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Abstract: This study aimed to clarify the therapeutic effects of exercise training on neural BDNF/TrkB
signaling and apoptotic pathways in diabetic cerebral cortex. Thirty-six male C57BL/6JNarl mice
were randomly divided into three groups: control (CON-G), diabetic group (DM-G, 100 mg/kg strep-
tozotocin, i.p.), and diabetic with exercise training group (DMEX-G, Swim training for 30 min/day,
5 days/week). After 12 weeks, H&E staining, TUNEL staining, and Western blotting were performed
to detect the morphological changes, neural apoptosis, and protein levels in the cerebral cortex. The
Bcl2, BclxL, and pBad were significant decreased in DM-G compared with CON-G, whereas they
(excluded the Ras and pRaf1) were increased in DMEX-G. In addition, interstitial space and TUNEL(+)
apoptotic cells found increased in DM-G with increases in Fas/FasL-mediated (FasL, Fas, FADD,
cleaved-caspase-8, and cleaved-caspase-3) and mitochondria-initiated (tBid, Bax/Bcl2, Bak/BclxL,
Bad, Apaf1, cytochrome c, and cleaved-caspase-9) apoptotic pathways. However, diabetes-induced
neural apoptosis was less in DMEX-G than DM-G with observed raises in the BDNF/TrkB signaling
pathway as well as decreases in Fas/FasL-mediated and mitochondria-initiated pathways. In conclu-
sion, exercise training provided neuroprotective effects via enhanced neural BDNF/TrkB signaling
pathway and prevent Fas/FasL-mediated and mitochondria-initiated apoptotic pathways in diabetic
cerebral cortex.
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1. Introduction

Diabetes is a chronic metabolic disease globally and the diabetic complications are
commonly known for microvascular complications, including neuropathy, nephropathy,
and retinopathy [1]. Diabetic encephalopathy is one of the diabetic complications and is
characterized by slow, progressive changes in brain structures and disrupted cognitive
function as impairments in learning and memory [2–4]. Recent evidence indicated that
diabetes causes neural apoptosis and influences the central neural functions, such as
cognitive dysfunctions [5–8]. To date, the precise pathogenesis of diabetic encephalopathy
is complex and still not fully elucidated. Currently, the proportion of older adults and
the length of life are increasing throughout the world. Studies indicated that diabetes is
a risk factor for dementia, cognitive dysfunction, and Alzheimer’s disease, particularly
with a higher risk among elderly diabetic patients [9,10]. Therefore, the mechanism of
diabetes-induced neurodegeneration and encephalopathy urgently needs to be clarified.

Brain-derived neurotrophic factor (BDNF) was found widely in the central nervous sys-
tem, including the hippocampus, cortex, hypothalamus, brainstem, and spinal cord [11–13].
BDNF has important functions in neuronal survival and growth, synaptic plasticity, neu-
rogenesis, neural differentiation, and neuroprotection under hypoglycemia, neurotoxi-
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city, and cerebral ischemia [12–15]. Functions of each of the neurotrophins are medi-
ated through activation of one or more of the tropomyosin-related kinase (Trk) family
of receptor tyrosine kinases (TrkA, TrkB, and TrkC) [16,17]. The Trk receptor-mediated
intracellular signaling cascades, including the Ras/mitogen-activated protein kinases
(MAPK, also known as extracellular signal regulated kinase (ERK)) protein kinase pathway,
phosphatidylinositol3-kinase (PI3K)/protein kinase B (AKT) pathway, and phospholipase-
C-γ (PLCγ)/diacylglycerol (DAG)/inositol 1,4,5 triphosphate (IP3) pathways [13]. BDNF
binds to its high affinity TrkB receptor results in activation of three intracellular pathways,
including PI3K/AKT, Ras/MEK/MAPK/ERK (MEK is a MAPK kinase that activates
the MAPK), and PLCγ/DAG/IP3 pathways, leading to neural survival, neurogenesis,
and neurite outgrowth [12,16,17]. Moreover, BDNF can activate the transcription factor
cAMP response element binding protein (CREB) phosphorylation by the Ras/MAPK/ERK
and PI3K/AKT pathways that regulate expression of genes involved in neuronal cell
survival [11].

Previous studies reported that impairment of cognitive ability with decreased levels
of BDNF, pTrkB, and Bcl2, and increased expressions of Bax and caspase-3 in hippocampus
and cerebral cortex of streptozotocin-induced diabetic rat [18–20]. Moreover, low circulation
BDNF levels accompany abnormal glucose metabolism and central decreased BDNF might
be involved with type2 diabetes mellitus [21–23]. These data suggest that BDNF/TrkB
signaling may play an indispensable role for preventing diabetes-induced neural apoptosis.
However, the underlying mechanism of the BDNF/TrkB signaling and apoptotic pathways
in the diabetic brain is not yet fully understood.

Acute exercise increased the serum BDNF level in healthy humans [24]. The hip-
pocampal BDNF expression and cognitive function were improved in the rodents following
exercise training [25,26]. The BDNF levels in the systemic circulation is elevated after
prolonged exercise, possibly as a result of its release from the hippocampus and cortex since
BDNF mRNA expression in the mouse hippocampus and cortex is increased in response to
a single bout of exercise [27]. Generally, exercise is regarded as a beneficial nonpharmaco-
logical therapy for diabetes. Some studies demonstrated that exercise training increased the
serum BDNF concentrations in diabetic patients and elevated hippocampal BDNF levels
in the streptozotocin-induced diabetic animals [28,29]. Exercise training improved the
learning and memory function, and the upregulation of the BDNF/TrkB/CREB signaling
pathway in the hippocampus of streptozotocin-induced diabetic rats [30]. The above results
suggest that exercise may be a better nonpharmacological therapy for increased BDNF
levels and improved cognitive function in diabetes.

The current study was to understand the effects of exercise training on neural BDNF/TrkB
signaling and apoptotic pathways in the diabetic cerebral cortex. We hypothesized that
diabetes might predispose impaired neural BDNF/TrkB signaling and activated neural
apoptotic pathways in diabetic cerebral cortex, which above effects may be reversed fol-
lowing exercise training.

2. Materials and Methods
2.1. Animals

Thirty-six male C57BL/6JNarl mice (eight-week-old) were given access to tap water
ad libitum and standard laboratory chow freely. The mice were housed in an enriched envi-
ronment and maintained at a room temperature of 25 ◦C, with artificial 12 h day and night
cycle. All experiments conformed to the protocol approved by the Institutional Animal
Care and Use Committee of Asia University, Taichung, Taiwan (approval code: 98007).

2.2. Diabetes Induction

The mice were injected with streptozotocin (100 mg/kg body weight, once daily,
i.p.) dissolved in a sodium citrate buffer (pH 4.5). After the injections of streptozo-
tocin, diabetes mellitus was considered as fasting blood glucose concentrations were
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maintained >11.1 mM or >200 mg/dL 48 h. Blood was sampled from the tail vein and the
blood glucose concentrations were detected by Roche Accu Soft test strips.

2.3. Experimental Groups and Procedures

The animals were randomly separated into three groups (n = 12/each group): a
control group (CON-G), wherein mice were injected with a sodium citrate buffer; the
streptozotocin-induced diabetic group (DM-G); and the streptozotocin-induced diabetes
with swimming exercise group (DMEX-G). One half of each group was selected randomly
for pathological staining, while the other half was used for Western blotting analysis in
each group.

The program for swimming training was modified following previous research [31].
In the first two weeks, the animals from DMEX-G swam for 15 min/day, 5 days/week, to
begin their exercise training. Next, the duration of the training was prolonged to 20 min
starting during the 3rd week and to 30 min during the 4th to 12th weeks. The device
for swimming was a 60 × 90 × 50 cm water tub and the temperature of the water was
maintained at 35 ± 1 ◦C. After the exercise training, animals were removed from the
swimming pool, then gently dried with a towel and a hair dryer to avoid losing body
temperature. All mice were euthanized 48 h after the end of experiments to avoid the acute
effects of exercise.

2.4. Hematoxylin and Eosin (H&E) Stain

The cerebral cortex samples were soaked in 4% formalin at room temperature, then
embedded in paraffin wax. The 3 µm thickness of paraffin sections were cut, stained with
hematoxylin and eosin, and observed under a light microscope. The protocol of the stain
process and observation were shown in our previous publication [32].

2.5. TUNEL Assay

The sections of the paraffin-embedded cerebral cortex were deparaffinized using
xylene and rehydrated, then covered in phosphate-buffered saline (PBS). H2O2 (2%)
was added to inactivate endogenous peroxidases. Terminal deoxynucleotide transferase-
mediated dUTP nick end labeling (TUNEL) assay and 4, 6-diamidino-2-phenylindole
(DAPI) staining were performed as mentioned in our previous study [32]. Briefly, the tissue
section was incubated with 20 µg/mL proteinase K, then washed in PBS and immersed
in TUNEL reagent (apoptosis detection kit, Roche Applied Science). Brain sections were
stained by using DAPI (Southern Biotech, Birmingham, AL, USA). For observation by
fluorescence microscopy, the TUNEL(+) nuclei fluoresce green and the DAPI(+) nuclei
fluoresce blue.

2.6. Western Blot Analysis

After removing the brains from the mice, the cerebral cortex sample was isolated and
immediately homogenizing in an ice-cold lysis buffer (100 mg tissue/1 mL buffer) and a pro-
tease inhibitor cocktail was added. The cerebral cortex samples were kept on ice to cool for
10 min, then centrifuged twice at 12,000× g for 40 min. Finally, supernatants were collected
and stored at −70 ◦C for Western blot analysis. Lowry protein assay and Western blotting
analysis were performed as previously reported with slight modification. [33]. The PVDF
membrane was blocked in TBS buffer (containing 5% dry milk). Next, the PVDF membrane
was incubated with indicated primary antibodies including Apaf1, AKT, pAKT(S473), PI3K,
Bcl2, BclxL, pBad(S136), Bak, Cytochrome c, cleaved-caspase-9, cleaved-caspase-8, cleaved-
caspase-3, CREB, pCREB(S133), ERK1/2, pERK1/2(T202/T204) (1:1000, Cell Signaling
Technology Inc.), ATF1, pATF1(S63), Bad, FasL, Fas, FADD, GRB2, pGRB2(T452), GAB1,
MEK1/2(I215), pMEK1/2(S218/S222), Ras, pRaf1(S338), RSK1/2/3, pRSK1(T359/S363),
pTrkA(T490)/TrkB(T516) (1:1000, Novus Biologicals, USA), pPI3K(T508), α-tubulin (1:500,
Santa Cruz Biotechnology), BDNF, Raf1 (1:1000, Millipore), and TrkB (1:1000, Thermo). A
second antibody solution including goat anti-mouse IgG-HRP, goat anti-rabbit IgG-HRP,
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and donkey anti-goat IgG-HRP (1:5000, Santa Cruz Biotechnology) was used. The im-
munoblotted protein bands were then washed with TBS buffer. The protein bands were
observed and quantified using a Fujifilm LAS-3000 chemiluminescence detection system
(Fuji, Tokyo, Japan).

2.7. Statistical Analysis

Statistical analysis was performed with the Kruskal–Wallis test and further ana-
lyzed with pre-planned comparison again negative control or positive control. TUNEL(+)
apoptotic cells and protein expressions were compared among groups (CON-G, DM-
G, and DMEX-G) using the Kruskal–Wallis test with preplanned contrast comparison
against control group. CON-G acted as a negative control group for DM-G and DM-G
acted as a non-treated control group for DMEX-G. The p value < 0.05 was considered
statistically significant.

3. Results
3.1. Neural Histopathology and TUNEL(+) Apoptotic Cells

To determine the changes of architecture and apoptosis in the diabetic cerebral cortex
after swimming training, we used H&E staining and TUNEL assay. The cerebral cortex
slices of CON-G displayed a normal architecture. In contrast with CON-G, interstitial spaces
of DM-G exhibited enlargement, whereas these were attenuated in DMEX-G (Figure 1A). In
addition, the cerebral cortex of DM-G showed significantly increased TUNEL(+) neural cells
than those in CON-G. The number of TUNEL(+) neural cells in DMEX-G was significantly
reduced compared to DM-G (Figure 1B,C).

3.2. Neural Extrinsic (Fas/FasL-Mediated) Apoptotic Pathway

To identify the neural Fas/FasL-mediated apoptotic pathway in the diabetic cerebral
cortex after swimming training, we determined the components of Fas/FasL-mediated
apoptotic pathways in CON-G, DM-G, and DMEX-G. The expressions of FasL, Fas, FADD,
cleaved-caspase-8, and cleaved-caspase-3 were significantly raised in DM-G compared to
CON-G (Figure 2). However, the expressions of FasL, Fas, FADD, cleaved-caspase-8, and
cleaved-caspase-3 in DMEX-G were significantly reduced compared to DM-G (Figure 2).

3.3. Neural Intrinsic (Mitochondria-Initiated) Apoptotic Pathway

To identify the neural mitochondria-initiated apoptotic pathway in the diabetic cere-
bral cortex after swimming training, we detected the components of mitochondria-initiated
pathways in CON-G, DM-G, and DMEX-G. Compared with CON-G, the levels of tBid,
Bax/Bcl2, Bak/BclxL, Bad/pBad(S136), Apaf1, cytochrome c, and cleaved-caspase-9 were
significantly increased in DM-G (Figure 3). The expressions of tBid, Bax/Bcl2, Bak/BclxL,
Bad/pBad(S136), Apaf1, cytochrome c, and cleaved-caspase-9 in DMEX-G were signifi-
cantly reduced compared with DM-G (Figure 3).

3.4. Neural BDNF/TrkB and PI3K/AKT Survival Pathway

To understand the components of neural BDNF/TrkB and PI3K/AKT survival path-
way in the diabetic cerebral cortex after swimming training, we determined the components
of the BDNF/TrkB and PI3K/AKT survival pathways in CON-G, DM-G, and DMEX-
G. Compared with CON-G, the expressions of BDNF, pTrkA(T490)/TrkB(T516)/TRKB,
pGRB2(T452)/GRB2, GAB1, pPI3K(T508)/PI3K, and pAKT(S473)/AKT were significantly
decreased in DM-G (Figure 4). The levels of BDNF, pTrkA(T490)/TrkB(T516)/TRKB,
pGRB2(T452)/GRB2, GAB1, pPI3K(T508)/PI3K, and pAKT(S473)/AKT in DMEX-G were
significantly higher than those in DM-G (Figure 4).
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CON-G, control group; DM-G, streptozotocin-induced diabetic group; DMEX-G, streptozotocin-in-

duced diabetes with swimming exercise group. 

Figure 1. (A) Sections of cerebral cortex were stained with hematoxylin and eosin in the three groups
(CON-G, DM-G and DMEX-G). Images of the brain section were magnified ×400. (B) The apoptotic
cells of cerebral cortex in the three groups as stained with DAPI (top, blue spots) and TUNEL (bottom,
green spots). (C) Percentage of TUNEL(+) cells relative to total cells are presented in bars. Data are
expressed as mean ± SD (n = 3). ** p < 0.01 compared to CON-G, ## p < 0.01 compared to DM-G. CON-
G, control group; DM-G, streptozotocin-induced diabetic group; DMEX-G, streptozotocin-induced
diabetes with swimming exercise group.
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Figure 2. (A) Western blot analysis to determine the expressions of Fas ligand (FasL), Fas receptor
(Fas), FADD, cleaved-caspase-8, and cleaved-caspase 3 in the cerebral cortex of CON-G, DM-G, and
DMEX-G. (B) Relative protein quantification of FasL, Fas, FADD, cleaved-caspase-8, and cleaved-
caspase 3 normalized to α-tubulin protein, respectively. Data are expressed as mean ± SD (n = 6).
* p < 0.05, ** p < 0.01 compared to CON-G; # p < 0.05, ## p < 0.01 compared to DM-G. CON-G, control
group; DM-G, streptozotocin-induced diabetic group; DMEX-G, streptozotocin-induced diabetes
with swimming exercise group.
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Bax, Bak and Bad), prosurvival Bcl2-family (Bcl2, BclxL and pBad), and downstream of 
Figure 3. (A) Western blot analysis to determine the expressions of proapoptotic Bcl2-family (tBid,
Bax, Bak and Bad), prosurvival Bcl2-family (Bcl2, BclxL and pBad), and downstream of mitochondrial
apoptotic pathway (Apaf1, Cytochrome c and cleaved-caspase-9) in the cerebral cortices of CON-G,
DM-G, and DMEX-G. (B) Relative protein quantification of proapoptotic Bcl2-family, pro-survival
Bcl2-family and downstream of mitochondrial apoptotic pathway normalized to α-tubulin protein,
respectively. Data are expressed as mean ± SD (n = 6). * p < 0.05, ** p < 0.01 compared to CON-G;
# p < 0.05, ## p < 0.01 compared to DM-G. CON-G, control group; DM-G, streptozotocin-induced
diabetic group; DMEX-G, streptozotocin-induced diabetes with swimming exercise group.
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Figure 4. (A) Western blot analysis to determine the expressions of BDNF, TrkB, pTrkA (T490)/TrkB
(T516), GRB2, pGRB2 (T452), GAB1, PI3K, pPI3K (T508), AKT and pAKT (S473) in the cerebral cortex
of CON-G, DM-G and DMEX-G. (B) Relative protein quantification of BDNF, TrkB, pTrkA (T490)/TrkB
(T516), GRB2, pGRB2 (T452), GAB1, PI3K, pPI3K (T508), AKT and pAKT (S473) normalized to α-
tubulin protein, respectively. Data are expressed as mean ± SD (n = 6). * p < 0.05, ** p < 0.01
compared to CON-G; # p < 0.05, ## p < 0.01 compared to DM-G. CON-G: control group; DM-G:
streptozotocin-induced diabetic group; DMEX-G: streptozotocin-induced diabetes with swimming
exercise group.

3.5. Neural Ras/MEK/MAPK/ERK Signaling Pathway

To further identify the components of neural Ras/MEK/MAPK/ERK signaling path-
way in the diabetic cerebral cortex after swimming training, we detected the compo-
nents of the Ras/MEK/MAPK/ERK pathways in CON-G, DM-G, and DMEX-G. Com-
pared with CON-G, the levels of Ras, pRaf1/Raf1, pMEK1/2(S218/S222)/MEK1/2(I215),
pERK1/2(T202/T204)/ERK1/2, pRSK1(T359/S363)/RSK1/2/3, pCREB(S133)/CREB, and
pATF1(S63)/ATF1 were significantly decreased in DM-G (Figure 5). However, the levels of
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pMEK1/2(S218/S222)/MEK1/2(I215), pERK1/2(T202/T204)/ERK1/2, pRSK1(T359/S363)/
RSK1/2/3, pCREB(S133)/CREB, and pATF1(S63)/ATF1 in DMEX-G were significantly
increased when compared with DM-G (Figure 5).
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Figure 5. (A) Western blot analysis to determine the expressions of Ras, Raf1, pRaf1 (S338), MEK1/2
(I215), pMEK1/2 (S218/222), ERK1/2, pERK1/2 (T202/T204), RSK1/2/3, pRSK1 (T359/S363), CREB,
pCREB (S133), ATF1, and pATF1 (S63) in the cerebral cortex of CON-G, DM-G and DMEX-G.
(B) Relative protein quantification of Ras, Raf1, pRaf1 (S338), MEK1/2 (I215), pMEK1/2 (S218/222),
ERK1/2, pERK1/2 (T202/T204), RSK1/2/3, pRSK1 (T359/S363), CREB, pCREB (S133), ATF1, and
pATF1 (S63) normalized to α-tubulin protein, respectively. Data are expressed as mean ± SD (n = 6).
* p < 0.05, ** p < 0.01 compared to CON-G; # p < 0.05, ## p < 0.01 compared to DM-G. CON-G: control
group; DM-G: streptozotocin-induced diabetic group; DMEX-G: streptozotocin-induced diabetes
with swimming exercise group.
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4. Discussion

In the current study, our major findings were: (i) Exercise training reduced diabetes-
induced TUNEL(+) apoptotic cells in cerebral cortex. (ii) Exercise training attenuated
the diabetes-induced Fas/FasL-mediated apoptotic pathway (FasL, Fas, FADD, cleaved-
caspase-8 and cleaved-caspase-3) and attenuated the diabetes-induced mitochondria-
initiated apoptotic pathway (Bax, tBid, Bak, Bad, cytosolic cytochrome c, cleaved-caspase-
9 and cleaved-caspase-3) in the cerebral cortex. (iii) Exercise training enhanced the
BDNF/TrkB-mediated PI3K/AKT survival protein levels (BDNF, pTrkB, pGRB2, GAB1,
pPI3K, and pAKT), MEK/MAPK/ERK survival protein levels (pMEK1/2, pERK1/2,
pRSK1, pCREB and pATF1), and Bcl2-family related survival pathway (pBad, Bcl2, and
BclxL) in the diabetic cerebral cortex. Based on our summarized findings, we propose a hy-
pothesized diagram Figure 6 that exercise training not only enhanced neural BDNF/TrkB
survival signaling (including the MEK/MAPK/ERK, PI3K/AKT, and Bcl2-family pro-
survival pathways), but also prevented diabetes-induced neural Fas/FasL-mediated and
mitochondria-initiated apoptotic pathways.
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Figure 6. The proposed exercise training can arrest neural cell death in streptozotocin-induced dia-
betes via suppressing neural Fas/FasL-mediated (FasL, Fas, FADD, cleaved-caspase-8, and cleaved-
caspase-3) and mitochondria-initiated (tBid, Bax/Bcl2, Bak/BclxL, Bad, Apaf1, cytochrome c, and
cleaved-caspase-9) apoptotic pathways as well as enhancing neural BDNF/TrkB survival signaling
(BDNF, pTrkB, pGRB2, GAB1, pPI3K, pAKT, Ras, pRaf1, pMEK1/2, pERK1/2, pRSK1, pCREB, and
pATF1) and Bcl2-family-mediated survival pathways (Bcl2, BclxL, and pBad).
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Exercise is anti-inflammatory action in nature [34,35]. Physical activity leads to re-
duced inflammatory pathways that improve the development of insulin and leptin resis-
tance, abdominal obesity, atherosclerosis, neurodegeneration, Type 2 diabetes mellitus,
dementia, and cardiovascular disease [36]. Consequently, the present STZ-induced diabetic
study has to add a cautious note that any beneficial actions of exercise on cerebral cortex
changes cannot be isolated to one specific factor or any specific system but may be affected
directly or indirectly by various factors, such as hyperglycemia, oxidative stress, inflamma-
tory, endocrine, skeletal muscle produces bioactive molecules (such as interleukin-6, tumor
necrosis factor-α) to communicate to other organs (brain, circulatory system, adipose tissue,
etc.), or unclear interacting factors.

Apoptosis plays an important role in the progression of neurological disorders [37].
Diabetic encephalopathy or diabetic neurodegeneration is known to damage the central
nervous system, which may lead to pathological changes in cerebrovascular and brain
structure [3,5,7]. Therefore, we suggested that neural apoptosis might mediate diabetes-
induced brain damage. Experimental results have shown that streptozotocin-induced dia-
betes could significantly increase levels of TUNEL(+) cells, activated caspase-3 [6,8,18,38],
Bax [18], Bax/Bcl2, and cytochrome c in the hippocampus and cerebral cortex [8]. The
present study showed that enlarged interstitial spaces in diabetic cerebral cortex with
more neural TUNEL(+) apoptotic cells and cleaved-caspase 3 might change cell morphol-
ogy. Furthermore, the neural extrinsic apoptotic pathway, including FasL, Fas, FADD,
cleaved-caspase-8 and cleaved-caspase 3, and intrinsic apoptotic pathway, including tBid,
Bax/Bcl2, Bak/BclxL, Bad/pBad, cytochrome c, cleaved-caspase-9 and cleaved-caspase 3,
was upregulated in diabetic cerebral cortex in the current study. These findings showed
that both neural extrinsic and intrinsic apoptotic pathways are important mechanisms in
streptozotocin-induced neural cellular death. Diabetes mellitus is often associated with
greater dementia risks and cognitive deficits in the elderly [9,10]. Notably, our previous
study indicated that D-galactose-induced aging enhanced neural Fas/FasL-mediated and
mitochondria-initiated apoptotic pathways in the cerebral cortex [39]. This is an important
report that exercise training attenuated the diabetes-induced Fas/FasL-mediated apoptotic
pathway (FasL, Fas, FADD, cleaved-caspase-8, and cleaved-caspase-3) and attenuated the
diabetes-induced, mitochondria-initiated, apoptotic pathway (Bax, tBid, Bak, Bad, cytosolic
cytochrome c, cleaved-caspase-9, and cleaved-caspase-3) in the cerebral cortex, which im-
plies that exercise training could prevent diabetes-induced cerebral cortex neural apoptosis.

Nitta et al. reported that diabetes attenuated the BDNF expression in brain and
caused cognitive impairment [19]. Rozanska et al., suggested that the level and function
of BDNF were disturbed by diabetes as well as suggesting that BDNF is a therapeutic
target for diabetes [40]. Several studies of streptozotocin-induced diabetic animal model
indicated that cognitive decline with downregulation of BDNF and Bcl2 expressions in the
hippocampus [18], BDNF and CREB expressions in the hippocampus [30], and BDNF and
pTrkB levels in the cerebral cortex [20]. In addition, the impaired PI3K/AKT signaling may
contribute to neural apoptosis in the diabetic cerebral cortex in rats induced by strepto-
zotocin [8]. The current study demonstrated that the BDNF/TrkB mediated PI3K/AKT
(pGRB2/GRB2, GAB1, pPI3K/PI3K, and pAKT/AKT) and Ras/MEK/MAPK/ERK cas-
cades (Ras, pRaf1/Raf1, pMEK1/2/MEK1/2, pERK1/2/ERK1/2, pRSK1/RSK1/2/3,
pCREB/CREB, and pATF1/ATF1) were significantly decreased in the diabetic cerebral
cortex. Our data showed that lower BDNF levels caused the downregulation of Ras/MEK/
MAPK/ERK and PI3K/AKT survival signaling pathways in the diabetic cerebral cortex.
Therefore, we propose that a low level of BDNF may be a risk factor for diabetic neurologic
damage. The BDNF/TrkB pathway might play a critical role in the prevention of diabetic
neuropathy complications.

Several studies demonstrated that exercise training or physical exercise improves brain
function and elevates brain BDNF levels [25,27,40]. Moreover, previous research has shown
the causal link of synapsin I phosphorylation via BDNF, TrkB, and MAP-kinase cascade
with downstream facilitated evoked glutamate release [41]. Vaynman et al., reported that
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the exercise-induced cognitive improvement is dependent on increases in hippocampal
BDNF, TrkB, and CREB and synapsin I mRNA levels in sedentary rats, which suggests that
exercise induces synaptic plasticity markers in the brain through a BDNF-mediated mecha-
nism by augmenting CREB and synapsin I expression [26]. Furthermore, aerobic treadmill
exercise increased significantly the expressions of BDNF, TrkB, and CREB mRNA in the
hippocampus and improved spatial memory ability in the streptozotocin-induced diabetic
rats [30]. These results provided direct evidence of the potential mechanism of exercise to
improve learning and memory by BDNF action to increase neurotransmitter release via
phosphorylation of synapsin I and CREB overexpression. In addition, our findings indi-
cated that exercise training prevents neural cell death through upregulating BDNF/TrkB
mediated PI3K/AKT (BDNF, pTrkB, pGRB2, GAB1, pPI3K, and pAKT), MEK/MAPK/ERK
(pMEK1/2, pERK1/2, pRSK1, pCREB, and pATF1), and Bcl2-family associated prosurvival
pathways (pBad, Bcl2, and BclxL). Nevertheless, we found that exercise training did not
alter the Ras and pRaf1 levels in diabetic cerebral cortices. In the PLCγ/DAG/IP3 pathway,
DAG regulates the production of protein kinase C (PKC), which is required for activation of
the MEK/MAPK/ERK cascade [12,17]. Thus, we suggested that the effect of exercise on the
MEK/MAPK/ERK cascade could be through the PLCγ/DAG/IP3 signaling. To the best
of our knowledge, the present study is the first to elucidate the effects of exercise training
on neural extrinsic and intrinsic apoptotic pathways, as well as BDNF/TrkB mediated
downstream signaling (including MEK/MAPK/ERK, PI3K/AKT, and Bcl2-family prosur-
vival pathways) in diabetic cerebral cortices. Enhancing the neural BDNF/TrkB survival
pathway via exercise training might be a therapeutic strategy to prevent diabetic-induced
neurodegeneration and encephalopathy. Further, neural BDNF/TrkB survival signaling
could be a possible hallmark for the beneficial effects in the diabetic brain conferred upon
exercise training.

There were some limitations in the current study. Our animal model by using
streptozotocin-induced diabetes for 12 weeks exercise training cannot represent type II
diabetes, long-lasting diabetes, or a long-lasting exercise habit. Although the effects of
exercise training on extrinsic and intrinsic anti-apoptotic pathways as well as BDNF/TrkB
mediated and Bcl2-family pro-survival pathways in diabetic cerebral cortices were positive,
we need to make a cautious note that any neuroprotective mechanisms of exercise training
on the brain cannot be isolated to one specific factor. Therefore, we should consider various
possible direct or indirect mechanisms of exercise training in achieving the anti-apoptotic
and pro-survival pathways.

5. Conclusions

These data demonstrated that the neural apoptotic pathway (intrinsic and extrinsic)
was activated and BDNF/TrkB survival signaling (MEK/MAPK/ERK, PI3K/AKT, and
Bcl2-family survival pathways) were suppressed in the diabetic cerebral cortex. It might
provide an important mechanism to explain the development of diabetic encephalopathy.
In addition, exercise training enhanced the neural BDNF/TrkB survival pathway and
suppressed the neural apoptotic pathway in the diabetic cerebral cortex when considering
a novel therapeutic strategy to prevent the development of apoptosis-related neurological
diseases in diabetes mellitus. The streptozotocin-induced diabetic animal model under
exercise training proves to be a good explanation of clinical exercise training preventing
neural apoptosis of the brain in diabetic patients because brain tissues are difficult to
extract from diabetic humans. Of course, further investigation is required to elucidate the
neuroprotective effects of exercise training in the diabetic human brain.
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