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Abstract  Cognitive dysfunction is one of the comorbidities of diabetes mellitus, 
but hippocampus-dependent learning and memory, a component of cognitive func-
tion, shows particular decline in type 2 diabetes, suggesting an increased risk for 
dementia and Alzheimer’s disease. Cognitive function is related to dysregulated 
glucose metabolism, which is the typical cause of type 2 diabetes; however, hippo-
campal glycogen and its metabolite lactate are also crucial for hippocampus-
dependent memory function. Type 2 diabetes induced hippocampus-dependent 
learning and memory dysfunction can be improved by chronic exercise and this 
improvement may possibly mediate through an adaptation of the astrocyte-neuron 
lactate shuttle (ANLS). This chapter focuses on the dysregulation of hippocampal 
glycometabolism in type 2 diabetes examining both existing evidence as well as the 
potential underlying pathophysiological mechanism responsible for memory dys-
function in type 2 diabetes, and showing for the first time that chronic exercise could 
be an effective therapy for type-2-diabetes-induced hippocampal memory decline.
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Abbreviations

ANLS	 Astrocyte-neuron lactate shuttle
BDNF	 Brain-derived neurotrophic factor
DAB	 1,4-Dideoxy-1,4-imino-D-arabinitol
GLUT	 Glucose transporter
GSK-3β	 Phosphorylated-GS kinase-3β
LETO	 Long-Evans Tokushima Otsuka
LTP	 Long-term potentiation
MCT	 Monocarboxylate transporters
MHPG	 NA metabolites
NA	 Noradrenaline
NMDA	 N-methyl-d-aspartate
OLETF	 Otsuka Long-Evans Tokushima Fatty
pCofilin	 Phosphorylated-Cofilin
pCREB	 Phosphorylated-cAMP-response-element-binding protein
PGK	 Phosphoglycerate kinase
PTG	 Protein targeting to glycogen
STZ	 Streptozotocin
VIP	 Vasoactive intestinal peptide
ZDF	 Zucker diabetic fatty
ZL	 Zucker lean
ZO	 Zucker obese

1  �Introduction

Diabetes mellitus is a metabolic disorder that is associated with a number of serious 
complications. The International Diabetes Federation reported 425 million persons 
as having diabetes mellitus in 2018, and this number is estimated to increase to 629 
million by 2045. The World Health Organization (WHO) ranked diabetes mellitus 
among the top 10 causes of the 56.9 million deaths worldwide in 2016, indicating 
that diabetes mellitus is a common and serious disorder worldwide warranting 
global attention.

A complication of diabetes mellitus that has received considerable attention in 
recent years is hippocampal cognitive dysfunction, which is a recognized risk factor 
for dementia and Alzheimer disease (Heijer et  al. 2003; Cukierman et  al. 2005; 
Mccrimmon et al. 2012; Umegaki et al. 2013). Learning and memory deficits in 
cognitive components are more profound in patients with type 2 diabetes than in 
those with type 1 diabetes (Biessels et  al. 2006; Biessels and Despa 2018; 
Mccrimmon et al. 2012), and this could be associated with hippocampal atrophy 
(Gold et  al. 2007; Mccrimmon et  al. 2012). The American College of Sports 
Medicine (ACSM) and the American Diabetes Association (ADA), based on a num-
ber of studies, recommend regular physical activity for improvement of diabetes 
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and indicate that chronic exercise has health benefits that go beyond blood glucose 
control, weight control, and a reduction of the risk of well-known complications of 
type 2 diabetes although its effects are yet to be investigated for hippocampal mem-
ory dysfunction (Mu et al. 2001; Holloszy 2005; O’Gorman et al. 2006; Sriwijitkamol 
et al. 2007; Colberg et al. 2010; Lee et al. 2011; Jenkins et al. 2012).

At present, no consensus has been reached regarding the underlying mechanism 
of memory dysfunction in type 2 diabetes, including hippocampus-based memory 
decline, but dysregulation of glucose utilization in the brain (Sickmann et al. 2010), 
brain-derived neurotrophic factor (BDNF) (Stranahan et al. 2009), neuroinflamma-
tion (Whitmer 2007), and oxidative stress have all been associated with memory 
dysfunction in patients with type 2 diabetes (Whitmer 2007; Stranahan 2015). 
Interestingly, one metabolic adaptation shown in type 2 diabetes is elevated glyco-
gen deposition in the heart (Bhattacharjee et al. 2006; Shearer et al. 2011). This 
suggests that a metabolic adaptation involving glycogen might also occur in the 
hippocampus, a crucial site for memory formation, and lead to memory dysfunction 
in type 2 diabetes as hippocampal glycogen-derived lactate in astrocytes and its 
transport into neurons plays a crucial role in hippocampus-dependent memory for-
mation (Newman et al. 2011; Suzuki et al. 2011).

Chronic exercise, which positively affects hippocampus-dependent memory 
function in animals (van Praag et al. 1999; Brown et al. 2003; Liu et al. 2009; Creer 
et  al. 2010), also increases hippocampal glycogen levels in normal rats (Matsui 
et al. 2012) and lactate transporter levels (monocarboxylate transporters; MCT) in 
type 1 diabetic rats (Aveseh et  al. 2014), suggesting that chronic exercise could 
potentially ameliorate type-2-diabetes–related memory dysfunction through an 
adaptation of hippocampal glycometabolism which means glycogen metabolism 
(metabolism of sugars and other carbohydrate). In this chapter, we summarize the 
evidence for an association between brain glycometabolism dysregulation and cog-
nitive decline in type 2 diabetes and the effects of chronic exercise on hippocampus-
dependent memory dysfunction.

2  �Cognitive Decline and Dysregulated Hippocampal 
Glycometabolism in Type 2 Diabetes

There are two types of diabetes mellitus: type 1 tends to develop in childhood and 
is characterized by a lack of insulin due to destruction of the βcells of the islet of 
Langerhans in the pancreas. By contrast, obesity and lack of physical activity are 
the crucial risk factors for type 2 diabetes, a disease condition with reduced insulin 
sensitivity and insulin resistance. Both type 1 and type 2 diabetes are associated 
with high blood glucose levels (hyperglycemia), which is the cause of numerous 
complications including cognitive dysfunction (Mccrimmon et  al. 2012). 
Furthermore, insulin resistance is also a risk factor for cognitive dysfunction 
(Geroldi et  al. 2005). In human studies, neuroimaging provides evidence that 
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diabetes affects the brain, as adverse effects are evident in the cortical and subcorti-
cal regions, such as the medial temporal lobe (hippocampus and amygdala) (Heijer 
et al. 2003; Manschot et al. 2006), which are related to cognitive impairment associ-
ated with attention, executive function, information processing speed, and memory 
in patients with type 2 diabetes (Manschot et al. 2006). In these patients, the hip-
pocampus may be the first site affected by type 2 diabetes (Gold et al. 2007). The 
neuropathological changes seen in the hippocampus with type 2 diabetes are also 
characteristic of Alzheimer’s disease, but the same changes are not seen in patients 
diagnosed with dementia.

Conversely, in rodents, cognitive function tested using the T-maze and Morris 
water maze shows a decline in streptozotocin (STZ)-induced type 1 diabetic mice 
(Flood et al. 1990; Biessels et al. 1996; Kamal et al. 1999). In terms of alterations 
related to learning and memory at the cellular level, N-methyl-d-aspartate (NMDA)-
dependent long-term potentiation (LTP) in the CA1 and NMDA-independent LTP 
in the CA3 fields of the hippocampus are also impaired in STZ-induced diabetic 
rats, and this impairment is correlated with the severity of hyperglycemia (Biessels 
et al. 1996; Chabot et al. 1997; Tekkök and Krnjevic 1999). Based on this research, 
type 2 diabetes could have a similar type of impact on cognitive function, particu-
larly through its effects on the hippocampus. Much information is available regard-
ing the effects of glucose metabolism on cognitive function, but the role of 
glycometabolism on cognitive deficits in type 2 diabetes is not yet clearly under-
stood. Recent findings suggest that hippocampal glycogen plays an important role 
in memory processing (Newman et al. 2011; Suzuki et al. 2011), and that hippocam-
pal glycometabolism could be altered/dysregulated in type 2 diabetes (Fig. 1).

2.1  �Hippocampal Glycometabolism and Cognitive Function

The energy requirements of the brain are high, and brain energy metabolism changes 
depending on neuronal activity. Pioneering work on brain energy metabolism using 
the 2-deoxyglucose (2-DG) autoradiographic technique demonstrated that blood 
glucose is metabolized in the brain by neuronal activity, suggesting a metabolic 
coupling between neuronal activity and blood vessels (Newman et  al. 2011). 
Furthermore, activation of glutamatergic neurons causes the release of glutamate 
into the intercellular space, and glutamate is a trigger that induces glycolysis in 
astrocytes (Magistretti and Pellerin 1999). The glutamate released from glutamater-
gic synapses is co-transported with Na+ into astrocytes, which express the glutamate 
transporters GLAST and GLT1. This co-transport activates the astrocytic Na+/K+-
ATPase, and glycolysis is subsequently stimulated in the astrocytes through activa-
tion of phosphoglycerate kinase (PGK) (Magistretti and Pellerin 1999). The lactate 
produced through glycolysis in the astrocytes is transported to the neurons via MCT 
(astrocyte: MCT1 and MCT4; neuron: MCT2) for use as an energy substrate, and 
this metabolic coupling between these two cell types has led to the proposal of a 
hypothetical ‘astrocyte-neuron lactate shuttle’ (ANLS) (Pellerin et al. 1998). In the 
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case of high or long-lasting neuronal activity, the glucose supply from the blood 
vessels to neurons becomes insufficient, thus, the contribution of glycogen stored 
exclusively in astrocytes is important for sustaining neuronal activity and maintain-
ing a high rate of glycolysis (Swanson et al. 1992).

Astrocytic glycogen degradation (via glycogenolysis) is stimulated by noradren-
aline (NA), vasoactive intestinal peptide (VIP), adenosine, and serotonin resulting 
in the release of lactate that is transported to neurons in the same manner as lactate 
derived from glycolysis (Magistretti et al. 1981; Hof et al. 1988; Sorg and Magistretti 
1991, 1992; Dringen et al. 1993; Choi et al. 2012; Matsui et al. 2015). Interestingly, 
the tight coupling between neuronal activity and energy metabolism suggests that 
‘metabolic plasticity’ underlies neuronal plasticity (Magistretti 2006; Choi et  al. 
2012). Indeed, metabolic adaptation occurs via glycogen metabolic processes under 
in vitro conditions. As mentioned above, neurotransmitters (namely NA, VIP, and 
adenosine) and neuromodulators induce glycogenolysis in a short time (seconds to 
minutes); however, NA has long-term effect in that it can stimulate a transcriptionally 
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Fig. 1  Proposed pathophysiological mechanisms in type 2 diabetes. In contrast to type 1 diabetes, 
which is caused by insulin deficit due to the immune-mediated βcell destruction of pancreatic cells 
in the islets of Langerhans, type 2 diabetes occurs through insulin resistance and reduced insulin 
sensitivity that presents as hyperglycemia and is induced by genetic susceptibility, several environ-
mental, lifestyle factors, such as obesity, physical inactivity, and ageing, leading to various comor-
bidities. The chronicity of these symptoms on the peripheral tissues affects the central nervous 
system and causes cognitive decline, which has been recently recognized as one of the comorbidi-
ties of diabetes. Brain glycometabolism is associated with cognitive function, particularly in the 
hippocampus, so dysregulated glycometabolism could be the underlying mechanism leading to the 
dysfunction of memory in type 2 diabetes
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regulated action that results in glycogen synthesis (Allaman et al. 2000, 2003). The 
long-term effects of NA include NA-triggered cyclic-AMP production, which 
increases the expression of the transcriptional factor CCAAT/enhancer-binding pro-
tein (C/EBP), glycogen synthase, and protein targeting to glycogen (PTG) 
(Cardinaux and Magistretti 1996; Ruchti et al. 2016) (Fig. 2).

Recent studies have demonstrated that l-lactate is used as an energy substrate for 
neurons (Bélanger et al. 2011), and it also acts as a signaling molecule to induce the 
expression of neural plasticity related genes (i.e., activity-regulated cytoskeleton-
associated protein [Arc], c-Fos, and Zif268) in cultured neurons (Yang et al. 2014). 
These are immediate early genes (IEGs), which are induced during both long-term 
memory and long-term plasticity (Alberini 2009; Bramham et al. 2010; Caroni et al. 
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Fig. 2  Simplified illustration of the astrocyte-neuron lactate shuttle: Contribution of glycogen-
derived lactate to cognitive function. During high or long-lasting neuronal activity, brain glycogen-
derived lactate becomes an important energy source to satisfy neuronal energy demand. Glycogen 
degradation is induced by noradrenaline (NA), vasoactive intestinal peptide (VIP), and adenosine 
(ADE), resulting in lactate production. Particularly in the hippocampus, lactate is transported via 
monocarboxylate transporters (MCT) and serves both as an energy substrate and in memory pro-
cessing through induction of protein expression related to neural plasticity, such as Arc, 
phosphorylated-cAMP-response-element-binding protein (pCREB), and phosphorylated-Cofilin 
(pCofilin). Early growth response protein 1 (EGR1) and brain-derived neurotrophic factor (BDNF) 
are also induced by lactate in in vitro experiments. These lactate effects are suppressed by blocking 
MCT2 or inhibiting glycogen degradation, suggesting that glycogen-derived lactate is crucial for 
memory processing and neuronal plasticity. NA induces both glycogenolysis as a short-term effect 
and glycogen synthesis as a long-term effect by inducing protein targeting to glycogen (PTG) and 
glycogen synthase (GS)
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2012). These effects of l-lactate are mediated by NMDA receptor activity in neu-
rons and its downstream signaling Erk1/2 cascade, which means that l-lactate 
potentiates glutamatergic neuronal currents by ensuring an increase in intracellular 
calcium through NMDA receptor activation and changes in the cellular redox state, 
and that it acts as a neuromodulator to induce plasticity-related gene expression 
(Yang et al. 2014). Although most of these observations about ANLS were eluci-
dated in vitro experiments using cortical cultured neurons or astrocytes, the most 
important current work on lactate effects associated with learning and memory in 
the hippocampus has shown that lactate derived from astrocytes is essential for 
long-term memory formation (Suzuki et al. 2011). Hippocampus-dependent long-
term memory formation (measured using an inhibitory avoidance task) and LTP 
were inhibited when lactate production from astrocytes was blocked using DAB 
(1,4-dideoxy-1,4-imino-d-arabinitol). By contrast, co-injection of DAB and l-
lactate rescued inhibited memory consolidation and LTP (Suzuki et al. 2011).

The underlying mechanisms by which glycogen-derived lactate induces memory 
formation could be associated with the induction of Arc, phosphorylated-cAMP-
response-element-binding protein (pCREB), and phosphorylated-Cofilin (pCofilin), 
which are related to synaptic plasticity (Suzuki et al. 2011) (Fig. 2). A similar obser-
vation relating hippocampal glycogen to working memory has also been made with 
another behavioral paradigm (closed plus maze) (Newman et  al. 2011). Little in 
vivo evidence supports a role for brain glycogen in memory function, but the block-
ade of glycogenolysis with DAB impaired a discrimination avoidance learning task 
in chicks (Gibbs et al. 2006). Similarly, the lack of brain glycogen generated by 
knockout of glycogen synthase specifically (GYS1) in the nervous system impaired 
memory in an operant conditioning task and LTP (Boury-Jamot et al. 2015).

2.2  �Dysregulated Hippocampal Glycometabolism 
and Cognitive Decline in Type 2 Diabetes

A number of studies have shown that the central nervous system is affected by dia-
betes, and that diabetes-related cognitive decline is an independent risk factor for 
dementia and Alzheimer’s disease (Biessels et al. 2006; Biessels and Despa 2018; 
Mccrimmon et al. 2012). These diseases are accompanied by morphological changes 
and metabolic alteration/dysregulation in the hippocampus and cortex, which are 
regions associated with cognitive function (Heijer et al. 2003; Sickmann et al. 2012; 
Biessels and Despa 2018). The hippocampus, in particular, shows atrophy in the 
initial stage of these neuro-degenerative disorders (Heijer et al. 2003; Gold et al. 
2007). The energy supply to the brain depends strongly on glucose supply from 
blood vessels; thus, impairment of glucose metabolism by insulin deficiency, as 
commonly occurs in diabetes, could be one of the risk factors for impaired cognitive 
function. Moreover, hippocampal glycogen-derived lactate metabolism associated 
with cognitive function could also be affected by diabetes. However, little research 
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has examined the relationship between hippocampal glycometabolism and cogni-
tive decline/dysfunction in diabetes.

Previous studies examining the glycogen levels in the hippocampus and/or cor-
tex in diabetic rats have demonstrated that STZ-induced type 1 diabetic rats had 
increases in glycogen levels in the cortex depending on the STZ treatment duration 
(Plaschke and Hoyer 1993). Conversely, in type 2 diabetes models, Zucker obese 
(ZO) rats had hyper-levels of hippocampal and cortical glycogen than did their 
counterpart Zucker lean (ZL) genetic control rats, whereas Zucker diabetic fatty 
(ZDF) rats had lower levels of cortical glycogen compared with control ZDF lean 
rats (Sickmann et  al. 2010). One possible explanation for the conflicting results 
between these two studies is that the methodology used for brain tissue preparation 
was neither optimal nor standard/validated for glycogen measurement (Swanson 
et al. 1989; Dringen et al. 1993). Brain glycogenolysis degraded rapidly by isch-
emia; therefore, microwave irradiation can inactivate glycogenolysis enzymes 
needed for the accurate measurement of brain glycogen (Kong et al. 2002).

Our laboratory has endeavored to elucidate the glycometabolism pattern in type 
2 diabetic rats by measuring glycogen and MCT levels in the hippocampus using 
microwave irradiation, with consideration to the issues mentioned above. For three 
reasons we used Otsuka Long-Evans Tokushima Fatty (OLETF) rats as our type 2 
diabetes model: (a) OLETF rats exhibit hyperphagia; (b) they have a dysregulated 
sympathoadrenal response and show a decline in executive function (Suge et  al. 
2012); and (c) the onset of diabetes takes time, in agreement with human type 2 
diabetes (Kawano et al. 1992). Type 2 diabetic rats exhibit hyper-glycogen levels 
and diminished MCT2 protein levels in the hippocampus when compared with their 
counterpart genetic control rats Long-Evans Tokushima Otsuka (LETO), and a neg-
ative relationship exists between the two components of the glycometabolism sys-
tem in neurons (Shima et  al. 2016a) (Fig.  3). Notably, the negative correlation 
exhibited in type 2 diabetic rats has been observed only in the hippocampus, and not 
in the hypothalamus and the cortex, even though these regions exhibit changes simi-
lar to those seen in the hippocampus, namely, glycogen (hypothalamus and cortex) 
and MCT2 (hypothalamus) increases, implying that the hippocampus may be the 
first region affected by dysregulation of glycometabolism induced by type 2 diabe-
tes (Shima et al. 2016a). The significance of hyper-hippocampal glycogen in type 2 
diabetic rats may indicate metabolic compensation for the decreased lactate utiliza-
tion via MCT2 and this consequence may have linkage with ANSL although con-
crete evidence demands. Indeed, the same phenomenon was reported in the hearts 
of patients with type 2 diabetes (Bhattacharjee et  al. 2006; Shearer et  al. 2011). 
Notably, MCT1 and MCT4 are expressed in astrocytes and have a similar transport 
roles in astrocytes in all three brain regions (hippocampus, hypothalamus and cor-
tex) as stated above (Shima et al. 2016a). Thus, collectively the findings observed in 
the study by Shima et al. at the progressive stage of type 2 diabetic hippocampus in 
concern to glycometabolism and the associated molecular mechanism warrant 
future studies to be conducted at pre diabetes or at the early stage of diabetes for the 
advancement of clinical improvement of diabetic complications.

M. Soya et al.



371

Fig. 3  Dysregulated hippocampal glycometabolism in a rat model of type 2 diabetes. Glycogen 
levels in the hippocampus, hypothalamus, and cerebellum are higher in the OLETF type 2 diabetes 
rat model than in control LETO rats. Conversely, MCT2 expression in the hippocampus and hypo-
thalamus is lower in OLETF rats than in LETO rats, even though MCT1 and MCT4 levels show no 
significant differences between the LETO and OLETF rats. However, a significant correlation 
exists between MCT2 and glycogen levels, but only in the hippocampus, suggesting that memory 
dysfunction in OLETF rats could be caused by dysregulated hippocampal glycometabolism. (a) 
Glycogen levels in the hippocampus, cortex, hypothalamus, cerebellum, and brainstem, (b) MCT1 
levels, (c) MCT2 levels, (d) MCT4 levels, (e) Correlation between MCT2 and glycogen levels in 
the hippocampus, (f) Correlation between MCT2 and glycogen levels in the hypothalamus. 
(Referenced by Shima et al., J Physiol Sci, 2016)
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3  �Chronic Exercise Effects on Dysregulated Hippocampal 
Glycometabolism and Cognitive Decline in Type 2 
Diabetes

Chronic exercise can normalize blood glucose level control by enhancing glucose 
uptake in the peripheral tissues in an insulin-independent manner and is an effective 
therapy for type 2 diabetes complications such as neuropathy (Winder et al. 1987; 
Mu et al. 2001; Balducci et al. 2006). Cognitive decline is one of the complications 
of type 2 diabetes (Gispen and Biessels 2000; Whitmer 2007), with hippocampal 
dysfunction being a particularly serious disability associated with the development 
of dementia and Alzheimer’s disease (Pouwer et  al. 2003; Witting et  al. 2006; 
Ahtiluoto et al. 2010). Since a number of studies have demonstrated an improve-
ment of cognitive function, such as hippocampus-dependent memory (van Praag 
et al. 1999; Liu et al. 2009; Creer et al. 2010; Bolz et al. 2015), with chronic exer-
cise, this type of exercise could have the potential to affect hippocampal dysfunction 
in type 2 diabetes in a beneficial manner. Recently, our laboratory identified a 
chronic exercise regimen effective for hippocampal dysfunction in type 2 diabetes 
(Shima et al. 2016b); thus, the effects of acute and chronic exercise on hippocampal 
glycometabolism in normal and type 2 diabetic rats will be reviewed next.

3.1  �Hippocampal Glycometabolism During Acute Exercise 
in Normal Rats

Exercise requires mobilization of every system of the body, including muscles and 
the brain (Vissing et al. 1996; Secher et al. 2008). Glucose molecules stored as gly-
cogen play a crucial role in the immediate energy supply needed by exercising mus-
cles to maintain muscular contraction because depletion of muscle glycogen during 
exercise causes a decline in endurance performance (Secher et al. 2008). Muscle 
glycogen decreases in an activity-dependent manner (Gollnick et  al. 1974), and 
depletion of muscle and liver glycogen during hypoglycemia occurs when rats are 
subjected to prolonged exhaustive exercise (Winder et  al. 1987). Exercise also 
affects the brain and increases neuronal activity (Saito and Soya 2004; Ohiwa et al. 
2006, 2007, Soya et  al. 2007a, b); furthermore, glucose is utilized as an energy 
source by neurons during exercise (Vissing et al. 1996). However, whether brain 
glycogen, and particularly hippocampal glycogen, decreases in a similar manner to 
that seen for muscle glycogen following prolonged exhaustive exercise remains an 
unanswered question.

In one previous experiment, glycogen levels in muscles and the liver were 
depleted after exhaustive exercise (treadmill running), which induced hypogly
cemia (Matsui et  al. 2011). Hippocampal glycogen also decreased with acute 
moderate exhaustive exercise (20  m/min, until exhaustion) (Matsui et  al.  
2011). Furthermore, levels of methoxyhydroxyphenylglycol (MHPG) and 
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5-Hydroxyindoleacetic acid (5-HIAA), which are the respective metabolites of NA 
and serotonin (5-TH), were increased in cerebral cortex after exercise, and their 
levels were negatively correlated with a decrease in cortical glycogen, suggesting 
that NA and 5-HT could be part of an underlying mechanism of exercise-induced 
brain glycogen degradation (Matsui et al. 2011).

Based on these results, next we will discuss exercise-induced hippocampal gly-
cogen dynamics, especially in the recovery phase of glycometabolism. Muscle gly-
cogen decreases with exhaustive exercise and then returns to above basal levels 
(supercompensation) 24  h after exercise (Bergström and Hultman 1966). 
Surprisingly, brain glycogen, including hippocampal glycogen, also exhibits super-
compensation 6 h after exhaustive exercise (Matsui et al. 2012); furthermore, the 
rate of brain glycogen supercompensation depends on the rate of glycogen decrease 
during exercise, similar to the situation seen in muscles (Gaesser and Brooks 1980) 
and consistent with studies demonstrating brain glycogen supercompensation at 
4–7 h after insulin-induced hypoglycaemia (Choi et al. 2003; Canada et al. 2011).

An adaptation to chronic exercise occurs, as indicated by glycogen supercom-
pensation following exhaustive exercise (James and Kraegen 1984), as 4 weeks of 
chronic moderate exercise resulted in an increase of basal hippocampal and cortical 
glycogen levels in normal rats (Matsui et al. 2012). The underlying mechanisms of 
hippocampal glycogen synthesis is not clear, but exercise is reported to activate NA 
neurons (Kitaoka et al. 2010), and NA metabolites, such as MHPG, increase follow-
ing exhaustive exercise and are negatively correlated with brain glycogen decreases 
(Matsui et  al. 2011), suggesting that NA-induced glycogen synthesis might be 
involved (Allaman et al. 2000; Crosson et al. 2003; Ruchti et al. 2016) (Fig. 4).

3.2  �Hippocampal Glycometabolism with Acute Exercise 
in Type 2 Diabetes Rats

A number of studies have shown that exercise is effective in restoring dysregulated 
glucose control in type 2 diabetes (Sigal et al. 2007; Ruchti et al. 2016); however, 
the most effective/beneficial exercise conditions and exercise effects on hippocam-
pal glycometabolism remain unestablished. To address this, we have to use a rela-
tively identical exercise intensity protocol for both non-diabetic rats and diabetic 
rats. Exercise increases blood lactate level which depends on the exercise duration 
and intensity; the exercise intensity at which blood lactate level begins to exponen-
tially increase is called lactate threshold. Stress responses (plasma ACTH and 
adrenaline release) are also taken place at lactate threshold (Soya et al. 2007a), thus 
it is useful to determine the relatively same exercise intensity protocol based on the 
lactate threshold for the study rats to be compared. We used an acute moderate exer-
cise protocol similar to a moderate exercise intensity based on the lactate threshold 
of type 2 diabetic rats (OLETF: 22.6 ± 0.3 m/min) and genetic control rats (LETO: 
28.3 ± 1.8 m/min) (Shima et al. 2016b), and we then examined the effect of acute 
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moderate exercise on hippocampal glycometabolism (Shima et al. 2016b). We first 
noted a decrease in hippocampal glycogen following 30 minutes of acute moderate 
exercise in both OLETF and LETO rats that was positively correlated with the 
hippocampal lactate increase (Shima et al. 2016b). Diabetes patients exhibit hyper-
glycogen in the heart (Bhattacharjee et  al. 2006), and the OLETF rats exhibited 
hyper-glycogen in the hippocampus, which could be a result of adaptation to declin-
ing lactate utilization due to the downregulation of MCT2 (Shima et al. 2016a, b). 
These results suggest that hippocampal glycometabolism although dysregulated in 
type 2 diabetic rats is activated with acute moderate exercise and this activation with 
acute exercise is also observed in normal rats hippocampus.

Glucose Lactate Glucose

GLUT1MCT1GLUT1

Glucose

Glucose

Glucose

GLUT1GLUT3
MCT1

MCT4

Lactate Glucose

Pyruvate

Glycogen

Pyruvate

Lactate
MCT2

Lactate

Astrocyte

Capillary

Glucose

G-6-P

Serotonin
Noradrenalin

Mitochondria
GP

GS

5-HIAA
MHPG

Neuron

Acute exhaustive exercise
Wistar rats

Arc
pCREB
pCofilin
EGR1
BDNF

Fig. 4  Brain glycometabolism during acute exhaustive exercise. Brain glycogen levels decrease in 
the hippocampus, cortex, hypothalamus, cerebellum, and brainstem following acute exhaustive 
treadmill running exercise, while increases in 5-HIAA and MHPG, which are metabolites of sero-
tonin (5-HT) and NA, respectively, occur after exercise. The decrease in glycogen levels in the 
cortex during exercise was negatively correlated with increased 5-HIAA and MHPG levels in the 
cortex, suggesting that 5-HT and NA may be involved in glycogenolysis during exercise. 
(Summarized figure based on Matsui et al., J Physiol, 2011)
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3.3  �Effects of Chronic Exercise on Type-2-Diabetes-Induced 
Dysregulation of Glycometabolism Accompanied 
with Cognitive Decline

Regular exercise is an effective therapy for type 2 diabetes because it leads to 
improvement of glycometabolism in peripheral organs (Mu et al. 2001; Holloszy 
2005; O’Gorman et al. 2006; Sigal et al. 2007). In addition, chronic exercise not 
only enhances hippocampus-dependent memory but it also increases hippocampal 
glycogen levels in normal rats and MCT expression in both peripheral organs and 
brain tissues (hippocampus and cortex) in diabetes (van Praag et al. 1999; Juel et al. 
2004; Liu et al. 2009; Creer et al. 2010; Nikooie et al. 2013; Aveseh et al. 2014; Bolz 
et al. 2015), suggesting that chronic exercise could be an appropriate exercise ther-
apy for ameliorating hippocampal memory function. OLETF rats exhibited signifi-
cant hippocampal-dependent memory dysfunction when compared to LETO rats, 
but, surprisingly, after four weeks of chronic moderate exercise, which is reported 
to increase hippocampal glycogen levels, memory function was also ameliorated in 
the OLETF rats (Shima et  al. 2016b) (Fig.  5). Chronic exercise induced hyper-
glycogen levels in the hippocampus of normal rats (Matsui et al. 2012) as well as in 
OLETF rats with concomitant normalization of downregulated MCT2 levels in neu-
rons, increased glycogen synthase (GS) levels, and also ameliorated glucose trans-
porter 1 (GLUT1) expression in astrocytes in the hippocampus without any 
significant alteration in the expression of GLUT3, MCT1 and MCT4 (Shima et al. 
2016b). Interestingly, chronic exercise increased BDNF levels in the hippocampus 
of LETO rats, whereas no change in BDNF expression levels occurred in OLETF 
rats; furthermore, expression of other proteins associated with the downstream 
BDNF signaling, such as tyrosine receptor kinase B (TrkB), pCREB, and phosphor-
ylated-GS kinase-3β(GSK-3β), were not changed by chronic exercise in either 
LETO or OLETF rats, implying that normalization of MCT2 levels and further 
increases in glycogen levels in the hippocampus could be an adaptation in response 
to chronic exercise that could contribute to the amelioration of hippocampus-
dependent memory dysfunction in OLETF rats (Fig. 6).

A dysregulation of MCT2-mediated lactate uptake in neurons may be a novel 
etiology of memory dysfunction in type 2 diabetes, especially in the context of the 
hippocampus (Shima et al. 2016b). However, four weeks of chronic exercise did not 
improve well-known peripheral symptoms/abnormalities of type 2 diabetes, such as 
alterations in circulatory glucose, insulin and HbA1c levels, which means that more 
long-term exercise is needed to simultaneously ameliorate the pathology concerned 
not only with cognitive dysfunction but also with dysregulated glucose control at 
the peripheral level. Nevertheless, the amelioration of memory dysfunction induced 
with chronic (four weeks) exercise was exhibited earlier than other pathologies in 
the peripheral organs. Based on our preliminary findings, abnormal hippocampal 
glycometabolism and memory dysfunction are already evident at the pre-
type2diabetes stage, so the nervous system may require more rapid adaptation to 
type 2 diabetes than do other organs. These findings suggest that conventional 
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clinical diagnostic indices or criteria for type 2 diabetes, such as glucose and HbA1c 
levels, may not reflect the earliest organ involvement, which would be the brain with 
functional hippocampal impairment, as is evident in our unpublished observations 
and in other studies during the early phase of pre-type-2 diabetes (Soares et  al. 
2013). Thus, new diagnostic criteria might be necessary to prevent or delay the 
onset of type 2 diabetes with an urgent focus on the initiation and progression of 
brain memory dysfunction. Further, it is important to innovate an appropriate exer-
cise regimen either from pre-diabetes or early diabetes, and even starting at advanced 

Fig. 5  The effects of chronic exercise on hippocampus-dependent memory and dysregulated hip-
pocampal glycometabolism in type 2 diabetes. The escape latency during learning test of OLETF 
rats was shortened by 4 weeks of moderate exercise, the time spent in platform area during probe 
test was increased after 4  weeks of exercise. Furthermore, hippocampal glycogen levels were 
increased in exercised group of both LETO and OLETF rats, and MCT2 levels in the hippocampus 
were normalized in exercised OLETF rats group, suggesting that4 weeks of moderate exercise 
ameliorated hippocampus-dependent memory via improvement of MCT2-mediated lactate uptake 
into the neurons in OLETF rats (a) Escape latency, (b) Time spent in platform area during probe 
test, (c) Hippocampal glycogen levels, (d) Hippocampal MCT2 levels. Circles, LETO rats; squares, 
OLETF rats; white symbols and bars, sedentary rats; black symbols and bars, exercised rats, 
n = 6–8 rats per group. ∗p < 0.05 and ∗∗∗p < 0.001 vs LETO rats; †p < 0.05, ††p < 0.01 and †††p < 0.001 
vs sedentary rats (Referenced by Shima et al., Diabetologia, 2016)
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stages, which would clinically improve peripheral diabetic or pre-diabetic symp-
toms with exerting a beneficial and effective positive role on memory dysfunction 
through in depth comprehensive future studies.

4  �Concluding Remarks and Future Direction

The rapid increase in the number of patients with type 2 diabetes worldwide is a 
great global problem; hence, a strategy is needed apart from pharmacotherapy such 
as insulin treatment or other established anti-diabetic drugs, to treat or solve this 
problem. Cognitive decline is a particularly devastating complication of type 2 dia-
betes, as hippocampal dysfunction is a serious disability that is associated with 
dementia, Alzheimer disease, and depression (Pouwer et al. 2003; Ahtiluoto et al. 
2010) ultimately causing a remarkable morbidity in social life. Although there are 
to date still very few studies focusing on this area, in this chapter we largely reviewed 
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Fig. 6  Conceptual diagram of the chronic exercise effect on ameliorating hippocampus-dependent 
memory in type 2 diabetes. A 4-week regimen of moderate exercise improves memory dysfunction 
in type 2 diabetes via amelioration of hippocampal glycometabolism dysregulation. The dysregu-
lated hippocampal glycometabolism and its relationship to lactate transport might be one of the 
possible etiologies of memory dysfunction in type 2 diabetes. (Summarized figure based on the 
Shima et al., Diabetologia, 2016)
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the ameliorating effects of chronic exercise on memory dysfunction in type 2 diabe-
tes at the advanced stage observed in our recent findings. The dysregulation of hip-
pocampal MCT2-mediated lactate uptake into neurons could be the etiology of 
hippocampus-dependent memory dysfunction in type 2 diabetes, and this is a com-
pletely novel addition to this field. Although we do not have any clear and concrete 
evidence linking our results to ANLS, we assume that the exercise induced amelio-
ration of dysregulated glycometabolism in hippocampus together with cognitive 
impairment may take place through the adaptation of ANLS although future studies 
should clarify this speculation through extensive in vivo and in vitro investigations. 
The current findings have potential implications for translation to human subjects, 
especially in the context of exercise intensity and duration, as lactate threshold has 
been a crucial determinant for the exercise models in our diabetes studies. Further 
investigation is needed to determine the optimal exercise condition to ameliorate 
type-2-diabetes-induced memory dysfunction together with beneficial effects on 
peripheral diabetic symptoms and complications, even with advanced diabetes, 
from the perspective of lifestyle-based therapeutic strategies and intervention. 
Indeed, we are currently on the way to explore the best exercise regimen for diabe-
tes and diabetes-induced organ complications both in terms of prevention and thera-
peutics through a multi-disciplinary and multi-faceted translational research 
approach.
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