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Abstract  

Type 2 diabetes mellitus has been known to increase systemic oxidative stress by chronic 

hyperglycemia and visceral obesity and aggravate cerebral ischemic injury. On the basis of our 

previous study regarding a water-soluble extract from the culture medium of Ganoderma lucidum 

mycelia (designed as MAK), which exerts antioxidative and neuroprotective effects, the present 

study was conducted to evaluate the preventive effects of MAK on apoptosis and necroptosis, a 

programmed necrosis induced by hypoxia/ischemia (H/I) in type 2 diabetic KKAy mice. H/I was 

induced by a combination of unilateral common carotid artery ligation with hypoxia (8% O2 for 20 

min) and subsequent reoxygenation. Pretreatment with MAK (1 g/kg, p.o.) for a week significantly 

reduced H/I-induced neurological deficits and brain infarction volume assessed at 24 h of 

reoxygenation. Histochemical analysis showed that MAK significantly suppressed superoxide 

production, neuronal cell death, and vacuolation in the ischemic penumbra, which was accompanied 

by a decrease in the numbers of TUNEL- or cleaved caspase-3-positive cells. Furthermore, MAK 

decreased the expression of receptor-interacting protein kinase 3 mRNA and protein, a key molecule 

for necroptosis. These results suggest that MAK confers resistance to apoptotic and necroptotic cell 

death and relieves H/I-induced cerebral ischemic injury in type 2 diabetic mice. 
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1. Introduction 

Type 2 diabetes, which is characterized by hyperglycemia associated with insulin resistance, is 

the most common metabolic disease in nearly all countries and is increasing explosively in 

developing countries [1]. The metabolic disorder of diabetes leads to characteristic complications 

contributing to the development of micro- and macrovascular atherosclerosis [2]. Patients with 

diabetes not only are predisposed to stroke but also often suffer exacerbated post-stroke damages 

[3-5]. In accordance with these clinical observations, basic studies have also demonstrated that the 

diabetic state aggravates cerebral ischemic injury in both type 1 [6-8] and type 2 diabetic animal 

models [9, 10]. The major causes exacerbating post-ischemic cerebral damage with diabetes are 

considered to be elevated levels of oxidative stress and inflammatory cytokines. Sustained 

hyperglycemia has been suggested to produce excessive intracellular reactive oxygen species (ROS) 

and enhance systemic oxidative stress, which accelerates apoptotic and proinflammatory processes 

in the brain tissue [11]. Furthermore, visceral obesity associated with type 2 diabetes also has been 

reported to induce production of inflammatory cytokines and augment oxidative stress via 

dysregulation of adipose tissue function [12, 13].  

Oxidative stress and subsequent inflammation are also involved in both the pathogenesis and 

development of cerebral ischemic injury [14, 15]. After ischemia, different types of cell death, i.e., 

necrosis and apoptosis, occur depending on the severity of hypoxia, ATP depletion, and the 

vulnerability of cells in the ischemic region [16]. Reperfusion after a long period of vessel occlusion 

triggers an explosive generation of ROS such as superoxide radical (O2
−), hydroxyl radical, 

hydrogen peroxide, and nitrogen species [17]. Necrosis, an uncontrollable cell death, rapidly occurs 

mainly in the ischemic core region, and subsequently, apoptosis is induced in the ischemic 

penumbral region by oxidative damage to lipids, proteins, and DNA [15]. On the basis of these 

findings, neuroprotective therapy with free radical scavengers to remove ROS and rescue the cells in 

the ischemic penumbra is developing for the treatment of acute ischemic stroke coupled with 

thrombolytic therapy [18].  
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In nearly a decade, necroptosis as a novel type of programmed and controllable cell death with 

pathogenomic features similar to those of necrosis, has proved to contribute to various tissue 

pathological injuries, including neuronal cell death in cerebral ischemia [19, 20], neurodegeneration 

[21], and viral infections in the CNS [22], drawing interest toward necroptosis as a new target for 

therapy of these diseases. Necroptosis has been revealed to be triggered by the tumor necrosis factor 

(TNF) superfamily, such as TNF, Fas ligand, and TNF-related apoptosis inducing factor [23, 24]. 

TNF activates TNF receptor 1, recruiting a complex I comprising receptor-interacting protein kinase 

(RIP) 1 and other factors [25]. RIP1 deubiquitination dissociates the proteins of complex I from the 

receptor and induces transit of death-inducing signaling complex (DISC, complex II) consisting of 

RIP1, RIP3, procaspase-8 and Fas-associated death domain protein to the cytosol. During the 

inhibition of apoptosis, RIP1 and RIP3 form the necrosome by cross-phosphorylation, leading to 

necroptosis [25, 26]. Thus, the execution of necroptosis requires the kinase activity of 

receptor-interacting protein kinase RIP3 by a caspase-independent mechanism [27]. Recently, it has 

been shown that experimental ischemia increases the expression of RIP3 both in in vitro primary 

cultures of hippocampal neurons and in vivo rat hippocampal CA1, suggesting a contribution of 

RIP3 upregulation to the necroptotic process [28, 29]. There are a number of studies regarding the 

therapeutic approach for necroptotic cell death in cerebral ischemia [20, 21]; however, the 

explorations of these effective compounds have only recently begun. 

Many oriental herbal/traditional plant medicines with antioxidative activities have been 

demonstrated to prevent and cure lifestyle-related diseases, including type 2 diabetes and its 

complications, in humans and animals. Ganoderma lucidum (G. lucidum) is a very popular medicinal 

fungus used in traditional Chinese medicine; it has an extensive variety of pharmacological activities 

responsible for its health benefits such as antioxidant, anticancer, anti-inflammatory, and 

immunomodulatory activities [30]. The functional food derived from this fungus, a water-soluble 

extract from the culture medium of G. lucidum mycelia (MAK) is a freeze-dried powder of a 

hot-water extract prepared from a solid culture medium composed of bagasse and defatted rice bran 

overgrown with G. lucidum mycelia; this food has a considerable background of 18 years of 
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contributing to the health of consumers. Our previous reports revealed that chronic oral pretreatment 

with MAK relieves an exacerbation of cerebral injury induced by middle cerebral artery occlusion 

(MCAO) and reperfusion in streptozotoicin (STZ)-induced type 1 diabetic rats [31, 32]. MAK 

suppressed the augmentation of oxidative stress and expression of a number of proinflammatory 

genes or proteins, such as TNF-α, interleukin (IL)-1β, cyclooxiganase (COX)-2, and 

myeloperoxidase (MPO) in the STZ-induced diabetic rat brain, and decreased apoptotic cell death 

induced by MCAO/reperfusion in the ischemic penumbra [32]. These results imply that the 

cerebroprotective effects of MAK are mainly attributed to its antioxidant and anti-inflammatory 

properties. However, its efficacy in the ischemic injury of the type 2 diabetic animal model 

associated with obesity and insulin resistance has not been estimated. Therefore, in the present study, 

we investigated the protective effects of chronic oral pretreatment of MAK on cerebral ischemia 

injury induced by hypoxia/ischemia (H/I) in genetically obese diabetic KKAy mice, a model of 

human metabolic disorders. In this study, we demonstrate that chronic pretreatment with MAK 

prevents H/I-induced enhancement of the expression of RIP3 and decreases necrototic cell death as 

well as apoptosis in KKAy mice.  

 

2. Materials and Methods 

2.1. Preparation of MAK 

MAK was prepared by Noda Shokkin-Kogyo Co., Ltd. (Chiba, Japan), as previously described [33]. 

G. lucidum mycelia were cultured in a solid culture medium composed of bagasse and defatted rice 

bran for approximately 3–4 months just before the formation of the fruit body. The whole culture 

medium with a dense growth of the mycelia was extracted with hot water, subjected to filter 

sterilization, and thereafter freeze-dried to obtain MAK. 

 

2.2. Animals and treatments 

Male KK-Ay/TaJcl mice (7 week old) were purchased from CLEA Japan, Inc. (Tokyo, Japan). Each 

mouse was separately caged under the temperature-controlled environment (23 ± 0.5°C) and relative 
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humidity (55% ± 10%) with a 12/12-h light–dark cycle. The mice were given a standard rodent 

chow (CE-2, CLEA Japan, Inc.) and water ad libitum. After acclimating for 1 week, the mice were 

divided into two groups; the MAK group, which were orally administered MAK (1 g/kg) dissolved 

in distilled water and the control group, which were administered only distilled water. A volume of 

0.05 mL/10 g body weight of the solutions was given via a stomach tube once daily during the next 

7 days. All experiments were performed in compliance with the Guiding Principles for the Care and 

Use of Laboratory Animals approved by the Japanese Pharmacological Society, and the guidelines 

were approved by the Ethics Committee on Animal Care and Animal Experimentation at the Josai 

University (number H23033). The number of animals used was kept to the minimum necessary for 

meaningful interpretation of the data. Animal discomfort was also minimized. 

 

2.3. Cerebral H/I 

At 9 weeks of age, KKAy mice were subjected to unilateral cerebral H/I (8% O2, balance N2, 20 min, 

36.0°C), as previously described [34]. Mice were anesthetized with 2% halothane and 30% O2 

balance air, a small incision was made in the neck, and the right carotid artery was isolated and 

double-ligated with a 4-0 surgical thread. After the incision was sutured, mice were allowed to 

recover mobility for access to food and water for 3 h. Then, the mice were exposed to systemic 

hypoxia for 20 min in a cylindrical glass chamber (10-cm diameter × 15.5-cm high) filled with 8% 

O2/balance N2, which was submerged in a 36.0°C water bath. The core body temperature of mice 

was maintained at 37.5–37.7°C. After the hypoxic exposure, mice were abruptly reoxygenated in the 

room air and returned to their cages with free access to food and water. The sham operation was 

given with the same manipulation without ligation of the right carotid artery and H/I to the 

control-sham and MAK-sham groups. All the mice were euthanized at 24 h after reoxygenation and 

the brain and plasma samples were collected. 

 

2.4. Systemic Oxidative Stress 

The serum levels of hydroperoxide as a marker of total oxidative stress were measured by an active 
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oxygen free radical autoanalyzer (Free Radical Elective Evaluator: F.R.E.E.) using the 

Diacron-Reactive Oxygen Metabolites (d-ROMs) test kit as previously reported [31-33, 35]. The 

results of the d-ROMs test were expressed in arbitrary units called “Carratelli units” (CARR U), 

where 1 CARR U corresponds to 0.08 mg/100 ml H2O2. F.R.E.E. and the kits were purchased from 

Diacron International s.r.l. (Grosseto, Italy). 

 

2.5. Rotarod performance test 

Impairments in motor coordination and balance in the mice were assessed by the accelerating 

rotarod test [36]. Mice were placed on a 3-cm diameter cylinder of the rotarod apparatus (MK-630B; 

Muromachi Kikai Co. Ltd., Tokyo, Japan) and accelerated from 4 to 40 rpm in 5 min. Trials began 

by placing the mouse on the rod and beginning the rotation. Each trial ended when the mouse fell off 

the rod and the latency was recorded. Mice were given five trials 2 days before H/I. Then the rotarod 

performance was tested for three trials 2 h before and 24 h after H/I.  

 

2.6. Neurological score 

Neurological evaluation was accomplished by a blinded observer before H/I and 24 h after H/I using 

the 18-point neurological scoring system [37]. This neurological score tests for spontaneous activity, 

motor impairments, and sensorial function. Severe impairments were graded 0 or 1 and no observed 

deficits were graded 3 (Table 1). 

 

2.7. Infarct size assessment [38, 8, 31, 32] 

At 24 h of reoxygenation, the mice were deeply anesthetized with halothane and decapitated. The 

brain was removed and cut into 2-mm coronal sections in a precooled mouse brain matrix. Slices 

were stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, St. Louis, MO, 

U.S.A) at 37°C for 20 min and then fixed with 10% formaldehyde (Wako Pure Chemical Industries, 

Ltd., Osaka, Japan). Infarct areas were determined using an image analysis system (Scion Image 

1.62) and were integrated to obtain the infarct volumes per brain. Corrected infarct volume (%) = 
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[left hemisphere volume − (right hemisphere volume − the infarct volume)]/left hemisphere volume 

× 100. 

 

2.8. O2
− production 

Intracellular O2
− generation in the hippocampal CA1 and CA2 and the somatosensory area of the 

cortex region was detected by dihydroethidium (DHE) staining [39, 8]. Coronal brain sections (8-μm 

tick) were incubated with DHE (10 μmol/l, Sigma-Aldrich) in 10 mM phosphate-buffered saline (pH 

7.4) for 30 min at 37°C. After washing and mounting the sections in slide glasses, three microscopic 

fields at the CA1 and CA2 of each hemisphere were captured using a laser scanning confocal 

microscope (FluoView FV1000, OLYMPUS Co. Ltd., Tokyo, Japan). The fluorescence intensity of 

oxidized DHE in each field was quantified using an imaging software (FV10-ASW 1.7, 

OLYMPUS). 

 

2.9. Hematoxylin & eosin (H&E) staining [38] 

Mice were anesthetized and transcardially perfused with 0.9% NaCl followed by 4% 

paraformaldehyde (PFA). Mice brains were then removed and post-fixed for 24 h in PFA at 4°C. 

Isolated brains were embedded in paraffin wax, sectioned (3–4-μm thick), and stained with H&E, 

sequentially. The sections were evaluated by scanning the ischemic penumbral areas of the cerebral 

cortex and hippocampus containing the CA1 and CA2 regions under low-power magnification (40×) 

and then confirmed under higher power magnification (100×, 200×, and 400×). All histopathological 

scoring and evaluation was performed by blind evaluation without knowledge of the treatment. 

Images were obtained under a microscope (Olympus BX51; Olympus, Tokyo, Japan) equipped with 

a DP72 digital camera (Olympus). 

 

2.10. TUNEL staining 

Apoptosis in the brain tissues was evaluated by the TUNEL method with the “Apoptosis in situ 

Detection Kit Wako” (Wako Laboratories) [8, 32], which is based on the TUNEL (Terminal 
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deoxynucleotidyl Transferase (TdT)-mediated dUTP nick end labeling) procedure, i.e., the addition 

of fluorescein-dUTP to 3′-terminals of apoptotically fragmented DNA with TdT, followed by 

immunochemical detection using anti-fluorescein antibody conjugated with horseradish peroxidase 

(POD) and 3-3′-diaminobenzidine tetrachloride (DAB) as a substrate. The coronal brain slices (8-μm 

thick) were lightly counterstained with hematoxylin and observed under a microscope (BX51W1, 

OLYMPUS). Quantification of TUNEL positive cells was achieved by cell counting in the 

hippocampal CA1 and CA2 as well as the penumbral cortex region affected by H/I [32, 40]. Three 

randomly chosen visual fields were counted in each region by an investigator without the knowledge 

of the experimental conditions. The percentage of apoptotic cells was calculated by the apoptotic 

index as the number of positive-staining nuclei by the total number of nuclei. 

 

2.11. Immunohistochemistry [32, 8] 

The brain was perfused with cold saline and fixed with phosphate buffer (pH 7.4) containing 4% 

formaldehyde. Coronal brain sections (8-μm thick) were incubated with blocking buffer (4% w/v, 

Block Ace; Dainippon Sumitomo Pharma Co. Ltd., Osaka, Japan) for 2 h. Slides were incubated 

with polyclonal rabbit anti-cleaved caspase-3 or RIP3 antibody (1:100, Abcam, Cambridge, UK) in 

1% w/v Block Ace overnight at 4°C. After washing with PBS, these were correspondingly incubated 

with Cy3-conjugated secondary antibody (1:100, Chemicon, Temecula, CA, USA) for 2 h at room 

temperature. Finally, nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI; Invitrogen, 

Carlsbad, CA, USA) for 15 min at room temperature, washed, and mounted using a mounting 

medium with 80% glycerol. Immunofluorescence was visualized using the fluorescence microscopy 

as described above. The percentage of cleaved caspase-3 positive cells was calculated as the number 

of the positive-staining nuclei to the total nuclei [32, 40]. Regarding RIP3, because a lower level of 

expression of this protein was observed in every cell hippocampus, the cells having an enhanced 

expression of RIP3 under a laser beam at constant intensity were determined as RIP3 positive. All 

histopathological scoring and evaluation was performed by blind evaluation without knowledge of 

the treatment. 
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2.12. Real-time PCR Analysis 

The temporal gene expression patterns of apoptotic markers (Bcl-2 and Bax) were evaluated by 

quantitative real-time RT-PCR analysis [41, 8, 32]. The total RNA from the ischemic penumbral 

cortex region at 6 or 24 h of reoxygenation was extracted with the RNeasy Micro Kit (QIAGEN, 

Hilden, Germany), according to the manufacturer’s instructions. Total RNA (0.5 μg) from each 

sample was reverse-transcribed with oligo dT and random hexamer primers using reverse 

transcriptase (PrimeScriptTM RT Enzyme Mix I, Takara RNA PCR Kit, Takara Biomedicals, Shiga, 

Japan). Real-time PCR was performed with 10 ng of cDNA and a pair of gene-specific primers 

(Takara Biomedicals) added to the SYBR Premix EX Taq (Takara Biomedicals) and subjected to 

PCR amplification in the iCycler iQ Real-Time Detection System (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA). The expression of β-actin was used to normalize cDNA levels. 

 

2.13. Statistical Analysis 

Statistical differences between the various groups were assessed with a one-way analysis of variance 

(ANOVA) followed by post hoc Tukey’s multiple-comparison test. Comparisons within groups were 

performed with a paired t-test. Neurological deficit scores were analyzed by the Kruskal–Wallis test, 

followed by the Mann–Whitney U test. 

 

3. Results 

3.1. Physiological characteristic parameters 

KKAy mice showed moderate hyperglycemia and obesity typical in the type 2 diabetic model. 

Treatment with MAK (0.3 or 1 g/kg) for 1 week did not affect the body weight gain and blood 

glucose level of the mice (Table 2). 

 

3.2. Effects of MAK on H/I-induced infarction and neurological deficits 

The infarction found in the TTC-stained coronal brain sections from the representative mice of each 
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group at 24 h of reoxygenation after H/I is shown in Figure 1A. The intact area of the tissue is 

stained with deep red originating from the mitochondrial activity of living cells, whereas the infarct 

area is pale pink. There was no apparent damage in the brain of sham-operated animals. In the 

control group, the infarction area was extended to the ipsilateral corpus striatum and the cortex 

during 24 h of reoxygenation after H/I. The corrected infract volume of the control mice was 33.1 ± 

10.8% in KKAy, which was markedly increased compared with the value we obtained in the other 

experiment using nondiabetic C57BL/6J mice (1.8% ± 1.3%). The enlargement of cerebral infarction 

in KKAy was alleviated in the MAK groups and the values of infarct volume in 0.3 and 1 g/kg MAK 

groups decreased by 29.2% and 76.4% from that of the control group, respectively (Fig. 1B). In the 

rotarod test, H/I and subsequent reoxygenation significantly impaired motor coordination and 

balance in the control group, whereas the sham-operation itself caused no deficit (Fig. 1C). 

Pretreatment with MAK significantly and dose-dependently suppressed the deficits in locomotive 

function. In particular, the mice pretreated with 1 g/kg of MAK showed a markedly improved 

performance. In accordance with the results from the rotarod test, a severe neurological deficit in the 

control group was revealed by an 18-point neurological scoring system (Fig. 1D). In contrast, the 

MAK (1 g/kg) group showed a better neurological score compared with the control group.  

 

3.3. Effects of MAK on neuronal cell death in the ischemic penumbra 

H&E staining of the ischemic penumbral region of the cortex (Fig. 2A & B) and hippocampal CA1 

region (Fig. 2C & D) was performed to assess the H/I-induced tissue damage. In both the 

sham-operated control and MAK groups, H&E staining showed no abnormal neuronal cells in the 

cortex (Fig. 2A) and hippocampus CA1 region (Fig. 2C). On the other hand, marked cell atrophy 

and vacuolation of the parenchyma caused by H/I were observed in the ischemic cerebral cortex (Fig. 

2A). The nuclei of the neurons were visibly shrunken, often angular with hypereosinophilic 

cytoplasm (arrow). As shown in Figure 2C, H/I caused serious pathological alterations in the 

ischemic hippocampal CA1 region. Nuclei of many remaining neurons were shrunken with 

eosinophilic cytoplasm. These exhibited the hallmark features of necrotic neurons (arrow). Several 
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atrophic neurons produced nuclear fragments, conceivable apoptotic bodies (white arrow). Abundant 

vacuolation (arrow head), indicating degeneration and collapse of nerve fiber projections of neurons, 

emerged in the hippocampus. MAK was able to ameliorate the abovementioned pathological 

changes both in cerebral cortex and hippocampus (Fig. 2B & D). 

 

3.4. Effects of MAK on oxidative stress in plasma and brain 

To assess the effects of MAK on H/I-induced systemic oxidative stress, serum levels of 

hydroperoxide in the control and MAK groups were measured by the d-ROMs test at 24 h of 

reoxygenation after H/I (Fig. 3A). H/I and reoxygenation significantly increased this parameter in 

the control group, which was absent in the MAK group. 

Intracellular O2
− generation induced by H/I in the penumbral cortex (Fig. 3B & C) and 

hippocampal CA1 region (Fig. 3D & E) was detected by histological staining with a fluorescent 

probe DHE. At 24 h of reoxygenation after H/I, O2
– generation was remarkably augmented in 

neuronal cells in the control brain and significantly suppressed in the MAK-treated brain. There was 

no difference in the amount of O2
− generation of the regions between control and MAK groups with 

sham operation.  

 

3.5. Effects of MAK on neuronal apoptosis 

TUNEL staining of the ischemic penumbral region of the cortex (Fig. 4A & B) and hippocampal 

CA1 region (Fig. 4C & D) was performed to determine nucleosomal DNA fragmentation 

accompanied by apoptotic cell death. In both the sham-operated control and the MAK groups, no 

TUNEL-positive cells were detected in the regions. The number of TUNEL-positive cells was 

increased in the control group by H/I and subsequent reoxygenation and remarkably suppressed by 

pretreatment with MAK. The activation level of caspase-3 which directly activates DNase in the 

apoptotic final process was determined by immunostaining for cleaved caspase-3, an activated form 

of this enzyme. Similar to the result of TUNEL staining, the number of cells expressing cleaved 

caspase-3 was remarkably increased by H/I and subsequent reoxygenation in the control group (Fig. 
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4E–H). Pretreatment with MAK significantly inhibited the caspase-3 activation induced by H/I and 

subsequent reoxygenation.  

 

3.6. Effects of MAK on gene expression of Bcl-2 and Bax 

The mRNA expression level of the apoptosis-related genes encoding Bcl-2 (Fig. 5A) and Bax (Fig. 

5B) in the penumbral cortex was quantified by real-time PCR. H/I and subsequent reoxygenation 

significantly decreased the expression level of Bcl-2 mRNA in the control group, whereas it did not 

change the level of Bcl-2 mRNA in the MAK group. On the other hand, the expression levels of Bax 

mRNA were not significantly different between groups. Therefore, the ratio of Bcl-2/Bax mRNA, 

which reflects a change in the balance between antiapoptosis and apoptosis-promoting genes, was 

significantly decreased in the control group compared with the sham-operated control group, 

whereas this ratio in the MAK group was almost equal to that of the sham-operated MAK group (Fig. 

5C). 

 

3.7. Effects of MAK on gene expression of RIP1 and RIP3 

The expression levels of RIP1 and RIP3 mRNA in the penumbral cortex for each group were 

quantified by real-time PCR. The expression of RIP1 mRNA showed no significant change by either 

H/I or MAK-treatment (Fig. 6A). On the other hand, H/I increased the expression level of RIP3 

mRNA, depending on the duration of reoxygenation (Fig. 6B). RIP3 mRNA upregulation was 

prevented by pretreatment with MAK.  

 

3.8. Effects of MAK on expression of RIP3 in the ischemic penumbra 

Figure 7 shows representative photographs of RIP3 immunostaining of the penumbral cortex and 

hippocampal CA1 region from each group. A lower level of the expression of RIP3 was observed in 

the cortex of control and MAK sham-operated groups. At 24 h of reoxygenation after H/I, the 

number of RIP3-positive cells that showed a markedly enhanced expression of RIP3 protein was 

increased both in the cortex (Fig. 7A & B) and CA1 (Fig. 7C & D) and significantly suppressed by 
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pretreatment with MAK.  

 

3.9. Effects of MAK on gene expression of TNF-α 

Because the process of necroptosis can be triggered by the TNF superfamily, we measured the 

expression levels of TNF-α mRNA in the penumbral cortex from each group (Fig. 8A). H/I 

markedly upregulated the gene expression of TNF-α in the control brain and upregulation was 

significantly suppressed by the pretreatment with MAK. The relative expression values of TNF-α 

mRNA were plotted versus those of RIP3 mRNA obtained from all individual penumbral cortices at 

6 (Fig. 8B) and 24 h (Fig. 8C) of reoxygenation, indicating a positive correlation between the 

expression values of TNF-α mRNA and those of RIP3 mRNA (correlation coefficient: 0.79 and 0.80 

for the data from 6 and 24 h after reoxygenation, respectively).   

 

4. Discussion 

In the present study, we demonstrated that 1-week oral pretreatment with MAK exerts moderate but 

significant protective effects against H/I-induced brain infarction and neurological deficits in type 2 

diabetic KKAy mice. MAK decreased the numbers of TUNEL- or cleaved caspase-3-positive cells in 

the penumbral cortex and hippocampus, suggesting that MAK can protect neuronal cells against 

H/I-induced apoptosis in type 2 diabetic mice. In addition, MAK markedly decreased necrotic cell 

atrophy and vacuolation, which was associated with a downregulated expression of RIP3, a key 

molecule of necroptosis, in the ischemic penumbra. These results suggest that chronic pretreatment 

with MAK exerts significant antiapoptotic and antinecroptotic effects in the ischemic brain of the 

type 2 diabetic mice.  

MAK has been used as a revitalizer for 18 years, and a number of studies have demonstrated its 

antitumor [42] and immunomodulating activities [43]. However, the mechanistic basis and active 

ingredients responsible for its pharmacological effects have not been well defined. MAK is 

composed of bagasse and defatted rice bran that is overgrown with G. lucidum mycelia, which are 

considered to contain various bioactive substances, including triterpenes, polysaccharides, 
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water-soluble lignin, and its degradation products such as syringic acid and vanilic acid. Our group 

has revealed that MAK exerts antioxidative activities in vitro [44] and in vivo [31-33, 44]. MAK 

shows antidiabetic effects by relieving oxidative stress in STZ-induced type 1 diabetic animals; 

MAK ameliorates lipid peroxidation and dysfunction of antioxidative enzymes (superoxide 

dismutase, catalase and glutathione peroxidase) in the brain [31], liver, and kidney [44] in diabetic 

animals. Furthermore, MAK prevents MCAO/reperfusion-induced apoptosis and inflammatory 

responses in neuronal cells and reduces the size of cerebral infarction [31, 32]. The safety of MAK 

has been confirmed by in vitro toxicological evaluation and animal toxicity studies, and there has 

been no report suggesting that MAK had potential acute or long-term toxicities in consumers in the 

past, supporting the assertion that 1 week treatment with 1 g/kg MAK used in the present study has 

little or no toxicity.  

Previous basic studies have demonstrated that both type 1 [6–8] and type 2 diabetes [9, 10] 

augment oxidative stress and aggravate ischemic injury in the brain. The augmentation of the 

intracellular glucose oxidation process and nonenzymatic glycation of protein molecules enhanced 

by diabetic hyperglycemia is considered to lead to the overproduction of ROS and oxidative damage 

of neurons, triggering the apoptotic process in the cells [7, 11, 45]. Apoptotic cell death in the 

ischemic penumbra has been demonstrably enhanced by diabetes and correlated with serum glucose 

[6]. Our current study showed that oral pretreatment with MAK suppressed H/I-induced 

enhancement of systemic oxidative stress, O2
− generation, and apoptotic cell death in the ischemic 

penumbra of KKAy mice, which could be attributed to the improved antioxidant status and reduced 

oxidative stress in the diabetic state. We observed that MAK decreased H/I-induced neuronal cell 

death in KKAy mice without any significant effects on body weight gain or blood glucose, 

confirming that the cerebroprotective effects of MAK could be due to its antioxidant activity.  

Mitochondria play an essential role in cerebral ischemia with diabetes [46]. Hyperglycemia has 

been suggested to impair mitochondrial functions and induce excess ROS production, leading 

neuronal cells to apoptosis. Mitochondrial-formed oxidants are mediators of molecular signaling in 

the mitochondria-dependent intrinsic apoptosis pathway involving cytochrome c release from the 
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mitochondria into the cytosol as a crucial process [47]. In this pathway, a proapoptotic factor Bax 

protein increases the permeability of the mitochondrial membrane by translocation from the 

cytoplasm to the membrane and initiates cytochrome c release; Bcl-2 is an antiapoptotic protein 

which counteracts Bax, binding to the outer mitochondrial membrane, maintaining membrane 

integrity, and enhancing cell survival [48, 49]. Therefore, the Bcl-2/Bax ratio can be taken as an 

index responsible for the execution of mitochondria-dependent apoptosis. In our study, the 

Bcl-2/Bax mRNA ratio was increased by H/I, suggesting that H/I caused mitochondrial dysfunction 

by mitochondrial-generated ROS accumulation in the cells. Pretreatment with MAK increased the 

levels of antiapoptotic Bcl-2 mRNA and the Bcl-2/Bax mRNA ratio. MAK also markedly decreased 

the number of cells overexpressing activated caspase-3, the executioner of apoptosis in the ischemic 

penumbral regions [48]. In addition, we showed that MAK prevented the H/I-induced increase in 

TNF-α mRNA expression in the penumbral cortex. The extrinsic pathway of apoptosis, triggered by 

the activation of the TNF superfamily cell-death receptors, which recruits other proteins to form a 

complex that ultimately activates caspase-3, has been clarified [50]. Overall, our present results 

suggest that MAK inhibits apoptotic cell death in the ischemic penumbra by concomitant inhibition 

of intrinsic and extrinsic pathways of apoptosis, presumably via an increase in the Bcl-2/Bax ratio 

and suppression of the expression of TNF-α. 

In the exacerbation mechanisms of post-stroke brain damage with diabetes, a magnified 

inflammation and associated uncontrolled necrotic cell death are critically involved [15]. H&E 

staining revealed that MAK markedly decreased necrotic cell death, induced by H/I and 

reoxygenation, in the penumbral cortex and hippocampus. Necrotic cell death facilitates 

inflammatory responses during the acute period after ischemia because necrotic cells rapidly lose 

plasma membrane, which leads to the release of immunostimulatory adjuvants such as high-mobility 

group box protein 1 from the cells, triggering inflammation storm [51]. This necrosis was considered 

to occur incidentally and to be uncontrolable, until necroptosis, a novel type of programmed and 

controllable necrosis extrinsically triggered by the TNF superfamily, became recognized [19]. For 

the execution of necroptosis, the kinase activity of RIP3 is required [26, 27]. Several groups have 
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demonstrated that the ischemic condition upregulates the expression of RIP3 in neurons [28, 21]. 

Vieira et al. [28] have shown that RIP3 knock-down suppresses the oxygen-glucose 

deprivation-induced necroptosis whereas RIP3 overexpression enhances the cell death in 

hippocampal culture neurons, suggesting an involvement of regulation of the expression of RIP3 in 

necroptosis pathway. Therefore, we investigated the effects of MAK on the expression of RIP3 in 

the ischemic penumbral regions. Immunohistochemistry revealed that H/I and subsequent 

reoxygenation upregulated the expression of RIP3 in both the cortex and hippocampus. This was 

compatible with the data showing an upregulation in gene expression of RIP3. We observed that 

pretreatment with MAK prevented the H/I-induced RIP3 mRNA and protein upregulation in the 

ischemic penumbra. Furthermore, we found that the gene expression levels of TNF-α and RIP3 were 

positively correlated, suggesting that TNF-α could positively regulate RIP3 transcription. MAK may 

alleviate the H/I-induced RIP3 upregulation via a TNF-α downregulation in the neuronal cells of the 

ischemic penumbra. Accumulated adipose tissue-induced dysregulated production of adipocytokines 

occurring in visceral obesity associated with type 2 diabetes has been reported to induce the 

production of proinflammatory cytokines, including TNF-α, and augment oxidative stress via the 

dysregulation of adipose tissue function [12, 13]. Previously, we indicated that pretreatment with 

MAK suppresses focal cerebral ischemia-induced activation of nuclear factor (NF)-κB, a 

transcription factor responsible for inflammation leading to abundant TNF production in microglia, 

and decreased expression of TNF-α, IL-1β, COX-2, and MPO in the cells of the type 1 diabetic rat 

brain [32]. Recently, a study has shown that G. lucidum fungus mixture obtained by nearly the same 

preparation method as that of MAK suppresses the expression of TNF-α in the hippocampus after 

MCAO/reperfusion in rats [52], which is consistent with our findings. Other studies have reported 

that polysaccharides [53] and triterpenes [54] extracted from the G. lucidum fruit body suppress 

lipopolysaccharide-induced expression of inflammatory mediators via an inhibition of NF-κB 

activity. Therefore, one possibility is that MAK inhibits inflammatory responses via inhibition of 

monocyte activation. Further experiments are needed to elucidate more detailed neuroprotective 

mechanisms of MAK and identify its active ingredients. 
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5. Conclusions 

In conclusion, chronic treatment with MAK prevents necrototic cell death as well as apoptosis 

induced by H/I in KKAy mice brain, which may be attributed to its antioxidant and 

anti-inflammatory activities. MAK downregulates TNF-α in the ischemic penumbra, which may 

abrogate RIP3 upregulation and prevent the neuronal necroptosis.   

 

Conflict of Interests  

The authors declare that there is no conflict of interests regarding the publication of this paper. 

 

Acknowledgments 

This study was supported by Grants-in-Aid for Scientific Research from the Japan Society for the 

Promotion of Science (No. 23790750 and 25460910). 

 

Authors’ contributions 

MO and YH conceived the project and supervised the study. MX designed the experimental protocol 

and conducted the experiments. NI, HM, and TS analyzed the data. SK wrote the first draft of the 

manuscript. SA helped to analyze the histological data. YM and HI prepared a water-soluble extract 

from the culture medium of G. lucidum mycelia. MO evaluated the results and wrote the final draft 

of this manuscript. All of the authors have approved the final manuscript. 

 

References 

1. J. E. Shaw, R. A. Sicree, and P. Z. Zimmet, “Global estimates of the prevalence of diabetes for 

2010 and 2030,” Diabetes Research and Clinical Practice, vol. 87, no. 1, pp. 4-14, 2010. 

2. M. A. Potenza, S. Gagliardi, C. Nacci, M. R. Carratu, and M. Montagnani, “Endothelial 

dysfunction in diabetes: From mechanisms to therapeutic targets,” Current Medicinal Chemistry, 

vol. 16, no. 1, pp. 94-112, 2009. 



 

 19 

3. S. E. Capes, D. Hunt, K. Malmberg, P. Pathak, and H. C. Gerstein, “Stress hyperglycemia and 

prognosis of stroke in nondiabetic and diabetic patients: A systematic overview,” Stroke, vol. 32, 

no. 10, pp. 2426-2432, 2001. 

4. W. A. Pulsinelli, D. E. Levy, B. Sigsbee, P. Scherer, and F. Plum, “Increased damage after 

ischemic stroke in patients with hyperglycemia with or without established diabetes mellitus,” 

The American Journal of Medicine, vol. 74, no. 4, pp. 540-544, 1983. 

5. A. Tuttolomondo, A. Pinto, G. Salemi, D. Di Raimondo, R. Di Sciacca, P. Fernandez, P. Ragonese, 

G. Savettieri, and G. Licata, “Diabetic and non-diabetic subjects with ischemic stroke: differences, 

subtype distribution and outcome,” Nutrition, Metabolism and Cardiovascular Diseases, vol. 18, 

no. 2, pp. 152-157, 2008.  

6. Z. G. Li, M. Britton, A. A. Sima, and J. C. Dunbar, “Diabetes enhances apoptosis induced by 

cerebral ischemia,” Life Sciences, vol. 76, no. 3, pp. 249-262, 2004. 

7. N. N. Rizk, J. Rafols, and J. C. Dunbar, “Cerebral ischemia induced apoptosis and necrosis in 

normal and diabetic rats,” Brain Research, vol. 1053, no. 1-2, pp. 1-9, 2005. 

8. N. Iwata, M. Okazaki, M. Xuan, S. Kamiuchi, H. Matsuzaki, and Y. Hibino, “Orally administrated 

ascorbic acid suppresses neuronal damage and modifies expression of SVCT2 and GLUT1 in the 

brain of diabetic rats with cerebral ischemia-reperfusion,” Nutrients, vol. 6, no. 4, pp. 1554-1577, 

2014. 

9. K. Tureyen, K. Bowen, J. Liang, R. J. Dempsey, and R. Vemuganti, “Exacerbated brain damage, 

edema and inflammation in type-2 diabetic mice subjected to focal ischemia,” Journal of 

Neurochemistry, vol. 116, no. 4, pp. 499-507, 2011. 

10. A. Sakata, M. Mogi, J. Iwanami, K. Tsukuda, L. Min, F. Jing, M. Iwai, M. Ito, and M. Horiuchi, 

“Female exhibited severe cognitive impairment in type 2 diabetes mellitus mice,” Life Science, 

vol. 86, no. 17-18, pp. 638-645, 2010. 

11. R. Tsuruta, M. Fujita, T. Ono, Y. Koda, Y. Koga, T. Yamamoto, M. Nanba, M. Shitara, S. 

Kasaoka, I. Maruyama, M. Yuasa, and T. Maekawa, “Hyperglycemia enhances excessive 

superoxide anion radical generation, oxidative stress, early inflammation, and endothelial injury 



 

 20 

in forebrain ischemia/reperfusion rats,” Brain Research, vol. 1309, pp. 155-163, 2010. 

12. M. Y. Donath, and S. E. Shoelson, “Type 2 diabetes as an inflammatory disease,” Nature 

Reviews Immunology, vol. 11, no. 2, pp. 98-107, 2011. 

13. G. Fantuzzi, “Adipose tissue, adipokines, and inflammation,” Journal of Allergy and Clinical 

Immunology, vol. 115, no. 5, pp. 911-920, 2005. 

14. A. Saito, C. M. Maier, P. Narasimhan, T. Nishi, Y. S. Song, F. Yu, J. Liu, Y. S. Lee, C. Nito, H. 

Kamada, R. L. Dodd, L. B. Hsieh, B. Hassid, E. E. Kim, M. González, and P. H. Chan, 

“Oxidative stress and neuronal death/survival signaling in cerebral ischemia,” Molecular 

Neurobiology, vol. 31, no. 1-3, pp. 105-116, 2005. 

15. K. P. Doyle, R. P. Simon, and M. P. Stenzel-Poore, “Mechanisms of ischemic brain damage,” 

Neuropharmacology, vol. 55, no. 3, pp. 310-318, 2008.  

16. K. A. Hossmann, “Viability thresholds and the penumbra of focal ischemia,” Ann Neurol, vol. 36, 

no. 4, pp. 557-565, 1994. 

17. C. Li, and R. M. Jackson, “Reactive species mechanisms of cellular hypoxia-reoxygenation 

injury,” American Journal of Physiology - Cell Physiology, vol. 282, no. 251-252, pp. C227-241, 

2002. 

18. S. Cuzzocrea, D. P. Riley, A. P. Caputi, and D. Salvemini, “Antioxidant therapy: a new 

pharmacological approach in shock, inflammation, and ischemia/reperfusion injury,” 

Pharmacological Rreviews, vol. 53, No. 1, pp. 135-159, 2001. 

19. A. Degterev, Z. Huang, M. Boyce, Y. Li, P. Jagtap, N. Mizushima, G. D. Cuny, T. J. Mitchison, M. 

A. Moskowitz, and J. Yuan, “Chemical inhibitor of nonapoptotic cell death with therapeutic 

potential for ischemic brain injury,” Nature Chemical Biology, vol. 1, No. 2, pp. 112-119, 2005. 

20. X. Xu, K. W. Chua, C. C. Chua, C. F. Liu, R. C. Hamdy, and B. H. Chua, “Synergistic protective 

effects of humanin and necrostatin-1 on hypoxia and ischemia/reperfusion injury,” Brain 

Research, vol. 1355, pp. 189-194, 2010. 

21. Y. Wang, H. Wang, Y. Tao, S. Zhang, J. Wang, and X. Feng, “Necroptosis inhibitor necrostatin-1 

promotes cell protection and physiological function in traumatic spinal cord injury,” 



 

 21 

Neuroscience, vol. 266, pp. 91-101, 2014. 

22. J. W. Upton, W. J. Kaiser, and E. S. Mocarski, “Virus inhibition of RIP3-dependent necrosis,” 

Cell Host and Microbe, vol. 7, no. 4, pp. 302-313, 2010. 

23. P. Vandenabeele, L. Galluzzi, T. Vanden Berghe, and G. Kroemer, “Molecular mechanisms of 

necroptosis: An ordered cellular explosion,” Nature Reviews Molecular Cell Biology, vol. 11, no. 

10, pp. 700-714, 2010. 

24. S. Challa, and F. K. Chan, “Going up in flames: Necrotic cell injury and inflammatory diseases,” 

Cellular and Molecular Life Sciences, vol. 67, no. 19, pp. 3241-3253, 2010. 

25. P. Vandenabeele, W. Declercq, F. Van Herreweghe, and T. Vanden Berghe, “The role of the 

kinases RIP1 and RIP3 in TNF-induced necrosis,” Science Signaling, vol. 3, no. 115, 2010. 

26. Y. S. Cho, S. Challa, D. Moquin, R. Genga, T. D. Ray, M. Guildford, and F. K. Chan,  

“Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates programmed necrosis 

and virus-induced inflammation,” Cell, vol. 137, no. 6, pp. 1112-1123, 2009. 

27. S. He, L. Wang, L. Miao, T. Wang, F. Du, L. Zhao, and X. Wang, “Receptor interacting protein 

kinase-3 determines cellular necrotic response to TNF-α,” Cell, vol. 137, no. 6, pp. 1100-1111, 

2009. 

28. M. Vieira, J. Fernandes, L. Carreto, B. Anuncibay-Soto, M. Santos, J. Han, A. Fernández-López, 

C. B. Duarte, A. L. Carvalho, and A. E. Santos, “Ischemic insults induce necroptotic cell death in 

hippocampal neurons through the up-regulation of endogenous RIP3,” Neurobiology of Disease, 

vol. 68, pp. 26-36, 2014. 

29. D. Zhang, J. Shao, J. Lin, N. Zhang, B. Lu, S. Lin, M. Dong, and J. Han, “RIP3, an energy 

metabolism regulator that switches TNF-induced cell death from apoptosis to necrosis,” Science, 

vol. 325, no. 5938, pp. 332-336, 2009. 

30. B. Sanodiya, G. Thakur, R. Baghel, G. Prasad, and P. Bisen, “Ganoderma lucidum: A Potent 

Pharmacological Macrofungus,” Current Pharmaceutical Biotechnology, vol. 10, pp. 717-742, 

2009. 

31. N. Iwata, M. Okazaki, C. Kasahara, S. Kamiuchi, F. Suzuki, H. Iizuka, and Y. Hibino, 



 

 22 

“Protective Effects of a Water-soluble Extract from Culture Medium of Ganoderma lucidum 

Mycelia against Neuronal Damage after Cerebral Ischemia/Reperfusion in Diabetic Rats,” 

Journal of the Japanese Society for Food Science and Technology, vol. 61, pp. 119-127, 2008. 

32. N. Iwata, M. Okazaki, R. Nakano, C. Kasahara, S. Kamiuchi, F. Suzuki, H. Iizuka, H. Matsuzaki, 

and Y. Hibino, “Diabetes-mediated exacerbation of neuronal damage and inflammation after 

cerebral ischemia in rat: Protective effects of water-soluble extract from culture medium of 

Ganoderma lucidum mycelia, In Advances in the Preclinical Study of Ischemic Stroke, edited by 

Maurizio Balestrino,” InTech, pp. 215-240, 2012. 

33. H. Matsuzaki, Y. Shimizu, N. Iwata, S. Kamiuchi, F. Suzuki, H. Iizuka, Y. Hibino, and M. 

Okazaki, “Antidepressant-like effects of a water-soluble extract from the culture medium of 

Ganoderma lucidum mycelia in rats,” BMC Complementary and Alternative Medicine, vol. 13, 

no. 370, 2013. 

34. S. J. Vannucci, L. B. Willing, S. Goto, N. J. Alkayed, R. M. Brucklacher, T. L. Wood, J. 

Towfighi, P. D. Hurn, and I. A. Simpson, “Experimental stroke in the female diabetic, db/db, 

mouse,” Journal of Cerebral Blood Flow and Metabolism, vol. 21, no. 1, pp. 52-60, 2001. 

35. R. Trotti, M. Carratelli, and M. Barbieri, “Performance and clinical application of a new, fast 

method for the detection of hydroperoxides in serum,” Panminerva Medica, vol. 44, no. 1, pp. 

37-40, 2002. 

36. T. Tsubokawa, V. Jadhav, I. Solaroglu, Y. Shiokawa, Y. Konishi, and J. H. Zhang, “Lecithinized 

superoxide dismutase improves outcomes and attenuates focal cerebral ischemic injury via 

antiapoptotic mechanisms in rats,” Stroke, vol. 38, No. 3, pp. 1057-1062, 2007. 

37. B. Sunyer, S. Patil, C. Frischer, H. Hoeger, and G. Lubec, “Strain-dependent effects of cognitive 

enhancers in the mouse,” Amino Acids, vol. 34, no. 3, pp. 485-495, 2008. 

38. J. B. Bederson, L. H. Pitts, S. M. Germano, M. C. Nishimura, R. L. Davis, and H. M. Bartkowski, 

“Evaluation of 2,3,5-triphenyltetrazolium chloride as a stain for detection and quantification of 

experimental cerebral infarction in rats,” Stroke, vol. 17, no. 6, pp. 1304-1308, 1986.  

39. S. Dayal, E. Arning, T. Bottiglieri, R. H. Böger, C. D. Sigmund, F. M. Faraci, S. R. Lentz, 



 

 23 

“Cerebral vascular dysfunction mediated by superoxide in hyperhomocysteinemic mice,” Stroke, 

vol. 35, no. 8, pp. 1957-1962, 2004. 

40. S. J. Guyenet, H. T. Nguyen, B. H. Hwang, M. W. Schwartz, D. G. Baskin, and J. P. Thaler, 

“High-fat diet feeding causes rapid, non-apoptotic cleavage of caspase-3 in astrocytes,” Brain 

Research, vol. 1512, pp. 97-105, 2013. 

41. J. Song, X. Teng, Y. Cai, C. Tang, and Y. Qi, “Activation of Akt/GSK-3β signaling pathway is 

involved in intermedin1-53 protection against myocardial apoptosis induced by 

ischemia/reperfusion,” Apoptosis, vol. 14, no. 11, pp. 1299-1307, 2009. 

42. N. Kubo, Y. Myojin, F. Shimamoto, N. Kashimoto, E. Kyo, K. Kamiya, and H. Watanabe, 

“Protective effects of a water-soluble extract from cultured medium of Ganoderma lucidum 

(Rei-shi) mycelia and Agaricus blazei murill against X-irradiation in B6C3F1 mice: Increased 

small intestinal crypt survival and prolongation of average time to animal,” International Journal 

of Molecular Medicine, vol. 15, pp. 401–416, 2005. 

43. I. Nakagawa, Y. Hibino, Y. Ohashi, and N. Suga, “Augmentation of cytolytic activity of mouse 

splenic cells by a heteroglycan-protein fraction from culture medium of Ganoderma lucidum 

(Rei-shi) mycelia,” Biotherapy, vol. 13, No. 5, pp. 513-515, 1999. 

44. M. Okazaki, A. Tanaka, Y. Hatta, Y. Kawahara, S. Kamiuchi, N. Iwata, S. Asano, F. Suzuki, H. 

Iizuka, and Y. Hibino, “Antioxidant Properties of a Water-soluble Extract from Culture Medium 

of Ganoderma lucidum (Rei-shi) Mycelia and Antidiabetic Effects in Streptozotocin-treated 

Mice,” Japanese Journal of Complementary and Alternative Medicine, vol. 5, pp. 209–218, 2008. 

45. P. A. Li, G. J. Liu, Q. P. He, R. A. Floyd, and B. K. Siesjö, “Production of hydroxyl free radical 

by brain tissues in hyperglycemic rats subjected to transient forebrain ischemia,” Free Radical 

Biology & Medicine, vol. 27, No. 9-10, pp. 1033-1040, 1999. 

46. A. P. Rolo, and C. M. Palmeira, “Diabetes and mitochondrial function: Role of hyperglycemia 

and oxidative stress,” Toxicology and Applied Pharmacology, vol. 212, no. 2, pp. 167-178, 2006. 

47. K. Niizuma, H. Yoshioka, H. Chen, G. S. Kim, J. E. Jung, M. Katsu, N. Okami, and P. H. Chan, 

“Mitochondrial and apoptotic neuronal death signaling pathways in cerebral ischemia,” 



 

 24 

Biochimica Et Biophysica Acta - Molecular Basis of Disease, vol. 1802, no. 1, pp. 92-99, 2010. 

48. D. Brenner, and T. W. Mak, “Mitochondrial cell death effectors,” Current Opinion in cell Biology, 

vol. 21, no. 6, pp. 871-877, 2009. 

49. Y. Tsujimoto, and S. Shimizu, “Role of the mitochondrial membrane permeability transition in 

cell death,” Apoptosis, vol. 12, no. 5, pp. 835-840, 2007. 

50. O. Micheau, and J. Tschopp, “Induction of TNF receptor I-mediated apoptosis via two sequential 

signaling complexes,” Cell, vol. 114, no. 2, pp. 181-190, 2003. 

51. G. Faraco, S. Fossati, M. E. Bianchi, M. Patrone, M. Pedrazzi, B. Sparatore, F. Moroni, and A. 

Chiarugi, “High mobility group box 1 protein is released by neural cells upon different stresses 

and worsens ischemic neurodegeneration in vitro and in vivo,” Journal of Neurochemistry, vol. 

103, no. 2, pp. 590-603, 2007. 

52. W. X. Zhang, Q. L. Zhang, W. Deng, Y. L. Li, G. Q. Xing, X. J. Shi, and Y. F. Du, 

“Neuroprotective effect of pretreatment with Ganoderma lucidum in cerebral 

ischemia/reperfusion injury in rat hippocampus,” Neural Regeneration Research, vol. 9, no. 15, 

pp. 1446-1452. 2014. 

53. C. Y. Lin, Y. H. Chen, C. Y. Lin, H. Y. Hsu, S. H. Wang, C. J. Liang, I. I. Kuan, P. J. Wu, P. Y. Pai, 

C. C. Wu, and Y. L. Chen, “Ganoderma lucidum polysaccharides attenuate endotoxin-induced 

intercellular cell adhesion molecule-1 expression in cultured smooth muscle cells and in the 

neointima in mice,” Journal of Agricultural and Food Chemistry, vol. 58, no. 17, pp. 9563-9571, 

2010. 

54. S. Dudhgaonkar, A. Thyagarajan, and D. Sliva, “Suppression of the inflammatory response by 

triterpenes isolated from the mushroom Ganoderma lucidum,” International 

Immunopharmacology, vol. 9, no. 11, pp. 1272-1280, 2009. 

 



 

 25 

Figure legends 

Fig. 1 Effects of chronic pretreatment with MAK on H/I-induced infarction and neurological 

deficits  

(A) Representative data of triphenyltetrazolium chloride (TTC) staining from the coronal brain 

sections at 24 h of reoxygenation after H/I in the mice. Scale bar = 1 mm. (B) The infarction volume 

was determined using an image analysis system. Throughout, the data are represented as means ± 

S.D.; n = 6–10 in each group. ***P < 0.001 compared with the sham-operated control group, ††, †††P 

< 0.01, 0.001. (C) Motor coordination and balance at 24 h of reoxygenation after H/I was assessed 

by the rotarod performance test in the mice. *, ***P < 0.05, 0.001 compared with the respective 

sham-operated groups. †††P < 0.001 compared with the H/I-treated control group. (D) Neurological 

deficits were assessed using the 18-point neurological scoring system consisting of the neurological 

scoring index (Table 1) at 24 h of reoxygenation after H/I in the mice. The score for each mouse was 

summed for all five individual test scores. The maximum neurological score of a normal mouse with 

no deficit is 18. ***P < 0.001 compared with the respective sham-operated groups. †††P < 0.001 

compared with the H/I-treated control group. 

 

Fig. 2 Effects of chronic pretreatment with MAK on neuronal cell death in the ischemic 

penumbra 

Representative photographs obtained by H&E staining from the coronal brain sections, including the 

ischemic penumbral cortex (A) and hippocampus CA1 region (C) at 24 h of reoxygenation after H/I 

in the mice.; arrow: necrotic neuron with shrunken, often angular nucleus with hypereosinophilic 

cytoplasm, white arrow: apoptotic neuron with fragmented nucleus, arrow head: vacuolation. The 

severity of the histopathological findings (upper panels: necrotic cell death, lower panels: 

vacuolation of the regions) in the ischemic penumbral cortex (B) and hippocampus CA1 region (D) 

were scored as (0) normal, (1) minimal, (2) mild, (3) moderate, and (4) marked; n = 4–5 in each 

group. 
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Fig. 3 Effects of chronic pretreatment with MAK on systemic and cerebral oxidative stress 

after H/I 

(A) The levels of total plasma oxidative stress before H/I and at 24 h of reoxygenation in each group 

were determined by the d-ROMs test.; n = 6–10 in each group. **P < 0.01 compared with the 

control group before H/I, †P < 0.05 compared with the control group after H/I. Representative data 

of DHE staining for superoxide production at 24 h of reoxygenation after H/I in the penumbral 

cortex (B) and hippocampal CA1 region (D) from the mice in each group. Scale bar = 50 μm. 

Fluorescence intensity of the oxidized DHE was quantified using imaging software in the penumbral 

cortex (C) and hippocampal CA1 region (E). The values of fluorescence intensity of each group are 

represented as means ± S.D. relative to those of the cortex in the control group; n = 3–5. **, ***P < 

0.01, 0.001 compared with the sham-operated control group, †P < 0.05 compared with the 

H/I-treated control group.  

 

Fig. 4 Effects of chronic pretreatment with MAK on apoptotic cell death in the ischemic 

penumbral regions 

Representative photographs of TUNEL staining and cleaved caspase-3 immunostaining at 24 h of 

reoxygenation after H/I in the penumbral cortex (A), (E) and hippocampal CA1 region (C), (G) from 

the mice in each group. Scale bar = 50 μm. Quantification of the number of TUNEL-positive (arrow 

heads) or cleaved caspase-3 positive cells was achieved by cell counting in the penumbral cortex (B), 

(F) and hippocampal CA1 region (D), (H). Throughout, data are represented as means ± S.D. n = 

3–5. ***P < 0.001 compared with the respective sham-operated groups. †, ††P < 0.05, 0.01 compared 

with the H/I-treated control group. 

 

Fig. 5 Effects of chronic pretreatment with MAK on expression of apoptosis factors gene 

expression after H/I 

Expression levels of Bcl-2 (A) and Bax (B) mRNA after H/I at 24 h of reoxygenation after H/I in the 

penumbral cortex from the mice in each group, determined by real-time RT-PCR analysis. (C) The 



 

 27 

Bcl-2/Bax ratio was calculated.; n = 6–7 in each group. *, ***P < 0.05, 0.001 compared with the 

sham-operated control group, †, †† P < 0.05, 0.01 compared with the H/I-treated control group. 

 

Fig. 6 Effects of chronic pretreatment with MAK on the expression of necroptotic factor gene 

expression after H/I 

Expression levels of RIP1 (A) and RIP3 (B) mRNA at 6 (Post 6 h) or 24 h (Post 24 h) of 

reoxygenation after H/I in the penumbral cortex from the mice in each group, determined by 

real-time RT-PCR analysis.; n = 6–10 in each group. **, ***P < 0.01, 0.001. ††P < 0.01 compared 

with the H/I-treated control group. 

 

 

Fig. 7 Effects of chronic pretreatment with MAK on RIP3 expression in the ischemic 

penumbral regions 

(A) Representative photographs of RIP3 immunostaining at 24 h of reoxygenation after H/I in the 

penumbral cortex (A) and hippocampal CA1 region (C) from the mice in each group. Scale bar = 50 

μm. Quantification of the number of RIP3 positive cells was achieved by cell counting in the 

penumbral cortex (B) and hippocampal CA1 region (D) from the mice in each group. Throughout, 

data are represented as means ± S.D. from 3–5 mice in each group. ***P < 0.001 compared with the 

respective sham-operated groups. † P < 0.05 compared with the H/I-treated control group. 

 

Fig. 8 Effects of chronic pretreatment with MAK on expression of TNF-α gene expression after 

H/I 

(A) Expression levels of TNF-α mRNA at 6 (Post 6 h) or 24 h (Post 24 h) of reoxygenation after H/I 

in the penumbral cortex from the mice in each group, determined by real-time RT-PCR analysis; n = 

6–7 in each group. *, **, ***P < 0.05, 0.01, 0.001 compared with the respective sham-operated 

groups. †† P < 0.01 compared with the H/I-treated control group. The relative expression values of 

TNF-α mRNA was plotted versus those of RIP3 mRNA obtained from all individual penumbral 
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cortices at 6 (B) and 24 h (C) of reoxygenation after H/I. The data were pooled from the control 

(open circles) and MAK-pretreated (closed circles) mice. 
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Table 1. Neurological Scoring Index [37] 

 Scores 
 0 1 2 3 

Spontaneous activity, 
3 min No movement Slight movement 

Touches 1-2 
sides of the 

cage 

Touches 3-4 sides of 
the cage 

Symmetry of 
movement, right 

forelimb and hind 
limb 

Total 
asymmetry 

Near-total 
asymmetry 

Mild 
asymmetry Complete symmetry 

Floor walking No walking Walks only in 
circles 

Curvilinear 
path Straight path 

Beam walking Falls off the 
beam Hugs the beam Stands on the 

beam Walks on the beam 

Response to vibrissae 
touch  No response Weak 

response 

Symmetrical response 
as compared to 
unaffected side 

Side stroking  No response Weak 
response 

Symmetrical response 
as compared to 
unaffected side 

 

 

Table 2. Body weight, feed intake, and blood glucose in mice during MAK treatment 

Group 
Body weight (g) 

 
Feed intake (g) 

 
Blood glucose (mg/dL) 

Day 0 Day 7   Day 0 Day 7   Day 0 Day 7 

Control (H2O) 37.2 ± 1.3 38.4 ± 1.5   6.0 ± 0.8 6.3 ± 0.6   350 ± 119 383 ±103 

MAK 0.3 g/kg 37.6 ± 1.3 37.5 ± 1.9 
 

6.1 ± 0.6 6.3 ± 0.6 
 

375 ± 193 358 ± 133 

MAK 1 g /kg 37.1 ± 1.1 37.7 ± 1.1   6.3 ± 0.6 6.2 ± 0.6   352 ± 116 346 ± 97 

 
Results are the mean ± S.E.M. The number of mice per group was: control group, n = 10; MAK (0.3 
g/kg)-treated group, n = 6; MAK (1 g/kg)-treated group, n = 9. 
 

  



Fig. 1 

*** P < 0.001 vs. the respective sham groups. 
††† P < 0.001 vs. Control-H/I. n=6-10. 
  

*, *** P < 0.05, 0.001 vs. the respective sham groups. 
††† P < 0.001 vs. Control-H/I. n=6-10. 
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Fig. 2 
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Fig. 2 
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Fig. 3 

** P < 0.01 vs. Control-Before H/I.  
† P < 0.05 vs. Control-After H/I. n=6-10. 
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*** P < 0.001 vs. Control-Sham. 
† P < 0.05 vs. Control-H/I. n=3-5. 

Fig. 3 

（B） Cortex 

R
e
la

ti
ve

 f
lu

o
re

sc
e
n
c
e
 i
n
te

n
si

ty
  

fo
r 

o
xi

di
ze

d 
D

H
E
 

Control 

MAK 

（C） Cortex 

0 

1 

2 

*** 

† 

Sham H/I 

50 µm  

Control MAK 

Sham 

H/I 



** P < 0.01 vs. Control-Sham. 
† P < 0.05 vs. Control-H/I. n=3-5. 
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*** P < 0.001 vs. the respective sham groups. 
†† P < 0.01 vs. Control-H/I. n=3-5. 

Fig. 4 
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*** P < 0.001 vs. the respective sham groups. 
†† P < 0.01 vs. Control-H/I. n=3-5. 

Fig. 4 

（C） CA1 

Control 

MAK 

0 

20 

40 

60 

80 

100 

T
U

N
E
L
 p

o
si

ti
ve

 c
e
lls

 (
%
) 

（D） CA1 

†† 

*** 
 

*** 
 

H/I Sham 

Control MAK 

Sham 

H/I 

50 µm  



*** P < 0.001 vs. the respective Sham groups. 
†† P < 0.01 vs. Control-H/I. n=3-5. 
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***  P < 0.001 vs. the respective sham groups. 
† P < 0.05 vs. Control-H/I. n=3-5. 
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**, *** P < 0.01, 0.001. 
†† P < 0.01 vs. Control-Post 24 h . n=6-10. 
 
 
 

Fig. 6 
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Fig. 7 

*** P < 0.001 vs. the respective sham groups. 
† P < 0.05 vs. Control-H/I. n=3-5. 
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*** P < 0.001 vs. the respective sham groups. 
† P < 0.05 vs. Control-H/I. n=3-5. 
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*, **, *** P < 0.05, 0.01, 0.0001 vs. Control-Sham. 
††P < 0.01 vs. Control-Post 24 h . n=6-7.  
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