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Abstract

A sedentary lifestyle, inadequate diet, and obesity are substantial risk factors for Type 2 diabetes mellitus (T2DM) devel-
opment. A major picture of T2DM is insulin resistance (IR), which causes many impairments in brain physiology, such as
increased proinflammatory state and decreased brain-derived neurotrophic factor (BDNF) concentration, hence reducing
cognitive function. Physical exercise is a non-pharmacological tool for managing T2DM/IR and its complications. Thus,
this study investigated the effects of IR induction and the acute effects of resistance exercise (RE) on memory, neurotrophic,
and inflammatory responses in the hippocampus and prefrontal cortex of insulin-resistant rats. IR was induced by a high-fat
diet and fructose-rich beverage. Insulin-resistant rats performed acute resistance exercise (IR.RE; vertical ladder climb at
50-100% of the maximum load) or rest (IR.REST; 20 min). Cognitive parameters were assessed by novel object recognition
(NOR) tasks, and biochemical analyses were performed to assess BDNF concentrations and inflammatory profile in the hip-
pocampus and prefrontal cortex. Insulin-resistant rats had 20% worse long-term memory (LTM) (p <0.01) and lower BDNF
concentration in the hippocampus (—14.6%; p < 0.05) when compared to non-insulin-resistant rats (CON). An acute bout of
RE restored LTM (—9.7% pre vs. post; p > 0.05) and increased BDNF concentration in the hippocampus (9.1%; p < 0.05) of
insulin-resistant rats compared to REST. Thus, an acute bout of RE can attenuate the adverse effects of IR on memory and
neurotrophic factors in rats, representing a therapeutic tool to alleviate the IR impact on the brain.
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species (Giacco et al. 2011). Besides that, IR can lead to
an increase in proinflammatory cytokines, including tumor
necrosis factor-alpha (TNF-a), interleukin-1§ (IL-1p), and
interleukin-6 (IL-6), and reduction of anti-inflammatory
cytokines, such as the interleukin-10 (IL-10).

The central nervous system (CNS) also undergoes sev-
eral changes resulting from insulin resistance (Sharma
2021). Among them are disruptions in the intracellular
cascade of the insulin pathway (Piroli et al. 2007; Pratch-
ayasakul et al. 2011), reduced translocation of GLUT4
to the cell membrane (Winocur et al. 2005; Piroli et al.
2007), increased proinflammatory state (Dinel et al. 2011;
Puig et al. 2012) and reduction of brain neurotrophins con-
centrations (BDNF, VEGF, and IGF-1) (Lindqvist et al.
2006; Park et al. 2010). In the last instance, those insulin
resistance-induced alterations in the CNS can collectively
lead to cognitive impairments (Dinel et al. 2011; Leal et al.
2015; Park et al. 2019).

Physical exercise has been used as a non-pharmacological
strategy in managing IR and its complications. It is mainly
accomplished by stimulating non-insulin-dependent path-
ways to reduce blood glucose levels and by increased insu-
lin sensitivity (Richter and Hargreaves 2013; Sylow et al.
2017). Growing evidence suggests resistance exercise as a
therapeutic tool for type 2 diabetes (Elsayed et al. 2023b).
Resistance exercise may help phenotypic alterations com-
monly observed in T2DM individuals, such as the decline in
muscle mass and strength (Leenders et al. 2013). Resistance
exercise is also promising to counteract T2DM-related cog-
nitive dysfunction (De Sousa et al. 2020). A recent study of
our group showed that a single session of resistance exercise
can provoke cognitive facilitation, increasing attentional and
executive function (frontal lobe-related functions) in middle-
aged and older adults with T2DM (Silveira-Rodrigues et al.
2023). However, the effects of a resistance exercise ses-
sion in IR animals and the mechanisms underpinning these
effects in distinct brain regions remain unknown.

There is evidence that a single session of RE had positive
effects on glucometabolic outcomes (Craft 2007; Pesta et al.
2017). Also, acutely, a single RE session improves cognitive
function in middle-aged and older adults with T2DM (Sil-
veira-Rodrigues et al. 2023) and mild cognitive impairment
(Tsai et al. 2018). However, further studies are needed to
understand the underlying mechanisms involved in cognitive
function amelioration in the brain of IR rodents.

Thus, the present study investigated the acute effects of
a bout of resistance exercise on memory, inflammatory sta-
tus, and BDNF concentration in insulin-resistant rat’s brain.
We hypothesized that an acute bout of resistance exercise
would improve short and long-term memory, increase anti
and reduce proinflammatory cytokines, and increase BDNF
concentration in the hippocampus and prefrontal cortex of
insulin-resistant rats.
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Materials and methods
Animals and ethics care

Thirty-four male Wistar rats (250 g) were used in the
experiments. All experimental procedures were approved
by the Ethics Committee Care and Use of Laboratory Ani-
mals of the Federal University of Minas Gerais (CEUA—
UFMG) and were conducted following the Brazilian
National Council for the Control of Animal Experimenta-
tion (CONCEA) (protocols no. 200; 199/2021). The rats
were housed in collective cages (four rats in each cage)
under controlled temperature (24 °C) and light conditions
(12/12 h).

Experimental design

The experimental design was organized into two experi-
ments. In the first, 18 rats were weighed on a digital scale
(FILIZOLA®) and randomized, stratified by weight, into
two groups: control (CON; n=9) and insulin resistant
(IR; n=9). After balancing, the rats were submitted to the
novel object recognition (NOR) task to assess short-term
(STM) and long-term (LTM) memory on three consecutive
days (Bevins and Besheer 2006). After the last task day, IR
group underwent the dietary induction protocol for insulin
resistance (Melo et al. 2021). At the end of 60 days, the
rats went through the oral glucose tolerance test (OGTT)
to confirm insulin resistance. Once insulin resistance has
been confirmed, 48 h after the OGTT both groups (CON
and IR) performed the NOR task again to verify the effect
of insulin resistance on STM and LTM. Then, the rats
were euthanized by decapitation for tissue removal and
subsequent biochemical analysis.

In the second experiment, the rats were habituated to
the cage for 7 days and 16 animals were submitted to the
NOR task. Next, the rats underwent the dietary induction
protocol for insulin resistance (Melo et al. 2021). After
60 days, the rats were randomly divided into two groups:
insulin resistant + rest (IR.REST; n=8) and insulin resist-
ant + acute resistance exercise (IR.RE; n=8).

The IR.RE group was familiarized with the vertical lad-
der for three consecutive days and, 48 h later, submitted to
the MWC test to determine the load of the exercise session
(Neves et al. 2016; Padilha et al. 2019). Twenty-four hours
after the MWC, both groups were submitted again to the
NOR task, performed on three consecutive days.

On the first day, familiarization with the arena was car-
ried out. On the second day, the second and third stages
were performed for the training and the first test sessions,
respectively. The experimental session (rest or acute
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resistance exercise) was performed one day after the third
stage. The experimental sessions lasted 20 min and were
performed in the morning (between 7:00 and 9:00 AM).
Immediately after the acute session, the rats were submit-
ted to the fourth stage of the NOR task, aimed at evaluating
the LTM and verifying the possible acute effects of the RE
on this variable. Thirty minutes after the intervention (rest
or resistance exercise), the rats were euthanized by decapita-
tion for tissue removal and subsequent biochemical analysis

(Fig. 1).
Diet intervention

The high-fat diet was provided in the form of pellets with a
shape and texture similar to the standard chow (Presence®).
It comprised 78% ground standard chow and 22% saturated
fat. Thus, for each 500 g of feed, the high-fat diet consisted
of 390 g of bran from the standard chow, 110 g of vegetable
fat (Primor®), and 40 g of sour starch (Pacha®) dissolved
in 400 mL of water. After mixing, the dough was placed in
stainless steel molds and baked in an electric oven at 180 °C
for 2 h. Fructose (Synth®) was dissolved in water (30% solu-
tion), and rats had ad libitum access. Food intake, fructose-
rich beverage intake (Supplementary Material), and body

mass of the rats were recorded throughout the intervention
using a digital scale (Filizola®) (Melo et al. 2021).

Novel object recognition (NOR)

The NOR task is a consolidated test in the literature to assess
short and long-term memory (Capettini et al. 2011; Crunfli
et al. 2018, 2019; De Sousa et al. 2020). It was performed
in four stages for three consecutive days. On the first day,
familiarization with the arena was performed and con-
sisted of positioning the rats in the center of a square box
(70 cm x 70 cm X 40 cm) for free 5-min exploration.

On the second day, there were two stages. In the first one,
the rats were reinserted in the arena with the presence of two
identical objects (object A) for the training session. For this,
they were positioned at the midpoint of the arena with the
nose pointed to the opposite side of the two objects and had
10 min for free exploration (Bevins and Besheer 2006; De
Sousa et al. 2020). The second stage was conducted 1 h after
the training session, and the animals were placed back in the
arena for the test session (STM analysis), where one of the
A objects was exchanged for a new object (object B). After
that the animals were reinserted in the arena to underwent
5 min of free exploration.

—_— He : He®
N e + [ } N
/] N
HAB NOR HFD + Fructose-rich beverage e NOR
| 1 I 1 I | |
0 7 8 10 11 71 73 75  (days)
7 ¥ ¥
CON (n=9) OGTT Eutanhasia
IR(n=9)
E— H® * +
N n
HAB NOR HFD + Fructose-rich beverage FAM
| 1 T 1 - 1 I
0 7 8 10 11 71 72 74 76 77 79  (days)
¥ ¥
IR.REST (n =8) REST or RE
IR.RE (n=8) }
LT™M
4
Eutanhasia

Fig. 1 Experimental design. HAB: habituation; CON: control group;
IR: insulin resistant group; NOR: novel object recognition; HFD:
high-fat diet; OGTT: oral glucose tolerance test; FAM: vertical ladder
familiarization; MWC: maximal weight carried test; IR.REST: insulin

resistant +rest group; IR.RE: insulin resistant+ acute resistance exer-
cise group; REST: Rest intervention; RE: Acute resistance exercise
intervention; LTM: Long-term memory
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On the third day, the fourth and final stage (LTM analysis)
was performed. For this, 24 h after the last test session, the
rats were placed back in the arena in the presence of two
objects, A and C, being this took the place of object B. After
that, the animals had 5 min to explore freely (Capettini et al.
2011; Crunfli et al. 2018, 2019). The arena and objects used
during each session were cleaned between trials with 70%
ethanol, to eliminate olfactory cues. The amount of time
spent exploring both the familiar object and the new object
was recorded for STM and LTM analysis (De Sousa et al.
2020).

Exploratory behavior was analyzed in two ways. In the
first one, a trained researcher recorded the exploration time
of each object (familiar and new) with two stopwatches, one
for each object, every time the animal’s nose was in con-
tact with or close to the object (less than 1 cm) (De Sousa
et al. 2020). In the second one, the exploration was analyzed
using one software (Any-Maze Video Tracking System 7.16;
Stoelting Co. © 2022). A Student’s ¢ test was performed to
compare the values recorded by the researcher and by the
software, and no statistical difference was verified between
the analyzes (p > 0.05).

The recognition index was calculated using the equation
TN/(TN +TF) where TN is the time spent exploring the new
object and TF is the time spent exploring the familiar object
(Rojas et al. 2013). The value of the discrimination index
can vary from O to 1 (Fonseca et al. 2013).

Oral glucose tolerance test (OGTT)

The rats were fasted for 6 h. After that, a solution of
D’Glucose (1 g kg™! of body mass, Synth®) dissolved in
water (40% solution) was administered via oral gavage. Glu-
cose concentrations were assessed by portable glucometer
(Accu-Chek Performa®) through blood samples of the tail,
obtained before and 15, 30, 60, 90, and 120 min after admin-
istration of the D’Glucose solution. A drop of blood was
obtained through a small cut in the distal region of the tail
(Melo et al. 2021).

Vertical ladder familiarization

The rats were familiarized with a vertical ladder inclined
at 80° (110 cm X 18 cm, with 2 cm between the steps). The
vertical ladder familiarization protocol consisted of three
trials per day for 3 days. Initially, the rats were kept for 60 s
in the housing chamber. Then, they were placed on the lad-
der at 35 cm, 55 cm, and 110 cm (bottom) from the top so
that they could move to the housing chamber. Between each
trial, the animals remained in the housing chamber for 60 s
(Pereira et al. 2010; Cassilhas et al. 2012a).
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Maximal weight carried test (MWC)

Initially, all rats (CON and IR) ascended a ladder with a
load attached to their tail using adhesive tape (Scotch
3 M™) equivalent to 75% of their body weight. After suc-
cessfully ascending, an additional 30 g was added, and this
process was repeated until a load was reached where the
rat could not climb the entire length of the ladder for three
consecutive attempts. The MWC was defined as the load
of the last successful climb (Neves et al. 2016; Padilha
et al. 2019). MWC values were comparable in both groups
(CON=365+27.45 g; IR=346+77.08 g; p=0.562). Spe-
cifically, in IR.RE group (366 g+ 53.4 g), this test was used
to determine the maximal workload and to prescribe the
workload for resistance exercise sessions.

Acute resistance exercise

The rats of the IR.RE group were submitted to the acute
resistance exercise. The session consisted of eight stair
climbs with a 60-s interval between them. The load progres-
sively increased throughout the session, as shown in Table 1
(adapted from Cassilhas et al. 2012b).

Euthanasia

The rats were euthanized by decapitation without prior
sedation. The brain (hippocampus and prefrontal cortex)
and white adipose tissues (retroperitoneal, mesenteric, and
epididymal) were removed for further analysis.

Adiposity index

To determine the adiposity index (Al), the retroperitoneal
(RAT), mesenteric (MAT), and epididymal (EAT) adi-
pose tissues were weighed on a scale (Shimadzu® Model
BL320H), and the following equation was used (Lacerda
et al. 2015):

Table 1 Acute resistance exercise protocol

Climb Load (% MWC) Rest (s)
1? 50 60
22 50 60
3 75 60
42 75 60
5 90 60
6 90 60
7 100 60
8 100 60

Source: Adapted from Cassilhas et al. (2012b)
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IA = RAT + MAT + EAT % 100
Body mass

Biochemical analyses

The ELISA method was used to analyze interleukin 6 (IL-6),
tumor necrosis factor-alpha (TNF-a), interleukin 10 (IL-10)
and brain-derived neurotrophic factor (BDNF) concentra-
tions in the hippocampus and prefrontal cortex (Rat IL-6
DuoSet ELISA; Rat IL-10 DuoSet; Rat TNF-alpha DuoSet;
Human/Mouse BDNF DuoSet ELISA kit, R&D Systems,
Minneapolis, MN, USA). These areas were chosen because
of their relationship with learning and memory (hippocam-
pus), attention and decision-making (prefrontal cortex). The
manufacturer’s recommendations were followed.

Statistical analyses

Data are presented as mean =+ standard deviation (SD). Data
normality and homoscedasticity were evaluated using the
Shapiro—Wilk and Levene tests, respectively.

The student’s ¢ test was used to compare body composi-
tion values, the area under the curve (AUC) in the OGTT,
BDNF, and cytokines concentrations between groups (CON
vs. IR or IR.REST vs. IR.RE). The ANOVA-two-way test
of repeated measures was used to analyze the OGTT, STM,
and LTM, considering the factors of time (pre vs. post) and
group (CON vs. IR or IR.REST vs. IR.RE). When signifi-
cant interactions were found, Tukey’s post hoc test was per-
formed to compare pairwise differences. The Pearson test
was performed to investigate the correlation between BDNF
concentration and long-term memory restoration. All ana-
lyzes were performed using SigmaPlot 14.5 software (SYS-
TAT SOFTWARE, USA), adopting a significance level of
5% (a<0.05).

Fig.2 Oral glucose tolerance a)
test post 60 days of diet. a
OGTT glucose; b AUC TTOG.

Mean + SD. * Significant dif- Y ggg: #
ference vs. minute 0 (p <0.05); T 190+ I
2 180

**%* significant difference vs. £
minute 0 (p <0.001); # sig- @
nificant difference vs. CON §
(p <0.05); * significant differ- 3
ence vs. CON (p <0.01). CON O 1204
(n=7); IR (n=7) E

Q

o

Results
Experiment 1: Body mass and adiposity index

When analyzing the variation (after 60 days of dietary induc-
tion of IR minus pre-induction) in body mass change, no
significant difference was found between the IR and CON
groups (IR: 124.85+29.54 g vs. CON: 122.42+20.32 g;
p=0.861). However, the IR group had a significantly higher
adiposity index when compared to the CON group (IR:
5.23+1.05% vs. CON: 4.06 +0.73%; p < 0.05).

Experiment 1: Oral glucose tolerance test (OGTT)

After 60 days, IR group blood glucose values were higher
compared to baseline at moments 15, 30, and 60 (15 min:
182+19.53 mg dL~': 30 min: 150+ 13.20 mg dL~": 60 min:
140 +12.94 mg dL~! vs. 0 min: 116 +4.79 mg dL~!;
p <0.001). Furthermore, hyperglycemia was maintained
until moment 90 (90 min: 133+ 11.21 mg dL.™! vs. 0 min:
116 +4.79 mg dL™!; p <0.05), returning to the baseline
value only at moment 120 (120 min: 127 + 12.24 mg dL™!
vs. 116 +4.79 mg dL~!; p=0.195).

Otherwise, the CON group increased blood glucose
values at moments 15 and 30 when compared to baseline
(15 min: 169+21.57 mg dL™"; 30 min: 144 +11.32 mg dL™'
vs. 0 min: 108 +4.07 mg dL ! p<0.001), returning to the
baseline value at time 60 (60 min: 119 +4.40 mg dL™! vs.
0 min: 108 +4.07 mg dL~!; p=0.269) (Fig. 2a).

Furthermore, the IR group had a significantly greater area
under the curve (AUC) when compared to the CON group
(17,060 + 1271.84 vs. 15,105 +685.70 mg dL™'; p<0.01)
(Fig. 2b).

Experiment 1: Short and long-term memories

NOR task allowed us to verify that there was no statistically
significant difference in the STM either in the time factor

b)

Group: p < 0,05

Time: p < 0,001

Glgﬁp‘; Time: p = 0,001 190001 4
_. 180004
l_
-
O 170004
e
g 16000
B 15000

14000-

CON IR

Time (min)
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(p=0.798), group factor (p =0.433), or group X time inter-
action (p=0.312) (Fig. 3a). However, when analyzing the
LTM, it was possible to observe a decrease in the recognition
index in the IR group comparing pre and post-moments (pre:
0.70+0.08 vs. post: 0.56+0.11; p<0.01). Furthermore, IR
exhibited a lower recognition index compared to the CON
group in post-moment (IR: 0.56+0.11 vs. CON: 0.70+0.09;
p<0.01) (Fig. 3b). These findings suggest that IR provoked
a decline in long-term memory without changing short-term
memory.

Experiment 1: Brain-derived neurotrophic factor
(BDNF)

Assuming that BDNF and its receptors TrkB are expressed
in multiple brain areas, such as the prefrontal cortex and hip-
pocampus, we evaluated BDNF concentrations in these areas

a)
Group: p = 0,468
Time: p=0,518
1.0 Group x Time: p = 0,312
2 0.9
o 0.84 o o .
Bory o o ¥
S 0.6 o ol
S 0.5~ 5ot e
o0%o
§, 0.4
8 0.3+
& 0.2
0.1+
0.0 CON CON IR
PRE POST

to improve the understanding of possible specific effects of
IR on distinct brain regions (Neeper et al. 1996). In the hip-
pocampus, the IR group had a significantly lower concen-
tration of BDNF when compared to the CON group (IR:
198.23+13.11 pg mL~! vs. CON: 231.53 +36.04 pg mL~";
p <0.05) (Fig. 4a). Otherwise, in the prefrontal cor-
tex, the IR group had a significantly higher concentra-
tion of BDNF when compared to the CON group (IR:
265.73+18.83 pg mL~! vs. CON: 124.45+17.57 pg mL™";
p<0.001) (Fig. 4b). Therefore, it was possible to observe
that IR does not impact the BDNF concentration in different
brain areas in the same way.

Experiment 1: Inflammatory profile

Cytokines were analyzed in the hippocampus and prefrontal
cortex areas. No statistical difference was observed between

b)
Group: p = 0,05
Time: p< 0,05
1.0 Group x Time: p < 0,05
" 0.9
o 0.8 55 _'_
g 0.7 il A
S 0.6 ‘ -
£ 0.5 SO - S R -
§, 0.4
g 0.3+
o 0.2+
0.1
0.0 CON CON IR
PRE POST

Fig.3 Short and long-term memory pre and post-60 days of diet. a STM-NOR; b LTM-NOR. Mean+SD. ** Significant difference vs. pre
(p<0.01); # significant difference vs. CON-post (»p <0.01). CON (n=9); IR (n=9)

Fig.4 BDNF concentration. a) b)
a Hippocampus; b Prefrontal 350 350
cortex. Mean + SD. # Significant
difference vs. CON (p <0.05); 300 o 300
## significant difference vs. - -
CON (p<0.001). CON (n=7); ' 250 T*T 1 250
IR (n=8) £ o £
o 200 e o 200
=2 &
L 150 L 150 S
[
0O 100- 0 100 o~ °
om (21]
50 50
0 T 0 I
CON CON IR
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Table 2 Inflammatory profile post 60 days of the diet

CON IR t test

Hippocampus

IL-6 547.5+51.5 505.1+42.6 p=0.093

IL-10 14.5+3.5 147+3.2 p=0.910

TNF-a 2362.2+325.5 2426.1+235 p=0.654

TNF-o/IL-10 168.7+36.4 180.4+30.5 p=0.496
Prefrontal cortex

IL-6 254.7+35.4 283.8+40.7 p=0.157

IL-10 5.6+0.7 7.5+1.4% p<0.01

TNF-a 1554.6 +284.4 19223 +237.7* p<0.05

TNF-a/IL-10 276.6+54.9 283.7+50.1 p=0.789

Mean=+SD. CON (n=7); IR (n=9)

CON control group, IR insulin resistant group, /L-6 interleukin 6,
IL-10 interleukin 10, TNF-a tumor necrosis factor-alfa, TNF-a/IL-10
TNF-a/IL-10 ratio.

Bold value indicates statistical significance

Group: p=0,125
Time: p < 0,01
1.0- Group x Time: p = 0,195

o

O?O O
193
o

o

Recognition index
v e =t v
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PRE POST

IR.REST IR.RE

Fig.5 Long-term memory pre and post-intervention. Mean+ SD.
** Significant difference vs. pre (p <0.01); IR.REST (n=8); IR.RE
(n=38)

Fig.6 BDNF concentration. a)
a Hippocampus; b Prefrontal

cortex. Mean + SD. * Sig- 350
nificant difference vs. IR.REST 300-
(p<0.05). IRREST (n=38); —
IR.RE (n=8) '_I 250
i A
S 200 afp
L 1 50 ]
o 100
m
50
0 T
IR.REST

the groups in the concentration of cytokines in the hip-
pocampus. However, the IR group had significantly higher
concentrations of IL-10 and TNF-a in the prefrontal cor-
tex when compared to the CON group (p <0.01; p <0.05,
respectively) (Table 2).

Experiment 2: Long-term memory

The LTM was analyzed pre and post-60 days of the diet.
Before evaluation, the groups underwent the second experi-
ment, performing their respective experimental sessions
(acute resistance exercise or rest). The recognition index
decreased in the IR.REST group when comparing the pre-
and post-moments (pre: 0.70+0.08 vs. post: 0.55+0.10;
p <0.01). However, the same was not observed in the IR.RE
group (pre: 0.72+0.05 vs. post: 0.65+0.11; p=0.095)
(Fig. 5). In this way, the exercised group appeared to have
their LTM restored, whereas the REST group had a decrease
in their LTM.

Experiment 2: Brain-derived neurotrophic factor
(BDNF)

The IR.RE group had a significantly higher concentra-
tion of BDNF in the hippocampus when compared to
the IR.REST group (IR.RE: 214.71 +9.64 vs. IR.REST:
196.70 + 14.49 pg mL~!; p <0.05) (Fig. 6a), but not in the
prefrontal cortex (p=0.616) (Fig. 6b). Therefore, it was pos-
sible to observe that an acute bout of resistance exercise
increased the concentration of BDNF in the hippocampus.

Experiment 2: Inflammatory profile

In the prefrontal cortex, no significant difference was
observed between groups, however, the IR.RE group had a
significantly lower concentration of IL-6 when compared to
the IR.REST group (p <0.001) (Table 3).

< e
# ") 250 8

o

|
IR.REST

IR.RE IR.RE
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Table 3 Inflammatory profile post 60 days of diet

IR.REST IR.RE f test

Hippocampus

IL-6 533.9+27.6 463.3 +31.1% p <0.001

IL-10 14.7+3.2 17.9+5.2 p=0.175

TNF-a 2426.8 +251.1 2590.4+309.5 p=0.265

TNF-o/IL-10 180+32.6 163+35.8 p=0.354
Prefrontal cortex

IL-6 276+35.5 301.5+62.8 p=0.334

IL-10 75+13 71x15 p=0.552

TNF-a 1904.4 +247.5 1764.6+296.5 p=0.324

TNF-a/IL-10 290.1+49.5 270.3+65.5 p=0.506

Mean+SD. IR.REST (n=8); IR.RE (n=17)

IR.REST insulin resistant+rest group, IR.RE insulin resistant+ acute
resistance exercise group; IL-6 interleukin 6, IL-10 interleukin 10,
TNF-a tumor necrosis factor-alfa; TNF-a/IL-10 TNF-o/IL-10 ratio

Bold value indicates statistical significance
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Fig.7 Correlation between BDNF concentration and performance in
the LTM-NOR test after experimental situation

Experiment 2: Correlation between hippocampal
BDNF and long-term memory (LTM)

Was observed a significant correlation (p=0.040; r=0.517)
between BDNF in the hippocampus and LTM recognition
index in insulin-resistant rats, demonstrating that the increase
in BDNF concentration in the hippocampus, promoted by
acute resistance exercise, can influence the degree of memory
restoration (Fig. 7).
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Discussion

Insulin resistance (IR) impaired long-term memory (LTM)
and reduced BDNF concentration in the hippocampus.
However, it increased BDNF and TNF-a concentrations
in the prefrontal cortex of the studied rats. On the other
hand, when subjected to an acute resistance exercise ses-
sion, the IR rats had their long-term memory restored,
showed increased BDNF concentration and reduced IL-6
concentration in the hippocampus compared to those who
did not exercise.

Our results showed that insulin resistance did not affect
the short-term memory of the IR group, however, it caused
damage to long-term memory. This same response was
observed in previous studies (Fu et al. 2017; Park et al.
2019). Neuroinflammation and transcriptional dysregula-
tion (via CREB and BDNF) are two substantial factors
underlying cognitive decline in an insulin-resistant scen-
ery (Sharma 2021). The present study analyzed pro- and
anti-inflammatory cytokines and BDNF concentration in
the hippocampus and prefrontal cortex.

The IR group had a higher concentration of TNF-a in
the prefrontal cortex. However, this did not reverberate in
a higher proinflammatory status, inferred by the TNF-a/
IL-10 ratio, in this area. Furthermore, the concentration
of proinflammatory cytokines was not increased in the
hippocampus. This finding differs from other studies that
report neuroinflammation in the cortex (Liu et al. 2014;
Cavaliere et al. 2019) and hippocampus (Jeon et al. 2012;
Boitard et al. 2014; Yu et al. 2019) of insulin-resistant
rodents. The studies mentioned above carried out the
analysis of the concentrations of these cytokines after at
least 14 weeks of consumption of diet for induction of IR/
T2DM (Jeon et al. 2012; Boitard et al. 2014; Liu et al.
2014; Cavaliere et al. 2019; Yu et al. 2019). The present
study analyzed cytokines after 9 weeks of the diet. This
difference in diet consumption time may have influenced
the condition of the inflammatory profile observed at the
time of euthanasia.

In the present study, we observed a reduction in the
BDNF hippocampus concentration of the IR group. Pre-
vious studies have noted the reduction of BDNF in the
cortex (Liu et al. 2014; Cavaliere et al. 2019) and hip-
pocampus (Park et al. 2010; Liu et al. 2014) of IR rodents.
The hippocampus is a crucial area for memory consolida-
tion, and BDNF plays a vital role in neuroplasticity (Egan
et al. 2003; Sharma 2021), learning, and memory (Leal
et al. 2015). Thus, the reduction in hippocampal BDNF
concentrations can potentially explain the reduction in the
LTM observed in these animals. Otherwise, in the prefron-
tal cortex, the observed results were not expected. The
IR group showed increased BDNF concentration in the
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prefrontal cortex. Shin et al. (2015) observed high levels
of BDNF in blood samples from individuals with Mild
Cognitive Impairment (MCI), while BDNF concentrations
were low in cases of severe Alzheimer’s Disease. Like this
finding, the high BDNF concentration observed in the IR
group’s prefrontal cortex may be due to a compensatory
mechanism to counteract early neurodegeneration and/
or to activate immune cells (Faria et al. 2014; Shin et al.
2015).

Both aerobic exercise and resistance exercise are recom-
mended by the American Diabetes Association (ADA) for
people living with diabetes due to their distinguished ben-
efits (Elsayed et al. 2023b). Several studies have investigated
the effects of a few weeks or months of aerobic exercise in
animal models of IR/DM2 and have observed that, chron-
ically, it was able to improve memory (Park et al. 2019;
Mehta et al. 2019; Shekarchian et al. 2023), reduce pro-
inflammatory cytokines concentration in the hippocampus
(Mehta et al. 2019; Shekarchian et al. 2023) and increase
BDNF concentration in the hippocampus (Park et al. 2019;
Shekarchian et al. 2023) and prefrontal cortex (Shekarchian
et al. 2023). De Sousa et al. (2020) showed that resistance
training elicits cognitive maintenance in T2DM, whereas the
non-exercise group showed a prominent decline in cogni-
tive function. However, these studies assessed the chronic
effects (i.e., multiple exercise sessions), making the acute
effects (i.e., the effect of a single exercise session) on cog-
nitive outcomes and mechanisms underlying this cognitive
improvement remain not fully elucidated.

Unprecedentedly, we observed that an acute bout of RE
led to an improvement in the LTM in IR animals. This result
corroborates the findings of previous studies that investi-
gated healthy individuals (Chang and Etnier 2009), T2D
subjects (Silveira-Rodrigues et al. 2023), and subjects with
MCI (Tsai et al. 2018). However, despite observing cog-
nitive improvements after a RE session, Tsai et al. (2018)
and Silveira-Rodrigues et al. (2023) found no change in the
serum concentration of BDNF in these subjects. It should be
noted that in our study, unlike those cited, the concentration
of BDNF was evaluated in the animals’ brains (hippocampus
and prefrontal cortex).

In addition to improving LTM, an acute bout of RE pro-
moted increased BDNF concentration in the hippocampus.
The molecular mechanisms responsible for exercise-induced
BDNEF elevation in the hippocampus of insulin-resistant rats
are still under investigation. However, recent evidence sug-
gests three primary mechanisms leading to exercise-induced
brain BDNF production: enhanced neuronal activity, the
elevation of cerebral blood flow, and the exerkine signaling
emanating from peripheral tissues (Cefis et al. 2023).

Physical exercise induces an increase in neuronal activ-
ity in the hippocampus facilitated by: (1) the elevation
of Ca®" influx (Balkowiec and Katz 2002), (2) activation

of glutamatergic transmission mediated by a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and
by N-methyl-D-aspartate-type (NMDA) receptors (Nishijima
et al. 2012), (3) an increase in dopaminergic, noradrenergic
and serotoninergic neurotransmitters (Cefis et al. 2023), and
(4) activation of the signaling pathway PGC-1a/FNDC5/iri-
sin leading to the upregulation of BDNF gene expression
and memory improvement (Choi et al. 2018). Moreover, the
increase in insulin-like growth factor 1 (IGF-1) synthesized
from the liver and blood lactate produced by the skeletal
muscle during physical exercise have the potential to cross
the blood-brain barrier, modulating brain BDNF levels and
promoting synaptic plasticity, neurogenesis, and cognitive
function improvement (Ding et al. 2006; Miiller et al. 2020).

The hippocampus has been identified as a major area of
BDNF expression and preliminary studies indicate that the
brain is the primary source, contributing about 80% of cir-
culating plasma BDNF in response to exercise (Rasmussen
et al. 2009), making measurements of acute exercise-induced
changes in BDNF concentration relatively accessible. How-
ever, the acute effects of resistance exercise performed at
different intensities and durations on BDNF concentration
in the hippocampus of insulin-resistant rats have not been
elucidated.

In trained adult male subjects, a single strength-training
session at 80% of 1RM increased circulating BDNF lev-
els 1 h after exercise, while no significant changes were
observed in plasma BDNF after a training session at 60%
of 1RM (Borges Junior et al. 2023). Conversely, a session
of resistance training at 65-70% of 1RM was effective in
elevating BDNF levels in older men (Arazi et al. 2021).
In addition to intensity, the volume of resistance exercise
can also influence BDNF concentration. In experienced
resistance-trained men, an increase in BDNF was observed
after both an acute bout of resistance training performed at
high-intensity and a high-volume training session (Church
et al. 2016). However, when the total load lifted was equal-
ized between training sessions, a similar acute neurotrophic
response was observed (Lodo et al. 2020).

Hippocampal BDNF increase has been associated with
cognitive performance, specifically with memory improve-
ment (Piepmeier and Etnier 2015). Experimental studies
have demonstrated that animals deprived of BDNF in the
hippocampus experience declines in cognitive performance
compared to control animals (Mu et al. 1999). Conversely,
the intrahippocampal administration of BDNF increases spa-
tial memory and affects emotional behavior (Cirulli et al.
2004).

Still talking about the analyses done in the brain, we
noticed a reduction in IL-6 concentration in the hip-
pocampus after an acute bout of RE. Contrary to this
result, Rasmussen et al. (2011) observed that there was
an increase in IL-6 release in the human brain during and
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after recovery from prolonged aerobic exercise. In addi-
tion, the authors also found that mice showed an increase
in IL-6 mRNA in the hippocampus 2 h after an acute bout
of aerobic exercise, targeting this area as a likely source
of IL-6 release in the brain. Additionally to the differ-
ent type of exercise investigated (resistance exercise), in
the present study we analyzed IL-6 concentrations in the
hippocampus 30 min after the acute RE session. These
factors may have influenced the difference in results
observed between our experiment and Rasmussen et al.
(2011) experiment.

In this study, we chose to investigate the effects of IR
and an acute bout of RE on memory and neural outcomes.
Insulin resistance typically precedes the onset of T2DM
by several years (Fonseca 2009), and represents a risk
factor for dementia, memory loss, and neurodegenerative
diseases (Nguyen et al. 2020). Brain insulin resistance
promotes neural apoptosis, brain ischemia, affects hip-
pocampal plasticity, modulates glutamatergic neurotrans-
mission, reduces hippocampal BDNF expression, and
contributes to brain inflammatory reactions, ultimately
leading to the development of cognitive impairment and
memory loss (Lina et al. 2015). Thus, resistance exercise
plays a crucial role in mitigating cognitive dysfunction
associated with insulin resistance, thereby preventing
the progression of type 2 diabetes-associated cognitive
impairment (Malin et al. 2022). In the present study,
we observed an increase in hippocampal BDNF after a
resistance exercise session and a significant correlation
between BDNF and long-term memory (LTM) recogni-
tion index in insulin-resistant rats.

The effectiveness of resistance training in improving
glycemic control in type 2 diabetes became more debated
in the early 2000s (Sigal et al. 2004). Currently, the ADA
recommends that resistance exercise should be done
two to three times a week (Elsayed et al. 2023b). Most
long-term health benefits induced by physical exercise
are thought to arise from adaptive changes to the acute
modifications of every single bout of exercise, such as
the increase in the activity and/or quantity of proteins
involved in specific metabolic, physiological, and biome-
chanical processes (e.g., mitochondrial respiratory func-
tion, calcium cycling, contractile function/efficiency, and
fuel use) (Neufer et al. 2015). Considering that T2DM is
related to long-term cognitive impairment development,
understanding the effects of an acute bout of resistance
exercise on cognitive function is of great clinical appli-
cation for recommending strength training programs for
individuals living with T2DM. Future studies should
investigate other forms of strength exercise prescription
(volume and intensity) and their metabolic and cognitive
effects on this population.

@ Springer

Conclusion

Insulin resistance leads to impaired long-term memory and
reduced BDNF concentration in the hippocampus of rats.
Furthermore, acute resistance exercise can restore long-term
memory decrement and increase BDNF concentration in the
hippocampus of insulin-resistant rats.
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