
LEBANESE AMERICAN UNIVERSITY 

 

 

 

 

 

 

Exercise-induced !-ketoglutarate enhances spatial learning by modulating 

hippocampal levels of BDNF in a sex-specific manner 

 

By 

Perla El Ahmad 

 

 

 

 

 

A thesis 

Submitted in partial fulfillment of the requirements  

For the degree of Master of Science in Biological Sciences 

 

 

 

School of Arts and Sciences 

July 2022 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

© 2022 
Perla El Ahmad 

All rights reserved 
 

 

 









 v 

ACKNOWLEDGEMENTS 
 
 It takes a village to finalize a thesis and I wish to express my appreciation to 

my village without whom I would not have been able to complete this project. 

 

 I am sincerely grateful for my supervisor, Dr. Sama Sleiman for her guidance, 

support, encouragement, and patience. Her insight and knowledge steered me through 

the research process, and she equipped me with the necessary skills to become a better 

scientist. 

 

I also could not have undertaken this journey without my defense committee, 

Dr. Joseph Stephan and Dr. Roy Khalaf, who generously provided their knowledge, 

expertise, and feedback throughout this project. 

 

I must express my deep gratitude to our laboratory animal technicians, Mr. 

Jean Karam, Elias Abi Ramia, and, Charbel Yazbek. They were present every day, 

from weekends and holidays to lockdowns, to ensure that my work runs smoothly. 

 

I would like to acknowledge our lab supervisors, Ms. Maya Farah and Ms. 

Helena Bou Farah, for providing me with the resources to complete this project. 

 

Completing this work would have been all the more difficult were it not for 

the support and friendship provided by my lab members; Reine Khoury, Fady Eid, 

Diala El Masri, Zena Haddad, Amar Mezher, Litsa Ghayad, Rouba Hobeika, and 

Joelle Saad. I can’t thank you enough for helping me with the work, carrying my 

cages, covering for me, teaching me techniques, and being my support system 

throughout my master’s degree. And to my friends in the master’s program, thank 

you for making the lab a fun working place. A special thanks to my friends and 

seniors, some of whom helped with the work in the lab and others who provided me 

with support, entertainment, and sustenance while writing this thesis. Emilio Wehbe, 

Leah Matta, and Jean Ghawche thank you. 

 

Finally, I am grateful for my family. Thank you for putting up with my long 

hours in the lab, and for your continuous love and support for me. 



 vi 

Exercise-induced !-ketoglutarate enhances spatial learning by 
modulating hippocampal levels of BDNF in a sex-specific 

manner 
 

Perla El Ahmad 
 

ABSTRACT 
 
Exercise promotes the release of proteins and metabolites known as exercise factors 
from the muscles, liver, and bones into the blood. The exercise factors increase 
hippocampal levels of brain-derived neurotrophic factor (BDNF) which mediates the 
benefits of exercise on cognition. Identifying these exercise factors would elucidate 
the mechanisms underlying the benefits of exercise. In this study we examined the 
effects of the tricarboxylic acid cycle intermediate !-ketoglutarate (!KG) on 
cognition in both males and females to uncover any sex differences considering the 
new NIH guidelines to factor sex as a variable in research. We report that 	!KG is 
released in the serum of males following forced resistance exercise and voluntary 
endurance exercise. In contrast, !KG is released in the serum of females only 
following voluntary endurance exercise. We used the Morris water maze test to 
investigate the effects of !KG on spatial learning and memory formation. We report 
that the administration of exogenous !KG enhances spatial learning but not memory 
in both males and females. This enhanced learning is associated with an increase in 
hippocampal BDNF and FNDC5 levels in females only. In males, !KG does not to 
induce hippocampal FNDC5/BDNF, and therefore promotes learning through a yet 
unknown mechanism. Overall, our results reveal one of the mechanism through 
which exercise enhances BDNF and promotes learning in females. 
 

 

Keywords: Exercise, Exercise Factors, BDNF, Learning, Memory, !-ketoglutarate 
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Chapter 1 

Introduction and Literature Review 

1.1. Introduction 

 In 1889, Friedrich Nietzsche stated that “all truly great thoughts are conceived 

while walking” (Nietzsche, 1968), suggesting that the benefits of exercise on 

cognition have been recognized for centuries. However, two centuries later, 

physical inactivity is considered a pandemic and a significant risk factor for global 

mortality (Kohl et al., 2012). Indeed, approximately a quarter of the global adult 

population is physically inactive, and regions such as the middle east have the 

highest levels of physical inactivity (Guthold et al., 2018; Sharara et al., 2018).   

With the increased awareness of the benefits of physical activity and the 

elevated prevalence of the sedentary lifestyle, the development and study of 

“exercise mimetics” has become an increasingly more popular field. Exercise 

mimetics are “an emerging therapeutic modality focused on enhancing or 

mimicking the beneficial effects of physical exercise” (Gubert & Hannan, 2021, p. 

862). The development of exercise mimetics may be particularly beneficial for 

specific populations, such as disabled people and the elderly, who may be 

incapable of exercising.  

To develop exercise mimetics, we must first identify the molecules released 

from several organs in response to exercise, also known as exercise factors. We 

must also have a clear understanding of the biological pathways that underlie the 

beneficial effects of exercise. In this study, we identified a new exercise mimetic 

candidate, !-ketoglutarate (!KG), and investigated its effect on learning and 
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memory in male and female C57BL/6 mice. We also identified a subset of the 

!KG-induced pathways that mediate the positive effects of exercise. 

 

1.2.  The beneficial effects of exercise 

Exercise has many benefits on physical and mental health. For instance, 

exercise is a preventative and therapeutic measure for several diseases, namely 

myocardial infarction (Kim et al., 2019; Liao et al., 2019), hypertension 

(Bakker et al., 2018; Lopes et al., 2018), type 2 diabetes (Balducci et al., 2014; 

Kirwan et al., 2017), and is associated with a lower incidence of cancer 

(Hojman et al., 2018; Y. Kim et al., 2019). In addition, exercise enhances brain 

function and promotes mental health. Indeed, exercise increases hippocampal 

neurogenesis, and promotes learning, and memory in mice (van Praag, 2005; 

van Praag et al., 1999) and in humans (Killgore et al., 2013; Nauer et al., 2020). 

Exercise also enhances mood (Chan et al., 2019; Crush et al., 2018) and 

decreases anxiety (Aylett et al., 2018; Kazeminia et al., 2020). Finally, exercise 

is recommended for the prevention and treatment of depression (Karnib et al., 

2019; Schuch & Stubbs, 2019), ischemic stroke (Stephan & Sleiman, 2021), 

traumatic brain injury (Stephan & Sleiman, 2019), and neurodegeneration (X. 

Chen & Gan, 2019; Paillard et al., 2015). The exercise-induced changes in 

brain morphology and plasticity are attributed, in part, to the actions of 

neurotrophins particularly Brain-Derived Neurotrophic Factor (BDNF). 

 

1.3.  Brain-Derived Neurotrophic Factor 

1.3.1. Overview of neurotrophins 
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Nerve Growth Factor (NGF), Brain-Derived Neurotrophic Factor 

(BDNF),  Neurotrophin 3 (NT-3), and Neurotrophin 4 (NT-4) are closely 

related proteins that make up the neurotrophin family (Barbacid, 1995). 

Neurotrophins are growth factors primarily found in the nervous system. 

They are produced as precursors that are cleaved to yield a mature 12-

14kDa proteins which non-covalently dimerize (Chao, 2003). These 

proteins modulate neuronal cell division, differentiation, growth, and 

survival. They also regulate the generation of new synapses, strengthening 

of existing synapses and synaptic plasticity (Park & Poo, 2013; Poo, 2001). 

Neurotrophins mediate their effects by binding to two types of receptors: 

the tropomyosin-receptor kinase (Trk) and p75 neurotrophin receptor 

(p75NTR) (Barbacid, 1995; Chao, 2003). The first identified neurotrophin 

was NGF which regulates neuronal growth, survival, and function (Cohen 

et al., 1954). NGF is particularly essential in cholinergic neurons in the 

basal forebrain.   Knockout of NGF, or the disruption of one NGF allele 

cause a reduction in the number of cholinergic neurons as well as learning 

and memory deficits (X. Chen & Gan, 2019; Ruberti et al., 2000). 

Following NGF’s discovery, BDNF was isolated from pigs (Barde et al., 

1982) and it soon became the most investigated neurotrophin because of its 

many functions and highly regulated activity (Park & Poo, 2013). 

  

1.3.2. BDNF signaling 

BDNF is highly expressed in the central nervous system (CNS), 

particularly in the cortex, amygdala, and hippocampus (Murer et al., 2001). 

Its structure is highly conserved across vertebrates which demonstrates its 
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importance in the function of the CNS (Murer et al., 2001). Bdnf is first 

expressed as pre-proBDNF, a precursor protein. The pre region is then 

cleaved, resulting in proBDNF that is further cleaved into mBDNF (mature 

BDNF; Kowiański et al., 2018; Murer et al., 2001). mBDNF and proBDNF 

bind to different receptors and produce antagonistic effects. mBDNF 

preferentially binds to the TrkB receptor which dimerizes and 

autophosphorylates, activating downstream signaling cascades including 

the mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-

kinase (PI3K), and phospholipase C-"	(PLC-") pathways. The activation 

of these pathways induces the transcription factor cyclic AMP-response 

element binding (CREB) which in turn modulates synaptic plasticity, long-

term potentiation (LTP), memory formation, and induces dendritic growth 

and branching. Pro-BDNF, however, preferentially binds to p75NTR which 

predominantly activates the c-Jun amino terminal kinase (JNK) triggering 

apoptosis (Benarroch, 2015; Chao, 2003; Erickson et al., 2012; Kowiański 

et al., 2018). 

 

1.3.3. BDNF and TrkB signaling promotes hippocampal neurogenesis 

BDNF is heavily implicated in hippocampal neurogenesis, plasticity, 

and learning and memory formation. For instance, hippocampal slices from 

BDNF knockout mice exhibit deficits in LTP which is reversed upon 

treatment with BDNF (Patterson et al., 1996). Similarly, depletion of 

BDNF reduces the growth of dendrites in the hippocampus which is 

reversed upon BDNF overexpression (L. Wang et al., 2015). In addition, 

lentivirus-mediated knockdown of hippocampal BDNF impairs spatial 
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learning and recognition memory formation in adult mice (Heldt et al., 

2007), whereas a single injection of BDNF enhances spatial learning 

(Cirulli et al., 2004). BDNF-induced neurogenesis is TrkB dependent. 

Notably, TrkB ablation reduces hippocampal neurogenesis (Li et al., 2008), 

and treatment with the TrkB inhibitor ANA-12 impairs memory formation 

(Blank et al., 2016). In contrast, treatment with the TrkB agonist 7,8-

dihydroxyflavone (7,8-DHF) enhances hippocampal neurogenesis and 

memory (Stagni et al., 2017). 

 

1.3.4. BDNF mediates the positive effects of exercise 

Exercise and BDNF signaling have similar effects on neurogenesis, 

learning, and memory formation. Thus, it was proposed that BDNF 

mediates the beneficial effects of exercise on the brain. Indeed, exercise 

induces the expression of BDNF in the hippocampus and in circulating 

blood, also known as the periphery (Adlard et al., 2005; Saucedo Marquez 

et al., 2015; Wrann et al., 2013). Mice that exercised performed better in 

the Morris water maze, a spatial learning and memory task, and this 

improvement was associated with an induction in hippocampal BDNF and 

TrkB. Subsequent treatment of exercise mice with TrkB-IgG, a molecule 

that mimics TrkB and preferentially inhibits BDNF by binding it, blocks 

the effects of exercise on learning and memory and the activation of CREB 

(Vaynman et al., 2004). This suggests that BDNF signaling mediates the 

effects of exercise on the brain, however we are just beginning to 

understand the exact mechanism through which exercise induces BDNF . 
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1.4.  Exercise factors mediate exercise-induced BDNF 

expression 

Exercise promotes the release of proteins and metabolites, also known 

as exercise factors, from several organs, namely the muscles, liver, and 

bones. Recent work shows that plasma transfusion from exercised mice 

enhances the cognitive function of old sedentary mice (Horowitz et al., 

2020; Kim et al., 2020). Thus, exercise factors released in the circulation 

following exercise promote the beneficial effects of exercise on cognition. 

In this section, I will discuss a few identified exercise factors. 

 

1.4.1. Muscle-released factors 

1.4.1.1. Fibronectin Type III Domain-Containing Protein 5 (FNDC5) 

Exercise induces the expression of PPAR-c co-

activator-1 !	(PGC1-	!), a transcriptional co-activator, which 

in turn induces FNDC5 expression in muscles (Boström et al., 

2012). FNDC5 is a type I membrane protein that gets cleaved, 

by a currently unidentified enzyme, and generates the hormone 

irisin (Young et al., 2019). Subsequently, Wrann et al. (2013) 

found that exercise induces the expression of PGC1-	! and its 

binding partner estrogen-related receptor alpha (ERRα) in the 

hippocampus. The expression of the PGC1-	!/ERRα complex 

induces fndc5 expression in the hippocampus which in turn 

induces bdnf expression. Furthermore, peripheral injection of 

FNDC5 increases the levels of irisin in the blood and induces 

hippocampal BDNF expression (Wrann et al., 2013), further 
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demonstrating that FNDC5 is an exercise factor released by the 

muscles and underlies the benefits of exercise on the brain. 

FNDC5 and irisin levels are also reduced in patients with 

Alzheimer’s disease (AD) as well as animal models of  AD, and 

the induction of FNDC5 and irisin in the brain and the periphery 

of AD models reverses AD associated memory deficits 

(Lourenco et al., 2019). Finally, irisin induces anti-depressant 

effects by rescuing depressive-like behaviors (Siteneski et al., 

2020; S. Wang & Pan, 2016). 

 

1.4.1.2. Lactate 

During exercise, muscles undergo anaerobic respiration 

and produce lactate from glucose. Lactate enters the circulating 

blood and is transported to the liver where it is reconverted to 

glucose. Glucose is then released in the blood and travels to the 

muscles where it is metabolized again to lactate. This series of 

reactions is known as the Cori cycle. Some of the exercise-

induced lactate produced crosses the blood-brain barrier via the 

MCT2 transporter (Pierre et al., 2002) and is used by the brain 

as fuel (Quistorff et al., 2008). Previous work from our lab 

showed that subsequent to exercise, lactate accumulates in the 

hippocampus and induces SIRT1, a histone deacetylase. SIRT1 

induction activates the PGC1-	!/FNDC5 pathway and in turn 

induce the expression of BDNF. This lactate-induced BDNF 
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promotes spatial learning and memory formation (El Hayek et 

al., 2019).  

 

 

 

1.4.1.3. Cathepsin B 

Levels of the lysosomal cysteine protease cathepsin B 

(CTSB) are elevated in muscles and plasma following exercise 

(Moon et al., 2016). This increase is associated with an 

increased expression of hippocampal BDNF. The knockout of 

CTSB impairs hippocampal neurogenesis and spatial memory 

in mice (Moon et al., 2016). In humans, plasma CTSB levels 

increase following exercise which is associated with improved 

memory (Moon et al., 2016). These results suggest that CTSB 

is an exercise factor that promotes cognitive benefits. 

 

1.4.2. Liver-released factors 

1.4.2.1. β-hydroxybutyrate 

β-hydroxybutyrate (DBHB), the ketone body, is 

released from the liver during exercise, as previously 

demonstrated by our lab. It then enters the circulating blood, 

crosses the blood-brain barrier and accumulates in the 

hippocampus where it induces BDNF expression in the 

hippocampus by inhibiting the histone deacetylases HDAC2 

and HDAC3 preventing their binding to the Bdnf promoter 
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(Sleiman et al., 2016). Additionally, the inhibition of HDAC2 

improves synaptic plasticity and learning (Guan et al., 2009; M. 

J. Morris et al., 2013). Taken together, these results suggest that 

the exercise factor DBHB promotes exercise-induced memory 

formation.  

1.4.3. Bone-released factors 

1.4.3.1. Osteocalcin 

Finally, serum levels of the bone hormone osteocalcin 

are increased in response to high intensity interval exercise 

(Hiam et al., 2021). Additionally, mice that lack osteocalcin 

have impaired learning and memory, and treatment with 

osteocalcin reversed this impairment (Oury et al., 2013). 

Interestingly, plasma transfusions from young to old mice 

enhances memory formation accompanied with an increase in 

BDNF levels, however this effect was abolished when plasma 

from young osteocalcin knockout mice was injected in old mice 

(Khrimian et al., 2017). 

 

1.5. !-ketoglutarate 

1.5.1. The diverse functions of !KG  

!KG is an intermediate in the tricarboxylic acid (TCA) cycle. It is 

generated by isocitrate dehydrogenase from the oxidative decarboxylation 

of isocitrate. !KG is also generated by glutamate dehydrogenase from the 

oxidative deamination of glutamate (Zdzisińska et al., 2017). !KG has 

numerous functions due to its involvement in several metabolic pathways. 
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For instance, !KG is a precursor for the production of the amino acids 

glutamine and glutamate, thus it plays an important role in protein synthesis 

and muscle growth (Gyanwali et al., 2022; Zdzisińska et al., 2017). 

Moreover, !KG-glutamate is a precursor for proline and subsequently 

hydroxyproline which are important for the formation of collagen and bone 

density (Gyanwali et al., 2022; Zdzisińska et al., 2017). !KG also has 

antioxidant function, whereby old mice treated with !KG calcium salt (Ca-

!KG) have an increased activity of antioxidant enzymes, such as 

glutathione peroxidase (Niemiec et al., 2011). !KG is also a possible 

anticancer agent due to its role in regulating hypoxia-inducible factor (HIF-

1) which promotes hypoxia’s carcinogenic effects (Gyanwali et al., 2022; 

Tseng et al., 2018).  

Recent work has shown that !KG prolongs lifespan in Drosophila and 

Caenorhabditis elegans by inhibiting the activity of the mammalian target 

of rapamycin (mTOR) kinase, increasing autophagy, and inhibiting ATP 

synthase (Chin et al., 2014; Su et al., 2019). These findings extended to 

mice, whereby !KG supplementation prolonged the lifespan and reduced 

aging-associated frailty through a yet unknown mechanism (Shahmirzadi 

et al., 2020). Finally, a human study demonstrated the same results – !KG 

supplementation decreased biological aging which was measured by DNA 

methylation (Demidenko et al., 2021). 

 

1.5.2. !KG and exercise 

As a TCA cycle metabolite, !KG is mainly found inside the 

cell. However, recent work has shown that !KG levels increase in the 
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blood and muscles following exercise (Morville et al., 2020; Yuan et 

al., 2020). Additionally, !KG treatment induces exercise-like 

metabolic effects such as an increased energy expenditure, lean mass, 

lipolysis, and thermogenesis through the release of epinephrine via 

adrenal 2-oxoglutarate receptor 1 (OXGR1; Yuan et al., 2020). These 

results suggest that !KG is an exercise factor released from the muscles 

in response to exercise and mediates its metabolic effects. 

 

1.5.3. The epigenetic role of !KG 

With the knowledge that exercise factors such as lactate and 

DBHB promote the effects of exercise in the hippocampus through the 

activation of epigenetic mechanisms, SIRT1 and HDAC2/3 

respectively (El Hayek et al., 2019; Sleiman et al., 2016), epigenetic 

regulation by !KG is an interesting point to consider. !KG is a cofactor 

for the Jumonji C domain-containing histone demethylases, KDM2/7, 

and a substrate for the !KG-dependent dioxygenases ten-eleven 

translocation hydroxylases (TET1-3) which are responsible for DNA 

demethylation (Ito et al., 2010; Klose et al., 2006; Tsukada et al., 2006). 

Additionally, TET1 modulates the expression of BDNF. Indeed, the 

overexpression of TET1 protein upregulates Bdnf  (Kaas et al., 2013). 

Therefore, it is possible that !KG promotes the positive effects of 

exercise on learning and memory in a mechanism that mimics that of 

DBHB and lactate. 

 

1.6. Aim of the study 
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  In this study, we hypothesized that !KG accumulates in the serum 

following exercise and is transported to the brain where it mediates spatial 

learning and memory formation in a BDNF dependent manner. 

Additionally, we tested our hypothesis in both males and females to 

uncover any sex differences considering the new NIH guidelines to factor 

sex as a variable in research (National Institutes of Health, 2015).   
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Chapter 2 

Materials and Methods 

 

2.1. 	!KG injections 

Male and female C57BL/6 mice (10-week old) were individually housed with 

food and water ad libitum. The mice received daily intraperitoneal injections of either 

saline or dimethyl 2-oxoglutarate (DMKG) – a cell-permeable form of !KG 

(300mg/Kg; Sigma, Cat# 349631) for five days. The mice were tested using the Morris 

water maze after five days of injections. On the last day of the Morris water maze, the 

mice were sacrificed, and their hippocampi were collected and stored at -80°C for 

further molecular testing (Figure 1). 

 

 

Figure 1. Timeline of the !KG treatment experiment 

 

2.2.  Exercise Paradigms 

Endurance exercise: Male and female C57BL/6 mice (10-week old) were 

individually housed with food and water ad libitum. The mice had free access to a 

running wheel. 24-hours later, the mice were sacrificed and their blood and serum were 

collected for !KG measurement.  
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Resistance exercise: Male and female C57BL/6 mice (10-week old) were 

subjected to 1 session of ladder climbing. The mice climbed a 1-m long ladder, with 

2-cm grids, at an 85° inclination and a resting chamber at the top. Each mouse climbed 

the ladder for 40-min carrying increasing loads. The mice were first acclimatized by 

climbing with no load; after four successful climbs, they carried a load equivalent to 

10% of their body weight. After every four successful climbs, 2-g of load was added. 

The mice were given 1-min of rest in between climbs. Immediately after the exercise 

session, the mice we sacrificed and their blood and serum were collected for !KG 

measurement. 

 

2.3.  Morris water maze 

The Morris water maze (MWM) is performed to assess spatial learning – the 

mice use visual cues taped on the sides of the water maze to reach a hidden platform 

and escape the water (Morris, 1984). During the first day, the mice become familiar 

with the apparatus.  Indeed, the platform remained visible, and the mice navigated the 

water maze in search of the platform. During the following five days, the platform was 

submerged with water, and white paint was gradually added to further hide the 

platform. Each mouse was given three trials, each from a different starting point. Using 

the tracking software, Anymaze, the latency to reach the platform was recorded. On 

the 6th day, a probe trial was performed to assess the mice’s memory. The platform 

was removed, and the time each mouse spent in the target quadrant (where the platform 

used to be) was recorded using Anymaze (Figure 2). 

 



 15 

 

Figure 1. The Morris water maze setup. Created with BioRender.com 

 

 

2.4. 	!KG measurement  

Serum levels of !KG were measured using the !-ketoglutarate assay kit 

according to the manufacturer's protocol (Cellbio Labs, Cat# MET-5131). 

 

2.5.  Protein extraction and Western Blot 

Proteins were extracted by homogenizing the cells with RIPA-B, protease 

inhibitors (Bio-world, Cat# 22020008), phosphatase inhibitors (Bio-world, Cat# 

41600092), and MG132 (Sigma; Cat# M8699). The samples were then centrifuged (15 

minutes, 15000 rpm, 4°C), and the supernatant was collected. The western blot 

samples were prepared by adding appropriate water and Laemmli buffer volumes. The 

samples were heat-shocked and electrophoresed on an acrylamide gel. The proteins 

were transferred to a PVDF membrane (Biorad) using semi-dry TransBlot Turbo. 

Nonspecific binding was inhibited by incubation in blocking buffer (Low-fat milk, 

TBS, and Tween20). Antibodies against BDNF (Santa Cruz Biotechnology, Cat# sc-

65514) and FNDC5 (Abcam, Cat# ab174833) were diluted at 1:1000 with BSA, TBS, 

and Tween20, and the membranes were incubated at room temperature for 105 
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minutes. Secondary antibodies (anti-mouse, BioRad Cat# 1705047; and anti-rabbit, 

BioRad Cat# 1705046) were used at a 1:5000 dilution, and the membranes were 

incubated for 45 minutes at room temperature. The proteins were detected by 

chemiluminescence on ChemiDoc (Bio-Rad) using Clarity Western ECL Substrate 

(Bio-Rad, Cat# 170-5060) or by SuperSignal West Femto Maximum Sensitivity 

Substrate (Thermo Scientific, Cat# 34094). Band quantification and analysis were 

done using the ImageJ software. 

 

2.6.  Statistical Analysis 

Data were analyzed using GraphPad Prism with unpaired T-test, one-way 

ANOVA, and two-way ANOVA.  p-values <0.05 were considered statistically 

significant *: p<0.05, **: p<0.01, ***: p<0.005 
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3.3. 	!KG induces hippocampal BDNF levels in females through 

FNDC5 induction 

 Exercise promotes learning by increasing FNDC5 levels, which in turn induces 

hippocampal BDNF expression (Wrann et al., 2013). We suspected that !KG mediates 

the beneficial effects of exercise on learning through the FNDC5/BDNF pathway. 

First, we investigated whether !KG induces BDNF expression in the hippocampus. 

Western blot analysis reveals that !KG treatment significantly increases hippocampal 

BDNF levels in female mice (Figure 5A-B). Similarly, we observed that !KG 

treatment significantly increases hippocampal FNDC5 levels in female mice (Figure 

5C-D). Thus, we proposed the following model: exercise promotes learning in females 

through the !KG-mediated activation of the FNDC5/BDNF pathway. 
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Figure 5. !KG induces BDNF and its inducer FNDC5 in the hippocampus of 

female mice. (A) Representative western blot image depicting the increase in BDNF 

protein levels in the hippocampus of !KG-treated mice as compared to the controls 

(B) Quantification of the BDNF western blot. Statistical significance was measured by 

unpaired t-test ** p<0.01 (C) Representative western blot image depicting the increase 

in FNDC5 protein levels in the hippocampus of !KG-treated mice as compared to the 

controls (D) Quantification of the FNDC5 western blot. Statistical significance was 

measured by unpaired t-test * p<0.05. 

 

3.4. 	!KG enhances spatial learning in males 

 To test whether !KG enhances learning and memory formation in male mice, 

we performed the MWM test. The male mice received intraperitoneal injections of 

!KG for five days, followed by the MWM test. Similar to our results in females,	!KG 

treatment significantly enhanced learning in males compared to the controls (figure 
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6A); however, it did not affect memory formation (figure 6B). Our results suggest that 

!KG affects males and females similarly at the behavioral level.  

 

 
Figure 6. !KG treatment promotes learning but not memory in males. (A) Male 

mice were trained for 5 days in the Morris water maze. Males receiving intraperitoneal 

injections of  !KG had a significantly reduced escape latency (s) (n = 10 for all 

groups). Results are expressed as Mean ± SEM. Statistical significance was measured 

by two-way ANOVA followed by the Bonferroni post-test **: p<0.01. (B) The 

difference in time spent in the target quadrant was non-significant between male mice 

receiving !KG injections and controls (n = 10 for all groups) 
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3.5. 	!KG does not activate the hippocampal FNDC5/BDNF 

pathway in males 

 Since males and females behaved similarly in the MWM, we hypothesized that 

!KG enhances learning in males through the same pathway. To address this, we 

investigated whether !KG induces BDNF and FNDC5 expression in the hippocampus. 

Interestingly, we found no significant difference between hippocampal BDNF and 

FNDC5 levels in !KG treated males and the controls (figure 7A-D). Hence exercise-

induced !KG enhances spatial learning by modulating hippocampal levels of 

FNDC5/BDNF in a sex-specific manner. 
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Figure 7. !KG does not induce BDNF and FNDC5 in the hippocampus of male 

mice. (A & C) Representative western blot images depicting the levels of BDNF and 

FNDC5, respectively, in the hippocampus of !KG-treated mice and the controls (B & 

D) Quantification of the BDNF western blots.  
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Chapter 4 

Discussion 

 

  In this work, we identified !KG as an exercise factor that promotes 

spatial learning through an FNDC5/BDNF pathway in females only. Recent work has 

shown that plasma transfusion from mice that exercised to old sedentary mice can 

mimic the beneficial effects of exercise on cognition (Horowitz et al., 2020; Kim et 

al., 2020). This demonstrates that following exercise, organs such as the muscles, liver, 

and bones release metabolites and proteins in the blood that cross the blood-brain 

barrier and promote the benefits of exercise on the brain. Now there is an increased 

interest in identifying these exercise factors and elucidating their mechanism of action. 

Several have already been identified, namely DBHB, lactate, FNDC5/irisin, CTSB, 

and osteocalcin (El Hayek et al., 2019; Khrimian et al., 2017; Moon et al., 2016; 

Sleiman et al., 2016; Wrann et al., 2013). Interestingly, all of these factors mediate the 

effects of exercise on cognition by inducing the neurotrophin BDNF.  

 To test our hypotheses, we first wanted to confirm that !KG is an exercise 

factor. Previous work showed that muscles secrete !KG into the blood following 

exercise (Morville et al., 2020; Yuan et al., 2020). We found that resistance exercise, 

and to a lesser extent endurance exercise, increase !KG levels in males. This is 

consistent with the work of Yuan et al. (2020). However, we found that in females 

only endurance exercise increased blood levels of !KG. This is in accordance with 

previous work where TCA cycle intermediates increased in males and females 

following endurance exercise but only increased in males following resistance exercise 

(Carter et al., 2001; Zhou et al., 2019). These findings demonstrate the importance of 



 26 

including females in research because certain results cannot be generalized across the 

sexes. 

 We next investigated whether !KG enhances spatial memory 

formation. Enhanced cognitive abilities are observed in response to exercise and the 

administration of exercise factors (El Hayek et al., 2019; T.-W. Kim et al., 2020; Moon 

et al., 2016; Nauer et al., 2020; Oury et al., 2013; van Praag, 2005; van Praag et al., 

1999; Wrann et al., 2013). To test our hypothesis, mice received I.P. injections of !KG 

for five days then were behaviorally tested. We assessed spatial learning and memory 

formation through the Morris water maze. Interestingly, spatial learning, but not 

memory formation was enhanced in !KG-treated male and female mice (figure 4A-B 

and figure 6A-B). These results show that !KG is indeed an exercise factor that 

mediate the positive effects of exercise, particularly on spatial learning. However, the 

TCA cycle is central for producing and regulating energy in the brain, thus it is possible 

that !KG produced in the brain, but not at the periphery, mediated learning. To 

confirm that peripheral, not central, !KG promotes learning future research should 

investigate the effects of depleting !KG in the brain compared to depleting peripheral 

!KG.  

Given that BDNF is a convergence point for all the identified pathways that 

implicate exercise factors (El Hayek et al., 2019; Khrimian et al., 2017; Moon et al., 

2016; Sleiman et al., 2016; Wrann et al., 2013), we sought to investigate whether !KG 

promotes spatial learning via BDNF signaling. We found that !KG induces FNDC5 

and in turn BDNF levels in the hippocampus of female mice (figure 5A-D). However, 

a few questions arise that were first highlighted by Wrann et al. (2013) about the 

mechanism through which FNDC5 activates BDNF. For instance, is FNDC5 secreted 

in the brain to activate BDNF or does it remain a membrane-bound protein? 
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Additionally, if FNDC5 is indeed secreted, is the product irisin or a yet unidentified 

peptide? These questions should be addressed in future studies. 

Interestingly, !KG does not induce hippocampal BDNF in males (figure 7A-

D). Thus, our results show that !KG induces FNDC5/BDNF signaling in a sex-

specific manner. One possible explanation is the effect of estradiol in females. The 

estrogen receptor (ER) is a transcription factor that binds to specific DNA sequences, 

termed estrogen response element and enhances transcription (Klinge, 2001). A 

sequence with close homology to the estrogen response element is found in the Bdnf 

gene (Sohrabji et al., 1995). The administration of estradiol to ovariectomized females 

increases BDNF levels in the hippocampus and improves memory formation (Gross 

et al., 2021). Therefore, it is possible that estradiol and !KG together enhance BDNF 

expression to mediate the effects of exercise on learning. 

We tested alternative pathways through which !KG could promote learning in 

males. For instance, !KG inhibits mTOR and activates autophagy (Su et al., 2019), 

and the inhibition of mTOR, and in turn the activation of autophagy, using rapamycin 

can improve learning and memory deficits in an Alzheimer’s disease model (Spilman 

et al., 2010). Thus, we hypothesized that !KG promotes learning through the 

inhibition of mTOR and activation of autophagy. However there were no significant 

differences in the hippocampal levels of the autophagy marker microtubule-

associated-protein-light-chain-3 II (LC3b) between the mice treated with !KG and the 

controls (data not shown). We also explored the extracellular signal-regulated kinase 

(Erk)/CREB pathway. Through the action of glutamate dehydrogenase, !KG is 

converted to glutamate. Additionally, glutamate treatment induces the phosphorylation 

and activation of Erk and CREB which promotes synaptic plasticity (Chen et al., 

2017). However, there were no significant differences in the p-Erk/Erk and p-
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CREB/CREB ratios in the hippocampi of !KG-treated males and the controls (data 

not shown). Future research is needed to identify the pathway through which !KG 

promotes learning in males.  

DBHB promotes the benefits of exercise on learning through the inhibition of 

the histone deacetylases HDAC2 and 3 which blocks the inhibition of BDNF by 

HDAC2/3 (Sleiman et al., 2016), similarly lactate promotes learning by the activation 

of the histone deacetylase SIRT1, inducing PGC1! which induces FNDC5 and in turn 

induces BDNF (El Hayek et al., 2019). Because !KG is an important substrate and 

cofactor for the DNA demethylases TET1-3 and the histone demethylases KDM5-7, 

we hypothesized that !KG promotes BDNF expression through an epigenetic 

mechanism. We found no significant changes in the demethylation and trimethylation 

patterns of histone H3 lysine 9 (H3K9) between the mice that received !KG treatment 

and controls (data not shown). However, it is important to note that we looked at global 

methylation changes. It is possible that methylation patterns were changed at specific 

loci, that can be detected through chromatin immunoprecipitation, specifically at the 

BDNF promoter. Additionally, we did not investigate changes in DNA methylation, 

therefore the role of epigenetic mechanisms in !KG-mediated learning should be 

further investigated. 

In this study, we demonstrate that !KG, a TCA cycle intermediate, is increased 

in serum by exercise in males and females. This exercise-induced !KG promotes 

learning, but not memory through BDNF/FNDC5 signaling in females (figure 8), but 

through an uidentified pathway in males. Recent evidence from our lab suggests that 

!KG also promotes resilience to stress in males and females in a BDNF-dependent 

manner (unpublished data). These findings add to the growing body of research 
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investigating exercise factors that mimic the benefits of exercise on cognition, 

neurodegeneration, and depression.  

 

Figure 8. A proposed model by which !KG  promotes learning. Exercise in 

males and females induces !KG in muscles which enters circulating blood. In 

females, !KG is transported to the brain and enters the hippocampus, whereby !KG 

induces the expression of FNDC5 inducing BDNF, and this mediates spatial 

learning. In males, !KG promotes spatial learning through a yet unclear mechanism. 

Created with BioRender.com   
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