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Effect of ginger extract ingestion on 
skeletal muscle glycogen contents 
and endurance exercise in male rats
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[Purpose] Skeletal muscle glycogen is a determinant 
of endurance capacity for some athletes. Ginger is well 
known to possess nutritional effects, such as anti-dia-
betic effects. We hypothesized that ginger extract (GE) 
ingestion increases skeletal muscle glycogen by en-
hancing fat oxidation. Thus, we investigated the effect 
of GE ingestion on exercise capacity, skeletal muscle 
glycogen, and certain blood metabolites in exercised 
rats.

[Methods] First, we evaluated the influence of GE 
ingestion on body weight and elevation of exercise 
performance in rats fed with different volumes of GE. 
Next, we measured the skeletal muscle glycogen 
content and free fatty acid (FFA) levels in GE-fed rats. 
Finally, we demonstrated that GE ingestion contributes 
to endurance capacity during intermittent exercise to 
exhaustion.

[Results] We confirmed that GE ingestion increased 
exercise performance (p<0.05) and elevated the skel-
etal muscle glycogen content compared to the non-
GE-fed (CE, control exercise) group before exercise 
(Soleus: p<0.01, Plantaris: p<0.01, Gastrocnemius: 
p<0.05). Blood FFA levels in the GE group were signifi-
cantly higher than those in the CE group after exercise 
(p<0.05). Moreover, we demonstrated that exercise 
capacity was maintained in the CE group during inter-
mittent exercise (p<0.05).

[Conclusion] These findings indicate that GE inges-
tion increases skeletal muscle glycogen content and 
exercise performance through the upregulation of fat 
oxidation.

[Key words] ginger extract, glycogen, exercise, FFA, 
blood glucose, blood lactate
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INTRODUCTION
Skeletal muscle glycogen content changes dynamically due to exter-

nal stimuli, such as exercise and nutrition. Studies in the 1960s clarified 
that the restriction of glycogen storage leads to an inability to continue 
exercise1, whereas glycogen depletion provides a strong driving force 
for its supercompensation (i.e., glycogen loading) and causes significant 
improvements in exercise performance2. In addition, skeletal muscle gly-
cogen status plays a vital role in the regulation of cellular adaptation via 
multiple signal pathways from exercise stimuli3. Thus, dietary strategies 
to maximize muscle glycogen synthesis are valid for enhancing the per-
formance during important workouts or competitive events.

Glycogen storage in the skeletal muscle has various metabolic im-
pacts, especially for the mobilization of energy substrates during endur-
ance exercise4. It is well known that the ergogenic effect of carbohydrate 
(CHO) loading also enhances skeletal muscle glycogen utilization during 
prolonged exercise5,6; therefore, nutritional treatment is ideal for increas-
ing glycogen levels without using CHO substrates more than necessary. 
Thus, a nutritional strategy is required to up-regulate skeletal muscle gly-
cogen and maintain compatible CHO mobilization for competitive sports.

The co-ingestion of CHO-rich foods with other macronutrients or 
agents (e.g., protein, creatine, and caffeine supplementation) results in a 
further acceleration of muscle glycogen synthesis4. However, although 
these methods increase skeletal muscle glycogen storage, they also ele-
vate the CHO consumption rate. Thus, we present another solution that 
up-regulates glycogen levels and inhibits CHO utilization by enhancing 
fat oxidation in skeletal muscle. Ginger (Zingiber officinale  Roscoe) is 
widely consumed and is known to have anti-diabetic, anti-inflammatory, 
and anti-oxidant effects7. Moreover, ginger extract (GE) has various im-
pacts in determining enzymes that control the use of energy substrates. 
This extract up-regulates fat oxidation via the peroxisome proliferator-ac-
tivated receptor delta (PPARδ) signaling, thereby attenuating high-fat 
diet-induced obesity in mice8. These findings suggest that GE contributes 
to the maintenance of skeletal muscle glycogen by enhancing fat metabo-
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lism during endurance exercise. 
GE may enhance endurance capacity through energy 

metabolism, although this effect is not well known. There-
fore, in the present study, we examined the influence of GE 
ingestion on endurance performance and metabolite levels 
in rats during endurance exercise.

METHODS
Experimental strategy

We outlined the following experimental strategy to in-
vestigate the effect of GE ingestion on skeletal muscle gly-
cogen content and endurance exercise. First, we confirmed 
whether the extracts increased the exercise capacity of GE-
fed rats. Second, we evaluated the effect of GE on blood 
metabolites and skeletal muscle glycogen content in rats to 
estimate the influence of GE on energy metabolism. Third, 
we tested the efficacy of GE ingestion on exercise capacity 
across the recovery periods. Male Sprague Dawley (SD) rats 
were purchased from CLEA Experimental Animals Supply 
(CLEA Japan, Inc., Tokyo, Japan) and cared for according 
to the “Guiding Principles for the Care and Use of Ani-
mals.” The rats were fed a standard diet CE-2 (CLEA Japan, 
Inc., Tokyo, Japan). The room temperature was maintained 
at 25 ± 1 °C, and humidity was maintained under a constant 
12:12-hour light/dark cycle (light: 8:00 a.m.–8:00 p.m.). 
Distilled water was freely available for drinking ad libitum. 
The animal care and experimental procedures of this study 
were approved by the Experimental Animal Committee of 
the University of Tsukuba.

Dietary food
Laboratory animals in the control group (without GE) 

were fed CE-2 (CLEA Japan, Inc. Tokyo, Japan), and for 
GE-fed rats, CE-2 was mixed ginger extract powder (Ikeda 
Food Research Co., Ltd, Hiroshima, Japan; Table 1).

Experiment 1: Effect of GE ingestion on exercise ca-
pacity of rats

SD rats (n=28, 6 weeks old) were subjected to 25 days 
of exercise training after a habitation period of 3 days, with 
ad libitum feeding. After these durations, the animals were 
randomly divided into three groups (CE: control exercise 
group; [n=7], LGE: low ginger exercise group; [n=11], 
HGE: high ginger exercise group; [n=10]) as their body 
weight was the same. The rats were administered GE after 
exercise training, and were therefore subjected to an all-out 
test.

Experiment 2: Effect of GE ingestion on blood me-
tabolites and skeletal muscle glycogen content of 
rats

SD rats (n=20, 6 weeks old) were divided into two 
groups (CE: control exercise group; [n=10] and GE: ginger 
exercise group; [n=10]) after 3 days of habitation and 7 days 
of exercise training. These rats were administered GE after 
exercise training, and they were tested with an all-out test 

similar to that in Experiment 1. Blood samples were collect-
ed before, immediately after (post1), and 1 h after exercise 
(post2).

Experiment 3: Efficacy of GE ingestion for maintain-
ing exercise capacity across recovery periods

This experiment was conducted based on Experiment 
2. SD rats (n=20, 6 weeks old) were also divided into two 
groups (CE: control exercise group; [n=10] and GE: ginger 
exercise group; [n=10]) after 3 days of habitation and 7 days 
of exercise training. They were fed GE after exercise train-
ing and made to attempt an all-out test. Furthermore, these 
rats underwent the same all-out test after a 1 hour recovery 
period to evaluate the influence of GE ingestion on the re-
covery period.

Exercise habitation and training
The rats were exercised on a treadmill (Natsume Sei-

sakusho Co, Ltd, Tokyo, Japan) to habituate them to exer-
cise conditions (10 m/min, 15 min and 25 m/min, 30 min), 
and they were trained on the same experimental equipment 
(25 m/min, 30 min) for 25 days. Warming up and cooling 
down were performed before and after exercise training (15 
m/min, 2 min).

All-out test
This test was carried out 24 h after the final exercise 

training. The animals were exercised at 30 m/min on a 
treadmill until they could not maintain this exercise intensi-
ty. The animals were exercised for 110 min and the treadmill 
speed was then accelerated by 2 m/min until all-out. All-out 
was declared when the rats could not keep up with the exer-
cise speeds, and they could not restore their bodies from the 
supine position.

Skeletal muscle and liver extraction
Skeletal muscle of the left leg (soleus, plantaris, gastroc-

nemius muscle) and liver were extracted under anesthesia. 
The samples were frozen in liquid nitrogen after trimming 
for storage. 

Measurement of skeletal muscle and liver glycogen 
contents

The glycogen concentration of skeletal muscles and liver 
was measured by the amyloglucosidase method9. Briefly, 
these tissues were homogenized in perchloric acid below 
freezing using dry ice to inhibit the breakdown of metabo-
lites (Power Homogenizer Portable S-203, AS ONE Corpo-
ration, Osaka, Japan). After homogenization, ultrapure water 
was added and the tissues were re-homogenized. The lysates 
were separated by centrifugation (250 rpm, 15 min, 4 °C) 
and the supernatants were stored at -80 °C. These samples 
were added to 50 mM NaAC buffer and rotary incubated at 
120 rpm for 60 min at 37 °C to disassemble glycogen. Glu-
cose reagent was added to these samples and incubated for 
20 min at room temperature. Glycogen concentrations were 
analyzed using a fluoro-spectrophotometer (FP-8300, JAS-
CO Co., Tokyo, Japan).
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Evaluation of blood glucose, free fatty acid (FFA), 
and lactate levels

Blood samples were collected from the tail vein before 
and after the all-out test. Blood glucose levels were evalu-
ated using glucose measurements (Onetouch UltravueTM, 
Johnson & Johnson, Tokyo, Japan). FFA levels were evalu-
ated using a spectrophotometer (V-630BIO, JASCO Corpo-
ration, Tokyo, Japan) by measuring the enzymatic reactions 
(acyl-CoA synthase, acyl-CoA oxidase, and peroxidase)10. 
Blood lactate levels were estimated through lactate mea-
surements (Lactate ProTM2, ARKRAY, Inc., Kyoto, Japan).

Statistical Analysis
All data are expressed as mean ± standard error (SE) and 

were analyzed using SPSS version 25 (IBM Japan, Tokyo, 
Japan). One-way analysis of variance was used to test for 
statistically significant differences among the groups. If 
a significant difference was detected among groups, the 
groups were further evaluated using the post-hoc Schef-
fe test. The significance level for major effects was set at 
p<0.05.

Results
Experiment 1: Effect of GE ingestion on endurance 
capacity of rats.

There were no significant differences in food intake and 
final body weight among the groups (Supplementary Figure 
1A, B), although differences in body weight significantly 
decreased depending on the volume of ingested GE in these 
groups (Supplementary Figure 1C, CE vs. HGE: p<0.05). 
Similarly, the running distance significantly increased with 
the volume of ingested GE in these groups (Sup Figure 1D, 
CE vs. HGE: p<0.05).

Experiment 2: Effect of GE on blood metabolites 
and skeletal muscle glycogen content before and 
after endurance exercise.

The final body weight, body weight gain, and food effi-
ciency significantly decreased in the GE group compared 
to the CE group (Table 1, p<0.001, p<0.001, and p<0.05, 
respectively). Blood glucose levels before exercise were 
significantly lower in the GE group than in the CE group 
(Figure 1A, p<0.05). However, the blood glucose levels sig-
nificantly increased post-exercise in both groups compared 
to the pre-exercise levels (Figure 1A, CE group: p<0.001 
and GE group: p<0.01). FFA levels in the GE group were 
significantly higher than those in the CE group after exer-

cise (Figure 1B, p<0.05). There were no differences in blood 
lactate levels between the groups (Figure 1C).

The skeletal muscle glycogen content in the GE group 
was significantly higher than that in the CE group before 
exercise (Figure 2A–C, Soleus: p<0.01, Plantaris: p<0.01, 
Gastrocnemius: p<0.05). The skeletal muscle glycogen con-
tent in the GE group was significantly higher than that in the 
CE group post-exercise (Figure 2A–C, Plantaris: p<0.01, 
Gastrocnemius: p<0.05). However, there were no differenc-
es in liver glycogen content between these groups (Figure 
2D).

Experiment 3: Effect of GE ingestion on exercise ca-
pacity across recovery periods.

The running distance was significantly higher in the GE 
group than that in the CE group in the all-out test (Supple-
mentary Figure 2A, p<0.05). Blood glucose levels in the 
GE group were significantly lower than those in the CE 
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Figure 1. Blood glucose (A), free fatty acid (B), and lactate (C) 
levels of rats. Experimental animals were randomly divided into two 
experimental groups at the age of 6 weeks (CE: Control exercise 
group, [n=10], GE: ginger exercise group [n=10]). Blood samples 
were collected from the tail vein before and after the all-out test. 
*p<0.05 vs CE group; ††p<0.01, †††p<0.001 vs pre. Values are rep-
resented as mean ± SE.

Table 1. Final body weight, body weight gain, food intake, and food 
efficiency after GE ingestion. Values are represented as mean ± SE. 

CE GE
Final body weight (g) 312.8±2.6 285.6±4.7***

Body weight gain (g) 14.8±2.0 -7.8±3.7***

Food efficiency (g)a) 0.5±0.1 -1.2±0.6*

a)Food efficiency was calculated by “body weight gain/food intake.”  
*p<0.05, *p<0.001 vs GE group.
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group at pre-exercise and post1 stages (Sup Figure 2B, both 
points: p<0.05). The blood glucose levels in the CE group 
at the post1 stage were significantly higher than those at the 
pre-exercise stage (Sup Figure 2B, p<0.05).

DISCUSSION
Skeletal muscle glycogen content is a determinant of 

endurance capacity as an energy substrate and intracellular 
signaling molecule3; therefore, many athletes try to promote 
rapid and effective restoration of skeletal glycogen using 
various methods11. Some nutritional agents can enhance 
the rate of muscle glycogen synthesis or enhance glycogen 
content by providing dietary CHO. However, these methods 
cannot control the elevation in CHO oxidation according 
to the glycogen uptake. Thus, we focused on GE, which is 
a known nutritional product that increases fat oxidation in 
skeletal muscle8. We hypothesized that GE contributes to 
exercise performance by up-regulating skeletal muscle gly-
cogen and increasing fat oxidation in animal models. The 
results showed that GE ingestion elevates running distance, 
skeletal muscle glycogen content, and blood FFA levels 
during exercise. These findings indicate that GE ingestion 
increases exercise performance by mobilizing fatty sub-
strates and avoiding CHO utilization.

A recent study reported that GE ingestion leads to a re-

duction in body weight and enhancement of fat oxidation 
in obese mice8. We found a similar phenomenon for body 
weight in the GE group in this study (Supplementary Figure 
1B). If the results obtained had been affected by changes 
in energy metabolism in the skeletal muscle, the endurance 
capacity might have increased depending on the GE intake 
volume. Notably, the running distance of the GE group was 
significantly higher than that of the CE group (Sup Figure 
1D). These findings indicate that GE ingestion causes a de-
crease in body weight and an increase in endurance perfor-
mance.

Exercise has a substantial impact on energy metabolism 
as various substrates need to be mobilized for meeting the 
energy demand for contractions of the skeletal muscle. In 
general, skeletal muscle mobilizes energy substrates via 
the adenosine triphosphate production process, thereby re-
leasing blood glucose through glycolysis to provide CHO 
substrate for the skeletal muscle12. In our study, the blood 
glucose levels significantly increased in both groups after 
exercise (Figure 1A). However, the FFA levels were higher 
in the GE group than in the CE group, especially after ex-
ercise (Figure 1B). The fuel selection for skeletal muscle 
contractions is strongly related to endurance capacity; for 
instance, animals with a high running capacity preferentially 
mobilize fat substrates compared with those with low run-
ning capacity13. Thus, these results indicate that GE inges-
tion enhances endurance performance by up-regulating fat 
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Figure 2. Glycogen concentration in soleus (A), plantaris (B), gastrocnemius (C), and liver (D) per food intake. Experimental animals were ran-
domly divided into two experimental groups at the age of 6 weeks (CE: Control exercise group [n=10], GE: ginger exercise group [n=10]). Skeletal 
muscles were collected before and after the all-out test. *p<0.05, **p<0.01 vs CE group. Values are represented as mean ± SE.
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substrate utilization during exercise.
Skeletal muscle glycogen content is a determinant of 

endurance capacity in cellular adaptation and exercise 
performance14. Our study demonstrates that GE ingestion 
up-regulates skeletal muscle glycogen levels corrected with 
food intake (Figure 2A–C). Considering the results of FFA 
levels and skeletal muscle glycogen contents, it can be in-
terpreted that GE ingestion induced elevated fat oxidation 
and reduced CHO utilization. Conversely, previous studies 
have reported that glycogen supercompensation regulates 
glycogen levels4. These methods accelerate CHO consump-
tion rather than high glycogen storage during exercise. 
Therefore, our study is valuable as an option for promoting 
fat oxidation to enhance skeletal muscle glycogen content is 
provided by GE ingestion.

The rapid restoration of muscle glycogen is required 
between two events or training sessions (e.g., runner’s 
twice-daily workouts). These results indicate that GE in-
gestion contributes to the enhancement of skeletal muscle 
glycogen levels. These effects of GE ingestion might be 
useful for maintaining endurance capacity in the recovery 
phase during intermittent exercise, such as during athletic 
competitions. Therefore, we examined whether exercise 
performance increased because of GE ingestion during two 
all-out trials. The running distance and blood glucose levels 
were significantly different between the two groups (Sup-
plementary Figure 2A, B). These findings indicate that GE 
ingestion contributes to endurance recovery between inter-
mittent exercise periods.

We focused on the possibility that GE ingestion enhanced 
endurance capacity due to the upregulation of fat oxidation. 
However, it is not clear if the upregulation pathway actually 
activated as a molecular biological approach was not em-
ployed in the present study. A previous study reported that 
GE enhances fatty acid utilization via the PPARδ pathway 
in an in vitro model8. The results of our study might also be 
related to a similar mechanism, but further experimentation 
is necessary to elucidate the molecular mechanism of energy 
metabolism.

In conclusion, we demonstrated that GE ingestion de-
creased body weight and enhanced exercise capacity in 
experimental animals. The cause of this phenomenon may 
be related to an increase in fat oxidation and skeletal muscle 
glycogen content. These findings indicate that GE ingestion 
is useful for improving exercise performance for athletics.
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