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Abstract: Several studies have been shown that accelerated apoptosis is involved in  

post-exercise lymphocytopenia and tissue damage after high-intensity exercise. 

Ganoderma tsugae (GT) is one of the well-known medicinal mushrooms that possess 

various pharmacological functions. This mushroom has traditionally been used for health 

promotion purposes. This study investigates the hepatoprotective effects of GT on 

exhaustive exercise-induced liver damage. Twenty-four male Sprague-Dawley rats were 

randomly divided into four groups and designated as exhaustive exercise only (E), 

exhaustive exercise with low dosage (EL), medium dosage (EM) and high dosage (EH) GT 

at 0, 0.1875, 0.9375 and 1.875 g/kg/day, respectively. After 30 days all rats were 

euthanized immediately after an exhaustive running challenge on a motorized treadmill. 

The rat livers were immediately harvested. Evidence of apoptotic liver cell death was 

revealed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

assay and caspases mediated cascade events. DNA fragmentation, an apoptosis process, 

can be examined using TUNEL assay. A few TUNEL-positive hepatocytes, compared to 
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the exercise only group, were observed in the livers from exhaustive animals supplemented 

with GT. Immunoblot analysis also showed that caspase-6-mediated specific cleavage of 

lamin A/C was increased significantly in the livers of group E, but was significantly 

decreased in the EM and EH groups. Our observations demonstrate that GT possesses  

anti-apoptotic and hepatoprotective potential after exhaustive exercise. 
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1. Introduction 

Moderate exercise or individual training could be beneficial to heart and lung function, improve 

athletic performance and reduce the incidence of chronic diseases from the preventive medicine point 

of view [1]. However, intense or excessive exercise could cause muscle and tissue injury due to 

excessive free radicals produced from the increase in muscle oxygen consumption during exercise. As 

early as the 1980s scientists reported that free radical levels in muscle and liver tissue can increase 2- 

to 3-fold or more following exhaustive exercise [2]. Exhaustive physical exercise induced muscular 

damage is associated with oxidative stress [3]. The over production of free radicals can decrease 

endogenous (enzymatic and non-enzymatic) and exogenous antioxidants levels, impair cell function 

and lead to eventual cell death, resulting in tissue damage or diseased states [4,5].  

Natural antioxidant research has been notably increased in recent years in search of safe and 

efficient agents against reactive oxygen species (ROS) over production in biological systems. A 

previous study reported that antioxidant food could ameliorate the oxidative damage and improve 

exercise induced muscular damage [6]. The Ganoderma species, including G. lucidum and G. tsugae, 

were studied extensively for their anti-tumor [7,8], immunomodulatory [9,10], anti-aginogenesis [11], 

anti-inflammatory [12] and hepatoprotective effects [13,14]. These two Ganoderma species were also 

reported to exert anti-oxidative activities in free radical scavenging and reductive capacity [15,16]. 

However, to our best knowledge, no reports on the effects of G. tsugae on exercise-induced 

biochemical stress in vivo are available in the literature. Our data suggests that G. tsugae 

supplementation could increase exercise performance and inhibit lipid peroxidation after exhaustive 

treadmill exercise. G. tsugae can provide anti-apoptotic effects for liver tissue oxidative injuries by 

means of caspse-6 inactivation, followed by lamin A/C cleavage prevention, and also ameliorate 

mitochondrial DNA deletion for anti-oxidation. Therefore, we study the ergogenic, anti-oxidative,  

anti-apoptotic and hepatoprotective properties of G. tsugae in a well-established experimental 

exhaustive exercise challenge model. 

2. Results  

2.1. Body Weight and Daily Intake 

Body weight and daily intake data from each experimental group are summarized in Table 1. There 

were no significant changes in the initial body weight among the E, EL, EM and EH groups. After 

administration for 30 days, the final body weight of the EM group was significantly higher than group 
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E. We observed that the daily intake was significantly increased in groups EM and EH compared to 

group E. Therefore, a 30-day supplementation with medium G. tsuage dose would increase rat body 

weight gain. In addition, a 28-day feeding study in rats is a well-established protocol to test the 

subacute toxicity for drugs or any kind of material. In this study, we performed the different doses of 

G. tsugae supplementation for 30 days not only for providing the efficacy data, but can yield important 

toxicological data as well. The G. tsugae at doses of 0.1875, 0.9375 and 1.875 g/kg daily supplement 

to SD rats did not caused any death or acute adverse effect on the clinical observation and mortality to 

the treatment rats. The results suggested that the supplementation with G. tsuga treatments should be 

safe for all test animals. 

Table 1. Initial and final body weight and daily food intake of rats in each group. 

Parameters E EL EM EH 

Initial BW (g) 236 ± 5 238 ± 3 243 ± 7 236 ± 4 
Final BW (g) 298 ± 12 a 327 ± 15 ab 356 ± 13 b 335 ± 11 ab 

Daily intake (g) 18.6 ± 0.7 a 19.9 ± 0.7 ab 20.8 ± 0.6 b 20.9 ± 0.6 b 

Data are means ± SEM for n = 6 rats per group. Values in the same line with different superscripts letters  

(a, b) differ significantly, p < 0.05 by one-way ANOVA. All animals were challenged with a single bout of 

exhaustive treadmill exercise after a 30-day supplementation with a daily dose of 0 (E), 0.1875 g/kg  

(low-dose, EL), 0.9375 g/kg (medium-dose, EM) and 1.875 g/kg (high-dose, EH) of G. tsugae, respectively. 

2.2. G. tsugae Effect on Exercise Performance in an Exhaustive Treadmill Exercise Test 

Exercise endurance is an important variable in evaluating ergogenic treatment. In our study exercise 

endurance was studied using an exhaustive treadmill exercise test in rats administered with E, EL, EM 

and EH were 68.8 ± 2.0, 77.2 ± 2.6, 76.9 ± 4.5 and 89.2 ± 1.3 min, respectively, shown in Figure 1. The 

exercise time was significantly longer by 1.15-fold (p = 0.0039), 1.14-fold (p = 0.0046) and 1.33-fold  

(p < 0.0001) with groups EL, EM and EH, respectively, compared to the E group. The maximal running 

time was increased dose-dependently with the G. tsugae doses (p < 0.0001). 

Figure 1. G. tsugae supplement effect on the running time to exhaustion. Male SD rats 

were pre-treated with 0, 0.1875, 0.9375, and 1.875 g/kg of G. tsugae (E, EL, EM and EH) 

for 30 days, and performed an exhaustive treadmill exercise. Data are presented as  

mean ± SEM of 6 rats in each group. Columns with different letters (a, b) differ significantly,  

p < 0.05 by one-way ANOVA. 
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2.3. G. tsugae Effect on Clinical Biochemistry Tests after an Exhaustive Treadmill Exercise Challenge 

The clinical biochemistry values for group E and mice treated with EL, EM and EH were measured 

at the experiment end, a single bout of exhaustive treadmill exercise after a 30-day oral feeding trial. 

As shown in Table 2, no significant differences were exhibited in the E, EL, EM and EH group liver 

profiles (AST and ALT), cardiac profiles (LDH), muscular functions (CK), and renal profiles (BUN). 

The results showed that blood glucose and FFA levels in the EM and EL groups, respectively, were 

significantly lower compared to the E group. 

Table 2. Biochemical analysis of the G. tsugae treatment groups after an exhaustive 

treadmill exercise challenge. 

Parameters E EL EM EH 

AST (U/L) 178 ± 17 159 ± 16 159 ± 21 156 ± 15 
AST (U/L) 76.8 ± 10.2 61.3 ± 5.9 59.5 ± 2.3 72.2 ± 15.7 
CK (U/L) 162.6 ± 12.9 139.6 ± 44.3 209.5 ± 21.3 161.8 ± 41.3 

LDH (U/L) 669 ± 117 682 ± 152 820 ± 114 783 ± 206 
Glucose (mg/dL) 53.9 ± 7.4 b 51.3 ± 7.0 b 29.3 ± 1.1 a 36.3 ± 6.2 ab 
Lactate (mg/dL) 35.1 ± 5.0 29.6 ± 8.1 41.3 ± 7.0 45.0 ± 7.6 

FFA (mM) 0.40 ± 0.04 b 0.20 ± 0.06 a 0.25 ± 0.05 ab 0.39 ± 0.08 b 
BUN (mg/dL) 99.4 ± 16.8 67.3 ± 7.6 71.4 ± 8.1 83.6 ± 21.5 

Data are means ± SEM for n = 6 rats per group. Values in the same line with different superscripts letters  

(a, b) differ significantly, p < 0.05 by one-way ANOVA. All animals were challenged with a single bout of 

exhaustive treadmill exercise after a 30-day supplementation with a daily dose of 0 (E), 0.1875 g/kg  

(low-dose, EL), 0.9375 g/kg (medium-dose, EM) and 1.875 g/kg (high-dose, EH) of G. tsugae, respectively. 

2.4. G. tsugae Effects on Oxidative Stress after an Exhaustive Treadmill Exercise Challenge 

The various antioxidant enzyme activities such as SOD, CAT, GRD and GPX of erythrocytes, as 

well as the GSH:GSSG ratio in erythrocyte lysates were not significantly different among the four 

treatment groups (Table 3). However, the blood TBARS level of the EH group was significantly 

decreased by 22% compared to the E group. This data showed that G. tsuage supplementation could 

decrease the lipid peroxidation level after an exhaustive exercise challenge. 

Table 3. G. tsugae effect on antioxidant enzymes activities and GSH/GSSG of 

erythrocytes and plasma TBARS after exhaustive exercise. 

Parameters E EL EM EH 

SOD (U/mg Hb) 9.2 ± 2.0 9.1 ± 1.1 10.0 ± 0.9 11.0 ± 2.9 
CAT (mU/mg Hb) 47.1 ± 13.7 58.6 ± 18.1 63.7 ± 11.5 40.8 ± 13.2 
GRD (mU/mg Hb) 0.51 ± 0.07 0.51 ± 0.16 0.69 ± 0.19 0.55 ± 0.14 

GPX (U/g Hb) 230 ± 50 190 ± 37 248 ± 38 228 ± 60 
GSH/GSSG 41.2 ± 14.6 59.3 ± 13.9 66.6 ± 14.6 36.9 ± 14.5 

TBARS (μM) 4.0 ± 0.4 b 3.8 ± 0.3 ab 3.5 ± 0.2 ab 3.1 ± 0.1 a 
Data are means ± SEM for n = 6 rats per group. Values in the same line with different superscripts letters  
(a, b) differ significantly, p < 0.05 by one-way ANOVA. All animals were challenged with a single bout of 
exhaustive treadmill exercise after a 30-day supplementation with a daily dose of 0 (E), 0.1875 g/kg  
(low-dose, EL), 0.9375 g/kg (medium-dose, EM) and 1.875 g/kg (high-dose, EH) of G. tsugae, respectively. 
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2.5. G. tsugae Effect on Hepatic Apoptosis after an Exhaustive Treadmill Exercise Challenge 

We examined the liver tissue pathology in each group (Figure 2a) and found no obvious differences 

among the four treatment groups. However, apoptotic (TUNEL-positive) cells were observed in group E 

(Figure 2b). Additionally, the number of apoptotic cells was significantly decreased in the EL, EM and 

EH groups compared to the group E (p < 0.0001). In the trend analysis the apoptotic cells were found 

decreased dose-dependently with the GT doses (p < 0.0001). This data showed that the G. tsuage 

supplement could protect against exhaustive exercise induced apoptosis in the liver.  

Figure 2. The G. tsugae supplement anti-apoptotic effect on liver tissues after exhaustive 

exercise. (a) H&E staining and histology of liver sections from treated rats; (b) Liver 

TUNEL assay after an exhaustive exercise challenge. Male SD rats were pre-treated with 

0, 0.1875, 0.9375, and 1.875 g/kg of G. tsugae (E, EL, EM and EH) for 30 days and 

subjected to an exhaustive treadmill exercise. Specimens were photographed using a light 

microscope (Olympus BX51; Olympus Co., Ltd., Tokyo, Japan). (H&E stain, 

magnification: ×200, Scale bar, 20 μm; TUNEL stain, magnification: ×400, Scale bar, 10 μm). 

Results are expressed as a mean of the TUNEL-positive apoptotic cells from 6 rats in each 

group. Columns with different letters (a, b) differ significantly, p < 0.05 by one-way ANOVA. 

 

 

To elucidate the possible mechanisms in exhaustive exercise-induced hepatic apoptosis, we 

analyzed caspases, the key mediators of apoptosis, protein expression in the livers. The results in 

Figure 3 showed that the cleaved form of caspases-3 and -6 were significantly decreased in the EM and 

EH groups compared to group E. The lamin A/C cleavage, activated by caspase-6, was also 
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significantly decreased in the EM and EH groups compared to the E group. The G. tsuage treatment 

greatly inhibited cleaved caspases-3, -6 and lamin A/C level elevation in the EM and EH groups 

compared to the E group. 

Figure 3. G. tsugae supplement effect on caspases-mediated apoptosis pathway in liver 

tissues after exhaustive exercise. Male SD rats were pre-treated with 0, 0.1875, 0.9375, and 

1.875 g/kg of G. tsugae (E, EL, EM and EH) for 30 days and subjected to exhaustive 

treadmill exercise. For western blotting in liver samples, a pooled sample of rat liver 

proteins (n = 6) in each group was loaded on each gel and underwent immunoblotting. The 

cleaved form of target proteins expression was normalized to that of actin (internal control) 

by densitometry. 

 

2.6. G. tsugae Effect on mtDNA4834 Deletion of Liver Tissues after an Exhaustive Treadmill  

Exercise Challenge 

The free radicals produced by intensive exercise attacked the mitochondrial DNA resulting in 

specific deletion, such as 4834 bp deletion in rats [4]. As shown in Figure 4 the mitochondrial DNA 

deletion in the EL, EM and EH groups was significantly decreased by 48.3% compared to group E  

(p < 0.0001). In the trend analysis mtDNA4834 deletion in liver tissues was decreased  

dose-dependently with the GT doses (p < 0.0001). The results showed that the G. tsuage intervention 

could protect against exhaustive exercise induced mitochondrial DNA deletion. 
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Figure 4. G. tsugae effect supplement on mtDNA4834 deletion in liver tissues after 

exhaustive exercise. Male SD rats were pre-treated with 0, 0.1875, 0.9375, and 1.875 g/kg 

of G. tsugae (E, EL, EM and EH) for 30 days and subjected to exhaustive treadmill 

exercise. Data are presented as mean ± SEM of six rats in each group. Columns with 

different letters (a, b) differ significantly, p < 0.05 using one-way ANOVA. 

 

3. Discussion 

The Ganoderma species contain several important bio-active compounds, including 

polysaccharides, triterpenoids, immunomodulatory peptides, amino acids, alkaloids, and so on [17–19]. 

These compounds present antitumor, immunomodulatory, anti-thrombosis, cholesterol regulation,  

anti-hyperglycemic and antibacterial activities [20–23]. Most studies are related to the 

pharmacological effects of the triterpenoids and polysaccharides. Few studies have focused on 

ergogenic performance or exercise-induced physiological side effects. A single bout of exhaustive 

exercise is a well-established protocol to test the maximum physical performance. However, the 

exhaustive exercise can result in a significant decrease in immune system or increased the oxidative 

damage, and impair the host homeostasis. This model is a popular and well-known protocol to test the 

food supplements on anti-fatigue or protective agents for exercise performance. Therefore, we 

conducted this study to evaluate the effects of G. tsugae supplementation on exercise performance and 

biological functions after a single bout of exhaustive exercise. The biochemical energy metabolism, 

tissue injury biomarkers, and ergogenic parameter variables were evaluated after exhaustive exercise. 

The energy metabolic substances including free fatty acid, glucose and tissue glycogen (data not 

shown) were not significantly increased by G. tsugae treatment. There was no significant difference in 

tissue injury biomarkers and ergogenic parameters. However, G. tsugae supplementation significantly 

elevated exercise performance (Figure 1). The anti-oxidative activity provided by G. tsugae could be 

further discussed to explain this increase in endurance.  

The body’s antioxidant defense system could be improved against exercise-induced oxidative stress 

and maintain the redox balance state using moderate exercise training [24]. However, this homeostasis 

system could be interrupted by exhaustive exercise due to the excessive production of ROS in the 

skeletal muscle [25]. After exhaustive exercise ROS over-accumulation attacks the membrane lipids, 

resulting in MDA formation which affects normal cellular functions. ROS overproduction has been 

shown to lead to apoptosis during strenuous exercise [26]. This study found that G. tsugae 
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supplementation could effectively inhibit hepatic apoptosis after exhaustive exercise (Figure 2). The 

apoptosis process could be a defense system used to remove damaged cells, with an over intensive 

training program triggering mechanism injury, such as inflammatory response, resulting in necrosis or 

apoptosis. The apoptosis could be partially reversible by therapeutic intervention [27]. A very recent 

study reported that G. lucidum polysaccharide derivatives exhibited antioxidant activity by scavenging 

free radicals [16]. Our result also demonstrated that G. tsugae intervention before exhaustive exercise 

could significantly ameliorate lipid peroxidation using TBARS assay (Table 3). 

This procedure is programed by the serial activation of caspases, a family of cysteine protease, for 

specific aspartic acid residues. These are two pathways, including death related receptors (Fas ligand, 

TRAIL receptors, or TNF) and mitochondrial activation, lead to effector caspases 3, 6 and 7 which 

initiate apoptotic programs [28]. There are also apoptosis associated mediators, such as the lamins, 

which are nuclear membrane structural components that maintain normal cell functions such as cell 

cycle control, DNA replication and chromatin organization. The cleavage of lamin A/C activated by 

caspase-6 results in nuclear deregulation and cell death. Our study found that G. tsugae 

supplementation could substantially suppress the cleavage activation of caspase 3 and 6 and also the 

proto-form of caspase 6 and 7. The other important indicator, lamin A/C, could be significantly 

inhibited after intervention. Above all, we believe that the G. tsugae supplementation effect that 

ameliorates apoptosis acts on the downstream apoptotic activation process after exhaustive exercise.  

Mitochondrial DNA (mtDNA) mutations are key players in aging and age related diseases. The 

human mtDNA 4977 bp deletion (mtDNA 4834 bp deletion in rats) is the most typical mtDNA 

damage caused by free radicals with a high mutation rate relative to nuclear DNA due to the absence of 

histones and repair system inefficiencies. In recent studies the oxidative stress induced by oxidants [29], 

senescence [30], nutritional deficiency [31] and intensive exercise [5] could cause mtDNA deletion  

in vitro and in vivo. The protective effect of G. tsugae supplementation significantly inhibits mtDNA 

deletion after exhaustive exercise (Figure 4).  

4. Experimental  

4.1. Herb Material 

G. tsugae powder (YK-01) was kindly provided from Yung-Kien Industry Corp, Double Crane 

Group, Tainan City, Taiwan. The original G. tsugae source was selected from a wild growth area in 

Puli, Nantou, Taiwan and named G. tsugae YK-01. According to previous reports, the dry powders 

from the mycelia and fruit bodies were mixed at a fixed ratio. The G. tsugae product was finally 

encapsulated and preserved at room temperature. One gram of G. tsugae product contained 

approximately 270 mg protein, 0% lipid, 550 mg carbohydrates (including 125 mg polysaccharide), 16.7 

mg sodium and 120 mg triterpenoid. A previous study has demonstrated that there are nine triterpenoids 

isolated from the G. tsugae fruiting body and products, and their structures are identified as ganoderic 

acid A, B, C, D, E, C5, C6, G and ganoderenic acid D by using a reverse phase-HPLC method [18]. 
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4.2. Animals, Treatment, and Exhaustive Exercise  

Twenty-four male Sprague-Dawley (SD) rats (five-week old, 230–250 g) were purchased from 

BioLASCO (A Charles River Licensee Corp., Yi-Lan, Taiwan) and raised in the laboratory animal 

center of TMU (Taipei Medical University, Taipei, Taiwan) for experiments. All animal experiments 

conformed to the guidelines of the Institutional Animal Care and Use Committee (IACUC) of TMU. 

Before the experiments the rats were raised for one week to adapt to the environment and diet. All 

animals were given distilled water and a standard laboratory diet (No. 5001; PMI Nutrition 

International, Brentwood, MO, USA) ad libitum and appropriately housed in a room maintained at  

23 ± 2 C and humidity 55 ± 10% with a 12-h light-dark cycle. 

The 24 male SD rats were randomly divided into four groups (n = 6 per group). All animals were 

challenged with a single bout of exhaustive treadmill exercise after a 30-day supplementation with a 

daily oral dose of 0 (E), 0.1875 g/kg (low-dose, EL), 0.9375 g/kg (medium-dose, EM) and 1.875 g/kg 

(high-dose, EH) of G. tsugae, respectively.  

All treatment groups (E, EL, EM, and EH) were practiced to adapt to the treadmill exerciser 

(T501E, Taiwan) for 15–20 min duration for 10 days before the last exhaustive exercise. The rats in 

each group were sacrificed for blood and tissues, (liver and muscle), for further analysis. The exercise 

performance of each rat was measured as running time recorded from the beginning to exhaustion. 

Electric shock was applied to motivate the rat to run until exhaustion. The rat was considered 

exhausted when the rat could not run any more after five repeated shock stimulations. The graded 

exhaustive exercise protocol was adapted according to our previous study [32]. 

4.3. Determination of Blood Biochemical Variables  

The biochemical parameters including plasma lactate, ammonia and glucose levels, and tissue 

injury indicators including AST, ALT, LDH and creatine kinase (CK). Biochemical activities were 

analyzed to evaluate the G. tsugae supplementation effects on exhaustive exercise. Blood samples 

were collected from the rat abdominal aortas with indicated treatments after the exhaustive exercise. 

The plasma was prepared by centrifugation at 1,500 × g, 4C for 15 min. An auto-analyzer (Hitachi 

7060, Hitachi, Tokyo, Japan) was used to analyze and determine the lactate, ammonia and glucose 

levels, CK activity, AST, ALT, and LDH. 

4.4. The Glutathione Peroxidase (GPX) Activities 

A commercial GPX kit (RS 505; Randox Laboratories, Antrim, UK) was used to measure the 

antioxidant enzymes activities. The supernatant of various tissue extracts was appropriately diluted, 

and taken 20 μL diluted sample to mix sequentially with 1 mL pre-mixed reagent (4 mM glutathione, 

0.5 U/L glutathione reductase and 0.34 mM NADPH dissolved in 50 mM phosphate buffer, pH 7.2, 

4.3 mM EDTA), and 40 μL cumene hydroperoxide. A spectrophotometer was used to (Hitachi  

U-2000) measure the change in absorption values in 3 min at a wavelength of 340 nm at 37 C. The 

GPX activity unit (1U) was defined as the reduction of 1 mol NADPH per minute. The measured 

values were substituted into the equation and then multiplied using the sample dilution factor. After the 

tissue supernatant protein was quantified the relative GPX activity of each tissue was presented as U/g unit. 
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4.5. The Glutathione Reductase (GRD) Activities 

The antioxidant enzymes GRD activity was measured by commercially available kit (GF2368; 

Randox Laboratories). The supernatant of various tissue extracts was appropriately diluted and 40 μL 

diluted sample used to mix sequentially with 1 mL reagent (2.2 mM GSSG), and 200 μL of NADPH 

(0.17 mM). The spectrophotometer (Hitachi U-2000) measured the change in absorption value in  

5 min at a wavelength of 340 nm at 37 C. The GRD activity unit (1 U) is defined as the reduction of  

1 mol of NADPH per minute. The measured values were substituted into the equation and then 

multiplied using the sample dilution. The GRD relative activity ratio (U/g Hb) was calibrated  

with hemoglobin. 

4.6. The Superoxide Dismutase (SOD) Activities 

Antioxidant enzymes using commercially available kit (SD 125; Randox Laboratories) measured 

the plasma SOD activity of indicated treatments after exhaustive exercise. Fifty μL of sample with 

proper dilution or SOD standard solution was mixed with 1.7 mL substrate solution (50 M xanthine, 25 M 

I.N.T.) and 250 μL of the enzyme solution (80 U/L, xanthine oxidase). After mixture, the sample was 

placed in a 1 mL quartz colorimetric tube to record 3 min delta values at 37 C at a wavelength of 505 nm. 

The measured values were calibrated into the standard curve, and then multiplied by the sample 

dilution factor to obtain the relative SOD activities (U/g Hb). 

4.7. Thiobarbituric Acid Reactive Substances (TBARS) Analysis 

The plasma lipid peroxidation status procedure was carried out with a few modifications.  

One hundred μL of sample was diluted 10-fold with different concentrations of standard  

(1,1,3,3-tetramethoxypropane, TMP) and placed into a 2 mL micro centrifuge tube. Two hundred μL 

of 35% TCA and 200 μL Tris-HCl were added sequentially, shaken for 10 min, followed by the 

addition of 400 μL TBA for 45 min and allowed to react at 95 C. The sample was taken out and 

immediately ice-cooled for 5 min at the end of the reaction. The sample was finally added with 400 μL 

of 20% TCA and centrifuged for 10 min at 3,900 rpm. Two hundred μL of the supernatant was 

analyzed using an ELISA reader at a wavelength of 530 nm in 96 wells. The measured values were 

calibrated into the standard curve to obtain the TBARS concentration in the plasma samples. 

4.8. mtDNA4834 bp Deletion Determination  

The mtDNA 4834 bp deletion quantity was determined using a TaqMan real-time PCR assay. The 

total amount of mtDNA in the liver tissue could be used to measure the D-loop region copy number. 

The D-loop region and the mtDNA 4834 bp deletion were evaluated using the TaqMan PCR assay 

with specific primers and probes. Each sample was assayed in duplicate and the fluorescence spectrum 

was continuously monitored. The abundance of mtDNA was calculated on the cycle threshold 

measurement (CT), and the difference in CT values was used as the relative abundance measurement; 
△CT (CTdeletion − CTD-loop) was used to calculate the mtDNA 4834 bp deletion abundance and the 

mtDNA deletion ratio was calculated as 1/2 CT. 
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4.9. Immunoblotting 

Apoptosis associated proteins, including caspase-3, caspase-6, caspase-7, and Lamin A/C, were 

used in Western blotting. All other antibodies including the second antibodies and internal control  

(β-actin) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The protein concentration 

quantification was conducted using the Bradford method (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA). The total proteins in each treatment were mixed equally from individuals in each group 

according to the previous quantification and resolved using 5%–20% gradient SDSPAGE. Samples 

were then immunoblotted using an enhanced chemiluminescence assay (ECL; Perkin Elmer Life 

Science., Inc., Boston, MA, USA) and image retrieval using the Gel analysis system (EverGene 

Biotechnology, Taipei, Taiwan). 

4.10. TUNEL Assay and H&E Staining of Liver Tissue 

The livers were excised and fixed in 10% buffered formalin. Liver tissues were then embedded in 

paraffin and cut into 4-μm thick slices for the following assay. The serial 4-μm sections were detected 

using an In Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany) according to the 

manufacturer’s instructions as described in a previous report [33]. The peroxidase-DAB reactions 

visualize the apoptotic nuclei and the slides were counterstained with hematoxylin. The same serial 

liver sections were stained with Hematoxylin and Eosin (H&E) and the results examined using 

TUNEL and H&E staining using a light microscope equipped with a CCD camera (BX-51, Olympus, 

Tokyo, Japan). 

4.11. Statistical Analysis 

All data are represented as mean ± SEM. To evaluate the differences among the groups studied. 

Data were analyzed using one-way ANOVA and the A Cochran-Armitage test for dose effect trend 

analysis with the Statistical Analysis System (SAS Institute, Cary, NC, USA). p < 0.05 was considered 

statistically significant.  

5. Conclusions  

Our data demonstrates that G. tsugae could increase the running time to exhaustion in test animals, 

decrease lipid peroxidation and protect against hepatic apoptosis after exhaustive exercise challenge. 

These results indicate that G. tsuga has liver protective effects and can elevate exercise performance. 

Although the exact bioactive phytocompounds in G. tsuga that contributed to the detailed  

anti-apoptosis mechanisms and hepatoprotection remain to be elucidated, this study provides  

science-based evidence to support that G. tsuga could be a promising liver protection agent and an 

ergogenic aid for exercise. 

Acknowledgments 

We appreciate the efforts of the anonymous Referees and their useful comments and suggestions for 

improving the manuscript. This study was supported by Tunghai University for Global Research and 



Molecules 2013, 18 1752 

 

 

Education on Environment and Society (GREEnS 004-3), Taiwan. We thank Joel A. Newson for his 

careful editing of the manuscript. 

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. Pedersen, B.K.; Saltin, B. Evidence for prescribing exercise as therapy in chronic disease.  

Scand. J. Med. Sci. Sports 2006, 1, 3–63. 

2. Davies, K.J.; Quintanilha, A.T.; Brooks, G.A.; Packer, L. Free radicals and tissue damage 

produced by exercise. Biochem. Biophys. Res. Commun. 1982, 107, 1198–1205. 

3. Viña, J.; Gomez-Cabrera, M.C.; Lloret, A.; Marquez, R.; Miñana, J.B.; Pallardó, F.V.; Sastre, J. 

Free radicals in exhaustive physical exercise: Mechanism of production, and protection by 

antioxidants. IUBMB Life 2000, 50, 271–277. 

4. Huang, C.C.; Lin, T.J.; Lu, Y.F.; Chen, C.C.; Huang, C.Y.; Lin, W.T. Protective effects of  

L-arginine supplementation against exhaustive exercise-induced oxidative stress in young rat 

tissues. Chin. J. Physiol. 2009, 52, 306–315. 

5. Huang, C.C.; Lin, T.J.; Chen, C.C.; Lin, W.T. Endurance training accelerates exhaustive  

exercise-induced mitochondrial DNA deletion and apoptosis of left ventriclemyocardium in rats. 

Eur. J. Appl. Physiol. 2009, 107, 697–706.  

6. McLeay, Y.; Barnes, M.J.; Mundel, T.; Hurst, S.M.; Hurst, R.D.; Stannard, S.R. Effect of New 

Zealand blueberry consumption on recovery from eccentric exercise-induced muscle damage.  

J. Int. Soc. Sports Nutr. 2012, 9, doi:10.1186/1550-2783-9-19. 

7. Wu, G.; Qian, Z.; Guo, J.; Hu, D.; Bao, J.; Xie, J.; Xu, W.; Lu, J.; Chen, X.; Wang, Y. 

Ganoderma lucidum extract induces G1 cell cycle arrest, and apoptosis in human breast cancer 

cells. Am. J. Chin. Med. 2012, 40, 631–642. 

8. Yu, Y.H.; Kuo, H.P.; Hsieh, H.H.; Li, J.W.; Hsu, W.H.; Chen, S.J.; Su, M.H.; Liu, S.H.; Cheng, Y.C.; 

Chen, C.Y.; et al. Ganoderma tsugae induces S phase arrest and apoptosis in doxorubicin-

resistant lung adenocarcinoma H23/0.3 cells via modulation of the PI3K/Akt signaling pathway. 

Evid. Based Complement. Alternat. Med. 2012, 2012, doi:10.1155/2012/371286. 

9. Jinn, T.R.; Wu, C.M.; Tu, W.C.; Ko, J.L.; Tzen, J.T. Functional expression of FIP-gts, a fungal 

immunomodulatory protein from Ganoderma tsugae in Sf21 insect cells. Biosci. Biotechnol. 

Biochem. 2006, 70, 2627–2634. 

10. Huang, S.Q.; Li, J.W.; Wang, Z.; Pan, H.X.; Chen, J.X.; Ning, Z.X. Optimization of alkaline 

extraction of polysaccharides from Ganoderma lucidum and their effect on immune function in 

mice. Molecules 2010, 15, 3694–3708. 

11. Hsu, S.C.; Ou, C.C.; Chuang, T.C.; Li, J.W.; Lee, Y.J.; Wang, V.; Liu, J.Y.; Chen, C.S.; Lin, S.C.; 

Kao, M.C. Ganoderma tsugae extract inhibits expression of epidermal growth factor receptor and 

angiogenesis in human epidermoid carcinoma cells: In vitro and in vivo. Cancer Lett. 2009, 281, 

108–116. 



Molecules 2013, 18 1753 

 

 

12. Zhang, R.; Xu, S.; Cai, Y.; Zhou, M.; Zuo, X.; Chan, P. Ganoderma lucidum protects 

dopaminergic neuron degeneration through inhibition of microglial activation. Evid. Based 

Complement. Alternat. Med. 2011, 2011, doi:10.1093/ecam/nep075. 

13. Wu, Y.W.; Chen, K.D.; Lin, W.C. Effect of Ganoderma tsugae on chronically carbon 

tetrachloride-intoxicated rats. Am. J. Chin. Med. 2004, 32, 841–850. 

14. Sudheesh, N.P.; Ajith, T.A.; Mathew, J.; Nima, N.; Janardhanan, K.K. Ganoderma lucidum 

protects liver mitochondrial oxidative stress and improves the activity of electron transport chain 

in carbon tetrachloride intoxicated rats. Hepatol. Res. 2012, 42, 181–191. 

15. Mau, J.L.; Lin, H.C.; Chen, C.C. Antioxidant properties of several medicinal mushrooms.  

J. Agric. Food Chem. 2002, 50, 6072–6077. 

16. Wang, J.; Wang, Y.; Liu, X.; Yuan, Y.; Yue, T. Free radical scavenging and immunomodulatory 

activities of Ganoderma lucidum polysaccharides derivatives. Carbohydr. Polym. 2013, 91, 33–38. 

17. Xu, Z.; Chen, X.; Zhong, Z.; Chen, L.; Wang, Y. Ganoderma lucidum polysaccharides: 

Immunomodulation and potential anti-tumor activities. Am. J. Chin. Med. 2011, 39, 15–27. 

18. Chen, D.H.; Chen, W.K.D. Determination of ganoderic acids in triterpenoid constituents of 

Ganoderma tsugae. J. Food Drug Anal. 2003, 11, 195–200. 

19. Pan, D.; Wang, L.; Chen, C.; Teng, B.; Wang, C.; Xu, Z.; Hu, B.; Zhou, P. Structure 

characterization of a novel neutral polysaccharide isolated from Ganoderma lucidum fruiting 

bodies. Food Chem. 2012, 135, 1097–1103. 

20. Kumaran, S.; Palani, P.; Nishanthi, R.; Kaviyarasan, V. Studies on screening, isolation and 

purification of a fibrinolytic protease from an isolate (VK12) of Ganoderma lucidum and 

evaluation of its antithrombotic activity. Med. Mycol. J. 2011, 52, 153–162. 

21. Oluba, O.M.; Olusola, A.O.; Eidangbe, G.O.; Babatola, L.J.; Onyeneke, E.C. Modulation of 

lipoprotein cholesterol levels in plasmodium berghei malarial infection by crude aqueous extract 

of Ganoderma lucidum. Cholesterol. 2012, 2012, doi:10.1155/2012/536396. 

22. Teng, B.S.; Wang, C.D.; Zhang, D.; Wu, J.S.; Pan, D.; Pan, L.F.; Yang, H.J.; Zhou, P. 

Hypoglycemic effect and mechanism of a proteoglycan from Ganoderma lucidum on 

streptozotocin-induced type 2 diabetic rats. Eur. Rev. Med. Pharmacol. Sci. 2012, 16, 166–175.  

23. Karwa, A.; Gaikwad, S.; Rai, M.K. Mycosynthesis of silver nanoparticles using Lingzhi or Reishi 

medicinal mushroom, Ganoderma lucidum (W. Curt.:Fr.) P. Karst. and their role as antimicrobials 

and antibiotic activity enhancers. Int. J. Med. Mushrooms 2011, 13, 483–491. 

24. Radak, Z.; Chung, H.Y.; Goto, S. Systemic adaptation to oxidative challenge induced by regular 

exercise. Free Radic. Biol. Med. 2008, 44, 153–159. 

25. Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact 

on muscle force production. Physiol. Rev. 2008, 88, 1243–1276. 

26. Wang, J.S.; Huang, Y.H. Effects of exercise intensity on lymphocyte apoptosis induced by 

oxidative stress in men. Eur. J. Appl. Physiol. 2005, 95, 290–297. 

27. Phaneuf, S.; Leeuwenburgh, C. Apoptosis and exercise. Med. Sci. Sports Exerc. 2001, 33, 393–396. 

28. Igney, F.H.; Krammer, P.H. Death and anti-death: Tumor resistance to apoptosis. Nat. Rev. Cancer 

2002, 2, 277–288. 



Molecules 2013, 18 1754 

 

 

29. Jaeger, A.; Weiss, D.G.; Jonas, L.; Kriehuber, R. Oxidative stress-induced cytotoxic and 

genotoxic effects of nano-sized titanium dioxide particles in human HaCaT keratinocytes. 

Toxicology 2012, 296, 27–36. 

30. Du, Z.; Yang, Y.; Hu, Y.; Sun, Y.; Zhang, S.; Peng, W.; Zhong, Y.; Huang, X.; Kong, W. A long-

term high-fat diet increases oxidative stress, mitochondrial damage and apoptosis in the inner ear 

of D-galactose-induced aging rats. Hear Res. 2012, 287, 15–24. 

31. Chou, Y.F.; Yu, C.C.; Huang, R.F.S. Changes in mitochondrial DNA deletion, content, and 

biogenesis in folate-deficient tissues of young rats depend on mitochondrial folate and oxidative 

DNA injuries. J. Nutr. 2007, 137, 2036–2042. 

32. Lin, W.T.; Yang, S.C.; Tsai, S.C.; Huang, C.C.; Lee, N.Y. L-Arginine attenuates xanthine oxidase 

and myeloperoxidase activities in hearts of rats during exhaustive exercise. Br. J. Nutr. 2006, 95, 

67–75. 

33. Huang, C.C.; Lin, K.J.; Cheng, Y.W.; Hsu, C.A.; Yang, S.S.; Shyur, L.F. Hepatoprotective effect 

and mechanistic insights of deoxyelephantopin, a phyto-sesquiterpene lactone, against fulminant 

hepatitis. J. Nutr. Biochem. 2012, doi:10.1016/j.jnutbio.2012.01.013. 

Sample Availability: Not available. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


