sathyapalan, T.; Sahebkar, A. Molecular mechanisms of trehalose in modulating glucose homeo-
stasis in diabetes. Diabetes Metab. Syndr. Clin. Res. Rev. 2019, 13, 2214-2218, d0i:10.1016/j.dsx.2019.05.023.

Zhang, Y.; DeBosch, B.]J. Using trehalose to prevent and treat metabolic function: Effectiveness and mechanisms. Curr. Opin.
Clin. Nutr. Metab. Care 2019, 22, 303-310, d0i:10.1097/MCO.0000000000000568.

Jayaraman, A.; Pike, C.J. Alzheimer’s disease and type 2 diabetes: Multiple mechanisms contribute to interactions. Curr. Diab.
Rep. 2014, 14, 476, doi:10.1007/5s11892-014-0476-2.

Rom, S.; Zuluaga-Ramirez, V.; Gajghate, S.; Seliga, A.; Winfield, M.; Heldt, N.A.; Kolpakov, M.A.; Bashkirova, Y.V.; Sabri, A.K,;
Persidsky, Y. Hyperglycemia-Driven Neuroinflammation Compromises BBB Leading to Memory Loss in Both Diabetes Melli-
tus (DM) Type 1 and Type 2 Mouse Models. Mol. Neurobiol. 2019, 56, 1883-1896, doi:10.1007/s12035-018-1195-5.

Yaribeygi, H.; Panahi, Y.; Javadi, B.; Sahebkar, A. The Underlying Role of Oxidative Stress in Neurodegeneration: A Mechanistic
Review. CNS Neurol. Disord.-Drug Targets 2018, 17, 207-215, doi:10.2174/1871527317666180425122557.

Dinel, A.L.; Andre, C.; Aubert, A,; Ferreira, G.; Laye, S.; Castanon, N. Cognitive and emotional alterations are related to hippo-
campal inflammation in a mouse model of metabolic syndrome. PLoS ONE 2011, 6, €24325, d0i:10.1371/journal.pone.0024325.
Sharma, A.N.; Elased, K.M.; Garrett, T.L.; Lucot, ].B. Neurobehavioral deficits in db/db diabetic mice. Physiol. Behav. 2010, 101,
381-388, doi:10.1016/j.physbeh.2010.07.002.

Yermakov, L.M.; Griggs, R.B.; Drouet, D.E.; Sugimoto, C.; Williams, M.T.; Vorhees, C.V.; Susuki, K. Impairment of cognitive
flexibility in type 2 diabetic db/db mice. Behav. Brain Res. 2019, 371, 111978, d0i:10.1016/j.bbr.2019.111978.

Du, J; Liang, Y.; Xu, F.; Sun, B.; Wang, Z. Trehalose rescues Alzheimer’s disease phenotypes in APP/PS1 transgenic mice. J.
Pharm. Pharmacol. 2013, 65, 1753-1756, d0i:10.1111/jphp.12108.

Hosseinpour-Moghaddam, K.; Caraglia, M.; Sahebkar, A. Autophagy induction by trehalose: Molecular mechanisms and ther-
apeutic impacts. J. Cell. Physiol. 2018, 233, 65246543, d0i:10.1002/jcp.26583.

Goncharova, N.V.; Pupyshev, A.B,; Filyushina, E.E.; Loktev, K.V.; Korolenko, E.; Lushnikova, E.L.; Molodykh, O.P.; Korolenko,
T.A.; Churin, B.V. Depression of Macrophages Modifies Serum Lipid Profile in Hyperlipidemia. Bull. Exp. Biol. Med. 2016, 160,
617-621, doi:10.1007/s10517-016-3231-7.



Cells 2021, 10, 2557 21 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Korolenko, T.A.; Svechnikova, I.G.; Filjushina, E.E.; Kaledin, V.I.; Vakulin, G.M.; Usynin, LE.; Tsyrendordjiev, D.D. Macrophage
stimulation and antitumor effect of Ukrain. Drugs Exp. Clin. Res. 1998, 24, 253-260.

Poteryaeva, O.N.; Falameyeva, O.V.; Korolenko, T.A.; Kaledin, V.I; Djanayeva, S.J.; Nowicky, ].W.; Sandula, J. Cysteine pro-
teinase inhibitor level in tumor and normal tissues in control and cured mice. Drugs Exp. Clin. Res. 2000, 26, 301-306.

Geyer, M.A.; Dulawa, S.C. Assessment of murine startle reactivity, prepulse inhibition, and habituation. Curr. Protoc. Neurosci.
2003, 24, 8-17, d0i:10.1002/0471142301.ns0817s24.

Pupyshev, A.B.; Tikhonova, M.A.; Akopyan, A.A.; Tenditnik, M.V.; Dubrovina, N.I.; Korolenko, T.A. Therapeutic activation of
autophagy by combined treatment with rapamycin and trehalose in a mouse MPTP-induced model of Parkinson’s disease.
Pharmacol. Biochem. Behav. 2019, 177, d0i:10.1016/j.pbb.2018.12.005.

Seibenhener, M.L.; Wooten, M.C. Use of the Open Field Maze to measure locomotor and anxiety-like behavior in mice. JoVE (].
Vis. Exp.) 2015, 96, €52434, doi:10.3791/52434.

Cryan, J.F.; Mombereau, C.; Vassout, A. The tail suspension test as a model for assessing antidepressant activity: Review of
pharmacological and genetic studies in mice. Neurosci. Biobehav. Rev. 2005, 29, 571-625, doi:10.1016/j.neubiorev.2005.03.009.
Berrocoso, E.; Ikeda, K.; Sora, I.; Uhl, G.R.; Sanchez-Blazquez, P.; Mico, ].A. Active behaviours produced by antidepressants and
opioids in the mouse tail suspension test. Int. ]. Neuropsychopharmacol. 2013, 16, 151-162, doi:10.1017/51461145711001842.
Sarnat, H.B. Histochemistry and immunocytochemistry of the developing ependyma and choroid plexus. Microsc. Res. Tech.
1998, 41, 14-28, d0i:10.1002/(SICI)1097-0029(19980401)41:1<14:: AID-JEMT3>3.0.CO;2-U.

Tikhonova, M.A.; Shoeva, O.Y.; Tenditnik, M.V.; Ovsyukova, M.V.; Akopyan, A.A.; Dubrovina, N.I.; Amstislavskaya, T.G.;
Khlestkina, E.K. Evaluating the Effects of Grain of Isogenic Wheat Lines Differing in the Content of Anthocyanins in Mouse
Models of Neurodegenerative Disorders. Nutrients 2020, 12, 3877, doi:10.3390/nu12123877.

Bgatova, N.P.; Bakhbaeva, S.A.; Taskaeva, Y.S.; Makarova, V.V.; Borodin, Y.I. Autophagy in Hepatocytes during Distant Tumor
Growth. Bull. Exp. Biol. Med. 2018, 165, 390-393, d0i:10.1007/s10517-018-4177-8.

Di Meco, A.; Li, ].G,; Blass, B.E.; Abou-Gharbia, M.; Lauretti, E.; Pratico, D. 12/15-Lipoxygenase Inhibition Reverses Cognitive
Impairment, Brain Amyloidosis, and Tau Pathology by Stimulating Autophagy in Aged Triple Transgenic Mice. Biol. Psychiatry.
2017, 81, 92-100, doi:10.1016/j.biopsych.2016.05.023.

Korolenko, T.A.; Johnston, T.P.; Vetvicka, V. Lysosomotropic Features and Autophagy Modulators among Medical Drugs: Eval-
uation of Their Role in Pathologies. Molecules 2020, 25, 5052, doi:10.3390/molecules25215052.

Filfan, M.; Sandu, R.E.; Zavaleanu, A.D.; GresiTa, A.; Glavan, D.G.; Olaru, D.G.; Popa-Wagner, A. Autophagy in aging and
disease. Rom. ]. Morphol. Embryol. 2017, 58, 27-31.

Stacchiotti, A.; Corsetti, G. Natural Compounds and Autophagy: Allies Against Neurodegeneration. Front. Cell Dev. Biol. 2020,
8, 555409, d0i:10.3389/fcell.2020.555409.

Korbut, A.I; Taskaeva, I.S.; Bgatova, N.P.; Muraleva, N.A.; Orlov, N.B.; Dashkin, M.V ; Khotskina, A.S.; Zavyalov, E.L.; Konen-
kov, V.L; Klein, T.; et al. SGLT2 Inhibitor Empagliflozin and DPP4 Inhibitor Linagliptin Reactivate Glomerular Autophagy in
db/db Mice, a Model of Type 2 Diabetes. Int. ]. Mol. Sci. 2020, 21, 2987, d0i:10.3390/ijms21082987.

Omori, K.; Nakamura, A.; Miyoshi, H.; Takahashi, K.; Kitao, N.; Nomoto, H.; Kameda, H.; Cho, K.Y.; Takagi, R.; Hatanaka, K.C.;
et al. Effects of dapagliflozin and/or insulin glargine on beta cell mass and hepatic steatosis in db/db mice. Metabolism 2019, 98,
27-36, d0i:10.1016/j.metabol.2019.06.006.

Kim, J.; Lim, Y.M.; Lee, M.S. The Role of Autophagy in Systemic Metabolism and Human-Type Diabetes. Mol. Cells 2018, 41,
11-17, d0i:10.14348/molcells.2018.2228.

Xu, C.; Chen, X,; Sheng, W.B.; Yang, P. Trehalose restores functional autophagy suppressed by high glucose. Reprod. Toxicol.
2019, 85, 51-58, d0i:10.1016/j.reprotox.2019.02.005.

Xu, C; Li, X.; Wang, F.; Weng, H.; Yang, P. Trehalose prevents neural tube defects by correcting maternal diabetes-suppressed
autophagy and neurogenesis. Am. |. Physiol. Endocrinol. Metab. 2013, 305, E667-E678, doi:10.1152/ajpendo.00185.2013.
Commins, S.; Kirby, B.P. The complexities of behavioural assessment in neurodegenerative disorders: A focus on Alzheimer’s
disease. Pharmacol. Res. 2019, 147, 104363, doi:10.1016/j.phrs.2019.104363.

Guan, Z.F.; Tao, Y.H.; Zhang, X.M.; Guo, Q.L.; Liu, Y.C,; Zhang, Y.; Wang, Y.M.; Ji, G.; Wu, G.F.; Wang, N.N,; et al. G-CSF and
cognitive dysfunction in elderly diabetic mice with cerebral small vessel disease: Preventive intervention effects and underlying
mechanisms. CNS Neurosci. Ther. 2017, 23, 462-474, d0i:10.1111/cns.12691.

Wu, X.L.; Deng, M.Z.; Gao, Z.].; Dang, Y.Y.; Li, Y.C.; Li, CW. Neferine alleviates memory and cognitive dysfunction in diabetic
mice through modulation of the NLRP3 inflammasome pathway and alleviation of endoplasmic-reticulum stress. Int. Im-
munopharmacol. 2020, 84, 106559, doi:10.1016/j.intimp.2020.106559.

Zuloaga, K.L.; Johnson, L.A.; Roese, N.E.; Marzulla, T.; Zhang, W.; Nie, X.; Alkayed, F.N.; Hong, C.; Grafe, M.R.; Pike, M.M.; et
al. High fat diet-induced diabetes in mice exacerbates cognitive deficit due to chronic hypoperfusion. J. Cereb. Blood Flow Metab.
2016, 36, 1257-1270, doi:10.1177/0271678x15616400.

Pentkowski, N.S.; Rogge-Obando, K. K.; Donaldson, T.N.; Bouquin, S.J.; Clark, B.]. Anxiety and Alzheimer’s disease: Behavioral
analysis and neural basis in rodent models of Alzheimer’s-related neuropathology. Neurosci. Biobehav. Rev. 2021, 127, 647-658,
doi:10.1016/j.neubiorev.2021.05.005.

Singh, A.; Dawson, T.M.; Kulkarni, S. Neurodegenerative disorders and gut-brain interactions. |. Clin. Investig. 2021, 131,
e143775, d0i:10.1172/JCI143775.



Cells 2021, 10, 2557 22 of 22

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Macias-Ceja, D.C.; Cosin-Roger, J.; Ortiz-Masia, D.; Salvador, P.; Hernandez, C.; Esplugues, ].V.; Calatayud, S.; Barrachina, M.D.
Stimulation of autophagy prevents intestinal mucosal inflammation and ameliorates murine colitis. Br. J. Pharmacol. 2017, 174,
2501-2511, d0i:10.1111/bph.13860.

Zhang, W.; Xu, J.H.; Yu, T.; Chen, Q.K. Effects of berberine and metformin on intestinal inflammation and gut microbiome
composition in db/db mice. Biomed. Pharmacother. 2019, 118, 109131, doi:10.1016/j.biopha.2019.109131.

Ahima, R.S.; Bjorbaek, C.; Osei, S.; Flier, J.S. Regulation of neuronal and glial proteins by leptin: Implications for brain develop-
ment. Endocrinology 1999, 140, 2755-2762, d0i:10.1210/endo0.140.6.6774.

Yoshizane, C.; Mizote, A.; Yamada, M.; Arai, N.; Arai, S.; Maruta, K.; Mitsuzumi, H.; Ariyasu, T.; Ushio, S.; Fukuda, S. Glycemic,
insulinemic and incretin responses after oral trehalose ingestion in healthy subjects. Nutr. . 2017, 16, 9, d0i:10.1186/s12937-017-
0233-x.

Mardones, P.; Rubinsztein, D.C.; Hetz, C. Mystery solved: Trehalose kickstarts autophagy by blocking glucose transport. Sci.
Signal. 2016, 9, fs2, doi:10.1126/scisignal.aaf1937.

Arai, C.; Arai, N.; Mizote, A.; Kohno, K.; Iwaki, K.; Hanaya, T.; Arai, S.; Ushio, S.; Fukuda, S. Trehalose prevents adipocyte
hypertrophy and mitigates insulin resistance. Nutr. Res. 2010, 30, 840-848, doi:10.1016/j.nutres.2010.10.009.

Arai, C.; Miyake, M.; Matsumoto, Y.; Mizote, A.; Yoshizane, C.; Hanaya, Y.; Koide, K,; Yamada, M.; Hanaya, T.; Arai, S.; et al.
Trehalose prevents adipocyte hypertrophy and mitigates insulin resistance in mice with established obesity. |. Nutr. Sci. Vita-
minol. 2013, 59, 393-401, doi:10.3177/jnsv.59.393.

Sokolowska, E.; Sadowska, A.; Sawicka, D.; Kotulska-Bablinska, I.; Car, H. A head-to-head comparison review of biological and
toxicological studies of isomaltulose, d-tagatose, and trehalose on glycemic control. Crit. Rev. Food Sci. Nutr. 2021,
doi:10.1080/10408398.2021.1895057.

Jeong, S.J.; Stitham, J.; Evans, T.D.; Zhang, X.; Rodriguez-Velez, A.; Yeh, Y.S,; Tao, J.; Takabatake, K.; Epelman, S.; Lodhi, L].; et
al. Trehalose causes low-grade lysosomal stress to activate TFEB and the autophagy-lysosome biogenesis response. Autophagy
2021, doi:10.1080/15548627.2021.1896906.

Rusmini, P.; Cortese, K.; Crippa, V.; Cristofani, R.; Cicardi, M.E.; Ferrari, V.; Vezzoli, G.; Tedesco, B.; Meroni, M.; Messi, E.; et
al. Trehalose induces autophagy via lysosomal-mediated TFEB activation in models of motoneuron degeneration. Autophagy
2019, 15, 631-651, doi:10.1080/15548627.2018.1535292.

Mizunoe, Y.; Kobayashi, M.; Sudo, Y.; Watanabe, S.; Yasukawa, H.; Natori, D.; Hoshino, A.; Negishi, A.; Okita, N.; Komatsu,
M.; et al. Trehalose protects against oxidative stress by regulating the Keap1-Nrf2 and autophagy pathways. Redox Biol. 2018,
15, 115-124, doi:10.1016/j.redox.2017.09.007.

Zhang, Y.; DeBosch, B.]. Microbial and metabolic impacts of trehalose and trehalose analogues. Gut. Microbes. 2020, 11, 1475-
1482, doi:10.1080/19490976.2020.1750273.

Yoshizane, C.; Mizote, A.; Arai, C.; Arai, N.; Ogawa, R.; Endo, S.; Mitsuzumi, H.; Ushio, S. Response to: Can one teaspoon of
trehalose a day mitigate metabolic syndrome and diabetes risks? Nutr. J. 2021, 20, 26, d0i:10.1186/s12937-021-00687-4.



