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Abstract
Recent studies have shown that exercise improves skeletal muscle and cognitive 
function by stimulating the secretion of numerous molecules. In particular, previous 
studies have suggested that exercise-induced beta-hydroxybutyrate (BHB) release 
might improve skeletal muscle and cognitive function, but to date these studies have 
been limited to cell and animal models. Therefore, we aimed to determine how an 
exercise-induced increase in BHB affects skeletal muscle and cognitive function at 
a cellular level, in an animal model, and in humans. The effects of BHB on skeletal 
muscle and cognitive function were determined by treating C2C12 and C6 cell lines 
with BHB, and by measuring the skeletal muscle and serum BHB concentrations in 
aged mice after endurance or resistance exercise. In addition, serum BHB concen-
tration was measured before and after high-speed band exercise in elderly people, 
and its relationships with muscle and cognitive function were analyzed. We found 
that BHB increased cell viability and brain-derived neurotrophic factor expression 
level in C6 cells, and endurance exercise, but not resistance exercise, increased the 
muscle BHB concentration in aged mice. Furthermore, the BHB concentration was 
positively related to skeletal muscle and cognitive function. Exercise did not increase 
the serum BHB concentration in the elderly people and BHB did not correlate with 
cognitive function, but after excluding the five people with the highest preexisting 
serum concentrations of BHB, the BHB concentrations of the remaining participants 
were increased by exercise, and the concentration showed a tendency toward a posi-
tive correlation with cognitive function. Thus, the BHB released by skeletal muscle 
following endurance exercise may improve muscle and cognitive function in animals 
and humans.
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NEW AND NOTEWORTHY

Our research on exercise-induced “Beta-hydroxybutyrate 
(BHB)” effects on skeletal muscle function and cognitive 
function is new and noteworthy. This research combines 
skeletal muscle function and cognitive function and analyze 
it with BHB induced by exercise. Especially, this study has 
never been performed through human sample, but in our 
research, we covered everything from cell study to human 
study. Therefore, we found that exercise-induced BHB from 
skeletal muscle could improve muscle function and cognitive 
function. Therefore, our study is new and noteworthy.

1  |   INTRODUCTION

Elderly people frequently experience declines in skel-
etal muscle and cognitive function (Curcio et al., 2019; 
Dionyssiotis, 2019; Dudley-Javoroski, Lee, & Shields, 2020; 
Sun, Lee, Yim, Won, & Ko, 2019; Yang, Jiang, Zeng, & 
Tang 2019; Zammit, Robitaille, Piccinin, Muniz-Terrera, & 
Hofer, 2019). There is a great deal of evidence that skeletal 
muscle mass and function are related to cognitive function 
(Pedersen, 2019; Yoon, Lee, & Song, 2018). In addition, a 
number of mediators have been identified that are secreted 
by skeletal muscle, and are termed “myokines” (Islam, 
Young, & Wrann,  2017; Kwak, Cho, et al., 2019; Moon 
et al., 2016; Pedersen, 2019). Beta-hydroxybutyrate is a ke-
tone body that is released from the liver during starvation, 
when blood glucose concentrations are low, to maintain 
energy homeostasis (Dedkova & Blatter,  2014; Robinson 
& Williamson,  1980), and it is used by skeletal muscle to 
provide energy for its activity (Vice, Privette, Hickner, & 
Barakat, 2005). Beta-hydroxybutyrate not only inhibits gly-
colysis and is used in the tricarboxylic acid cycle (Cahill & 
Aoki,  1980; Evans, Cogan, & Egan,  2017), but it also has 
effects on signaling pathways, including those involved in 
inflammation, lipolysis, metabolic rate, stress resistance, and 
longevity, such as via G-protein-coupled receptor (GPCR) 
binding (Rojas-Morales, Tapia, & Pedraza-Chaverri, 2016). 
Moreover, during exercise, the liver releases more BHB into 
the circulation, which inhibits histone deacetylases (HDACs) 
2 and 3, which in turn are responsible for a reduction in the 
expression of brain-derived neurotrophic factor (BDNF), a 
biomarker of cognitive function (Sleiman et al., 2016). Thus, 
BHB upregulates BDNF expression by inhibiting HDACs. 
Furthermore, in a previous study, BHB supplementation im-
proved muscle and cognitive function in an animal model by 
improving mitochondrial function (Munroe et al., 2017) and 
reducing oxidative stress (Kong et al., 2017; Pinto, Bonucci, 
Maggi, Corsi, & Businaro, 2018; Wang et al., 2017). Thus, 
although BHB is a metabolite that was once recognized only 
as a by-product of acetoacetate, it is now thought to be a 

mediator of cross-talk between the brain and skeletal muscle 
(Pedersen, 2019). However, these previous studies were con-
ducted in animal models or lines alone and only determined 
the effects of BHB supplementation on skeletal muscle and 
cognitive function (Munroe et al., 2017). Thus, the effects of 
BHB require confirmation in humans.

Previous studies showed that BHB is effective to skeletal 
muscle function and cognitive function in human and animal 
model. Eating BHB supplements upregulated skeletal muscle 
function and cognitive function in human. Also, many other 
studies showed effects of BHB on skeletal muscle function 
and cognitive function through animal models to human 
study (Evans et al., 2017; Munroe et al., 2017; Pinto et al., 
2018; Vice et al., 2005). However, there are few studies re-
lated to exercise upregulated BHB level and resistance or en-
durance exercise.

In this study, we aimed to determine the effects of exercise 
on BHB concentrations in cells, animal model, and humans. 
From this study, it could be said that exercise upregulates 
BHB level from skeletal muscle and it improves cognitive 
function of the elderly. We show that BHB released by skel-
etal muscle during exercise has beneficial effects in muscle 
and especially on cognitive function.

2  |   MATERIALS AND METHODS

2.1  |  Animal care

The experiments were approved by the Institutional 
Animal Care and Use Committee of DIGIST (DGIST-
IACUC-18050202-00). C57Bl/6J male mice were housed in 
a facility that was maintained at 22°C, under a 12-hr light/
dark cycle, and had ad libitum access to food and water. The 
mice were allocated to groups according to their age and the 
type of exercise to be performed: a young group that did not 
exercise (YC, n = 4), an old group that did not exercise (OC, 
n = 3), an old group that performed endurance exercise on a 
treadmill (OEE, n = 4), and an old group that performed re-
sistance exercise on a ladder (ORE, n = 3). The young group 
was 7 months old and the old groups were 27 months old.

2.2  |  Exercise protocol

Mice that performed treadmill exercise on a treadmill 
(Columbus, Exer 3/6) with a 10° incline, starting at 8  m/
min for 30 min, 1–2 times per week, and the speed was in-
creased by 2 m/min every 2 weeks. Ladder exercise was per-
formed 3 days per week for 4 weeks, with the ladder being 
1 m long, having a 1.5 interval grid, and being inclined at 
85°. The ORE group started with 10% of its body mass. The 
ORE group climbed the ladder 10 times per session and the 
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intensity of exercise was increased after four successful trials 
(Kwak, Cho, et al., 2019).

2.3  |  Grip strength

Forelimb grip strength was measured using a Grip Strength 
Meter (Bioseb) after finishing the 4  weeks of exercise. The 
mice were encouraged to grasp a grid plate attached to the force 
gauge, and gently pulled away from the gauge. Three measure-
ments were made, the mean grip strength was calculated, and 
this was normalized to body mass (Kwak, Cho, et al., 2019).

2.4  |  Tissue collection

To avoid a residual effect of the last bout of exercise, terminal 
anesthesia was induced 48 hr after the final bout by intraperito-
neal injection of 20% urethane solution, blood was collected by 
enucleation, and limb skeletal muscles were collected.

2.5  |  Real-time PCR

RNA was extracted using TRIzol reagent (Invitrogen, 
#15596026) and reverse transcribed using CycleScript RT 
premix (Bioneer, #K-2044-CFG). The expression of BDNF 
was measured by real-time PCR using SYBR Green with 
low ROX (Enzynomics, #RT500M) and a BioRad #CFX96 
cycler. cDNA was amplified using 40 cycles, consisting of 
denaturation at 95°C for 10  s, annealing at 60°C for 15  s, 
and elongation at 72°C for 25 s. The primer sequences were: 
BDNF forward: 5-TGGCCTAACAGTGTTTGCAG-3, 
BDNF reverse 5-GGATTTGAGTGTGGTTCTCC-3, 18S 
forward 5-GTAACCCGTTGAACCCCATT-3, and 18S re-
verse 5-CCATCCAATCGGTAGTAGCG-3.

2.6  |  Isometric force test

Soleus (SOL) muscles were isolated from control and ex-
ercised mice to determine their contractile properties. The 
isolated muscles were put into a chamber containing 25°C 
Krebs–Ringer buffer (118 mM NaCl, 4.75 mM KCl, 24.8 mM 
NaHCO3, 1.18  mM KH2PO4, 2.5  mM CaCl2, 1.18  mM 
MgSO4, and 10 mM glucose, pH 7.4), through which 95% 
O2/5% CO2 was passed. The proximal tendon was fixed using 
a clamp and the distal tendon was fixed to a force transducer 
(Grass Instruments, FT.03). The optimum muscle length was 
determined as the length producing the highest twitch force 
(mN) following a supramaximal pulse of 0.2  ms duration. 
Isometric tetanic contractions (mN) were measured using an 
electrical stimulator (Grass Instruments, S48) at a frequency 

of 150 Hz for the SOL and 100 Hz for the extensor digitorum 
longus (EDL) muscle, a stimulation current of 100 V, and a 
duration of 800 ms (SOL) or 200 ms (EDL).

2.7  |  Measurement of BHB concentration

Serum and skeletal muscle BHB concentrations were meas-
ured using a BHB Assay kit (Cayman, #700190). Serum was 
diluted 2.5-fold and skeletal muscles were first homogenized 
in the kit assay buffer.

2.8  |  Y-Maze test

The cognitive function of the mice was assessed using a 
Y-maze test, as performed previously (Kwak, Cho, et al., 
2019). The Y-maze had three arms that were each 60 cm long, 
11.5 cm wide, and 25 cm high, and the angle between the arms 
was 120°. After 4 weeks of exercise, mice were placed in the 
Y-maze and their movements across the arms were counted 
during 8-min periods, with the three arms being labeled 1, 2, 
and 3. If a mouse did not pass the same number during the three 
movements, one point was awarded. The alteration percentage 
for each mouse was calculated using the total number of move-
ments and the score (Kwak, Cho, et al., 2019).

2.9  |  In vitro study

Skeletal muscle C2C12 cells (ATCC, CRL-1772) and brain 
glial C6 cells (KCLB, #10107, Korean cell line bank) were 
used. The cells were treated with BHB (Sigma, #54965-10G-
F) at various concentrations. The C2C12 and C6 cells were 
treated with 0.5 µM doxorubicin to induce senescence and 
functional impairment (Bielak-Zmijewska, 2014). To mimic 
exercise in the C2C12 cells, forskolin (Sigma–Aldrich, 
#F6886) was added to the culture medium for 24  hr, the 
cells were washed twice with 1 × PBS (Lonza, #17-516F), 
and then Dulbecco's-modified Eagle's Medium (DMEM, 
Welgene) was added for 4 hr. The medium was then collected 
and syringe-filtered (Sartorius, #16534) to remove the cell 
debris, and used to treat C6 cells in 96-well plates and 12-
well plates. The viability of these cells was assessed using 
a cell counting kit (Dojindo, #CK04) and BDNF mRNA ex-
pression was measured (Harris et al., 2004).

2.10  |  Collection of human serum and 
exercise intervention protocol

Elderly volunteers performed high-speed elastic band 
training 3  days a week for 1  hr, as previously described 
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(Yoon et  al.,  2018). During each session, the participants 
performed a 10-min warm-up, followed by 40 min of high-
speed elastic band training such as seated rowing, one leg 
press, applied pec deck flus, seated leg raise, lateral raise, 
semi-squats, wide squats, and bridging using an elastic 
band, and 10 min of cooling down. There was at least 48 hr 
between sessions, and the exercise was performed under 
the direct supervision of an instructor, to make sure it was 
safe and the participants were accustomed to the exercise 
protocol. The exercise group used low-tension elastic 
bands (20  Nm), and their rate of perceived exertion was 
maintained between 12 and 13 during exercise. The demo-
graphic data of participants are shown (Table 1). The proto-
col was approved by the institutional review board of Seoul 
National University.

2.11  |  Statistical analysis

Data are expressed as means ± SEMs. Statistical analysis was 
performed using Student's t test (one-tailed or two-tailed, un-
paired). Relationships between two variables were analyzed 
using Spearman or Pearson's correlations.

3  |   RESULTS

3.1  |  The effects of aging and 4 weeks 
of exercise on muscle and serum BHB 
concentrations

Because both the type of exercise and aging could affect the 
release of mediators from skeletal muscle, we first measured 
the BHB concentrations in skeletal muscle and serum. To de-
termine the BHB concentration in aged mice, 26-month-old 
mice performed resistance exercise on a ladder or endurance 
exercise on a treadmill for 4 weeks, after which BHB was 
measured in the serum and SOL. There was a tendency for 
aged mice to have a lower serum BHB concentration than 
young mice, and the OEE group tended to have a higher con-
centration than the OC group. However, there was a tendency 
for the ORE group to have a lower concentration than the 
OEE group (Figure 1a). SOL concentrations showed similar 

trends to serum concentrations. Therefore, it seems that aging 
may reduce BHB concentration and endurance exercise, but 
not resistance exercise, may increase it (Figure  2b). It is 
likely that BHB concentration is increased only by endur-
ance exercise because it inhibits glycolysis and activates 
the TCA cycle, which is consistent with the effects exercise 
previously shown in aged mice (Cahill & Aoki, 1980; Evans 
et al., 2017).

3.2  |  Relationships between BHB 
concentration and muscle and cognitive 
function in mice

Alteration percentage in Y-maze test is an index of cogni-
tive function in mice (Kwak, Cho, et al., 2019; Leinenga & 
Gotz, 2015; Park et al., 2019). In our previous study, altera-
tion was downregulated by aging and upregulated by both 
types of exercise (Kwak, Cho, et al., 2019). Therefore, we 
analyzed the relationships between BHB concentration in 
skeletal muscle and cognitive and muscle function in mice, 
but excluded the resistance exercise groups, because they 
showed higher alteration but lower BHB concentration, be-
cause of its effects on glycolysis and the TCA cycle. Muscle 
BHB concentration positively correlated with isometric te-
tanic force (Figure 2a), grip strength (Figure 2b), rotarod la-
tency to fall (Figure 2c), muscle recovery rate (Figure 2d), 
and Y-maze alteration (%; Figure  2f). The skeletal muscle 
BHB concentration was significantly positively correlated 
with skeletal muscle function index, and cognitive function 
tended to have a positive relationship with BHB concentra-
tion in skeletal muscle.

3.3  |  Effect of BHB on skeletal muscle and 
glial cells

Because there were relationships between skeletal muscle 
BHB and muscle and cognitive function (Figure 2a–e), we 
next determined whether there is a direct effect of BHB on 
skeletal muscle and glial cells in culture. Cell viability test-
ing (Figure 3a–d) showed that BHB improved the viability 
of C2C12 and C6 glial cells (Figure 3a,c). In addition, we 
treated these cells with doxorubicin, which increases reac-
tive oxygen species production (Kwak, Cho, et al., 2019), 
and found that BHB ameliorated its effects on cell viability 
in both cell types (Figure 3b,d). Furthermore, we measured 
the expression of a marker of cognitive function in the glial 
cells, BDNF (Pedersen, 2019), and found that BHB increased 
BDNF expression, which is consistent with an effect of BHB 
to improve cognitive function (Figure 3e). These results sug-
gest that BHB has direct effects on skeletal muscle and glial 
cells and ameliorates the deleterious effects of doxorubicin.

T A B L E  1   Demographics of human study

Pre-exercise Post-Exercise

Demographics

Age, mean (SD) 71.79 ± 4.36 71.79 ± 4.36

Female, n (%) 17 (70.83%) 17 (70.83%)

MMSE, mean (SD) 24.83 ± 4.07 28.04 ± 2.84

Flexor, mean (SD) 14.97 ± 5.64 18.28 ± 4.67
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3.4  |  The effect of BHB release from skeletal 
muscle and a BHB inhibitor on skeletal 
muscle and glial cells

To confirm the effects of BHB originating from exercising 
skeletal muscle, we treated cells with the exercise mimetic 
forskolin (Kwak, Cho, et al., 2019; Kwak, Shin, et al., 2019) 
and collected the skeletal muscle cells and the surrounding 
media. Both forskolin-treated cell lysates and media con-
tained higher BHB concentrations than control cells and 
media (Figure 4a,b), and this upregulation was prevented by 
the addition of malonate, an inhibitor of BHB production. 
We next treated C6 cells with muscle cell-conditioned media, 
and found that the viability of the cells was higher in the for-
skolin-treated muscle cell-conditioned media and lower in 
malonate-treated muscle cell-conditioned media (Figure 4d). 

Furthermore, there were similar effects on BDNF mRNA 
expression (Figure  4e). These results suggest that exercise 
upregulates BHB release from skeletal muscle and that this 
BHB may improve the function of glial cells.

3.5  |  The effects of exercise on serum BHB 
concentration

To determine the effects of exercise on BHB release and skel-
etal muscle and cognitive function, we measured the serum 
BHB concentration in a group of elderly women, who had 
performed 16  weeks of exercise, and have been described 
previously (Yoon et al., 2018). In this group, skeletal muscle 
function and BHB concentration were positively correlated; 
therefore, BHB may have a positive effect on skeletal muscle 

F I G U R E  1   Effects of Exercise 
and Aging on Muscle and Serum beta-
hydroxybutyrate (BHB) Concentrations.  
(a and b) BHB concentrations in serum and 
soleus muscle in each animal group *p < .05 
versus YC, #p < .05 versus OC. Statistical 
analysis was performed using two-tailed 
Student's t tests. Data are means ± SEMs

F I G U R E  2   Relationships between beta-hydroxybutyrate (BHB) and Muscle and Cognitive Function in Mice. (a–f) Correlations between 
soleus BHB concentration and muscle and cognitive function (N = 11). The ORE group was excluded. Linear regression lines are shown and 
Pearson's correlation coefficients are quoted
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function (Figure 5a). However, no effects of exercise treat-
ment and no correlation with cognitive function were appar-
ent (Figure 5b,c). We speculated that individuals who already 
had high BHB concentrations might not affected by exercise; 
therefore, we excluded the five participants with the highest 
BHB concentrations, most of whom also had good skeletal 
muscle function (Figure 5a), and reanalyzed the data. In the 
remaining individuals, exercise was associated with high 
BHB concentration and there was a tendency for this to be 
associated with cognitive function (Figure 5d,e). Therefore, 
BHB released during exercise may improve skeletal muscle 
and cognitive function in elderly people (Figure 6).

4  |   DISCUSSION

We performed this study to determine the effects of BHB 
on muscle and cognitive function. We found that mimick-
ing exercise in skeletal muscle cells increased BHB release 
and that conditioned medium had beneficial effects on glial 
cells. In an animal model, we have shown that BHB release 
is increased by endurance exercise and that BHB concentra-
tion positively correlates with skeletal muscle function, and 
to a lesser extent with cognitive function. Finally, in elderly 

women, we have shown that exercise increases serum BHB 
concentration and that there may be a positive relationship 
between BHB and cognitive and skeletal muscle function 
(Figure 5a–e). However, these results were obtained after ex-
cluding five individuals who had high BHB concentrations 
before exercise. Therefore, it may be that the effects of exer-
cise-induced BHB on cognitive function are only apparent in 
elderly people with lower BHB concentrations.

We found that BHB release was reduced by aging and in-
creased by endurance exercise (Figure 1a,b), but resistance 
exercise did not increase BHB concentration in aged mice 
(Figure 1b). A previous study showed that BHB is used in 
the TCA cycle (Cahill & Aoki,  1980; Evans et  al.,  2017), 
which is activated by endurance exercise and is associated 
with substantial oxygen consumption (Howarth, LeBlanc, 
Heigenhauser, & Gibala, 2004). Conversely, activation of the 
glycolytic pathway would inhibit the TCA cycle; therefore, 
resistance exercise, which more heavily relies on glycolysis 
for its energy requirements, is likely to have less of an effect 
on BHB concentration (Egan & Zierath, 2013; LeBrasseur, 
Walsh, & Arany, 2011). In addition, a previous study showed 
that the positive effects of exercise on cognitive function 
were mostly associated with aerobic exercise. In contrast, ef-
fects of resistance exercise on cognitive function have rarely 

F I G U R E  3   Effect of beta-hydroxybutyrate (BHB) on Skeletal Muscle and Glial Cells. (a and b) Effects of BHB on skeletal muscle cells with 
and without doxorubicin (Dox) treatment. (c and d) Effects of BHB on glial cells with and without doxorubicin treatment. (e) Effects of BHB on 
C6 cells. *p < .05, versus Control. #p < .05, versus Dox. Statistical analysis was performed using one-tailed and two-tailed Student's t test. Data are 
means ± SEMs
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been shown; however, a meta-analysis did show that resis-
tance exercise has a positive effect on depressive symptoms 
(Gordon et al., 2018).

To compare resistance exercise and endurance exercise ef-
fect on BHB level and cognitive function in this animal study, 
we should have to equalize the amount of exercise in both 
groups, however, due to the age of the old mice group, 5 days/
week for endurance exercise was appropriate for the old mice 
group, but 5 days/week for resistance exercise was too high 
intensity for the old mice group. During the study, the resis-
tance exercise group died of aging and high load of resis-
tance exercise, even though it was 3 days/week. Therefore, 
we could not equalize the amount of exercise duration and 
frequency. If the amount of exercise was equalized for both 
exercise groups, then its cognitive function improvement in 
resistance exercise group might be higher than our study; 
however, this result might be caused from other molecules 
that could effect on cognitive function, because resistance 
exercise uses BHB for energy metabolism, so resistance ex-
ercise does not upregulate BHB level (Cahill & Aoki, 1980; 
Evans et al., 2017).

We analyzed the relationships between BHB concen-
tration and cognitive and skeletal muscle function in mice 

(Figure  2a–f), and found a positive relationship between 
BHB and skeletal muscle function. There may also be a pos-
itive relationship with cognitive function, but the correlation 
obtained was weak in the present study (Figure 2f). This may 
be because other molecules, such as irisin, BDNF, cathepsin 
B, and apelin, which are also released by exercising mus-
cles, may have a greater effect on cognitive function (Moon 
et al., 2016; Pedersen, 2019).

The exercise intervention conducted in elderly volun-
teers did not affect serum BHB concentration and there 
was no correlation between BHB and cognitive function 
(Figure  5b,c). However, after the exclusion of the five 
individuals with the highest serum BHB concentrations 
before exercise, there was a significant increase in serum 
BHB following exercise in the remaining participants 
(Figure 5d). Furthermore, there was a positive relationship 
between cognitive function and BHB, although this did not 
reach significance (Figure 5e), and exercise-induced BHB 
concentrations did not appear to have a substantial effect 
on cognitive function. This is likely to be because there are 
many exercise-associated factors that affect cognitive func-
tion, such as BDNF, cathepsin B, irisin, and apelin (Islam 
et  al.,  2017; Kwak, Cho, et al., 2019; Moon et al.,  2016; 

F I G U R E  4   Effects of an exercise mimetic on skeletal muscle cell beta-hydroxybutyrate (BHB) concentration and of muscle cell-conditioned 
medium on glial cells. (a) Effect of forskolin on muscle cell BHB concentration. (b) Effect of forskolin treatment of muscle cells on the BHB 
concentration in the medium. (c) Effect of the addition of malonate during forskolin treatment. (d and e) Effects of conditioned medium on glial 
cell viability and BDNF expression. Statistical analysis was performed using two-tailed Student's t tests. *p < .05, **p < .01, ***p < .001 versus 
Control, #p < .05, ##p < .01 versus forskolin-treated
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Pedersen,  2019). In addition, the exercise protocol was a 
hybrid form of exercise, which might not have had as big 
an effect on BHB as endurance exercise (Chan et al., 2016; 
Lee, Lee, & Kim, 2015). The individuals with preexisting 
high BHB concentrations may not have demonstrated in-
creases in BHB that were as large as those in individuals 
with initially lower BHB concentrations, and in the present 
study, most of these participants already had good skeletal 
muscle function. Moreover, the effects of exercise type on 
cognitive function in the elderly should be considered, be-
cause most of the older individuals have sarcopenia, which 
has negative effects on exercise performance and skeletal 
muscle function, and is often associated with other chronic 
diseases. Future studies should determine which types of 
exercise would be more beneficial for both skeletal muscle 
and cognitive function in elderly people (Kim et al., 2019). 
A recent meta-analysis of randomized control trials (RCTs) 
showed that aerobic exercise of low-to-moderate intensity 
improves cognitive function (Zheng, Xia, Zhou, Tao, & 
Chen, 2016). Thus, exercise type should be considered in 

determining the best method of preserving or improving 
cognitive function in the elderly.

Furthermore, BHB is kind of ketone body (Dedkova & 
Blatter, 2014; Robinson & Williamson, 1980), so it could be 
affected by daily diet; however, we could not control the diet 
of the participants. Therefore, it could affect the blood BHB 
levels in participants. Even though diet could have an effect 
on BHB level, it could be produced when starving situation 
is continued. By dieting, BHB could be produced when glu-
coneogenesis is curtailed or during glucose scarcity (Hashim 
& VanItallie, 2014). Therefore, although we did not control 
the diet of participants, unless participants stop the eating for 
a while, BHB level changing by diet would be insignificant.

In this study, BHB levels in serum and skeletal muscle were 
downregulated by aging. Previous studies also showed that 
BHB affects skeletal muscle function deficit and even cog-
nitive function deficit such as Alzheimer's disease. However, 
BHB did not affect young models (Munroe et al., 2017; Pinto 
et al., 2018) therefore, it could be said that BHB is effective in 
elderly for muscle function and cognitive function.

F I G U R E  5   Effects of Exercise on Human Serum beta-hydroxybutyrate (BHB) Concentration and the Relationships between BHB and Muscle 
and Cognitive Function. (a) Correlation between skeletal muscle function and BHB. (b) Effect of exercise on serum BHB concentration.  
(c) Correlation between cognitive function and BHB concentration. (d) Effect of exercise on serum BHB concentration after the exclusion of the 
five participants with the highest BHB concentrations. (e) Correlation between cognitive function and BHB concentration after the exclusion of the 
five participants with the highest BHB concentrations. *p < .05

F I G U R E  6   Experimental flow chart of 
the animal study
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It is difficult to identify molecules that are upregulated by 
exercise and have effects on cognitive function, because al-
though effects can readily be observed in cells, there are numer-
ous other molecules and signaling pathways that have effects 
on a physiological level. However, exercise is known to be one 
of the most effective ways of preventing deterioration in cog-
nitive function (Almeida, Gomes da Silva, & Marques, 2019; 
Bae, Kwak, Lee, Yangjie, & Song, 2019; Di Liegro et al., 2019; 
Pedersen, 2019); therefore, the identification of molecules that 
link exercise with improvements in cognitive function in the 
elderly is important. Our findings that exercise-induced BHB 
has beneficial effects on skeletal muscle and cognitive function 
may help determine the type of exercise that is most effective in 
improving skeletal muscle and cognitive function.

ACKNOWLEDGMENTS
This work was supported by Institute on Aging Seoul National 
University, the National Research Foundation of Korea 
funded by the Ministry of Science (2020M3A9D803866011), 
Korea Mouse Phenotyping Project (2013M3A9D5072550, 
2013M3A9D5072560)

CONFLICT OF INTEREST
The authors declare that the study was conducted in the ab-
sence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

ORCID
Seong Eun Kwak   https://orcid.org/0000-0002-3666-2618 
Jun Hyun Bae   https://orcid.org/0000-0003-1918-9213 
Wook Song   https://orcid.org/0000-0002-8825-6259 

REFERENCES
Almeida, S. I. L., Gomes da Silva, M., & Marques, A. (2019). Home-

based physical activity programs for people with dementia: 
Systematic review and meta-analysis. The Gerontologist. https://doi.
org/10.1093/geron​t/gnz176

Bae, J. H., Kwak, S. E., Lee, J. H., Yangjie, Z., & Song, W. (2019). Does 
exercise-induced apelin affect sarcopenia? A systematic review and 
meta-analysis. Hormones, 18(4), 383–393. https://doi.org/10.1007/
s4200​0-019-00157​-x

Bielak-Zmijewska, A., Wnuk, M., Przybylska, D., Grabowska, W., 
Lewinska, A., Alster, O., … Sikora, E. (2014). A comparison of replica-
tive senescence and doxorubicin-induced premature senescence of vas-
cular smooth muscle cells isolated from human aorta. Biogerontology, 
15(1), 47–64. https://doi.org/10.1007/s1052​2-013-9477-9

Cahill, G., & Aoki, T. (1980). Alternate fuel utilization in brain. 
Cerebral Metabolism and Neural Function, 234–242.

Chan, S.-Y., Kuo, C.-C., Chen, K.-M., Tseng, W.-S., Huang, H.-T., & 
Li, C.-H. (2016). Health promotion outcomes of a newly developed 
elastic band exercise program for older adults in the community: A 
pilot test. Journal of Nursing Research, 24(2), 137–144. https://doi.
org/10.1097/jnr.00000​00000​000099

Curcio, F., Liguori, I., Cellulare, M., Sasso, G., Della-Morte, D., 
Gargiulo, G., … Abete, P. (2019). Physical activity scale for the 

elderly (PASE) score is related to sarcopenia in noninstitutionalized 
older adults. Journal of Geriatric Physical Therapy, 42(3), 130–
135. https://doi.org/10.1519/jpt.00000​00000​000139

Dedkova, E. N., & Blatter, L. A. (2014). Role of beta-hydroxybutyrate, 
its polymer poly-beta-hydroxybutyrate and inorganic polyphosphate 
in mammalian health and disease. Frontiers in Physiology, 5, 260.

Di Liegro, Schiera , Proia , Di Liegro  (2019). Physical Activity and 
Brain Health. Genes, 10, (9), 720http://dx.doi.org/10.3390/genes​
10090720.

Dionyssiotis, Y. (2019). Sarcopenia in the elderly. European 
Endocrinology, 15(1), 13–14.

Dudley-Javoroski, S., Lee, J., & Shields, R. K. (2020). Cognitive func-
tion, quality of life, and aging: Relationships in individuals with 
and without spinal cord injury. Physiotherapy Theory and Practice, 
1–10. https://doi.org/10.1080/09593​985.2020.1712755

Egan, B., & Zierath, J. R. (2013). Exercise metabolism and the molecu-
lar regulation of skeletal muscle adaptation. Cell Metabolism, 17(2), 
162–184. https://doi.org/10.1016/j.cmet.2012.12.012

Evans, M., Cogan, K. E., & Egan, B. (2017). Metabolism of ketone bod-
ies during exercise and training: Physiological basis for exogenous 
supplementation. The Journal of Physiology, 595(9), 2857–2871. 
https://doi.org/10.1113/jp273185

Gordon, B. R., McDowell, C. P., Hallgren, M., Meyer, J. D., Lyons, M., 
& Herring, M. P. (2018). Association of efficacy of resistance exer-
cise training with depressive symptoms: Meta-analysis and meta-re-
gression analysis of randomized clinical trials. JAMA Psychiatry, 
75(6), 566–576. https://doi.org/10.1001/jamap​sychi​atry.2018.0572

Harris, F. M., Tesseur, I., Brecht, W. J., Xu, Q., Mullendorff, K., Chang, 
S., … Huang, Y. (2004). Astroglial regulation of apolipoprotein E 
expression in neuronal cells. Implications for Alzheimer's disease. 
Journal of Biological Chemistry, 279(5), 3862–3868. https://doi.
org/10.1074/jbc.m3094​75200

Hashim, S. A., & VanItallie, T. B. (2014). Ketone body therapy: From 
the ketogenic diet to the oral administration of ketone ester. Journal 
of Lipid Research, 55(9), 1818–1826. https://doi.org/10.1194/jlr.
r046599

Howarth, K. R., LeBlanc, P. J., Heigenhauser, G. J. F., & Gibala, M. J. 
(2004). Effect of endurance training on muscle TCA cycle metabolism 
during exercise in humans. Journal of Applied Physiology (1985), 
97(2), 579–584. https://doi.org/10.1152/jappl​physi​ol.01344.2003

Islam, M. R., Young, M. F., & Wrann, C. D. (2017). The role of FNDC5/
Irisin in the nervous system and as a mediator for beneficial effects 
of exercise on the brain, in hormones, metabolism and the benefits 
of exercise. In B. Spiegelman (Ed.), Metabolism and the Benefits 
of Exercise Chamcham (pp. 93–102). Cham, Springer: Bruce 
Spiegelman

Kim, S., Choi, J.-Y., Moon, S., Park, D.-H., Kwak, H.-B., & Kang, J.-
H. (2019). Roles of myokines in exercise-induced improvement of 
neuropsychiatric function. Pflugers Archiv. European Journal of 
Physiology, 471(3), 491–505. https://doi.org/10.1007/s0042​4-019-
02253​-8

Kong, G., Huang, Z., Ji, W., Wang, X., Liu, J., Wu, X., … Zhu, Q. 
(2017). The ketone metabolite beta-hydroxybutyrate attenuates ox-
idative stress in spinal cord injury by suppression of class I histone 
deacetylases. Journal of Neurotrauma, 34(18), 2645–2655. https://
doi.org/10.1089/neu.2017.5192

Kwak, S. E., Cho, S. C., Bae, J. H., Lee, J., Shin, H. E., Di Zhang, D., … 
Song, W. (2019). Effects of exercise-induced apelin on muscle func-
tion and cognitive function in aged mice. Experimental Gerontology, 
127, 110710. https://doi.org/10.1016/j.exger.2019.110710

https://orcid.org/0000-0002-3666-2618
https://orcid.org/0000-0002-3666-2618
https://orcid.org/0000-0003-1918-9213
https://orcid.org/0000-0003-1918-9213
https://orcid.org/0000-0002-8825-6259
https://orcid.org/0000-0002-8825-6259
https://doi.org/10.1093/geront/gnz176
https://doi.org/10.1093/geront/gnz176
https://doi.org/10.1007/s42000-019-00157-x
https://doi.org/10.1007/s42000-019-00157-x
https://doi.org/10.1007/s10522-013-9477-9
https://doi.org/10.1097/jnr.0000000000000099
https://doi.org/10.1097/jnr.0000000000000099
https://doi.org/10.1519/jpt.0000000000000139
http://dx.doi.org/10.3390/genes10090720
http://dx.doi.org/10.3390/genes10090720
https://doi.org/10.1080/09593985.2020.1712755
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1113/jp273185
https://doi.org/10.1001/jamapsychiatry.2018.0572
https://doi.org/10.1074/jbc.m309475200
https://doi.org/10.1074/jbc.m309475200
https://doi.org/10.1194/jlr.r046599
https://doi.org/10.1194/jlr.r046599
https://doi.org/10.1152/japplphysiol.01344.2003
https://doi.org/10.1007/s00424-019-02253-8
https://doi.org/10.1007/s00424-019-02253-8
https://doi.org/10.1089/neu.2017.5192
https://doi.org/10.1089/neu.2017.5192
https://doi.org/10.1016/j.exger.2019.110710


10 of 10  |      KWAK et al.

Kwak, S. E., Shin, H. E., Zhang, D. D., Lee, J., Yoon, K. J., Bae, J. H., … 
Song, W. (2019). Potential role of exercise-induced glucose-6-phosphate 
isomerase in skeletal muscle function. Journal of Exercise Nutrition & 
Biochemistry, 23(2), 28–33. https://doi.org/10.20463/​jenb.2019.0014

LeBrasseur, N. K., Walsh, K., & Arany, Z. (2011). Metabolic benefits 
of resistance training and fast glycolytic skeletal muscle. American 
Journal of Physiology. Endocrinology and Metabolism, 300(1), 
E3–E10. https://doi.org/10.1152/ajpen​do.00512.2010

Lee, H. C., Lee, M. L., & Kim, S. R. (2015). Effect of exercise perfor-
mance by elderly women on balance ability and muscle function. 
Journal of Physical Therapy Science, 27(4), 989–992. https://doi.
org/10.1589/jpts.27.989

Leinenga, G., & Gotz, J. (2015). Scanning ultrasound removes am-
yloid-beta and restores memory in an Alzheimer's disease mouse 
model. Science Translational Medicine, 7(278), 278ra33. https://
doi.org/10.1126/scitr​anslm​ed.aaa2512

Moon, H. Y., Becke, A., Berron, D., Becker, B., Sah, N., Benoni, G., … 
van Praag, H. (2016). Running-induced systemic cathepsin B secre-
tion is associated with memory function. Cell Metabolism, 24(2), 
332–340. https://doi.org/10.1016/j.cmet.2016.05.025

Munroe, M., Pincu, Y., Merritt, J., Cobert, A., Brander, R., Jensen, 
T., … Boppart, M. D. (2017). Impact of beta-hydroxy beta-meth-
ylbutyrate (HMB) on age-related functional deficits in mice. 
Experimental Gerontology, 87(Pt A), 57–66. https://doi.org/10.1016/j.
exger.2016.11.010

Park, H., Oh, J., Shim, G., Cho, B., Chang, Y., Kim, S., … Kim, J. (2019). 
In vivo neuronal gene editing via CRISPR-Cas9 amphiphilic nano-
complexes alleviates deficits in mouse models of Alzheimer's dis-
ease. Nature Neuroscience, 22(4), 524–528. https://doi.org/10.1038/
s4159​3-019-0352-0

Pedersen, B. K. (2019). Physical activity and muscle-brain cross-
talk. Nature Reviews Endocrinology, 15(7), 383–392. https://doi.
org/10.1038/s4157​4-019-0174-x

Pinto, A., Bonucci, A., Maggi, E., Corsi, M., & Businaro, R. (2018). 
Anti-oxidant and anti-inflammatory activity of ketogenic diet: New 
perspectives for neuroprotection in alzheimer's disease. Antioxidants 
(Basel), 7(5), 63. https://doi.org/10.3390/antio​x7050063

Robinson, A. M., & Williamson, D. H. (1980). Physiological roles 
of ketone bodies as substrates and signals in mammalian tissues. 
Physiological Reviews, 60(1), 143–187.

Rojas-Morales, P., Tapia, E., & Pedraza-Chaverri, J. (2016). Beta-
hydroxybutyrate: A signaling metabolite in starvation response? 
Cellular Signalling, 28(8), 917–923.

Sleiman, S. F., Henry, J., Al-Haddad, R., El Hayek, L., Abou Haidar, 
E., Stringer, T., … Chao, M. V. (2016). Exercise promotes the 

expression of brain derived neurotrophic factor (BDNF) through the 
action of the ketone body beta-hydroxybutyrate. Elife, 5. https://doi.
org/10.7554/elife.15092

Sun, D. S., Lee, H., Yim, H. W., Won, H. S., & Ko, Y. H. (2019). The 
impact of sarcopenia on health-related quality of life in elderly peo-
ple: Korean National Health and Nutrition Examination Survey. 
Korean Journal of Internal Medicine, 34(4), 877–884. https://doi.
org/10.3904/kjim.2017.182

Vice, E., Privette, J. D., Hickner, R. C., & Barakat, H. A. (2005). Ketone 
body metabolism in lean and obese women. Metabolism, 54(11), 
1542–1545. https://doi.org/10.1016/j.metab​ol.2005.05.023

Wang, X., Wu, X., Liu, Q., Kong, G., Zhou, J., Jiang, J., … Zhu, 
Q. (2017). Ketogenic metabolism inhibits histone deacetylase 
(HDAC) and reduces oxidative stress after spinal cord injury in 
rats. Neuroscience, 366, 36–43. https://doi.org/10.1016/j.neuro​scien​
ce.2017.09.056

Yang, M., Jiang, J., Zeng, Y., & Tang, H. (2019). Sarcopenia for pre-
dicting mortality among elderly nursing home residents: SARC-F 
versus SARC-CalF. Medicine (Baltimore), 98(7), e14546. https://
doi.org/10.1097/md.00000​00000​014546

Yoon, D. H., Lee, J. Y., & Song, W. (2018). Effects of resistance ex-
ercise training on cognitive function and physical performance in 
cognitive frailty: A randomized controlled trial. The Journal of 
Nutrition, Health & Aging, 22(8), 944–951. https://doi.org/10.1007/
s1260​3-018-1090-9

Zammit, A. R., Robitaille, A., Piccinin, A. M., Muniz-Terrera, G., & 
Hofer, S. M. (2019). Associations between aging-related changes 
in grip strength and cognitive function in older adults: A systematic 
review. Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences, 74(4), 519–527. https://doi.org/10.1093/geron​a/
gly046

Zheng, G., Xia, R., Zhou, W., Tao, J., & Chen, L. (2016). Aerobic 
exercise ameliorates cognitive function in older adults with mild 
cognitive impairment: A systematic review and meta-analysis of 
randomised controlled trials. British Journal of Sports Medicine, 
50(23), 1443–1450. https://doi.org/10.1136/bjspo​rts-2015-095699

How to cite this article: Kwak SE, Bae JH, Lee JH, 
et al. Effects of exercise-induced beta-
hydroxybutyrate on muscle function and cognitive 
function. Physiol Rep. 2021;9:e14497. https://doi.
org/10.14814/​phy2.14497

https://doi.org/10.20463/jenb.2019.0014
https://doi.org/10.1152/ajpendo.00512.2010
https://doi.org/10.1589/jpts.27.989
https://doi.org/10.1589/jpts.27.989
https://doi.org/10.1126/scitranslmed.aaa2512
https://doi.org/10.1126/scitranslmed.aaa2512
https://doi.org/10.1016/j.cmet.2016.05.025
https://doi.org/10.1016/j.exger.2016.11.010
https://doi.org/10.1016/j.exger.2016.11.010
https://doi.org/10.1038/s41593-019-0352-0
https://doi.org/10.1038/s41593-019-0352-0
https://doi.org/10.1038/s41574-019-0174-x
https://doi.org/10.1038/s41574-019-0174-x
https://doi.org/10.3390/antiox7050063
https://doi.org/10.7554/elife.15092
https://doi.org/10.7554/elife.15092
https://doi.org/10.3904/kjim.2017.182
https://doi.org/10.3904/kjim.2017.182
https://doi.org/10.1016/j.metabol.2005.05.023
https://doi.org/10.1016/j.neuroscience.2017.09.056
https://doi.org/10.1016/j.neuroscience.2017.09.056
https://doi.org/10.1097/md.0000000000014546
https://doi.org/10.1097/md.0000000000014546
https://doi.org/10.1007/s12603-018-1090-9
https://doi.org/10.1007/s12603-018-1090-9
https://doi.org/10.1093/gerona/gly046
https://doi.org/10.1093/gerona/gly046
https://doi.org/10.1136/bjsports-2015-095699
https://doi.org/10.14814/phy2.14497
https://doi.org/10.14814/phy2.14497

