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ABSTRACT 

 
Investigating the Role of Lactate in Regulating Gene Expression through Epigenetic 

Modifications in Neuronal Cells 

 

Manar Majdi Darwish 

 

Lactate has been long thought of as a dead-end waste product of glycolysis. In the brain, 

recent evidence has revealed a key role of L-lactate creating a paradigm-shift in our 

understanding of the neuronal energy metabolism. The Astrocyte neuron lactate shuttle 

(ANLS) model, has shown L-Lactate as the main energy substrate delivered by astrocytes 

to neurons to sustain neuronal oxidative metabolism. This metabolic coupling is an 

essential mechanism for long-term memory formation. Experimental evidence indicates 

that the role of lactate in cognitive function is not limited to being a neuronal metabolic 

substrate, but rather it is also an important signaling molecule for synaptic plasticity. One 

of the new emerging roles of lactate is its effect on gene expression levels; however, our 

current understanding of the mechanism of lactate effect on gene expression is 

rudimentary. Here, I investigate the role of lactate as an epigenetic modulator in neuronal 

cultures. First, I explored the effect of lactate on the transcriptome and methylome of the 

neuronal cells using primary neuronal cell culture models. Our results reveal a significant 

role for lactate in inducing neuronal cell differentiation. Following, I characterized a 

neuroblastoma cell line as our neuronal differentiation cell model and assessed its 

metabolic features relative to other immortal cell lines. Further, using the cell line in vitro 

model, I looked into the metabolic reprograming that occurs in parallel with the first 
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indications of differentiation, focusing on lactate production rates. Subsequently, I 

investigated the role of lactate in differentiation through transcriptomic analysis. We show 

that lactate induced histone acetylation and promoted expression of dopaminergic markers, 

with a stronger effect of D-lactate over L-lactate. Further studies to establish potential 

linkages between those two pathways will enhance our understanding of the effect of 

lactate.   
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CHAPTER 1: INTRODUCTION 
 

1.1 Brain Energy Metabolism 

 
Brain energy metabolism has been the subject of intense research in recent years.  The 

brain has high energy demands; accounting for 20% of the body’s energy consumption 

(Mink et al., 1981) although it represents only 2 % of the total body weight (Molina and 

DiMaio, 2012). Elegant and pioneering studies clearly showed that glucose is the 

obligatory energy substrate for the brain, where it is almost fully oxidized. Interestingly, 

strong evidence demonstrates that cerebral glucose consumption is not homogenous in 

different cell types of the brain. Metabolic studies with cellular resolution gave insight into 

the cellular and molecular basis of energy metabolism in the brain among different cell 

types with a focus on neurons and astrocytes; showing distinctive metabolic profiles. 

Neurons are defined as being oxidative, where astrocytes follow a glycolytic profile. This 

diversity of metabolism suggests a coupling mechanism between neuronal activity and 

astrocyte’s energy metabolism, pointing at a key role of neuron-astrocyte metabolic 

interactions (Allaman et al., 2015a, b; Magistretti and Allaman, 2015). 

 

 

1.1.1 Glucose Metabolism  

 
Glucose enters the cell through glucose transporters (GLUTs) and gets phosphorylated to 

glucose-6-phosphate (Glucose-6P), which can be further metabolized to one of four 

potential destinations in neural cells. Glucose-6P either (i) undergoes glycolysis, producing 

pyruvate, that may, in turn, convert to lactate. Otherwise, when oxygen is abundant, 
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pyruvate (ii) enters the tricarboxylic acid cycle (TCA cycle) and gets fully oxidized. 

Glucose-6P can also be (iii) shuttled to the pentose phosphate pathway (PPP) or (iv) gets 

stored in the cell in the form of glycogen (Fig. 1.1) (Magistretti and Allaman, 2015). 

 

 

 

 

Figure 1. 1 | A schematic representation of glucose metabolism.  

Glucose may be metabolized in the cells through different pathways; it may undergo glycolysis producing 

pyruvate which, in turn, may be converted to lactate or enters the TCA cycle and undergoes full oxidation. 

Glucose may also enter the pentose phosphate pathway (PPP), otherwise, it can be stored in the cell in the 

form of glycogen. Adapted from (Magistretti and Allaman, 2015) and modified. 
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Through glycolysis, each glucose molecule gives rise to two molecules of pyruvate, 

producing ATP and NADH. Pyruvate then enters the mitochondria, where it is metabolized 

through the tricarboxylic acid cycle and oxidative phosphorylation, producing ATP and 

CO2, while consuming oxygen. In cases where oxygen is insufficient, pyruvate is reduced 

to L-lactate. The complete oxidation of glucose produces larger amounts of energy in the 

form of ATP in the mitochondria (30–36 ATPs) compared to glycolysis (2 ATPs). 

Interestingly, some cell types choose to convert pyruvate to L-lactate, in the presence of 

abundant oxygen, a process known as “aerobic glycolysis”. This phenomenon has been 

described by Warburg and is also referred to as the “Warburg effect” (Warburg, 1956). The 

L-lactate produced by these cells may be shuttled to adjacent cells (Brooks, 2002, 2009, 

2018; Magistretti and Allaman, 2015).  

 

A deviation of the glycolytic pathway produces methylglyoxal (MG) as a by-product via 

the fragmentation of glyceraldehyde-3-phosphate (glyceraldehyde-3P) and 

dihydroxyacetone phosphate (DHAP) (Richard, 1993). The accumulation of the highly 

reactive MG is very harmful; hence, MG detoxification is crucial. The enzymatic 

glyoxalase system; composed by glyoxalases -1 and -2 (GLO-1 and GLO-2) enzymes, 

clears the cells from MG accumulation by metabolizing it to D-lactate. The spontaneous 

reaction between MG and the reduced glutathione (GSH) forms a hemithioacetal. GLO-1 

catalyzes the conversion of the hemithioacetal to S-d-lactoylglutathione, which is 

converted to D-lactate by GLO-2, recycling the GSH in the process (Fig. 1.2) (Allaman et 
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al., 2015a, b; Belanger et al., 2011a, b; Belanger et al., 2011c; Kalapos, 2008; Thornalley, 

1993). Cells with a glycolytic profile and a higher aerobic glycolysis rate, unavoidably 

produce more MG, thus the enzymatic glyoxalase system is ubiquitous (Allaman et al., 

2015b). 

 

 

 

 

Figure 1. 2 | A Schematic representation of MG production and elimination through the glyoxalase 

system to D-lactate.  

Methylglyoxal (MG) is a toxic side product of the glycolysis pathway. The cells detoxify MG through the 

glyoxalase enzymes; Glo-1 and Glo-2, producing D-lactate. Adapted from (Allaman et al., 2015b). 
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1.1.2 Neurons and Astrocytes have distinct metabolic profiles 

 

Although aerobic glycolysis accounts for up to 30% of brain glucose metabolism during 

development, it becomes restricted to specific regions in the adult brain such as the 

dorsolateral prefrontal cortex, the superior and medial frontal gyrus, or the precuneus and 

posterior cingulate cortex (Bauernfeind et al., 2014). At the cellular level, due to the cellular 

heterogeneity of the brain, it is predictable that different cell types have unique metabolic 

profiles; to fit their functions and demands.  

 

In the brain, it is well established that glucose is the main energy substrate; nevertheless, 

there is extensive evidence now indicating that the glucose utilization and glycolysis rate 

is not homogenous among different neural cells (Magistretti and Allaman, 2015). 

 

Early pioneering neurochemical research conducted in separately dissected neurons and 

astrocytes in the 1960s, suggested the presence of a predominant metabolic profile in each 

cell type. In these studies, Hyden demonstrated that isolated neurons produce CO2 at a 

much higher rate than astrocytes and that the enzymatic complement of each cell type was 

compatible with a predominance of glycolysis in glial cells and oxidation in neurons 

(Hamberger and Hyden, 1963; Hyden and Lange, 1962). Similar findings were obtained in 

later research in primary cultures of each cell type (Belanger et al., 2011b; Lovatt et al., 

2007; Zhang et al., 2014). 
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Over the last two decades, technological developments shed new light at the regional, 

cellular and molecular levels into neuroenergetics. Functional brain imaging techniques 

coupled with the regulation of brain energy metabolism with neuronal activity. 

Homogeneous preparations of the cellular elements of the brain, particularly neurons and 

astrocytes, whether by primary culturing (Belanger et al., 2011b; Magistretti and Allaman, 

2015) or fluorescence-activated cell sorting (FACS)-purified cells, gave more insight into 

energy metabolism at the cellular level (Lovatt et al., 2007; Magistretti and Allaman, 2015; 

Zhang et al., 2014). Different cell types have distinct metabolic profiles, with a particular 

distinction between neurons and astrocytes. Aerobic glycolysis and lactate production are 

metabolic features of astrocytes, where they are limited in neurons  (Belanger et al., 2011b; 

Magistretti and Allaman, 2015).  

 

Neurons are predominantly oxidative (Belanger et al., 2011b; Hyder et al., 2006; Lovatt et 

al., 2007; Zhang et al., 2014). An oxidative profile is identified as  the series of metabolic 

steps leading to the full oxidation of glucose or of its metabolites, such as pyruvate and 

lactate, in the mitochondria, resulting in the production of approximately 30–36 molecules 

of ATP per glucose molecule (or 14–17 in the case of  three-carbon molecules; lactate or 

pyruvate), depending on the degree of coupling of oxidative phosphorylation. This 

mitochondrial process involves the tricarboxylic acid (TCA) cycle, an electron transfer in 

the respiratory chain, O2 consumption, and the production of CO2 and H2O. Astrocytes, on 

the other hand, are mainly glycolytic (Belanger et al., 2011b; Hyder et al., 2006; Lovatt et 

al., 2007; Zhang et al., 2014). In a glycolytic profile, for every glucose molecule processed 

to pyruvate, two molecules of ATP are generated. Pyruvate is then converted to L-lactate, 
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regenerating NAD+, which is an essential cofactor to sustain the glycolytic flux (Fig. 1.3) 

(Magistretti and Allaman, 2015).  

 

 

 

 

 

 

 

Figure 1. 3 | Key Metabolic enzymes are expressed differently in Neurons and astrocytes.  

The expression levels of the glycolytic enzymes are compatible to the metabolic features and requirements 

of each cell type. Adapted from (Magistretti and Allaman, 2015) and modified. 
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Glucose metabolism is tightly regulated differently in neurons and astrocytes by key 

glycolytic enzymes; differentially expressed in each cell type, in a way that is compatible 

to metabolic profile and the function of each cell. The 6-phosphofructo-2-kinase/fructose-

2,6-biphosphatase 3 (PFKFB3) enzyme; a key positive modulator of glycolysis, is highly 

expressed in astrocytes, where the expression in neurons is negligible due to the continuous 

proteasomal degradation of the enzyme (Herrero-Mendez et al., 2009). The pyruvate kinase 

(PKM); a glycolytic enzyme that converts phosphoenolpyruvate (PEP) to pyruvate, is 

differently spliced in neurons and astrocytes; resulting in the expression of PKM-1 isoform 

in neurons and PKM-2 isoform in astrocytes (Ward and Thompson, 2012). PKM-1 and 

PKM-2 have different effects on the fate of pyruvate. PKM-1 directs pyruvate conversion 

to acetyl-CoA for mitochondrial oxidation, while PKM-2 diverts pyruvate to lactate to  

support aerobic glycolysis (Christofk et al., 2008b; Heiden et al., 2009). The activity level 

of pyruvate dehydrogenase (PDH); that regulates the entrance of pyruvate to the TCA 

cycle, is highly phosphorylated in neurons, thus it is highly active, where it less 

phosphorylated and less active in astrocytes due to the higher expression of the pyruvate 

kinases (PDKs) (Halim et al., 2010). Taken together, these cell-specific expression levels 

and activity profiles result in a restricted capacity of glycolysis and in an active TCA cycle 

and oxidative phosphorylation in neurons, whereas glycolysis is more active and can be 

upregulated and pyruvate processing in the TCA cycle is limited in astrocytes. 

 

Another distinguishing feature of glycolysis between astrocytes and neurons, is the 

detoxification of the MG byproduct though the glyoxalase enzymes. The GLO-1 and GLO-

2 enzymes are expressed at considerably higher levels in astrocytes compared with neurons 
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and the enzymatic activity rates are also several-folds higher in astrocytes. Thus, granting 

astrocytes the capacity to sustain high levels of glycolysis (Belanger et al., 2011a, b; 

Belanger et al., 2011c). 

 

 

1.1.3 Astrocyte Neuron Lactate Shuttle (ANLS) 

 

While astrocytes consume a higher rate of glucose compared to neurons, yet, they generally 

account for half of the glucose uptake in the resting brain (Chuquet et al., 2010; Nehlig et 

al., 2004) and only 20% of the awake brain’s energy expenditure (Harris et al., 2012; Hyder 

et al., 2013). Neurons, on the other hand, have high energy requirements and use most of 

the energy consumed by the awake brain to fuel many processes such as the maintenance 

and restoration of ion gradients dissipated by signaling processes such as postsynaptic and 

action potentials, as well as uptake and recycling of neurotransmitters (Harris et al., 2012; 

Hyder et al., 2013; Jolivet et al., 2009). Although this might seem contradictory, it has been 

explained by Magistretti and Pellerin in 1994, where they proposed the transfer of 

glycolysis-derived energy substrates from astrocytes to neurons through the Astrocyte-

Neuron Lactate Shuttle (ANLS) (Pellerin and Magistretti, 1994). 

 

Astrocytes are crucial regulators of brain activity, due to their ability to shape synaptic 

transmission and regulate the energy budget of the entire brain. The morphological and 

phenotypical characteristics of astrocytes are customized to ideally position them between 

cerebral vasculature and neuronal synapses; they sense neuronal activity at the synapse and 

respond with the appropriate metabolic supply (Fig 1.4). Under high energy demands, 
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astrocytes take up glucose from the circulation or break down glycogen molecules and 

release lactate to the extracellular space, that in turn is taken up by neurons.  

 

 

 

 

 

 

Figure 1. 4 | The strategic position of astrocytes. 

Astrocytes are located between neurons and blood vessels. They have process that are adjacent to neuronal 

synaptic cleft and other processes that wraps around blood vessels (Astrocyte end-feet). Adapted from 

(Demetrius et al., 2014). 
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As neurons have increased energy requirements upon activation, they seem to prefer the 

lactate released by astrocytes as their energy supply. Many studies showed that neurons 

can efficiently use lactate as an energy substrate (Boumezbeur et al., 2010; Bouzier et al., 

2000; Qu et al., 2000; Schurr et al., 1997; Serres et al., 2005) and may even preferer lactate 

over glucose upon the availability of both substrates (Bouzier-Sore et al., 2006; Itoh et al., 

2003). In the last decade, accumulating evidence appear to support diverse roles of lactate 

in addition to its role as an energy substrate. L-Lactate can act as signaling molecule in 

learning and memory formation, neuroprotection or genetic regulation (Magistretti and 

Allaman, 2015; Mosienko et al., 2015; Suzuki et al., 2011; Yang et al., 2014).  

 

 

1.1.4 Lactate  

 

1.1.4.1 L-lactate 

 

L-Lactate has been considered for long as a dead-end product of glycolysis. Research in 

the last three decades has shown otherwise. The thought of lactate as an active metabolite 

is an emerging and attractive concept.  

 

L-Lactate was isolated in the 18th century and found to be released by muscle cells upon 

exertion. The physiological role of lactate has been limited to a simple inert waste product 

of anaerobic metabolism for long. Interesting work in the ’80s started to reveal the 

metabolic properties of L-Lactate in skeletal muscles (Brooks, 1985). Now we know that 
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L-Lactate is produced by oxidative cells in the absence of adequate oxygen, or in glycolytic 

cells through aerobic glycolysis despite the presence of sufficient oxygen (Brooks, 2007; 

Magistretti and Allaman, 2015). Studies have reported the presence of L-lactate in many 

tissues, including skeletal muscle, liver, heart, and the brain (Adeva-Andany et al., 2014). 

 

L-lactate is not restricted to energy production but can act as a signaling molecule in 

different tissues and cell types. L-Lactate plays a key role in multiple cellular processes, 

including energy regulation, immune tolerance, wound healing, ischemic tissue injury, and 

cancer growth and metastasis. Additionally, L-lactate may play a role in hormone function 

by hydroxycarboxylic acid receptor 1 (HCAR1) to exert antilipolytic effects on adipose 

tissue (Sun et al., 2017). Recently, lactate has been reported to regulate gene transcription 

by inhibiting histone deacetylases (HDACs) (Latham et al., 2012; Wagner et al., 2015) and 

enhance DNA repair (Wagner et al., 2015).  

 

 In the brain, although glucose is the main energy substrate under physiological conditions,  

around 10% of the glucose preferentially undergoes aerobic glycolysis, mainly by 

astrocytes, yielding L-lactate in the presence of sufficient oxygen (Magistretti and 

Allaman, 2015; Vaishnavi et al., 2010). As more attention was given to that small fraction 

of glucose, introducing L-lactate as an energy substrate in the brain rather than just a 

glycolysis end-product as previously thought. The consideration of L-lactate as an active 

metabolite is a newly emerging and attractive concept. L-lactate plays a significant role 

during synaptic plasticity, learning, memory formation and consolidation, neuroprotection 



 28 

and genetic regulation (Magistretti and Allaman, 2015; Mosienko et al., 2015; Suzuki et 

al., 2011; Yang et al., 2014).  

 

In the ’90s, it was proposed that astrocytes release L-Lactate as a result of aerobic 

glycolysis upon synaptic stimulation and glutamate uptake, to support neuronal function, 

providing the first evidence of a lactate shuttle in the CNS (Magistretti and Allaman, 2018; 

Pellerin and Magistretti, 1994). 

 

 

1.1.4.2 D-lactate 

 

D-Lactate, the stereoisomer of L-lactate, is scarcely investigated under both physiological 

and pathological conditions. It is produced by the glyoxalase system in the process of MG 

detoxification (Kondoh et al., 1994; Thornalley, 1990) and metabolized in the 

mitochondria by D-lactate dehydrogenase (D-LDH) (de Bari et al., 2002; Oh et al., 1985; 

Rojo et al., 1998). It is considered to be a partial agonist of the HCAR1 receptor (Cai et al., 

2008). 

 

Mitochondrial transport and metabolism of D-lactate indicate that it might have a role in 

cell energy metabolism, antioxidant power, posttranslational protein regulation and 

production of biosynthetic precursors necessary for macromolecule synthesis (de Bari et 

al., 2019).  
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D-lactate similarly to L-lactate can be recognized by and is able to enter the cells through 

MCTs (Wang et al., 2006). Additionally, D-lactate blood concentration increases several-

fold after running (Kondoh et al., 1992). Moreover, it has reported to be a more potent 

HDAC inhibitor compared to L-lactate (Wagner et al., 2015). 

 

 

1.1.4.3 The emerging roles of lactate 

 

1.1.4.3.1 Lactate as an energy substrate 

 

Aerobic glycolysis and lactate production are metabolic signatures of astrocytes. On the 

contrary, neurons follow an oxidative metabolic profile. Nevertheless, L-lactate can act as 

an efficient energy substrate for neuronal activity even in the presence of adequate glucose 

levels (Bouzier-Sore et al., 2003). Glucose entering the neurons is mainly metabolized 

through the pentose phosphate pathway to produce reducing equivalents to protect the 

neurons from oxidative stress and apoptotic death (Magistretti and Allaman, 2015). 

Astrocytic lactate may be released to the extracellular space and transfer to neighboring 

cells (Belanger et al., 2011b). This transfer of lactate is described in the astrocyte-neuron 

lactate shuttle (ANLS) hypothesis (Pellerin and Magistretti, 1994). L-lactate may be 

shuttled to neurons as a significant source of energy upon high energy demands (Pellerin 

and Magistretti, 2012). 
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1.1.4.3.2 Lactate as a signaling molecule for neuroprotection 

 

L-Lactate can be an attractive candidate as a neuroprotective compound in addition to being 

an energy substrate for the TCA cycle. The transfer of lactate from astrocytes to neurons 

serves to provide reducing equivalents to neurons (Cerdan et al., 2006). Aerobic production 

and utilization of lactate provide a neuroprotection effect against neuronal oxidative stress 

(Schurr and Gozal, 2011).   

 

L-Lactate can also act as a signaling molecule in pathological contexts such as excitotoxic 

processes. Excitotoxicity is classically associated with the inhibition of oxidative 

phosphorylation decreasing the level of ATP production required to maintain the ionic 

homeostasis (Connolly and Prehn, 2015; Rodriguez-Rodriguez et al., 2013). Astrocytes are 

the main producers of L-Lactate in the brain, they are pivotal cellular elements for neuronal 

protection against excitotoxicity. Glutamate released during neuronal activity inhibits 

glucose transport in neurons (Porras et al., 2004), but, on the contrary, stimulates glucose 

uptake and L-Lactate production and release from astrocytes (Pellerin and Magistretti, 

1994), boosting aerobic glycolysis leading to neuroprotection (Bliss et al., 2004). 

Therefore, the pathological release of glutamate from neurons, causing an excitotoxic 

response, strongly activates L-Lactate production and release from astrocytes providing 

neuroprotection (Jourdain et al., 2016).  

 

L-lactate stimulates a mild induction of Reactive Oxygen Species (ROS)  that activates 

antioxidant defenses and pro-survival pathways such as PI3K/AKT and Endoplasmic 
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Reticulum (ER) chaperones (Tauffenberger et al., 2019). This mechanism provides 

protection against oxidative stress in both cells and nematodes. Moreover, longevity is 

promoted when there is a mild ROS induction by lactate. 

 

 

1.1.4.3.3 Involvement of lactate in learning and memory formation 

 

Growing evidence emphasizing a role of L-lactate as a signaling molecule required for 

learning and memory processes. Glycogen-derived lactate transfer from astrocytes to 

neurons is required for long-term memory formation and to maintain in vivo long-term 

potentiation. Inhibiting glycogen breakdown to lactate, or disrupting the expression of 

lactate transporters MCTs specifically impaired long-term memory formation, leaving 

short-term memory unaffected (Suzuki et al., 2011). L-Lactate induces plasticity related 

genes through potentiating the N-Methyl-D-aspartate (NMDA) receptor activity (Yang et 

al., 2014). 

 

Today, lactate is thought of as a putative gliotransmitter. A possible way by which the 

extracellular lactate may acts is through the binding of HCAR1, a specific perivascular and 

post-synaptic receptor, regulating synaptic plasticity (Goncalves et al., 2018).  

 

Inhibition of glycogen metabolism and the subsequent inhibition of L-Lactate production 

may lead to cognitive dysfunction. The role of lactate in cognitive function is not restricted 
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to its role as a neuronal metabolic substrate but rather it is also an important signaling 

molecule synaptic plasticity. 

 

Lactate shuttling from astrocytes to neurons is necessary for LTP expression, synaptic 

plasticity and memory consolidation. Lactate modulate NMDA receptor signaling(Yang et 

al., 2014) that in turn modulates the expression of synaptic plasticity and neuroprotection 

related genes (Margineanu et al., 2018; Yang et al., 2014). 

 

 

1.1.4.3.4 Lactate as a gene expression regulator 

 

L-lactate has been recently reported to have an effect on the transcription of some synaptic 

plasticity-related genes in neuronal cultures (Hashimoto et al., 2007; Margineanu et al., 

2018; Suzuki et al., 2011; Yang et al., 2014). L-lactate plays a critical role in the induction 

of molecular changes as the induction of phospho-CREB, Arc, and phosphor-cofilin, which 

are required for memory formation. Additionally, lactate has been linked to the stimulation 

of the expression of plasticity-related genes such as Arc, Zif268, or brain-derived 

neurotrophic factor through a mechanism involving potentiation of NMDA receptor 

activity. 

 

Additionally, both L-lactate and D-lactate have been reported to significantly enhance the 

DNA repair rate through epigenetic modulation (Wagner et al., 2015). 
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1.1.4.3.5 Lactate as an epigenetic modulator 

 

Both lactate enantiomers, L-lactate and D-lactate, have reported to affect histone 

acetylation by inhibiting the activity of histone deacetylases (HDACs) and, consequently, 

gene expression (Latham et al., 2012; Wagner et al., 2015). Lactate can induce histone H3 

and H4 hyperacetylation, by the inhibition of class I and II HDACs. That in turn, decreases 

chromatin compactness and increases its accessibility (Wagner et al., 2015). 

 

 

1.2 Epigenetics 

 

“Epigenetics” literally means ‘above genetics’. The term was first introduced by Conrad 

Waddington in the 1940s as “the branch of biology which studies the causal interactions 

between genes and their products which bring the phenotype into being.” (Waddington, 

2012). This definition refers to the mechanisms and molecular pathways that modulate the 

expression of the genotype into a particular phenotype. Over the years, the definition 

gradually narrowed with more insights into epigenetic mechanisms. Today, epigenetics is 

defined as the changes that influence chromatin structure and gene expression without 

altering the DNA sequence (Dupont et al., 2009; Gotze et al., 2015; Wu and Morris, 2001).  

 

While all cells in an organism inherit the same genetic makeup, different cell types of 

specific tissues and organs have unique physical characteristics and biological functions. 

That is due to the heritable epigenetic code; that dictates distinct cellular gene expression 
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without changing the underlying DNA sequence of the organism. Notably, epigenetic 

modifications are reversible, flexible and dynamic; they change in a controlled manner 

during the cellular differentiation and development of an organism, in a way that enables 

cellular plasticity allowing cellular reprogramming in response to the environment 

(Meaney, 2010). 

 

As the integration of environmental cues at the cellular level occurs through epigenetic 

modification, they have an essential role in diseases related to diet, lifestyle, early life 

experience, and environmental exposure to stimuli as toxins (Meaney, 2010). Accordingly, 

altering epigenetic marks is of therapeutic relevance in multiple diseases such as metabolic 

disease, neuropsychiatric disorders, cancer, and inflammation, as well as in regenerative 

medicine (Kelly et al., 2010; Meaney and Ferguson-Smith, 2010; Portela and Esteller, 

2010). 

  

The three predominant epigenetic mechanisms that regulate gene expression are DNA 

methylation; on the gene level, histone post-translational modifications; on the protein 

level and non-coding RNAs (ncRNA); on the RNA level mainly (Chuang and Jones, 2007; 

Gotze et al., 2015) (Fig. 1.5).  
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Figure 1. 5 | Epigenetic mechanisms.  

The transfer of the genetic information from the genetic code “DNA” to messenger RNA (mRNA) and 

subsequently to protein by transcription and translation processes are controlled by epigenetic mechanisms. 

The principal epigenetic mechanisms that regulate gene expression are DNA methylation, post-translational 

modifications of histones, and non-coding RNA. Adapted from (Joosten et al., 2018) and modified. 
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Histone post-translational modifications 



 36 

1.2.1 Principle Epigenetic Mechanisms 

 

1.2.1.1 DNA methylation 

 
DNA methylation controls gene expression by the addition, or removal, of a methyl group 

to the cytosine of a CpG-dinucleotide sequence. This process is performed by DNA 

methyltransferases (DNMT), which transfer a methyl group from an S-adenosylmethionine 

(SAM) to the cytosine nucleotide. In the 1970s, DNA methylation was proposed to be a 

silencing epigenetic mark. Now, improved understanding of the functions of DNA 

methylation claims that the effect of DNA methylation on gene expression mainly depends 

on the genomic context. When methylation is located at a CpG island in the promoter, it 

has a repressive effect on the gene, whereas the DNA methylation within the gene body is 

associated with higher expression levels of the gene (Broske et al., 2009; Gotze et al., 2015; 

Jones, 2012; Sen et al., 2010). DNA methylation is reversible and subject to change under 

certain conditions such as during differentiation and self-renewal (Broske et al., 2009; 

Gotze et al., 2015; Sen et al., 2010). 

 

 

1.2.1.2 Histone Modifications 

 
Over the past decades, knowledge of the post-translational modification of histones has 

grown tremendously. The proteins involved in controlling these modifications comprise 

several families of related enzymes and chromatin-interacting proteins. Thus, they are 

potential therapeutic targets.  
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Post-translational modifications of histone tails have a crucial role in the organization of 

chromatin structure that in turn alters the regulation of gene transcription (Allfrey et al., 

1964; Bannister and Kouzarides, 2011). The fundamental building block of the chromatin, 

the nucleosome, consists of the double-helix DNA wrapped around histones octameric 

cores. Each octamer contains two of each of H2A, H2B, H3, and H4. Nucleosomes are 

usually packed together with the aid of histone H1 molecules; the linker histone. Despite 

the high degree of compaction in chromatin, it must be highly dynamic in order to allow 

access to the DNA for gene transcription. Post-translational modifications occur on histone 

tails, affecting the compactness of chromatin, by either exposing the gene for transcription 

or increasing its compact structure, where genes become more difficult to be accessed by 

transcriptional processes (Sadakierska-Chudy and Filip, 2015). 

 

Various post-translational modifications of histones H3 and H4 are known, such as 

acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation (Kouzarides, 

2007), of which lysine acetylation and methylation are the best characterized. 

 

Acetylation have been associated with transcriptional activation (H3K9, H3K14, H3K18, 

H3K23, H4K5, H4K8, H4K12, and H4K16), where the methylation may be either 

associated with transcriptional repression (H3K9, H3K27, and H4K20) or activation 

(H3K4, H3K36, and H3K79) depending on which amino acid and to what extent 

(monomethylation, dimethylation, or trimethylation) the residue is modified (Dupont et al., 

2009). 
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Histone acetylation and methylation are mediated by key protein families as histone 

acetylases and deacetylases, protein methyltransferases, lysine demethylases,   proteins that 

bind to methylated histones and bromodomain-containing proteins (Arrowsmith et al., 

2012). These are classified as either writers, readers or erasers. 

 

Histone acetyl marks are written by histone acetyltransferases (HATs), read by 

bromodomain-containing proteins (BRP) and erased by histone deacetylases (HDACs). 

Where, histone methyl marks are written by protein methyltransferases, read by proteins 

containing chromodomains, malignant brain tumor domains (MBT), PWWP domains,  

plant homeodomain (PHD) fingers and Tudor domains, and erased by lysine demethylases 

(Arrowsmith et al., 2012). 

 

These protein families are emerging as potential drugs that alter classes of enzymes and 

classes of protein-protein interaction domains. Several DNA methylation inhibitors and 

histone deacetylase (HDAC) inhibitors have reached clinical trials, and some are approved 

for some diseases as in cancer (Arrowsmith et al., 2012). Thus, providing proof of concept 

for epigenetic therapies. 

 

Moreover, HDACs represent emerging therapeutic targets in the context of 

neurodegeneration. Pharmacologic inhibition of HDACs activity in the nervous system has 

shown beneficial effects in several preclinical models of neurological disorders. Inducing 

the rate of gene transcription by increasing histone acetylation plays an important role long-
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lasting forms of memory, favoring long-term memory. Thus, HDAC inhibitors may 

contribute as cognitive enhancers in health and disease (Graff and Tsai, 2013). In 

Alzheimer patients it has been observed that in there is an increased level of HDAC2, 

suggesting that targeting HDAC2 and its partners may rescue neurodegeneration 

phenotypes (Graff et al., 2012). 

 

 

1.2.1.3 Non-coding RNAs 

 
Non-coding RNAs are a group of RNAs that are transcribed from the DNA but not 

translated into proteins. High-throughput transcriptomic analyses revealed that 90 % of the 

genomic DNA is transcribed into RNA, where only 2% is protein-coding RNA, and the 

vast majority are regulatory RNA (Kaikkonen et al., 2011). Non-coding RNAs are 

classified into two groups of RNA, depending on their length; Small ncRNAs which are 

<200 nucleotides in length including and long ncRNAs (lncRNAs), which range anywhere 

from 200 nucleotides to ~100 kb (Lee et al., 2014).  

 

Small non-coding RNAs have three major classes; microRNAs (miRNAs), short 

interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) (Gomes et al., 2013); 

MicroRNAs (miRNAs) are the most widely studied (Esteller, 2011). They are hairpin-

derived RNAs ∼20–24 nucleotides long that negatively regulate gene expression at the 

post-transcriptional level either by altering mRNA stability through mRNA degradation or 

through inhibiting protein translation (Valinezhad Orang et al., 2014).  
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lncRNAs bind to chromatin-modifying proteins and recruit their catalytic activity to 

specific sites in the genome, to modify the chromatin states influencing gene expression 

(Mercer and Mattick, 2013). lncRNAs function in chromatin remodeling, transcriptional 

regulation, post-transcriptional regulation, and as precursors for siRNAs (Kaikkonen et al., 

2011). 

 

 

1.2.2 Epigenetics and metabolism 

 
The intimate link between metabolism and epigenetics and its rewiring is a hot topic 

nowadays. Recent studies demonstrated that cell metabolism has an impact on gene 

expression through epigenetic modifications. The addition and removal of epigenetic 

marks in DNA methylation and post-translational modifications of histone proteins occur 

by enzymes that consume one of several important metabolites during catalysis. Thus, the 

metabolic state of the cell has the potential to affect the epigenetic code of the cell, that 

successively, affects the gene expression (Janke et al., 2015). 

 

Chromatin-modifying enzymes involved in the dynamics of methylation or acetylation 

require small metabolites as cofactors or substrates, thus coordinating the integration 

between epigenetic and transcriptional states. Therefore, the availability of specific 

metabolites regulates chromatin modification. Mutations that disturbs the levels of 

metabolites upsets the status of histone marks and DNA methylation, thus generating 

widespread deregulation of epigenetically controlled gene expression (Montellier and 

Gaucher, 2019).  
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The identification of metabolites that play key roles as signaling molecules in the regulation 

of epigenetics is growing. Each metabolite is implicated with specific epigenetic 

modifications. S-adenosyl methionine (SAM), the universal donor for all epigenetic 

methylation reactions, is required by DNA methyltransferases (DNMTs) and histone 

methyltransferases (HMTs) (Rea et al., 2000). Flavin adenine dinucleotide (FAD) and 2-

oxoglutarate (2-OG) regulate lysine demethylases (KDM). Acetyl-coenzyme A (acetyl-

CoA), the donor for histone acetylation is required for the addition of acetyl groups to 

histones by histone acetyltransferases (HATs). Nicotinamide adenine dinucleotide (NAD+) 

serves as a cofactor for class III histone deacetylases (HDACs) (Galdieri and Vancura, 

2012).  

 

Metabolites, therefore, are involved in regulating all essential steps in establishing, 

modulating, and removing epigenetic marks on the DNA and the histones. The interplay 

between metabolism and epigenetics and its molecular characterization in diseases 

identifies potential targets for the development of new therapies. 
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1.3 Neuronal differentiation 

 

Cell differentiation is an essential process for the development, growth, reproduction, and 

longevity of all multicellular organisms. It is the process by which the dividing, 

proliferating, less specialized cells such as stem cells and their progenitors, change their 

functional or phenotypical type to become more specialized cells such as muscle, skin, or 

nerve cells (Sanchez Alvarado and Yamanaka, 2014). Understanding the mechanisms that 

govern when to proliferate and when to differentiate is vital, not only to normal stem cell 

biology, but also to aging, and cancer.  

 

Cell differentiation and proliferation show a remarkable inverse relationship. 

Differentiation coincides with proliferation arrest and permanent exit from the division 

cycle. This temporal coupling between cell cycle withdrawal and differentiation is crucial 

for normal growth and development, and continues to be critical for tissue homeostasis and 

cell replacement. In contrast, loss of differentiation or a failure to stop proliferation can 

lead to a variety of diseases as cancer. In most cases, cells reach a fully differentiated post-

mitotic state gradually where they become specialized and terminally differentiated 

(Ruijtenberg and van den Heuvel, 2016). 

 

In the case of neuronal differentiation, newly generated neurons pass through a sequence 

of well-defined developmental stages, allowing them to integrate into existing neuronal 

circuits. Postmitotic neurons exit the cell cycle and then undergo neuronal migration, 
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axonal elongation, axon pruning, dendrite morphogenesis and synaptic maturation and 

plasticity (Agostini et al., 2016; Fawal and Davy, 2018).  

 

Thus, differentiation is referred to as a complex process that involves the coordinated 

regulation of many processes as epigenetic regulation and metabolic reprogramming. 

 

 

1.3.1 Metabolic reprogramming and differentiation 

 

Researchers traditionally thought of metabolism as a stable process that is involved in 

cellular homeostasis. However, it is now appreciated that the expression of metabolic 

pathways is dynamically regulated in cells during developmental transitions. Reflecting 

this knowledge, the viewpoints have slowly shifted from thinking about metabolism solely 

as a housekeeping function for cells, to, instead, viewing metabolism as an active 

participant in regulating cellular transitions during development (Pavlova and Thompson, 

2016; Wu et al., 2016). 

 

An expanding spectrum of research efforts has proven that metabolism and differentiation 

programs are linked. Research is now intensifying to understand the mechanisms by which 

changes in metabolic states influence differentiation programs.  The ability to measure the 

activity of metabolic pathways and individual metabolites have led to the recognition that 

metabolism dynamically changes during differentiation (Chisolm and Weinmann, 2018; 

Ryall et al., 2015)  
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Embryonic stem cells and cancer cell’s studies have played a significant role in shaping 

the view by which metabolism influences fate choices, and is not restricted only to fueling 

the energy needs of a cell. For example, the Warburg effect refers to the observation that 

cancer cells have high rates of aerobic glycolysis. Trying to make sense of this phenomenon 

has led researchers down the path of identifying roles for metabolites that are outside of 

the traditional role in energy homeostasis. This includes the understanding of signaling 

pathways, protein synthesis requirements, posttranslational modifications, lipid membrane 

biogenesis, and epigenetic processes (Chisolm and Weinmann, 2018). 

 

One example is the involvement of lactate in deciding the fate of a cell. Elevated lactate 

release has been linked to cancer and proliferation (Hirschhaeuser et al., 2011; Martinez-

Reyes and Chandel, 2017; Spencer and Stanton, 2019), nevertheless, emergent studies have 

shown that lactate may enhance or promote the differentiation process in specific cases 

(Baufeld and Vanselow, 2018; Tsukamoto et al., 2018) and might be even essential during 

the differentiation process (Kottmann et al., 2015).  

 

 

1.3.2 Epigenetic modulations and differentiation  

 
Epigenetic regulation is fundamental to the activation or repression of genes during 

embryonic development and differentiation. The precise, temporal order and spatial 

regulation of gene expression during differentiation is critical. New technological advances 

in genome-wide epigenetic profiling and pluripotent stem cell differentiation have been 
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primary drivers for elucidating the epigenetic control of cellular identity during 

development and nuclear reprogramming. 

 

As chromatin is the template for epigenetic regulation, it is a highly dynamic entity that is 

constantly remodeled during early development and differentiation. These epigenetic 

modifications of chromatin provide the cells with the flexibility needed to be able to 

respond to environmental and positional cues, enabling the maintenance of acquired 

information without changing the DNA sequence. In recent years, there has been a burst of 

research relating to various modes of epigenetic regulation on cellular differentiation, such 

as DNA methylation (Ehrlich and Lacey, 2013; Michalowsky and Jones, 1989), post-

translational histone tail modifications (Fischer et al., 2008; Shen et al., 2005), noncoding 

RNA control of chromatin structure, and nucleosome remodeling (Cesana et al., 2011; 

Fatica and Bozzoni, 2014). 

 

 

 

1.3.3 The link between metabolism and epigenetics that controls cellular differentiation 

 

Metabolism and epigenetics are emerging as critical concepts in cellular differentiation. As 

mentioned above, the connection between metabolism and cellular differentiation 

encompasses more than simply the energetic needs for a cell. Moreover, there has been 

recently an increase in studies elucidating the role for metabolites in epigenetic processes. 
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The activity of all epigenetic modifying enzymes relies on the availability of specific 

metabolites; therefore, chromatin modifications are directly responsive to particular 

cellular metabolic states. S-adenosyl methionine (SAM) is the main methyl donor for 

methylation of cytosine bases in DNA and histone residues by DNMTs (DNA 

methyltransferases) and HMTs (Histone methyltransferases), respectively. Acetyl-CoA is 

an essential substrate for acetylation of histone tails by HATs (Histone acetyltransferases). 

Other metabolites are important cofactors for the activity of chromatin-modifying enzymes 

such as alpha-ketoglutarate (αKG), NAD+ and FAD. αKG is used by TET-family DNA 

demethylases (TETs) and to facilitate removal of methyl groups from cytosine bases and 

histone residues, respectively. LSD-family histone demethylases (LSD) use FAD to 

demethylate histone residues. Histone deacetylases (HDACs) such as sirtuins need NAD+ 

to deacetylate histone residues. Other metabolites such as lactate, succinate, fumarate, and 

SAH can inhibit the activity of chromatin-modifying enzymes (Reid et al., 2017) (Fig 1.6). 

 

An emerging focus of research is to define how fluctuations in metabolites influence the 

epigenetic states that contribute to differentiation programs. It is now strongly accepted 

that metabolites are donors, substrates, cofactors, and antagonists for the activities of 

epigenetic-modifying complexes and for epigenetic modifications (Reid et al., 2017). New 

research area is now to expand our knowledge and define the mechanistic connections 

between nutrients and fluctuations in metabolites; that have roles in epigenetic processes, 

affects cellular differentiation decisions.  
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Figure 1. 6 | The correlation between metabolites and epigenetic mechanisms. 

Metabolites may act as substrates such as; acetyl-CoA and SAM or activity modulators such as αKG, 2HG, 

succinate, fumarate, lactate, SAH, oxidized and reduced nicotinamide adenine dinucleotide (NAD+, NADH), 

and oxidized and reduced flavin adenine dinucleotide (FAD, FADH2) that used by enzymes that modify 

chromatin. Adapted from (Reid et al., 2017). SAM; S- adenosyl methionine, αKG; alpha-ketoglutarate   
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CHAPTER 2: The Effect of Lactate on Neuronal Gene Expression and 

Gene Regulation by DNA Methylation 

 

2.1 OBJECTIVE 

 

The astrocyte-neuron lactate shuttle suggests that lactate is supplied to neurons by 

astrocytes under high demands of energy (Magistretti and Allaman, 2015). Upon increased 

demand, the ability of neurons to take up glucose is limited, and lactate provided by 

astrocytes becomes the primary oxidative fuel. In addition to being a potential energy 

substrate, recent studies revealed that lactate can modulate gene expression (Yang et al., 

2014), suggesting that lactate may act as a signaling molecule and a gene expression 

regulator. To understand the effect of lactate on neurons on a global level, we did a 

transcriptomic analysis. Moreover, we aimed to link this transcriptomic modulation to one 

of the well-studied epigenetic mechanisms, the DNA methylation. DNA methylation has 

been shown to be involved in neural transcriptional changes, where it is suggested that 

methylation might have a significant role in the process of long-term memory formation 

and the induction of long-term potentiation (LTP) (Levenson et al., 2006; Miller et al., 

2008; Miller and Sweatt, 2007). To determine the effect of lactate on neuronal 

transcriptome and DNA methylome, neuronal cultures were treated with 20mM of L-

lactate or D-lactate for 24 hours. Genomic DNA was extracted from the neuronal cultures 

and underwent bisulfite conversion followed by whole genome bisulfite sequencing. 

Further analysis was done to relate the transcriptomic analysis with the DNA methylation 

data to distinguish the genes that were regulated by lactate through DNA methylation.  
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2.2 MATERIALS AND METHODS 

 
2.2.1 Cell Culture and Treatments 

 
Primary neuronal cultures of cortical neurons were prepared from embryonic day 17 (E17). 

Neurons were plated at an average density of 5 × 104 cells/cm2 and maintained in 

Neurobasal medium (which contains 25 mM glucose) supplemented with B27, GlutaMAX, 

penicillin (50 U/mL), and streptomycin (50 μg/mL) (Invitrogen) at 37 °C in a humidified 

atmosphere containing 5% CO2 and 95% air and were used at day 11 in vitro (DIV 11). 

The neuronal cultures were treated by 20mM of either L-lactate or D-lactate.  

 

 
2.2.2 Whole genome bisulfite sequencing 

 
2.2.2.1 Methyl-MidiSeq TM library construction 

 
Methyl-MidiSeqTM libraries were prepared from 300 ng of genomic DNA digested with 

40 units of BfaI, 40 units of MseI, and 80 units of MspI and the fragments produced were 

ligated to pre-annealed adapters containing 5’-methyl-cytosine instead of cytosine. 

Adapter-ligated fragments were filled in and 3’-terminal-A extended, then purified using 

the ZymoResearch (ZR) DNA Clean & ConcentratorTM– 5 kit (Cat#: D4003). Bisulfite 

treatment of the fragments was done using the EZ DNA Methylation – Lightning kit (ZR, 

Cat#: D5030). PCR was performed and the size and concentration of the fragments were 

confirmed on the Agilent 2200 TapeStation, then sequenced on the Illumina Hiseq genome 

analyzer with 50 bp PE parameters. 
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2.2.2.2 Genom-wide DNA methylation (Methyl-MidiSeqTM sequence) alignments and 

data analysis. 

 
Sequence reads from bisulfite-treated EpiQuest libraries were identified using standard 

Illumina base-calling software and then analysed using a Zymo Research proprietary 

analysis pipeline. Residual cytosines (Cs) in each read were first converted to thymines 

(Ts), with each such conversion noted for subsequent analysis. A reference sequence 

database was constructed from the 50-bp ends of each computationally predicted MspI-

TaqI fragment in the 40–350 bp size range. All Cs in each fragment end were then 

converted to Ts; the converted reads were aligned to the converted reference by Bowtie. 

The number of mismatches in the induced alignment was then counted between the 

unconverted read and reference, ignoring cases in which a T in the unconverted read is 

matched to a C in the unconverted reference. 

 

For a given read, the best alignment was kept. If there was more than one best alignment, 

the read was discarded as non-unique. The methylation level of each sampled cytosine was 

estimated as the number of reads reporting a C, divided by the total number of reads 

reporting a C or T. Fisher’s exact test or t-test was performed for each CpG site which has 

at least 5 reads covered. Also, promoter, gene body and CpG island annotations were added 

for each CpG. The software pipeline is implemented in Python. 

 

This part of the work was done as a service by Zymo Research. 
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2.2.3 Expression profiling and bioinformatic analysis 

 

Illumina RNA-Seq was performed according to manufacturer’s instructions, with cDNA 

sample library normalization using the TruSeq RNA sample preparation protocol prior to 

library sequencing on the HiSeq™ 2000 (Illumina) with a paired-end sequencing strategy. 

The read length was set at 101 nt.  

 

The raw RNA-seq reads were preprocessed using trimmomatic 

(http://www.usadellab.org/cms/?page=trimmomatic) with the following parameters: 

ILLUMINACLIP:…/TruSeq3-PE-2.fa:2:151:10 \LEADING:3 TRAILING:3 \ 

SLIDINGWINDOW:4:15 \ MINLEN:36 

 

For each sample, reads that passed filtering were used to generate a complete FASTQ file, 

which was then mapped to UCSC Mouse reference [build mm10] using TopHat 

(http://ccb.jhu.edu/software/tophat/index.shtml) with the default parameters described in 

the protocol of (Trapnell et al., 2012). The resulting aligned reads were then analyzed with 

the Cufflinks suite (http://cufflinks.cbcb.umd.edu) which assembles the aligned reads into 

transcripts and measures their relative abundance. The expression of each transcript was 

quantified as the number of reads mapping to a gene divided by the gene length in kilobases 

and the total number of mapped reads in millions, which is called fragments per kilobase 

of exon per million fragments mapped (FPKM). 

 

Bioinformatic analysis of RNA-seq was done as a contribution of Michael Margineanu. 
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2.2.4 Enrichment analysis 

 
Using DAVID (Database for Annotation, Visualization and Integrated Discovery), the 

web-based functional annotation tool (Huang da et al., 2009) performed enrichment 

analyses using the databases GO (Gene Ontology) - Biological Process, and KEGG (Kyoto 

Encyclopedia of Genes and Genomes) pathways. The tools were used with the default 

options: significance threshold of 0.05 for adjusted P value, at least two genes from the 

input list in the enriched category, and the whole genome as the reference background.  

 

Additionally, for the PCA plot, the heatmap and the clustering of the genes, iDEP tool was 

used (http://bioinformatics.sdstate.edu/idep/). 

 

 

Figure 2. 1 | iDEP workflow. 
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2.3 RESULTS 

 

2.3.1 Effect of lactate on neuronal Transcriptome 

 
The lactate shuttling from astrocytes to neurons in the Astrocyte-Neuron-Lactate-Shuttle 

(ANLS), is no longer thought of as a metabolic fuel only. Emergent studies are supporting 

the fact that lactate is considered as signaling molecule where it can alter the expression 

level of some genes as in learning and memory formation in addition to its contribution to 

several homeostatic processes (Magistretti and Allaman, 2018). To have a global view of 

how lactate might alter the expression levels of genes and the transcriptome of the neurons, 

primary cortical neuronal cultures were either treated with L-lactate or D-lactate, or had no 

treatment for the control group, for 24 hours (n=3/condition), followed by RNA-seq 

analysis. 

 

Principal component analysis (PCA) of gene expression and the hierarchical clustering 

heatmap of gene expression levels provide insights into the association between the 

biological replicates and the samples. PCA plot in figure 2.2 show that D-lactate treatment 

group is more distinct to control compared to L-lactate. The heatmap clustering provided 

an additional overview on the similarities and dissimilarities between the replicates from 

the same group and the different treatment groups, again emphasizing on the fact that D-

lactate treatment group is more distinct to control compared to L-lactate treatment groups 

(Fig. 2.3).  
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Figure 2. 2 | Principal Component Analysis (PCA) in L-lactate or D-lactate treated neurons. 

PCA plot of gene expression represents the clustering of replicates of each treatment group; Control (Red), 

L-lactate (Blue) and D-lactate (Green). 

 



 55 

 

 

 

Figure 2. 3 | Hierarchical clustering Heatmap on FPKM values of L-lactate or D-lactate treated 

neurons. 

The heatmap represents the up- and down-regulated genes in neurons in response to L-lactate or D-lactate 

treatments based on the RNA-Seq analysis. Heatmap colors indicate normalized expression levels. 
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The total number of the differentially expressed genes (DEGs) by L-lactate and D-lactate, 

compare to the non-treated control, are 31 and 392 genes, respectively (q < 0.1, FC > 1.5) 

(Fig. 2.4). Interestingly, in both treatment groups; L-lactate and D-lactate, the number of 

upregulated genes is higher than the downregulated genes; 63% and 85% of the genes are 

upregulated vs. 37% and 15% downregulated, respectively (Fig 2.5). This may suggest a 

regulatory mechanism that affects the expression of genes, promoting the expression of the 

majority of the affected genes. 

 

 

 

 

 

Figure 2. 4 | The number of DEGs in L-lactate and D-lactate treated neurons.  

Comparing the total number of differentially expressed genes (DEGs) in the L-lactate and D-lactate treated 

neurons. (q< 0.1, FC >1.5). 
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Figure 2. 5 | Upregulated and downregulated genes by L-lactate, D-lactate treatments in neurons.  

(A) 63% of the DEGs are upregulated vs. 37% downregulated by the L-lactate treatment. 

(B) 85% of the DEGs are upregulated vs. 15% downregulated by the D-lactate treatment. 

 (q< 0.1, FC >1.5). 

 
 
 
 

It is noteworthy to mention that the D-lactate treatment has a much stronger impact on gene 

expression levels. The fact that D-lactate has a stronger effect on cells compared to L-

lactate have been reported in a couple of previous studies (Baufeld and Vanselow, 2018; 

Harada et al., 2018; Wagner et al., 2015). 

 

To understand how these alterations in gene expression by L-lactate and D-lactate 

treatments in neurons are affecting the cells, we clustered the most significant DEGs into 
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7 clusters and studied the GO term analysis (biological processes) and KEGG pathway 

analysis in each cluster. GO term analysis of the clusters indicate that clusters A and F are 

mainly supporting macromolecule biosynthetic process, metabolic process of the nucleic 

acid and the RNA and organelle organization, where clusters D and E are mainly 

supporting cellular and neuronal differentiation, neurogenesis developmental processes of 

the nervous system. Cluster G supports RNA, tRNA and NcRNA processing and organelle 

organization and localization (Table 2.1). Where KEGG pathway analysis of the clusters 

show that cluster A involve pathways as the cell cycle and the dopaminergic synapse. 

Cluster D affects pathways as axon guidance, WNT signaling pathway, MAPK signaling 

pathway. Cluster F is involved in metabolic pathways, RNA transport and neurogenerative 

diseases as Alzheimer and Parkinson’s (Table 2.2).  
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Table 2. 1 | Enriched GO term pathways for each cluster. 

Cluster adj. P-value 

Number 

of Genes Pathways 

A 5.8e-23 795 Nucleic acid metabolic process 

 
1.4e-18 733 Cellular macromolecule 

biosynthetic process 

 
1.4e-18 736 Cellular nitrogen compound 

biosynthetic process 

 
3.8e-18 748 Macromolecule biosynthetic 

process 

 
4.3e-18 635 Regulation of nucleobase-

containing compound metabolic 

process 

 
8.4e-18 658 Regulation of biosynthetic process 

 
8.4e-18 648 Regulation of cellular biosynthetic 

process 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
1.6e-17 607 Regulation of cellular 

macromolecule biosynthetic process 

 
4.1e-17 623 Regulation of macromolecule 

biosynthetic process 

 
7.2e-17 690 RNA metabolic process 

 
1.6e-16 594 Organelle organization 

 
2.4e-16 657 Organic cyclic compound 

biosynthetic process 

 
6.1e-16 638 Aromatic compound biosynthetic 

process 

 
6.1e-16 628 Nucleobase-containing compound 

biosynthetic process 

 
2.6e-15 633 Heterocycle biosynthetic process 
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Cluster adj. P-value 

Number 

of Genes Pathways 

C 1.0e-03 2 Ribonucleoprotein complex 

assembly 

 
2.9e-03 2 Translation 

D 1.6e-35 440 Nervous system development 

 
4.2e-35 739 System development 

 
3.1e-33 446 Cell surface receptor signaling 

pathway 

 
2.1e-31 339 Neurogenesis 

 
3.5e-30 729 Negative regulation of cellular 

process 

 
2.1e-29 553 Regulation of cell communication 

 
2.1e-29 556 Regulation of signaling 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
5.4e-28 674 Cellular developmental process 

 
1.2e-27 311 Generation of neurons 

 
1.8e-27 513 Regulation of multicellular 

organismal process 

 
2.2e-27 459 Regulation of developmental 

process 

 
2.7e-27 380 Regulation of multicellular 

organismal development 

 
1.5e-26 644 Cell differentiation 

 
9.9e-26 442 Anatomical structure 

morphogenesis 

 
5.8e-25 598 Regulation of response to stimulus 

E 4.2e-11 219 System development 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
1.3e-08 132 Regulation of cellular component 

organization 

 
3.0e-08 122 Nervous system development 

 
3.0e-08 189 Cell differentiation 

 
3.0e-08 139 Regulation of localization 

 
3.0e-08 123 Cell development 

 
3.0e-08 178 Regulation of biological quality 

 
3.8e-08 159 Regulation of cell communication 

 
3.8e-08 160 Regulation of signaling 

 
5.0e-08 194 Cellular developmental process 

 
1.2e-07 84 Neuron differentiation 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
2.7e-07 94 Neurogenesis 

 
3.1e-07 89 Generation of neurons 

 
4.7e-07 145 Regulation of multicellular 

organismal process 

 
4.7e-07 75 Negative regulation of multicellular 

organismal process 

F 3.4e-38 851 Nucleic acid metabolic process 

 
4.9e-34 233 RNA processing 

 
9.0e-29 741 RNA metabolic process 

 
9.3e-28 560 Cellular component biogenesis 

 
6.5e-27 138 Ribonucleoprotein complex 

biogenesis 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
7.9e-27 782 Macromolecule biosynthetic 

process 

 
2.1e-26 761 Cellular macromolecule 

biosynthetic process 

 
7.4e-25 758 Cellular nitrogen compound 

biosynthetic process 

 
4.6e-24 624 Organelle organization 

 
5.9e-21 167 Peptide biosynthetic process 

 
8.0e-21 186 Amide biosynthetic process 

 
1.3e-20 332 Organonitrogen compound 

biosynthetic process 

 
3.9e-20 189 Peptide metabolic process 

 
5.6e-20 161 Translation 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
7.7e-19 225 Cellular protein-containing complex 

assembly 

G 1.6e-10 658 Cellular protein metabolic process 

 
1.6e-10 268 Organonitrogen compound 

biosynthetic process 

 
1.6e-10 102 NcRNA metabolic process 

 
1.0e-09 52 TRNA metabolic process 

 
1.5e-08 238 Intracellular transport 

 
3.0e-08 77 NcRNA processing 

 
4.1e-08 532 Macromolecule modification 

 
6.7e-08 177 Carbohydrate derivative metabolic 

process 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
1.1e-07 273 Small molecule metabolic process 

 
2.4e-07 37 TRNA processing 

 
4.1e-07 479 Organelle organization 

 
4.1e-07 309 Nitrogen compound transport 

 
4.9e-07 144 RNA processing 

 
7.2e-07 279 Establishment of localization in cell 

 
8.9e-07 92 Mitochondrion organization 
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Table 2. 2 | Enriched KEGG pathway analysis for each cluster. 

 

Cluster adj. P-value 

Number 

of Genes Pathways 

A 3.6e-15 114 Herpes simplex virus 1 infection 

 
2.8e-08 43 Ribosome 

 
2.5e-03 33 Dopaminergic synapse 

 
3.2e-03 31 Cell cycle 

D 2.3e-13 119 Pathways in cancer 

 
7.0e-10 46 Breast cancer 

 
1.2e-07 42 Gastric cancer 

 
1.9e-07 74 Human papillomavirus infection 

 
2.1e-07 45 Hepatocellular carcinoma 

 
3.8e-07 46 Axon guidance 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
4.5e-07 28 ECM-receptor interaction 

 
1.5e-06 23 Basal cell carcinoma 

 
2.5e-06 47 Proteoglycans in cancer 

 
3.4e-06 40 Cushing syndrome 

 
4.7e-05 26 Small cell lung cancer 

 
7.1e-05 43 Focal adhesion 

 
1.4e-04 47 Ras signaling pathway 

 
1.4e-04 36 Wnt signaling pathway 

 
1.5e-04 56 MAPK signaling pathway 

E 1.1e-03 27 Neuroactive ligand-receptor interaction 

 
3.4e-03 13 Leukocyte transendothelial migration 
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Cluster adj. P-value 

Number 

of Genes Pathways 

F 1.9e-14 53 Spliceosome 

 
6.2e-10 46 Oxidative phosphorylation 

 
4.9e-08 54 Huntington disease 

 
5.0e-07 47 RNA transport 

 
5.0e-07 42 Parkinson disease 

 
1.2e-06 47 Alzheimer disease 

 
1.3e-06 57 Thermogenesis 

 
7.4e-06 216 Metabolic pathways 

 
2.3e-05 36 Ribosome 

 
2.9e-05 18 Aminoacyl-tRNA biosynthesis 

 
2.9e-05 84 Herpes simplex virus 1 infection 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
5.4e-05 25 Ribosome biogenesis in eukaryotes 

 
7.3e-05 38 Non-alcoholic fatty liver disease 

(NAFLD) 

 
1.3e-04 13 RNA polymerase 

 
3.5e-04 16 Basal transcription factors 

G 8.7e-14 231 Metabolic pathways 

 
1.7e-04 36 Non-alcoholic fatty liver disease 

(NAFLD) 

 
1.8e-04 48 Thermogenesis 

 
2.8e-03 36 Alzheimer disease 

 
3.8e-03 34 Protein processing in endoplasmic 

reticulum 
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Cluster adj. P-value 

Number 

of Genes Pathways 

 
4.0e-03 29 Oxidative phosphorylation 

 
4.5e-03 14 Aminoacyl-tRNA biosynthesis 

 
4.8e-03 15 N-Glycan biosynthesis 

 
4.8e-03 37 Huntington disease 

 
6.4e-03 9 Other types of O-glycan biosynthesis 

 
6.7e-03 11 Beta-Alanine metabolism 

 
6.7e-03 29 Parkinson disease 
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Venn diagram on L-lactate and D-lactate show that the majority of the genes affected by 

L-lactate are shared by D-lactate treatment as well (~70%), where the majority of D-lactate 

affected genes are unique to D-lactate treatment (370 out of 392 DEGs by D-lactate are 

unique to D-lactate) (q < 0.1, FC >1.5) (Fig 2.6).  

 

IPA (Ingenuity Pathway Analysis) software was used to analyze the transcriptomic data, 

to determine some of the pathways that got altered by the L-lactate treatment. Among these 

pathways are the cholesterol pathway, cell cycle pathways and retinoic acid receptor 

pathway (Fig 2.7). 

 

As D-lactate treatment show a stronger effect on the transcriptome of neuronal cells, it is 

worth performing further analysis to gain more insight on the D-lactate treated group vs. 

the control group. GAGE (Gene set analysis) pathway analysis show that the effect is 

mainly on RNA modifications, processing, and splicing. Moreover, D-lactate seems to 

have a strong impact on acetylation on proteins including histones (Table 2.3). 
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Figure 2. 6 | Venn Diagrams representing the common and unique DEGs between L-lactate and D-

lactate treatments in neurons.  

In the two-way comparison between L-lactate and D-lactate treatment groups; there are 22 common DEGs, 

9 DEGs unique to L-lactate treatment group and 370 DEGs unique to D-lactate treatment group. 

(q < 0.1, FC >1.5). 
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Figure 2. 7 | Neuronal pathways that are altered by L-lactate. 

Ingenuity Pathway Analysis (IPA) revealed the top canonical pathways of the differentially regulated genes 

of neurons treated with lactate vs. control samples. (q < 0.1) 
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Table 2. 3 | GAGE pathway analysis on D-lactate vs. Control. 

 
GAGE analysis: 

 D-lactate vs. Control Genes adj. P-value 

NcRNA metabolic process 408 7.4e-04 

Mitochondrial gene expression 93 9.9e-04 

TRNA metabolic process 159 9.9e-04 

Mitochondrial translation 71 2.9e-03 

NcRNA processing 300 2.9e-03 

MRNA processing 397 1.0e-02 

RNA splicing 330 1.3e-02 

TRNA processing 107 4.5e-02 

NADH dehydrogenase complex 

assembly 

41 4.5e-02 
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GAGE analysis: 

 D-lactate vs. Control Genes adj. P-value 

Mitochondrial respiratory chain 

complex I assembly 

41 4.5e-02 

Mitochondrial respiratory chain 

complex assembly 

72 4.5e-02 

RNA splicing, via transesterification 

reactions 

232 4.5e-02 

RNA splicing, via transesterification 

reactions with bulged adenosine as 

nucleophile 

232 4.5e-02 

MRNA splicing, via spliceosome 232 4.5e-02 

Ribosome biogenesis 233 4.5e-02 

Ribonucleoprotein complex biogenesis 378 4.5e-02 

TRNA modification 72 8.6e-02 
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GAGE analysis: 

 D-lactate vs. Control Genes adj. P-value 

RNA modification 131 8.6e-02 

Histone acetylation 148 8.6e-02 

Internal peptidyl-lysine acetylation 152 8.6e-02 

Internal protein amino acid acetylation 155 9.0e-02 

Peptidyl-lysine acetylation 162 9.4e-02 

Protein acetylation 188 1.7e-01 

RRNA metabolic process 192 1.7e-01 
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2.3.2 Effect of lactate on neuronal methylome 

 
DNA methylation is one of the most important epigenetic mechanisms for gene silencing 

in mammals and it occurs mainly in cytosines that precede guanines, in the well-known 

dinucleotide CpG sites (Illingworth and Bird, 2009). Whole genome bisulfite sequencing 

(WGBS) was used to assess the change of DNA methylation in neurons in response to 

lactate. Neuronal cultures were either treated with 20mM L-lactate or D-lactate, or had no 

treatment for the control group, for 24 hours (n=3/condition). Single base pair resolution 

sequencing of the DNA methylome shows that the methylation of many CpG sites have 

been altered with the treatment. Both hyper- and hypo-methylated sites are similarly 

distributed along the genome. Differentially methylated sites were distributed along the 

DNA, with half of the differentially methylated CpG sites located in intergenic regions 

where the other half is mostly in the gene body and only 5% in promoters (Fig. 2.8). Yet, 

DNA methylations of promoters are crucial, as they are known to alter the expression rates 

of corresponding genes negatively. The significance of gene body methylation has recently 

emerged as an important gene expression regulator that is positively correlated with gene 

expression (Medvedeva et al., 2014).  

 

Lactate treatment on neuronal cultures has affected the methylation of thousands of CpG 

sites along the DNA. In order to study the genes that have been altered and the effect they 

have on the biological processes and cellular pathways, we used DAVID (Database for 

Annotation, Visualization and Integrated Discovery) web-based tool. 
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Using DAVID web-based functional annotation tool, we looked at the GO terms and 

KEGG pathways that may be altered by the differentially methylated CpG sites.  Some of 

the most significant biological processes with high number of genes involved are ion 

transport, cell differentiation, cell adhesion, and phosphorylation (Table 2.4). KEGG 

pathways that are most significantly altered are calcium signaling pathway, axon guidance 

and glutamatergic and dopaminergic synapses. 

 

 

 

 

 

(A) 
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Figure 2. 8 | The Effect of L-lactate on neuronal methylome.  

(A) Differentially Methylated CpG sites. Neuronal cultures treated with L-lactate for 24 hours show 

differentially methylated CpGs compared to non-treated neuronal cultures. A heatmap displaying the top 100 

differentially methylated CpGs. Ctr= Control; LLca= L-lactate. (B) Differentially methylated CpGs locations 

in the genome. Treated neuronal cultures with L-lactate show that more than 50% of the differentially 

methylated CpGs either hyper- or hypo-methylated are located in Intergenic regions, where the remaining 

sites are mostly in introns with only a small fraction of around 5% of the sites are in promoter regions and 

another 5% in the exonic regions. (C) Hyper- and Hypo-methylated CpG are equally distributed along the 

DNA. 
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Table 2. 4 | Biological processes of affected DNA maethylation CpGs by L-lactate 

treatment. 

Using DAVID web-based tool, differentially methylated genes group in some GO terms of 

biological processes such as ion transport, cell differentiation and cell adhesion. (q < 0.1) 

 

 

TERM GENE COUNT Benjamini 

GO:0006811~ion transport 69 0.0078 

GO:0030154~cell differentiation 84 0.0057 

GO:0035556~intracellular signal transduction 51 0.0079 

GO:0006810~transport 163 0.0139 

GO:0007155~cell adhesion 55 0.0339 

GO:0016310~phosphorylation 67 0.0290 

GO:0006468~protein phosphorylation 64 0.0441 

GO:0007399~nervous system development 44 0.0401 

GO:0045944~positive regulation of transcription 

from RNA polymerase II promoter 
95 0.0449 
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To study the expected down-regulated and the up-regulated genes, the methylated CpG 

sites were divided into two groups; the first group listing hyper-methylated CpGs in the 

promoter region with hypo-methylated CpGs in the gene body which are expected to down 

regulate the expression of genes. These genes are involved in GO Biological processes as 

positive regulation of cell proliferation and regulation of cell migration and in KEGG 

pathways such as Long-term depression and GABAergic and Serotonergic synapse. 

 

The second group is combining hypo-methylated CpGs in the promoter region and hyper-

methylated CpGs in gene body, that are expected to upregulate the expression of the genes. 

The GO Biological processes for this subset are cell differentiation, negative regulation of 

cell proliferation, axon guidance and actin cytoskeleton organization and KEGG pathways 

such as Axon guidance and Inositol phosphate metabolism. 

 

 

2.3.3 Differentially methylated genes and differentially expressed genes 

 

In order to determine which of the differentially expressed genes in neurons by the 

treatment of L-lactate are specifically regulated by DNA methylation, we merged the 

differentially-methylated genes that are expected to induce gene expression (Hypo-

methylated CpGs in promoter regions with hyper-methylated CpGs in gene body) with the 

up-regulated genes, and the differentially-methylated genes that are expected to reduce 

gene expression (Hyper-methylated CpGs in promoter regions with hypo-methylated CpGs 
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in gene body) with the down-regulated genes, with a focus on the genes that are unique to 

be induced only by L-lactate and not by D-lactate (q < 0.1) (Fig. 2.9). 

 

 

 

 

Figure 2. 9 | Differentially expressed genes regulated by DNA methylation under L-lactate treatment.   

 Differentially expressed genes that are altered by L-lactate treatment, which might be regulated by DNA 

methylation. 
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Table 2. 5 | Differentially expressed genes regulated by DNA methylation under L-

lactate treatment.   

The list of genes that are negatively correlated with promoter DNA methylation and 

positively with gene body DNA methylation. 

 

CpG location Gene ID q-value Fold Change p-value 

Methylation 

Difference 

Promoter Plch1 0.0945909 -1.1283425 0.02887 0.4 

 
Foxp2 0.0384547 -1.1573931 0.04948 0.4 

 
Slc25a40 0.00929644 -1.185732 0.03523 0.5 

 
Aldh4a1 0.0531209 -1.1923047 4.464E-06 0.34 

 
Pcdh19 0.00321635 -1.2507479 0.001893 0.55 

 
Ddit4l 0.00125252 -1.5488291 0.0005285 0.35 

Gene body Luzp2 0.0465796 -1.1796869 9.679E-06 -0.41 

 
Pcdh19 0.00321635 -1.2507479 0.001073 -0.42 

 
Gm14169 0.00125252 -1.3023715 0.005328 -0.37 

Promoter Pth1r 0.00125252 1.3103925 0.02571 -0.41 

 
Pld5 0.00227606 1.3020736 0.0372 -0.34 

 
Pvt1 0.00227606 1.28041901 0.03347 -0.36 

 
Nkx2-2 0.0568091 1.24074273 0.04335 -0.39 

 
G0s2 0.0928589 1.22773994 0.0009386 -0.39 

 
Sntg2 0.0940235 1.21966843 0.03105 -0.34 

 
Arrdc4 0.074303 1.20644488 0.01353 -0.41 

 
Npas1 0.0938059 1.12727539 0.0231 -0.34 

Gene body Pdlim3 0.00792311 1.43615454 0.0006158 0.39 

 
Ccdc37 0.0244296 1.39631651 0.02249 0.39 
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Kif15 0.00125252 1.25054676 0.0166 0.5 

 
Plcd3 0.00125252 1.2468881 0.03747 0.53 

 
Nkx2-2 0.0568091 1.24074273 0.02682 0.49 

 
Rassf3 0.00321635 1.22904096 0.04696 0.42 

 
Sema6c 0.0162548 1.21631677 0.02902 0.38 

 
Zfp647 0.00321635 1.20693334 0.01655 0.34 

 
Tcirg1 0.00792311 1.2007976 0.04948 0.39 

 
Adora2a 0.0426648 1.20059287 0.03069 0.42 

 
Obfc1 0.00792311 1.18189838 0.008305 0.4 

 
Grik1 0.0564492 1.17765095 0.01776 0.38 

 
Mettl8 0.0409802 1.14480748 0.01938 0.36 

 

 

 

To understand the biological processes and pathways of these subset of genes, we used 

DAVID wed-based tool. The 21 up-regulated genes are involved in postsynaptic potential, 

synaptic transmission, membrane depolarization, excitatory postsynaptic potential and 

nervous system development. The only KEGG pathway that showed up is the neuroactive 

ligand–receptor interaction pathway.  
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2.4 CONCLUSION AND DISCUSSION 

 
The work of this chapter emphasizes the fact that lactate has a signaling role rather than 

just being limited to the metabolic role. As Ingenuity pathway analysis (IPA) showed, the 

cholesterol biosynthesis pathway was the top pathway that was induced by L-lactate and 

there were several other signaling pathways including retinoic acid receptor (RAR) 

activation pathway, cell cycle pathways and WNT signaling pathway that were 

significantly affected by L-lactate treatment. To validate this, the genes involved in these 

pathways may be verified by qPCR.  

 

DAVID analysis of the differentially methylated gens (DMG) showed some interesting 

biological processes altered by L-lactate treatment. Among them is cellular differentiation. 

Previous studies showed cell differentiation is mediated by multiple pathway including the 

cholesterol biosynthesis pathway (Saito et al., 2009), the cell cycle pathway (Galderisi et 

al., 2003) and the RAR activation pathway (Jacobs et al., 2006). Thus, examining the effect 

of lactate in details in regards to cell differentiation through the pathways mentioned above 

will elucidate how lactate may affect the differentiation process.   

 

In addition, we combined the dataset of the L-lactate treatment by the methylome and 

transcriptome to identify the genes that seem to be regulated by DNA methylation. 

Validating the gene expression of those genes by qPCR and further analysis of the 

significance of them in cellular function will give more insight into the effect of lactate on 

neuronal cells.  
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Finally, investigating the effect of lactate on other epigenetic modifications as histone 

modification seems to be interesting. Following up with the effect of lactate on histone 

acetylation seems promising. Confirmation and further investigation into this shall expand 

our knowledge and understanding of how lactate might regulate gene expression in 

neuronal cells. 
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CHAPTER 3:  Characterizing the Metabolic Profile of SH-SY5Y cell 

line as the Neuronal Differentiation “in-vitro” Cell Model  

 

3.1 OBJECTIVE 

 

Lactate has long been considered as an inert, dead-end product of glycolysis, however, in 

the past decades more attention was given to this metabolite. In the brain, the transfer of 

lactate from astrocytes to neurons through the ANLS, provides neurons with the energy 

required during high neuronal activity (Magistretti and Allaman, 2018). Moreover, 

subsequent studies have described that this lactate shuttling from astrocytes to neurons is 

crucial for long term memory formation (Suzuki et al., 2011). Later on, further 

investigations supported the additional signaling roles of lactate as in neuroprotection and 

genetic regulation (Margineanu et al., 2018). Recently, metabolic reprograming studies 

have shed light on the role of lactate in deciding the fate of the cell (Baufeld and Vanselow, 

2018; Kottmann et al., 2015; Tsukamoto et al., 2018). 

 

Our neuronal transcriptomic analysis of lactate treated neurons have indicated that lactate 

treatment might be involved in the differentiation of neurons. To investigate the role of 

lactate in neuronal differentiation, we chose a neuronal cell model that can be differentiated 

in vitro. The human neuroblastoma SH-SY5Y cell line has been used extensively in 

differentiation studies (Pahlman et al., 1984; Shipley et al., 2016), nevertheless the 

implication of lactate into the differentiation process has not been elucidated. In order to 

use these cells as our differentiation model, we aimed to characterize the metabolic profile 
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of these cells in comparison to other proliferating cells, before studying the effect of lactate 

supplementation to them.  

 

To characterize the metabolic profile of the cells, we will assess two parameters that 

distinguishes an oxidative profile from a glycolytic profile; lactate release rate and the 

expression levels of key enzymes in the glycolysis pathway. 

 

Neuronal cells are characterized by an oxidative profile, where they rely heavily on 

mitochondrial oxidative phosphorylation. Glucose or its metabolites, such as pyruvate and 

lactate, enter a series of metabolic steps that lead to the full oxidation in the mitochondria. 

This mitochondrial process involves the tricarboxylic acid (TCA) cycle, an electron 

transfer in the respiratory chain, oxygen consumption, and the production of CO2 and water 

(Belanger et al., 2011b; Magistretti and Allaman, 2015). These cells produce and release 

limited amount of lactate. 

 

Immortal, rapidly proliferating cells are known to have a glycolytic profile, producing high 

amounts of lactate following a phenomenon called “the Warburg effect”. In these cells the 

glucose molecule is metabolized through aerobic glycolysis, where pyruvate is 

preferentially converted to lactate rather than entering the TCA cycle, in the presence of 

abundant oxygen (Zhu and Thompson, 2019). 
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Key enzymes in the glycolytic metabolic pathway can give an indication on the metabolic 

profile of the cell. Among these metabolic markers are PFKFB3 (Almeida et al., 2010; Yan 

et al., 2017),  HK-1 (Tseng et al., 2018), HK-2 (Mathupala et al., 2001),PKM-1 and PKM-

2 (Christofk et al., 2008a), PDK-1 (Peng et al., 2018), PDK-4 (Liu et al., 2017), LDHA and 

LDHB (Urbanska and Orzechowski, 2019; Valvona et al., 2016). These enzymes are 

usually differentially expressed in different cell types, leading to different lactate 

production rates and energy outcomes. Higher expression levels of PFKFB3, HK-2, PKM-

2, PDK-1, PDK4 and/or LDHA is linked to a glycolytic profile.  

 

In this chapter we will characterize the metabolic profile of the neuroblastoma SH-SY5Y 

cells, in terms of lactate production and expression levels of the key glycolytic enzymes, 

in comparison to other proliferating cell lines.  

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Cell lines and culture 

 

HEK293, HeLa, CHO-K1, U-87 and SH-SY5Y cells were purchased from American Type 

Culture Collection (ATCC). Cells were cultured in media supplemented with 10% fetal 

bovine serum (FBS) and 1% Penicillin-streptomycin.  HEK293, HeLa, CHO-K1 and U-87 

cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) and SH-SY5Y 

cells were maintained in a 1:1 ration of Dulbecco's Modified Eagle Medium: Nutrient 
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Mixture F-12 (DMEM/F-12) (Gibco). All cell cultures were maintained in a humidified 

atmosphere of 5% CO2 at 37 °C in T-75 flasks.  

 

 
3.2.2 Lactate Assay  

 

Cells were seeded into 6-well plates and maintained until they were 80% confluent, then 

the media was changed with fresh serum-free DMEM media. After 3 hours, the media was 

collected and the cells were lysed for protein quantification.  

 

Media lactate concentrations were measured using Lactate assay kit (MAK064 Sigma-

Aldrich) following manufacturer’s instructions. The media was first deproteinized with a 

10 kDa molecular weight cutoff spin filters (Amicon, Millipore) at 14,000 × g for 30 min 

at 4°C. Filtrates were stored at −80°C until analyzed. Samples were thawed on ice and 

analyzed using the colorimetric lactate assay kit as instructed by the kit’s user manual. In 

short, samples were incubated with lactate enzyme and lactate probe, provided by the kit, 

in a 96-well clear flat-bottom microplate along with lactate standards. Absorbance was 

measured at 570 nm (A570) using a microplate reader. 

 

The cells were lysed in lactate assay buffer (Sigma-Aldrich) right after the media was 

collected. The protein of the lysate was quantified using the BCA kit (Micro, Thermo 

scientific) following the manufacture’s protocol. Protein Concentrations were used to 

normalize lactate concentrations. 
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3.2.3 RNA extraction, reverse transcription  

 
Total RNA was extracted from cells using the RNeasy mini kit (Qiagen). The quality of 

the RNA was checked and RNA was quantified using the nanodrop. Complementary DNA 

(cDNA) was synthesized by reverse transcription using the Superscript VILO Master Mix 

(Invitrogen) according to the manufacturer’s instructions. Briefly, 1:4 ratio of the 

Superscript VILO Master Mix was added to1000ng of RNA per reaction. Samples were 

incubated in the thermoblock for 10min RT, 1h at 45°C, 5min at 95°C. 

 

 

3.2.4 real-time quantitative PCR (qRT-PCR) 

 
PCR was performed using the Power SYBR Green PCR Master Mix (Applied biosystems, 

Thermo fisher scientific). mRNA levels were evaluated using the ΔΔCT method and 

normalized to the level of beta-actin (B-Actin) mRNA.  

 
 

Primers Used 

 
The human forward and reverse primer sequences used are listed in the table. Primers were 

designed using Primer3 tool and validated by referring to the melt curve analysis before 

use in RT-PCR quantification. 
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Gene 

 

Forward Primer 

 

Reverse primer 

 

HIF-1α    

5’-

GCTGACCCTGC

ACTCAATCA-3’ 

5’- 

GGGACTATTAGGCTC

AGGTGAACTT-3’ 

 

PDK-1 

5’- 

GCCTCTGGCTG

GTTTTGGT-3’ 

5’- 

GCATCTGTCCCGTAA

CCCTCTAG-3’ 

 

PFKFB3 

5’- 

CAGTTGTGGCCT

CCAATATC-3’ 

5’-

GGCTTCATAGCAACT

GATCC-3’ 

 

LDHA 

5’- 

TAATGAAGGAC

TTGGCAGATGA

ACT-3’ 

5’- 

ACGGCTTTCTCCCTCT

TGCT-3’ 

 

LDHB 

5’- 

CAACCCAGTGG

ACATTCTTACG-

3’ 

5’- 

AGGTAGCGAAATCTA

GCAGAATCC-3’ 

 

B-actin    

5’- 

AGGCCAACCGC

GAGAAG-3’ 

5’- 

AGGCCAACCGCGAGA

AG-3’ 
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3.3 Results 

 
3.3.1 Lactate Production Rate in SH-SY5Y Cells in Comparison to Other Cell Types 

 
SH-SY5Y cells are an in vitro model that is used in neuronal differentiation studies as they 

are featured with the ability to differentiate into to a more mature neuron-like phenotype. 

Undifferentiated cells proliferate continuously and upon differentiation the proliferation 

rate is decreased.  

 

As we aim to study the metabolic reprograming of the SH-SY5Y cells during 

differentiation in the following chapter, with a focus on the role of lactate in differentiation, 

we intended to characterize the metabolic profile of the undifferentiated SH-SY5Y cells in 

comparison to other proliferating cells. This will give us an estimation about the metabolic 

profile of the cells and give us an indication upon their lactate production rates. 

 

In order to characterize the metabolic profile of the neuroblastoma SH-SY5Y cell line in 

comparison to other cell types, we measured the amount of lactate released to the media by 

SH-SY5Y and several other cell lines. The cell lines used here were; HEK293, U-87 MG, 

CHO-K1 and HeLa in addition to the SH-SY5Y cells. 

 

Generally, proliferating cells are characterized with a glycolytic metabolic profile and high 

lactate production levels. As different cell lines have different metabolic features, 

depending on various factors as their origin and genetic makeup, it was expected to see a 

variation in their lactate production rate. Initially, each cell type was seeded into wells and 
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kept to reach confluency. Then, the media was replaced with fresh media, in order to 

quantify the amount of lactate released in a specified time. After a unified collection time 

point of 3 hours; media was used for the lactate quantification assay and the cells were 

lysed to quantify the protein amount; in order to normalize the lactate production rate. 

 

The results show that the neuroblastoma SH-SY5Y cells released the least amount of 

lactate in the media in comparison to all the other cell lines. Lactate accumulation rate in 

the media of HEK293 cells and the glioma U-87 MG cells were the highest; 1,838 

nmol/mg/h and 1,663.6 nmol/mg/h, respectively. CHO-K1 cells and HeLa cells produced 

less amount of lactate in the media; 1,289 nmol/mg/h and 1,344 nmol/mg/h, respectively. 

The neuroblastoma SH-SY5Y cells produced the least amount of lactate in comparison to 

all the other cells where lactate concentrations in the media was only 887 nmol/mg/h (Fig. 

3.1).   
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Figure 3. 1 | Lactate Quantification. Lactate production rates are different among different cells.  

HEK293 cells and U-87 MG cells produce the highest amount of lactate into the media over a time point of 

3 hours compared to the other cell lines; CHO-K1 cells, HeLa cells and SH-SY5Y cells. On the other hand, 

the neuroblastoma SH-SY5Y cell line produces the least amount of lactate among the other cells tested. Data 

are shown as mean ± SEM (n = 6). HEK293; Human Embryonic Kidney cell line, U-87 MG; Malignant 

Glioma, CHO-K1; Chinese Hamster Ovary cell line, HeLa; Carcinoma cell line, SH-SY5Y; Neuroblastoma 

cell line. *P≤0.05 ****P≤0.0001 (two-tailed t-test).  
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Walz and Mukerji have reported in a study aiming to compare lactate production rates in 

cultured neurons and astrocytes; that astrocytic primary cultures release around 2,000 

nmol/mg per hour lactate, while neuronal primary cultures release around 300 nmol/mg 

per hour lactate (Walz and Mukerji, 1988).  Comparing our results of lactate production 

rates to that of neurons and astrocytes in the study, we found that HEK293 cells and U-87 

MG cells are comparable to astrocytes in their lactate release concentrations, showing that 

these cells heavily rely on glycolytic, whereas SH-SY5Y cells are closer to the oxidative 

nature of neuronal cells (Fig. 3.2). 

 

 

3.3.2 The Expression Levels of Key Enzymes that Distinguish the Metabolic Profile of 

the Cell 

 

Oxidative and glycolytic cells differ by expressing some of the key metabolic regulatory 

genes differently. These selected genes are able to control the metabolic processing of 

glucose in cells, defining the glucose fate, and the rate of lactate production. The enzymes 

PFKFB3, PKM-2 and LDHA are expressed more in the glycolytic astrocytes compared to 

neurons, where PKM-1 and LDHB enzymes are more expressed in the oxidative neurons 

compared to astrocytes and glycolytic cells (Camandola and Mattson, 2017; Magistretti 

and Allaman, 2015). HK-2, PDK-1 and PDK-4 are key enzymes known to increase lactate 

production (Anderson et al., 2016; Liu et al., 2017; Mathupala et al., 2001; McFate et al., 

2008; Peng et al., 2018). 
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Figure 3. 2 | Comparing lactate production rates between cell lines and primary cultures. 

Lactate production rate of HEK293 cells and U-87 MG are comparable to astrocyte’s lactate production rate. 

On the contrary, SH-SY5Y cells produce lower levels of lactate compared to astrocytes, but is considered 

comparable to neuronal production rates of lactate. Data are shown as mean ± SEM. HEK293; Human 

Embryonic Kidney cell line, U-87 MG; Malignant Glioma, SH-SY5Y; Neuroblastoma cell line. 
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Since SH-SY5Y cells produce lower rates of lactate in comparison to the other cell lines 

used, such as HEK293 and U-87 MG, we aimed to further characterize their metabolic 

profile by assessing the mRNA expression levels of the key glycolytic enzymes. 

   

Using RNA-seq data of the cell atlas from the Human Protein Atlas database 

(http://www.proteinatlas.org/), we compared the expression rates of key metabolic genes. 

The human protein atlas is a comprehensive proteomic and transcriptomic database to 

visualize the distribution of protein and mRNA expression across most human tissues and 

many cell lines (Uhlen et al., 2010). In this database, RNA-seq data is represented in TPM 

(Transcripts Per Kilobase Million mapped reads). We selected the genes of interest and 

started to compare the expression levels of these genes between HEK293 and SH-SY5Y 

cell lines as fold change. LDHA, LDHB and PFKFB3 are more expressed in HEK293 cells 

compared to SH-SY5Y, where HK-1, HK-2, PDK-1 and PDK-4 are more expressed in SH-

SY5Y cells when compared to HEK293 in this database (Fig. 3.3).  
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Figure 3. 3 | Expression of key metabolic genes in the SH-SY5Y and HEK293 cells using data from 

Human protein Atlas RNA-seq database.  

LDHA, LDHB and PFKFB3 are expressed at higher levels in HEK29T-17 compared to SH-SY5Y. HK-1, 

HK-2, PDK-1 and PDK-4 are more expressed in SH-SY5Y compared to HEK293. Data was taken from the 

Cell RNA expression database from the Human Protein Atlas (http://www.proteinatlas.org/) and is shown as 

transcripts per million of reads (TPM). LDHA; Lactate Dehydrogenase A, LDHB; Lactate Dehydrogenase 

B, HK-1; Hexokinase -1, HK-2; Hexokinase -2, PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3, PDK-1; Pyruvate dehydrogenase kinase -1 and PDK-4; Pyruvate dehydrogenase kinase -4. 
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To confirm these findings, we extracted RNA from both cell lines and performed a Real-

time qPCR. Transcriptional results show that LDAH, LHB and PFKFB3 are expressed 

higher levels in the glycolytic HEK293 cells over the SH-SY5Y cells in agreement with 

the data obtained from the protein atlas database. On the other hand, the hexokinases; HK-

1 and HK-2 are also expressed higher in the glycolytic HEK293 cells over the SH-SY5Y 

cells which is against the findings in the protein atlas. Nevertheless, our observations from 

the qPCR are more compatible to the previous findings, as HK-2 is known to be expressed 

higher in glycolytic cells (Mathupala et al., 2001). In regards to the pyruvate kinases; SH-

SY5Y cells expressed higher levels of PKM-1 and lower levels of PKM-2 in comparison 

to the more glycolytic HEK293 cells. These results are compatible to the previous findings 

in how these genes are expressed in higher rates in the glycolytic cells (Christofk et al., 

2008a). PDK-1 did not show a significant difference between the two cells in our data (Fig. 

3.4).  
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Figure 3. 4 | Gene expression levels comparisons between HEK293 and SH-SY5Y.  

RT-qPCR was done on cDNA from the RNA of both cell lines, to compare the gene expression levels of the 

selected genes between these two cell lines. LDHA, LDHB, HK-1, HK-2, PKM-2 and PFKFB3 are more 

expressed in the glycolytic HEK293 cells where PKM-1 is more expressed in the oxidative SH-SY5Y cells. 

PDK-1 does not show any significant difference in the expression level between the two cell lines. The data 

are shown as mean ± SEM (n =8).  **P≤0.0015 ****P≤0.0001 (two-tailed t-test). LDHA; Lactate 

Dehydrogenase A, LDHB; Lactate Dehydrogenase B, HK-1; Hexokinase -1, HK-2; Hexokinase -2, PKM -

1; pyruvate kinase -1, PKM-2; pyruvate kinase -2, PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3, PDK-1; Pyruvate dehydrogenase kinase -1. 

 

These results add an additional support to the previous finding that the SH-SY5Y cells are 
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SH-SY5Y. However, in contrast, LDHB and PDK-4 are more expressed in SH-SY5Y 

compared to U-87 MG (Fig. 3.5). 

 

 

          

 

Figure 3. 5 | Expression of key metabolic genes in SH-SY5Y and U-87 MG cells using data from Human 

protein Atlas RNA-seq database.  

LDHA, HK-1, HK-2, PFKFB3 and PDK-1 are expressed at higher levels in U-87 MG than in SH-SY5Y. 

LDHB and PDK-4 are more expressed in SH-SY5Y compared to U-87 MG. Data was taken from the Cell 

RNA expression database from the Human Protein Atlas (http://www.proteinatlas.org/) and is shown as 

transcripts per million of reads (TPM). LDHA; Lactate Dehydrogenase A, LDHB; Lactate Dehydrogenase 

B, HK-1; Hexokinase -1, HK-2; Hexokinase -2, PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3, PDK-1; Pyruvate dehydrogenase kinase -1 and PDK-4; Pyruvate dehydrogenase kinase -4. 
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To use the SH-SY5Y cells in our studies as our differentiation cellular model, we examined 

their metabolic profile prior to differentiation in comparison to other proliferating cells. 

SH-SY5Y cells express less glycolytic features compared to more glycolytic cells as the 

glioma U-87 MG and the HEK293 cells. SH-SY5Y cells produced low amounts of lactate 

in comparison to the other proliferating cells in the study and they were the closest to 

primary neuronal lactate production rate.  

 

Moreover, we compared the transcription levels of key glycolytic enzymes in SH-SY5Y 

cells to the glioma U-87 MG cells and the HEK293 cells. We found that SH-SY5Y cell 

express less LDHA; the lactate dehydrogenase that preferentially converts pyruvate to 

lactate and also much lower transcripts of PFKFB3; which promotes for the glycolytic 

profile, when compared to both U-87 MG cells and the HEK293 cells in the protein atlas 

data base and in our RT-qPCR comparison to HEK293 cells. Both hexokinases; HK-1 and 

HK-2; which are markers of a glycolytic profile, are also less expressed in SH-SY5Y cells 

in comparison to U-87 MG database and in HEK293 mRNA levels by our RT-qPCR. 

PKM-2; a marker of glycolytic profiles is expressed more in HEK293 compared to SH-

SY5Y mRNA levels, where PKM-1, as expected, is expressed more by the SH-SY5Y cells 

compared to HEK293 cells. 

 

3.4 CONCLUSION AND DISCUSSION 

 

Thus, the metabolic profile of the cell can be detected by measuring the lactate release and 

the expression levels of those key enzymes. 
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The results have indicated that, despite the fact that the neuroblastoma SH-SY5Y cells are 

highly proliferative when undifferentiated, they are considered less glycolytic compare to 

other proliferating cells as HEK293 and U-87 MG cells; where they are highly glycolytic. 

 

Although some studies have looked into the metabolic reprograming of the differentiated 

compared to the non-differentiated SH-SY5Y cells (Xun et al., 2012), the implication of 

lactate in the process of differentiation of SH-SY5Y cells is unknown. Thus, we aim to 

investigate the involvement of lactate in differentiation shedding some light on possible 

mechanisms. 
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CHAPTER 4: The Role of Lactate in Neuronal Dopaminergic Differentiation and 

the Involvement of Histone Acetylation 

 
 

4.1 OBJECTIVE 

 
Metabolic reprograming during neuronal differentiation has been a focus of research in the 

recent years (Agostini et al., 2016; Russo et al., 2018), yet the role of lactate in the 

differentiation process has not been well addressed. Moreover, most of the metabolic 

studies on neuronal differentiation focus on the difference between the metabolic profiles 

of the undifferentiated neurons and the fully differentiated neurons (Xun et al., 2012), with 

not much attention given to metabolic reprograming that occurs during the initiation of the 

differentiation process, that accompanies the morphological changes as the neurite’s 

outgrowth.  

 

Lactate has been reported to support the differentiation of other cell types as the thyroid 

cells (Mothersill et al., 1981), myogenic cells (Tsukamoto et al., 2018) osteoblasts (Wu et 

al., 2018). This effect is not restricted to L-lactate enantiomer, as D-lactate show even more 

pronounced effects on differentiation in some studies as adipogenesis during the early stage 

of differentiation (Harada et al., 2018) and follicular granulosa cells differentiation 

(Baufeld and Vanselow, 2018; Harada et al., 2018). 

 

As the neuronal transcriptomic analysis have showed that lactate may induce cellular 

differentiation, we aimed to study and further investigate this effect of lactate. Here, we 

used the neuroblastoma SH-SY5Y cells as our in vitro cellular model to investigate the role 
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of lactate during the initiation of neuronal differentiation, focusing on the expression of 

genes and epigenetic modifications that are altered. Moreover, in the neuronal study lactate 

seems to alter the dopaminergic pathway as well, thus, the dopaminergic SH-SY5Y cells 

are the perfect fit for the study.  

 

 

4.2 MATERIALS AND METHODS 

 
4.2.1 Cell culture and Treatments 

 
Human neuroblastoma cell line SH-SY5Y was obtained from American Type Culture 

Collection (ATCC) and grown according to the company’s recommendations. Cells were 

cultured in (DMEM/F-12), a 1:1 ration of Dulbecco's Modified Eagle Medium: Nutrient 

Mixture F-12 (Gibco), supplemented with 10% heat-inactivated fetal bovine serum (HI-

FBS), 1% Penicillin-streptomycin and 1% glutamax. cell cultures were maintained in a 

humidified atmosphere of 5% CO2 at 37 °C in T-75 flasks. Cells were split twice a week 

where only attached cells were maintained where floating cells were discarded. All 

treatments were added to the cells in serum free media (non-supplemented DMEM/F-12) 

for 48 hours, unless indicated otherwise.  
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4.2.2 All-trans Retinoic Acid (RA) 

 
To promote the cells for differentiation, cells were treated with 10 μM RA in serum-free 

media for 48 hours, unless indicated otherwise. RA was first dissolved in DMSO 

(25mg/ml) as fresh stocks and then diluted in the serum-free media. Cells were seeded in 

6-well plates in a density of 0.7 x 106 per well in 10% FBS medium. Post 24 hours, the 

medium was replaced with medium in which the FBS concentration was reduced to 1%. 

On the third day, the media was replaced with serum free media that is supplemented with 

10 μM RA (all-trans-retinoic acid, Enzo®—East Farmingdale, NY, USA) and incubated 

for 48 hours. Cells were then harvested and used for experiments. 

 

 

4.2.3 Lactate treatment 

 
Cells were treated with 20mM of either L-lactate or D-lactate in serum free media for 48 

hours, unless indicated otherwise. Fresh stocks of 1M lactate were prepared and then 

diluted in the serum free media to the reach a final concentration of 20mM.  Cells were 

seeded in 10% FBS medium on the first day then after 24 hours, the medium was replaced 

with medium in which the FBS concentration was reduced to 1%. On the third day, the 

media was replaced with serum free media supplemented with 20mM of either L-lactate or 

D-lactate and incubated for 48 hours. Cells were then harvested and used for experiments. 

 

In the RA-lactate combined treatment, both RA and lactate were supplemented together on 

the third day to the serum free media and cells were harvested 48 hours post-treatment. 
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4.2.4 Oxamate treatment 

 
After seeding the cells as described, 6 hours before the RA and/or lactate treatment; cells 

were pre-treated with either 5, 10, or 20mM oxamate for 6 hours in serum-free media and 

then also co-treated with RA and/or lactate in serum-free media for 48 hours. The cells 

were then collected for further analysis. 

 

 

4.2.5 MPP+ treatment 

 
Cells were treated with RA and/or lactate for 48 hours and then treated with 1mM MPP+ 

for an additional 72 hours. Cell death percentage was determined by trypan-blue assay. 

 

 

4.2.6 Lactate Assay  

 
Cells were seeded into 6-well plates and maintained until they were 60% confluent in 

complete DMEM/F-12 media. The media was replaced with fresh serum reduced media 

(1%) on the second day. On the third day, serum-free DMEM media supplemented with 

10uM RA for different time points. The media was then collected for lactate measurement 

and the cells were lysed for protein quantification.  

 

Lactate assay was performed as described in Section 3.2.2. 
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4.2.7 RNA extraction, reverse transcription  

 
RNA extraction and cDNA synthesis were performed as described in Section 3.2.3. 

 

 

4.2.8 real-time quantitative PCR (qRT-PCR) 

 
qRT-PCR was performed as described in Section 3.2.4. mRNA levels were normalized to 

the level of hydroxymethylbilane synthase (HMBS) mRNA. 

 

 

Primers Used 

 
The human forward and reverse primer sequences used are listed in the table. Primers were 

designed by using Primer-Blast on-line tool available at the National Center for 

Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

Primers efficiency were validated by referring to the melt curve analysis before use in RT-

PCR quantification. 
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Table 4. 1 | The human forward and reverse primer sequences used are listed. 

 

 

Gene 

 

Forward Primer 

 

Reverse primer 

 

 

PFKFB3 

5’- 

CAGTTGTGGCCTCC

AATATC - 3’ 

5’- 

GGCTTCATAGCAACTG

ATCC -3’ 

 

 

PDK-4 

5’- 

GAGAGTGCGGGGAG

ACAAAT -3’ 

5’- 

GAGTCGGAGATGCAG

TGGTT -3’ 

 

 

LDHA 

5’- 

TAATGAAGGACTTG

GCAGATGAACT-3’ 

5’- 

ACGGCTTTCTCCCTCT

TGCT -3’ 

 

 

LDHB 

5’- 

CAACCCAGTGGACA

TTCTTACG-3’ 

5’- 

AGGTAGCGAAATCTA

GCAGAATCC -3’ 

 

 

GLO-1 

5’- 

CAGCAGACCATGCT

ACGAGT 

5’- 

GAGAGCGCCCAGGCT

ATTTT -3’ 

 

 

GLO-2 

5’- 

GCCACACAGATTTG

CGGAAG -3’ 

5’- 

AGTTTCACCCCGTGCT

TTCT -3’ 
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TH 

5’- 

GCCCTACCAAGACC

AGACGTA-3’ 

5’- 

CGTGAGGCATAGCTCC

TGA -3’ 

 

 

 

DβH 

5’- 

TACGTGCACTACTA

CCCCCA -3’ 

5’- 

TGAACTGCTGAGACAC

GGAC -3’ 

 

 

HMBS 

5’- 

TCGGGGAAACCTCA

ACACC-3’ 

5’- 

CCTGGCCCACAGCATA

CA-3’ 

 

 
 
 

4.2.9 Expression profiling and bioinformatic analysis 

 

Concentration, purity and integrity of the RNA extracted from the neuroblastoma cells 

were assessed with a NanoDrop spectrophotometer (NanoDrop 2000, ThermoFisher 

Scientific), and a 2100 Bioanalyzer (Agilent). 

 

Total RNA with an RNA Integrity Number above 9.5 was used to construct libraries using 

the TruSeq Stranded mRNA Sample Kit (Illumina) following the protocol's instructions. 

Briefly, mRNA was enriched using oligo dT-attached magnetic beads, fragmented, and 

converted into cDNA. Fragments of cDNA went through an end repair process, 3' ends 
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were adenylated, universal bar-coded adapters were ligated, and cDNA fragments were 

amplified by PCR to yield the final libraries. The sequencing libraries were evaluated using 

a 2100 Bioanalyzer (Agilent). Paired-end read (2 x 100 bp) multiplex sequencing from 

pooled libraries was performed on an Illumina HiSeq 4000 machine at the KAUST 

Bioscience Core Labs. An average of 40-50 million reads was obtained for each sample. 

Raw read quality was evaluated with the FastQC tool 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality reads were 

filtered out and adapter sequences trimmed using Trimmomatic version 0.36 (Bolger AM, 

Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. 

Bioinformatics. 2014;30: 2114–2120. doi:10.1093/bioinformatics/btu170) with the 

following parameters: ILLUMINACLIP/TruSeq3-PE-2.fa:2:30:10, LEADING:3, 

TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:36. Reads from each sample replicate 

were mapped to the mouse reference genome (Ensembl, release 91) using STAR version 

2.6.0a (Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 

ultrafast universal RNA-seq aligner. Bioinformatics. 2012;29: 15–21. 

doi:10.1093/bioinformatics/bts635) with default parameters except for 

outFilterMultimapNmax set to 1 (using Hisat2 version 2.1.0 (Kim D, Langmead B, 

Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nature 

Methods. Nature Publishing Group; 2015;12: 357–360. doi:10.1038/nmeth.3317) with 

default parameters except for k set to 1). Mapped reads for protein-expressing genes were 

summarized with the featureCounts program (Subread package, version 1.5.2, [ Liao Y, 

Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning 

sequence reads to genomic features. Bioinformatics. 2014;30: 923–930. 
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doi:10.1093/bioinformatics/btt656]), and the differential expression analysis was 

performed according to using the Bioconductor package DESeq2 [ Love MI, Huber W, 

Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with 

DESeq2. Genome Biol. BioMed Central; 2014;15: 31–21. doi:10.1186/s13059-014-0550-

8] in the R programming environment. To minimize background noise and to focus on 

more significant genes in term of biological impact, we removed genes with very low 

expression levels, excluding genes that failed to total an average count above 10 in any 

conditions. Differentially expressed genes (DEG) were considered in pairwise comparisons 

with a threshold including a fold change expression ≥ 1.5 and q-value (or False Discovery 

Rate, FDR) < 0.05. To obtain a functional representation of the lists of DEG, we performed 

gene ontology (GO) and Biocarta and KEGG pathways enrichment analyses using the 

online database and tool DAVID (version 6.8, https://david.ncifcrf.gov), Webgstalt  

(http://www.webgestalt.org), iDEP (http://bioinformatics.sdstate.edu/idep/).  

 

The bioinformatic analysis was done by the contribution of Hubert Fiumelli.  

 

 

4.2.10 Protein extraction and quantification  

 
Cells were harvested in 200 μL of NP40 lysis buffer containing 50 mM Tris-HCl, 150 mM 

NaCl, 1% Nonidet P-40, and 1X protease and phosphatase inhibitor (CST, 5872). The cell 

extract was disrupted by sonication and cell debris were removed by centrifugation at 

12,000 g for 10 min at 4 °C. The total amount of protein in the extracts was determined 
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with the Thermo Scientific Pierce BCA Protein Assay Kit, according to the manufacturer’s 

protocol.  

 

 

4.2.11 Western Blot of Proteins 

 
Lysates were mixed with the loading buffer containing 10% β-mercaptoethanol 

(ThermoFisher) and heated at 95°C for 5 minutes. The denatured protein samples (20 μg) 

were loaded on 10% polyacrylamide gels containing SDS to separate proteins according to 

their molecular weight. To increase the resolution of the protein separation a discontinuous 

buffer system was used. The proteins were concentrated in the stacking gel and separated 

in the lower resolving gel. After gel electrophoresis, the proteins were transferred to PVDF 

(polyvinylidene diflouride) membrane (Bio-Rad Laboratories) at 100V for 1.5 hours. The 

membrane was then blocked with 5% skim milk diluted in PBS-0.1% Tween (PBS-Tween) 

for 1 hour at room temperature. After blocking, the membranes were immunostained with 

an anti-TH antibody (Abcam, ab112), anti-D1R antibody (Abcam, ab81296), anti-D2R 

antibody (Abcam, ab85367), anti-Situin-1 antibody (Abcam, ab7343), anti-Sirtuin-4 

antibody (Abcam, ab10140) or anti-a-tubulin antibody (Abcam, ab11304) overnight at 4 °C. 

The membranes were washed with PBS-Tween thrice for 5 min to remove the unbound 

primary antibody. The membranes were then incubated with anti-mouse or -rabbit HRP-

conjugated secondary antibody for 1 hour at room temperature. Membranes were washed 

with PBS-Tween thrice for 5 min to remove the unbound secondary antibody. Finally, blots 

were revealed with an enhanced chemiluminescence Western blotting detection system 

(ECL Prime, GE) and digitally scanned using the Amersham 600 Imager (GE Healthcare, 
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USA) for analysis. The bands were quantified according to their intensity using ImageJ 

software and bands were normalized to their a-tubulin content.  

 

This part was done along with the support of Tursun Tuersunjiang. 

 

4.2.12 Histone Extraction 

 
Histone were extracted from the cells by the acidic extraction method. Cells were harvested 

and resuspended in Triton Extraction Buffer (TEB: PBS containing 0.5% Triton X 100 

(v/v), 2 mM phenylmethylsulfonyl fluoride (PMSF)) at a cell density of 1 x 107 cells per 

ml. Cells were Lysed on ice for 10 min with gentle stirring and then centrifuged at 2000 

rpm for 10 min at 4°C to spin down the nuclei that was re-suspended in 0.2 N HCl at a 

density of 4x107 nuclei per ml. Histones were extracted by the acid over night at 4°C on a 

slow rotator. The samples were then centrifuged at 2000 rpm for 10 min at 4°C to pellet 

debris and collected the supernatant, which contains the histone protein. 

 

 

4.2.13 Western Blot of Histones 

 
Western blot was performed as described in Section 4.2.11. 3 μg of histones were loaded 

per sample. After blocking, the membranes were immunostained with an anti-acetyl 

Histone H3 antibody (dilution 1:2000, 06-599), anti-acetyl Histone H4 antibody (dilution 

1:2000, 06-866), anti-H3K14ac antibody (dilution 1:2000, ab112), anti-H3K27ac antibody 
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(dilution 1:2000, ab4729), anti-Histone H3 antibody (dilution 1:4000, ab1791) or anti- 

Histone H4 antibody (dilution 1:2000, ab10158) overnight at 4 °C.  

 

This part was done along with the support of Tursun Tuersunjiang and Hanan Mahmoud. 

 
 

4.2.14 Mass Spectrometry analysis  

 

4.2.14.1 Histone Sample Preparation for Mass Spectrometry 

 
Acid extracted histones from SH-SY5Y cells were chemically modified using propionic 

anhydride (PAA) as described by Gallardo Alcayaga (ref). Briefly, 10 μg of acid extracted 

histones were precipitated with 10-fold volume of cold acetone and left overnight at -20 

�C. Pellets were air dried and reconstituted into 5 μL of Milli-Q water together with 75 

μL of 30 mM triethylamine. To this histone solution, 180 μL of reaction mixture was added, 

compose of 160 μL of 2-Propanol (2-PrOH) and 20 μL of PAA, freshly prepared, and left 

to react at room temperature for 2.5 hours. After reaction time, the solution was evaporated 

using a SpeedVac concentrator and 100 μl of 2-PrOH was added and evaporated for a 

second time. Propionylated histone were then digested with trypsin (1:20 

enzyme/substrate, overnight at 37 �C), and the reactions were quenched with formic acid 

(2% final concentration). Propionylated histone peptides were desalted using a 100 μL 

OMIX pipette tips (Agilent Technologies, Santa Clara, California) accordingly to the 

supplier. 
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4.2.14.2 Mass Spectrometry analysis 

 
NanoLC MS/MS analysis was performed using an on-line system consisting of a nano-

pump UltiMate™ 3000 UHPLC binary HPLC system (Dionex, ThermoFisher) coupled 

with a Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass spectrometer (ThermoFisher 

Scientific, Germany). Propionylated histone digest mixtures were resuspended in 3% 

ACN, 0.1% formic acid (10 μL) and injected into a pre-column 300 µm×5 mm (Acclaim 

PepMap, 5 µm particle size). After loading, peptides were eluted to an Acclaim 

PepMap100 C18 capillary column (75 µm × 25 cm, 100 Å, 3 μm particle sizes). Peptides 

were eluted into the MS, at a flow rate of 300 nL/min, using a 135 min gradient from 7% 

to 38% mobile phase B. Mobile phase A was 0.1% formic acid in H2O and mobile phase 

B was 80% acetonitrile and 0.1% formic acid. The mass spectrometer was operated in data-

dependent mode, with a single MS scan (350-1400 m/z at 60 000 resolution (at 200 m/z) 

in a profile mode) followed by MS/MS scans on the 10 most intense ions at 15 000 

resolution. Ions selected for MS/MS scan were fragmented using higher energy collision 

dissociation (HCD) at normalized collision energy of 28% with an isolation window of 1.8 

m/z. 

 

4.2.14.3 Label-free analysis using Progenesis LC-MS 

 
MS spectra data acquired for each sample were loaded to Progenesis LC-MS software 

(version 4.1, Nonlinear Dynamics, UK) for label free quantification and analysis. Profile 

data of the MS scans were transformed to peak lists with respective peak m/z values, 

intensities, abundances and m/z width. MS/MS spectra were treated similarly. For retention 
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time alignment of the samples, the most complex sample was selected as a reference, and 

the retention times of the other samples were aligned automatically to a maximal overlay 

of all features. Features with only one charge or more than four charges were excluded 

from further analyses. Raw abundances of the remaining features were normalized to allow 

correction for factors resulting from experimental variation. 

 

Rank 1-5 MS/MS spectra were exported as Mascot generic file and used for peptide 

identification with MASCOT Version 2.6 (Matrix Science Ltd, UK) in the human protein 

database (Uniprot, 89912 sequences, released on August 2017). Search parameters were 

peptide mass tolerance of 5 ppm, and MS/MS tolerance of 0.03 amu allowing 2 missed 

cleavage. Dimethylpropionamidation of cysteine was set as a fixed modification, and acetyl 

(K), dimethyl (K), methyl (K), oxidation (M), propionyl-methyl (K), propionyl (K), 

propionyl (N-term) and trimethyl of lysine were allowed as variable modification. Peptide 

assignments with ion score cut-off of 20 and a significance threshold of ρ <0.05 were re-

imported to Progenesis. One-way ANOVA was used to calculate the ρ-value based on the 

abundance values. Results were grouped according to cell treatment condition. 

 

This part of the work was done by Martin Barriosllerena. 
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4.3 RESULTS 

 
4.3.1 Differentiating SH-SY5Y Cells with Retinoic Acid Induces Lactate Production 

 
To study the metabolic reprogramming that occurs during differentiation, we used the 

neuroblastoma SH-SY5Y cells as our cellular model. Treating SH-SY5Y with 10 µM 

all-trans retinoic acid (RA) leads to changes in morphology, indicated by neurite growth, 

and reduction in the proliferation rate, with time (Cheung et al., 2009; Encinas et al., 

2000; Teppola et al., 2016). As expected, the proliferation rate of SH-SY5Y cells started 

to decrease after RA treatment. Moreover, morphological changes of RA-treated SH-

SY5Y cells were visually analyzed by phase contrast microscopy, where neurite 

outgrowth was evident by 48 hours post treatment (Fig. 4.1). As this time point was 

efficient to induce the morphological changes in the cells, it is used subsequently in the 

study as a starting point of differentiation and formation of the neurite network. 

 

Although terminal differentiation of the SH-SY5Y cells is usually a long process taking 

around two weeks to be mature neurons (Shipley et al., 2016), we aim here to study the 

initial phase of differentiation that accompanied the initial changes of morphology; 

neurite growth. Thus, we decided to investigate the metabolic changes that are parallel 

to these growth properties and phenotypic changes at the 48-hour time point; 

representing the early stage of differentiation marked by the extended neurites (Fig. 

4.1B). 
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L-lactate is a hallmark of the metabolic rewiring to glycolytic metabolism. The decrease 

in the proliferation rate and the stimulation of a neuronal phenotype, cells are expected to 

become more oxidative in nature, thus, have reduced glycolysis rate and produce lower 

levels of L-lactate. We measured L-lactate production levels in different time points post 

RA treatment. As seen in Figure 4.2, L-lactate production levels are rather increased in 

the media when SH-SY5Y treated with RA compared to the non-treated cells, doubling 

L-lactate levels within 48 hours. This is contradictory to what we expected; therefore, 

we wanted to go further and verify that this effect we see is not affected by the difference 

in the proliferation rates.  
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Figure 4. 1 | Morphological changes of SH-SY5Y cells post RA treatment.  

(A) A schematic illustration of the experiment; SH-SY5Y cells were treated with 10 µM RA for 48 hours. 

(B) morphological changes of sister cutlers were assessed using phase-contrast microscopy. Arrows indicate 

neurite branching. CON; Control, RA; all-trans retinoic acid.  
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RA treatment on SH-SY5Y cells alters the proliferation rate of the cells and 

consequently affect the cell number during the differentiation process in SH-SY5Y cells. 

To confirm that the alteration in lactate levels are due to the metabolic reprograming 

during the differentiation process rather than an artifact, we normalized the L-lactate 

production level to the protein content in each treatment (Fig. 4.3). Interestingly, L-

lactate release by the RA-treated cells is still higher than the non-treated cells.  

 

The elevation of L-lactate is an indication of the metabolic shift to aerobic glycolysis or 

what is called the Warburg effect, a phenomenon characterized by the production of 

energy through a high rate of glycolysis followed by lactic acid fermentation in the 

cytosol, in the presence of sufficient oxygen. To further characterize the RA treated cells 

and confirm their glycolytic profile, we measured the expression levels of key glycolytic 

markers in the glycolysis pathway; 6-phosphofructo2 kinase/fructose-2,6-

bisphosphatase 3 (PFKFB3), Lactate Dehydrogenase A (LDHA) and Pyruvate 

Dehydrogenase Kinase 4 (PDK4) (Belanger et al., 2011b; Magistretti and Allaman, 

2015). 

 

 

PFKFB3 is a key positive modulator of glycolysis (Herrero-Mendez et al., 2009; Yan et 

al., 2017), where PDK4 is known as a gatekeeper directing the carbon flux of glycolysis 

via inhibition of the pyruvate dehydrogenase complex (Liu et al., 2017), resulting in an 

increase in lactate production, and LDHA is the LDH subunit that preferentially converts 

pyruvate to L-lactate (Valvona et al., 2016). 48h post RA treatment, PFKFB3, PDK4 
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and LDHA mRNA levels were upregulated by 5-folds, 2.3-folds, and 3.3 folds 

respectively in the RA-treated cells compared to the non-treated SH-SY5Y cells. On the 

other hand, LDHB (Lactate Dehydrogenase B), the LDH subunit that converts lactate to 

pyruvate, is not affected by the RA treatment (Fig. 4.4). 

 

 

  

Figure 4. 2 | Effect of Retinoic Acid treatment on L-lactate production in SH-SY5Y cells.  

L-lactate accumulation levels in RA treated SH-SY5Y cells VS. control cells in different time points; 12h, 

24h, 36h, 48h, 60h, 72h and 84h. Data are expressed as the mean ± SEM (n=3).  
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Figure 4. 3 | Effect of Retinoic Acid treatment on the normalized L-lactate production in SH-SY5Y 

cells.  

L-lactate accumulation levels normalized to protein content in RA treated SH-SY5Y cells VS. control cells 

in different time points; 6h, 16h, 24h, and 48h. Data are expressed as the mean ± SEM (n=3).  

 

 

The metabolic reprogramming toward aerobic glycolysis unavoidably induces 

methylglyoxal (MG) formation as a glycolytic by-product. MG is detoxified by the cells 

through the glyoxalase system, which catalyzes the conversion of MG to D-lactate. The 

glyoxalases 1 and 2 (Glo1 and Glo2) enzymes are expressed significantly higher in 
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glycolytic cells (Allaman et al., 2015b; Belanger et al., 2011a, b; Belanger et al., 2011c; 

Magistretti and Allaman, 2015). Here, we measured the mRNA levels of both enzymes. 

Both Glo-1 and Glo-2 are upregulated by the RA treatment by 1.7 and 2 folds, 

respectively (Fig. 4.5). D-lactate concentrations were not detectable (data not shown). 

 

 

Figure 4. 4 | Retinoic Acid treatment alters the key regulators of metabolism in SH-SY5Y cells.  

The expression levels of PFKFB3, PDK4, LDHA and LDHB mRNA in human SH-SY5Y treated with RA 

were detected by qRT-PCR and compared to the non-treated cells. CON; control, RA; all-trans retinoic acid, 

PFKFB3; 6-phosphofructo2-kinase/fructose-2,6-bisphosphatase 3, PDK4; Pyruvate Dehydrogenase Kinase 

4, LDHA; Lactate Dehydrogenase A and LDHB; Lactate Dehydrogenase B.  Data are expressed as the mean 

± SEM. ** P <0.01, ****P < 0.0001 compared with the corresponding control value as determined by 

Student’s t-test. 
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To study the effect of this metabolic reprogramming and the involvement of lactate in 

particular in the differentiation process in these cells, we treated the cells with either of 

the lactate enantiomers (L-lactate or D-lactate). Transcriptomic analysis introduced us 

to the different pathways affected by each treatment. 

 

 

 

 

Figure 4. 5 | Retinoic Acid treatment induce both enzymes of the glyoxalase system in SH-SY5Y cells.  

The expression levels of GLO-1 and GLO-2 mRNA in human SH-SY5Y treated with RA were detected by 

qRT-PCR and compared to the non-treated cells. CON; control, RA; all-trans retinoic acid, Glo-1; 

Glyoxalases 1, Glo-2; Glyoxalases-2.  Data are expressed as the mean ± SEM. ** P <0.01, **** P < 0.0001 

compared with the corresponding control value as determined by Student’s t-test. 
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4.3.2 The effect of lactate on SH-SY5Y transcription in comparison to RA treatment 

 

The changes in morphology and the proliferation rate of SH-SY5Y cells caused by RA 

treatment is accompanied by an alteration in the expression levels of many genes and 

signaling pathways that support the cells to exit the immortal status of the cell to the 

differentiated form (Pezzini et al., 2017; Truckenmiller et al., 2001) .  Since we see a 

metabolic shift, characterized by an increase lactate production rate, along with the 

morphological changes in the RA-treated SH-SY5Y cells, it is of high interest to examine 

the role of this lactate elevation on the transcriptomic profile of the cells during this process. 

 

To assess the transcriptomic changes that are related to lactate, during the initial stage of 

differentiation, we performed RNA-seq analysis on L-lactate or D-lactate treated SH-

SY5Y cells. First, we did an overall overview on both treatment groups and then we 

focused on the differentiation-related pathways that are comparable to the RA treated SH-

SY5Y cells.  

 

Principal component analysis (PCA) of gene expression and the hierarchical clustering 

heatmap of gene expression levels provide insights into the association between the 

replicates and the samples. As shown in figure 4.6 in the PCA plot, replicates of each 

treatment group are clustered together and distinguishable from other treatment groups, 

where the heatmap provided an additional overview over similarities and dissimilarities 

between the replicates from the same group and the different treatment groups (Fig. 4.7). 
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Both L-lactate and D-lactate treatments alter the transcriptome of SH-SY5Y, but the effect 

of D-lactate is clearly more distinct in comparison to L-lactate treatment. 

 

 

Figure 4. 6 | Principal Component Analysis (PCA) in L-lactate or D-lactate SH-SY5Y treated cells. 

PCA plot of gene expression represents the clustering of replicates of each treatment group; Control (Red), 

L-lactate (Blue) and D-lactate (Green). 
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Figure 4. 7 | Hierarchical clustering Heatmap of L-lactate or D-lactate SH-SY5Y treated cells. The 

heatmap represents the up- and down-regulated genes in SH-SY5Y in response to L-lactate or D-lactate 

treatments based on the RNA-Seq analysis. Heatmap colors indicate expression levels. 

 

 

As RA is known to have a profound impact on the transcriptome of SH-SY5Y cells 

(Korecka et al., 2013), we compared the effect of L- and D-lactate treatments on gene 

expression levels in SH-SY5Y cells to the effect of RA treatment. The total number of the 
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differentially expressed genes (DEGs) by L-lactate and D-lactate, compare to the non-

treated control, are 546 and 1754 genes, respectively, where the total number of DEGs by 

RA are 4083 genes (p < 0.05, FC > 1.5) (Fig. 4.8).   

 

Interestingly, in all treatment groups; L-lactate, D-lactate and RA, the number of 

upregulated genes is more than the downregulated genes. In the RA treatment, the 

upregulated genes are slightly more than the downregulated gens (56% vs. 44%). On the 

contrary, the number of upregulated genes in both L-lactate or D-lactate treatments are 

remarkably greater than the downregulated genes reaching up to 85% and 91%, 

respectively (Fig. 4.9). This might indicate that the effect of lactate on the transcriptome 

might be due to an epigenetic modification that is causing a global effect on gene 

transcription. 

 

The majority of the genes altered by L-lactate (75%) or D-lactate (64%) overlapped with 

the DEGs by RA treatment (Fig 4.10). To learn about the role of lactate during the 

differentiation process, we focused on the shared genes between RA and L-lactate or D-

lactate treatments. The Gene Ontology (GO) enrichment analysis of the 345 genes shared 

by all three treatments; L-lactate, D-lactate and RA show that these genes are involved in 

pathways related to the morphology of the cell as; extracellular structure organization and 

regulation of cell morphogenesis. Interestingly, other pathways altered by the treatments 

are cognition, synapse organization and ERK1 and ERK2 cascade (Fig. 4.11) and (Table 

4.2). Whereas the GO terms from the 65 genes that are shared between L-lactate and RA 

only altering processes that are as well related to the morphology as neuron projection 
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guidance, axon development, actin cytoskeleton reorganization, central nervous system 

neuron differentiation and developmental growth involved in morphogenesis. 

Additionally, other pathways such as glutamate receptor signaling pathway, regulation of 

synapse structure or activity, forebrain development, regulation of neurotransmitter 

receptor activity and regulation of neurotransmitter levels are altered (Fig. 4.12) and (Table 

4.3). On the other hand, the 783 genes shared by D-lactate and RA treatments affect altering 

processes involved in extracellular structure organization and morphogenesis of a 

branching structure. Moreover, other processes as angiogenesis, Notch signaling pathway 

and regulation of ion transmembrane transport processes are altered (Fig. 4.13) and (Table 

4.4). 

 

 

 

 

 

Figure 4. 8 | The number of DEGs in L-lactate, D-lactate and RA treated SH-SY5Y cells.  

Comparing the total number of differentially expressed genes (DEGs) in the L-lactate, D-lactate and RA 

treated SH-SY5Y cells. 
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Figure 4. 9 | Upregulated and downregulated genes by L-lactate, D-lactate or RA treatments in SH-

SY5Y cells.  

(A) 44% of the DEGs are upregulated vs. 56% downregulated by the RA treatment.  

(B) 85% of the DEGs are upregulated vs. 15% downregulated by the L-lactate treatment. 

(C) 91% of the DEGs are upregulated vs. 9% downregulated by the D-lactate treatment. 

(P< 0.05 FC >1.5). (RA; Retinoic Acid, L-LAC; L-lactate, D-LAC; D-lactate) 

56%44%

RA

Upregulated Downregulated

A 

B C 
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Figure 4. 10 | Venn Diagrams representing the common and unique DEGs between L-lactate or D-

lactate vs. RA treatments in SH-SY5Y cells.  

(A) 409 DEGs were common in the two-way comparison between L-lactate and RA treatment groups. 

(B) 1127 DEGs were common in the two-way comparison between D-lactate and RA treatment groups.  

(C) DEGs common between L-lactate, D-lactate and RA. (P< 0.05 FC >1.5) RA; Retinoic Acid 
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Figure 4. 11 | GO enrichment analysis identifying overrepresented biological processes by the shared 

genes between L-lactate, D-lactate and RA in SH-SY5Y cells. 
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Figure 4. 12 | GO enrichment analysis identifying overrepresented biological processes by the shred 

genes between L-lactate and RA only in SH-SY5Y cells.  
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Figure 4. 13 | GO enrichment analysis identifying overrepresented biological processes by the shred 

genes between D-lactate and RA only in SH-SY5Y cells.  
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Table 4. 2 | Table of top GO terms identifying overrepresented biological processes 

by the shared genes between L-lactate, D-lactate and RA in SH-SY5Y cells. 

 

GO term Description 
Number of genes in 

the pathway 
Ratio P Value FDR 

GO:0043062 
extracellular structure 

organization 
400 3.3307 8.26E-08 7E-05 

GO:0043270 
positive regulation of 

ion transport 
258 3.3764 1.29E-05 0.00549 

GO:0031589 cell-substrate adhesion 332 2.9325 2.92E-05 0.00828 

GO:0007492 endoderm development 74 5.5397 9.43E-05 0.02003 

GO:0050890 cognition 283 2.8971 0.000144 0.02442 

GO:0050808 synapse organization 385 2.5288 0.000207 0.02597 

GO:0048880 
sensory system 

development 
355 2.5982 0.000219 0.02597 

GO:0050905 neuromuscular process 107 4.3101 0.000244 0.02597 

GO:0048017 
inositol lipid-mediated 

signaling 
165 3.4161 0.000399 0.03764 

GO:0043491 
protein kinase B 

signaling 
232 2.8713 0.00065 0.05057 

GO:0007369 gastrulation 175 3.2209 0.000654 0.05057 

GO:0060359 
response to ammonium 

ion 
130 3.5475 0.001017 0.06618 

GO:0022604 
regulation of cell 

morphogenesis 
473 2.1667 0.00102 0.06618 
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GO:0034765 

regulation of ion 

transmembrane 

transport 

441 2.2077 0.00109 0.06618 

GO:0034764 

positive regulation of 

transmembrane 

transport 

191 2.9511 0.001339 0.0759 

GO:0001525 angiogenesis 487 2.1044 0.001447 0.07689 

GO:0104004 
cellular response to 

environmental stimulus 
320 2.402 0.001594 0.07972 

GO:0035637 
multicellular 

organismal signaling 
170 3.0142 0.001876 0.0812 

GO:0001655 
urogenital system 

development 
326 2.3578 0.001911 0.0812 

GO:0070371 
ERK1 and ERK2 

cascade 
326 2.3578 0.001911 0.0812 
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Table 4. 3 | Table of top GO terms identifying overrepresented biological processes 

by the shared genes between L-lactate and RA only in SH-SY5Y cells. 

 

GO term Description 

Number of 

genes in the 

pathway 

Ratio P Value FDR 

GO:0061564 axon development 490 4.3175 0.0024272 0.65469 

GO:0042219 
cellular modified amino acid 

catabolic process 
26 27.123 0.0024442 0.65469 

GO:0001505 
regulation of neurotransmitter 

levels 
335 5.2626 0.002461 0.65469 

GO:0019233 sensory perception of pain 103 10.27 0.0030809 0.65469 

GO:0071526 
semaphorin-plexin signaling 

pathway 
40 17.63 0.0057208 0.87215 

GO:0097485 neuron projection guidance 260 5.4245 0.0061563 0.87215 

GO:0007389 pattern specification process 433 4.0715 0.0072922 0.8808 

GO:0008037 cell recognition 147 7.1958 0.0082899 0.8808 

GO:0099601 
regulation of neurotransmitter 

receptor activity 
55 12.822 0.010603 1 

GO:0021953 
central nervous system neuron 

differentiation 
179 5.9094 0.014114 1 

GO:0099504 synaptic vesicle cycle 193 5.4808 0.017237 1 

GO:0099003 
vesicle-mediated transport in 

synapse 
203 5.2108 0.019686 1 

GO:1902115 regulation of organelle assembly 209 5.0612 0.021244 1 

GO:0030900 forebrain development 375 3.761 0.021244 1 
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GO:0050803 
regulation of synapse structure or 

activity 
221 4.7864 0.024559 1 

GO:0060560 
developmental growth involved 

in morphogenesis 
225 4.7013 0.025722 1 

GO:0015844 monoamine transport 88 8.0135 0.025773 1 

GO:0007215 
glutamate receptor signaling 

pathway 
90 7.8354 0.026869 1 

GO:0043473 pigmentation 95 7.4231 0.029691 1 

GO:0031532 actin cytoskeleton reorganization 96 7.3457 0.030269 1 
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Table 4. 4 | Table of top GO terms identifying overrepresented biological 

processes by D-lactate in SH-SY5Y cells. 

GO term Description 

Number of 

genes in the 

pathway 

Ratio P Value FDR 

GO:0043062 
extracellular structure 

organization 
400 3.0752 7.03E-13 5.98E-10 

GO:0003013 circulatory system process 480 2.2611 2.70E-07 0.00011471 

GO:0001525 angiogenesis 487 2.1791 0.000001013 0.00028702 

GO:0001655 
urogenital system 

development 
326 2.3675 5.7082E-06 0.001213 

GO:0002009 
morphogenesis of an 

epithelium 
480 2.0602 9.4969E-06 0.0016145 

GO:0034765 
regulation of ion 

transmembrane transport 
441 2.0783 0.00001657 0.0023474 

GO:0061448 
connective tissue 

development 
265 2.3664 0.000042893 0.0052085 

GO:0060541 
respiratory system 

development 
193 2.6243 0.000052326 0.0055597 

GO:0001763 
morphogenesis of a 

branching structure 
196 2.5842 0.000065582 0.0061938 

GO:0007219 Notch signaling pathway 185 2.6074 0.000085807 0.0069887 

GO:0010959 
regulation of metal ion 

transport 
360 2.0769 0.000099969 0.0069887 

GO:0045785 
positive regulation of cell 

adhesion 
392 2.0304 0.000093082 0.0069887 
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GO:0048705 
skeletal system 

morphogenesis 
234 2.3707 0.00011385 0.0069887 

GO:0071772 response to BMP 160 2.7134 0.00011511 0.0069887 

GO:0003007 heart morphogenesis 250 2.2189 0.00030198 0.01426 

GO:0030323 
respiratory tube 

development 
172 2.5241 0.00028672 0.01426 

GO:0031589 cell-substrate adhesion 332 2.0341 0.00030175 0.01426 

GO:0055123 
digestive system 

development 
142 2.7176 0.00026685 0.01426 

GO:0051047 
positive regulation of 

secretion 
406 1.901 0.00038812 0.016495 

GO:0070482 response to oxygen levels 337 2.0039 0.00038439 0.016495 
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Transcription factor and upstream regulator analysis by Ingenuity Pathway Analysis 

(IPA) showed that multiple developmentally important transcription factors that act as 

transcriptional activators and several epigenetic regulators were upregulated by L- and 

D-lactate. Upregulated transcription factors by both L and D-lactate include HSPA9, 

RARA, RXRA and GLI1 (Fig. 4.14). Differentially expressed transcription factors and 

epigenetic regulators that are specific to D-lactate couples the effect of D-lactated on 

gene expression to a clear epigenetic mechanism.  48 hours of D-lactate treatment of 

SH-SY5Y cells strongly downregulated histone methyltransferase CBX5 and histone 

deacetylase (HDAC), while upregulating EP300, a transcription factor that has an 

acetyltransferase activity  and reduces nuclear HDAC activity (Rubio et al., 2019), TP73 

and FOXO1 (Fig. 4.15). 
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Figure 4. 14 | IPA upstream regulators of common upregulated transcription factors by both L and D-

lactate in SH-SY5Y cells.  

Symbols of target proteins in red indicate an increase, where the green indicates a decrease in activity. The 

symbol shapes denote the molecular classes of proteins. Arrows are color-coded based on the predicted 

relationship as indicated in the legend. For the upstream regulators; orange indicate a predicted activation. 
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Figure 4. 15 | IPA upstream regulators of upregulated transcription factors by D-lactate in SH-SY5Y 

cells.  

Symbols of target proteins in red indicate an increase, where the green indicates a decrease in activity. The 

symbol shapes denote the molecular classes of proteins. Arrows are color-coded based on the predicted 

relationship as indicated in the legend. For the upstream regulators; orange indicates a predicted activation 

and blue indicates a predicted inhibition. 



 149 

Moreover, we aimed to study the additional effect of lactate on RA treatment by applying 

an RA-lactate cotreatment (RALL; RA treatment supplemented with L-lactate, and RADL; 

RA treatment supplemented with D-lactate). The PCA analysis of gene expression clearly 

demonstrates that replicates of each treatment group are clustered together and 

distinguishable from other treatment groups (Fig 4.16), where the heatmap provided an 

additional overview over similarities and dissimilarities between the replicates from the 

same group and the different treatment groups (Fig. 4.17). The main hierarchical cluster 

distinguishes between the RA treated groups (RA, RALL and RADL) and non-RA treated 

groups (Ctl, LLac and DLac). Furthermore, the branching shows that D-lactate is more 

distinct compared to control than L-lactate in both cases; RA-treated and non-RA-treated 

groups. Figure 4.18 of the RA-treated groups only emphasizes on the stronger effect of D-

lactate over L-lactate. 

 

Supplementing the cells with either L-lactate or D-lactate in the RA cotreatment does not 

have a substantial increase in the total number of the DEGs (Fig 4.19). Moreover, 

contrasting to what we saw in the effect of either L-lactate or D-lactate alone, 

supplementing the RA-treated cells with either L-lactate or D-lactate does not lead to a 

global upregulation in gene expression in the SH-SY5Y cells (Fig. 4.20). 

 

Venn diagram analysis shows that there are 729 DEGs unique to the RA-L-lactate 

cotreatment and around twice as much (1493) DEGs unique to the RA-D-lactate 

cotreatment over the RA treatment alone (Fig 4.21). 
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Figure 4. 16 | Principal Component Analysis (PCA) in L-lactate, D-lactate and RA alone or the 

combined treatment of L-lactate or D-lactate with RA SH-SY5Y cells. 

PCA plot of gene expression represents the clustering of replicates of each treatment group: Ctl; Control 

(Red), LLac; L-lactate (Green), DLac; D-lactate (Yellow), RA; Retinoic Acid (Light Blue), RALL; RA-L-

lactate (Pink), RADL; RA-D-lactate (Blue). 
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Figure 4. 17 | Hierarchical clustering Heatmap of L-lactate, D-lactate and RA alone or the combined 

treatment of L-lactate or D-lactate with RA SH-SY5Y cells. 

The heatmap represents the up- and down-regulated genes in SH-SY5Y in response to L-lactate, D-lactate, 

RA, RA-L-lactate and RA-D-lactate treatments based on the RNA-Seq analysis. Heatmap colors indicate 

expression levels. 
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Figure 4. 18 | Hierarchical clustering Heatmap of RA, RA-L-lactate and RA-D-lactate SH-SY5Y 

treated cells.  

The heatmap represents the up- and down-regulated genes in SH-SY5Y in response to RA, RA-L-lactate or 

RA-D-lactate treatments based on the RNA-Seq analysis. Heatmap colors indicate expression levels. 
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Figure 4. 19 | The number of DEGs in RA, RA-Lactate and RA-D-lactate treated SH-SY5Y cells.  

Comparing the total number of differentially expressed genes (DEGs) in the RA treated and the RA-L-

lactate and RA-D-lactate cotreated SH-SY5Y cells. 
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Figure 4. 20 | Upregulated and downregulated genes by RA treatment alone or supplemented with 

either L-lactate and D-lactate in SH-SY5Y cells.  

(A) 44% of the DEGs are upregulated vs. 56% downregulated by the RA treatment.  

(B) 46% of the DEGs are upregulated vs. 54% downregulated by the RALL treatment. 

(C) 40% of the DEGs are upregulated vs. 60% downregulated by the RADL treatment. 

(P< 0.05 FC >1.5). (RA; Retinoic Acid, RALL; RA-L-lactate, RADL; RA-D-lactate) 
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Figure 4. 21 | Venn Diagrams representing the common and unique DEGs between RA-L-lactate or 

RA-D-lactate vs. RA treatments in SH-SY5Y cells.  

(A) 3559 DEGs were common in the two-way comparison between RA-L-lactate and RA treatment groups. 

(B) 3232 DEGs were common in the two-way comparison between RA-D-lactate and RA treatment groups.  

(C) DEGs common between L-lactate, D-lactate and RA. (P< 0.05 FC >1.5). RA; Retinoic Acid 
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To correlate the effect of each of the treatment groups on the transcription of the SH-SY5Y 

cells in a global overview, we clustered the DEGs into 10 groups to distinguish the different 

patterns of gene expression in response to the different treatments. Cluster 7 comprises the 

largest sets of differentially expressed genes with 2454 genes. The genes in this cluster 

were upregulated slightly by L-lactate and considerably upregulated more by D-lactate. 

The RA-lactate cotreatments in this cluster were significantly affected by both enantiomers 

with a more potent effect by RA-D-lactate over RA-L-lactate cotreatment (Fig. 4.22). The 

GO term analysis of the biological processes of this subset of genes shows that they are 

involved in processes as positive regulation of neurogenesis and other related to the 

morphology of the cell as; extracellular structure organization, regulation of cell 

morphogenesis, regulation of neuron projection development and positive regulation of 

cell projection organization. Additionally, processes such as angiogenesis, circulatory 

system regulation of trans-synaptic signaling and cognition are altered (Table 4.5). KEGG 

pathway analysis shows that the DEGs of this cluster are involved in the morphology of 

the cell; Regulation of actin cytoskeleton and Axon guidance, and in signaling pathways 

as cAMP signaling pathway, PI3K-Akt signaling pathway, MAPK signaling pathway, 

Calcium signaling pathway and TNF signaling pathway. Moreover, Dopaminergic synapse 

and Cholinergic synapse are altered (Table 4.6). 

 

Genes in the dopaminergic synapse pathway as tyrosine hydroxylase (TH), dopamine 

receptor 5 (DRD5), and Monoamine oxidase B (MAOB) were upregulated by both L- and 

D-lactate with higher induction in the RA-lactate co-treatments compared to the lactate 

treatment only, with a stronger effect by D-lactate (Fig. 4.24).  
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Figure 4. 22 | Clustering of the significant DEGs of all treatment groups in SH-SY5Y cells.  

The clustering of the significant DEGs of the treated SH-SY5Y cells into 10 clusters, groups the genes with 

similar patterns among the treatment groups. Cluster 7 is the biggest cluster in size with the highest number 

of genes; 2454 genes. Each gray line represents a gene, where the purple line represents the average pattern 

of expression of all genes in the cluster. C; Control, L; L-lactate, D; D-lactate, R; Retinoic Acid, RL; RA-L-

lactate, RD; RA-D-lactate. 
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Table 4. 5 | Table of top GO terms identifying overrepresented biological processes 

by cluster 7 of the DEGs by all treatments in SH-SY5Y cells. 

 

GO Term Description Size Ratio P Value FDR 

GO:0043062 extracellular structure organization 400 2.17 2E-16 2E-13 

GO:0031589 cell-substrate adhesion 332 2.16 2E-13 7E-11 

GO:0034330 cell junction organization 285 2.08 1E-10 4E-08 

GO:0022604 regulation of cell morphogenesis 473 1.77 8E-10 2E-07 

GO:0010975 
regulation of neuron projection 

development 
475 1.75 2E-09 3E-07 

GO:0001525 angiogenesis 487 1.74 2E-09 3E-07 

GO:0007517 muscle organ development 380 1.80 1E-08 2E-06 

GO:0003013 circulatory system process 480 1.70 2E-08 2E-06 

GO:0001655 urogenital system development 326 1.87 2E-08 2E-06 

GO:0060537 muscle tissue development 371 1.81 2E-08 2E-06 

GO:0031346 
positive regulation of cell projection 

organization 
365 1.79 4E-08 3E-06 

GO:0001503 ossification 371 1.74 2E-07 1E-05 

GO:0001101 response to acid chemical 332 1.79 2E-07 1E-05 

GO:0050769 positive regulation of neurogenesis 447 1.65 3E-07 2E-05 

GO:2000147 positive regulation of cell motility 493 1.61 5E-07 2E-05 

GO:0090066 regulation of anatomical structure size 487 1.61 5E-07 2E-05 

GO:0099177 regulation of trans-synaptic signaling 417 1.64 1E-06 5E-05 

GO:0003012 muscle system process 423 1.64 1E-06 5E-05 
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GO:0050890 cognition 283 1.80 1E-06 5E-05 

GO:0034340 response to type I interferon 89 2.51 1E-06 6E-05 

 

 

 

Table 4. 6 | Table of KEGG pathways altered by cluster 7 of the DEGs by all 

treatments in SH-SY5Y cells. 

 
KEGG 

Pathway 
Description Size Ratio P Value FDR 

hsa05200 Pathways in cancer 526 1.49 1.7E-05 9.4E-04 

hsa04151 PI3K-Akt signaling pathway 354 1.52 2.0E-04 4.8E-03 

hsa05165 Human papillomavirus infection 339 1.49 5.1E-04 9.3E-03 

hsa04010 MAPK signaling pathway 295 1.66 2.6E-05 1.1E-03 

hsa04014 Ras signaling pathway 232 1.47 5.7E-03 5.1E-02 

hsa04810 Regulation of actin cytoskeleton 213 1.71 1.5E-04 4.4E-03 

hsa04015 Rap1 signaling pathway 206 1.69 2.6E-04 5.8E-03 

hsa05205 Proteoglycans in cancer 201 1.93 2.9E-06 3.1E-04 

hsa05169 Epstein-Barr virus infection 201 1.85 1.5E-05 9.4E-04 

hsa04510 Focal adhesion 199 1.75 1.2E-04 3.8E-03 

hsa04024 cAMP signaling pathway 199 1.59 1.7E-03 2.6E-02 

hsa04020 Calcium signaling pathway 183 1.56 4.1E-03 4.2E-02 

hsa04360 Axon guidance 175 1.72 4.8E-04 9.3E-03 

hsa04530 Tight junction 170 1.63 2.1E-03 2.9E-02 
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hsa04390 Hippo signaling pathway 154 2.06 4.5E-06 3.7E-04 

hsa04514 Cell adhesion molecules (CAMs) 144 2.42 8.8E-09 2.2E-06 

hsa05161 Hepatitis B 144 1.87 1.8E-04 4.6E-03 

hsa04371 Apelin signaling pathway 137 1.62 6.3E-03 5.3E-02 

hsa04210 Apoptosis 136 1.69 2.9E-03 3.5E-02 

hsa04728 Dopaminergic synapse 131 1.63 6.4E-03 5.3E-02 

hsa04926 Relaxin signaling pathway 130 1.64 5.8E-03 5.1E-02 

hsa04142 Lysosome 123 1.74 2.6E-03 3.4E-02 

hsa05145 Toxoplasmosis 113 1.96 2.9E-04 5.9E-03 

hsa04670 Leukocyte transendothelial migration 112 2.61 1.4E-08 2.2E-06 

hsa04725 Cholinergic synapse 112 2.05 9.7E-05 3.6E-03 

hsa04668 TNF signaling pathway 110 2.16 2.6E-05 1.1E-03 

hsa04928 
Parathyroid hormone synthesis, secretion 

and action 
106 1.87 1.3E-03 2.0E-02 

hsa04916 Melanogenesis 101 1.80 3.2E-03 3.6E-02 

hsa04933 
AGE-RAGE signaling pathway in diabetic 

complications 
99 2.08 1.7E-04 4.6E-03 

hsa04064 NF-kappa B signaling pathway 95 1.83 3.1E-03 3.6E-02 

hsa05414 Dilated cardiomyopathy (DCM) 90 1.85 3.5E-03 3.7E-02 

hsa04350 TGF-beta signaling pathway 84 1.88 3.4E-03 3.7E-02 

hsa05410 Hypertrophic cardiomyopathy (HCM) 83 1.91 2.9E-03 3.5E-02 

hsa04512 ECM-receptor interaction 82 2.03 1.0E-03 1.7E-02 

hsa05217 Basal cell carcinoma 63 2.01 4.2E-03 4.2E-02 

hsa05030 Cocaine addiction 49 2.10 6.4E-03 5.3E-02 
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hsa04392 Hippo signaling pathway 29 2.73 2.1E-03 2.9E-02 

hsa00601 Glycosphingolipid biosynthesis 27 2.64 4.4E-03 4.3E-02 

hsa00511 Other glycan degradation 18 3.08 4.5E-03 4.3E-02 

hsa00604 Glycosphingolipid biosynthesis 15 3.69 1.3E-03 2.0E-02 
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Figure 4. 23 | KEGG pathway of the Dopaminergic synapse. 

KEGG pathway analysis of the DEGs in cluster 7 have shown an impact on dopaminergic synapse. The 

genes that are altered by the treatments are highlighted in red.  
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Figure 4. 24 | RNA-seq fold change values of TH, DRD5 and MAOB. 

The transcriptomic analysis shows the different expression levels by different treatments in the SH-SY5Y 

cells. TH; tyrosine Hydroxylase, DRD5; Dopamine Receptor D5, MAOB; monoamine oxidase B, L; L-

lactate, D; D-lactate, RA; Retinoic Acid, RAL; RA- L-lactate, RAD; RA-D-lactate. 

 

 

To summarize, the RNA-seq analysis of this dataset demonstrates that both lactate 

enantiomers induced a global upregulation of gene expression, suggesting that an 

epigenetic regulation might be involved. Further analysis predicted that lactate might be 

involved in the inhibition of HDACs. It is worth mentioning that HDACs have been 

implicated in dopaminergic transmission and Parkinson’s disease (Green et al., 2015; 

Sharma and Taliyan, 2015). Since our data show that lactate has an effect on the 

dopaminergic synapse as well, further investigation might be insightful to understand the 

effect of lactate and its mechanism of action. 
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4.3.3 Both Lactate isomers promotes histone acetylation 

 
Lactate has been reported recently to play a role as a mild HDAC (Histone 

Deacetylase) inhibitor, inducing the acetylation of histones (Latham et al., 2012; 

Wagner et al., 2015). In this study, we examined histone acetylation in response 

to lactate exposure in the neuroblastoma SH-SY5Y cells using western blotting 

in addition to mass spectrometry. Cells were supplemented with either L- or D-

lactate for 48 hours. An increase in the expression of total H3 histone acetylation 

(H3Ac) was detected in both treatments with a stronger effect of D-lactate over 

L-lactate (Fig. 4.25A). The same trend was observed on total Histone 4 histone 

acetylation (H4Ac) (Fig. 4.26A). 

 

Interestingly, in the lactate-RA cotreatments; there was a significant increase in 

H3Ac (Fig. 4.25B) and H4Ac (Fig. 4.26B) by the D-lactate-RA co-treatment, but 

no significant effect detected the L-lactate- RA cotreatment. 

 

In order to further investigate the specific histone modification marks that leaded to this 

global hyperacetylation of histones by lactate, we used mass spectroscopy that enabled 

us to pinpoint candidate histone modification marks as the main targets by the lactate 

treatment. Focusing on H3 modifications, we compared the effect of lactate on the 

acetylation to the methylation of H3. As the heatmap shows, RA has the lowest effect 

on any of the candidate marks, where D-lactate show an explicit effect on histone 

modifications and even a stronger effect in the D-lactate-RA combined treatment. It is 



 165 

also very clear that the effect of D-lactate has an opposite effect on the levels of histone 

acetylation and methylation. Indeed, D-lactate treatment induces the levels of H3K14Ac 

and H3K23Ac marks, whereas the methylation of H3K9me and H3K36me marks was 

reduced (Fig. 4.27). 

 

To confirm the effect of lactate on the increased levels of H3K14ac mark, we 

quantified by western blot the acetylation of H3K14ac in different treatment 

groups (Fig. 4.28B). 

 

Lactate acts as a weak HDAC inhibitor and this effect of lactate on HDACs have only 

been studied in Class I and Class II HDACs (Wagner et al., 2015), however, lactate 

supplementation may change the NAD/NADH+ ratio in cells and thus may affect the 

NAD+ sensitive Class III HDACs (Sirtuins). This hypothesis led to study the effect of 

lactate on sirtuins by Western blot analysis with specific antibody against SIRT1, 2, 3, 

4 and 6. When we compared normalized band intensities from control, lactate, RA and 

RA-lactate co-treatment groups, we found a significant decrease (p<0.05) in protein 

expression of SIRT1 by L- and D-lactate treatments alone or combined with RA. In 

contrast, RA alone did not affect the SIRT1 expression (Fig. 4.29). Moreover, SIRT4 

expression was significantly decreased (p<0.05) by D-lactate and combined RA and 

lactate treatment groups. Sodium butyrate, an established HDAC inhibitor, was used as 

a positive control (Candido et al., 1978). The HDAC inhibitory effect of these treatments 

were similar to the potent HDAC inhibitor Butyrate.  
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Figure 4. 25 | The effect of lactate on total H3 histone acetylation.  

Western blot analysis of acetyl-H3 expression in SH-SY5Y cells after 48 hours of either L- or D-lactate 

treatment alone (A) or in combination with RA (B). The expression of total H3 was detected as a loading 

control. CON; control, L-LAC; L-lactate, D-LAC; D-lactate, RA; all-trans retinoic acid, H3Ac; Acetylated 

Histone3, H3; Histone3.  Data are expressed as the mean ± SEM. * P < 0.05 ** P <0.01, compared with the 

corresponding control value as determined by Student’s t-test. 
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Figure 4. 26 | The effect of lactate on total H4 histone acetylation.  

Western blot analysis of acetyl-H4 expression in SH-SY5Y cells after 48 hours of either L- or D-lactate 

treatment alone (A) or in combination with RA (B). The expression of total H4 was detected as a loading 

control. CON; control, L-LAC; L-lactate, D-LAC; D-lactate, RA; all-trans retinoic acid, H4Ac; Acetylated 

Histone3, H4; Histone4.  Data are expressed as the mean ± SEM. * P < 0.05 ** P <0.01, compared with the 

corresponding control value as determined by Student’s t-test. 

 

 

  A   B 
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Figure 4. 27 | The histone modifications marks that are altered by lactate AND/OR RA treatments.  

Heatmap representing the relative abundance of the histone modifications that are affected by lactate and /or 

RA treatments by mass spectroscopy analysis.  
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Figure 4. 28 | The effect of Lactate and/or RA treatment on H3K14Ac.  

Mass spectroscopy analysis (A) and Western blot analysis (B) show the effect of lactate alone or in 

combination with RA on the acetylation of H3K14Ac. CON; control, L-LAC; L-lactate, D-LAC; D-lactate, 

RA; all-trans retinoic acid, H3K14Ac; Acetylated Histone3 at lysine 14, H3; Histone4.  Data are expressed 

as the mean ± SEM. * P < 0.05 ** P <0.01, compared with the corresponding control value as determined by 

Student’s t-test. 
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4.3.4 The effect of lactate on dopaminergic markers 

 

RA treatment has been shown to induce the expression levels of tyrosine hydroxylase 

(TH) in SH-SY5Y cells, suggesting a shift towards a dopaminergic neurotransmitter 

phenotype (Khwanraj et al., 2016; Khwanraj et al., 2015). According to our previous 

findings, RA promotes a shift in the metabolism of SH-SY5Y cells towards a glycolytic 

profile post 48 hours of treatment. Upon these observations, we investigated the 

involvement of lactate in the upregulation of TH and other dopaminergic markers in SH-

SY5Y cells. 
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Figure 4. 29 | The effect of lactate AND/OR RA on SIRT1 and SIRT4 expression levels.  

(A) Western blot analysis of Sirtuin-1 and Sirtuin-4 expression in SH-SY5Y cells after 48 hours of either L- 

or D-lactate treatment alone or in combination with RA. The expression of total actin was detected as a 

loading control. CON; control, L-LAC; L-lactate, D-LAC; D-lactate, RA; all-trans retinoic acid, BUT; 

Butyrate, SIRT1; Sirtuin-1, SIRT4; Sirtuin4.  Data are expressed as the mean ± SEM. * P < 0.05 ** P <0.01, 

compared with the corresponding control value as determined by Student’s t-test. 

Sirtuin-4 

Sirtuin-1 



 172 

 

 

Tyrosine Hydroxylase (TH), the rate-limiting step in the biosynthetic pathway of 

catecholamines including dopamine (Daubner et al., 2011), is upregulated when treated 

by RA, as expected. It is increased by 7.1 folds at the mRNA level and 18.2 folds at the 

protein level. When treating the cells with L- or D-lactate, L-lactate induced TH 

expression levels only slightly in the mRNA level and close to a 2-fold increase in the 

protein level. Interestingly, D-lactate had a much stronger effect, that is comparable to 

the effect of RA on TH expression. D-lactate elevated the expression of TH by around 

6.5 folds at both the mRNA and protein levels. In the RA-lactate co-treatments, L-lactate 

did not induce an additional effect over the effect of RA. On the contrary, RA-D-lactate 

combined treatment induced a significant overexpression of TH reaching up to 24 folds 

in the mRNA levels and up to around 27 folds in the protein level (Fig. 4.30). 

 

Treated cells also showed induced the expression levels of other markers of 

dopaminergic neurons, including the dopamine transporter (DAT) and the dopamine 

receptor 2. Interestingly, there was no effect on Dopamine Beta Hydroxylase (DBH), a 

marker of noradrenergic neurons. 
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Figure 4. 30 | The effect of lactate on Tyrosine Hydroxylase expression levels.  

Quantitative RT- qPCR analysis (A) and western blot analysis (B) of TH expression levels in human SH-

SY5Y treated cells with either L-lactate, D-lactate, RA or in the combined RA-L-lactate and RA-D-lactate 

treatments. CON; control, L-LAC; L-lactate, D-LAC; D-lactate, RA; all-trans retinoic acid, TH; Tyrosine 

Hydroxylase.  Data are expressed as the mean ± SEM. * P < 0.05 ** P <0.01, *** P <0.001, **** P <0.0001 

compared with the corresponding control value as determined by Student’s t-test. 
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Dopamine transporter (DAT) expression levels were induced by 1.3, 3.6, 5.9, 7.4 and 

12.1 folds and dopamine Receptor 2 (DRD2) expression levels were induced by 1.1, 1.3, 

1.3, 1.9 and 2.9 folds in SH-SY5Y cells when treated by either L-lactate, D-lactate, RA, 

the L-lactate-RA combined treatment and or D-lactate-RA combined treatment, 

respectively (Fig. 4.31). DBH expression levels were not significantly affected in other 

treatments other than the RA treatment (Fig. 4.32). 

 

To verify that lactate promotes stronger dopaminergic features in SH-SY5Y cells, we 

tested their susceptibility to the dopaminergic specific neurotoxin N-methyl-4-

phenylpyridinium (MPP+). MPP+ is the active neurotoxic metabolite of 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), that can induce Parkinson's-like symptoms 

in humans, non-human primates and rodents. MPP+ is a selective inhibitor of complex I 

of the mitochondrial electron transport chain (Nicklas et al., 1985), that reduces ATP 

production and generates reactive oxygen species (ROS), such as H2O2 and superoxide 

radical (Speciale, 2002). Studies have shown that MPTP/MPP+ induces oxidative stress, 

DNA damage, apoptosis and necrosis. As MPP+ have high affinity to the dopamine 

transporter (DAT), it is selective to dopaminergic cells (Bezard et al., 1999). 

 

The toxicity of MPP+ significantly induced cell death in both L-lactate and D-lactate 

treated cells compared to the non-treated SH-SY5Y cells (Fig. 4.33). This supports the 

notion that lactate induces the differentiation of SH-SY5Y toward a dopaminergic 

phenotype and that the lactate-treated cells express higher levels of dopaminergic 

markers compared to the non-treated SH-SY5Y cells. 
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Figure 4. 31 | The effect of lactate on DAT and DRD2 expression levels in SH-SY5Y cells. 

Western blot analysis of DAT (A) and DRD2 (B) in treated cells with either L-lactate, D-lactate, RA or in 

the combined RA-L-lactate and RA-D-lactate treatments. CON; control, L-LAC; L-lactate, D-LAC; D-

lactate, RA; all-trans retinoic acid, DAT; Dopamine Transporter, D2R Dopamine Receptor 2. Data are 

expressed as the mean ± SEM. * P < 0.05 ** P <0.01, *** P <0.001 compared with the corresponding control 

value as determined by Student’s t-test. 

  A 

  B 
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Figure 4. 32 | The effect of lactate on dopamine beta hydroxylase expression levels.  

Quantitative RT- qPCR analysis of dopamine beta hydroxylase mRNA expression levels in SH-SY5Y cells. 

Data are expressed as the mean ± SEM (n=6; 2 independent experiments). * P < 0.05 compared with the 

corresponding control value as determined by Student’s t-test. 
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Figure 4. 33 | The effect of MPP+ on cell viability in lactate treated SH-SY5Y cells.  

Cell viability was assessed by counting live and dead cells using the trypan blue exclusion assay. Data are 

expressed as the mean ± SEM. #### P<0.0001 compared with the corresponding control value as determined 

by Student’s t-test. *** P <0.001, **** P < 0.0001 compared with the corresponding MPP+ value as 

determined by Student’s t-test. 

 

 

 

As we mentioned, lactate is a metabolite that have been lately referred to a signaling 

molecule (Dietl et al., 2010; Hashimoto et al., 2007; Margineanu et al., 2018; 

Milovanova et al., 2008). To explore whether the effect of lactate is required to enter the 

cells or due to a signaling cascade, we co-treated the cells with oxamate. Oxamate is a 



 178 

competitive inhibitor of both LDH-A & B (Brooks et al., 1999) and therefore provides 

an excellent experimental tool with which to probe the effect of L-lactate. 

 

The effect of L-lactate on TH mRNA induction was blocked by oxamate in both the L-

lactate treatment and the RA-L-lactate cotreatment (Fig. 4.34). The significant increase 

of TH expression levels by L-lactate was almost abolished by 10mM oxamate; reducing 

from 2.2-fold change to 1.2-fold change. Moreover, the additive effect of L-lactate in 

the RA-L-lactate co-treatment on TH expression was also significantly reduced by the  

oxamate treatment. The TH mRNA expression level dropped from 6.6-fold change to 

3.9-fold change, returning to levels similar to those observed with the RA treatment 

only. 

 

Although the effect of RA on TH alone was not affected by any of the oxamate 

treatments, the additive effect of L-lactate in the RA-L-lactate co-treatment was strongly 

altered by oxamate; the 6.6-fold change in TH mRNA levels induced by RA-L-lactate 

cotreatment was reduced to 5,3.9 and 3.2-fold changes by 5,10 and 20 mM oxamate 

respectively; abolishing the additive effect of L-lactate over RA on TH expression 

levels. On the other hand, oxamate did not alter neither the effect of D-lactate nor RA 

on TH mRNA levels (Fig. 4.15). 
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4.3.5 The effect of lactate on the dopaminergic system might be through histone 

acetylation 

 

As lactate induces histone acetylation, the effect we see by lactate on the dopaminergic 

markers might be through histone acetylation. We tested the effect of butyrate (a well-

known HDAC inhibitor, (Steliou et al., 2012) on TH expression levels. Butyrate induces 

the expression of TH mRNA levels and has an additive effect on TH expression when 

combined with RA (Fig. 4.35). This suggests that lactate might be inducing the 

expression of TH through histone acetylation. 
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Figure 4. 34 | The effect of oxamate on the induced expression levels of TH by lactate in SH-SY5Y cells.  

Quantitative RT- qPCR to compare the mRNA expression levels of TH in human SH-SY5Y treated with 

either L-lactate, D-lactate, RA, RA-L-lactate, RA-D-lactate (n=3). Data are expressed as the mean ± SEM. 

* P <0.05, *** P < 0.001 compared with the corresponding control value as determined by Student’s t-test. 

RA; retinoic acid, TH; Tyrosine Hydroxylase.  
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Figure 4. 35 | Comparing the effect of Butyrate to the effect of Lactate on TH expression.  

Quantitative RT- qPCR to compare the mRNA expression levels of TH in human SH-SY5Y treated with 

either L-lactate, D-lactate, Butyrate, RA, RA-L-lactate, RA-D-lactate and RA-Butyrate (n=3). Data are 

expressed as the mean ± SEM. * P <0.05, *** P < 0.001, **** P < 0.0001 compared with the corresponding 

control value as determined by Student’s t-test. RA; retinoic acid, TH; Tyrosine Hydroxylase. 
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4.4 CONCLUSION AND DISCUSSION 

 

Using the SH-SY5Y neuroblastoma cell line as the in vitro differentiation model in this 

study, we aimed to focus on the effect of the metabolic reprograming that occur in parallel 

with the initiation of the neuronal differentiation process. Moreover, we were interested to 

study the effect of lactate on the dopaminergic pathway, hence the SH-SY5Y were the 

perfect fit for the study. 

 

Differentiating the cells by RA, we noticed an elevation of lactate release by the cells in 

the media, in parallel with the morphological changes observed; neurites elongation. As 

lactate elevation is an indication of a switch in the metabolism of a cell to a glycolytic 

profile, we aimed to verify this by quantifying the expression levels of key glycolytic 

markers. PFKFB3, PDK4 and LDHA enzymes were overexpressed in the differentiating 

cells compared to the non-treated controls. Moreover, we looked into D-lactate synthesis 

pathway and found that the glyoxalase enzymes (GLO-1 and GLO-2) were also 

upregulated. 

 

To investigate the role of this lactate elevation and its effect during the differentiation 

process, we performed an RNA-seq analysis. The transcriptomic data revealed that the 

genes that are common between L-lactate, D-lactate and RA are involved in pathways 

related to the morphology of the cell as; extracellular structure organization and regulation 

of cell morphogenesis, cognition, synapse organization and ERK1 and ERK2 cascade. 

Where L-lactate and RA common genes were involved into processes as neuron projection 
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guidance, axon development, actin cytoskeleton reorganization, central nervous system 

neuron differentiation and developmental growth involved in morphogenesis and pathways 

such as glutamate receptor signaling pathway, regulation of synapse structure or activity, 

forebrain development, regulation of neurotransmitter receptor activity and regulation of 

neurotransmitter levels. The genes that are shared by D-lactate and RA treatments altered 

processes involved in extracellular structure organization and morphogenesis of a 

branching structure, angiogenesis, Notch signaling pathway and regulation of ion 

transmembrane transport processes.  

 

Since lactate treatments were promoting many differentiation pathways, we aimed to study 

the effect of combining lactate and RA on the SH-SY5Y cells. To distinguish the genes 

that were altered by either L-lactate or D-lactate and had an additional effect over RA, we 

clustered the significant DEGs into 10 clusters and focused on cluster 7. The genes of this 

cluster affected neurogenesis, regulation of neuron projection development and cell 

projection organization, Regulation of actin cytoskeleton and Axon guidance, and in 

signaling pathways as cAMP signaling pathway, PI3K-Akt signaling pathway, MAPK 

signaling pathway and Calcium signaling pathway. Interestingly the Dopaminergic 

synapse is one of the pathways altered in cluster 7. 

 

Remarkably, more than 85% of the DEGs by either L-lactate or D-lactate were upregulated. 

As we speculated that this global effect of lactate could be through an epigenetic 

modification, we examined the effect of lactate on histone acetylation. In line with the 

recent studies (Latham et al., 2012; Wagner et al., 2015), we found that lactate induces 
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hyperacetylation on H3 and H4. Although Lactate has been reported to act as a weak 

HDAC inhibitors; Class I and Class II HDACs (Wagner et al., 2015), lactate may change 

the NAD/NADH+ ratio in cells and thus may affect the NAD+ sensitive Class III HDACs 

(Sirtuins). Our results reveal that SIRT-1 and SIRT-4 were downregulated by lactate, 

where D-lactate have a stronger effect whether alone or in combination of RA treatment. 

 

Focusing on the effect of lactate on dopaminergic markers in SH-SY5Y cells, we found 

that both lactate isomers induce the expression levels of TH, DAT and DRD2, with a 

stronger effect in the RA-lactate cotreatment. Interestingly, D-lactate promotes higher 

expression levels compared to L-lactate, whether alone or in the RA-D-lactate co-

treatment.  

 

Toyoda et al. have reported that D-lactate restore the decreased mitochondrial membrane 

potential measured that is affected in Parkinson’s disease in the case of DJ-1 or PINK7 loss 

(Toyoda et al., 2014). Furthermore, previous studies of neurodegenerative diseases 

described that there is an imbalance between the activities of HATs and HDACs in 

neurodegeneration strongly pointing towards a loss of neuronal acetylation homeostasis 

during neurodegeneration (Saha and Pahan, 2006). As these studies are in line with our 

findings, here we propose that lactate might rescue dopamine decline, by acting as an 

HDAC inhibitor and supporting the dopaminergic pathway. As lactate is a natural product 

that is produced intrinsically by the cells it may be a potential therapeutic route of treatment 

in Parkinson’s disease. 

 



 185 

 

We tested the effect of MPP+ on lactate treated SH-SY5Y cells. As this toxin is selectively 

taken up by dopamine neurons via dopamine transporter (DAT), it was more toxic on the 

lactate treated cells as they express more DAT, allowing more MPP+ to penetrate into the 

cells. It would be interesting to study the effect of lactate on fully differentiated 

dopaminergic neurons and compare the results. 
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CHAPTER 5: DISCUSSION AND FUTURE PERSPECTIVES 

 

Lactate, once known as a metabolic waste product of glycolysis, is now characterized as a 

signaling molecule, affecting many cellular processes (Brooks, 2018, Mosienko et al., 

2015; Zhou et al., 2018). In the brain, in addition to its role as an energy substrate, 

supporting neuronal function and viability, L-lactate acts as an intercellular signaling 

molecule playing a significant role during synaptic plasticity, learning, neuroprotection, 

memory formation and consolidation (Magistretti and Allaman, 2015; Mosienko et al., 

2015; Suzuki et al., 2011; Yang et al., 2014). Moreover, recent studies revealed that lactate 

can modulate gene expression (Margineanu et al., 2018; Yang et al., 2014), proposing that 

lactate may act as a gene expression regulator. In this dissertation, I aimed to investigate 

the role of lactate as an epigenetic modulator in neuronal cells. To serve this purpose, I 

linked the effect of lactate on the transcriptome to epigenetic mechanisms; DNA 

methylation and histone acetylation. 

 

 

5.1 Global Effect of Lactate on the Transcriptome and Methylome of Neurons 

 
To understand the global effect of lactate on gene expression and gene regulation of 

neurons, we performed transcriptional analysis followed by DNA methylation analysis on 

neuronal cultures exposed to either L-lactate or D-lactate treatments. DNA methylation has 

been shown to be involved in neural transcriptional changes, where it is suggested that 

methylation might have a significant role in the process of long-term memory formation 
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and the induction of long-term potentiation (LTP) (Levenson et al., 2006; Miller et al., 

2008; Miller and Sweatt, 2007). 

 

Our transcriptomic analysis revealed that both lactate isomers affected the transcriptome 

of neurons with a preference for gene expression upregulation over downregulation. This 

suggests that lactate might act as a regulatory molecule affecting the expression of genes. 

 

Single base-pair resolution sequencing of the DNA methylome shows that the methylation 

of many CpG sites has been altered with lactate treatments. Although thousands of CpG 

sites have been differentially methylated, there was no preference of either hyper- or hypo-

methylated sites; both were similarly distributed along the genome. Nevertheless, GO term 

analysis of the DMGs showed that many of the genes affected by L-lactate treatment are 

involved in ion transport, cell differentiation, cell adhesion, and phosphorylation. KEGG 

pathway analysis revealed that the most significantly altered pathways are calcium 

signaling pathway, axon guidance and glutamatergic and dopaminergic synapses. 

Transcriptomic analysis showed that L-lactate treatment affects the cholesterol pathway, 

cell cycle pathways and retinoic acid receptor pathway. 

 

It is highly remarkable that most of the affected genes are involved in cell differentiation 

and related pathways as cell cycle pathway; cell cycle withdrawal is a fundamental step to 

trigger neural cell specification and differentiation (Galderisi et al., 2003), retinoic acid 

receptor (RAR) pathway; activation of RAR is essential for induction of neuronal 
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differentiation (Yu et al., 2012), cholesterol pathway; cholesterol plays a key role in 

neuronal differentiation (Goritz et al., 2005) and axon guidance.  

 

Lactate has been shown to be involved in differentiation in many different cell types as 

myoblasts (Tsukamoto et al., 2018), adipocytes (Harada et al., 2018), osteoblasts (Wu et 

al., 2018), oligodendrocytes (Ichihara et al., 2017), nevertheless, no work have been done 

to show the role of lactate in neuronal differentiation. Thus, we aimed to investigate the 

involvement of lactate in neuron differentiation in the following chapter.  

 

Furthermore, correlating the two data sets; RNA-seq and DNA methylome, guide us to 

understand the relationship between the change in gene transcription and DNA methylation 

as an epigenetic modulator. Overlapping the transcriptomic data set with the methylome 

analysis of the L-lactate treated neurons, we found 30 differentially expressed genes 

correlating with the differentially methylated CpGs. Here, we linked the genes that were 

upregulated in expression to the sites that showed a decrease in methylation in the promoter 

region or an increase in gene body methylation, where the genes that were downregulated 

in expression were linked to the sites that showed an increase in methylation in the 

promoter region or a decrease in gene body methylation. These genes are mainly involved 

in postsynaptic potential, synaptic transmission, membrane depolarization, excitatory 

postsynaptic potential and nervous system development.  

 

It has been reported that DNA methylation preferentially occurs at CpG sites in mammalian 

cells, regulating cell development and maintenance (Day et al., 2013; Holliday and Pugh, 
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1975). Nevertheless, non-CpG (CpH; H means A, C, and T) methylation has emerged 

recently as key epigenetic marks in mammalian embryonic stem cells (ESCs) and neurons, 

regulating cell type-specific functions. They are involved in cell-type-specific regulation 

such as embryonic stem cell differentiation or synaptogenesis (Guo et al., 2014; Lee et al., 

2017; Ziller et al., 2011). Thus, it would be interesting to explore more in-depth the 

methylome data by looking at the non-CpG sites that are differentially methylated. 

 

Moreover, the widely used technologies bisulfite-conversion followed by deep sequencing, 

that we used here to study the effect of lactate on methylation marks, cannot distinguish 

between DNA methylation and DNA hydroxymethylation (Cavalcante et al., 2017). Thus, 

additional experiments are required to differentiate the two marks. Methylation of 

cytosines, especially at CpGs, is an epigenetic mark with important roles in mammalian 

development and tissue specificity, genomic imprinting, and environmental responses 

(Schubeler, 2015) where hydroxymethylcytosine is an intermediate in the cell’s active 

DNA demethylation pathway with tissue-specific distribution affecting gene expression 

(Branco et al., 2011). In contrast to DNA methylation studies, the importance of DNA 

hydroxymethylation and its role as an epigenetic marker has only recently been proposed.  

Initially, DNA hydroxymethylation was considered as a transient epigenetic modification 

intermediate between DNA methylation and demethylation. Nevertheless, recent work 

indicates it can be stably maintained and may block proteins that would otherwise bind to 

methylated DNA (Hahn et al., 2014), which opens the possibility that DNA 

hydroxymethylation could play a more significant role in gene regulation than previously 

recognized. There are few studies in the human brain on hydroxymethylation. The majority 
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of these studies on hydroxymethylation focus on Embryonic stem cells (ESCs). In ESCs, 

levels of hydroxymethylation are relatively high and are substantially decreased following 

differentiation (Ficz et al., 2011; Kinney et al., 2011; Tahiliani et al., 2009). 

Hydroxymethylation also has been reported to increase with age in neuronal cells 

(Szulwach et al., 2011). Assessing the shift between methylation and hydroxymethylation 

could lead to a better understanding of the effect of lactate here. 

 

 

 

5.2 The Role of Lactate in Neuronal Differentiation 

 

Taken together, the results obtained from the neuron’s transcriptome and methylome data 

sets, L-lactate treatment appears to alter cellular differentiation. Moreover, pathways 

related to cell differentiation as the cholesterol pathway, cell cycle pathways, WNT 

signaling pathway and RAR activation pathway were significantly affected by L-lactate 

treatment. Thus, I aimed to study the correlation between lactate and differentiation of 

neuronal cells to elucidate how lactate may affect the differentiation process in neurons.  

 

Cell differentiation is an essential process for the growth, development, reproduction, and 

longevity of all multicellular organisms. It is the process by which the dividing, 

proliferating, less specialized cells, change their functional or phenotypical type to become 

more specialized cells (Sanchez Alvarado and Yamanaka, 2014). Understanding the 

mechanisms that govern when to proliferate and when to differentiate is crucial, not only 
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to normal stem cell biology, but also to aging, and cancer. It is a complex process that 

involves the coordinated regulation of many processes as epigenetic regulation and 

metabolic reprogramming.  

 

Studies of metabolic pathways and individual metabolites have led to the recognition that 

metabolism dynamically changes during differentiation (Chisolm and Weinmann, 2018; 

Ryall et al., 2015). Metabolism has been recognized lately as an active participant in 

regulating cellular transitions during development (Pavlova and Thompson, 2016; Wu et 

al., 2016). Lactate has been reported previously to be involved in deciding the fate of a cell. 

Elevated lactate release has been linked to cancer and proliferation (Hirschhaeuser et al., 

2011; Martinez-Reyes and Chandel, 2017; Spencer and Stanton, 2019). Nevertheless, 

recent studies have shown that lactate may enhance or promote the differentiation process 

in specific cases (Baufeld and Vanselow, 2018; Tsukamoto et al., 2018) and might be even 

essential during the differentiation process (Kottmann et al., 2015), which is in agreement 

to what we see and propose from our neuronal transcriptomic and methylome data sets.    

 

The human neuroblastoma SH-SY5Y cell line has been used in this study as our in vitro 

neuronal differentiation cell model. These cells have been used extensively in 

differentiation studies (Pahlman et al., 1984; Shipley et al., 2016); however, the implication 

of lactate into the differentiation process has not been elucidated. Moreover, SH-SY5Y 

cells have dopaminergic features (Xie et al., 2010). As the dopaminergic synapses appeared 

to be altered by lactate in the neuronal data, these dopaminergic SH-SY5Y cells were the 

perfect fit for the study.  
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Prior to studying the correlation between lactate and neuronal differentiation in these SH-

SY5Y cells, we characterized their metabolic profile in the undifferentiated (non-treated) 

state. As these cells are proliferative, we wanted to assure that they are not releasing high 

amounts of lactate; glycolytic. Our data showed that lactate release rates and the expression 

levels of key enzymes in the glycolysis pathway in these cells represent an oxidative profile 

that is comparative to primary neurons. 

 

To investigate the metabolic reprogramming during the differentiation process, we 

treated the SH-SY5Y cells with RA to induce the neuronal differentiation and measured 

L-lactate production levels in different time points post the treatment. L-lactate is a 

hallmark of the metabolic rewiring to glycolytic metabolism. The differentiation process 

that is accompanied with a decrease in the proliferation rate and a stimulation of a neuronal 

phenotype, is expected to make the cells become more oxidative in nature, thus, have 

reduced glycolysis rate and produce lower levels of L-lactate. Interestingly, our data 

revealed that L-lactate production levels were rather increased in the media when SH-

SY5Y treated with RA compared to the non-treated cells, doubling L-lactate levels 

within 48 hours. This induction of L-lactate levels was occurring in parallel to 

phenotypic changes and neurite outgrowth.  

 

To confirm the metabolic shift of the RA-treated SH-SY5Y cells, we measured the 

expression levels of key glycolytic markers in the glycolysis pathway; PFKFB3, LDHA, 

LDHB and PDK4, 48h post RA treatment. The mRNA levels of PFKFB3, PDK4 and 

LDHA were upregulated in the RA-treated cells compared to the non-treated SH-SY5Y 
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cells, where mRNA levels of LDHB were not affected by the RA treatment. This verifies 

further that the treated cells are shifting their metabolism to be more glycolytic during 

the initial phase of differentiation.  

 

Although cellular differentiation is known to shift the metabolism of cells towards 

oxidative phosphorylation, nevertheless, this is not universal. Differentiation does not 

always result in the downregulation of aerobic glycolysis; human Pluripotent Stem Cells 

(PSCs) differentiation to mesoderm and endoderm decreases glycolytic flux, for 

instance, where differentiation to early neuroectoderm does not (Cliff et al., 2017). A 

similar trend to our results also occurs during differentiation of primed Embryonic Stem 

Cells (ESCs) (Zhou et al., 2012) and ‘early-passage’ F9 embryonal carcinoma stem-like 

cells, as they increased lactate production with elevated levels of PDK4 (Gatie and 

Kelly, 2018; Zhou et al., 2012). 

 

The metabolic reprogramming toward aerobic glycolysis unavoidably induces 

methylglyoxal (MG) formation as a glycolytic by-product (Richard, 1993). As the 

accumulation of the highly reactive MG is very harmful, MG detoxification through the 

glyoxalase system is crucial; catalyzing the conversion of MG to D-lactate. The 

glyoxalases 1 and 2 (Glo1 and Glo2) enzymes are expressed significantly higher in 

glycolytic cells (Allaman et al., 2015; Belanger et al., 2011a, b; Belanger et al., 2011c; 

Magistretti and Allaman, 2015). Thus, we measured mRNA levels of both enzymes, 

GLO-1 and GLO-2, and found that they are both upregulated by the RA treatment in 

SH-SY5Y cells. 
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It would also be interesting to check the activity level of the GLO enzymes post RA 

treatment. It has been shown that the activity of GLO-2, but not necessarily GLO-1, 

increased during cell differentiation of human leukemia cells, suggesting a role of GLO-

2 as an indicator and/or a regulator of cell differentiation. GLO-2 catalyzes the rate-

determining step in the glyoxalase system, therefore, the formation of D-lactate was 

induced during differentiation (Hooper et al., 1988). 

 

Metabolic reprogramming during neuronal differentiation has been a focus of research in 

recent years (Agostini et al., 2016; Russo et al., 2018), nevertheless, the implication of 

lactate in the neuronal differentiation process has not been well addressed. Moreover, most 

of the metabolic studies on neuronal differentiation focus on the difference between the 

metabolic profiles of the undifferentiated neurons and the fully differentiated neurons (Xun 

et al., 2012), with not much attention given to metabolic reprogramming that occurs during 

the initiation of the differentiation process, that might trigger the differentiation and the 

morphological changes as neurite’s outgrowth. Since we see a metabolic shift, 

characterized by an increased lactate production rate, along with the morphological 

changes in the RA-treated SH-SY5Y cells, it was of high interest to examine the role of 

this lactate elevation on gene expression levels to understand the change in the 

transcriptomic profile of the cells during this process. Thus, we aimed to investigate the 

involvement of lactate in neuronal differentiation shedding some light on possible 

mechanisms. 
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To study the effect of this metabolic rewiring and the involvement of lactate in 

particular, in the differentiation process, we treated the cells with either of the lactate 

enantiomers (L-lactate or D-lactate). Moreover, to have a sense of how lactate may be 

implicated in the differentiation process, we compared the transcriptomic data from L- 

and D-lactate treated SH-SY5Y cells to the RA-treated cells. Transcriptomic analysis 

introduced us to the different pathways affected by the treatments. 

 

In agreement with what we saw from the primary neuron’s data sets, both L-lactate and D-

lactate treatments altered the transcriptome of the neuronal SH-SY5Y cells, and the effect 

of D-lactate is clearly more distinct in comparison to L-lactate treatment. Furthermore, the 

number of upregulated genes in both L-lactate or D-lactate treatments is remarkably greater 

than the downregulated genes, supporting the previous suggestion form the primary 

neurons transcriptome, that the effect of lactate seems to be correlated with a genetic 

regulatory mechanism. 

 

Interestingly, the majority of the DEGs by L-lactate or D-lactate overlapped with the DEGs 

by RA treatment. The DEGs shared among the three treatments were involved in pathways 

related to the morphology of the cell as; extracellular structure organization and regulation 

of cell morphogenesis, additionally, pathways as cognition, synapse organization and 

ERK1 and ERK2 cascade were altered. The DEGs that were shared between L-lactate and 

RA only; altered processes that are as well related to the morphology; as neuron projection 

guidance, axon development, actin cytoskeleton reorganization, central nervous system 

neuron differentiation and developmental growth involved in morphogenesis. In addition, 
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glutamate receptor signaling pathway, regulation of synapse structure or activity, forebrain 

development, regulation of neurotransmitter receptor activity and regulation of 

neurotransmitter levels were altered. On the other hand, the DEGs shared by D-lactate and 

RA treatments altered processes involved in extracellular structure organization and 

morphogenesis of a branching structure, angiogenesis, Notch signaling pathway and 

regulation of ion transmembrane transport processes. 

 

As we saw from the transcriptomic data that lactate might be implicated in the 

differentiation of the SH-SY5Y cells, we aimed to see if supplementing the cells with either 

of the lactate enantiomers would support RA treatment in favor of differentiation. Hence, 

we co-treated the cells with RA and lactate (either RA treatment supplemented with L-

lactate, or RA treatment supplemented with D-lactate). In correspondence with what we 

have been noticing throughout the study, D-lactate has a stronger effect compared to L-

lactate in both cases; RA-treated and non-RA-treated groups.   

 

Supplementing the cells with either L-lactate or D-lactate in the RA cotreatment did not 

show a substantial increase in the total number of the DEGs. Moreover, contrasting to what 

we saw in the effect of either L-lactate or D-lactate alone, supplementing the RA-treated 

cells with either L-lactate or D-lactate does not lead to a global upregulation in gene 

expression in the SH-SY5Y cells. That might be due to the fact that most of the effect of 

lactate on many genes have been approached already by the lactate induction caused by 

RA treatment, and saturated levels of lactate produced by the cell due to RA treatment.  
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Clustering the DEGs across all five treatments depending on the expression patterns, gave 

us a global view of how genes are altered by the different treatments. Focusing on the 

cluster that comprised the largest sets of DEGs (cluster 7), we found that the genes in this 

cluster were upregulated slightly by L-lactate and considerably upregulated more by D-

lactate. The RA-lactate cotreatments in this cluster were significantly affected by both 

enantiomers with a more potent effect by RA-D-lactate over RA-L-lactate cotreatment. 

These genes were involved in processes as positive regulation of neurogenesis and other 

related to the morphology of the cell as; extracellular structure organization, regulation of 

cell morphogenesis, regulation of neuron projection development and positive regulation 

of cell projection organization, regulation of actin cytoskeleton and Axon guidance. 

Moreover, signaling pathways as cAMP signaling pathway, PI3K-Akt signaling pathway, 

MAPK signaling pathway, Calcium signaling pathway and TNF signaling pathway were 

altered. Additionally, processes such as angiogenesis, circulatory system regulation of 

trans-synaptic signaling and cognition, and Dopaminergic synapse and Cholinergic 

synapse were altered. 

 

Lactate has been reported to positively affect dopamine-related disorders as depression 

(Carrard et al., 2018; Shaif et al., 2018) and Parkinson’s disease (Toyoda et al., 2014). 

Nevertheless, the direct correlation between lactate and dopaminergic features was not well 

elucidated. Hence, I aimed to confirm the direct effect on lactate on the dopaminergic 

pathway. 
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5.3 Effect of Lactate on Dopaminergic Markers 

 

The dopaminergic synapse has been shown to be affected by lactate treatment in both data 

sets; primary neuron cultures and SH-SY5Y cells. Thus, we intended to confirm the effect 

of lactate on the dopaminergic pathway. 

 

It is well known that RA treatment induces a dopaminergic neurotransmitter phenotype 

characterized mainly by a higher expression of tyrosine hydroxylase (TH) in SH-SY5Y 

cells (Khwanraj et al., 2016; Khwanraj et al., 2015). As our results revealed that; 1) RA 

induced a metabolic shift towards a glycolytic profile with a higher lactate production 

rate, and that 2) the transcriptomic data showed that lactate, similar to the effect of RA, 

alters the dopaminergic pathway. Thus, it was of high interest to understand whether 

lactate is implicated in the process of TH induction and dopaminergic features. 

 

In the SH-SY5Y transcriptomic data, many genes of the dopaminergic synapse pathway, 

including tyrosine hydroxylase (TH), were upregulated by both L- and D-lactate, with a 

higher induction in the RA-lactate cotreatments compared to the lactate treatment alone. A 

stronger effect by D-lactate over L-lactate is also consistent here in both cases. 

 

Further experiments assured that lactate induces the expression of TH both on the mRNA 

level and on the protein level. Consistently, D-lactate had a much stronger effect, which 

is comparable to the effect of RA on TH expression. Moreover, RA-D-lactate combined 

treatment induced a significant overexpression of TH, showing an additive effect. 
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Expression levels of other markers of dopaminergic neurons, including the dopamine 

transporter (DAT) and the dopamine receptor 2 (DRD2) showed a similar trend to TH 

by the treatments. Interestingly, there was no effect by lactate on Dopamine Beta 

Hydroxylase (DBH), a marker of noradrenergic neurons, implying an increase in 

dopaminergic cells. Taken together, it is evident that lactate is inducing the 

dopaminergic features of the cells, especially in combination with RA, promoting an 

additive stronger effect. 

 

To verify that lactate promotes stronger dopaminergic features in SH-SY5Y cells, we 

tested the susceptibility of the lactate-treated cells to the dopaminergic specific 

neurotoxin MPP+. As MPP+ has a high affinity to the dopamine transporter (DAT), it is 

selective to dopaminergic cells. We found that MPP+ significantly induced cell death in 

both L-lactate and D-lactate treated cells compared to the non-treated SH-SY5Y cells, 

supporting the notion that lactate induces the differentiation of SH-SY5Y towards a 

dopaminergic phenotype and that the lactate-treated cells express higher levels of 

dopaminergic markers compared to the non-treated SH-SY5Y cells.  

 

It would be of high interest to directly correlate the effect occurring by RA on the 

dopaminergic pathway to lactate elevation. One way is by blocking the intracellular 

lactate production while treating with RA and checking on the expression levels of the 

dopaminergic markers and dopamine levels as well.  
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Usually, to differentiate the SH-SY5Y cells towards a more profound dopaminergic cell 

type, RA treatment is followed by Brain-Derived Neurotrophic Factor (BDNF) 

treatment. BDNF positively regulate TH transcription through activating the TH gene 

promoter (Fukuchi et al., 2010). The effect seen by lactate on dopaminergic markers, at 

least partially, could be through BDNF. Lactate has been reported to induce BDNF 

levels in other studies at an earlier stage of the treatment (4 hours) and the effect 

disappears within 24 hours (Coco et al., 2013). This spike of BDNF might be one of the 

reasons behind some of the effects of lactate seen on the cells; as TH induction. 

 

SH-SY5Y cells have been used to study the molecular and cellular mechanisms 

underlying Parkinson’s disease (PD) and to test putative protective compounds for PD 

treatment. Thus, this cell line has been a valuable asset to aid elucidate the molecular 

complexity of PD. However, differentiation of the SH-SY5Y cells to drive the cell line 

towards a DAergic phenotype makes them a more suitable model for PD studies.  

 

As SH-SY5Y differentiated cells are utilized extensively as dopaminergic cells in the 

understanding of PD disease, thus, our method of lactate treatment provides a suitable 

dopaminergic cell model for in vitro Parkinson studies. The combined RA-D-lactate 

treatment, in particular, provides a more convenient replacement for the longer 

traditional differentiation methods for certain studies related to dopaminergic cells. This 

novel method may enhance the use of the SH-SY5Y cell line to benefit from this 

appealing cell model for PD. 
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Together, our results outline an improved method for generating a higher expression of 

dopaminergic markers, which might indicate a higher proportion of dopaminergic 

neurons, thus making these cells an ideal neuronal culture model of Parkinson's disease 

(PD) for translational research. 

 

In any case, different compounds that promote the differentiation of the cell line into a 

more DAergic or neuronal population may affect different parameters of the phenotype. 

A more profound characterization of the phenotype of the entire cell population post 

lactate treatment is essential for proper validation of the DAergic phenotype of the SH-

SY5Y cells as a PD model. 

 

Moreover, it would be of high interest if we could implement this effect of lactate in 

vivo. The progressive death of dopaminergic neurons in the substantia nigra is a 

hallmark of Parkinson’s disease. As most of PD treatments are symptomatic, there is an 

urge to find a cure that can induce the dopamine levels and restore dopaminergic neurons 

in PD patients. Although in our study we demonstrate that lactate is promoting 

dopaminergic differentiation, this effect could be extended in translational therapy and 

have a different effect in vivo. Lactate treatment might promote dopaminergic cells to 

produce higher amounts of dopamine that could cover up for the loss of dopaminergic 

cells or might even have protective effects as it has been reported, in many studies, that 

lactate has neuroprotective effects. In summary, the ability of lactate to induce 

dopaminergic markers offers a potential therapeutic direction that could aid in 

Parkinson’s patients. 
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5.4 Effect of Lactate isomers on histone acetylation 

 

Transcriptomic data, from primary neuron cultures and SH-SY5Y neuroblastoma cells, 

show that there is a favor for gene upregulation over downregulation by lactate treatment. 

Thus, suggesting an epigenetic mechanism involved, promoting gene expression. 

 

Chromatin-modifying enzymes involved in the dynamics of methylation or acetylation 

require small metabolites as substrates, to coordinate the integration between epigenetic 

and transcriptional states. Therefore, the availability of specific metabolites regulates 

chromatin modification. Disturbing metabolite’s levels affect the status of histone marks 

and DNA methylation. Consequently, generating widespread changes of epigenetically 

controlled gene expression (Montellier and Gaucher, 2019).  

 

Upstream regulator analysis discloses that 48 hours of D-lactate treatment of SH-SY5Y 

cells strongly downregulated histone methyltransferase CBX5 and histone deacetylase 

(HDAC), while upregulating the acetyltransferase EP300. In alignment, D-lactate 

showed an impact on the acetylation of proteins including histones, in the primary neuron 

data. 

 

In agreement with our findings, both lactate enantiomers, L-lactate and D-lactate, have 

been reported recently to play a role as a mild HDAC inhibitor, inducing the acetylation 

of histones (Latham et al., 2012; Wagner et al., 2015). Lactate can induce histone H3 and 

H4 hyperacetylation, by the inhibition of class I and II HDACs. That, in turn, decreases 
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chromatin compactness and increases its accessibility, thus promoting gene expression 

(Wagner et al., 2015). Histone acetylation has been associated with transcriptional 

activation (Dupont et al., 2009). 

 

In this study, we examined histone acetylation in response to lactate exposure in the 

neuroblastoma SH-SY5Y cells and found that there is an increase in the expression of 

total H3 and H4 histone acetylation by both lactate enantiomers, with a stronger effect 

of D-lactate over L-lactate, even in the RA-lactate cotreatments. To have a scope on 

which marks were specifically altered by lactate, we did a mass spec analysis and 

identified histone acetylation marks candidates; H3K14Ac and H3K23Ac marks. Co-

existence of the H3K23ac and H3K14ac modifications have been reported before (Klein et 

al., 2019). We confirmed the effect of lactate on H3K14Ac by western blot, making it a 

candidate for further investigation. 

 

Higher levels of H3K14 acetylation are required in the regulation of gene expression 

during the complex process of differentiation and lineage specification that occurs after 

gastrulation, whereas a basal level of H3K14 acetylation is sufficient for basic cell 

survival and proliferation (Kueh et al., 2011). Moreover, H3K14 acetylation leads to an 

increase in the expression of BDNF promoter II (Fang et al., 2020), which, as mentioned 

earlier, could be how lactate induces TH expression levels. 

 

This effect of lactate on HDACs have only been studied in Class I and Class II HDACs 

(Wagner et al., 2015). As lactate supplementation may change the NAD/NADH+ ratio 
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in cells, thus, may affect the NAD+ sensitive Class III HDACs (Sirtuins). SIRT1 

appeared to be downregulated in the RNA-seq data by both lactate isomers. 

Correspondingly, we found a significant decrease in protein expression of SIRT1 by L- 

and D-lactate treatments alone or combined with RA. Moreover, SIRT4 expression was 

significantly decreased by D-lactate and combined RA and lactate treatment groups.  

 

It is worth mentioning that mass spec data revealed that there was an effect by lactate 

on histone methylation marks. Interestingly, in parallel to the elevation of histone 

acetylation in H3K14Ac and H3K23Ac marks, methylation of H3K9me and H3K36me 

marks was reduced. Although histone acetylation has been associated with transcriptional 

activation, histone methylation may be either associated with transcriptional repression or 

activation depending on which amino acid and to what extent (monomethylation, 

dimethylation, or trimethylation) the residue is modified (Dupont et al., 2009). 

 

Correlation between different histone marks have been reported in several cases, hence, it 

would be noteworthy to learn about the correlation between the affected methylation and 

acetylation marks of histones. 

 

Remarkably, last year a new type of modification has been discovered by Zhang et al. 

These scientists have validated that histones might also be altered by the addition of lactyl 

groups, and they identified 28 lactylation sites on core histones. They further found that 

histone lactylation is derived from lactate and is sensitive to lactate levels. In macrophages, 

the biological functions of lactylation, correlated with the upregulation of homeostatic 
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genes (those involved in maintaining a biological steady state) (Zhang et al., 2019).. This 

study introduces an appealing possibility of a new function of the lactate as a substrate for 

histones modifications, promoting gene expression, raising interesting questions for future 

work as understanding the involvement of lactylation in biochemical and regulatory 

processes. The discovery of histone lysine lactylation brings forth new biology and 

functionality to the role of lactate, opening a new door in regulating histone dynamics in 

regulation gene expression. 
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