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High-intensity exercise improves cognitive function and
hippocampal brain-derived neurotrophic factor
expression in obese mice maintained on high-fat diet
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We wanted to find the intensity of exercise that could increase brain-
derived neurotrophic factor (BDNF) expression and improve spatial
learning and memory without dietary control. C57BL/6 mice were fed a
60% high-fat diet (HFD) for 6 weeks to induce obesity. Obesity-induced
mice were exercised on a treadmill for 8 weeks at various exercise in-
tensities: HFD-control (n=7), HFD-low-intensity exercise (HFD-LIE, n=
7,12 m/min for 75 min), HFD-middle intensity exercise (HFD-MIE, n=7,
15 m/min for 60 min) and HFD-high-intensity exercise (HFD-HIE, n=7,
18 m/min for 50 min). One week before sacrificing mice, the Morris wa-
ter maze test was performed, and the hippocampus was immediately
removed after sacrifice. The expression levels of BDNF (encoded by
the gene Bdnf) and tropomyosin receptor kinase B (TrkB) in the hippo-
campus were analyzed by quantitative real-time reverse transcription-

INTRODUCTION

Obesity is a global epidemic and is a risk factor that increases
the risk of chronic diseases such as type II diabetes mellitus (Mok-
dad et al., 2003), nonalcoholic fatty liver disease (Loomba and
Sanyal, 2013; Younossi et al., 2011), hypertension (Younossi et
al., 2011), and stroke (Greenlund et al., 2004). Obesity was also
found to be closely related to a decline in cognitive function. Ani-
mal studies have shown that obese mice have impaired learning
and memory abilities (Farr et al., 2008; Winocur et al., 2005), and
have higher cognitive impairments than wild type mice, especially

polymerase chain reaction and western blot. In the last probe test of
the Morris water maze test, occupancy in the target quadrant was sig-
nificantly higher in the HFD-HIE group (P< 0.05) than in the other groups.
In addition, MRNA expression from the Bdnfpromoter region was found
to be significantly higher in the HFD-HIE group than in the other groups
(P<0.001). Aithough there were some differences in the levels of signifi-
cance, the expression levels of both BDNF and TrkB were significantly
higher in the HFD-HIE group than in the other groups. Therefore, rela-
tively high-intensity aerobic exercise can resist the adverse effects of a
high-fat diet on the brain without dietary control.

Keywords: Obesity, High-fat diet, Exercise, Hippocampus, Brain-derived
neurotrophic factor, Spatial learning

in obese rats induced by high-fat diets (HFDs) (Farr et al., 2008;
Greenwood and Winocur, 1996; Molteni et al., 2002; Stranahan
et al., 2008; Winocur and Greenwood, 2005; Winocur et al., 2005).
HFD-induced obese mice have also been shown to have brain in-
sulin resistance and cognitive impairment (Kothari et al., 2017).
Increasing insulin resistance, oxidative stress, and inflammation
caused by HFDs may decrease cognitive function (Freeman et al.,
2014). Brain-derived neurotrophic factor (BDNF), which pro-
motes the hippocampal neurogenesis responsible for memory and
learning, decreases in expression by insulin resistance (Stranahan
et al., 2008), oxidative stress (Wu et al., 2004), and inflammation
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(Barrientos et al., 2004; Murray and Lynch, 1998), and eventually
decreases neurogenesis and brain plasticity. This can lead to a de-
crease in cognitive function. Therefore, the regulation of hippo-
campal BDNF expression in the brain may be an important factor
to prevent cognitive decline by HED.

Exercise is known to increase hippocampal BDNF expression,
thereby increasing brain health and plasticity and protecting brain
function (Cotman and Berchtold, 2002; Cotman and Engesser-Cesar,
2002). In addition, exercise has been reported to offset the detri-
mental effects of HFDs in rats by inducing hippocampal BDNF
expression (Molteni et al., 2004). In another study, treadmill exer-
cise was performed on rats fed an HFD, and the exercise was found
to counteract the decrease in brain health caused by the HFD (Woo
etal., 2013). This evidence supports the exercise’s ability to prevent
degenerative changes in the brain resulting from obesity.

There is much evidence that exercise can rescue the harmful ef-
fects of HFD on the brain (Molteni et al., 2004; Woo et al., 2013).
However, exercise uses different energy substrates according to ex-
ercise intensity (Gollnick, 1985), and physiological and inflamma-
tory responses to the whole body after exercise (Bessa et al., 2016;
Borsheim and Bahr, 2003). Indeed, it is known that the amount
of exercise, type of exercise, and exercise intensity are related to
BDNF and TrkB expression in the hippocampus (Berchtold et al.,
2005). Most studies in nonobese subjects have reported higher
BDNF and TrkB expression during low-intensity exercise than
high-intensity exercise (Ghodrati-Jaldbakhan et al., 2017, Shih et
al., 2013). Some studies have reported that high-intensity interval
training is more effective for BDNF expression in the hippocam-
pus than continuous low-intensity exercise (Freitas et al., 2018;
Naghibzadeh et al., 2018). However, no studies have been con-
ducted to determine which exercise intensity was most effective in
improving BDNF and TrkB expression and cognitive function by
performing tests with various exercise intensities with HFDs.
Therefore, we wanted to identify what intensity of exercise would
be effective to counteract the adverse effects of HFDs without di-
etary restrictions.

MATERIALS AND METHODS

Animals

Six-weeks-old male C57BL/6J mice (n=28) were purchased
from Samtako (Daejeon, Korea). The mice were kept in a room
maintained at 24°C with 50%-60% relative humidity and a 12-hr
light/12-hr dark cycle. All animals were fed an HED containing
60% fat (D12492, Research Diets, New Brunswick, NJ, USA)
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for 6 weeks. After 6 weeks of HFD intake, the animals were divid-
ed into HFD-control (n=7), HFD-low-intensity exercise (HFD-
LIE, n=7), HFD-middle intensity exercise (HFD-MIE, n=7), and
HFD-high-intensity exercise (HFD-HIE, n=7) groups. All animals
maintained an HFD intake during the exercise intervention peri-
od. The duration of exercise intervention was 8 weeks. After the
intervention period, brains were immediately extracted after inha-
lation anesthesia with CO; gas. The hippocampus was separated
with a spatula on a chilled stainless-steel block. All experimental
protocols were approved by the Institutional Animal Care and
Use and the Committee of Pusan National University (approval
number, PNU-2018-1886).

Exercise protocol

All exercise groups were subjected to exercise on an animal
treadmill (DJ-344, Daejong Instrument Industry, Daejeon, Ko-
rea). In week 1 of intervention, exercise was conducted at the same
intensity for all mice (10 m/min for 30 min). Different intensities
were applied to each group from week 2-8, and the running time
was adjusted so that the total amount of exercise was equal for all
exercise groups (total distance =900 m): HFD-LIE, 12 m/min for
75 min; HFD-MIE, 15 m/min for 60 min; HFD-HIE, 18 m/min
for 50 min; average 15 m/min for 60 min. The exercise intensities
mentioned in our study are all relative intensities in this study.
Exercise training was conducted 5 times per week between the
hours of 6:00 and 7:00 p.m. As control, nonexercising animals
were placed on an idle treadmill for the same time period. Before
each exercise training session, all running mice were allowed a

5-min warm-up phase with a slow increase in speed.

Morris water maze test

A mice water maze pool (90-cm diameter; sidewalls 45-cm
height) was filled with warm water (26°C+ 1°C) in which a sub-
merged platform was located (1 cm below water surface; 6-cm di-
ameter in a fixed position). For each trial, the mice were placed in
the water at one of four equidistant locations. The platform was
recognized in clear water before testing. From day 1 of the test to
day 3, white nontoxic water paints were dissolved in water 3 times
a day to make the platform invisible, and then the time to visit
the platform was measured for 60 sec. If the animal failed to find
the platform, it was guided there and allowed to stay at the plat-
form for 15 sec. After the 3-day trial, the probe test was performed
the next day. The probe test was carried out for 1 min, and the
time spent in the quadrant where the original platform located af-
ter removing the platform was measured. All data were derived
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by analyzing the video tracking system (SMART 3.0, Panlab,
Barcelona, Spain).

Quantitative real-time reverse transcription-polymerase
chain reaction (qPCR)

The hippocampus was homogenized using the TissueLyser LT
magnetic bead homogenizer (Qiagen, Hilden, Germany) with
50-mm stainless-steel beads for 5 min at 50 Hz. Total RNA was
isolated using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA), and cDNA was synthesized from RNA using the M-MLV
RT reaction buffer (Promega, Madison, W1, USA) according to
the manufacturer’s instructions. The cDNA was mixed with for-
ward and reverse primers for Bdnf coding (forward: GCGGCA-
GATAAAAAGACTGC; reverse: GCAGCCTTCCTTGGTGTA-
AC), and Bdnf promoter (forward: GCCTTCATGCAACCGAA-
GTA,; reverse: CAGGACAGCAAAGCCACAAT) (Sleiman et al.,
2016) in a 96-well plate containing AMPIGENE qPCR Green
Mix Lo-ROX (Enzo Life Science, Farmingdale, N'Y, USA). To not-
malize mRNA levels among samples, Actb (forward: CCAACC-
GTGAAAAGATGACC; reverse: CCATCACAATGCCTGTGG-
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TA) was used as a housekeeping gene. Each sample was examined
in triplicate. Sequences of all primers were entered 5" to 3” order.
The reaction was performed using a LightCycler 96 real-time PCR
system (Roche Diagnostics, Basel, Switzerland). The cycle thresh-
old (Ct) values measured after the experiment were analyzed by
the relative quantification 2*“™ method.

Western blot

Western blotting for TrkB and BDNF protein was performed.
The hippocampal tissues were homogenized on ice and lysed in a
lysis buffer containing 50 mM HEPES (pH, 7.5), 150 mM NaCl,
10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfony!
fluoride, 1 mM EGTA, 1.5 mM MgCl; - 6H,O, 1 mM sodium or-
thovanadate, and 100 mM sodium fluoride. Protein content was
measured using a Bio-Rad colorimetric protein assay kit (Bio-Rad,
Hercules, CA, USA). Protein samples (30 pg) were separated on
sodium dodecyl sulfate-polyacrylamide gel and transferred onto a
nitrocellulose membrane. The membranes were incubated with
5% skim milk in Tris-buffered saline containing 0.1% Tween-20
and then incubated overnight at 4°C with the following primary

80 -

60 - :
a4 -

Zoj

0

HFD-control  HFD-LE  HFD-MIE  HFD-HE @

Occupancy in target quadrant (%)

HFD-control

HFD-LIE

HFD-HIE e

HFD-MIE

Fig. 1. The Morris water maze test confirmed that relatively high-intensity exercise improved learning and memory in obese mice. (A) Changes in platform arrival
time (escape latency) for all groups during training session. (B) Probe test confirmed that relatively high-intensity exercise improved spatial memory on obese mice. (C)
Mouse swimming path during probe testing confirmed by video tracking system. Data are presented as mean + standard deviation. HFD, high-fat diet; LIE, low-inten-

sity exercise; MIE, middle intensity exercise; HIE, high-intensity exercise. *F<0.05.
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antibodies: rabbit anti-TrkB antibody (#SC-8316, 1:1,000; Santa
Cruz Biotechnology, Dallas, TX, USA), rabbit anti-BDNF anti-
body (#SC-546, 1:1,000; Santa Cruz Biotechnology), and mouse
anti-B-actin (#SC-47778, 1:1,000, Santa Cruz Biotechnology).
Subsequently, membranes were incubated for 1 hr with appropri-
ate secondary antibodies (1:2,000; Vector Laboratories, Burlin-
game, CA, USA), and band detection was performed using the
enhanced chemiluminescence detection kit (Santa Cruz Biotech-
nology) (Ko et al., 2018).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0
software (GraphPad Software, San Diego, CA, USA). The qPCR
results were compared using the independent samples #-test with
the other groups relative to the HFD-control determined by the
2D method. Western blot and Morris water maze results were
analyzed using one-way analysis of variance and Bonferroni post hoc
test. All values are expressed as mean =+ standard deviation. Statis-

tically significant differences were established at P <0.05.
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RESULTS

Relatively high-intensity exercise improved spatial
learning and memory in obese mice despite sustained
HFD

The platform arrival time (escape latency) of the mice was re-
duced during three platform cognitive training sessions per day,
3 days before the last probe test. However, the arrival time was re-
duced in all groups and no significant difference was observed be-
tween groups (Fig. 1A). In the probe test, a significant difference
between the time spent on the target quadrant and the time spent
in the remaining quadrants was identified only in the HFD-HIE
group (P <0.05) (Fig. 1B, C). We visualized mouse movement
paths over 1 min obtained in the video tracking system (data clos-
est to the mean of each group) (Fig. 1C).

Relatively high-intensity exercise increased mRNA
expression of hippocampal Bdnfin obese mice despite
sustained HFD

We tried to confirm expression with various primer combina-
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Fig. 2. Relatively high-intensity exercise increases mRNA expression of Bdnfin the hippocampus of obese mice. (A) Expression of Banf/Actb. (B) Expression of Bdnf
coding gene/Actb. (C) Expression of Bdnf promoter gene/Actb. (D) Relatively high-intensity exercise increases Bdnf promoter expression compared to Bdnf coding
gene. Data are presented as mean + standard deviation. HFD, high-fat diet; LIE, low-intensity exercise; MIE, middle intensity exercise; HIE, high-intensity exercise.

***p<0.001.
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Fig. 3. Relatively high-intensity exercise increases protein expression of tropomyosin receptor kinase B (TrkB) and brain-derived neurotrophic factor (BDNF). (A) De-
tected image of Western blot. (B) The protein expression of TrkB and BDNF was significantly higher than that of all other groups. Data are presented as mean + stan-
dard deviation. HFD, high-fat diet; LIE, low-intensity exercise; MIE, middle intensity exercise; HIE, high-intensity exercise. **P<0.01 and ***P<0.001 for TrkB.

"P<0.05 and *P<0.001 for BDNF.

tions because Bdnf is regulated by alternative splicing (Aid et al.,
2007). When Bdnf coding, and Bdnf promoter sequences were
identified, there was no significant difference between the groups
(Fig. 2A—C). However, we measured the relative expression level
of the Bdnf promoter against Bdnf coding and found that the HED-
HIE group had higher Bdnf expression than the other groups (P <
0.001) (Fig. 2D).

Relatively high-intensity exercise increased hippocampal
BDNF protein expression despite sustained HFD

Both BDNF and TrkB expression levels were higher in the HFD-
HIE group than in the other groups. In terms of TrkB, the HFD-
control (P <0.01) and HFD-LIE groups (P < 0.01) showed similar
levels in comparison with HFD-HIE group, and the significance
level of the HFD-MIE group (P <0.001) was larger than other ex-
ercise intensity groups (Fig. 3A, B). In the case of BDNE, the HFD-
control and HFD-LIE groups showed similar levels to the HFD-
HIE group (P <0.05), and the significance level of the HFD-MIE
group was greater (P <0.001).

DISCUSSION

Obesity is widely known to have harmful effects on brain health.
For example, epidemiologic evidence reported that Western diets
were associated with a smaller hippocampus size, both intake and
overweight (Cherbuin et al., 2015; Jacka et al., 2015). Animal
studies have shown that HFD-induced obesity reduces BDNF ex-
pression (Liu et al., 2014; Molteni et al., 2002; Park et al., 2010)
and neurogenesis (Park et al., 2010) and increases inflammation
in the hippocampus (Liu et al., 2014).

128 https://mww.e-jerorg

Generally, the most effective treatment for obesity is the combi-
nation of proper exercise and caloric restriction (Reed et al., 2010;
Swift et al., 2014). The effect of exercise that resists obesity is not
only due to negative energy balance, but also due to various bene-
ficial effects. Regardless of dietary control, exercise helps to repair
defects in the AMPK (AMP-activated protein kinase) and SIRT-1
(sirtuin-1) pathways caused by obesity (de Las Heras et al., 2018),
and it has additional effects such as improved insulin sensitivity
(Goodyear and Kahn, 1998) and vascular health (Watts et al., 2004).
However, opinions on good exercise intensity to treat obesity are
not clear, due to the inflammatory response caused by exercise.
From an immunological point of view, exercise depends on the
intensity of the inflammatory response (Mackinnon and Hooper,
1994). Several recent studies have suggested that exercise may
improve insulin sensitivity by increasing the polarization of M2
macrophages (M1 macrophages have the opposite effect) associated
with anti-inflammatory cytokines in adipose tissue (Kawanishi et
al., 2010; Oliveira et al., 2013). However, these studies also over-
look differences in inflammatory responses according to exercise
intensity. In general, high-intensity exercise acutely increases the
inflammatory response, mainly due to inflammatory cytokines as-
sociated with the differentiation of M1 macrophages (Pedersen et
al., 1998). Taken together, there is no confirmed difference in the
inflammatory response in the hippocampus according to the dif-
ference in exercise intensity, as in adipose tissue.

In our study, although obese mice were sustained on an HFD,
we found that regular high-intensity exercise improved spatial
learning and memory as well as BDNF expression. Thus, the tem-
porary increase in inflammatory response due to high-intensity
aerobic exercise does not appear to additionally increase the in-
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flammatory response in the hippocampus, but rather appears to
reduce it. These results are expected to be similar in adipose tissue
and should be confirmed in further studies. It is essential to clear-
ly understand the meaning of “high-intensity exercise” mentioned
in this study. The high-intensity exercise mentioned in this study
is a word relative to the other exercise intensity groups set in this
study: 50 min of exercise performed on a treadmill at a speed of
18 m/min. This is an intensity of exercise that can be performed
regularly daily even in obese mice and does not mean high-resis-
tance or exhaustive exercise. In our opinion, the high-intensity ex-
ercise protocol in this study may be close to a regular moderate
exercise protocol in other many previous studies (Baek et al., 2018a;
Baek et al., 2018b; Baek et al., 2019; Dos Santos et al., 2019).
Therefore, in actual clinical applications, these facts must be re-
flected to set exercise intensity.

Several studies have shown that exercise can resist the deteriora-
tion of brain health caused by obesity, but independent effects of
exercise and exercise intensity have not been identified. We report
for the first time, in the case of obesity, that relatively high-inten-
sity exercise can be effective in resisting the adverse effects of obe-
sity on the brain, even without dietary control.
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