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Abstract
Introduction: Obesity, which can result from disease, genet-
ics, nutrition, lifestyle, and insufficient physical activity, sub-
stantially increases an individual’s risk of complications and 
comorbidities. Exercise can be an effective strategy for 
achieving an energy balance and physiological fitness as 
part of obesity management. Additionally, probiotics, which 
are isolated from food and the environment, are being rap-
idly developed and have functional benefits for mitigating 
various metabolic dysfunctions associated with obesity. The 
potentially positive physiological and functional effects of 
exercise, probiotics, and exercise combined with probiotics 
should be elucidated in a model of diet-induced obesity. 
Methods: Bifidobacterium longum subsp. longum OLP-01 
(OLP-01) was isolated from an elite Olympic-level athlete 
who exhibited physiological adaptations to peripheral fa-
tigue caused by exercise training. In this current study, ICR 
strain mice were fed a high-fat diet (HFD) for 4 weeks to rep-

licate an obesity model. The mice were divided into 5 groups 
according to the diet administered: control with normal diet, 
only HFD, HFD + exercise, HFD + OLP, and HFD + exercise + 
OLP groups. They were administered the probiotic and/or 
treadmill exercise training for 5 weeks, and their growth 
curve, physical activity, physiological adaptation, biochemi-
cal parameters, body composition, and glucose tolerance 
were assessed. Results: Compared with only exercise or only 
probiotics, a combination of probiotics and exercise signifi-
cantly improved the weight, glucose tolerance, fat composi-
tion, and exercise-related oxidative stress of mice. Regular 
and programmed exercise with sufficient rest may be crucial 
to obesity improvement, and a combination of probiotics 
and exercise may synergistically assist obesity management 
and health promotion. Conclusion: OLP-01 probiotics com-
bined with exercise training can be employed as a strategy 
for treating obesity. However, the exact regulatory mecha-
nisms underlying this effect, possibly involving microbiota 
and associated metabolites, warrant further investigation.
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Introduction

The incidence of overweight and obesity is increasing 
at an alarming rate, not only in adults of working age but 
also children and older adults. Overweight and obesity 
are associated with higher risks of complications such as 
diabetes, cardiovascular disease, hypoventilation, chron-
ic kidney disease, steatohepatitis, subfertility, gastro-
esophageal reflux, cancer, pharmacokinetic alterations, 
impaired physical functions, poor self-perceived health, 
and negative body image, and they incur an economic 
burden [1]. Indexes such as body mass index (BMI), waist 
circumference, and waist-to-hip ratio have been widely 
applied to evaluate obesity [2]. The World Health Orga-
nization reported that, in 2016, 39% of the adults world-
wide were overweight and nearly 13% were obese. Ac-
cording to the Health Promotion Administration of the 
Ministry of Health and Welfare in Taiwan, the number of 
overweight individuals (BMI >25 kg/m2) drastically in-
creased from 32.7% during 1993–1996 to 45.4% during 
2013–2016, rendering the Taiwanese population the most 
overweight in Asia [3]. Another study reported that di-
etary factors (pattern and food quality), genetics, physical 
activity, sleep quality, environmental exposure, and re-
lated lifestyle interactions can predispose a person to var-
ious obesity risk factors [4]. Therefore, animal models 
were established using high-fat and/or high-density 
foods, which are the main contributors to obesity, to sim-
ulate diet-induced obesity for further investigation of the 
physiological mechanisms underlying the development 
of obesity and to develop effective intervention strategies 
for preventing and managing obesity [5].

Obesity can be controlled by regulating a person’s en-
ergy balance through proper dietary and exercise inter-
ventions. Several types of physical activities and exercise 
interventions have been suggested for weight and obesity 
management. However, the different volumes, intensi-
ties, and types of exercise can yield different weight loss 
results. Aerobic exercise alone can contribute to clinical-
ly significant weight loss in both men and women [6]. A 
previous study also demonstrated that aerobic exercise 
more efficiently reduced body mass and fat mass than re-
sistance exercise did; however, compared with aerobic ex-
ercise, resistance exercise considerably increased lean 
body mass, which is important for middle-aged individu-
als with overweight and obesity [7]. In addition to aerobic 
exercise, high-intensity intermittent exercise can more 
effectively improve muscular adaptation to, in turn, im-
prove fat oxidation, glucose homeostasis, and body com-
position relative to regular exercise [8]. However, several 

factors such as sex; BMI; the type, intensity, and duration 
of exercise; dietary habits; and diseases can affect how 
much weight is lost due to the exercise intervention. In 
addition to weight loss, the physiological benefits of exer-
cise are also an important factor for health promotion [9]. 

In addition to the effects of exercise on obesity, dietary 
and nutritional strategies for promoting weight loss have 
also been evaluated. Several diets based on restricted ca-
loric intake, for example, intermittent fasting, the juicing 
diet, and the paleo diet – can cause temporary weight loss; 
however, individuals tend to regain the lost weight once 
they resume their normal diet [10]. By contrast, the keto-
genic diet has been validated with respect to its abilities to 
not only treat various diseases but also improve hunger 
control, fat oxidative metabolism, and body weight man-
agement [11]. Probiotics for human use were widely de-
veloped and isolated from the intestines of humans and 
animal, various foods, and environments [12]. They were 
also investigated for their physiological benefits to immu-
nomodulation and intestinal microbiota composition as 
well as for their metabolic and therapeutic effects [13]. 
Other subspecies of Bifidobacterium longum probiotics 
also reportedly have various health promotion effects. 
One study discovered that obesity is associated with a re-
duced amount of the beneficial Bifidobacteria and that 
oligofructose, a prebiotic, ameliorated obesity-associated 
inflammation through the critical commensal microflora 
B. pseudolongum [14]. Obesity-associated pathological 
characteristics, such as colitis, endotoxemia, and liver ste-
atosis, were alleviated by B. longum LC67 supplementa-
tion because of suppression of NF-κB activation and in-
creased AMPK activation and tight junction expression 
[15]. In addition to affecting obesity, B. longum NCC3001 
altered brain activation patterns through reduction of 
limbic reactivity to negative emotional stimuli and im-
proved depression scores and quality of life in patients 
with irritable bowel syndrome [16]. In a comparative ge-
nome analysis of individuals aged between 0 and 98 years, 
numerous B. longum strains appeared to have been trans-
mittable across families, and certain characteristics, such 
as carbohydrate metabolism, appeared to have been more 
prevalent among strains corresponding to specific host 
ages. Therefore, B. longum strongly affects physiological 
activities across the human lifespan [17]. Although many 
studies have focused on the potential benefits of probiot-
ics on obesity, the exact dose of the probiotics and the 
requisite duration of treatment warrant further investiga-
tion [18]. Probiotics can exert functional effects on phys-
iological functional activities as well as weight manage-
ment. 
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A previous study reported that probiotics can be also 
considered as ergogenic aids to improve exercise perfor-
mance, oxidative stress, and inflammation in athletes 
[19]. Nutritional strategies and physical activities can be 
used as effective interventions for obesity management. 
However, limited studies have focused on the effects of a 
combination of probiotics and aerobic exercise on obe-
sity. The effects of B. longum subsp. longum OLP-01 
(OLP-01) isolated from an elite Olympic-level athlete on 
performance, oxidative stress, inflammation, and energy 
balance were previously reported [20]. Compared with 
nutritional strategies or exercise alone, a combination of 
nutritional strategies and aerobic exercise considerably 
improved body weight and adiposity parameters in a 
study [21]. Probiotics can be considered a nutritional 
supplement with multiple functional activities and sys-
tematic effects. Considering these findings, we investigat-
ed the combined use of OLP-01 probiotics and pro-
grammed aerobic treadmill exercise with respect to (1) its 
effects on obesity-related indexes and (2) its physiological 
effects in a murine model with high-fat diet (HFD)-in-
duced obesity.

Materials and Methods

Experimental Design
Specific pathogen-free ICR (Institute of Cancer Research)-

strain mice (5 weeks old) purchased from BioLASCO (Yilan, Tai-
wan) were used. The mice were kept in a room with a 12-h light/

dark cycle at a temperature of 23 ± 2  ° C and 50–60% humidity. The 
health status and behavior of the animals were monitored by a vet-
erinarian. Throughout the experimental duration, the mice in the 
different treatment groups were provided a standard chow diet 
(No. 5001; PMI Nutrition International, Brentwood, MO, USA) as 
well as HFD and sterilized water ad libitum, and their dietary and 
body weights were regularly recorded to evaluate their energy in-
take and growth. The chow diet was composed of 3.35 kcal/g, with 
28.5% protein, 13.4% fat, and 58.1% carbohydrates. The HFD was 
based on the chow diet, except that it was supplemented with 0.2% 
(wt/wt) cholesterol and 10% (wt/wt) lard (both Sigma-Aldrich, St. 
Louis, MO, USA); it was composed of 3.92 kcal/g, with 21.96% 
protein, 33.37% fat, and 44.67% carbohydrates.

After acclimation for 7 days, the animals were randomly as-
signed to the control (standard chow diet without exercise and 
probiotics), HFD, HFD with exercise (HFD + Ex), HFD with pro-
biotics (HFD + OLP), and HFD with exercise and probiotics (HFD 
+ Ex + OLP) groups. No significant difference was observed be-
tween the body weights of the mice in the different groups at the 
beginning and end of the obesity induction phase of 4 weeks. After 
induction, the mice in the different groups received the treadmill 
exercise protocol and/or probiotic supplementation for 5 weeks 
(Fig. 1). After the intervention, the physical fitness of the mice was 
evaluated by assessing their exhaustive swimming ability and fore-
limb grip strength. The glucose tolerance and biochemical indexes 
of mice undergoing acute and prolonged exercise challenges were 
also evaluated. All animal experimental procedures were reviewed 
by the Institutional Animal Care and Use Committee (IACUC) of 
National Taiwan Sport University, and the guidelines of protocol 
IACUC-10801 were approved by the Ethics Committee of IACUC.

Probiotic Isolation and Identification
OLP-1 was isolated from the feces of an elite weightlifting ath-

lete; the feces were collected during the period of optimized train-
ing periodization when the athlete had their highest physical fit-

Fig. 1. Experimental designs for the effects 
of exercise and probiotics on a high fat diet 
(HFD)-induced obesity model. The ani-
mals were randomly assigned to the indi-
cated 5 groups (Control, HFD, HFD + 
OLP-01, HFD + Ex, and HFD + Ex + OLP-
01). Obesity was induced by an HFD for the 
whole experimental period, including the 
induction and experimental phases. Physi-
cal fitness and related assessments were 
performed within the experimental period.
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ness capacities and the strength for Olympic competition. The op-
timal conditions for the feces collection (during the special 
preparatory phase in training periodization) are high intensity but 
relatively low training volume to ensure physiological adaptations 
and competitive capacities. The athlete’s feces were series-diluted 
with phosphate-buffered saline and spread on selective BIM-25 
medium with an anaerobic culture at 37  ° C. After several selections 
and purification, a single colony was obtained, and its 16sRNA 
were amplified using the g-Bifid-F (5′-CTCCTGGAAAC-
GGGTGG-3′) and g-Bifid-R (5′-GGTGTTCTTCCCGATATC-
TACA-3′) pair primer. The amplicons were further sequenced for 
microbial species identification. OLP-01 was cultivated, quanti-
fied, and maintained by Glac Biotech Co., Ltd. (Tainan, Taiwan). 
The Food Industry Research and Development Institute (Hsinchu, 
Taiwan) further identified and confirmed the isolated strain. The 
lyophilized powder was adjusted at a concentration of 1.07 × 1011 
CFU/g, and the aliquots of lyophilized powder were refrigerated at 
–20  ° C until use. The dose of OLP-01 used in the current study 
(1.03 × 1010 CFU/kg) was based on the dose used in our previous 
study [20], and it was administered for 5 weeks through oral ga-
vage. Mice in the other groups, namely the control, HFD, and ex-
ercise treatment groups, also received the same volume of saline 
according to their body weight (10 mL/kg).

Aerobic Exercise Training
A motor-driven treadmill (Model MK-680; Muromachi Kikai, 

Tokyo, Japan) was used for the 5-week aerobic exercise training, 
and animal motivation was induced by an electric shock grid under 
veterinarian surveillance. The mice were initially acclimated to 
running at a speed of 10 m/min for 2 days prior to the training 
protocol. The speed was increased to 12 m/min, and the training 
was conducted for 35 min/day in the first week, after which the 
speed was increased by 2 m/min every week until the fifth week, 
when the mice were required to run at a speed of 20 m/min. The 
slope of the treadmill was also elevated from 0 to 5% in the third 
week and maintained at 10% for the last 2 weeks of the experiment. 

Physical Activities
The forelimb grip strength and exhaustive swimming ability of 

the mice were evaluated to assess their anaerobic and aerobic ca-
pacities. Grip strength was assessed using a low-force testing sys-
tem (Model-RX-5; Aikoh Engineering, Nagoya, Japan). The pro-
cedures and definitions of the physical activities were detailed in 
our previous study [20]. 

Peripheral Fatigue-Associated Biochemical Variables
Biochemical indexes can be used to indicate exercise-induced 

peripheral fatigue to, in turn, indicate the mice’s physiological ad-
aptations. The present protocol of acute and prolonged exercise 
challenge was a slight modification of the protocol employed in 
our previous study [20]. In the acute exercise challenge, mice blood 
was sampled at 3 time points: before swimming, immediately after 
swimming for 10 min, and after the subsequent 20-min rest inter-
val, for analysis of their lactate profile. The prolonged exercise pro-
tocol included swimming for 90 min, and blood was collected im-
mediately after 60 min of rest and analyzed for creatine kinase 
(CK), lactate dehydrogenase (LDH), aspartate aminotransferase 
(AST), and alanine aminotransferase (ALT) levels. The blood sam-
ples were assessed using an autoanalyzer (Hitachi 7060; Hitachi, 
Tokyo, Japan).

Oral Glucose Tolerance Test 
This assay was performed at the end of the 5-week HFD/exer-

cise/probiotics intervention. Mice were fasted for 12 h and then 
orally administered 1.0 g of glucose per kg of body weight. The 
blood glucose from the blood samples (0.6 μL) collected at the in-
dicated time points was measured using a glucometer (Accu-
Chek®; Roche, Taipei, Taiwan) to determine plasma glucose con-
centration [22].

Clinical Biochemical Parameters
The mice were euthanized by asphyxiation with 95% CO2, and 

their blood samples were immediately collected through cardiac 
puncture. The serum was separated through centrifugation at 
1,000 g for 15 min at 4  ° C after ensuring complete clotting. The 
separated serum was used to analyze the clinical biochemical pa-
rameters of AST, ALT, CK, glucose, blood urea nitrogen (BUN), 
creatinine (CREA), uric acid (UA), albumin, triglyceride, total 
cholesterol, high-density lipoprotein, and low-density lipoprotein 
using an autoanalyzer (Hitachi 7060; Hitachi, Tokyo, Japan).

Body Composition and Histology
After the mice were sacrificed, their visceral organs of inter- 

est – namely the liver, kidneys, skeletal muscle (gastrocnemius and 
soleus), and white adipocyte tissue (epididymal fat pad and peri-
renal fat) – were precisely excised and weighed to determine the 
body composition of the mice. The organs were preserved in 10% 
formalin for histopathological analysis with hematoxylin and eo-
sin staining. 

Statistical Analysis
Data were represented in terms of the mean ± SD, and the final 

numbers were rounded to the appropriate numerical presentation. 
All variables were qualified using the Kolmogorov-Smirnov test 
before the parametric test, and the Kruskal-Wallis test was applied 
to variables without normal distributions. Statistically significant 
differences in physical activity, biochemistry, body weight, and 
body composition between the groups were analyzed using one-
way ANOVA, and mixed two-way ANOVA was applied to evalu-
ate the effects on lactate profiles, growth curve, and glucose toler-
ance to verify the main and interaction effects on these factors. 
Significant differences were further validated using a post hoc 
Duncan test, and the data were considered statistically significant 
when the probability of a type I error was <0.05. Significant differ-
ences between treatments are represented by various subscript Ro-
man letters (a, b, c, d) with the compact letter display method in 
figures and tables.

Results

Effects of Exercise and Probiotics on Growth Curve in 
HFD-Induced Obesity
The mice in the 5 groups weighed approximately 31 g, 

and no significant difference was found between the 
weights of the mice in the different groups (F[4.35] = 
0.275, p = 0.892) at the beginning of the experiment. An 
HFD was administered to mice in the HFD groups (HFD, 
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HFD + Ex, HFD + OLP, and HFD + Ex + OLP groups) 
for 4 weeks to induce obesity, whereas mice in the control 
group were fed the normal diet (control). After the induc-
tion of obesity, a significant difference was observed in 
the weights of the mice between the different groups 
(F[4.35] = 4.43, p = 0.005). Mice in the HFD groups had 
10% more body weight than mice in the control group; no 
significant difference was observed between the weights 
of the mice in the different HFD groups. The mice were 
then subjected to exercise and/or administered probiotics 
for 5 weeks; significant differences were observed in the 
main and interaction effects of the type and duration of 
treatments administered to the mice (F[4.140] = 38.55, p 
< 0.0001; F[4.35] = 40.1, p < 0.0001; F[16.140] = 5.95, p < 
0.0001, respectively). Significant differences were ob-
served in the simple main effects between the groups in 
the ninth week (F[4.35] = 10.69, p < 0.0001). The body 
weights of mice in the control, HFD + Ex, HFD + OLP, 

and HFD + Ex + OLP groups were significantly lower 
than those of mice in the HFD groups. The body weights 
of mice in the HFD + EX, and HFD + OLP groups were 
significantly higher than those of mice in the control 
group, and the body weights of mice in the control and 
HFD + Ex + OLP groups did not significantly differ 
(Fig. 2). The body weight of the HFD group was signifi-
cantly higher than those of the HFD + Ex and HFD + EX 
+ OLP groups (p = 0.003 and p < 0.0001, respectively), but 
no significant difference was found between the HFD + 
Ex and HFD + EX + OLP groups. The daily energy intake 
of mice in the HFD groups was significantly higher than 
that of mice in the control group (Table 1). Therefore, the 
effects of exercise and/or OLP-01 probiotics can modu-
late HFD-induced weight gain, and the physiological ef-
fects on functional activities can be further identified as 
detailed below.

Table 1. Effects of exercise and probiotics on body composition and diet intake

Characteristic Control HFD HFD + Ex HFD + OLP HFD + Ex + OLP

Liver, g 2.14±0.26 2.14±0.28 2.15±0.38 2.06±0.16 2.14±0.29
Muscle, g 0.32±0.04 0.31±0.05 0.32±0.04 0.29±0.03 0.33±0.02
Kidney, g 0.71±0.04 0.66±0.07 0.66±0.10 0.71±0.06 0.69±0.08
Heart, g 0.24±0.17 0.21±0.03 0.22±0.03 0.22±0.02 0.22±0.03
EPF, g 0.50±0.36a 2.65±0.81c 1.97±0.67b 1.90±0.46b 1.06±0.36a

Perirenal fat, g 0.18±0.08a 1.18±0.34d 0.88±0.40c 0.78±0.13b, c 0.51±0.23b

Energy intake, calorie/mouse/day 13.4±0.64a 15.6±0.65b 15.5±0.91b 15.8±1.04b 15.7±0.83b

Data are expressed as the mean ± SD in each group. Values in the same row with different superscript letters (a, b, c) differ significantly, 
p < 0.05, by one-way analysis of variance (ANOVA) and Kruskal-Wallis test. Muscle, gastrocnemius and soleus; EFP, epididymal fat 
pad. Control and HFD mean the normal chow diet and high fat diet administration, respectively.

Fig. 2. Effects of the aerobic exercise and 
probiotic interventions on growth. Obesity 
was induced by an HFD for 4 weeks, and 
this was followed by the indicated treat-
ments over 5 weeks. Data are the mean ± 
SD per group. Treatments with different 
letters (a–c) are significantly different at  
p < 0.05.
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Effects of Exercise and Probiotics on Physical Activities 
of Mice with HFD-Induced Obesity
We evaluated the physical activity of the mice based on 

exhaustive swimming and grip strength tests, doing so to 
evaluate the effects of exercise and/or probiotics on HFD-
induced obesity. Significant differences were observed 
between mice in the different groups with respect to en-
durance in the exhaustive swimming test (F[4.35] = 9.5, 
p < 0.0001). The endurance of mice in the HFD group was 
significantly lower than that of mice in the other groups; 
in addition, mice in the HFD + Ex and HFD + Ex + OLP 
groups exhibited considerably higher endurance levels 
than mice in the control group (Fig. 3). 

Grip strength has been reported to be significantly and 
positively correlated with anthropometric factors – such 
as forearm circumference, hand length, and weight [23]. 
The absolute and relative grip strengths, calibrated by in-
dividual weights, of mice in the different treatment groups 

are presented in Figure 4. Significant differences were ob-
served between the different groups with respect to grip 
strength (F[4.35] = 7.7, p < 0.0001). Compared with mice 
in the control, HFD + Ex, and HFD + Ex + OLP groups, 
those in the HFD and HFD + OLP groups exhibited sig-
nificantly decreased grip strength. After calibration with 
reference to the body weight of the mice, significant dif-
ferences were observed between mice in the different 
groups with respect to relative grip strength (F[4.35] = 
17.3, p < 0.0001). The relative grip strength of the mice in 
the control group was significantly greater than that of 
mice in the HFD, HFD + Ex, and HFD + OLP groups. 
Compared with mice in the HFD and HFD + OLP groups, 
those in the HFD + Ex group exhibited greater grip 
strength. No significant difference was observed in grip 
strength between the mice in the HFD + Ex + OLP group 
and the mice in the control and HFD + Ex groups.

Fig. 3. Effect of a 5-week exercise and pro-
biotic intervention on exhaustive swim-
ming time. Columns with different letters 
(a–d) are significantly different at p < 0.05.

Fig. 4. Effect of a 5-week exercise and pro-
biotic intervention on grip strength (A) and 
relative strength (B). Data are the mean ± 
SD, and columns with different letters (a–
c) are significantly different at p < 0.05.
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Effects of Exercise and Probiotic Intervention on 
Fatigue-Associated Biochemistry
The extent of central and peripheral fatigue experi-

enced after exercise varies according to the intensity, fre-
quency, and duration of exercise. However, several bio-
chemical parameters, such as lactate, CK, LDH, AST, and 

ALT, can directly indicate the physiological responses af-
ter physical fatigue due to the altered energy metabolism 
and oxidative stress during exercise [24].

The lactate profile of the animals was examined during 
the acute exercise challenge, as shown in Table 2. A sig-
nificant difference was observed not only in the main ef-

Table 2. The effects of exercise and probiotics on lactate profiles during acute exercise challenge

Time point Control HFD HFD + Ex HFD + OLP-01 HFD + Ex + OLP-01

Lactate, mmol/L
Before swimming (A) 3.3±0.3a 3.5±0.3a 3.1±0.4a 3.5±0.5a 3.4±0.3a

After swimming (B) 4.4±0.3a 5.6±0.7c 4.0±0.4a 5.1±0.7b 4.4±0.4a

After a 20 min rest (C) 3.4±0.4a 4.3±0.8b 3.1±0.4a 3.4±0.4a 3.3±0.4a

Rate of lactate production and clearance
Production rate = B/A 1.32±0.1a 1.61±0.2b 1.28±0.1a 1.47±0.1b 1.31±0.1a

Clearance rate = (B–C)/B 0.22±0.11 0.24±0.06 0.22±0.16 0.33±0.07 0.24±0.08

The control, HFD, HFD + Ex, HFD + OLP-01, and HFD + Ex + OLP-01 groups were repeatedly sampled at indicated 3 time points 
for lactate metabolites assessment. The lactate production rate was calculated as lactate production after exercise divided by lactate 
production before exercise (B/A), and the clearance rate ([B–C]/B) was defined as lactate production difference between after exercise 
and after rest, divided by lactate production after exercise. Values in the same row with different superscript letters (a, b, c) differ 
significantly, p < 0.05, by one-way analysis of variance (ANOVA) and Kruskal-Wallis test. Control and HFD mean the normal chow diet 
and high fat diet administration, respectively.

Fig. 5. Effect of exercise and probiotic in-
tervention on CK (A), LDH (B), AST (C), 
and ALT (D) levels after an extended exer-
cise challenge. The indicated 4 groups un-
derwent 90-min swimming, and blood was 
sampled after 60 min of rest. Data are the 
mean ± SD, and columns with different let-
ters (a–d) are significantly different at p < 
0.05.
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fects (F[4.35] = 9.4, p < 0.0001; F[2.70] = 183, p < 0.0001) 
but also in the interaction effects (F[8.70] = 5.90, p < 
0.0001) of the type and duration of treatment. Significant 
differences were observed between the simple main ef-
fects observed immediately after exercise and after a 20-
min rest period (2 time points after exercise; F[4.35] = 
13.2, p < 0.0001 and F[4.35] = 1.59, p = 0.001, respective-
ly). The lactate levels of mice in the HFD group were sig-
nificantly higher than those of mice in the control group. 
Mice in the exercise and/or OLP-01 supplementation 
groups (HFD + Ex, HFD + OLP, and HFD + Ex + OLP) 
exhibited significantly lower lactate levels than mice in 
the HFD group. After exercise, mice in the HFD group 
still exhibited significantly higher lactate levels than mice 
in the other groups. Mice in the HFD + Ex and HFD + Ex 
+ OLP groups had significantly lower lactate production 
rates than the mice in the HFD and HFD + OLP groups 
(F[4.35] = 7.42, p < 0.0001); however, the groups did not 
significantly differ with respect to lactate clearance 
(F[4.35] = 1.74, p = 0.162).

CK, LDH, AST, and ALT levels were assessed for injury-
associated markers after prolonged exercise (Fig. 5). Sig-
nificant differences were observed between mice in the dif-
ferent groups with respect to the levels of CK (F[4.35] = 
7.89, p < 0.0001), LDH (F[4.35] = 5.11, p = 0.002), and AST 

(F[4.35] = 3.76, p = 0.012) but not ALT (F[4.35] = 0.13, p = 
0.971). Compared with the control group, mice in the HFD 
group exhibited significantly elevated CK levels after pro-
longed exercise. Similarly, significantly higher CK levels 
were observed in mice in the HFD + Ex group – compared 
with those of mice in the control, HFD + OLP, and HFD + 
Ex + OLP groups. OLP-01 supplementation (HFD + Ex + 
OLP) significantly reduced CK levels, compared with those 
of mice in the HFD + Ex group (p < 0.0001). LDH levels did 
not significantly differ between mice in the HFD and HFD 
+ Ex groups, and OLP-01 supplementation (HFD + Ex + 
OLP) significantly reduced LDH levels that were increased 
due to prolonged exercise – compared with those of mice 
in the HFD + Ex group (p = 0.001). Similar results were ob-
served in the AST index. Compared with mice in the con-
trol and HFD + Ex + OLP groups, those in the HFD + Ex 
group exhibited significantly increased AST levels after 
prolonged exercise, and the HFD + Ex + OLP group exhib-
ited significantly reduced AST levels – compared with those 
of mice in the HFD + Ex group (p = 0.007).

Effect of Exercise and Probiotics on Glucose Tolerance 
Profiles
Mice were subjected to exercise and/or OLP-01 ad-

ministration for 5 weeks and were fasted for 12 h prior to 

Fig. 6. Effect of exercise and probiotic intervention on glucose tol-
erance (A), and area under curve (B) levels after extended exercise 
challenge. The oral glucose tolerance test was performed at the end 
of the study and at the indicated time points (0, 15, 60, 90, and 120 

min) immediately after 1 g/kg (body weight) oral glucose supple-
mentation for glucose analysis. Data are the mean ± SD, and col-
umns with different letters (a–d) are significantly different at p < 
0.05.
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the oral glucose tolerance test. Blood was collected from 
the tail vein of the mice at indicated time points, and the 
status of glucose tolerance was evaluated. Mixed two-way 
ANOVA revealed significant main (F[4.140] = 30.8, p < 
0.0001; F[4.35] = 40.8, p < 0.0001) and interaction effects 
of the type and duration of treatment on the glucose tol-
erance of mice (F[4.140] = 7.01, p < 0.0001; Fig. 6). The 
results indicated that the main treatment effect on mice 
in the HFD + Ex + OLP group was significantly lower 
than that on mice in the HFD + Ex, HFD + OLP, and HFD 
groups but higher than the effects on mice in the control 
group. The areas under the curve of the indicated treat-
ments were calculated from individual glucose profiles, 
and a significant difference was observed between the 
mice in the different groups (F[4.35] = 43.1, p < 0.0001). 
The glucose intolerance of mice in the HFD group was 
significantly higher than that of mice in other groups, and 
mice in the HFD + Ex + OLP group exhibited improved 
glucose tolerance, compared with mice in the HFD + Ex 
and HFD + OLP groups. 

Effect of Exercise and Probiotics on Biochemical 
Parameters
After the mice were sacrificed at the end of the experi-

ment, blood was collected through cardiac puncture and 
further analyzed for various biochemical parameters. As 
indicated in Table 3, the glucose and BUN indexes sig-

nificantly differed between the groups (F[4.35] = 29.8,  
p < 0.0001 and F[4.35] = 11.2, p < 0.0001, respectively). 
The glucose and BUN levels were significantly higher in 
mice in the HFD group than in those in the control group 
and were significantly lower in mice in the HFD + Ex and 
HFD + Ex + OLP groups than in mice in the HFD group. 
The CK and UA levels also differed significantly between 
the groups (F[4.35] = 5.96, p = 0.001 and F[4.35] = 3.987, 
p = 0.009, respectively). The HFD + Ex + OLP group ex-
hibited significantly decreased levels of CK and UA, 
which were elevated by the HFD and/or exercise inter-
vention (HFD and HFD + Ex). Mice in the HFD group 
exhibited increased levels of TC, TG, HDL, and LDL, and 
mice in the HFD + Ex + OLP group exhibited significant-
ly reduced levels for these indexes after 5 weeks. The oth-
er indexes, AST, ALT, ALB, and CREA, did not signifi-
cantly differ between the groups. 

Effects of Exercise and Probiotics on Body 
Composition and Histology
The body compositions of the mice are presented in 

Table 1. No significant differences were observed in the 
liver, muscle, kidney, and heart tissues between mice in 
the different groups (p > 0.05). The amount of white adi-
pocyte tissue (epididymal fat and perirenal fat) differed 
significantly among the groups (F[4.35] = 17.7, p < 0.0001 
and F[4.35] = 16.3, p < 0.0001, respectively). The HFD 

Table 3. Effects of exercise and probiotic intervention on clinical biochemical analysis

Parameter Control HFD HFD + Ex HFD + OLP HFD + Ex + OLP

GLU, mg/dL 170±15a 233±22d 203±22bc 218±23cd 191±21b

BUN, mg/dL 21.1±1.9a 35.9±2.1c 31.1±1.6b 33.6±5.2bc 32.4±2.6b

CREA, mg/dL 0.41±0.03a 0.50±0.04c 0.45±0.03b 0.44±0.03b 0.41±0.04a

CK, U/L 170±33a 187±28a 271±66b 191±48a 217±44a

UA, mg/dL 1.60±0.2a 2.51±0.6c 2.31±0.8bc 2.02±0.3abc 1.89±0.2ab

AST, U/L 104±24 106±26 105±25 111±28 108±33
ALT, U/L 49±7 46±13 46±10 47±12 44±15
ALB, g/dL 2.6±0.4 2.9±0.1 2.9±0.2 2.9±0.2 2.9±0.3
TC, mg/dL 193±14a 361±58c 260±55b 256±74b 237±23ab

TG, mg/dL 174±21a 299±93b 221±84a 231±65ab 178±75a

HDL, mg/dL 109±19a 203±40c 153±24b 146±50ab 136±35ab

LDL, mg/dL 34±6a 77±18c 56±12b 51±10b 46±13ab

Data are expressed as the mean ± SD in each group. Values in the same row with different superscript letters 
(a, b) differ significantly, p < 0.05, by one-way ANOVA and Kruskal-Wallis test; AST, aspartate aminotransferase; 
ALT, alanine transaminase; NH3, ammonia; CK, creatine kinase; GLU, glucose; CREA, creatinine; BUN, blood 
urea nitrogen; UA, uric acid; TC, total cholesterol; TG, triacylglycerol; ALB, albumin; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein. Control and HFD mean the normal chow diet and high fat diet 
administration, respectively.
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group had the most epididymal fat and perirenal fat tis-
sues. Exercise or OLP supplementation also decreased the 
weight of fat tissues; however, significant benefits were 
observed in the different tissues of the HFD + Ex + OLP 
group compared with the HFD + Ex group. 

The tissues (liver, muscle, heart, kidney, epididymal 
fat pads, and perirenal fat pads) of the mice were evalu-
ated for potential histopathological changes due to exer-
cise and probiotic supplementation (Fig. 7). The liver tis-
sues of mice in the HFD group exhibited mild microve-
sicular steatosis along with glycogen (indicated by arrows 
in Fig.  7) surrounding the pericentral areas. Exercise 
training and/or probiotic intervention significantly re-
duced steatosis severity. No significant changes were ob-

served in the liver structures, including the sinusoids and 
hepatic cords, between mice in the different groups after 
the indicated treatments. No histologic changes – such as 
Zenker’s degeneration, hyperplasia, or inflammatory cell 
infiltration – were observed in the heart or skeletal muscle 
tissues of mice in any of the groups. The structure of renal 
tubules or glomeruli did not differ between mice in the 
control and HFD groups. Adipocytes containing large 
concentrations of lipids in the white adipose tissue were 
observed in the HFD group but not in the control group. 
Notably, a trend toward smaller adipocytes in white adi-
pocyte tissues was discovered in the HFD + OLP1, HFD 
+ EX, and HFD + Ex + OLP groups. 

Fig. 7. Effect of exercise and probiotic intervention on histopathology. At the end of study, the indicated liver (A), 
muscle (B), heart (C), kidney (D), perirenal fat (E), and epididymal fat (F) tissues were stained with hematoxylin 
and eosin (H&E), and the specimens were photographed under a light microscope (H&E stain, magnification: 
×200; bar, 40 μm).
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Discussion

The role of OLP-01 probiotics in the mitigation of ox-
idative stress and inflammation induced by exercise train-
ing has been reported in our previous study [20]. Obesity 
is likely associated with oxidative stress, inflammation, 
and dyslipidemia, and the impaired glucose tolerance ob-
served in obesity can also, in turn, promote the progres-
sion of obesity. Probiotics and exercise have been report-
ed to improve the physiological factors associated with 
obesity. In the current study, we demonstrated that com-
pared with exercise or probiotics alone, the combination 
of OLP-01 probiotics and exercise had a stronger positive 
influence on physical endurance, weight loss, physiologi-
cal adaptations, glucose tolerance, and histology in an 
HFD-induced murine obesity model; additionally, OLP-
01 mitigated exercise-induced oxidative stress under obe-
sity conditions, enabling superior health maintenance. 

In a previous study that involved the investigation of 
multiple probiotics, 5 different Bacillus species were ap-
plied to an HFD-induced obesity model; the isolates sub-
stantially reduced body weight and fat mass, improved 
glucose tolerance, and reduced hepatic steatosis through 
the regulation of gene expression related to lipid uptake 
and lipogenesis [25]. Our previous study also reported 
that the exercise training protocol used in the current 
study mitigated body weight increases and resulted in 
higher exercise performance [20]. Thus, the exercise pro-
tocol potentially exerts functional effects on physiological 
activities. In addition, in the present study, the exercise 
protocol attenuated weight gain in mice with HFD-in-
duced obesity, and OLP-01 probiotics significantly re-
duced increases in weight in these mice. Moreover, OLP-
01 probiotics and exercise more greatly aided weight 
management when applied jointly than singly (Fig. 2).

A previous study investigating the relationship be-
tween obesity and physical activity revealed that a 16.3% 
weight reduction improved inspiratory capacity and 
physical function by 45.8 and 27%, respectively [26]. Be-
ing overweight or obese is associated with higher risks of 
comorbidities, gait pattern modifications, and changes in 
the musculoskeletal structure and even absolute and rela-
tive energy expenditures [27]. We observed that the en-
durance capacity of mice in the HFD group was signifi-
cantly lower than that of mice in the control group; mice 
in the HFD + Ex and HFD + Ex + OLP groups exhibited 
significantly higher endurance capacity than mice in the 
control and HFD groups (Fig. 3). A previous study also 
showed that earlier onset of obesity was associated with 
lower hand grip strength when covariates were controlled 

[28]. Interventions such as vibration training can also sig-
nificantly increase grip strength in people with obesity 
[29]. In the present study, the treadmill exercise involved 
a 5–10% slope, along with uphill resistance training. Mice 
in the HFD group had significantly lower grip strength 
than mice in the control group, and it also demonstrated 
that the uphill treadmill training significantly aided the 
recovery of grip strength with comparison of the HFD + 
EX and HFD groups. Thus, the exercise intervention 
helped improve the aerobic exercise capacity and grip 
strength of the mice with HFD-induced obesity.

The levels of lactate, CK, LDH, AST, and ALT repre-
sent the energy balance of the exercise metabolites and 
the injury caused by oxidative stress during exercise, and 
these levels depend on the intensity and duration of the 
exercise [30]. A previous study reported that (1) the level 
of monocarboxylate transporter 2, which is responsible 
for lactate uptake, was significantly decreased in the liver 
of individuals with HFD-induced obesity and (2) blood 
lactate was quickly accumulated during incremental ex-
ercise followed by poorer exercise performance [31]. The 
treadmill exercise training mitigated the significant lac-
tate accumulation and production rate in the HFD group, 
and OLP-01 probiotics can also ameliorate deteriorations 
to the lactate profile (Table 2), consistent with our previ-
ous study [20]. Moreover, obesity can significantly exac-
erbate the oxidative stress caused by an increased produc-
tion of lipid hydroperoxides and malondialdehyde, ob-
served immediately after resistance and aerobic exercises 
[32]. Therefore, the levels of enzymes relevant to oxida-
tive stress, such as LDH, CK, and AST, were significantly 
elevated immediately after acute exercise, which can be 
significantly reduced using a combination of OLP-01 
probiotics and exercise. The use of an assistive device can 
also mitigate the muscular damage caused by physical ac-
tivities in individuals with obesity [33]. Thus, the present 
study reveals that the use of probiotics benefits physiolog-
ical adaptation for people with obesity and when used in 
conjunction with exercise training. 

Innate immunity in the course of obesity can be acti-
vated and mediated by metabolic signals, followed by the 
stimulation of downstream pathways – including IκBα 
kinase/nuclear factor-κB, endoplasmic reticulum stress-
induced unfolded protein response, and NOD-like recep-
tor P3 – ultimately causing insulin intolerance and in-
flammation [34]. Although HFD-induced type 2 diabetes 
mellitus varies with the mouse strain used, duration of 
induction, and the treatment protocol, the murine model 
of HFD-induced obesity is still the best model for inves-
tigating the etiological, pathological, and treatment op-
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tions for this condition [35]. A previous study reported 
that mice fed the HFD for obesity induction can eventu-
ally develop physiological hyperglycemia and hyperlipid-
emia [36]. In the present study, we observed glucose in-
tolerance and hyperlipidemia after inducing obesity in 
mice through an HFD for 9 weeks (Fig. 6; Table 3). Run-
ning on a treadmill can inhibit the endoplasmic reticulum 
stress associated with insulin resistance and hyperglyce-
mia in HFD-induced obesity, possibly through regulation 
of the circulating myokine IL-15, which is secreted by 
skeletal muscle [37]. A previous study reported that (1) 
probiotics/prebiotics can exert glycemic control through 
the modulation of microbiota, including the production 
of short-chain fatty acids, secretion of incretin, and bile 
acid metabolism, and (2) probiotics can also be consid-
ered as a promising treatment strategy for obesity and 
diabetes [38]. We observed that compared with exercise 
or probiotics alone, a combination of exercise and OLP-
01 probiotics more greatly improved glucose tolerance.

The complications of obesity, such as hyperglycemia 
and hyperlipidemia, were also indicated by the clinical 
variables at the end of this study. An epidemiological 
cross-sectional study on patients with diabetes and obe-
sity reported that serum UA level was significantly associ-
ated with obesity and BMI [39] and positively correlated 
with metabolic syndrome [40]. Moreover, individuals 
with obesity can also develop chronic kidney disease due 
to insulin resistance and hypertension, along with sys-
temic inflammation and dyslipidemia. The therapeutic 
strategies for obesity include exercise, decrease of inflam-
mation and oxidative stress, lowering of UA levels, and 
regulation of mineralocorticoid receptor signaling, which 
can improve tubulointerstitial fibrosis and further inhib-
it the progression of kidney disease in individuals with 
obesity and diabetes [41]. An international cohort study 
also reported that BUN level is positively associated with 
increased risk of diabetes mellitus and can be considered 
a useful predictor of adverse outcomes in patients with 
overweight or obesity [42]. The levels of glucose, BUN, 
CREA, UA, and lipid-related molecules were significant-
ly elevated because of the HFD in the current model. Al-
though the combined use of exercise training and OLP-01 
probiotics significantly decreased these indexes when ap-
plied individually, a combination of exercise and OLP-01 
probiotics more effectively improved these indexes, 
which improved health status. This combination may 
ameliorate the risk of associated comorbidities such as 
diabetes and chronic kidney disease associated with obe-
sity; thus, it can be used as an alternative management 
strategy for obesity.

B. longum may exist in varying abundance and pop-
ulation diversity in people with different ages, lifestyles, 
and eating habits, and the subspecies of B. longum iso-
lated from nonathlete populations may have some of 
the microbial physiological activities of the B. longum 
OLP-1 strain. A previous study reported that 2 strain 
subspecies, infantis and longum, isolated from the in-
fant and adult intestine had anti-inflammatory effects. 
However, the in vivo functional activities of B. longum 
strains isolated from nonathlete and healthy popula-
tions require further validation regarding their syner-
gistic improvement of obesity management and health. 
The prevalence and severity of obesity-associated com-
plications should also be further observed, and the ef-
fects of long-term obesity induction with probiotics 
and exercise interventions should be also evaluated. In 
addition, the role of microbiota and metabolites, which 
are affected by exercise, probiotics, and their combina-
tion, in the underlying mechanisms and physiological 
modulations in animal obesity models or individuals 
with obesity should be ascertained. The gut-brain axis, 
gut-muscle axis, and hypothalamic-pituitary-adrenal 
axis may be crucial associated mechanisms that modu-
late physiological regulation, such as energy metabo-
lism, inflammation, oxidative stress, metabolic process-
es, thermogenesis, and nutrient bioavailability, and that 
are affected by microbiota composition as well as exer-
cise and probiotics intervention.

Conclusion

Obesity is an important health issue, and its prevalence 
is on the increase. Therefore, previous studies have fo-
cused on physical activity, energy balance, and nutrition-
al strategies to manage obesity. We observed the deleteri-
ous effects of obesity in terms of physical activity, hyper-
lipidemia, hyperglycemia, fat composition, and 
peripheral fatigue indexes, obtaining findings consistent 
with previously reported results. Although treadmill aer-
obic exercise in mice with HFD-induced obesity can im-
prove weight management, glucose tolerance, and hyper-
lipidemia, the exercise-related physiological indexes of 
the HFD + EX group were nonsignificantly different to 
those of the HFD group. Furthermore, exercise of optimal 
intensity, along with sufficient rest, is critical to healthy 
weight loss in individuals with obesity, and OLP-01 pro-
biotics can supplement regular exercise to aid obesity 
control and physiological adaptation. 
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