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Abstract 

Nicotinamide Adenine Dinucleotide (NAD+) has a primary role in cellular metabolism and 

energy production as a cofactor for a set of enzymatic reactions. The endoplasmic 

reticulum (ER) lumen enzyme 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) 

obtains NADPH from hexose-6-phosphate dehydrogenase to reduce cortisone to the 

active glucocorticoid cortisol. Cells depleted in NAD+ (parent molecule of NADPH) have 

impaired 11β-HSD1 activity, which can be rapidly rescued with supplementation of the 

NAD+ precursor nicotinamide riboside (NR). This suggests the existence of an ER-specific 

pathway to NAD(P)(H). Here we depleted cellular NAD+ using FK866 (NAMPT inhibitor) 

and poly-ADP-ribose assisted protein localization assay to study ER-specific NAD+ 

metabolism using 11β-HSD1 as a readout. To assess the generalizability of our results, 

we examined the enzyme activity in multiple cell types such as liver, muscle, dermal 

fibroblast, and human kidney. Results show preliminary evidence that depleting ER NAD+ 

can impair NADPH-dependent 11β-HSD1 activity. Repleting NAD+ availability with NR 

treatment significantly rescued the enzyme activity. Further experiments are required to 

thoroughly evaluate the potential of a dynamic NAD(P)(H) pathway in the ER 

compartment. 
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This chapter will discuss the general overview of Nicotinamide Adenine Dinucleotide 

(NAD) metabolism and its importance as a central cofactor in cellular metabolic functions. 

In addition, we will discuss the significance of glucocorticoids and how their metabolism 

is regulated at the cellular level. Finally, we will focus on the functions of the Endoplasmic 

reticulum and how NAD+ is maintained in this compartment and its relation with cellular 

glucocorticoid metabolism. 

1.1. Nicotinamide Adenine Dinucleotide (NAD) 

Nicotinamide Adenine Dinucleotide (NAD) was first discovered in boiled yeast extract by 

Sir Arthur Harden in 1904, who described it as a low molecular weight coenzyme essential 

for sugar fermentation (Harden and Young, 1906). In the late 1920s, Hans von Euler-

Chelpin isolated NAD and described its structure as two compositions, adenine 

monophosphate (AMP) and nicotinamide mononucleotide (NMN) (Berger et al., 2004) 

(Figure 1.1). At this time, pellagra, a disease characterised by "4 D's" Dermatitis, 

Dementia, Diarrhea, and Death, was an endemic disease in the United States with an 

unknown cause (Bollet, 1992, Hegyi et al., 2004). Joseph Goldberger was the first scientist  

who proposed that dietary deficiency was the main cause of this disease when he 

observed health improvement among dogs with pellagra fed with Brewer's yeast extract 

(Rajakumar, 2000). In 1937, Conrad Elvehjem and his colleagues described the link 

between pellagra and niacin (Vitamine B3) deficiency, and that nicotinic acid (NA), an 

NAD+ precursor, is the main element in the treatment and prevention of the disease 

(Koehn Jr and Elvehjem, 1937).  
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In 1936, Otto Warburg discovered the properties of NAD+ as a hydrogen-transferring 

molecule through his experiments on alcohol fermentation (Berger et al., 2004). Electron 

transfer from a molecule to NAD+ to produce NADH and the oxidized molecule is catalysed 

by a specific group of enzymes known as oxidoreductases (Warburg et al., 1935). In 

dehydrogenase reactions, the electron transfer from an electron donor to NAD+ produces 

reduced NADH  used in catabolic reactions to generate energy, such as the citric acid 

cycle and glycolysis. 
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Figure 1.1 Molecular structure of NAD+. 

NAD comprises two different nucleosides attached together by the phosphate group. The 

first molecule is nicotinamide mononucleotide (NMN) which has a nicotinamide base 

attached to the ribose, and the second molecule is adenine monophosphate (AMP) with 

an adenine base attached to the ribose group.   

 

NAD is a cofactor found in all living cells and plays a central role in cellular metabolism 

and energy production (Magni et al., 2004, Ruggieri et al., 2015). In cellular respiration, 

NAD and both its reduced and phosphorylated forms (NADH, NADPH, and NADP+) act 

as cofactors for a series of reactions that produce energy in the form of ATP (Houtkooper 

et al., 2010, Belenky et al., 2007) (Figure 1.2). In cell metabolism, NAD+ is most commonly 

NMN

AMP
Phosphate

Phosphate

Ribose

Ribose

Nicotinamide

Adenine
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involved in the catabolic reactions to generate energy, while NADPH functions in anabolic 

reactions encompassing the synthesis of cholesterol and fatty acids. The level of NAD+ 

has been shown to decline with aging and medical conditions, such as diabetes and 

obesity (Imai and Guarente, 2014), possibly due to cellular processes involving oxidative 

stress and DNA damage. This highlights the importance of studying NAD as a substrate 

for metabolism and energy homeostasis.       

 

 

Figure 1.2. NAD as a redox molecule through its reduced and oxidized forms. 

NAD+ is reduced to NADH by accepting two electrons and one hydride ion. In reverse, 

NADH is oxidized to NAD+ by donating the electrons. These reactions are essential for 

cellular energy production in the form of ATP in the electron transport chain reaction by 

generating the mitochondrial membrane proton gradient. 
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1.2. NAD Biosynthesis pathway 

Maintaining adequate NAD+ regeneration is critical for cell function and survival. NAD+  

can be synthesized through three different pathways; Preiss-Handler, de novo synthesis, 

and the salvage pathway via nicotinamide (NAM) and nicotinamide ribose (NR) (de 

Figueiredo et al., 2011) (Figure 1.3). 

1.2.1. Preiss-Handler pathway 

In the Preiss-Handler pathway, NAD+ is synthesized by utilizing dietary supplements of 

NAD+ precursor nicotinic acid (NA) and nicotinic acid phosphoribosyl transferase (NaPT) 

enzyme to produce nicotinic acid mononucleotide (NAMN) using phosphoribosyl 

pyrophosphate (PRPP) as a cofactor. NAMN transferase (NAMNAT) enzyme catalyses 

the transformation of NAMN to nicotinic acid adenine dinucleotide (NAAD), which is then 

converted to NAD+ by NAD synthase (the rate-limiting step in the Preiss-Handler and de 

novo pathways) (Houtkooper et al. 2010). This NAD+ biosynthesis pathway predominantly 

occurs in tissues where NaPT is highly expressed, such as kidney, heart, and red blood 

cells (RBCs) (Di Stefano and Conforti, 2013).  

1.2.2. De novo pathway 

NAD+ can be synthesized de novo from the essential amino acid L-tryptophan (Trp), which 

can be present in the diet (egg, milk, and meat). Trp is converted to quinolinic acid (QA) 

through the kynurenine pathway which is converted by the quinolinic acid phosphoribosyl-

transferase (QAPRT) enzyme using PRPP as a cofactor to generate NAMN (Nishizuka 

and Hayaishi, 1963, Dolle et al., 2013). (Figure 1.3). NAMN is then converted via NMNAT 
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to NAAD, which is further converted to NAD+ via the NAD synthase enzyme (Magni et al., 

2004). 

The generation of QA from Trp mainly occurs in the liver, as the expression of the QAPRT 

enzyme is relatively higher compared to other tissues (Dölle et al., 2013). It has been 

suggested that the kynurenine pathway is not the primary source of NAD biosynthesis. A 

study found that the absence of the kynurenine pathway did not affect normal functional 

development in QAPRT knock-out mice (Terakata et al., 2012). The role of the kynurenine 

pathway is thought to be related to energy production in immunological responses as an 

important immune system regulator (Savitz, 2020). Additionally, it was shown that Trp 

could not support the required NAD+ to support cellular functions, as 1 mg of niacin can 

provide the same level of NAD+  as 60 mg of Trp (Nikiforov et al., 2011) (Bogan and 

Brenner, 2008).  
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Figure 1.3. Schematic illustration of NAD+ biosynthesis pathways in the cytoplasm. 

The three entry points for NAD+ synthesis are the de novo pathway by tryptophan (Trp), Preiss-

Handler pathway by nicotinic acid (NA), and the salvage pathway through Nicotinamide riboside (NR). 

NAD is consumed by C38, CD157, PARP, and sirtuins, and the result of NAD+ breakdown is 

nicotinamide (NAM) which is converted to nicotinamide mononucleotide (NMN) to enter the NAD+ 

synthesis pathway. NAAD, nicotinic acid adenine dinucleotide; NaPT, nicotinic acid phosphoribosyl-

transferase; NADS, NAD+ synthase; NMNAT, nicotinamide mononucleotide adenylyl-transferase; 

QAPT, quinolinic acid phosphoribosyl-transferase. *The conversion of NA to NMN through 

nicotinamide phosphoribosyl transferase (NAMPT) is the rate-limiting step in NAD+ biosynthesis.                                                                                                                                                                                 
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1.2.3. Salvage pathway by NAD+ precursor (NAM) 

NAD+ can be synthesized by recycling NAD+ precursor NAM in several enzymatic 

reactions. Firstly,  NAM is converted to NMN in a PRPP- and ATP-dependent reaction via 

NAMPT, and then NMNAT catalyses the conversion of NMN to NAD+ (Garten et al., 2009) 

(Figure 1.4). The source of NAM can be acquired from the diet (meat and eggs) or as an 

end product of NAD+ dependent enzymatic reactions (Fricker et al., 2018, Garten et al., 

2009). This pathway, known as the NAMPT salvage pathway, has a critical role in 

metabolic homeostasis and development as determined using NAMPT knock-out mice 

(Revollo et al., 2007, Di Stefano and Conforti, 2013).   

The NAMPT-mediated NAD+ biosynthesis is regulated by the circadian pattern of NAMPT 

gene expression, which can impact the activity of NAD-dependent enzymes (Nakahata et 

al., 2009, Ramsey et al., 2009). NAMPT was initially known as ‘pre-B-cell colony 

enhancing factor (PBEF)’ which was later described according to its location as 

intracellular (iNAMPT) and extracellular (eNAMPT) (Tan et al., 2013, Di Stefano and 

Conforti, 2013). Although NAMPT expression is essential to preserve cellular NAD+ levels, 

a study showed that NAMPT knock-out in mice had only a minor effect on mitochondrial 

NAD+ levels in the liver cell compared to other cellular compartments (Dall et al., 2019).  

Although an increase in NAMPT is accompanied by cellular benefits such as improved 

mitochondrial biogenesis (Kim et al., 2014) and regulation of blood glucose (Kieswich et 

al., 2016), it was shown that NAMPT protein was overexpressed in oncogenic cells (Wang 

et al., 2011). Pharmacological inhibition of NAMPT by FK866 (competitive, highly specific 

NAMPT inhibitor) has been shown to deplete NAD+ through binding to the NAMPT 
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nicotinamide binding pocket. A large number of studies highlighted the benefit of FK866 

as a potential therapeutic target for cancer, such as prostate cancer (Moore et al., 2015), 

gastric cancer (Lee et al., 2018), and hepatocellular carcinoma (Schuster et al., 2015). 

The role of NAMPT as an NAD+ regulator indicates its significance for controlling NAD+-

dependent enzyme activity and cellular homeostasis (Garten et al., 2015).   
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Figure 1.4. NAD+ biosynthesis via NAMPT salvage pathway. 

NAM can be directly acquired from the diet or produced as an end product of NAD+ 

metabolism. NAD+ recycling through NAMPT and NMNAT is the rate-limiting step in 

cellular NAD+ synthesis. High concentrations of NAD+ inhibit the NAMPT salvage pathway 

through a feedback mechanism to control NAD+ levels.  
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1.2.4.  Salvage pathway by NAD+ precursor nicotinamide ribose 

Nicotinamide ribose (NR) is known as a form of vitamin B3, which was discovered as an 

essential NAD+ precursor found in cow's milk (Bieganowski and Brenner, 2004). The 

cytosolic nicotinamide ribose kinase (NRK) enzymes phosphorylate NR to NMN using 

ATP as a cofactor which is then converted by NMNAT1 to produce NAD+ (Bieganowski 

and Brenner, 2004, Garten et al., 2009) (Figure 1.5). NR has long been known as an 

NAD+ precursor in bacterial strains lacking the enzymes for NAD+ biosynthesis pathways 

(Gingrich and Schlenk, 1944). In 2004, NR and its phosphorylating enzymes (NRK1, 

NRK2) were identified as an essential source of NAD+ in mammals (Bieganowski and 

Brenner, 2004). As an NAD+ precursor, exogenous NR has been studied as a possible 

therapeutic target for aging by extending yeast lifespan through boosting SIRT2 signaling, 

which sparked intense interest in the NR and NRK enzymes as a potential anti-aging 

therapy (Belenky et al., 2007). The importance of NAD+ salvage by NR was shown in cells 

where NAM salvage was inhibited and revealed that administration of NR can restore 

depleted NAD+ levels (Fletcher et al., 2017, Ratajczak et al., 2016).  

 

The capacity to boost NAD+ by exogenous NR has been shown to be more efficient than 

other NAD+ precursors (NAM, NA) in multiple tissues (Fletcher et al., 2017). Chronic 

administration of NR enhanced oxidative metabolism in mice by boosting NAD+ levels in 

the liver, skeletal muscle, and brown adipose tissue, increasing SIRT enzyme activity. 

This outcome also prevented insulin resistance, weight gain induced by a high-fat diet 

(Cantó et al., 2012), type 2 diabetes mellitus (Trammell et al., 2016b), and non-alcoholic 

fatty liver disease (NAFLD) (Zhou et al., 2016). In humans, NR supplementation is 
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available as an oral capsule which was shown to be well-tolerated in middle aged and 

older adults (Trammell et al., 2016a, Martens et al., 2018). Many researchers highlight the 

potential health benefit of NR treatment in normalizing blood pressure (Martens et al., 

2018), reducing liver fat (Dollerup et al., 2018), and age-related cognitive decline (Braidy 

et al., 2019). A recent report indicated that acute administration of NR improved redox 

homeostasis and exercise activity among the aging population (Dolopikou et al., 2020). 

Further research is needed to investigate the potential benefit of NAD+ and its precursors 

(NR, NMN) in human diseases. 

 

Figure 1.5. NR as a precursor of NAD+. 

The cell membrane is impermeable to the direct entry of NAD+; therefore, NAD+ needs 

to be converted to NR by 5’nucleotidases (5’-NTs). NR is converted to NMN via the NRK 

enzymes inside the cell before it is metabolized into NAD+ through the NMNAT enzyme.  
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1.2.5.  NAD Kinase 

NAD kinase is a key enzyme in NAD metabolism and plays a pivotal role in maintaining 

the cellular balance of NAD and NADP. This enzyme found in eukaryotic and prokaryotic 

cells catalyses the phosphorylation of NAD to produce NADP (Gao and Xu, 2012). This 

reaction is fundamental for maintaining the NAD/NADP balance within the cell. By 

modulating the level of NADP, NAD kinase contributes to cellular redox homeostasis and 

overall maintenance of cellular health, making it a critical component for cell function and 

survival. 

1.3. NAD consuming enzymes 

Recently, an essential function of NAD+ has been shown in posttranslational modifications 

(PTMs), as a rate-limiting substrate for several enzymatic reactions (Belenky et al., 2007, 

Houtkooper et al., 2010). These NAD-consuming enzymes play a central role in cellular 

metabolic signaling, which can be classified into three categories: poly(ADP-ribose) 

polymerases (PARPs), sirtuins (SIRTs), and cADP-ribose synthases (CD157 and CD38) 

(Figure 1.6). 

PARP proteins are found in the cell nucleus and facilitate DNA repair by initiating cellular 

reactions in response to a chemical or metabolism-induced DNA damage (Herceg and 

Wang, 2001). Sirtuins have many roles in energy metabolism, cellular stress responses, 

DNA repair, and regulation of circadian rhythm (Chang and Guarente, 2014). Due to the 

regulatory roles in cell metabolism, these NAD-dependent reactions are essential for 

cellular energy homeostasis. Therefore, the cellular availability of NAD+ is vital to control 

the activity of these consuming enzymes in metabolism and signaling processes.    
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1.3.1. Sirtuins 

The sirtuin enzymes are a group of NAD-dependent deacetylases that regulate the cellular 

metabolic profile (Houtkooper et al., 2012, Imai et al., 2000). Sirtuins consume NAD+ and 

release deacetylated protein, O acetyl ADP ribose, and nicotinamide (NAM) (Sauve et al., 

2006) (Figure 1.6(C)). Seven sirtuin homologs exist in mammalian cells with different 

functions, targets, and subcellular locations (Imai et al., 2000). SIRT 1,6 and 7 are 

primarily located in the nucleus (Vaziri et al., 2001, Michishita et al., 2005), SIRT 2 is a 

cytosolic protein (Wang et al., 2007), and SIRT 3, 4, and 5 predominantly appear in the 

mitochondria (Michishita et al., 2005, Onyango et al., 2002). A number of researchers 

have shown the crucial function of sirtuins as a metabolic sensor of the mammalian cell's 

energy homeostasis as NAD+ consuming enzyme (Li, 2013, Cantó et al., 2009). 

The role of SIRT1 was seen in regulating glucose production in the liver at a transcriptional 

level through promoting gluconeogenesis during fasting (Erion et al., 2009), while 

metformin suppresses gluconeogenesis by inducing SIRT1 (Cuyàs et al., 2018, Caton et 

al., 2010). Sirtuin1 can also increase insulin sensitivity in beta cells protecting against 

obesity and type 2 diabetes (Banks et al., 2008). The expression of SIRT1 and NAD+ 

biosynthetic enzymes was reduced in obesity, which indicates that cellular NAD+ 

homeostasis is crucial to maintain SIRT's metabolic functions (Jukarainen et al., 2016).   

1.3.2. Poly ADP-ribose polymerase 

Poly ADP-ribose polymerases (PARPs) are a group of NAD+ consuming enzymes first 

described in the 1960s (Chambon et al., 1963). They exist in mammals in 17 different 

isoforms, with the most studied being PARP1 and PARP2 (Cantó et al., 2015). PARPs 
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use NAD+ as a substrate to produce adenosine diphosphate ribose (ADPRs) to be 

transferred to the targeted protein and form a chain of poly-ADP  ribose (PAR), which can 

reach up to 200 ADPR units (Alvarez-Gonzalez and Jacobson, 1987, Juarez-Salinas et 

al., 1982) (Figure 1.6(B)). PARP1 is mainly located in the cell nucleus, while reports also 

indicate the presence of PARP1 and other poly-ADP ribosyl-transferases in the 

mitochondria (Smith, 2001, Du et al., 2003).   

1.4.2.1. The role of PARP in the cell and its relation to NAD+/NADP 

The primary functions of PARPs are related to cellular genomic stability through their role 

in DNA repair (Javle and Curtin, 2011). They are recruited by DNA damage and genotoxic 

stress to the site of DNA strand breaks (Koh et al., 2004). Additionally, they are involved 

in modulating transcription, chromatin structure, cellular proliferation, and apoptosis 

(Morales et al., 2014). PAR is rapidly generated, which can help to recruit proteins to the 

site of DNA damage (Krietsch et al., 2013). 

PARP enzymes are NAD+ dependent, which means they need a continuous source of 

NAD+, and therefore, to establish DNA repair, they utilize NAD+  biosynthetic enzymes at 

the site of DNA damage (Zhang et al., 2012). The activity of PARP enzymes is the main 

consumer of NAD+ during the cellular stress response. However, it is essential to note that 

significant cross-talk exists between PARPs and other NAD+-consuming enzymes. 

Therefore, reduced NAD+ level and higher sirtuin activity can have an impact on PARP 

activity resulting in an increase in NAM and, consequently PARP inhibition (Park et al., 

1983).  
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PARP activity is thought to increase with age due to higher DNA damage accumulation 

leading to diminished NAD+ availability. This will lead to decreased SIRT activity, 

exacerbated by PARP's higher affinity for NAD+ (Guarente, 2014, Massudi et al., 2012, 

Cantó et al., 2015). Research on PARP inhibition in skeletal muscle and other tissues has 

found that it has a protecting cellular metabolic effect by reducing excessive NAD+ 

consumption by PARP activity and, therefore, stimulating SIRT activity (Bai et al., 2011, 

Rajamohan et al., 2009). Nevertheless, considering PARP inhibition to target metabolic 

disorders is not applicable as this can induce genomic instability via the lack of PARP's 

central role in DNA damage repair (Ito et al., 2016, Guarente, 2014).  

1.4.4  Cyclic ADP-ribose Synthase 

 cADP-ribose synthases (CD38, CD157) are a group of enzymes that consume NAD+ to 

produce cADP-ribose which can be hydrolyzed to ADPR (Figure 1.6(A)). Under acidic 

conditions, these enzymes utilize NADP+ to generate nicotinic acid adenine dinucleotide 

phosphate (NAADP) (Lee, 2006, Howard et al., 1993). These molecules are essential to 

regulate calcium mobilization and influx as intracellular second messenger (Okamoto, 

1999, Guse et al., 1999).  

The role of CD38 in regulating NAD+ levels was seen in a CD38 knock-out mouse model. 

The level of NAD+ was increased 20 fold compared to wild type mice, which led to 

enhanced SIRT activities (Aksoy et al., 2006b, Aksoy et al., 2006a). This relation explains 

the significance of NAD+ as the primary regulator of these enzyme functions (Quarona et 

al., 2013). 
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Figure 1.6. Schematic illustration of NAD+ consuming enzymes. 

A. cADP-ribose synthase consumes NAD+ to produce cADPR responsible for calcium 

signaling. Its primary role is the activation of Ca2+ release from the endoplasmic reticulum. 

B. PARPs are mainly involved in DNA repair through catalyzing ADP-ribose release from 

NAD+ and transferring it to itself and to target proteins. C. Sirtuins play a role in cellular 

energy metabolism through their role in protein deacetylation. Sirtuins are inhibited by 

NAM.   
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1.4. NAD+ compartmentalization 

Regulation of subcellular NAD+ availability is essential to maintain cellular energy 

homeostasis and signaling pathways. However, the intracellular NAD+ pool is separated 

by cellular compartments and is not equally distributed between subcellular organelles 

(Cambronne and Kraus, 2020). This relative variation in the NAD+ pool reflects the 

necessity of the subcellular organelles to utilize NAD+ as a cofactor for redox and signaling 

reactions. It is assumed that NAD+ can freely move between the cytosol and the nucleus 

without any diffusion barriers, given that the majority of NAD+ biosynthesis enzymes and 

NAD+-dependent reactions occur in the cytosol or the nucleus (Nikiforov et al., 2015) 

(Figure 1.7.) In the mitochondria, there is no evidence to suggest passive NAD+ exchange 

between mitochondria and cytosol. However, instead, the malate-aspartate NADH shuttle 

is known as a source of NADH in the mitochondria (Satrústegui et al., 2007). In the 

endoplasmic reticulum (ER), there is still a debate about the mechanisms that allow 

molecules to transport NAD across the ER membrane. Several observations suggested 

that the ER membrane is separated from cytosolic components by a barrier that allows 

the transport of selective cytosolic molecules (Lomax et al., 2002, Heritage and Wonderlin, 

2001, Csala et al., 2006). On the other hand, a study on rat liver microsomes reported an 

increase in the activity of 11 beta-hydroxysteroid dehydrogenase type 1 (11β-HSD1), an 

NADPH-dependent enzyme located in the ER lumen, when incubated with NADPH 

(McCormick et al., 2006). This might indicate that the ER membrane is not entirely 

separated from the cytosolic component, and there might be a possible ER-cytosol 

communication in terms of the NAD+ pool (Figure 1.7).  
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The relative concentration of NAD+ 

Figure 1.7. Regulation of subcellular NAD+ pools, with the distribution of NAD+ 

dependent enzymes and salvage pathways. 

The nuclear pores allow free diffusion of NAD+ and NADH molecules into the nucleus. In 

the mitochondria, the NAD+ pool is maintained via NAD+/NADH shuttle (glycerol 3-

phosphate and malate aspartate shuttle) and by direct entry of NAD+. Although it is 

identified that NAD(P)(H) is produced in the ER by the pentose phosphate pathway (PPP), 

it is unknown whether there is a mechanism that allows for NAD entry into the ER. 
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1.5. PAR as a biosensor of the subcellular NAD+ pool 

Historically, the distribution of organellar NAD+ had only been determined by cell 

disruption and fractionation, followed by extraction of nucleotides (Simpson and 

Pepperkok, 2006). This technique measured nucleotide contents in cytosol/nucleus and 

mitochondria, while the amount of NAD+ in other cellular compartments has not been 

determined. Recently, visualization of subcellular NAD+ pools has been studied based on 

the overexpression of catalytically active PARP as NAD+ consumer enzyme that cleaves 

the NAD nicotinamide-glycosidic bond to generate polymers of ADP ribose (ADPr), a 

process known as PARylation (Dölle et al., 2010). Both GFP and a peptide tag are fused 

to the catalytically active PARP. The detection of both via fluorescence or 

immunofluorescence is used to visualize the subcellular localization of catalytically active 

PARP. This method was used to investigate PAR formation in mitochondria and ER. It 

revealed a specific intra-organellar presence of PARylated protein linked to NAD+ 

availability and PARP activity. 

Detection of poly-ADP-ribose polymers by specific antibodies reflects changes in the 

subcellular pool of free NAD+. Experimental evidence revealed a significant decrease in 

PARP enzymatic activity 4 hours after the start of adipocyte differentiation (Luo et al., 

2017). This reduction in PARylation is considered to be linked to a decrease in nuclear-

free NAD+ (Ryu et al., 2018). Furthermore, treating the cells with NAD+ precursor (NMN) 

increased free NAD+ in the nucleus and restored PARP enzymatic activity (Luo et al., 

2017). Therefore, the subcellular NAD+ pool can be examined based on converting 

nucleotides to immunochemically detectable PAR polymers.  
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1.6.  Glucocorticoids 

Glucocorticoids (GCs) are a class of steroid hormones secreted by the adrenal cortex. 

Cortisol (corticosterone in rodents) is the main active GC that has a significant role in 

maintaining whole-body energy homeostasis and the capacity to tolerate environmental 

changes. The widespread effects of glucocorticoids involve cardiovascular, 

immunological, body fluid homeostasis, and metabolic effects (Rhen and Cidlowski, 

2005). Glucocorticoids are released in response to stress conditions and exert important 

physiological actions in various tissues. These effects vary depending on the 

glucocorticoid receptor (GR) expression in the tissues (Parker, 1986, RABBITT et al., 

2002). One of the most common effects of GCs is associated with immunosuppression 

through binding to GR and activating specific transcription factors involved in the 

upregulation of anti-inflammatory mechanisms (Bamberger et al., 1996). 

 

In metabolism, GCs tend to increase glucose concentration by enhancing 

gluconeogenesis in the liver and the output of glucose during fasting (Kraus-Friedmann, 

1984). Also, GCs interfere with protein synthesis and promote protein degradation in 

skeletal muscle leading to peripheral muscle myopathy (Long et al., 2001). In adipose 

tissue, GCs increase central obesity through enhancing adipogenesis and the 

accumulation of triacylglycerol (TAG) and increase circulatory fatty acids due to the 

lipolysis effect (Peckett et al., 2011).       
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1.6.1.  Hypothalamic pituitary adrenal axis (HPA) 

Systemic glucocorticoid levels are under the regulation of the hypothalamic-pituitary-

adrenal (HPA) axis system (Lightman and Conway-Campbell, 2010). In the 

hypothalamus, corticotropin-releasing hormone (CRH) is secreted in response to stress 

(‘fight or flight’ response) which activates the release of the adrenocorticotrophic hormone 

(ACTH) by the anterior pituitary gland. This subsequently activates the release of 

glucocorticoids from the adrenal cortex (Grossman et al., 1982). Conversely, a negative 

feedback mechanism is activated at a high cortisol level, inhibiting the release of ACTH 

and CRH (Munck and Naray-Fejes-Toth, 1992) (Figure 1.8). 

 

 

Figure 1.8. Schematic diagram representing the hypothalamic pituitary adrenal 

(HPA) axis and metabolic effect of cortisol. 

 (CRH) corticotropin-releasing hormone, (ACTH) adrenocorticotrophic hormone. 
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1.6.2. 11 β-hydroxysteroid dehydrogenase (11 β-HSD) 

Despite the systemic regulation of cortisol levels by the HPA, an enzyme named 11 β-

HSD regulates cortisol availability at the tissue level. There are two isoforms of the 

enzyme, 11 β-HSD1 (catalyzes the activation of inactive cortisone to active cortisol in the 

oxo-reductase reaction) and 11 β-HSD2 (catalyzes the inactivation of cortisol to cortisone 

in the dehydrogenase reaction) (Figure 1.9). The 11 β-HSD1 enzyme is located in the 

endoplasmic reticulum lumen, and its oxo-reductase activity depends on NADPH 

availability inside the ER (Lavery et al., 2006). The role of 11 β-HSD1 in regulating 

metabolism has been studied in transgenic animal models. In adipose tissue, 11 β-HSD1 

overexpression in mice was associated with the development of insulin resistance, 

visceral obesity, hypertension and dyslipidemia (Masuzaki et al., 2001, Masuzaki et al., 

2003). A similar outcome of insulin resistance and hypertension was shown in liver-

specific 11 β-HSD1 overexpressing mice (Paterson et al., 2004). In all of the previous 

models, the systemic corticosteroid level was not elevated, suggesting a role of 11 β-

HSD1 in the observed phenotype through increasing intracellular availability of cortisol. 

Therefore, the loss of 11 β-HSD1 enzyme activity in peripheral tissue can reduce the 

cortisol effect and increase its metabolic clearance.  
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Figure 1.9. The conversion reaction catalyzed by 11 β-HSD enzymes. 

The activation reaction of cortisone to cortisol is carried out by 11 β-HSD1 and requires 

NADPH as a cofactor. The inactivation of cortisol to cortisone is a reductase reaction that 

requires NAD as a cofactor and is carried out by 11 β-HSD2. In animal studies, cortisone 

is referred to as 11 Dehydro-corticosterone (11DHC), and cortisol is referred to as 

corticosterone.  

1.6.2.1. 11 β-HSD tissue expression 

11 β-HSD1 is expressed in the metabolically active tissues, such as skeletal muscle, liver, 

and adipose tissue, where it converts inactive cortisone to active cortisol to increase the 

availability of substrates needed for energy production (Morgan et al., 2014, Seckl and 

Walker, 2001). The expression of 11 β-HSD1 was also assessed in fibroblasts derived 

from different tissues, which showed expression in all fibroblasts derived from bone 

marrow, synovium, and skin, but with higher enzymatic activity and mRNA levels in dermal 

and synovial fibroblasts (Hardy et al., 2006a), Table 1.1 shows the expression of 11 β-

HSD1 in different tissues. In contrast, 11β-HSD2 is predominantly found in 

mineralocorticoid target tissue, such as the kidney, placenta, colon, and salivary glands. 
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Table 1.1. 11 β-HSD expression in different cell types. 

Cell type Expression Reference 

 

Adipocyte/3T3-L1 cell line 

 

+ 

(Paulmyer-Lacroix et al., 

2002, Napolitano et al., 

1998, Morton et al., 2004) 

Dermal Fibroblast 
+ 

(Hammami and Siiteri, 

1991, Terao et al., 2014) 

 

Primary myotube/ C2C12 cell 

line 

 

+ 

(Whorwood et al., 2002, 

Morgan et al., 2009, 

Aubry and Odermatt, 

2009) 

 

Hepatocyte/HepG2 

 

+ 

(Ricketts et al., 1998b, 

Ricketts et al., 1998a, 

Tannin et al., 1991) 

Adrenal cortex + (Ricketts et al., 1998b) 

Osteoblast and osteosarcoma 

(MG-63) 

+ 

_ 

(Cooper et al., 2000, 

Bland et al., 1999) 

   

1.6.3. Clinical implication of glucocorticoid and 11 β-HSD1 dysregulation 

Due to the role of glucocorticoid as an effective anti-inflammatory drug, glucocorticoid 

synthetics have been considered the most prescribed drugs worldwide, such as cortisone, 

dexamethasone and prednisolone. These drugs are effective for the treatment of many 

autoimmune and anti-inflammatory diseases, such as systemic lupus erythematosus 
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(SLE), asthma, multiple sclerosis, and inflammatory bowel syndrome (Ramamoorthy and 

Cidlowski, 2016). However, high doses and long-term use of glucocorticoids can lead to 

many side effects, such as osteoporosis, muscle myopathy, fat accumulation, weight gain, 

increased insulin resistance, and type 2 diabetes (Schacke et al., 2002, Gathercole et al., 

2013).  

One of the most common syndromes associated with corticosteroid dysregulation is 

Cushing syndrome. It is caused by long-time exposure to a high cortisol level as a result 

of adenoma or corticosteroid medications. The classical phenotypes include hypertension, 

central obesity, abdominal striae, and proximal myopathy. In a case study of a 20 years 

old female patient with chronic elevation of cortisol levels, the absence of typical 

Cushingoid symptoms was reported, which was shown to be associated with a defect in 

the activity and expression of 11 β-HSD1 (Tomlinson et al., 2002). Moreover, previous 

observations on mice showed an association between increased 11 β-HSD1 activity and 

the phenotype of type 2 diabetes and obesity through the activation of gluconeogenesis 

and insulin resistance (Mariniello et al., 2006).   

 

1.7. Endoplasmic reticulum (ER) 

The ER (or sarcoplasmic reticulum SR in muscle cells) is a membranous organelle that 

makes a continuation with the outer membrane of the nucleus and acts as a separate 

subcellular compartment executing multiple cellular functions (Csala et al., 2006) (Figure 

1.10). The primary function of the ER is the synthesis, modification, and release of folded 

proteins, encoded by specific signal sequences and transported in cooperation with the 
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Golgi body to the cytosol or outside the cell (Hotamisligil, 2010). In addition, the SR 

controls the storage and release of calcium ions (Ca2+) required for muscle contractions. 

There are two sub-organellar structures of ER, rough ER (RER) and smooth ER (SER). 

RER is a sheet-like structure featuring the presence of a macromolecular complex called 

ribosome that is responsible for protein biosynthesis. At the same time, SER is a tube-like 

shape associated with the production and storage of steroids and lipids which do not have 

ribosomes bound to it (Chen et al., 2013).   

ER can interact with other subcellular organelles including mitochondria, lysosomes, 

peroxisomes, Golgi, and plasma membranes by forming membrane contact sites (MCSs). 

These sites are created by two opposing membranes when they come closer (around 

30nm), but are not fully fused. Forming direct communication with other compartments is 

essential to maintain cellular homeostasis and stability (Friedman and Voeltz, 2011). In 

the mitochondrial contact site, ER regulates lipid synthesis and Ca2+ signaling which is 

critical for energy production and regulation of apoptosis. In addition, ER communicates 

with the plasma membrane (ER-PM) to regulate lipid synthesis, cell signaling, and ion 

dynamics in response to internal or external stimuli (Li et al., 2021). A previous study 

demonstrating ER 3D-structure in yeast using electron microscopy (EM) and tomography 

showed that ~20-45% of the plasma membrane is covered by interconnected ER tubules 

(West et al., 2011). ER-PM contact sites are also critical for controlling phosphatidyl 

inositol metabolic pathways and can directly transfer sterols with no vesicle formation 

required (Schulz and Prinz, 2007, Stefan et al., 2011).    
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The composition of ions and small molecules in the ER lumen is thought to be different 

from the cytosol. This observation was made concerning the concentration of oxidized 

glutathione (Margittai et al., 2015), and calcium ions (Meldolesi and Pozzan, 1998). 

Despite this, the ER membrane is thought to be more permeable than other subcellular 

organelles, due to the low cholesterol content and translocon pores (Heritage and 

Wonderlin, 2001). Analyzing pH levels in subcellular compartments revealed no 

differences in pH between the ER and the cytosol. At the same time, the Golgi showed a 

lower pH value than that of the cytosol (Kim et al., 1998, Kneen et al., 1998, Wu et al., 

2000). It was shown that ER membranes have a unique mechanism that allows the 

passage of molecules. For example, glutathione can cross the ER in an energy-dependent 

reaction resulting in an alteration of ER redox status (Bánhegyi et al., 1999). In general, 

the permeability of the ER membrane and cross-talk with the cytosol is not clearly 

understood and requires further investigation. 

The ER lumen is the area bounded by the ER which is separated from the cytosol by the 

ER membrane. It is a metabolically active area representing approximately 10% of total 

cell volume and is the main site of protein folding and modification (Palade, 1956). It was 

shown that the ER lumen displays an oxidative environment which is optimal for protein 

folding and modification by forming of disulphide bonds (Hudson et al., 2015, Hwang et 

al., 1992). The ER lumen’s oxidizing nature is determined by the availability and activity 

of redox cofactors, i.e. thiol/disulfate redox system, NADP+/NADPH, and glutathione redox 

system (Margittai et al., 2015, Gansemer et al., 2020). Dysregulation in the NAD/NADP+ 

pool can activate the ER stress response, resulting in disturbances in redox status and 

enzymatic activity (Mandl et al., 2009). Dysregulation of enzyme activities in the ER can 



 51 

affect vital cellular metabolic reactions such as the regulation of glucose homeostasis and 

can lead to insulin resistance and the development of metabolic diseases, such as obesity 

and type 2 diabetes (Özcan et al., 2004). In addition, ER stress is indicated by the 

presence of ER stress markers, such as binding immunoglobulin protein (BIP), which is 

located in the ER lumen maintaining newly synthesized proteins in a competent state for 

protein folding, and CCAAT/enhancer binding protein homologous protein (CHOP), which 

is involved in the induction of apoptosis in response to ER stress. 

 

 

Figure 1.10. The structure of the endoplasmic reticulum. 

An electron micrograph shows the area surrounding the nucleus in cells extracted from 

bat pancreatic cells (Fawcett, 1966).  
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1.8.  Hexose-6-phosphate dehydrogenase (H6PDH) 

In the ER, H6PDH catalyses the conversion of glucose-6-phosphate (G6P) to 6-phospho-

gluconolactone (6-PGL), the end product of the first two steps of the pentose phosphate 

pathway, with the production of NADPH that serves as an electron donor for 11 β-HSD1 

reductase activity (Collard et al., 1999, Banhegyi et al., 2004, Morgan et al., 2016). H6PDH 

promotes the oxo-reductase reaction of 11 β-HSD1 by generating NADPH as a cofactor 

in the pentose phosphate pathway. The link between H6PDH and the activity of 11 β-

HSD1 has been investigated using an H6PDH knock-out mouse model. The oxo-

reductase activity of 11 β-HSD was depleted by H6PDH gene knock-out, and the 

metabolite of 11-DHC was only seen in the urine analysis (Lavery et al., 2006). Mice 

lacking H6PDH were unable to convert 11-DHC to Corticosterone and instead adopted a 

dehydrogenase activity, inactivating CORT to 11-DHC. These findings suggest the role of 

H6PDH as a regulator of the 11 β-HSD1 oxo-reductase activity in the ER/SR (Figure 

1.11).  
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Figure 1.11 Regulation of cellular GC generation by 11 β-HSD1. 

A. Oxo-reductase activity of 11β-HSD1 is NADPH dependent and maintained by the 

activity of H6PDH enzyme in the pentose phosphate pathway. B. 11β-HSD1 shift to 

dehydrogenase activity (inactivation of H3 corticosterone to H3 11-DHC in H6PDH KO 

mouse myotubes (Lavery et al., 2006).  
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1.9. Thesis rationale  

Pathways that control the interaction between cytosolic and ER substances are complex. 

To our knowledge, it is unknown whether  NAD+ passively crosses the ER membrane, or 

if there is a unique transporter system that mediates its diffusion (for example a system 

similar to the shuttle system present in mitochondria) (Satrústegui et al., 2007). 

Understanding the mechanism of ER NAD+ homeostasis can improve our knowledge of 

metabolic diseases induced by the ER stress response.  

1.10. Hypothesis 

- ER-PARP overexpression consumes NAD+ which can be established as a genetic model 

of ER NAD+ depletion. 

- 11β-HSD1 activity is determined by the availability of NAD(P)(H) in the ER. 

1.11.  Aim 

- Investigate the cytosolic/ER NAD+ cross-talk by manipulating cytosolic availability of 

NAD+ and using the activity of the ER NADPH-dependent enzyme 11β-HSD1 as a 

readout. 

- Examine the generalizability of cytosolic/ER NAD+ cross-talk in multiple cell types 

(skeletal muscle, liver, dermal fibroblast, and kidney). 

- Establish a model of ER NAD+ depletion by transfecting cells with catalytically active ER-

PARP in mouse skeletal muscle and human liver cells. 

- Examine cytosolic/ER NAD+ cross-talk in the cells overexpressing catalytically active 

PARP as a genetic model of NAD+ depletion. 
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Chapter 2 

General methodology 
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2.1.  Cell culture 

All cell culturing procedures were conducted using a laminar flow hood in an aseptic 

environment, and all materials used in the hood were sterilized with ethanol 70% (v/v). 

  2.1.1.  C2C12 

The mouse skeletal muscle myotubes (C2C12) cell line was purchased from the European 

Collection of Cell Cultures (Salisbury, UK). This cell line is derived from mouse myoblasts 

and has been used as a model of skeletal muscle differentiation and proliferation. It was 

initially produced by serial passage of myoblasts cultivated from C2H mice's thigh muscles 

70 hours after a crush injury (Yaffe and Saxel, 1977). A sub-clone of these myoblasts was 

chosen because of its capacity to grow rapidly and express distinctive muscle proteins 

(Blau et al., 1985). In addition, C2C12 is established as a good model for investigating 

cellular metabolic conditions such as insulin resistance and oxidative stress (Wong et al., 

2020). 

 2.1.1.1.  Proliferation 

C2C12 cells were grown in 75 cm2 tissue culture flasks (Corning, Surrey, UK) in growth 

media (GM) - Dulbecco's modified Eagle's medium (DMEM) (GibcoTM, UK) 

supplemented with 10% (v/v) foetal calf serum (FCS), 1% (v/v) penicillin/streptomycin 

(P/S), 2 mM L-glutamine, and 4.5 g/L glucose at 37°C under a 5% CO2 atmosphere. 

Cells were grown with a low passage number (<22) to avoid any changes in the 

myoblast/myotubes functions and morphology (Pronsato et al., 2013). 

At 60-70 % confluence, cells were split by removing the media and washing with sterile 

phosphate-buffered saline (PBS). To detach the cells, 3 ml of TrypLETM Express trypsin 
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enzyme (GibcoTM, UK) was added to the flask and incubated at 37°C. After 5-7 min 

incubation, 7 ml of fresh DMEM was added and transferred to a 10 ml falcon tube and 

centrifuged at 1300 rpm for 5 min. The pellet was resuspended with 10 ml of media and 

reseeded into new flasks. To prepare well plates for experiments, cells were counted using 

a hemocytometer and seeded at the desired density into 6 or 12-well plates (Corning, 

Surrey, UK), and the media were replaced every 48 hours with fresh proliferation media.   

   2.1.1.2.  Differentiation 

To initiate myotube formation, proliferation media were replaced with DMEM 

supplemented with 5% (v/v) horse serum (HS), and 1% (v/v) penicillin/streptomycin (P/S). 

Once myoblasts reached 60-70% confluence, media were replaced every other day until 

myotubes had fused and formed multinucleated myotubes (6-8 days) (Figure 2.1).   
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Figure 2.1 Mouse skeletal muscle myotubes cell line (C2C12). 

Cells were cultured for 6-8 days in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 5% (v/v) horse serum (HS), and 1% (v/v) penicillin/streptomycin (P/S). 

Cells were treated when they started to form multinucleated myotubes. 

2.1.1.2. Freezing down 

Freezing down C2C12 cells allowed for long-term storage and kept the cells at low 

passage numbers for further use. At 60-70% confluence, cells were trypsinized and 

resuspended in 9 ml of proliferation media supplemented with 10% FCS, and 1% P/S and 

then centrifuged at 1300 rpm for 5min. The cell pellet was resuspended in 3 mL of FCS 

supplemented with 10% DMSO. The cells were aliquoted into 1 ml cryotubes (Nalgene, 

Hereford, UK), pre-cooled overnight in a Mr. FrostyTM freezing container (Sigma, UK), and 

transferred to liquid nitrogen at -180°C for long-term storage. 
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To start a new culture of C2C12, the cryopreserved cells were thawed in a water bath at 

37°C and transferred to a new 10ml falcon tube with 10 ml DMEM. Cells were centrifuged 

and the pellet was resuspended and transferred to new T75 flasks.  

2.1.2.   Primary mouse myotubes 

A primary mouse myoblast culture represents a better reflection of muscle cell 

characteristics than C2C12 cells. Primary cells were collected from the gastrocnemius 

muscle of mice (C57/B6N) and washed with DMEM for 1 hour supplemented with 1% 

P/S. To stimulate the proliferation of satellite cells, media containing 0.5% chicken embryo 

extract (CEE), 10% HS, and 1% P/S was added to the plate and left in the incubator for 

24 hours. Medium was replaced with differentiation DMEM medium supplemented with 

10% HS, 0.5% CEE, and 1% P/S. At this stage, the medium was replaced every 48 hours 

until the cells differentiated to form myotubes (approximately 7 days) (Figure 2.2). 
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Figure 2.2 Mouse primary skeletal muscle cells.  

Cells were extracted from the gastrocnemius muscle of mice (C57/B6N) and cultured in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 2% (v/v) HS, 0.5% (v/v) 

chicken embryo extract (CEE), and 1% (v/v) P/S for 7 days to differentiate and form 

multinucleated myotubes.  
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2.1.3. Human dermal fibroblasts 

Human dermal fibroblasts, a neonatal (HDFn) primary cell culture isolated from the 

neonatal foreskin, was purchased from Thermo Fisher, NY, USA. The fibroblasts were 

cultured between passage number two and eight in DMEM high glucose media 

supplemented with 2 mmol/l L-glutamine, 10% (v/v) FBS, 1% (v/v) P/S at 37°C under a 

5% CO2 atmosphere.  

Upon arrival, cells were recovered from the cryopreserved vial in a 75-cm2 flask at a 

density of 5 × 105 cells. At 60-70 % confluence, cells were trypsinized as described above 

and incubated at room temperature for 5 min. Cells were seeded into 6 or 12-well plates 

at a density of 2.5 × 103 cells/cm2 according to manufacturer’s instructions (Thermo 

Fisher, USA) (Figure 2.3). 

 

Figure 2.3. Neonatal human dermal fibroblasts (HDFn). 

Cells were cultured for 3-5 days in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% (v/v) FBS, and 1% (v/v) P/S. 

HepG2C2C12 HDFn



 62 

2.1.4.   HepG2 

HepG2 (Thermo Fisher, NY, USA) is a human hepatocellular carcinoma cell line isolated 

from a 15-year-old white male with liver cancer. Cells were cultured in Eagle's Minimum 

Essential Medium (EMEM) supplemented with 10% (v/v) FBS, and 1% (v/v) P/S between 

passage number 10 and 22. At 60-80% confluence, cells were trypsinized as described 

above and incubated at 37°C under a 5% CO2 atmosphere. A day before the experiment, 

cells were seeded at a density of 2.2 × 105 cells in 2 ml of growth media per well of a 6- 

well plate (Figure 2.4). 

 

 

 

Figure 2.4. Human hepatocellular carcinoma cell line (HepG2).  

Cells were cultured for 48 hours in Eagle's Minimum Essential Medium (EMEM) 

supplemented with 10% (v/v) FBS, and 1% (v/v) P/S.  

 

 

HepG2C2C12 HDFn
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 2.1.5. HEK293 

HEK293 (Thermo Fisher, NY, USA) is a human kidney cell line isolated from the kidney 

of a human embryo. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% (v/v) FBS, and 1% (v/v) P/S between passage number 8 and 12. 

At 60-80% confluence, cells were trypsinized as described above and incubated at 37°C 

under a 5% CO2 atmosphere. A day before the experiment, cells were seeded at a density 

of 2.2 × 105 cells in 2 ml of growth media per a single well of a 6-well plate (Figure 2.5). 

The list of all cell types used is shown in Table 2.1. 

 

 

 

Figure 2.5. Human kidney cell line (HEK293).  
 
Cells were cultured for 2-4 days in Dulbecco's modified Eagle's medium (DMEM) supplemented 

with 10% (v/v) FBS, and 1% (v/v) P/S. 

 
 



 64 

Table 2.1. Cell types used to study 11β-HSD1 enzyme activity showing the cell source, 

seeding density, media used, type of well plate, passage number, and the incubation time 

of inactive cortisol.  

 

 
 

 

Cell type 

 

Source 

 

Seeding 

density 

 

Culture media 

 

Culture 

Plates 

 

Passage 

number 

 

Time of 

incubation 

 

 

C2C12 

 

 

Mouse 

myoblast 

  

  

1 x 105 

 

Proliferation media: 

DMEM high glucose + 10% fetal 

bovine serum + P/S. 

 

Differentiation media: 

DMEM high glucose + 10% horse 

serum + P/S 

 

12 well 

Plate 

 

16-20 

 

20 minutes 

 

U2OS 

 

Human 

Osteosarcom

a cell line 

 

1 x 105 

 

DMEM high glucose +10% FBS 

+ P/S. 

  

 

12 well 

Plate 

 

8-14 

 

3,5,7 hours 

 

HEK293 

 

Human 

embryonic 

kidney 

  

1 x 105 

 

Minimum Essential Media 

(MEM) with Earl’s salts + 10% 

FBS + P/S + glutamine 

 

12 well 

Plate 

 

7-12 

 

3,5,7 hours 

 

HepG2 

 

Hepatocellul

ar carcinoma 

cell line  

  

5 x 104 

 

Minimum Essential Media 

(MEM) with Earl’s salts + 10% 

FBS + P/S + glutamine 

 

 

12 well 

Plate 

 

14-20 

 

14,24 hours 

 

HDFn 

 

Human 

dermal 

fibroblast 

  

1 x 105 

 

DMEM high glucose +10% FBS 

+ P/S. 

  

 

6 well 

Plate 

 

2-8 

 

12 hours 
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2.2. Modulation of NAD with FK866 and NR 

Twenty-four hours after plating (HepG2, HEK293, and HDFn) cells and after 6-7 days of 

C2C12 myotubes differentiation, cells were left as a control (PBS only) or treated with 

FK866 (Nampt inhibitor; Sigma-Aldrich, UK) at concentrations of 100 nM for 48 hours. 

This concentration was adequate to deplete NAD+ as indicated by the dose-response 

curve published by (Tan et al., 2015). NR (Chromadex, US) was prepared by adding 28mg 

of NR powder to 1 ml of H2O (dd) and sterile-filtered. 5 ul of NR was added to the cell for 

a final concentration of 0.5 mM. This concentration was proven to elevate NAD+ levels in 

the cells (Cantó et al., 2012). Dr. Rachel Fletcher in our group showed that the viability of 

C2C12 myotubes was intact in response to treatment with FK866 (100 nM; 24 hours) and 

NR (0.5 mM; 24 hours) (Fletcher, 2017). 

2.3. NAD+/NADH assay 

NAD+/NADH concentrations were determined using a colorimetric NAD+/NADH 

quantification kit (Bio Vision, California, USA). The assay works on the principle of a 

cycling enzyme that catalyses the conversion of NAD+ to NADH before measuring NADH 

levels. After adding the NADH developer reagent, sample colour intensity is directly 

proportional to the total NADH available (Figure 2.6). To determine total NAD+/NADH 

levels, a cycling enzyme was added to unmodified samples. In contrast, NADH levels are 

determined by heating the samples to 60 °C for 30 minutes before cycling, to destroy all 

NAD+, while NADH remains intact. NAD+ levels are subsequently measured by 

subtracting the NADH value from the total NAD+/NADH value.  
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Figure 2.6. Example of standard NADH curve for NAD+/NADH quantification.  

In 6 well culture plates, cells were washed with PBS, then 400 μl of NAD+/NADH 

extraction buffer was added and the cells were scraped and transferred to a new 

microcentrifuge tube. Samples were freeze-thawed twice on dry ice to confirm lysis before 

being vortexed for 5 seconds and centrifuged at 13, 000 rpm for 5 minutes at 4 °C. The 

supernatant was then transferred to a new microcentrifuge tube and used to measure the 

total NAD, and 200 μl was used to measure NADH concentration. To decompose the NAD 

within the sample, the NADH samples were heated for 30 minutes at 60 °C. 50 μl of total 

NAD and NADH for each sample in duplicate was loaded onto a clear bottomed 96 well 

plate, along with a known concentration of NADH standards from which the standard curve 

was calculated. 

The NAD+ cycling enzyme was reconstituted and 98 μl cycling buffer and 2 μl enzyme 

were loaded per sample. Before the addition of 10 μl NADH developer per well, the plate 

was incubated at room temperature for 10 minutes to allow NAD+ fully cycle to NADH.  
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Data was calculated according to the slope of the NADH standard curve from the known 

standard samples. The concentrations of the unknown samples were indicated from the 

standard curve using their absorbance. The value for NAD+ was measured by subtracting 

NADH measurement from the total NAD(H) concentration and then the NAD+/NADH ratio 

was calculated. The visualization of the colored probe was read at 450 nm using Victor3 

1420 multi-label counter (PerkinElmer, UK). (Figure 2.7). illustrates the measurement of 

NAD+/NADH using the colorimetric quantification kit. All data were normalized to the 

protein concentration calculated using a Bio-Rad protein assay (as described in section 

2.5). 
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Figure 2.7. NAD+ quantification assay.  

NAD and NADH were quantified using the NAD+ cycling assay kit through the colorimetric 

detection of the conversion of NAD+ to NADH. The visualization of the colored probe was 

read at 450 nm.  

2.4. Cell viability assay (AlamarBlue) The AlamarBlue cell viability assay utilizes 

resazurin as a cell-permeable, blue dye indicator of cell viability. It was described by 

(O'Brien et al., 2000) as an alternative to the MTT viability assay (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-tetrazolium bromide) as it is a non-toxic reagent. The AlamarBlue assay 

provides a quantitative measurement of cell viability. In contrast, cells are metabolically 

active, and the cytotoxic effects of reagents used for cell treatment and cell transfection 

with plasmid DNA can be assessed. AlamarBlue were added to cells seeded 4 h on a 96 

NAD cycling substrate NAD cycling product

NAD+ NADH

Colorimetric Probe450 nm
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well plate and incubated for 1-4 h in the appropriate condition (37 °C, 5 % CO2). The 

number of living cells indicates the intensity of the pink fluorescence produced by the 

viable cells measured at Ex 530-560- Em 590 as shown in Figure 2.8. 

 

Figure 2.8. Cell viability assay (AlamarBlue).  

Viable cells can reduce the low fluorescence resazurin to higher intensity pink 

fluorescence measured at Ex 530-560- Em 590 by Victor3 1420 multi-label counter 

(PerkinElmer, UK). 

2.5. Protein extraction and determination 

Quantification of protein concentration was calculated using the DCTM protein assay kit 

(BioRAD, UK). For 6 well plates, cells were washed with cold PBS and 60 μl of RIPA buffer 

(1 mM EDTA, 150 mM NaCl, 0.25% SDS, 1% NP40, 50 mM Tris pH 7.4) was added to 

each well and the cells were scraped using a cell scraper. The cell lysate was then 

transferred into fresh microcentrifuge tubes and centrifuged at 14, 000g for 15 minutes at 
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4°C. The soluble protein supernatant was transferred to new microcentrifuge tubes and 

stored at -80°C for further protein analysis. 

Protein concentration was assessed according to the manufacturer protocol (BioRad, UK) 

in a 96-well plate. Bovine serum albumin (BSA) was used as a standard (0-2 mg/ml of 

protein) in the same buffer used for the protein extraction. 25 ml of solution A (alkaline 

copper tartrate) (with 20 µl of solution S per ml of solution A) was added followed by 200 

µl of solution B (Folin reagent). After the solutions and the samples were added, the plate 

was incubated at room temperature for 30 minutes and the absorbance read at 562 nm 

on a Victor3 1420 multi-label counter (PerkinElmer, UK). Subsequently, the protein 

concentration was calculated from the slope of the standard curve.  

2.6.   Western blotting 

To start making the gel for western blotting, 7.5% acrylamide was prepared using an SDS-

PAGE kit (BioRad, UK) using precision plus protein as a standard (BioRad, UK) Tables 

2.2 A, B. Protein samples were made up to 60 ug and mixed with the appropriate volume 

of 4x Laemmli buffer and denatured by heating at 90°C for 5 minutes. Samples were 

loaded in the gel and ran at 100 V for 60 minutes and then transferred onto nitrocellulose 

membranes using the iBlot (Invitrogen, UK) for 7 minutes. In the wet transfer technique, 

the membranes were placed in the tank with transferring buffer and run at 140 mA for 90 

minutes. To check for the efficiency of protein transfer, membranes were incubated with 

Ponceau staining solution and gently agitated for 2 minutes, and then washed with water 

to visualize the protein bands. The membranes were then blocked in 10 mL of blocking 

buffer containing 1 g BSA in 20 ml of TBST and gently agitated at room temperature for 1 
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hour. Then, membranes were rinsed 3 times with washing buffer for 10 min and incubated 

overnight in the primary antibody at 4°C. On the following day, membranes were washed 

3 times for 10 minutes and incubated with the secondary antibody for 2 hours at room 

temperature, followed by washing 3 times for 10 minutes. The list of primary and 

secondary antibodies used are shown in Tables 2.3 A, B. To detect antigen-antibody 

complexes, enhanced chemiluminescence reagent (Immobilon® Western, USA) was 

used with a ratio of 50:50 of substance A (luminol reagent) and substance B (peroxide 

solution) and agitated for 1 minute. Finally, images were taken using a ChemiDoc MP 

imager (Bio-Rad, UK) and the exposure time was automated by the machine. 

 

Table 2.2. Concentrations of the reagents used to prepare separation and stacking 

gels.  

Separation Gel: A 

Reagent concentration 

Final acrylamide % 7.5% 

H2O (mL) 4.9 

4X Tris-SDS pH 8.8 (mL)  2.5 

30% Acrylamide 

solution (mL) (fridge) 2.5 

10% APS (μL)  100 

TEMED (μL) (lab) 10-16 
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Stacking gel: B 

Reagent concentration 

Final acrylamide % 5% 

H2O (mL) 4.67 

4X Tris-SDS pH 6.8 (mL) 2 

30% Acrylamide 

solution (mL) 

1.33 

10% APS (μL) 65 

TEMED (μL) 12 

 

Table 2.3 List of primary and secondary antibody used to detect protein expression. 

A: Primary antibodies.  

NAME Primary antibody Dilution supplier 

Myc Rabbit monoclonal antibody 1:4000 
Santa Cruz Biotech, 

(USA) 

PAR Anti-PAR antibody Clone 10H 1;5000 Sigma Aldrich, (USA). 

Tubulin mouse monoclonal antibody 1:1000 
Santa Cruz Biotech, 

(USA) 
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B: Secondary antibodies. 

 

2.7.   Bacterial transformation 

Competent E.coli DH5α (Invitrogen, UK) were thawed on ice for 20 mins to maintain the 

cell membrane permeability for efficient plasmid uptake. 50 ul of competent E.coli were 

mixed with 5 µl of plasmid DNA in a microcentrifuge tube and mixed gently by flicking the 

tube then incubated on ice for 20 minutes. The mix was then placed at 42 ̊ C for 45 

seconds (heat shock) to allow DNA entry through the cell membrane and then placed back 

on the ice for 2 minutes. The mixture was then spread on a 10 cm LB agar plate containing 

Ampicillin using a sterile inoculation loop and incubated at 37 ̊ overnight. After 24-48h 

incubation, a single colony was picked using a sterile pipette tip and dropped in a 5 ml 

falcon tube with LB media+Ampicillin and incubated at 37 ̊ C for 8 hours in a shaking 

incubator at 200-250 rpm. After incubation, bacterial growth was confirmed by checking 

the cloudy haze appearance of the media, and 5 ml of culture media was added to 50 ml 

of LB media in a sterile conical flask and incubated at 37 ̊ C in a shaking incubator at 200-

250 rpm overnight. The reagents used to make LB medium is listed in Table 2.4. 

 

 

Secondary Antibody Dilution Supplier 

Anti-Rabbit HRP 1:10000 Dako (Denmark) 

Anti-mouse HRP 1:10000 Dako (Denmark) 

https://www.thermofisher.com/uk/en/home/life-science/cloning/competent-cells-for-transformation/competent-cells-strains/dh5a-competent-cells.html
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Table 2.4. Concentrations of the reagents used to prepare LB medium. 

 

 

 

 

 

 

2.8. RNA extraction 

TRIzol reagent (Sigma- Aldrich, UK) was used for RNA extraction because it effectively 

denatures proteins while maintaining RNA integrity. Cells were washed with PBS on ice 

after removing all culture media. In 6 well plates, 500 ul of TRIzol reagent was added per 

well, and cells were incubated for 5 minutes at room temperature (RT). The cell lysates 

were then scraped and transferred into a fresh microcentrifuge tube and 100ml of 

chloroform was added and shaken for 15 seconds at RT, following which they were 

incubated at RT for 15 minutes. The tubes were then centrifuged at 4oC at 12,000g for 10 

minutes. The aqueous phase containing the nucleic acid was then transferred to a new 

microcentrifuge tube for precipitation. 250ul of isopropanol per ml of TRIzol was added 

and tubes were mixed by inverting 3-5 times and placed at -20oC 1-2 hours. After spinning 

the tubes at 12,000g at 4oC for 10 minutes, the supernatant was removed carefully not to 

disturb the pellet. 500 µl of 75 % ethanol/ml of TRIzol reagent was added to wash the 

pellet and centrifuged at 12,000g at 4oC for 5 minutes. The ethanol supernatant was 

Reagent concentration 

NaCL 4 g 

Tryptone 4 g 

Yeast extract) 2 g 

ddH2O 400 ml 
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removed and the RNA pellet was left to dry for 10 minutes and then re-suspended in 30 

ul of Nuclease-free water and put on a heating block at 55oC to allow the pellet to dissolve.  

 2.9. RNA quantification 

The RNA was measured using NanoDrop Spectrophotometer (ThermoFisher Scientific, 

UK). To start the quantification, 1 µl of nuclease-free water (NFW) was added to the 

Nanodrop arm and then 1 µl of samples was measured and the arm was cleaned in 

between the samples. The absorbance of 1.5 μl of RNA at 260nm and 280nm was 

considered a good RNA quality for use. RNA was diluted to give a final concentration of 1 

µg in 10 µl of NFW. 

2.10. Reverse transcription (RT) and polymerase chain reaction (PCR)  

To produce a complementary strand of DNA (cDNA), the RNA undergoes RT and PCR 

using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). To 

generate a 2x RT master mix the following reagents were mixed in a microcentrifuge 

tube per sample Table 2.5. 
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Table 2.5. Reagents and concentration used for reverse transcription reaction.  

 

Reagent Volume per sample 

RT Buffer 2 μl 

10X Random Primer 2 μl 

Multiscribe Reverse 

Transcriptase 
1 μl 

dNTP mix 0.8 μl 

Nuclease-free H2O 2.3 μl 

 

10μl of 2x RT master mix was added to 1 µg of RNA in 10 µl of NFW giving a final 

volume of 20μl. The 20μl samples were loaded onto a PCR thermal cycler (Applied 

Biosystems, UK), and the program ran as follows:  25 ºC for 10 mins, 37 ºC for 120 

mins, 85 ºC for 5 mins. Samples were then stored in a -80 ºC freezer. 

 

 2.11. Real-Time PCR  

All reactions were run in duplicate in 384 well plates by adding: 5 µL of 2x Master Mix, 

100 ng of cDNA, 0.5µL of either gene of interest or housekeeping gene (GAPDH), and 
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NFW to a final volume of 10 µL per well. Plates were sealed with Oxygen Ultra Clear 

Sealing Film (Corning, UK) and finally run on a 7500 real-time PCR system (Life 

Technologies, UK). The final data was expressed as Ct values and utilized to calculate 

∆Ct values (Ct of the gene of interest – Ct of housekeeping gene). All the ΔCt values were 

converted to arbitrary units by this equation (AU = 1000x2-ΔCt).  

2.12. Gel electrophoresis. 

The quality of the RNA was assessed by gel electrophoresis on a 1% agarose gel with 

GelRed Nucleic acid Gel Stain. The gel was visualised under a UV light in a G:Box gel 

documentation system (Syngene, UK). RNA separates in the gel according to its 

molecular mass and the resultant bands were visualised under UV light. 

2.13. 11β-Hydroxysteroid dehydrogenase 1 (11β-HSD1) activity 

11β-HSD1 activity was measured using thin layer chromatography (TLC). This technique 

is based on a separation principle to isolate nonvolatile mixtures on a sheet of aluminum 

foil coated with a thin layer of adsorbent material. The separation depends on the affinity 

of compounds that move in the mobile phase to the surface of the stationary phase. At 

the end of separation, the individual compounds show as a spot on the TLC plate at 

variable locations.   
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Figure 2.9. Steps of thin layer chromatography.  

The TLC plate was placed in a glass beaker with the solvent (chloroform 92% and ethanol 

8%) to separate the compounds based on their relative affinity in a mobile phase.   

 

At the desired confluence, cells were washed once with PBS and a mix of 1 ml of serum-

free media + 2 ul (100 nM) 20000 cpm/reaction of radioactive cortisone (or 3H -11DHC in 

rodents cell line) + 1 ul of non-radiolabeled cortisone/11DHC (GE Healthcare, BUCKS, 

UK) was added to each well of 6 well plates. The plates were incubated at 37ºC under a 

5% CO2 atmosphere for different times depending on each cell enzyme activity (Figure 

2.9). At the end of the incubation time, the mix's media was transferred to the 

corresponding glass tubes, and the plates were stored at -20 0C for further protein 

analysis. To extract steroids from the samples, 5ml of dichloromethane was added to each 

glass tube and rocked gently on a rocking machine for at least 5 minutes. Then, the tubes 

were centrifuged at room temperature at 1000 g for 15 minutes to separate the aqueous 

phase from the organic phase. The top layer (aqueous layer) and the protein layer were 
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aspirated using suction in the fume hood. Tubes with the bottom layer (organic)  were 

placed under the air-blowing concentrator (Techne, New Jersey, US) set at  55ºC for 1 

hour to allow the evaporation of dichloromethane. The precipitated steroids were re-

suspended by adding 70ul of dichloromethane and vortexed for 15 seconds to get all 

steroids in the glass tube. Silica-coated thin layer chromatography (TLC) plates 

(Thermofisher, UK) were labelled by a pencil as follows; 1.5 cm apart horizontally and 5 

cm from the bottoms. Using a glass Pasteur pipette, each steroid sample was spotted 

onto a corresponding spot of silica plate. In each spot, was added 1ul of cold E (cortisone)  

and F (cortisol) (in case of human cell lines; HepG2, HDFn, HEK293, and U2OS) or cold 

A (11-DHC) and B (corticosterone) (in rodent cells; C2C12) to determine the positions of 

non-radioactive steroids under UV light. Silica plates were then placed in the TLC tank 

prepared with 200ml of chloroform and absolute ethanol (92:8) as a mobile phase for 1.5 

hours to separate steroids. Radioactivity of the corresponding compound was measured 

using Bioscan 200, imaging scanner (Lap Logic, Sheffield, UK) to scan the plates at a 

reading of 45 minutes per spot. The activity of 11 β-HSD1 was assessed by measuring 

the conversion percentage of E to F (or A to B in rodents cell lines) using individual peak 

counts (Figure 2.10). 11β-HSD 1 activity was expressed as follows:  

 

(B) area count / (A+B) area counts *100 per mg of protein per hour (pmol/mg/h) or 

(E) area count /(E+F) area count *100 per mg of protein per hour (pmol/mg/h).  
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Figure 2.10. Illustrative Bioscan traces of 11β-HSD1 oxo-reductase activity in (A) 
mouse cell line (C2C12) and (B) human cell lines (HepG2, Dermal fibroblasts, and 
HEK293).  

 

2.13.1. Production of 3H-11DHC.  

Tritiated 11-dehydrocorticosterone (3H-11DHC) is not commercially available unlike 

tritiated corticosterone (3H-corticosterone), therefore, tritiated corticosterone [3H-

corticosterone (GE Healthcare, UK) was utilized to generate 3H-11DHC in a conversion 

reaction of 11β-HSD2 dehydrogenase activity using mouse placenta. In a glass tube, 20μl 

of 3H-corticosterone (1mCi/mL) was incubated with 250 μg of homogenized mouse 

placenta in 500μl of 0.1M phosphate buffer (pH7.4), with 500 μM NAD+. The conversion 

was measured after overnight incubation in a water bath at 37°C. To extract steroids 5mL 

of dichloromethane was added and vortexed in the tubes for 10 seconds. Organic and 

aqueous phases were separated by centrifugation for 10 minutes at 1000 g. The aqueous 

phase was aspirated off with a Pasteur pipette and the organic phase containing the 

steroids was evaporated at 55°C using an air-blowing sample concentrator (Techne, New 

Jersey, US). Steroids were resuspended by adding 10 μl of dichloromethane and spotted 
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onto a single point of a silica-coated thin layer chromatography plate (Thermo Fisher, UK) 

using a Pasteur pipette. To avoid contamination, 11-dehydrocorticosterone and unlabeled 

standards of corticosterone were spotted on the silica plate 5cm from the spotted labelled 

steroids. Steroids were then separated by thin layer chromatography using 200mL of 

chloroform: ethanol (ratio of 92:8) as the mobile phase for 1.5 hours.  

To establish the position of 3H-11DHC, the silica plates were read using a Bioscan 200 

Imaging Scanner (Lab Logic, UK). The silica at the corresponding position to 3H-11DHC 

was pencil marked and then scraped into a glass test tube and eluted in 1000mL of 

ethanol overnight at 4°C. The eluted 3H-11DHC and silica were separated by 

centrifugation at 1000 g for 5 minutes. Radioactivity of 3H-11DHC was determined by 

spotting 2μl of stock by thin layer chromatography and the number of counts was 

determined using the Bioscan 200 Imaging Scanner. The stock was then diluted in ethanol 

to give ~1000 counts/μl. 

2.14. Transfection of HepG2 and C2C12 

Cells were seeded in 6 well plates at the optimum density (between 1.1 to 2.2 *105 cells 

per well as specified in chapter 4) and incubated at 37°C under 5% CO2. After 24 hours, 

cells were transfected using lipofectamine (Lipofectamine ® 3000, Invitrogen, UK) as 

follows Table 2.6:  
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Table 2.6. Lipofectamine protocol for cell transfection in 6 well plates.  

 

 

 

 

 

 

 

 

After 48 hours, transfection was confirmed by visualization of GFP expression by 

fluorescence microscopy. Cells were then harvested for western blotting, gene 

expression, and protein determination. For 11β-HSD1 activity, the media was changed 36 

hours after transfection with media containing (H3-11DHC in C2C12), or (H3-cortisone in 

HepG2), and the enzyme activity was measured 48 hours after transfection as described 

in section 2.12. 

The plasmids used for transfection were kindly given by Dr Oyvind Stromland. Cells were 

transfected with constructs targeting ER (ER-PARP1cd and ER-EGFP) Figures (2.11 and 

2.12) or mitochondria (Mito-PARP1cd and Mito-EGFP) Figures (2.13 and 2.14). The 

EGFP plasmids were used as controls in our experiments, as they contain everything in 

the PARP plasmid except the PARP1 catalytic domain. 

Reagent Volume 

Opti-MEM™ I medium  250 µL 

Lipofectamine 3.25 µL 

P3000™ reagent 0.5 µL 

DNA amount concentration 

should be (0.5–5 µg/µL)  

250 ng 
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Figure 2.11. Graphic illustration of ER-PARP plasmid map displaying the 

restriction enzyme sites and the main components of the sequence.   
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Figure 2.12 Graphic illustration of ER-EGFP plasmid map displaying the restriction 

enzyme sites and the main components of the sequence.   
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Figure 2.13. Graphic illustration of Mito-EGFP plasmid map displaying the 

restriction enzyme sites and the main components of the sequence.   
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Figure 2.14. Graphic illustration of Mito-PARP plasmid map displaying the 

restriction enzyme sites and the main components of the sequence.   

 

 

 

 

 

 

 

 

 



 87 

2.15. Statistical analysis. 

All statistical analyses have been carried out using the GraphPadTM Prism version 9 software. 

Ordinary one-way ANOVA analysis has been conducted with the assumption of equal stadnard 

deviations and Dunnett’s multiple comparison test was used. Differences were considered 

statistically significant, when p<0.05. Statistical significance was shown by * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001, when comparing to the control group and by # p<0.05, ## p<0.01, ### 

p<0.001, #### p<0.0001, when comparing to an FK866-treated experimental group. Experiments 

were repeated at least 3 times, number of independent experiments is stated in the respective 

figure legend. 
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3.1 Introduction 

Skeletal muscle is the largest organ in the human body; it accounts for approximately 50% 

of the total body mass. Its main functions in the body are mechanical movement and 

shaping of the body. In metabolism, the skeletal muscle is the primary site of carbohydrate 

and fatty acid metabolism and serves as a reservoir of amino acids (Wolfe, 2006). Skeletal 

muscle has a high plasticity, which can adapt to changes in structural and metabolic stress 

conditions (i.e., exercise, hypoxia, and nutrition) (Smith and Muscat, 2005).  

Sarcopenia is the most common pathological condition associated with skeletal muscle 

NAD+ homeostasis, energy metabolism, and aging. It is characterized by a progressive 

loss of skeletal muscle mass and mechanical functions that can impair daily life activity. 

In addition, sarcopenia increases the risk of metabolic conditions such as osteoporosis, 

type 2 diabetes mellitus, and the metabolic syndrome (Kim and Choi, 2013). The 

phenotype of sarcopenia is associated with excess GC levels in patients with Cushing 

syndrome (Morgan et al., 2014). Furthermore, the rate of protein synthesis in a C2C12 

skeletal muscle model is reduced due to dexamethasone treatment (Wang et al., 2016). 

These findings suggest the importance of GCs regulation in skeletal muscle and the risk 

of protein degradation and muscle wasting.  

The liver is a vital organ that is central to many physiological body functions. Therefore, it 

represents an ideal model for investigating the biochemical and physiological NAD(H) and 

NADP(H) metabolism (Kendrick et al., 2011). The liver undergoes enormous metabolic 

modifications during feeding and fasting. It is the main organ responsible for detoxifying 

chemicals and regulating the body's metabolic activity, such as gluconeogenesis, 
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synthesis of amino acids, and lipoprotein synthesis. Most metabolic actions are linked to 

NAD(H) or NADP(H). For example, β-hydroxybutyrate dehydrogenase uses NAD(H) to 

convert ketone bodies during fasting, while postprandial NADPH is used as a cofactor for 

lipid and cholesterol synthesis (Kersten, 1999). The metabolism of alcohol occurs mainly 

within the liver and produces NADH within the mitochondria and cytosol (Isselbacher and 

Greenberger, 1964). 

Glucocorticoids have many actions that increase lipid accumulation in the liver and 

interfere with tissue repair contributing to the pathogenesis of fibrosis (Fede et al., 2012). 

In addition, a previous study in mice on a high-fat diet showed that 11 β-HSD1 deficiency 

protects from liver steatosis and increases the risk of dyslipidemia in transgenic 11 β-

HSD1 overexpressing mice (Morton et al., 2001, Paterson et al., 2004). Therefore, it is 

important to understand the mechanism that controls ER redox homeostasis and 11 β-

HSD1 enzyme activity in metabolically active tissues such as muscle and liver.  

The aim of my first results chapter is to study ER-cytosol NAD/NAD precursor cross talk. 

Firstly, I will investigate the capacity of FK866 and NR to modulate the level of NAD and 

NADH in the cytosol. Secondly, I will examine the impact of NAD(H) manipulation on the 

oxo-reductase activity of 11β-HSD1 enzyme as a biosensor of ER NAD(P)(H) availability. 

Thirdly, I will examine the effect of NAD+ manipulation on the 11β-HSD1 dehydrogenase 

activity in a H6PDH knock out cell model. Finally, we aim to examine the generalizability 

of 11β-HSD1 modulation by FK866 and NR in multiple cell types (mouse myotubes cell 

line C2C12, primary mouse myotubes, human hepatocellular carcinoma cell line HepG2, 

human dermal fibroblasts HDFn, and human kidney cell line HEK293).  
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3.2. Results 

3.2.1. NAD+ /NADH manipulation by FK866 and NR in C2C12 mouse myotubes. 

To examine ER-cytosol NAD+ cross-talk in C2C12 myotubes, we examined NAD+ 

manipulation by NAMPT inhibitor (FK866) and NAD+ precursor (NR). As we expected, the 

availability of NAD+ increased after administration of NR (0.5mM; 48h), while FK866 

(100nM; 48h) markedly depleted NAD+. Administration of FK866 co-treated with NR 

rescued NAD+, as shown in (Figure 3.1 (A)). Similar results were also shown for NADH, 

suggesting that NR can bypass the effects of NAMPT inhibition by FK866 (Figure 3.1 

(B)).  
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Figure 3.1. NAD+ manipulation with FK866 and NR in differentiated C2C12 
myotubes.  

The availability of A. NAD+ and B. NADH expressed as fold change. Control (no 

treatment), FK866 (100nM; 48h), NR (0.5mM; 48h), FK866+NR (48h). Results of N=3 

independent experiments are shown as fold change, for which values were referred to 

controls (set =1). Statistically significant differences were designated by * (p<0.05), *** 

(p<0.001), when compared to control and # (p<0.05), ## (p<0.01), when compared to 

FK866-treated cells. 
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3.2.2. The effect of NAD+/NADH manipulation on 11β-HSD1 enzyme activity in 

C2C12 myotubes. 

We then examined our hypothesis that manipulating NAD+ availability in the cytosol could 

affect ER NAD+ and, therefore, the NADPH-dependent enzyme 11β-HSD1. After 24 hours 

of FK866 and NR treatment, no change was seen in 11β-HSD1 enzyme activity; however, 

more prolonged exposure of C2C12 myotubes to FK866 depleted the enzyme activity, 

which was rescued when co-administrated with NR for 48 hours. Interestingly, 24 hours 

of NR treatment did not affect 11β-HSD1 activity compared to the control (Figure 3.2). 

 

Figure 3.2. 11β-HSD1 activity in C2C12 myotubes in response to nucleotides 

manipulation by FK866 and NR. A. 11β-HSD1 activity after 24 hours of treatment with 

NR (0.5mM) and FK866 (100nM)  B. 11β-HSD1 activity after 48 hours of treatment with 

NR (0.5mM) and FK866 (100nM). Results of N=3 independent experiments are shown as 

fold change, for which values were referred to controls (set =1). Statistically significant 

differences compared to control were designated by **** (p<0.0001). 
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3.2.3. Time course of 11β-HSD1 oxo-reductase activity in response to NAD+  

manipulation by FK866 and NR in C2C12 myotubes.  

Our previous results showed that NR treatment requires more than 24 hours to replete 

NAD+ and restore 11β-HSD1 activity. Therefore, we examined the time point effect of NR 

treatment on 11β-HSD1 activity to identify the required time to impact enzyme activity. 

Results indicate that NR can rescue 11β-HSD1 even at a short time of treatment (30 min). 

Additionally, enzyme activity correlated with NAD+ rescue time by NR treatment and 

restored the total enzyme activity after 24 hours (Figure 3.3). 
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Figure 3.3. Time course of 11β-HSD1 oxo-reductase activity in response to NAD+ 

manipulation by FK866 and NR in C2C12 myotubes. 

A. NAD+ level and B. NADH level expressed as fold change. C. The activity of 11β-HSD1 

expressed as the percentage of H3 11Dihydro-corticosterone to H3 corticosterone conversion. 

Control (no treatment), FK866 at (100nM; 48 hours), NR (0.5 mM; 10min, 30min, 1h, 3h, 6h, 24 

h). Results of N=3 independent experiments are shown as fold change, for which values 

were referred to controls (set =1). Statistically significant differences compared to control 

were designated by **** (p<0.0001). Statistically significant differences compared to 

FK866-treated cells were designated by ## (p<0.01), ### (p<0.001), #### (p<0.0001). 
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3.2.4. 11β-HSD1 oxo-reductase activity in WT mouse myotubes in response to 

FK866 and NR. 

We then examined the same hypothesis in primary wild-type mouse myotubes. 11β-HSD1 

activity was significantly decreased after 48 hours of FK866 treatment and rescued by NR 

co-administrated for 48 hours, as seen in C2C12. The enzyme activity corresponded with 

NR rescue at 30 min, 6 hours, and 24 hours (Figure 3.4).  

 

Figure 3.4. The effect of NAD+ manipulation by FK866 and NR on 11β-HSD oxo-

reductase activity in WT mouse myotubes. 

A. The activity of 11β-HSD1 expressed as fold change of H3 11-DHC to H3 corticosterone 

conversion. Control (no treatment), NR (0.5mM; 24h) FK866 (100nM; 48h), FK866+NR (48h). B. 

The activity of 11 β-HSD1 expressed as fold change of H3 11-DHC to H3 corticosterone 

conversion. Control (no treatment), FK866 (100nM; 48 hours) NR (0.5mM; 30min, 6h, 24h). 

Results of N=3 independent experiments are shown as fold change, for which values were referred 

to controls (set =1). Statistically significant differences were designated by **** (p<0.0001), when 

compared to control and by # (p<0.05), #### (p<0.0001), when compared to FK866-treated cells. 
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3.2.5. 11β-HSD1 dehydrogenase activity in H6PDH mouse myotubes.  

To examine how the pentose phosphate pathway regulates 11β-HSD1 enzyme activity, 

we assessed 11β-HSD1 activity in H6PDH KO mouse myotubes. In the absence of 

H6PDH, it seemed that 11β-HSD1 favoured a dehydrogenase activity converting active 

steroid (corticosterone) to inactive steroid (11-DHC) utilizing NADP as a cofactor. This 

reaction occurs independent of NADPH or G6P. After modulating NAD+ level with FK866 

and NR, 11β-HSD1 dehydrogenase activity was also depleted, as seen in the oxo-

reductase reaction. The effect on the dehydrogenase activity in H6PDH KO suggests that 

FK866 and NR treatment can affect ER NADP availability (Figure 3.5). 
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Figure 3.5. 11β-HSD1 dehydrogenase activity in H6PDH mouse myotubes. 

11β-HSD1 shift to dehydrogenase activity in H6PDH KO mouse myotubes (Lavery et al., 

2006). B. Diagram showing H6PDH KO transform 11β-HSD1 to dehydrogenase activity. 

C. Dehydrogenase activity expressed as fold change. Control (no treatment), NR (0.5mM; 

24h) FK866 (100nM; 48 h), FK866+NR (48hours). D. Dehydrogenase activity of 11 β -

HSD1 expressed as fold change. Control (no treatment), FK866 (100nM; 48 hours) NR 

(0.5mM; 30min, 6h, 24h). Results of N=3 independent experiments are shown as fold 

change, for which values were referred to controls (set =1). Statistically significant 

differences were shown by **** (p<0.0001), when compared to control. When compared to 

FK866- treated cells, statistically significant differences were designated by # (p<0.05), ### 

(p<0.001), #### (p<0.0001), when compared to FK866-treated cells. 
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All of the previous work was done in cooperation with Dr. Yasir ElHassan. Due  to 

variability in the enzyme activity between different replicants, we expressed 11β-HSD1 

activity in fold change instead of pmol/mg of protein/h. Our observation indicated the same 

pattern of enzyme activity within each replicant.  

 

3.2.6. The effect of NAD+ manipulation by FK866 and NR on the liver’s 11β-HSD oxo-

reductase and dehydrogenase activity. 

In order to examine the validity of our previous results in C2C12 and primary myotubes, 

we repeated the same experiment in different cell types. It was shown that the HepG2 cell 

line appears to be a close model of in vivo gluconeogenesis and hepatic metabolism 

(Sefried et al., 2018) and 11β-HSD1 activity (Ignatova et al., 2009). A similar result was 

also seen in the HepG2 cell line in our study. NAMPT depletion with FK866 (100nM; 48h) 

depleted NAD+ and NADH, which were restored with co-administration of NR (0.5 mM; 24 

hours) (Figure 3.6). The effect of NAD+ manipulation corresponded with the oxo-

reductase activity of 11β-HSD1. The decrease in the 11β-HSD1 activity was significant by 

more than 60% after treatment with FK866 (100nM; 48h, p=0.0016). After treatment with 

NR (0.5mM; 4h and 24h), the enzyme activity doubled after 4 hours (p=0.0057), and the 

activity was fully restored after 24h (p=0.0006).  
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Figure 3.6. The effect of NAD+ manipulation by FK866 and NR on 11β-HSD oxo-

reductase and dehydrogenase activity in HepG2 cells.  

A. After FK866 treatment, NAD+ levels decreased 0.5 fold (p=0.038 compared to control) 

and were fully repleted with NR treatment (p=0.015 compared to FK866-treated cells). B. 

NADH level decreased 0.5 fold (p=0.032 compared to control) and was repleted with NR 

treatment (p=0.0018 compared to FK866 treated cells). Results of N=3 independent 

experiments are shown as fold change, for which values were referred to controls (set 

=1). C. 11β-HSD oxo-reductase activity was depleted by FK866 for 48h (p<0.0001 

compared to control) and repleted by NR treatment (4h, p<0.0001, and 24h, p<0.0001, 

compared to FK866-treated cells). Results of N=6 independent experiments are shown.  

D. 11β-HSD dehydrogenase activity decreased by approx. 40% (p=0.0092 compared to 

control) after FK866-treatment and was restored with NR treatment (4h, p=0.047, and 24h 

p=0.034, compared to FK866-treated cells). Control (no treatment), FK866 at (100nM; 

48h), NR (0,5 mM; 4h, 24h). Results of N=5 independent experiments are shown. 
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3.2.7. The effect of NAD+ manipulation by FK866 and NR on 11β-HSD oxo-reductase 

in dermal fibroblasts (HDFn). 

In HDFn, the activity of 11β-HSD1 was not sufficient to convert H3 cortisone to active H3 

cortisol. Higher 11β-HSD1 activity was previously seen in fibroblasts induced by an 

inflammatory factor, e.g. tumor necrosis factor (TNFα) compared to control (Hardy et al., 

2006a). Therefore, we used TNFα to boost 11 β-HSD1 activity. The enzyme activity 

increased by 5fold after treatment with TNF-α (10 ng/ml; 48h) (Figure 3.7 (A)). However, 

after treatment with FK866 for 48 hours, the enzyme activity was depleted by more than 

70% compared with TNFα-treated cells (p=0.0029). Treatment with NR for 24h was able 

to reverse the effect of FK866 and restore the total enzyme activity (p=0.0006 compared 

to FK866-treated cells) (Figure 3.7 (B)). 
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Figure 3.7. The effect of NAD+ manipulation by FK866 and NR on 11β-HSD oxo-

reductase after enzyme boosting by TNFα in dermal fibroblast. 

A. Boosting of 11β-HSD oxo-reductase activity by tumor necrosis factor 

(TNFα,10ng/ml;24h) expressed as the percentage of H3 cortisone to H3 cortisol 

conversion. The enzyme activity increased approx. 15fold compared to control 

(p<0.0001).  B. The activity of 11 β-HSD1 expressed as the percentage of H3 cortisone to 

H3 cortisol conversion showed more than 70% depletion of enzyme activity (p<0.0001 

compared to control). Enzyme activity was restored with NR treatment (p<0.0001 

compared to FK866-treated cells). TNFα (10ng/ml;48hours), FK866 (100nM; 48 hours), 

NR (0,5 mM; 24hours hours). Results of N=6 independent experiments are shown.   
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3.2.8. The effect of NAD+ manipulation by FK866 and NR on 11β-HSD2 

dehydrogenase activity in the kidney. 

To examine the effect of NAD+/NADP manipulation on 11 β-HSD2 dehydrogenase activity, 

we used HEK293, because they showed a high 11 β-HSD2 expression (Brown et al., 

1996). Our results indicate a similar effect of FK866 on dehydrogenase activity and 

restoring enzyme activity with NR treatment. Furthermore, this effect was consistent with 

NAD+ depletion and rescue by FK866 (100nM; 48h) and NR (0.5mM; 24h), respectively, 

as shown in (Figure 3.8). 
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Figure 3.8. The effect of NAD+ manipulation by FK866 and NR on 11β-HSD2 
dehydrogenase activity in the human kidney cell line (HEK293).  

A. NAD+ level was decreased by 45% after FK866 treatment (p=0.019 compared to 

control) and repleted with NR treatment (p=0.035 compared to FK866-treated cells) B. 
NADH level was similarly manipulated with FK866 (100nM; 48h, p=0.044 compared to 

control) and NR (0.5mM; 24h, p=0.040 compared to FK866-treated cells). Results of N=3 

independent experiments are shown as fold change, for which values were referred to 

controls (set =1). C. The activity of 11 β-HSD2 expressed as the percentage of H3 cortisol 

to H3 cortisone conversion was markedly depleted with FK866 (p<0.0001 compared to 

control), and the activity was restored after treatment with NR (4h, 24h, p<0.0001 

compared to FK866 treatment). Control (no treatment), FK866 at (100nM; 48 hours), NR 

(0,5 mM; 4,24hours). Results of N=6 independent experiments are shown.  
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3.3. Discussion 

NAD is an essential compound required as a cofactor for many cellular processes, and its 

availability is crucial to maintain NAD-dependent enzyme activity. NAD is present in two 

forms, oxidized NAD+ (electron acceptor) and reduced NADH (electron donor). The 

cellular NAD+ and NADH pools are regulated by maintaining the balance between 

biosynthesis (via de novo, Preiss-Handler, or salvage pathways) and consumption by 

NAD-dependent reactions. Therefore, the availability of NAD+ and NADH is determined 

by the rate of biosynthesis and consumption, while the ratio of NAD to NADH is critical for 

maintaining redox homeostasis.  

ER is a subcellular organelle with a prominent role in cell functions via synthesis, transfer, 

and modification of proteins and maintenance of calcium storage. The ER lumen is an 

active site for cortisol metabolism via NADPH-dependent enzyme 11β-HSD1. In vivo, this 

enzyme predominantly acts as oxo-reductase, catalyzing the conversion of cortisone to 

cortisol, supported by a high luminal NADPH/NADP ratio. However, it is unknown whether 

this ratio is maintained only by the activity of the H6PDH enzyme in the pentose phosphate 

pathway or if a mechanism allows NAD+/NADH transport from the cytosol into the ER. 

The current knowledge explaining the different NAD+ pools between the cytosol and 

ER/SR needs to be enhanced. In contrast, unique mechanisms controling NAD(H) 

exchange is known for other cellular organelles. For example, the supply of cytosolic 

NAD(P)(H) to the mitochondria is under the control of biochemical shuttling systems, e.g. 

the malate-aspartate shuttle. In the nucleus, the nucleotide level does not differ from the 

cytosol due to nuclear permeability to cytosolic NAD+. 
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There is evidence suggesting that NADH has access to the liver microsomal membrane 

after incubation for 60 min and significantly increased 11 β-HSD1 enzyme activity 

(McCormick et al., 2006). This observation indicates that the microsomal membrane might 

be permeable, allowing NAD(H) transport. In addition, the same study showed that 

pentose phosphate pathway inhibition by norepinephrine (NE) and 

dehydroepiandrosterone (DHEA) reduced 11 β-HSD1 oxo-reductase activity in intact 

rodent adipocytes (McCormick et al., 2006). These findings imply that 11 β-HSD1 oxo-

reductase activity relies on the pentose phosphate pathway as a source of NADPH. This 

was supported by the observation that SR NADPH is controlled by the activity of G6PDH 

and the pentose phosphate pathway and that 11 β-HSD1 acts as dehydrogenase enzyme 

in G6PDH knock-out mice. Our results on H6PDH knock-out mice showed that in addition 

to depletion of oxo-reductase activity induced by lack of NADH generated from H6PDH, 

FK866 incubation depleted 11 β-HSD1 dehydrogenase activity, suggesting that the 

cytosolic availability of NAD+ determines the enzyme direction. These findings indicate 

that H6PDH does not exclusively control 11 β-HSD1 oxo-reductase activity and the 

cytosolic NAD+ level. 

To study the cytosolic and ER/SR NAD+ cross-talk, we used FK866 for 48h to inhibit 

NAMPT (a rate-limiting enzyme in the NAD+ biosynthesis pathway) and depleted NAD+ 

levels in the cytosol. The viability of C2C12 myotubes in response to FK866 treatment 

was investigated using caspase activity (Fletcher et al., 2017). It was suggested in this 

study that the cells were still viable after 48 of FK866 treatment, while beyond that, the 

viability decreased, and the apoptotic marker (caspase-3/7 activity) started to increase. 

Results in C2C12 mouse myotubes showed that FK866 depleted NAD/NADH, which was 
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rescued with NR treatment at 48 hours. This NAD/NADH level alteration reflected a similar 

effect on the intraluminal 11 β-HSD1 oxo-reductase activity. To examine the time required 

to rescue NAD/NADH and, consequently, enzyme activity, NR treatment was 

administered at a different time after NAD/NADH depletion with FK866 for 48 hours. The 

oxo-reductase activity corresponded with NAD/NADH rescue suggesting that 11 β-HSD1 

was able to sense the fluctuation in NAD/NADH availability rescue induced by NR 

treatment as short as 30 min and restored the total enzyme activity after 24 hours. Similar 

results were also shown in primary muscle myotubes.  

In order to validate our observation on skeletal muscle myotubes, we examined the effect 

of NAD+ manipulation on multiple cell types. Similar results were shown in the hepatic cell 

line HepG2 after 48 hours of FK866 treatment at 100 nM. After NAD+ repletion with NR 

(0.5 mM, 4h), the enzyme activity was rescued by more than 90%, and restored the total 

activity after 24 hours. In human dermal fibroblasts (HDFn), the enzyme activity is induced 

after 48 hours of TNF treatment, as shown in the previous study (Hardy et al., 2006b). 

Following the previous findings, treatment with FK866 (100nM, 48h) was enough to lower 

the oxo-reductase activity by more than 70% significantly. Furthermore, after NAD 

repletion by NR (0.5 mM, 24h), the active cortisol conversion was fully restored. In 

contrast, osteosarcoma cell lines and human primary osteoblasts express both enzymes 

11 β-HSD1 and 11 β-HSD2, while the predominant enzyme activity was shown to be the 

dehydrogenase activity, i.e. inactivation of cortisol (Bland et al., 1999). Similarly, the 

human kidney cell line Hek293 is known to have low expression of 11 β-HSD1 and high 

expression of 11 β-HSD2 (Krozowski et al., 1995). These data explain the absence of 11 

β-HSD1 oxo-reductase activity in these cell lines.  
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In conclusion, our data on C2C12, HepG2, and HDFn suggest a possible mechanism for 

NAD+ entry into the ER/SR. This is possibly due to a shuttling system similar to the 

mitochondria or a luminal NAD+ kinase that controls for cytosol and ER/SR NAD(H) 

communication.  
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Chapter 4 

Optimization of HepG2 and 

C2C12 transfection to examine 

Poly-ADP-Ribose Formation as a 

Biosensor for NAD+ pools in the 

Endoplasmic Reticulum 
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4.1.   Introduction 

Transfection is the process of inserting a foreign material (DNA/RNA) in order to create a 

genetically modified cell. Optimizing suitable cultural conditions is a critical step in any 

effective transfection procedure. Each cell type has unique features that require a 

distinctive approach to produce successful transfection. Cells can be stably or transiently 

transfected based on the nature of the nucleic acid introduced (Recillas-Targa, 2006). In 

stable transfection, the foreign gene integrates with the cellular genome and allows for the 

passing of the DNA to the next generations. In transient transfection, the nucleic acid 

temporarily exists in the cell but does not integrate with the cellular genome. With the 

cellular division, the expression of the foreign gene will gradually decrease until gone. The 

advantage of transient transfection is that it allows short-term and rapid investigation of 

transformed genes or overexpressed proteins.   

 

PARPs are a group of enzymes located in different subcellular compartments consuming 

NAD+ and producing polymers of PAR. These polymers can be detected via attachment 

to a specific antibody. It was shown that stable transfection of Hek293 with cytosolic 

catalytically active PARP (PARPcd) significantly depleted total cellular NAD+ level by 20% 

compared to control expressing EGFP only (Dölle et al., 2010). In addition, this study 

indicated that the viability of the transfected cells did not diminish, excluding the possible 

cytotoxic effect of cytosolic PARP overexpression (Dölle et al., 2010). Therefore, 

subcellular localization of NAD+-dependent enzyme (PARP) activity is reported by the 

formation of PAR, which is inversely proportional to the organelle NAD+ content. 
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This chapter aims to establish a model of ER-PARP overexpression in the liver (HepG2) 

and mouse muscle cells (C2C12) by optimizing suitable culture conditions for efficient 

transfection. We adjusted the cell number, transfection time, DNA concentration, and PAR 

detection by Western blot. In the next chapter, we will use this model to investigate 

whether ER can maintain NAD+ availability through cytosolic NAD+ repletion. 
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4.2.  Results  

4.2.1. Plasmid DNA quality after restriction digest with XbaI and EcoRI 

We started by examining the plasmids used for our experiment to confirm the correct 

structure based on the cleaved sizes after restriction digestion with Xbal and EcoRl. 

(Figure 4.1). 

 

 

Figure 4.1. Gel electrophoresis of the plasmid DNA after restriction digestion with 

XbaI and EcoRI.  

A. ER-EGFP and ER-PARP plasmid DNA fragments separated based on their sizes 

compared with B. Simulated gel predicted the fragment sizes by virtual digestion. The 

sizes of ER-EGFP (1-4) fragments ~ 3000 & 600 and ER-PARP (1-4) ~ 3000 & 1900, 

corresponded with the fragment sizes of virtual digest. 
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4.2.2. Transfection of HepG2 cells with vectors encoding ER-PARP1cd, ER-EGFP, 

mitochondrial PARP1cd and mitochondrial-EGFP 

 
4.2.2.1. Optimization of lipofectamine for HepG2 transfection 

We started a pilot experiment in our first transfection to transfect the HepG2 cell line with 

vectors encoding ER-PARP1cd and ER-EGFP. To optimize transfection efficiency in ER 

PARP1cd, two concentrations of lipofectamine were used (0.75 µl and 1.5 µl) as 

recommended by manufacturer‘s protocol (Invitrogen). Protein expression was observed 

by the intrinsic fluorescence of the EGFP fraction of the constructs. The transfection 

efficiency was good for all transfected cells, while the green fluorescence from the ER-

PARP1cd plasmid was weaker than the control and the mito-PARP1cd plasmids. A higher 

concentration of lipofectamine did not improve transfection efficiency (Figure 4.2). 
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Figure 4.2. Transfection of HepG2 cells with vectors encoding ER-PARP1cd, ER-

EGFP, mitochondrial PARP1cd and mitochondrial EGFP.  

Cells were transfected with lipofectamine (LF 0.75 µl) in ER-EGFP, Mito-EGFP and Mito-

PARP1cd, and (LF 0.75 µl and 1.5 µl) in ER-PARP1cd. Fluorescence was detected in all 

transfected cells, with a lower fluorescence in cells expressing ER-PARP1cd. No 

difference was seen with increased lipofectamine concentration in cells transfected with 

ER PARP1cd. 
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4.2.2.2.  Transfection efficiency of different ER-PARP plasmids 

We aimed to examine four different preparations of ER-PARP1cd plasmids to use the 

optimal plasmid that has the highest transfection efficiency for our next transfection. No 

difference in the signal intensity was noticeable between the four ER-PARP1cd plasmids 

(Figure 4.3). 
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Figure 4.3. Transfection of HepG2 with vectors encoding ER-PARP1cd (four 

plasmid preparations), ER-GFP, mitochondrial PARP1cd and mitochondrial EGFP.  

A. Fluorescence was seen in all cells expressing the EGFP portion of all different 

constructs. No fluorescence was detected in cells without plasmid (lipofectamine only). 

Fluorescence was detected in cells transfected with ER PARPs, with a slightly better 

transfection seen in ER PARP#1. B. Immunoblot analysis of lysate from transfected 

HepG2 transiently expressing PARP1cd or EGFP-PARP1cd targeted to ER or 

mitochondria. PAR formation revealed an equal signal in all different PARP plasmids with 

more detectable PAR formation in Mito-PARP1cd. No PAR formation was detected in ER-

EGFP and cells with no plasmid (lipofectamine only). 
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4.2.2.3.  Transfection of HepG2 at a density of 2.2*105  cells/well  

HepG2 cell lines have a high proliferation rate (average doubling time is 48h) and tend to 

grow in clusters. These characteristics make it difficult to adjust the right confluence during 

transfection. We started with transfecting HepG2 at a density of 2.2 *105 cells/well. Then, 

we transfected the cells with constructs targeted to the ER (ER-PARP1cd and ER-EGFP) 

and constructs targeting mitochondria (mito-PARP1cd and mito-EGFP) as a control of 

transfection. The green fluorescence protein (GFP) expression indicates transfection 

efficiency, which showed a better expression in cells transfected with mitochondrial 

constructs than in cells transfected with ER constructs (Figure 4.4 (A)). These findings 

are in line with the strong PAR signal in Mito-PARP1cd, as seen in the Western blot image 

(Figure 4.4 (B)). 
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Figure 4.4. Transfection of HepG2 at a density of 2.2 *105 cells/well with vectors 

encoding ER-PARPcd, ER-EGFP, mitochondrial PARPcd and mitochondrial EGFP. 

A. Fluorescence was seen in all transfected cells, with a higher fluorescence in mito-PARP 

and Mito-EGFP. No fluorescence was seen in cells only and without plasmid. B. 

Immunoblot analysis of cell lysate expressing PARPcd or EGFP-PARPcd targeted to ER 

and mitochondria. PAR immunoblotting analysis using PAR antibody revealed detectable 

PAR formation in cells expressing mito-PARP and low signal in ER-PARP. No signal was 

detected in cell lysate expressing ER-EGFP, Mito EGFP, no plasmid, and cells only. 

Protein was transferred to blotting membrane using the wet transfer method. β tubulin was 

used as loading control.  
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4.2.2.4.  Transfection of HepG2 at a density of 1.1 *105  cells/well 

To establish an ER PARP1cd overexpression model, we focused on optimizing the 

transfection technique of HepG2 with ER constructs only. To avoid contact inhibition that 

decreases DNA uptake, we started with a cell density of 1.1 *105 cells/well. We showed a 

low transfection efficiency indicated by the expression of GFP (Figure 4.5 (A)). A Western 

blotting image revealed low PAR formation corresponding with the low protein 

concentration (Figure 4.5 (B)).  
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Figure 4.5 Immunofluorescence and Western blotting images of transfected HepG2 

48h after transfection (at a confluence of 1.1* 105 cells/well).  

A. Fluorescence was seen in cells transfected with ER-PARP and ER EGFP. No 

fluorescence was seen in cells only and cells without plasmid (lipofectamine only). B. 

Immunoblot analysis of cell lysate expressing PARPcd or EGFP-PARPcd targeted to ER. 

PAR immunoblotting analysis revealed detectable PAR formation in cells expressing ER-

PARPcd with a low signal intensity. Proteins were transferred to the blotting membrane 

using the semi-dry transfer method. No increase in PAR formation was seen in cells only, 

no plasmid, and ER-EGFP. Protein overexpression was detected by C-terminal Myc-tag. 

β tubulin was used as loading control.  
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4.2.2.5. Transfection of HepG2 at a density of 1.5 *105  cells/well  

Then we increased cell number to improve transfection efficiency. No significant 

change in green fluorescence compared to the previous cell number was detected 

(Figure 4.6 (A)). Western blotting images did not show a strong PAR signal in cell 

lysate of ER-PARP1cd compared to other cell lysates (Figure 4.6 (B)). 

 

Figure 4.6. Transfection of HepG2 at a density of 1.5 *105 cells/well with vectors 
encoding ER-PARP1cd, ER-EGFP. 

A. Fluorescence was seen in cells transfected with ER-PARP1cd and ER EGFP. No 

fluorescence was seen in cells only and cells without plasmid (lipofectamine only). B. 
Immunoblot analysis of cell lysate expressing PARP1cd or EGFP-PARPcd targeted to 

ER. PAR immunoblotting analysis using PAR antibody revealed slightly higher PAR 

formation in cells expressing ER-PARP1cd. Protein was transferred to blotting 

membrane using the wet transfer method. Protein overexpression was detected by C-

terminal Myc-tag. β tubulin was used as loading control.  
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4.2.2.6. Transfection of HepG2 at a density of 2.5 *105  cells/well  

At a cell density of 2.2*105 cells/well, GFP expression indicates a better transfection 

efficiency in ER-PARPcd and ER-EGFP (Figure 4.7 (A)). In addition, PAR formation was 

shown in the Western blotting image as a smeared band (Figure 4.7 (B)). In the previous 

transfection, we transferred western blotting gel using the semi-dry transfer technique. 

Due to the high molecular weight of PAR, this technique needed to be improved for 

transferring the PAR. It was suggested that transferring high molecular weight proteins 

requires a longer transferring time accomplished by the wet transfer technique (Blancher 

and Jones, 2001).  We showed that the PAR signal improved using the wet transfer 

technique.  
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Figure 4.7. Transfection of HepG2 at a density of 2.5 *105 cells/well with vectors 

encoding ER-PARPcd, ER-EGFP. 

A. Fluorescence was seen in cells transfected with ER-PARPcd and ER EGFP. No 

fluorescence was seen in cells only and cells without plasmid (lipofectamine only). B. 

Immunoblot analysis of cell lysate expressing PARPcd or EGFP-PARPcd targeted to ER. 

PAR immunoblotting analysis using PAR antibody revealed detectable PAR formation in 

cells expressing ER-PARPcd compared to ER-EGFP, no plasmid, and cells only. Protein 

was transferred to the blotting membrane using the wet transfer method. No increase in 

PAR formation was seen in cells only, no plasmid, and ER-EGFP. Protein overexpression 

was detected by C-terminal Myc-tag. β tubulin was used as loading control.  
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4.2.2.7. Increasing DNA concentration to improve transfection efficiency 

Since the amount of DNA required for optimal transfection widely varies between different 

plasmids and cell types, we tested how increasing DNA amount improves transfection 

efficiency. By doubling the DNA amount (1000 ng), the PAR signal significantly improved 

compared to the previous transfection with lower DNA concentration (Figure 4.8 (B)). In 

addition, a fluorescence microscope image revealed a slightly better green fluorescence 

signal than in the previous transfection (Figure 4.8 (A)).  
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Figure 4.8. Transfection of HepG2 at a density of 2.2 *105 cells/well with vectors 

encoding ER-PARPcd, ER-EGFP with double DNA amount (1000 ng). 

A. Fluorescence was seen in cells transfected with ER-PARP and ER EGFP. No 

fluorescence was seen in cells only and cells without plasmid. B. Immunoblot analysis of 

cell lysate expressing PARPcd or EGFP-PARPcd targeted to ER. PAR immunoblotting 

analysis using PAR antibody revealed detectable PAR formation in cells expressing ER-

PARPcd. No PAR formation was detected in cell lysate of ER-EGFP, no plasmid, and 

cells only. Protein was transferred to blotting membrane using wet transfer method. 

Protein overexpression was detected by C-terminal Myc-tag. β tubulin was used as 

loading control.  
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4.2.3. Transfection of C2C12 cells with vectors encoding ER-PARPcd and ER-

EGFP. 

4.2.3.1. Transfection of C2C12 at a density of 1.1*105  cells/well 

To validate the expression of the PARP enzyme in a different cell type, we investigated 

transfection efficiency in C2C12 mouse myotubes. Cells were transfected at a confluence 

of 1.1*105 cells/well, and the green fluorescence was imaged after 24 and 48 hours. 

Transfection efficiency was low even after 48 hours (Figure 4.9 (A)). Western blot images 

showed a minor PAR formation in the cell lysate of ER-PARP compared to other cells 

(Figure 4.9 (B)). This low signal might be related to insufficient protein concentration. 
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Figure 4.9. Transfection of C2C12 at a density of 1.1 *105 cells/well with vectors 
encoding ER-PARPcd, ER-EGFP. 

A. Fluorescence was seen in cells transfected with ER-PARP and ER EGFP 24h and 48h 

post transfection. No fluorescence was seen in cells only and cells without plasmid. B. 

Immunoblot analysis of cell lysate expressing PARPcd or EGFP-PARPcd targeted to ER. 

PAR immunoblotting analysis using PAR antibody showed low signal of PAR formation in 

cells expressing ER-PARPcd. PAR formation was absent in cell lysate of ER-EGFP, no 

plasmid, and cells only. Protein was transferred to the blotting membrane using the wet 

transfer method. Protein overexpression was detected by C-terminal Myc-tag. β tubulin 

was used as loading control.  
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4.2.3.2. Transfection of C2C12 at a density of 2.2*105 cells/well. 

Then, we doubled the cell number to improve transfection and protein concentration. The 

expression of green fluorescence protein was significantly enhanced, especially after 48 

hours of transfection (Figure 4.10 (A)). This also improved PAR formation in ER-PARP 

cell lysate in the Western blotting image (Figure 4.10 (B)). Although higher cell density 

improved the transfection efficiency, C2C12 started to fuse and form differentiated 

myotubes after 48 hours of transfection.  
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Figure 4.9. Transfection of C2C12 at a density of 2.2 *105 cells/well with vectors 

encoding ER-PARPcd, ER-EGFP. 

A. Fluorescence was seen in cells transfected with ER-PARP and ER EGFP 24h and 48h 

post transfection. No fluorescence was seen in cells only and cells without plasmid. B. 

Immunoblot analysis of cell lysate expressing PARPcd or EGFP-PARPcd targeted to ER. 

PAR immunoblotting analysis using PAR antibody revealed detectable PAR formation in 

cells expressing ER-PARPcd. PAR formation was absent in cell lysate of ER-EGFP, no 

plasmid, and cells only. Protein was transferred to the blotting membrane using the wet 

transfer method. Protein overexpression was detected by C-terminal Myc-tag. β tubulin 

was used as loading control.  
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4.2.3.3. Transfection of C2C12 at a density of 1.5*105 cells/well 

To avoid the cells from reaching 100% confluence after 48 hours of transfection, cells 

were seeded at a density of 1.5*105 cells/well. The detection of green fluorescence 

revealed successful transfection after 48 hours of transfection (Figure 4.11 (A)). Western 

blots displayed a high PAR signal in the cell lysate of ER-PARP compared to cells lacking 

PARP constructs (Figure 4.11 (B)).  
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Figure 4.10. Transfection of C2C12 at density of 1.5 *105 cells/well with vectors 

encoding ER-PARPcd, ER-EGFP. 

A. Fluorescence was detected in cell lysate of ER-PARP and ER EGFP after 24 hours of 

transfection with a better fluorescence after 48 hours. No green fluorescence was seen in 

cells only and cells without plasmid. B. Immunoblot analysis of cell lysate expressing 

PARPcd or EGFP-PARPcd targeted to ER. PAR immunoblotting analysis using PAR 

antibody revealed detectable PAR formation in cells expressing ER-PARPcd. PAR 

formation was absent in cell lysate of ER-EGFP, no plasmid, and cell only. Protein was 

transferred to the blotting membrane using the wet transfer method. Protein 
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overexpression was detected by C-terminal Myc-tag. β tubulin was used as loading 

control.  

 

4.3.   Discussion 

PARPs are a group of enzymes present almost in all cell types generating polymers of 

PAR by utilizing NAD+ as a cofactor. The formation of these polymers can be detected via 

a specific antibody (Kawamitsu et al., 1984). In a previous study, the formation of PAR 

was seen in cell organelles targeted with the PARP catalytic domain (Dölle et al., 2010). 

This observation was seen in the ER, mitochondria, peroxisomes, and Golgi apparatus. 

However, there was no observed diminishing in cell viability, excluding the possible 

cytotoxic effect of PARP overexpression targeted to these sites. In addition, total NAD+ 

measurement showed a significant reduction of approximately 20% in cells transfected 

with PARPcd compared to control cells transfected with a construct expressing EGFP only 

as a result of NAD+ uptake by PARP enzyme activity. 

Transfection is the technique used to introduce a specific nucleic acid into the cell to study 

overexpressed genes. Several factors influence transfection efficacy, including the 

method of transfection, cell type/density, DNA quality/quantity, transfection reagent, and 

duration of transfection. It was suggested that transient transfection of different cell types 

(HEK293, endothelial cells, and mouse cortical neurons cells) using Lipofectamine3000  

provided higher transfection efficiency and GFP expression compared with other 

transfection techniques (Shi et al., 2018).  We used this method to transfect HepG2 and 

C2C12 myotubes with a vector encoding PARPcd or a control construct expressing EGFP 

only targeting the ER and mitochondria. The success of transfection was confirmed by the 
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intensity of GFP signal, Myc tag expression and formation of PAR shown in the Western 

blot image. 

The plating density varies between multiple cell types based on how fast they grow. In 

HepG2, the cell number doubling time is 48.5 hours (Louisa et al., 2016) while in C2C12 

myotubes, the doubling time is only 15 hours (Forterre et al., 2014). It was suggested that 

successful transfection is best acquired when the cells are transfected at a density of 50-

80% confluence (Tanner et al., 1997, Li et al., 2010, Zhong et al., 2013). We plated 6 well 

plates at different cell densities to achieve the optimum confluence for transfection. 

Results indicate that HepG2 transfection efficiency was best seen at the plating density of 

2.2 *105 cells/well, indicated by GFP expression. Transfection also improved when we 

increased DNA amount to 1000 ng. In C2C12 myotubes, cells were seeded at a low 

density as the population doubling time was too short, and the cells started to differentiate 

when they reached 100% confluence. We seeded the cells at three different 

concentrations: 1.1*105, 1.5*105, and 2.2*105 cells/well. The optimum transfection 

efficiency was shown at a cell density of 1.5*105 cells/well after 48 hours of transfection, 

which was assessed by the expression of GFP.  

Unlike fluorescence microscopy, visualization of PAR formation in Western blot provides 

higher accuracy and sensitivity, as it represents a cumulative signal of multiple cells rather 

than just a single cell (Dölle et al., 2010). Although a low PAR signal was detected at low 

cell density (1.1*105) in both cell types, seeding the cells at a higher density improved 

transfection and PAR signal. In addition, by increasing the DNA amount to 1000 ng per 

well in HepG2, the expression of PAR significantly increased. Detection of PAR in cell 
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lysate expressing PARPcd in HepG2 and C2C12 verified NAD+ consumption and 

depletion induced by PARP hyperactivity. 

In conclusion, we established a model of ER-PARP overexpression in human liver cells 

(HepG2) and mouse myotubes (C2C12). Based on nucleotide consumption and formation 

of PAR polymers, we indicate that targeted PARP enzyme expression allows for 

modulation of subcellular NAD availability. In order to achieve efficient gene transfer, we 

compared various cell densities, amount of lipofectamine reagent, DNA concentrations, 

and transfection times. We were able to confirm successful transfection by visualization 

of GFP expression under a fluorescence microscope in both cell types. The detection of 

PAR signal in Western blotting images supported this observation.  
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11β- Hydroxysteroid 

dehydrogenase1 activity as a 

read-out of NAD+ depletion in a 

cell model of Poly-ADP Ribose 

polymerase overexpression 
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5.1.  Introduction 

NAD+ distribution in the subcellular compartments, such as the mitochondria and the 

ER/SR, is the primary determinant of metabolic activity and redox homeostasis (Zhu 

et al., 2019).Therefore, balancing NAD+ consumption and biosynthesis is essential to 

maintain cell functions (Strømland et al., 2021). Many NAD+ consumers, e.g., PARPs, 

sirtuins, and CDs, are located in cellular compartments, including ER. It was 

suggested that increased PARP1 protein expression in the ER results in a higher 

NAD+ consumption and increased PAR formation (Dölle et al., 2010). Therefore, to 

maintain NAD+ availability, ER requires a continuous NAD+ synthesis by NAD+ 

biosynthetic enzymes or supplementation through communicating with the cytosol as 

a source of NAD+.  

In the previous chapter, we optimized the transfection of human liver cells (HepG2) 

and mouse skeletal muscle cells (C2C12) to generate a genetic model of ER NAD+ 

depletion by upregulating PARP expression in the ER. We indicated that NAD+ was 

depleted in cells expressing ER-PARP catalytic domain confirmed by PAR formation 

in Western blot images suggesting PARP hyperactivity.  

In this chapter, we examine ER-cytosolic NAD(H) cross-talk in a genetic model of 

NAD+ depletion using 11β-HSD1 activity as a read-out. Firstly, we examined the effect 

of NAD+ precursor (NR) on restoring ER NAD availability in cells overexpressing 

PARP protein. Therefore, restoring ER-NAD+ levels can be detected by increased 

PAR formation generated by PARP activity. Secondly, we tested whether depleted 

ER NAD+ by PARP hyperactivity influenced a depletion in the activity oft he ER luminal 
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enzyme 11β-HSD1. Thirdly, we examined the effect of NAD+ repletion by NR 

treatment in restoring the activity of 11β-HSD1. Finally, we assessed the link between 

PARP overexpression and the expression of genes involved in ER stress response. 

These experiments were done in human liver cells (HepG2) and mouse skeletal 

muscle cells (C2C12).  
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5.2. Results 

5.2.1. ER-cytosol crosstalk in HepG2 overexpressing ER-PARP 

5.2.1.1. NAD+ precursor (NR) increased PAR formation  

 

We started by investigating the role of NAD+ repletion by NR on the formation of PAR. As 

expected, the Western blot image revealed a more intense PAR signal in cell lysate 

expressing ER-PARP1cd treated with NR (0.5 mM, 24 hours) than untreated cells 

expressing ER-PARP1cd (Figure 5.1 (B)). No PAR signal was detected in cell lysate 

lacking ER-PARP1cd construct. GFP fluorescence indicated successful transfection by 

vectors encoding ER-EGFP and ER-PARP1cd (Figure 5.1 (A)).  
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Figure 5.1. The effect of NR on PAR formation in HepG2.   

A. Fluorescence was detected in cell lysate of ER-PARP1cd and ER EGFP treated and 

untreated with NR 48 hours after transfection. No green fluorescence was seen in cells 

only and cells without plasmid. B. Immunoblot analysis of cell lysate expressing PARPcd 

or EGFP-PARP1cd targeted to ER. PAR immunoblotting analysis using PAR antibody 

revealed detectable PAR formation in cells expressing ER-PARP1cd. PAR signal slightly 

improved with NR treatment. No PAR formation was seen in cell lysate of ER-EGFP, no 

plasmid, and cell only. Protein overexpression was detected by C-terminal Myc-tag. β 

tubulin was used as loading control.  
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5.2.1.2. 11β-HSD1 activity as a read-out of ER NAD+ bioavailability in ER-PARP1cd 

overexpression cell model. 

Then we examined the impact of ER NAD+ depletion induced by PARP hyperactivity on 

11β-HSD1 enzyme activity. Although the activity was decreased in all transfected cells 

(cells expressing ER-EGFP and ER-PARP1cd) compared to non-transfected cells (cells 

only and cells with lipofectamine only) (Figure 5.2 (A)), the depletion of the enzyme 

activity was more prominent in cells expressing ER-PARP1cd compared to cells 

expressing ER-EGFP only. However, following NR treatment, the enzyme activity was 

significantly restored in cells expressing ER-PARP1cd compared to untreated cells 

expressing the same construct (Figure 5.2 (B)). To confirm that 11β-HSD1 activity was 

not depleted due to low protein concentrations, we compared the total protein 

concentration among the transfected and non-transfected cells, which showed no 

significant difference in (Figure 5.2 (C)). Additionally, transfection with ER-EGFP and ER-

PARP1cd constructs revealed a non-significant effect on cell viability assessed by the 

percentage reduction of Alamar blue (Figure 5.2 (D)).  
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Figure 5.2. 11β-HSD1 oxo-reductase activity in transfected HepG2 (tHepG2). 

A. 11β-HSD1 activity was reduced by 50% in cells expressing ER-EGFP (p=0.0004) and 

65% in cells expressing ER-PARP1cd compared to cells only. B. Treatment with NR (0.5 

mM, 24h) did not significantly improve enzyme activity in cells expressing ER-EGFP 

(p=0.098 compared to EGFP transfected cells), while it restored full 11β-HSD1 activity in 

cells expressing ER-PARP1cd (p<0.0001 copmared to PARPcd expressing cells) C. 
Protein concentration of transfected cells and controls was not altered. D. The viability of 

transfected cell was not affected as indicated by the percentage reduction of alamar blue. 
For A, B and C 5 and for D 3 independent experiments were performed. 
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5.2.1.3. ER stress gene expression in response to transfection with ER-PARP1cd 

and ER-EGFP constructs.  

Although the viability of transfected HepG2 was intact, we examined whether transfection 

induced expression of ER stress genes. No significant changes in the expression of genes 

involved in ER stress response was seen in transfected and non-transfected cells (Figure 

5.3).  
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Figure 5.3. The effect of HepG2 transfection on genes involved in ER stress. 

A. Binding immunoglobulin protein (BIP). B. CCAAT/enhancer binding protein 

homologous protein (CHOP). C. Hexose 6 phosphate dehydrogenase (H6PDH). A slight 

increase in BIP expression was seen in cells expressing ER-EGFP construct, with no 

increase in cells transfected with ER PARP1cd construct. No effect of transfection was 

seen on CHOP and H6PDH gene expressing between transfected and un-transfected 

cells. Gene expression was expressed as fold changes. Cells only (no treatment), no 

plasmid (lipofectamine only). Data from 5 independent experiments are shown. 
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Table 5.1. ∆Ct of genes involved in ER stress response in transfected HepG2.  

Sample BIP ∆Ct  Chop ∆Ct H6PDH ∆Ct 

Cells only 7.61 2.31 6.35 

No plasmid 7.91 2.81 5.81 

ER-EGFP 8.31 3.15 6.09 

ER-PARP 8.77 3.41 5.98 
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5.2.2. Examining ER-cytosol crosstalk in C2C12 overexpressing ER-PARP1cd. 

5.2.2.1. The effect of NR treatment on the formation of PAR protein.  

Unlike in HepG2, the expression of PAR signal in transfected C2C12 is generally weak. 

This observation was seen after treatment with NR (0.5 mM, 24h). The signal was 

insufficient to reflect upon the signal intensity of PAR formation (Figure 5.4 (B)). No PAR 

formation was seen in cell lysate expressing ER-EGFP with and without NR treatment. 

Transfection was confirmed by the expression of GFP in cells transfected with ER-

PARP1cd and ER-EGFP (Figure 5.4 (A)).  
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Figure 5.4. The effect of NR on PAR formation in C2C12.   

A. Fluorescence was detected in cell lysate of ER-PARP1cd and ER EGFP transfected 

cells treated and untreated with NR 48 hours after transfection. No green fluorescence 

was seen in cells only and cells without plasmid. Bar 248.9 µm. B. Immunoblot analysis 

of cell lysate expressing PARP1cd or EGFP-PARPcd targeted to ER. PAR immunoblotting 

analysis using PAR antibody revealed detectable PAR formation in cells expressing ER-

PARP1cd. PAR signal was also detected in cell lysate of ER-PARP treated with NR. No 

PAR formation was seen in cell lysate of ER-EGFP, no plasmid, and cell only. Protein 

overexpression was detected by C-terminal Myc-tag. β tubulin was used as loading 

control.  
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5.2.2.2. Time-point of assessing 11 β-HSD1 oxo-reductase activity in C2C12 

myoblast.  

To examine the activity of 11β-HSD1 as a read-out of NAD+ modulation induced by ER-

PARP1cd transfection in C2C12 myoblasts, we had to optimize the time required for the 

myoblasts to convert inactive 11-DHC to active corticosterone. Due to the limited 

transfection time (48 hours), C2C12 cannot be cultured to differentiate and form 

myotubes. Previously, we showed that 20 minutes is enough for C2C12 myotubes to 

convert ~20% of inactive 11-DHC to corticosterone. Cells were set at two different growth 

times (48-72 hours), and the conversion was measured after 6, 10, and 24 hours of 

incubation with inactive compound (H3 11-DHC). Results showed that cells cultured for 48 

hours could convert ~20 % of inactive 11-DHC after 10 hours of incubation (Figure 5.5). 

This was the time required for assessing 11β-HSD1 in transfected C2C12 myoblasts in 

the future.  
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Figure 5.5. Optimization of 11 β-HSD1 oxo-reductase activity in non-transfected 

C2C12 myoblast.  

The percent of conversion was measured after cells were grown for A. 48 hours and B. 

72 hours. C2C12 myoblasts incubated with H3 11-DHC (hot A) at different time points 

(6,10, 24 h) to examine the time required for conversion to H3 corticosterone (hot B). We 

indicated that conversion was best seen 10 hours after incubation with H3 11-DHC, when 

cells were cultured for 48 hours (approximately 20 % conversion). Data from 3 

independent experiments are shown. 
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5.2.2.3. 11β-HSD1 activity as a read-out of ER NAD+ bioavailability in ER-PARP1cd 

overexpression. 

Then we examined the impact of ER NAD+ depletion induced by PARP hyperactivity on 

11β-HSD1 enzyme activity. Although lipofectamine affected the activity, as seen in cells 

with no plasmid (Figure 5.6 (A)), cells expressing ER-PARP1cd revealed more reduction 

in 11β-HSD1 enzyme activity compared to cells expressing ER-EGFP. The enzyme 

activity was restored in cells expressing ER-PARP1cd treated with NR (0.5 mM, 24h) 

compared to untreated cells expressing the same construct (Figure 5.6 (B)). Protein 

concentration was slightly lower in all transfected cells with no significant difference 

between the transfected groups (Figure 5.6 (C)). Cell viability was not different between 

transfected and non-transfected cells (Figure 5.6 (D)). 
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Figure 5.6. 11β-HSD1 oxo-reductase activity in transfected C2C12 (tC2C12) 
myotubes. 

A. 11β-HSD1 activity was reduced in cells with no plasmid, cells expressing ER-EGFP 

and ER-PARP1cd compared to cells only (p=0.0027, p=0.0003, and p<0.0001 

respectively) B. Treatment with NR (0.5 mM, 24h) restored 11β-HSD1 activity in 100% in 

cells expressing ER-PARP1cd (p<0.0001 comapred to PARPcd transfected cells). C. 

Protein concentration of transfected cells and controls was not different.  D. The viability 

of transfected cell was not affected as indicated by the percentage reduction of alamar 

blue. For A, B and C 5 and for D 3 independent experiments were performed. 
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5.2.2.4. ER stress genes expression in response to transfection with ER-PARP1cd 

and ER-EGFP constructs.  

We examined whether transfection induced the expression of ER stress genes. No 

significant changes in the expression of genes involved in ER stress response were seen 

in transfected and non-transfected cells (Figure 5.7).  
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Figure 5.7. The effect of C2C12 transfection on genes involved in ER stress. 

Gene expression expressed as fold changes. Cells only (no treatment), no plasmid 

(lipofectamine only). No significant effect of transfection was seen in the expression of A. 

Bip.  B. CHOP C. The expression of 11β-HSD1 significantly decreased in all transfected 

cells (p<0.0001 compared to cells only). D. H6PDH.  Data from 5 independent 

experiments are shown. 
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Table 5.2. ∆Ct values of genes involved in ER stress response in transfected C2C12. 

 
 

Sample BIP ∆Ct  Chop ∆Ct H6PDH ∆Ct 11β-HSD1 ∆Ct 

Cells only 4.98 4.13 8.31 8.31 

No plasmid 5.31 4.33 8.19 7.81 

ER-EGFP 5.46 4.61 8.67 7.46 

ER-PARP 5.13 4.11 8.97 7.53 
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5.3. Discussion 

The ER-cytosol NAD(H) cross-talk has been examined previously in Chapter 3 by 

inhibiting cytosolic NAD+ availability through FK866 that inhibits the NAMPT biosynthesis 

pathway to induce NAD+ depletion. However, this chapter used a different mechanism to 

deplete NAD+ by genetically targeting ER-PARP1cd to the ER, which led to increased 

activity of the NAD+ dependent enzyme PARP1, and depleting ER NAD+ availability. This 

model provides a different approach to investigating the cross-talk by depleting NAD+ in 

the ER rather than the cytosol.  

When HepG2 and C2C12 cells were targeted with ER PARP1cd fused with EGFP, the 

formation of PAR was seen from the cell lysate overexpressing PARP1cd. In contrast, 

detection of PAR formation was not seen from cell lysate expressing EGFP only. After 

treating transfected cells with NR (0.5 mM; 24h), detection of PAR formation slightly 

increased in cell lysate expressing ER-PARP1cd compared to cell lysate expressing the 

same construct without NR treatment, suggesting that restored cytosolic NAD+ might have 

access to ER to support PAR formation. This observation was best seen in HepG2, while 

in C2C12, the expression of PAR was generally weaker than in HepG2, and NR treatment 

did not significantly enhance the expression of PAR. On the other hand, cell lysate lacking 

PARP1cd did not show detectable PAR formation, demonstrating the incapability of NR 

to increase PAR formation in the absence of catalytically active PARP.  

To examine how ER-PARP overexpression impacts upon ER NAD+ availability, we 

investigated the activity of ER luminal enzyme 11β-HSD1 as a read-out. As expected, 

NAD+-dependent PARP1 hyperactivity reduced the oxo-reductase activity of the enzyme. 
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Although enzyme activity was reduced in all transfected cells (ER-PARP, ER-EGFP), cells 

expressing ER-PARPcd showed depleted activity by ~40% in HepG2 and ~ 50% in C2C12 

compared to cells expressing ER-EGFP only. To confirm that reduced 11β-HSD1 activity 

is related to low NAD+ level rather than reduced protein concentration, we checked protein 

concentration among transfected and non-transfected cells and saw no significant 

differences. In addition, cell viability was not diminished as a result of transfecting HepG2 

and C2C12 with vectors encoding ER-PARP1cd and ER-EGFP.  

Furthermore, we investigated the possible effect of transfection on the expression of 

genes involved in the ER stress response. We assessed the expression of CHOP, 

H6PDH, Bip, and 11β-HSD1 by qPCR, and the expression was normalized to the 

expression of GAPDH as a housekeeper gene. Results indicate no significant increase in 

the expression of ER stress genes in HepG2 and C2C12 in transfected cells compared to 

non-transfected cells. In addition, we indicate that NAD+ depletion induced by ER-PARP 

overexpression was not sufficiently low to diminish cell viability and stimulate the ER 

stress response.  

In conclusion, this chapter provides a different method to examine ER-cytosol NAD(H) 

cross-talk in a cell model where NAD+ availability is depleted in the ER. The capacity of 

restoring 11β-HSD1 oxo-reductase activity by NR-induced NAD+ repletion in cells 

overexpressing PARPcd suggests that ER might have access to cytosolic NAD+ to 

enhance the enzyme activity.  
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NAD+ has been known for its central role in cellular energy production as an electron 

donor to generate ATP in the oxidation-reduction reactions in the TCA cycle (Houtkooper 

et al., 2010, Belenky et al., 2007). Its reduced and phosphorylated forms (NADH, NADP+, 

and NADPH) act as coenzymes for a set of cellular enzymatic reactions involved in energy 

metabolism, DNA repair, gene expression, and the regulation of cellular stress response  

(Okabe et al., 2019, Fang et al., 2017). Evidence revealed a significant relationship 

between NAD+ decline and the development of metabolic disorders such as fatty liver, 

skeletal muscle degeneration, and type 2 diabetes (Yoshino et al., 2011, Trammell et al., 

2016b, Frederick et al., 2016, Zhou et al., 2016). Therefore, it is essential to understand 

the mechanisms that maintain cellular NAD+ homeostasis.  

The intracellular NAD+ pool is separated by cellular compartments and is not equally 

distributed within subcellular organelles (Cambronne and Kraus, 2020). Therefore, 

biosynthesis of NAD+ or supplementation by adjacent organelles is necessary to meet the 

subcellular organelle demand. It has been suggested that NAD+ can transfer freely 

between the cytosol and the nucleus (Nikiforov et al., 2015), while in the mitochondria, the 

malate-aspartate shuttle system and other shuttles are known as a source of NADH 

(Satrústegui et al., 2007). However, the mechanism underlying the maintenance of the 

ER NAD+ pool is not clearly understood.  

The ER is the largest cellular organelle with a central role in maintaining Ca2+ homeostasis 

(Schwarz and Blower, 2016). In cellular metabolism, ER is the primary site for protein 

production, lipid biosynthesis, and glucose metabolism (Westrate et al., 2015). A balance 

between NAD+ and NADH in the ER determines the optimum oxidizing and reducing 
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reactions to support protein folding and modification. Therefore, any disturbance in the 

ER redox homeostasis can stimulate ER stress responses (Gansemer et al., 2020).Many 

observations link a prolonged ER stress response to the progression of several diseases, 

such as type2 diabetes (Laybutt et al., 2007), atherosclerosis (Tsukano et al., 2010), and 

cancer (Fernandez et al., 2000).   

In this project, we investigated the mechanism that maintains the ER NAD+ availability, 

particularly the ER-cytosolic NAD+ pool. The activity of 11 β-HSD1 enzyme was used as 

read-out as NADPH-dependent enzyme in the lumen of the ER. As a result of cytosolic 

NAD+ depletion by the NAMPT inhibitor FK866, the oxo-reductase activity of 11 β-HSD1 

significantly decreased. To examine if NAD+ repletion with the NAD+ precursor NR can 

rescue the enzyme activity, we showed that length ot treatment corresponded with the 

increased 11 β-HSD1 activity. In addition, our group has previously shown that the viability 

of C2C12 myotubes was intact in response to treatment with FK866 (100 nM, 24 hours) 

and NR (0.5 mM, 24 hours) (Fletcher, 2017). This observation suggests a possible 

communication of the ER-cytosol NAD+ pool that allowed the ER to sense the modulation 

of cytosolic NAD+ availability. Then we investigated the generalizability of these results in 

multiple metabolically active cell types, including mouse skeletal muscle myotubes 

(C2C12), a human hepatocellular carcinoma cell line (HepG2), human dermal fibroblasts 

(HDFn), and human kidney cell line (HEK293). Similar findings were observed in all cell 

types, suggesting that it is not a tissue-specific response but a common cellular 

mechanism that allowed NAD+ entry into the ER to maintain redox homeostasis.  
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Due to the difficulty of measuring the subcellular NAD+ pool, indirect visualization of 

compartment-specific NAD+ availability was assessed in mitochondria, Golgi apparatus, 

cytosol, and ER (Dölle et al., 2010). This study indicated the availability of subcellular 

NAD+ by detecting PAR polymers generated by the activity of the NAD+-dependent 

enzyme PARP1. In addition, we established a genetically modified model of ER-PARP 

overexpression by targeting the catalytic domain of PARP1 into the ER to induce NAD+ 

depletion. This model allowed assessment of the cross-talk by depleting ER NAD+ level 

rather than cytosolic NAD+ depletion by FK866.  

We transfected two cell lines (C2C12 and HepG2) with vector encoding ER-PARPcd to 

induce PARP overexpression in the ER and vector encoding ER-EGFP only as a control. 

Due to the variability in cellular characteristics, we had to optimize the proper transfection 

conditions for each cell line. These conditions included cell density at the time of 

transfection, plasmid DNA concentration, transfection time, and the technique used for 

protein transfer. Successful transfection was indicated by the expression of GFP visualize 

by fluorescence microscopy. At the same time, PARP overexpression increased PAR 

signal formation, as seen in Western blot images of cell lysate expressing ER-PARPcd.  

Then we assessed if ER NAD+ depletion, induced by PARP hyperactivity, impacted 11 β-

HSD1 oxo-reductase activity. Results showed that cells expressing ER-PARPcd has 

depleted 11 β-HSD1 compared to cells expressing ER-EGFP only. This observation was 

seen in both cell types, with no diminished cell viability in transfected cells. Repletion of 

NAD+ with NR supplementation rescued ER NAD+ availability as indicated by restored 11 

β-HSD1 activity. Our observation suggests that ER could access cytosolic NAD+ that 
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recompensates the consumption of ER NAD+ by PARP activity. Then we assessed the 

impact of transfection with PARPcd on the expression of genes involved in ER stress 

response. No apparent effect was seen on the ER stress genes suggesting that NAD+ 

was not low enough to induce ER stress.  

There are several limitations in this project, which took time to complete due to the impact 

of the Covid-19 pandemic. First, the majority of our experiments were conducted in vitro 

cell models. The main disadvantage of these in vitro models is lacking the capability to 

represent the complexity of organs and interactions between different cell types (Ghallab, 

2013). Second, despite the previous observation showing intact cell viability in C2C12 

after treatment with FK866 and NR (Fletcher et al., 2017), this was not examined in other 

cell lines using caspase activity. However, we assessed the viability of the cells by the 

reduction of Alamar blue and the expression of genes linked to the ER stress response. 

Thirdly, although a previous study confirmed the expression of 11 β-HSD1 genes in 

HepG2 (Ignatova et al., 2009), this was not shown in this thesis. This could be related to 

the low sensitivity of TaqMan probes we used to detect 11 β-HSD1 gene expression. 

Fourthly, after we examined the cross talk in a model of NAD manipulation by FK866 and 

NR in C2C12, HepG2, HDFn, and HEK293, only two cell lines have been studied using 

the PAPR-induced NAD+ depletion model. Due to the limited time and optimizing 

transfection procedures, studying PARP overexpression in HDFn and HEK293 was 

beyond the scope of this thesis. 

Future research would include in vivo studies to fully understand mechanisms and factors 

that determine ER-cytosol NAD+ cross talk. In this project, we considered NAD+ depletion 
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based on PARP and PAR formation activity. This approach might be improved by 

measuring the actual NAD+ level in cellular compartments by cell fractionation technique 

(Simpson and Pepperkok, 2006). To confirm the localization of PARP in the ER, it would 

be required to fuse PARPcd with ER marker binding immunoglobulin protein (BiP) (Haas, 

1994). This would differentiate between protein accumulation in the ER and the cellular 

intermembrane space. 

In conclusion, this thesis examined the association between cellular glucocorticoids and 

NAD+ metabolism  to investigate how the NAD+ pool is regulated and maintained in the 

ER.  Results suggests a possible ER-cytosol communication that allows NAD+ entry into 

the ER. Two different methods were used to deplete the cellular NAD+ pool. First, we used 

a NAMPT inhibitor (FK866) to deplete cytosolic NAD+. Second, we induced ER NAD+ 

depletion by genetically overexpressing ER-PARPcd as NAD+ consuming enzyme. The 

ability of NAD+ repletion with NR to rescue the ER NAD+ pool and restore the activity of 

11 β-HSD1 was validated in multiple cell types. This data would advance our 

understanding of the critical cellular biology and physiology that maintain ER NAD+/NADH 

redox homeostasis. Further research is required to assess the cross-talk in vivo models, 

considering the complexity of the subcellular interactions in a living organism. Figure 6.1 

is showing an overview of results generated in this thesis.  
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Figure 6.1. Schematic figure illustrating the results generated in this thesis. 

A. 11 β-Hydroxysteroid dehydrogenase type 1 (11 β-HSD1) orientation in the endoplasmic 

reticulum and its connection with hexose-6-phosphate dehydrogenase (H6PDH). The 

glucose-6-phosphate (G6P) transporter and H6PDH system are required for G6P transfer 

to the H6PDH enzyme. G6P binds to H6PDH to generate 6-phospho-gluconolactone 

(6PG), which results in the production of NADPH within the ER lumen. The NADPH 

generated is used by 11 β-HSD1 to convert cortisone to cortisol. B. We examined the ER-

cytosolic NAD+ cross talk by modulating cytosolic NAD+ with FK866 and NR using 11 β-

HSD1 activity as a readout. This was examined in multiple cell types including H6PDH 

knock out mouse myoblasts. Additionally, we introduced a catalytically active ER-PARP 

plasmid to induce ER-PARP overexpression and deplete ER NAD+. Results suggest that 

a ER-cytosolic NAD+ communication might exist as indicated by the correspondence of 

11 β-HSD1 activity with NAD+ availability and repletion with NR.  
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Appendix A: TaqMan probes used for RT-PCR. 

 

Gene Product Number 

Bip 
Mm01135937_g1 

Hs00358796_m1 

Chop 
Mm00517691_m1 

Hs00607129_g1 

G6PDH Mm99999915_g1 

H6PDH 

Mm00557617m1 

Hs00188728_m1 

11β-HSD1 

 

Mm00476182_m1 

 

Hs01547870_m1 
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