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Abstract 

Levels of adult hippocampal neurogenesis (AHN) gradually decrease with age. However, Alzheimer’s 

disease (AD) patients exhibit a significantly sharper drop in AHN levels compared to age-matched 

controls. Ameliorating AHN malfunction by promoting inherent AHN holds great potential for recovering 

or delaying learning and memory impairment from the disease. Physical activity, such as exercise, has 

emerged as a prominent, accessible, and cost-effective booster of AHN. Exercise leads to an upregulation 

of expression of factors from peripheral tissues, like liver and muscle, which are in turn transported to 

the brain via blood. Hence, this thesis focuses on the roles of exercise-induced factors in improving 

hippocampal function by promoting neurogenesis, increasing synaptic plasticity and cerebral blood flow. 

Particular spotlight is put on identifying the specific molecules involved in exercise-induced AHN 

amelioration. Administration of these factors to elderly people or AD patients unable to engage in 

physical activity due to preexisting conditions has the potential to mimic the positive effects of exercise, 

thus providing a safe alternative. 
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Introduction  

The global population is aging rapidly. According to the United Nations, the number of people aged 60 or 

over is expected to double by 2050 [1]. This demographic shift will have significant social, economic, and 

healthcare implications. Consequently, healthy aging is crucial as it has the potential to improve the quality 

of life of older individuals, reduce healthcare costs, and support sustainable development. Prolonged 

lifespan also brings to the forefront the pressing issue of age-related cognitive decline and 

neurodegenerative disorders, such as Alzheimer's disease (AD). AD, the most prevalent form of dementia, 

is a progressive, irreversible disease that gradually impairs memory, thinking, behavior, and social skills. 

Alzheimer's is a growing global health concern, and it poses an enormous burden on society. There are 

estimated 50 million patients with dementia, costing more than a trillion US dollars annually. By 2050, the 

number of patients is estimated to increase almost threefold (∼131 million), and the annual total costs of 

AD treatment are projected to reach $9.12 trillion [2]. Dementia is the fifth leading cause of death globally 

and AD is the fourth leading cause of disability-adjusted life-years (DALYs) lost in persons aged 75 years 

and older. A recent study derived a global estimate of 416 million persons in the AD continuum, far 

exceeding the commonly cited estimate of ≈50 million persons with dementia [3]. This constitutes 22% of 

the 1.9 billion people aged 50 and above worldwide [3]. A positive takeaway from this is that the vast 

majority of persons on the AD continuum do not have dementia but are in the predementia stages of the 

disease, providing a window of opportunity for prevention [3].  

At present, with no single cause and with multiple risk factors, AD is one of the most complex challenges 

modern science is yet to solve. Despite relentless efforts and advancements in medical research, the lack 

of effective treatments remains a crucial issue. Alzheimer disease's characteristic brain pathology is 

clinically recognized by progressive cognitive impairments and pathophysiologically by the extracellular 

accumulation of β-amyloid (Aβ) peptides, formation of neurofibrillary tangles (NFTs) composed of highly 

phosphorylated tau proteins, neuronal loss, and neuroinflammation [4]. The most commonly used drugs in 

treating AD are cholinesterase inhibitors, N-methyl-D-aspartate (NMDA) receptor antagonists, and drugs 

that target amyloid-beta and tau proteins, inflammation, and brain cell growth and survival.  

However, encouraging advancements in our understanding of the mechanism of the disease have recently 
occurred. In the late 2010s, a series of studies reported a sharp decline in adult hippocampal neurogenesis 
(AHN) levels among individuals with AD [5-9]. The revelation highlighted the detrimental impact of the 
disease on the regenerative capacity of the hippocampus, a region crucial for learning and memory. In 
turn, this ignited further studies aimed at unraveling the intricate relationship between neurogenesis and 
AD, with the ultimate goal of developing interventions that can restore neurogenesis and potentially 
enhance cognitive function in affected individuals. Thus, the prospect of ameliorating AHN in AD and 
dementia patients has begun to open up as a novel avenue in treating the disease. 
 
Most notably, exercise and exercise-induced molecules have emerged as prominent, accessible, and cost-
effective boosters of AHN. Studies have demonstrated that physical exercise, such as aerobic training, can 
enhance neurogenesis in the hippocampus, thus presenting a compelling new opportunity for intervention 
[10-12]. Exercise-induced molecules from peripheral tissues, like muscle and liver, have taken center stage as 
the mediators of the beneficial effects of exercise on AHN, and consequently cognitive function [13]. These 
findings have sparked considerable interest, and ongoing research is exploring the mechanisms by which 
these molecules exert their beneficial effects.  
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However, while exercise may be an effective way to promote brain health, it is not always feasible for all 
individuals, especially those with underlying health issues that make it challenging to engage in physical 
activity.  Hence, exercise-induced factors responsible is critical, as it opens up new possibilities for 
developing treatments to improve brain health and cognitive function. Therefore, in the following sections, 
this thesis will focus on recent progress in identifying factors that transfer the positive effects of exercise 
on AHN and thus ameliorate cognitive decline observed in AD and milder forms of dementia.  
 
 

 
Fig. 1 – Beneficial effects of exercise on hippocampal neurogenesis and overall brain health are largely mediated by 
exercise-induced molecules from peripheral tissues such as the liver and muscle. 
 
 
 



5 
 

1. Hippocampal Neurogenesis – Overview 

Hippocampal neurogenesis refers to the lifelong formation of new neurons in the hippocampus, a brain 
region important for learning and memory. The idea of brain plasticity was already present in the late 19th 
century [14]. However, for decades to come, a preexisting dogma that functional neurons are only generated 
during embryonic and perinatal stages in mammals hindered progress [15]. It took almost 70 years before 
Altman and Das serendipitously showed evidence for the birth of new dentate granule cells in the 
postnatal rat hippocampus [16]. The paper, now considered groundbreaking, was met with controversy and 
skepticism at the time. Subsequently, the first evidence for the functional incorporation of newly born 
neurons into neuronal circuitry came in songbirds in 1984 [17]. Thus, attributing a physiological role to the 
process of neurogenesis for the first time. The hypothesis that the addition of new neurons was related to 
improved physiological and cognitive processes gained momentum again and was embraced with 
enthusiasm by the field. In addition, the introduction of a novel lineage tracer, namely bromodeoxyuridine 
(BrdU), allowed for precise following of new neurons along their lineage [18]. Set in motion by these 
technological advancements and the ever-increasing general interest, significant progress has since been 
made in this field. A wide array of studies went on to overturn the dogma and elucidate the process of 
postnatal neurogenesis in both non-mammals and mammals. 
Active adult neurogenesis appears to be restricted to two distinct brain regions, the subgranular zone (SGZ) 
of the dentate gyrus (DG) of the hippocampus [16] and the subventricular zone (SVZ) of the lateral ventricles 
[19,20]. For a full summary of the mechanism of hippocampal neurogenesis see the Afterword at the end of 
the thesis. 
 
While there is limited information on SVZ neurogenesis, multifold and broad evidence confirms the 
existence of AHN in humans. Still, despite the overwhelming amount of evidence in other mammals, and 
conclusive results in humans, the concept of human AHN is still doubted. Since the discovery of human 
AHN by Erikkson and colleagues [21], the idea has been questioned [22,23] and supported [24,25]. This debate 
proved useful in clarifying standards and encouraging improvement. The conflicting results were 
attributed to technical limitations, such as the limited availability of adequately preserved human brain 
tissue samples and the inability to follow the process of AHN in vivo [26]. Erikkson et al. showed that several 
months after the incorporation of BrdU into the adult human DG, BrdU-positive cells coexpressed several 
neuronal markers and entered the neuronal lineage [21]. Although this seminal study was the first to 
demonstrate AHN in humans, it did not provide insight into the extent and dynamics of the process. 
Subsequent studies turned to quantifying the number of cells expressing the neuronal precursor 
(neuroblast) marker doublecortin (DCX) to estimate the extent of AHN in humans [27,28]. Finally, in 2013, 
Spalding et al. provided a detailed view of the hippocampal neurons turnover dynamics using nuclear-
bomb-test-derived 14C [29]. This innovative approach showed substantial neurogenesis throughout a 
lifetime, with a modest decline occurring during aging. It also allowed for a comparison to the previous 
work done in rodents and demonstrated that more hippocampal neurons are subject to exchange in 
humans than in rodents. These two paramount studies paved the way for the future.  
 
Nowadays, AHN has become one of the fundamental concepts of neurobiology, with Moreno-Jiménez and 
colleagues recently demonstrating the existence of AHN in the human DG throughout physiological and 
pathological aging up until the tenth decade of life [5]. Early-life neurogenesis appears robust and gradually 
declines with age. However, pathological conditions like mild cognitive impairment and AD are 
accompanied by a significantly sharp decline in AHN levels [5-9]. Association studies examining cognitive 
performance and the degree of decline in AHN suggest impaired AHN is directly related to cognitive 
dysfunction in patients [30]. The interest in quantifying AHN in AD patients dates back to the late 1990s, 
however, it was also hindered by the technological limitations of the time. Investigations into the extent 
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of AHN in postmortem tissues of AD patients yielded conflicting results (for a detailed review see [31]). The 
idea being that increased AHN in AD patients points to a self-repair mechanism in the brain where novel 
endogenous cells are recruited to replace damaged cells and promote recovery. Conversely, decreased 
AHN might exacerbate hippocampal function and contribute to cognitive dysfunction in AD. If the latter is 
true, ameliorating inherent AHN in AD patients could hold promise as a treatment to recover or delay 
learning and memory impairment from the disease.  
 
Indeed, recent papers did show that AHN drops sharply in AD and mild cognitive impairment (MCI) 
patients compared to healthy-aged individuals [5,30]. This finding shifted the focus to examining whether 
impaired AHN contributes to cognitive dysfunction and/or other AD pathologies and whether ameliorating 
AHN could salvage or even improve cognition. Animal loss- and gain- of function studies, where AHN is 
either ablated or increased, have been the primary tool in examining the therapeutic potential of 
ameliorating AHN (for a full review see [31]). Notably, loss-of-function studies point to impaired AHN as one 
of the critical events in early AD pathogenesis that exacerbates cognitive dysfunction and mediates other 
symptoms. Conversely, gain-of-function studies show that increasing AHN betters cognitive functions even 
in the presence of stable Aβ pathologies.  
 The exact underlying molecular mechanisms of AHN impairment remain elusive. Previous studies indicate 
that the accumulation of Aβ plaques and/or hyperphosphorylated Tau protein leads to impaired AHN [32]. 
In addition, Terreros-Roncal et al. noted that neurogenic niche disturbances like reduced phagocytic 
capacity of microglia, astrogliosis, and altered microvasculature of the dentate gyrus lead to AHN 
impairments as well [33].  
Taken together, these findings strongly entail the possibility that therapies targeting AHN may be useful in 
treating and preventing dementia and AD.  
 
2.1 Exercise as an intervention for ameliorating hippocampal neurogenesis 

The neuroscience of exercise is a fascinating intersection of physical activity and brain health, and a rapidly 
developing area of research. Physical activity can increase blood flow, promote the growth and survival of 
neurons, reduce inflammation and oxidative stress, improve mood and reduce stress, and promote the 
growth of new blood vessels. In addition, one key discovery was that the hippocampus exhibits extensive 
plasticity in response to exercise. The functional importance of newly formed neurons in the hippocampus 
depends on their control and regulation by a wide range of stimuli, encompassing both behavioral and 
biological factors [34]. Exercise has been demonstrated to have a particularly strong positive effect on AHN 
[10,11]. However, this effect was not observed in the SGZ, the other neurogenic niche [12,33]. The first discovery 
that running boosts neurogenesis in the DG of the rodent hippocampus and thereby enhances learning 
and memory came in 1999 [10,11]. Moreover, in a mice strain 129SvEv which exhibits high variation in 
individual voluntary running distances, research showed a positive correlation between the distance ran 
and the number of new cells born and their survival. However, the same year, Rhodes and colleagues 
showed a lack of association between running distance in hyperactive mice and the number of cells 
produced [36]. Thus showing hyperactivity may be associated with neurological deficits that affect brain 
function [36]. Subsequent studies have revealed hippocampal neurogenesis in response to exercise to be a 
robust phenomenon [37-39]. Kroonenberg and colleagues established that neurogenesis peaks after 3 days 
of running, but levels return to baseline after 32 days [40]. However, they also show that the number of 
immature neurons continues to increase after this time point [40]. Further evidence came from a study by 
Berg et al. at Johns Hopkins University, who used single-cell lineage tracing and population fate-mapping 
to report a "continuous" model in which a single precursor population continuously and exclusively 
contributes to dentate neurogenesis from early embryonic stages to adulthood. Thereby, sustained 
physical activity seems to keep precursor cell divisions at a level corresponding to a much younger age and 
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prevent the age-dependent decline in the precursor cell-based potential for adult hippocampal 
neurogenesis [40]. Moreover, the effects of exercise on HN are not only quantitative but also qualitative. In 
particular, enhanced mushroom spine density and decreased spine motility are observed during the 
development of new neurons, even though the total number of dendritic protrusions remains unchanged 
[41]. Finally, running increases long-term potentiation, an indicator of synaptic transmission and a neuronal 
correlate of learning and memory, in both voluntary running and forced exercise paradigms [42,43].  
 
Taken together with studies reporting human AHN, these data point to a therapeutic potential of boosting 
AHN with exercise in humans. Moreover, several studies using an antibody for the immature neuron 
marker, DCX, have discovered potential neuronal progenitors expressed throughout human DG in 
response to exercise [5,24,44]. Indeed, long-term human studies consistently show that exercise reduces age-
related cognitive decline and AD and dementia risk [45,46]. Despite this, the National Academies report in 
2017 deemed evidence from human studies as inconclusive for preventing cognitive decline and 
insufficient to recommend exercise for reducing the risk of dementia [47]. Their resolution was based on 
the inconsistency of cognitive benefits in randomized controlled trials (RCTs), and the lack of 
correspondence between cognitive change, and changes in intervention-induced biomarkers of brain 
dysfunction [48,49]. Therefore, further exploration of the relationship between exercise and cognitive 
preservation in older adults could hold substantial societal and economic value, given the widely accessible 
and health-promoting nature of exercise.  
 
Thus far, best understood was the close association between trophic factors and exercise benefits on the 
brain. Most notably, brain-derived neurotrophic factor (BDNF) plays an essential role in neurogenesis, cell 
proliferation and survival, synaptic plasticity, and neurite outgrowth. Knockdowns or deficits of BDNF or 
its receptor tyrosine receptor kinase B (TrkB) lead to impaired memory function [50]. BDNF acts on 
downstream targets cAMP-response element binding (CREB) protein, synapsin I, and synaptophysin, while 
simultaneously increasing its own messenger RNA (mRNA) and its receptor tyrosine kinase B (TrkB) [51]. In 
rodents, exercise upregulates hippocampal BDNF/TrkB mRNA and protein expression after both short (2–
7 days) and long (1–8 months) periods across a range of intensities, exercise, and housing conditions ([52,53]; 
for review, see [54]). Blocking hippocampal BDNF or ablating the TrkB receptor prevents neurogenesis and 
impairs cognitive performance [55,56]. In humans, exercise-induced increase in levels of serum BDNF are 
associated with increased hippocampal volume [57]. Conversely, reduced serum BDNF levels are associated 
with age-related decline in hippocampal volume [58]. Non-neuronal cells, astrocytes, produce BDNF and 
express TrkB, thus supporting the development of new neurons [59]. Exercise upregulates the number of 
astrocytes, lengthens their cell processes, and increases cell body size, thereby likely mediating the 
exercise-induced changes in BDNF levels [60]. In addition, microglial number is downregulated by exercise 
[61]. However, complete ablation of microglia impairs HN [62]. Thereby indicating that an interplay of 
cytokines produced by microglia may be required to maintain the neurogenic process. Notably, the 
downregulation in microglial number contributes to halting inflammation-induced reduction in AHN [61]. 
Finally, exercise-induced BDNF levels appear to also be mediated by epigenetic changes. Exercise promotes 
histone H3 acetylation [63] and downregulates hippocampal histone deacetylases (HDAC) [64], which in turn 
upregulates BDNF gene expression [65]. 
 
Moreover, the blood-brain barrier (BBB), a highly specialized and selective barrier formed by brain 
endothelial cells (BECs), plays a crucial role in the passage of substances from the bloodstream into the 
brain. Blood plasma proteins abundantly cross from the periphery to the brain in healthy young adult mice 
via BECs [66]. However, this bulk uptake of blood plasma proteins is significantly reduced in aged mice due 
to a shift from a receptor-mediated to a less specific BEC transcytosis [66]. Type 1 cells of the adult DG reside 
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in a vascular niche and directly contact blood vessels [67]. Hence, blood plasma is likely a significant mode 
of communication between acute systemic changes in the periphery and the hippocampus. 
Exercise improves cerebrovasculature. Improved vasculature results in enhanced perfusion, leading to the 
more efficient delivery of oxygen, nutrients, neurotrophins, and other substances that can support and 
enhance brain function. Exercise-mediated modulation in cerebral blood flow (CBF) has been observed in 
the hippocampus (as well as cortex and striatum) but not the other neurogenic niche, the olfactory bulb 
[68,69]. The exercise intensity and duration differentially modulate the increase in CBF [69-71]. Prolonged 
exercise improves CBF and cerebrovascular plasticity by promoting neovascularization and angiogenesis 
[72,73], and the effects persist in old animals [74]. Previous work has reported exercise-mediated 
improvement in increased vascular density and pericyte coverage of endothelial cells [74], as well as 
reduced vascular leakage [75]. 
Vascular endothelial growth factor (VEGF) likely plays a key role in mediating exercise-induced vascular 
plasticity, adult neurogenesis, and communication between peripheral tissues and the brain [38,76,77]. VEGF 
is a neurotrophin produced in multiple tissue types whose primary function is to stimulate the production 
of new blood vessels. Pharmacologically inhibiting VEGF precludes exercise-induced improvement in AHN 
[38], indicating that VEGF may be produced by a distant peripheral origin outside of the hippocampus [78]. 
The actual source of VEGF release remains elusive; however, muscle appears to be the best candidate 
considering 60-90% of peripheral VEGF is produced there [79]. Furthermore, Licht and colleagues have 
shown that even short-term exposure to VEGF attenuates age-related HN decline. Long-term exposure, on 
the other hand, has the potential to morphologically remodel NSCs, resembling a "juvenile" pattern of NSC 
and blood vessel engagements [80]. Therefore, the exercise-induced increase in VEGF is one of the factors 
contributing to long-term neurogenic enhancement.  
In addition, changes in complement and coagulation cascades have recently also been implicated as the 
effects of exercise and in reducing neuroinflammation [81]. For example, In AD, the complement pathway 
is activated, and inhibiting the complement proteins C1q or C3 reduces neuroinflammation, the toxic effect 
of Aβ plaques, and attenuates synapse loss [59]. 
 
2.2 Exerkines and Hippocampal Neurogenesis 
 
Due to its paramount role in our perception and sense of self, the brain is frequently considered isolated 
from the body, emphasizing its profound significance in shaping our identity and experiences. However, 
this is far from true. Recent improvements in proteomic approaches and single-cell RNA-sequencing 
technologies have begun to elucidate the intertissue communication between the periphery and the brain.  
Heterochronic parabiosis studies, in which a young and an aged animal’s circulatory systems are surgically 
connected, have been particularly instrumental in shedding light on this topic. Heterochronic parabiosis 
studies have previously shown that young blood-borne factors mediate the rejuvenation of aged muscle, 
liver, heart, pancreas, bone, spinal cord, and brain, leading to increased life and healthspan. The effects 
on the brain include increased hippocampal and subventricular zone neurogenesis, synaptic plasticity and 
synaptic density, vascular density and cerebral blood flow, and attenuation of cellular senescence markers 
within the forebrain. Furthermore, heterochronic bone marrow transplantation from young to aged 
animals increased synaptic density, attenuated microglial activation, and enhanced hippocampus-
dependent cognitive function in aged mice. Thereby showing that along with the cell-intrinsic 
mechanisms, the systemic environment also plays a vital role in brain health (for a full review see [82]).  
Similarly, systemic and lifestyle interventions such as exercise and caloric restriction have shown wide-
ranging rejuvenating effects on the brain due to interactions with the circulatory system [83,84]. Recent work 
has begun to decode individual components in exercising blood plasma and decipher their influence on 
AHN. Several peripheral organs and their respective metabolic energy metabolism pathways have been 
related to eliciting and coordinating the adaptive responses to exercise in the brain. Systemic factors 
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released from the periphery in response to exercise are collectively termed "exerkines”. Peripheral organs 
involved and their respective exerkines are muscle (myokines), liver (hepatokines), and adipose tissue 
(adipokines). However, adipose tissue remains an understudied area and will therefore be excluded from 
this thesis (for a review see [85]). The mechanism via which these factors influence hippocampal 
neurotrophin and neurogenesis levels and memory function remains to be completely illuminated.   
 
Consequently, these findings challenge the prevailing notion that brain aging is an irreversible process. The 
arising hypothesis states that the molecular players that mediate the beneficial effects of exercise on the 
brain serve the dual purpose of an energy fuel and modulators that affect hippocampal gene expression. 
Hence, this chapter will provide an overview of the main peripheral blood factors involved in transferring 
the positive effects of exercise to the hippocampal neurogenesis, thus ameliorating cognitive decline in 
health and disease.  
Notably, while previous research discovered a series of muscle-derived myokines, recently, the focus 
shifted to the liver. The liver is the essential hub for numerous physiological and metabolic processes. As 
a novel series of exercise-induced hepatokines have been identified, the interest in the function of the 
liver as a major secretory organ is rapidly growing [13]. Furthermore, awareness is growing that liver 
dysfunction is an early event in AD, and its role as a potential therapeutic target for AD appears prospective 
[86].  
 
2.3 Muscle and myokines 
 
The idea that skeletal muscle releases cytokines that might be linked to neural plasticity came from the 
observations that patients with myopathies suffer significant cognitive deficits [87-89]. Subsequently, Kobilo 
and colleagues examined a potential link between endurance exercise and cognitive function, namely 
hippocampus-mediated spatial memory [90]. Treating L6 mice with an AMPK (muscle "master regulator") 
agonist AICAR led to significant improvements in spatial memory, which were precluded by muscle-specific 
AMPK a2-subunit deficiency [90], thereby establishing the link between muscle and hippocampal cognition. 
In the following study, Moon and colleagues identified a novel myokine, cathepsin B (Ctsb), as the mediator 
of exercise-induced hippocampal plasticity [91]. Ctsb is a lysosomal thiol proteinase that has up to that point 
been studied exclusively in relation to pathological processes in the brain. Alzheimer's disease (AD) mouse 
model studies yielded contradictory results [92,93]. However, applying Ctsb to adult hippocampal progenitor 
cell cultures induced the expression of BDNF and DCX, thereby confirming the neurogenic role of Ctsb [91]. 
In addition, Moon and colleagues reported impaired spatial memory in Ctsb knockout mice, thus affirming 
its role in hippocampal function [91]. 
Furthermore, peroxisome proliferator-activated receptor g coactivator (PGC-1a) is a transcriptional 
coactivator activated in exercising muscle, and its activation leads to the production of fibronectin type III 
domain containing 5 (FNDC5), a membrane protein, which is cleaved and secreted as irisin. Irisin is involved 
in regulating metabolism, promoting the browning of white adipose tissue, and thermogenesis. In the 
body, FNDC5 is mainly expressed in the brain, including the hippocampus [94]. Interestingly, after thirty days 
of voluntary exercise, the increase in FNDC5 mRNA was localized in the quadriceps and hippocampus but 
not the rest of the brain. Importantly, an increase in FNDC5 expression in neurons and peripheral up-
regulation of FNDC5 resulted in increases in hippocampal BDNF gene expression [95]. Moreover, an 
exercise-induced increase in plasma was also demonstrated in humans [96]. 12 weeks of high-intensity 
aerobic training increased FNDC5 expression in various areas of the brain, hippocampus included [95]. 
However, some questions remained open. No conclusive data existed on whether the cleaved and secreted 
part of FNDC5, irisin, or the full-length membrane-bound form FNDC5, was the active moiety, as well as 
whether muscle-derived or hippocampus-derived irisin is responsible for the cognitive benefits with 
exercise. Luckily, decisive results came from a study by Islam et al. in 2021 [97]. Mice with a genetic ablation 
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of FNDC5/Irisin exhibit impaired cognitive function in exercise, aging, and AD. By using an AAV8 vector 
that only forces expression of irisin but not the parent protein FNDC5, the group showed that irisin is the 
active moiety and that it can restore cognitive function. Furthermore, peripheral administration of irisin 
led to elevated central levels of irisin and successfully rescued the cognitive decline in two different mouse 
models of AD—even after the significant disease progression [97]. To examine the direct effects on AHN, 
the group used F5KO mice, in which exercise does not increase dendritic complexity, spines size, and 
number, and an altered transcriptome and neuronal activation [97]. This abnormal AHN is accompanied by 
impaired pattern separation, which can be rescued by irisin application into the DG, strongly suggesting 
that dysregulated adult-born neurons are, at least in part, responsible for the defect in cognitive function 
caused by genetic ablation of Fndc5/irisin. Notably, whether muscle-derived or hippocampus-derived irisin 
is responsible for the cognitive benefits of exercise remains unknown.  
Additionally, the metabolite lactate from exercising muscle reportedly crosses the blood-brain barrier 
(BBB), enhances BDNF expression and, in turn, promotes learning and memory [98]. Lactate levels have 
previously been shown to be upregulated in the hippocampus following exercise [99]. The present study 
identified lactate as a novel endogenous metabolite that links exercise to hippocampal BDNF expression 
and cognition. Lactate activates the NAD+-dependent histone deacetylase SIRT1, which in turn engages 
the previously identified hippocampal PGC1a/FNDC5(Irisin) pathway to induce BDNF expression [98]. 
Lactate activates SIRT1 by altering the NAD+/NADH ratio of neurons, and SIRT1 deacetylates the 
transcriptional coactivator PGC1a thus promoting its activity [98].  
 
2.4 Liver and Hepatokines 
 
The liver is the largest gland in the body, and it expresses and releases a large number of proteins into the 
blood. Liver-derived hepatokines mainly regulate glucose and lipid homeostasis [100]. Certain hepatokines 
have also been identified as mediators of the beneficial effects of exercise on cognitive function. Exercise-
induced hepatokines directly boost AHN, ameliorate age-related cognitive dysfunction, and reduce 
inflammation. Thus, making it tempting to speculate that exercise prompts the liver to induce changes 
that benefit the brain.  
One of the first hepatokines, and exerkines in general, shown to be involved in exercise-induced 
enhancement of cognitive function was IGF-1. Radiolabeling IGF-1 demonstrated that it crosses BBB via 
receptor-mediated transport [101]. In rats, IGF-1 administration via a ventricular osmotic minipump 
ameliorates the age-related cognitive decline in hippocampal tasks [102], and peripheral administration of 
IGF selectively increases AHN [102]. In humans, acute brief exercise increases plasma levels of IGF-1 in an 
intensity-dependent manner [103]. Therefore, increased uptake of circulating IGF-I by brain cells after 
physical exercise is involved in the effects of exercise on AHN [104]. In addition, blocking the IGF-1 receptor 
in the hippocampus abolished exercise-induced increases in BDNF levels and worsened cognitive 
performance. However, despite the promising results, a meta-analysis of 115 human studies showed that 
approx. 50% found no difference in the levels of IGF-1 in response to exercise, rendering it impossible to 
draw firm conclusions [105]. To make matters worse, depletion of IGF-1 appears to be protective in mouse 
models of AD. Hence, further research is warranted to determine the role of IGF-1 as a systemic link 
between exercise and cognition.  
Furthermore, b-hydroxybutyrate (BHA), one of three ketone bodies derived from acetyl-CoA, serves as an 
alternative energy source for the brain, particularly during glucose scarcity [106]. Following exercise, BHA 
levels in the brain are increased, and in turn increase BDNF expression through HDAC2/HDAC3 inhibition 
and histone H3 acetylation in the hippocampus [107]. While this provides a physical link between exercise 
and increased BDNF levels, the study lacks behavioral analyses to draw conclusions about cognitive 
function.  
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Fortunately, recent studies have identified a multitude of other exercise-induced hepatokines, thereby 
strongly pointing to a possible liver-to-brain axis. Given the observation that systemic administration of 
blood plasma derived from mice that exercised ameliorates age-related impairments in AHN and cognitive 
function in the aged hippocampus, Horowitz and colleagues set out to identify the exact factors 
responsible [108]. The group identified glycosylphosphatidylinositol (GPI)–specific phospholipase D1 (GPLD-
1) as an exercise-induced hepatokine sufficient to rescue hippocampal function in aged mice. Exercise 
elevates blood levels of GPLD-1 in both aged mice and healthy elderly humans [108]. This study did not, 
however, relate increased GPLD-1 levels to improved hippocampal function in humans. Moreover, 
overexpression of GPLD-1 mRNA in the liver, by using hydrodynamic tail vein injection (HDTVI)–mediated 
in vivo transfection, recapitulated the benefit of exercise on AHN and cognitive function. The underlying 
mechanism via which GPLD-1 confers these benefits is likely the result of changes in the coagulation and 
complement system cascade [108]. In addition, Li and colleagues found that GPLD-1 levels are elevated in 
long-lived mouse strains, as well as in response to lifespan-extending drugs [109]. Hence, GPLD-1 holds 
promise for ameliorating age-related decline in neurogenesis and cognition. 
Given this observation, a study by De Miguel and colleagues further investigated whether blood plasma 
from exercising mice contains factors that can benefit not only the old, but also the young, healthy brain 
[81]. Indeed, administering plasma from exercising mice led to a significant increase in total proliferating 
cells, DCX+ neuroblasts, and surviving cells in sedentary mice [81]. Mass Spectrometry (MS) identified 235 
unique proteins, of which 23 were downregulated and 26 were upregulated in the plasma of running mice 
[81]. Biological pathway analysis pointed to activation of the complement system's alternative pathways, 
suggesting that the clotting cascade is overall inhibited in exercising animals [81]. Immunodepleting 4 top 
differentially expressed proteins from exercising plasma identified a novel exerkine, clusterin (CLU or 
apolipoprotein J (ApoJ)) [81]. CLU acts as an inhibitor of apoptosis, inflammation, and complement 
activation [110]. CLU targets hippocampal BECs and binds to its receptor, LDL-like receptor 8 (LRP8), on BECs. 
CLU broadly reduces interferon signaling and dampens inflammation. In addition, CLU is also expressed in 
astrocytes, but the levels do not change following exercise. Hence, the main systemic source of CLU is most 
likely the liver. Consistently with the findings in mice, CLU plasma levels are increased after 6 months of 
exercise in patients with mild cognitive impairment. This similar anti-inflammatory gene expression profile 
further implicates the complement and coagulation cascades in exercise-mediated effects [81]. 
Another primarily liver-derived protein, selenoprotein P (SEPP1), has been shown to mediate exercise-
induced enhancement of AHN [111]. A comparison of the proteomic screen on the blood plasma from 
sedentary and exercising mice yielded 68 proteins as significantly upregulated by exercise [111]. Of which, 
25 were selenoproteins, however, SEPP1 is the most important for maintaining selenium levels in the 
brain. Exercise increases the systemic level of SEPP1, which transports selenium from the systemic 
environment to NPCs of the DG by binding to the LRP8 receptor on BECs [111]. In the DG, selenium activates 
quiescent hippocampal NPCs and recruits them into the neurogenic trajectory. Mouse models where 
either SEPP1 or LRP8 are knocked out exhibit no improvements in AHN, thus showing that both are 
necessary [111]. Moreover, exercise-induced enhancement in AHN and reversal of age-related cognitive 
decline can be mimicked by dietary selenium supplementation. Thus, suggesting potential therapeutic 
relevance for selenium in ameliorating age-related cognitive decline and injury [111].  
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Factor Induced by Effect on hippocampus Translation to human 
research 

Peripheral source References 

BDNF Acute exercise ↑neurogenesis  
↑cell proliferation and 
survival 
↑synaptic plasticity, 
and neurite outgrowth 

↑Hippocampus-
dependent cognition 
↓Age-related 
cognitive decline 

Muscle, heart, liver, 
platelets, adipose 
tissue 

50-65 

VEGF Acute exercise ↑angiogenesis and CBF 
↑Hippocampal 
neurogenesis 
↑Synaptic plasticity 

↑Hippocampus-
dependent cognition 
↓Age-related 
cognitive decline 

Muscle and other 
tissues 

38, 76-80 

CTSB Exercise 
training 

In vitro: ↑ neurotrophin 
and DCX expression but 
not proliferation or 
survival of NPCs 

↑Hippocampus-
dependent cognition 
in well-trained adults 

Muscle 91-93 

Irisin Aerobic 
exercise 
training 

↑ BDNF and markers of 
synaptic plasticity 
 
AD mouse model: 
↑ Synaptic plasticity 
↓ Glial activation 

↑Hippocampus-
dependent cognition 
in plasma of aerobic 
exercise-trained 
adults 

Muscle 94-97 

Lactate Acute exercise ↑ VEGF 
↑angiogenesis 
↑ Hippocampal BDNF 

↑Hippocampus-
dependent cognition 

Muscle 98,99 

IGF-1 Acute exercise ↑ BDNF and synaptic 
plasticity 
↑ Neurogenesis 

↑hippocampus-
dependent cognition 
in aged mice 

Liver and other 
tissues 

101-105 

β-hydroxybutyrate Acute exercise ↑ CBF 
↑BDNF 
↓Systemic 
inflammation and ROS 

↑Hippocampus-
dependent cognition 

Liver 106,107 

GPLD-1 Exercise 
training 

↑Hippocampal 
neurogenesis 

↑Hippocampus-
dependent cognition 
in older individuals 

Liver 108-109 

Clusterin (ApoJ) Exercise 
training 

↑ BDNF and markers of 
synaptic plasticity 
↓ Inflammation 

↑Hippocampus-
dependent cognition 
in mild cognitive 
impairment 

Liver 81,110 

SEPP1/selenium Acute exercise ↑Hippocampal 
neurogenesis 

↑Hippocampus-
dependent cognition 

Liver (SEPP1), diet 
(selenium) 

111 

Table 1 – List of exercise-induced factors from different peripheral tissues, and their effect on hippocampal state as 

well as potential translational value for human research.  
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Discussion and Conclusion 

In conclusion, this thesis has explored the relationship between peripheral exerkines and hippocampal 

neurogenesis, focusing on their potential implications for the treatment of Alzheimer's disease and 

dementia. The findings highlight the potential of exercise-induced molecules from the liver and muscle to 

boost hippocampal neurogenesis. Enhanced AHN, in turn, leads to offsetting the cognitive impairment 

observed in AD and milder forms of dementia. By elucidating the mechanisms underlying this 

phenomenon, the research paves the way for developing novel therapeutic interventions to promote 

neurogenesis and thus mitigate cognitive decline in AD. 

Moreover, many elderly individuals face limitations that prevent them from engaging in physical activity. 

Identifying the specific molecules involved in the exercise-induced AHN amelioration allows for mimicking 

the positive effects of exercise, providing an alternative for those unable to engage in physical activity. 

Such molecular players could serve as promising therapeutic agents to enhance cognitive function, 

promote neuroplasticity, and potentially slow down the progression of age-related cognitive decline, 

ultimately improving the quality of life for elderly individuals affected by these conditions. 

Despite many questions regarding 'how' exercise benefits the brain remaining unanswered, the field of 

evolutionary neuroscience has postulated a hypothesis as to 'why' [112]. Around 2 million years ago, a 

notable shift in human evolution occurred, characterized by a transition from comparatively lower aerobic 

physical activity to increased activity levels [113]. The transition was prompted by a changing climate that 

compelled our predecessors to move away from densely forested environments towards more open 

habitats [113,114]. This change necessitated hunting and foraging for foods scattered across varying distances. 

Consequently, it potentially demanded enhanced spatial navigation, memory, and attention skills. The 

connection between the cognitive requirements of foraging and exercise may have exerted a significant 

evolutionary force that led to exercise-induced neurogenesis. It may have also influenced the changes in 

cortical connectivity by promoting synaptogenesis and myelination. Thus, cognitive demands of novelty 

and exploration may be the key link between physical activity and AHN. That is not to say exercise alone is 

insufficient to induce physiological changes in the AHN, however, there appears to be an increased effect 

on neuronal survival when physical and cognitive challenges are combined. In support, studies where the 

cognitive task is thematically linked to the exercise session have shown promising results [115-117]. For 

instance, Anderson-Hanley et al. reported that three months of exercise on a stationary bike in a virtual 

environment significantly improved executive functions and increased BDNF levels compared to controls 

exercising on a stationary bike with no cognitive stimulation [115]. 

Finally, elucidating the precise signaling pathways and interactions of peripheral exerkines with the 

hippocampus and other brain regions will provide invaluable insights into their neurogenic potential and 

therapeutic implications. Investigations into the molecular cascades triggered by peripheral exerkines can 

aid in uncovering potential synergistic effects with existing therapeutic strategies for Alzheimer's and 

dementia. Additionally, exploring the temporal dynamics, dosage effects, and long-term consequences of 

these molecules on neurogenesis and cognitive function is crucial for developing safe and effective 

interventions. Therefore, continued research efforts are warranted to unlock the full therapeutic potential 

of these exercise-induced molecules and translate them into targeted interventions that can benefit 

individuals suffering from neurodegenerative disorders. 
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Afterword – the Mechanism of Hippocampal Neurogenesis  
 
While both neurogenic regions have been significant research areas, SGZ neurogenesis has received 
more attention. The hippocampus, the area where SGZ neurogenesis occurs, is well-known for its role in 
learning and memory, including spatial learning and memory, contextual fear conditioning, and pattern 
separation. For this reason, postnatal SGZ neurogenesis will be referred to as adult hippocampal 
neurogenesis (AHN) in the remainder of this thesis. By contrast, the function of SVZ neurogenesis in the 
olfactory system is less well understood, and it is unclear how it contributes to brain function and 
behavior. Furthermore, AHN has been more extensively studied in humans due to the accessibility of the 
hippocampus to imaging techniques such as magnetic resonance imaging (MRI). Finally, AHN has been 
implicated in a variety of neurological and psychiatric disorders, including depression [118,119], anxiety [120], 
and Alzheimer's disease [121], among others. Therefore, understanding AHN has significant and far-
reaching implications for the development of new treatments for these disorders. Although there is 
growing evidence that SVZ neurogenesis may also be implicated in certain diseases, such as Parkinson's 
disease, its relevance to a broader range of neurological and psychiatric disorders remains to be fully 
elucidated [122]. For the aforementioned reasons, this thesis will exclusively focus on hippocampal 
neurogenesis. 
 
The process of hippocampal neurogenesis begins with the proliferation of self-renewing and multipotent 
adult neural stem cells (NSCs) in the SGZ of the hippocampus. Two different populations of NSCs have 
been identified [123]. Type 1 neural progenitor cells (NPCs) are a population of radial glia-like cells that 
express the glial fibrillary acidic protein (GFAP), nestin, and Sox2 and act as quiescent NSCs [124]. These 
cells can self-renew and differentiate into both neurons and glial cells. They are characterized by their 
elongated cell bodies and radial processes that extend throughout the granule cell layer and into the 
entire molecular layer of the hippocampus [124]. 
Type 2 cells, also known as amplifying neural progenitors, are more restricted in their differentiation 
potential and can only differentiate into neurons. They are derived from type 1 cells and have a more 
rounded cell body and shorter processes than type 1 cells [124]. Type 2 cells express Sox2 and Nestin but 
not GFAP. They generate DCX+ neuroblasts that predominantly differentiate into local glutamatergic 
dentate granule cells (DGCs) [123].  
Moreover, a subset of type 2 Sox2+ cells appears to play a role in amplifying the number of progenitor 
cells, which contributes to the overall rate of hippocampal neurogenesis, thereby pointing to a possible 
reciprocal lineage relationship between type 1 and type 2 cells in the SGZ [125].  
As these progenitor cells differentiate into neurons, they migrate to their final destination within the 
hippocampus and integrate into the existing neural circuitry. About 50% of approximately 9,000 cells 
generated in the SGZ daily in young adult rats survive [126]. Once integrated, new neurons form new 
connections with other neurons, strengthening and modifying existing circuits. This process of 
neuroplasticity is thought to be one of the mechanisms behind learning and memory [127].  
 
Therefore, hippocampal neurogenesis depends on the maintenance of "stemness" and commitment to 
differentiation, survival, and integration of new neurons. This is tightly regulated and tuned by intricate 
molecular mechanisms, including cell-intrinsic factors, systemic factors, the "niche" and systemic 
circulation. In addition, it can be modulated by various physiological, pathological, and pharmacological 
stimuli. Despite the recent surge in research on NSCs, our current understanding of the exact molecular 
effects on HN is relatively limited. In part because of technical challenges.   
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Fig. 2 - Adult hippocampus neurogenesis. (A) Illustration of the anterior-posterior (ventral-dorsal) axis of the 
hippocampus. (B) Different biomarkers of AHN during different stages [128] 

 


