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Abstract

L-arginine (Arg) is a semessential amino acid in mammalsAkg metabolism in the cell can give rise to urea
production and tornithine via arginase activity or nitric oxigO) and L-citrulline production via nitric oxide
synthase (NOS)NO is produced by three isoenzymes of NOS, neuronal NOS (nNOS) and enddtiadial
(eNOS) are isoforms constitutively expressed, inducible NOS (iNOS) is mainly expressed during inflammatory
responsesNO is an important intraand intercellular signalling molecule, that regulates lipid and glucose
metabolism. Synthesis of NO require number of cfactors including tetrahydrobiopterin (BHThe biological
availability of NO is affected by the NOS inhibitor®Mitro-L-arginine methyl ester (NAME) and the NO
donor; SnitrosoN-acetylDL-penicillamine (SNAP).This study wasconducted to investigate the impact of
addition of different concentrations of exogenouArg to cultured model cell systems and on the NOS signalling
pathway.The experiments were conducted with cell models to define the direct efféctsrgfand its atabolic
productson specific cell signéihg pathway in insulirsensitive cellstnouse liver epithelial cultured model BNL
CL2 (a hepatocyte cell model) and mouse adipocyte; ¢®l8 L1 The cellswere cultured in two different
additional exogenous conteations of LArg (400 and 800 uM) in tArg deficient media or control complete
DMEM media(contains 250 uM EArg itself andmaintainedwvithout excess {Arg treatmentwith 10% FBS and
the cellular response investigated 24 and 72 h after #hggladditions. gRTPCR was used to determine the
MRNA levels of key transcripts for enzymes involved in the metabolismAxigland downstream metabolic
pathways whilsiWestern blotting was undertaken for proteins anal{production was also determinedthwvi
Griess reagent and residual cell culture supernatant amino acid concentrafgslL(Cit and L-Orn) measured

by HPLC. To further investigate NO productitihe impact of the NOS inhibitor-NAME (4 mM), external NO
donor SNAP (100 uM), and NOS dactor BH,: (40 uM) was also analysed. Finalstably constitutively over
expressing iINOS 3T3 L1 cells were generated and the impact of culturing in elevated exogénp8, 1400
and 800 uM) investigated.

The culture viability and number of viable cellere similar uponthe addition of exogenous-Arg whilst the
MRNA levels of AMPK and ACEL were increased in both cell types, whilst that of @PRWas increased in 3T3
L1 cells and decreased in BNL CL2 cells. The protein expression and activathiiRK and ACG1 was
increased in liver cells in response to increased extracelltdag in a concentration and time dependent manner,
explaining the increased energy metabolism in argitvieeted BNL CL2 cells. In this cell model phosphorylated
ACC-1, adownstream target of AMPK, increased in responseAod-supplementation, resulting in inactivation
of ACC-1 andan increase in the activity of CPT. The activation of AMPK and ACQ was decreased in 3T3 L1
adipose cells in response teAltg supplementabn, however, there was an increase in the activity of CRat
reportedly facilitates the transport of lenhain fatty acids from the cytosol to mitochondria for oxidaticArg
addition also impacted on the level of pusinslational modification gfroteins involved in cholesterol synthesis,
HMGCR and SREBR and a lipogenic regulator SREBHAN liver cells (BNL CL2, increased) and adipose cells
(3T3 L1, decreased) compared to the con#kdhall mark of L-Arg metabolismNO in the form of NQ in cell
culture supernatavas elevatedn 800 uM L-Arg cultured samples after 24 h in BNL CL2 celowever, n

3T3 L1 cells, the amount of NQvas elevated in 400 pM (at 72 h) and 800 puMig (at 24 h) cultured.-NAME
significantly inhibited NO produ®on from liver and adipose cells in a tidependent manner and subsequently
impacted AMPK and ACC expressiorntArg supplementation also affected mRNA and protein levels of AMPK
and ACG1 in the cells grown in the presence of £iHd SNAP. Associated withese changes were changes in
the concentration of4Arg, L-Cit and L-Orn in the culture media. Interestingly there were elevated iINOS mRNA
levels inthe control,0 pM and untreated at T=0 samples in comparison to low mRNA levels in-frg L
supplemergd samplesConstruction of iINOS iirame with a V5 tag enabled generation of cell pools -over
expressing the INOS'5 tagged protein but surprisingly there appeared to be little impact on cell grow#hrgr L
metabolism.In conclusion, this study provideswv insights into how excessArg in cell culture media impacts
NO production and cell signalling pathways in mouteVitro cultured liver and adipocyte cells. Collectively,
these results show that excesaig is sensed by the cell which then regulates AMPK and -A@Rpression in
response. The findings could have implications in modulation of signalling pathways for t@asity and
obesity induced diabetimellitus Inhibition of NO synthesis moderately attenuated the argisiimaulated
increases of AMPK and ACC in BNL CL2 cells whilst regulation of the-Arg/NOS/NO pathway by BiHand
SNAP impacted the mRNA and prateexpression of AMPK and AGC, and consequently culture supernatant
nitrite. These data suggest that modulation ofLitheg-NO pathway may provide a potentially novel means to
impact metabolism that underpins generation of fat mass and such a hypmibkblse tested in the future.
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Chapter-1 Introduction

1.1.Background to the study

The 20 amino acids are the key building blocks of proteins and peptides, but also play a role in other metabol
pathways in cells. The study hdoeuseson eukaryotic cellsspecificallymammaliarncells(mouse liver and
mouse adipose celland amino ad metabolism involvinghe amino acid.-arginine. In mammalian cells
amino acids are traditionally defined as nutritionally essential (EAA, cannot be synthesized by the cell) or
norressential amino acids (NEAA). Traditionally EAA include cysteine, higidisoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, tyrosine, and (##fng2014) Cysteine and tyrosine are
sometimes not considered EAASs as they can be synthesized fridmomee and phenylalanine but there is

no direct synthesis of theg@/u, 2014) Some of the NEAA, particularly arginine, glutamate, glutamine,
glycine, and proline are also important in regulating cellplaperties such as gene expressemy cell
signalling. Thus, particular amino acids regulate major metabolic pathways that are essential for maintenanc
proliferation, reproduction and immunity of cells besides their role as building blocks of pagsdpt.

Wanget al, 2014)
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Figure 1.11.Chemical structure of L-arginine, L-citrulline and L -ornithine

(A)The chemical structure representing the stereochemistaadfibine. The configuration of the chiraddlpha
amino acid is Lisomer of arginine, that is-arginine. The amino acid siddain of arginine consists of acarbon
aliphatic straight chainhe distal end of which is capped by a guanidinium group, which has a pKa of 13.8,
therefore always protonated and positively charged at physiological pH. Because of the conjugation bet
double bond and the nitrogen lone pairs, the positiwgehis delocalized, enabling the formation of multi
hydrogen bonds (Fitcht al, 2015).(B) The chemical structure representing the stereochemistry®f Lt |, -
amino acid.L-Arg undergoes deimination to give(it, converting the positively charged guanidinium moi
into a neutral urea grou@Vu et al, 2019) (C) The chemical structure representing the stereochemistrQrhl
a n-anino acidL-Cit consistsa sidec h a raminoygroup, whiclis potentially able to coordinate a metal ion
addi t i o-aminb groupTih @ -Nbt, a n dNHEJgroups are separated by three methylene residue©im
(Conatoet al, 2000)




L-arginine (-Arg, Error! Reference source not fourld.is considered a sermissential amino acid with a v
ariety of physiological effects on the cell and cell signall{Sgnsbury and Hill, 2014)Arginine can be
sourced fran three main sources; dietary, recycling of amino acids during poggnadationand from being
synthesised from precursor compounds. The most common dietary sources of arginine are meat, fish, dai
products and nutSinghet al, 2019) Arginine is also interconvertible with glutamate and prolheyever,

itis also an important intermediate in the synthefier control of, the production of agmatine, creatine, nitric
oxide (NO), polyamines and urefai@ 1.1.2) alongside being a key amino acid in the building of proteins and
peptides.

ASS
Argininosuccinate ‘_T Citrulline
Fumarate ‘4 ASL Aspartate
Arginase S
Ornithine + Urea s ARGININE = NO + Citrulline
i
i ( Glycine
¢ CO:
T ADC AGAT
Polyamines .
Proline Agm'ahne Guanidinoacetate «----p= Creatine
Glutamate : + Omithine
!
Polyamines
Urea
Aldehydes

Figure 1.1.2. A schematic overviewdiagram showing the L-arginine metabolism axis interconnectedwith
different biological synthesis processes.

The key amino acid{arginine can be interchanged to different amino acids through different mefzdtblicays,
andis animportant intermediate in biological pathwaysginine isobtainedrom food, body protein, ande novo
synthesis from citrulline. Aginine is the substrate for synthesis of proteins, NO and citrulline, urea and orn
creatine, and agmatinérgininosuccinate synthase catalyzes toeipling of citrulline and aspartate to for
argininosuccinate, the immediate precursor of argiaimketherargininosuccinate lyaseatalyseargininosuccinate
to producefumarate and arginineAbbreviations:ADC, Arginine decarboxylase; AGAT, arginine : glyci
amidino transferase; ASL, arginosuccinate lyase; ASS, arginosuccinate synthetase; NaxiariblOS, nitric
oxide (Morries, 2004)

1.2.Regulation of the L-arginine/NO pathway

L-arginine metabolism in the cell can give rise to urea production and ornithine via arginase activity or nitric
oxide and Lcitrulline production via nitric oxide synthase (NO$ig 1.21) (Rath et al, 2014) The
homodimers of three NOS isoforms catalyse oxidationafdinine via a twestep process. Firstly -arginine

is hydroxylated to the intermediate®MydroxylL-arginine then, secondly, furthexidation produces L
citrulline and NO Fig 1.2.2) (Baldelli et al, 2014 Balligand and Cannon, 1997Jhe major locations of
arginine synthesis in the body are the lig@sowskeaet al, 2004)and kidneygLau et al, 200Q Brosnan and
Brosnan, 2004)of which the kidneys are the vital site fie-novoarginine synthesis. Generally, arginine is
biologically synthesed in the liver by the urea cycle, then arginine subsequently is a substrate used to produce

ornithine and urea in the presence of arginase enzyme.
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Figure 1.2.1. Schematic outlining the interconversion oL -arginine to L-citrulline that is catalysed by nitric
oxide synthase (NOS) enzyme and appropriate cofactors.

There are two domains in the NOS enzyme; a reductase domain and an oxygenase domain. NADPH p
electron which is carried through the redmarriers FAD and FMN to the oxygenase domain, where they c(
with Fe ion and Bhlat the active site of the NOS enzyme to catalyse the reactioragfihine and oxygen t
produce Lcitrulline and NO(Alderton, Cooper and Knowles, 2001Jhe flow of electrons throughout th
reductase domain depends orf'Gand CaM bindingTengan, Rodrigues and Godinho, 2012)

Liver contains an exceptionally high arginase activity to hydrolyse the endogenously synthesised argining
(enhanced arginasaduced arginine utilisation), and there is no net biosynthesis of arginine in the liver from
the urea cycl¢Osowskeet al, 2004;Wu et al, 2013 Wijnandset al, 2015. Citrulline is not taken up by the

liver and is spontaneously transported to kitmeys where it is captured and metabolised to arginine, and
thereby is a good source or substrateafgiinine productiorfOsowskaet al, 2004) The flux of arginine to

the liver is controlled by the intestine, where dietary arginine is converted to citrulline. However, the enzymes
that metabase citrulline to arginine (argininoscinate synthetase and argininosuccinate lyase) are present at
very low concentrations in the intestif@sowskaet al., 2004 Cai et al, 2016) As a result citrulline
synthesised by enterocytes cannot be urseiuand therefore is captured by the kidneys (approximately 80%

of citrulline releaed by the gut) to be recycled to arginiiiéis is thercirculated in the blood and taken up

by the tissues which have a demand for arginine for protein synthesis and other biochemical function:
(Osowskaet al, 2004) There are structural similarities betweertitrulline and L-arginine, therefore it is
important to eliminate {citrulline promptly to prevent its buitdp which can inhibit the enzyme active centre

competitively(Caiet al, 2016)
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Figure 1.22. A schematic diagram showing the biosynthetic pathway for production of NO from L-arginine.
At first L-arginine is hydroxylated to thatermediate R-hydroxytL-arginine then, secondly, further oxidati
produces Ecitrulline and NO.




Nitric oxide (NO) is synthesised byisbforms of NOSandoxygen, from Larginine and requires a number of

co-factors including tetrahydrobiopterin [(6/)6,7,8tetrahydrobiopterin{BHs.), flavin adenine dinucleotide

(FAD), flavin mononucleotide (FMN) and nicotinamide adenine dinucleotide phosphate (NAD@#tjan,

Rodrigues and Godinho, 201@jig 1.2.1). BH4 is an essential cofactor of NOS, playing a crucial role in
regulating endothelial NO synthegisohli et al, 2018 Yvette C. Luiking, Engelen and Deutz, 201BH,
itself is synthesized from GTP via the GTixlohydrolasd (GTP-CH) pathway(Yvette C. Luiking, Engelen
and Deutz, 2011)Previous studies have shown that NO synttemisbe regulated by phosphorylated NOS,

the presence/concentration of arginine and the cofacte(MBtland Meininger, 2002Besides these cellular

modes of regulation of NO production by-faxtors,NO is modulated by a range of NOS inhibitors such as
NC-nitro-L-arginine methylester @NAME), N°®-monomethylL-arginine (.-NMMA) and NC-nitro-L-
arginine (NNA) (Hon, Lee and Khoo, 2015)
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As described above, nitric oxide is an important idrad intercellular(McAdamet al, 2012 Sansbury and

Hill, 2014) signalling molecule that regulates nutrient metaboliBrihbeck and Goéme&mbrosi,2001)
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Figure 1.3.1. Working model of the systemic effects of NO on obesity and metabolism.
The left of the model shows the obesogenic or insdisensitisingictions and the right of the model shows
antkobesogenic or insulin sensitizing actions of NO from NOS isof¢8aasbury and Hill, 2014)

Physiological levelef NO( 2 5

well as fatty acid oxidation in insulisensitive tissues (muscle, heart, liver and adipose), inhibit the synthesis

t o (RBablavanitall 2017)stimulate glucose uptake Goxidation as

of glucose, glycogen and fat in target tissues (e.g. livdraalipose) and enhance lipolysis in adipocytes
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(Jobgenet al., 2006)(Fig.1.3.1). The production of NO occurs in nearly all cells and tissues of mammals,
particularly adipocytes, endothelial cells, cardiac cells, neurons, hepatocytes, myotubes and phagocytic ce
(Leeet al, 2003 Wu et al,, 2015)

Asimplesearch n PubMed (02/01/2023) wusing the term ANO
of which 47,258 articles were published in the last decade. These data illustrate the wide scientific interest ir
and numerous functions of, NO in a variety ofeaash fields around physiological pathways, pathologic

process and pharmaceutical treatment based ofuhfion (Tengan, Rodrigues and Godinho, 2012)

NO is a gaseous, inorganic, uncharged, diatomic moleadl@ dree radical with one unpaired electron. The
lipophilic (lipophilic of NO analy®d bysolvation properties of NO using solvation descriptors and water
solvent partition coefficients; Abrahaet al, 2000) high diffusible and permeable features of NO facilitate

its diffusion through cell membranes until it reaches its degiimaell or tissue, where it may initiate a specific
biological effect(Tengan, Rodrigues and Godinho, 2018)contrast to other second messenger molecules,
NO does not directly couple with intracellular or extracellular receptors in order to elicit its biological
functions(Baldelli et al, 2014) Interestingly, NO is synthesised on demand in specific destinations because
it has short hatfife (5 s)(Tengan, Rodrigues and Godinho, 2012)

Oxidative metabolite products of NO are nitrites and nitrates whose formation swiftly deactivates NO and
which are diffised into circulation. As such, the previous existence of NO in circulation can be measured
indirectly by determining the concentrations of nitrite and nitrate present and these are frequently used a
indicators of the NO concentratigHon, Lee and Khoo, 2015NO also regulates intracellular cGMP levels

that are increased via tlsimulation of soluble guanylate cyclase, which then binds to the iron imatra

centre, and as such the concentration of cGMP is also proportional to the presen¢elohN@e and Khoo,

2015)

The fate of a number of possible NO redox forms, including,NN® and NO have roles in cell signalling
through involvement in a range of different chemical reactions within thératl, Lee and Khoo, 2015)
Lipid peroxidationfree radicals impact carbararbon double bond in lipid#\yala, Mufioz and Argiielles,
2014) and nitration of tyrosne resides in proteins are indirectly interconnected to peroxynitrite, a highly

reactive molecule, produced by NO reaction with a superoxide @fam Lee and Khoo, 2015)

In addition to the welkstablished roles of NO in various signalling cascades, NO regulates some enzymes
due to its ability to activate soluble guanylate cyclase (s&t) inhibit cytochrome c¢ oxidase via the
interaction of NO witthaem(Baldelli et al, 2014) The enzymes catalyseactions in the respiratory cycle;
mitochondrial respiratory complexes, the tricarboxylic acid (TCA) cyaenigase and DNA synthesis
pathways are at least in part modulated by coupling of NO telre@miron and irorsulphurcentres present

in many enzymegBaldelli et al, 2014)(Hon, Lee and Khoo, 2015T here is a ptential of NO to combine

with the haemgroups of cytochromes, the consequence of this being a decreased rate of metabolism an

reduction in the capability of oxidation of these enzy(@@emens, 1999)



1.4.The factory of nitric oxide production,6 Ni t ri ¢ oxi de synt hasebd

1.4.1.The structure of NOS

The well described three isoforms of NOS originate from three different genes and at the nucleotide sequent
level these share aroudd-57% identity(Wu andMorris, 2008;Tengan, Rodrigues and Godinho, 2012)
Dimerization of the NOS enzyme is required to stimulate its function. There are two subunits in the NOS
enzyme, an Nerminal oxygenase subunit consisting of binding sites fardinine, BH andhaem(Fe) and

the Gterminal reductase subunit containingding sites for the crucial cofactors FMN, FAD, NADPH and
calmodulin(Tengan, Rodrigues and Godinho, 20&aldelli et al, 2014) Both subunits arkeld together by

a zinc ion, which is bound by two cysteinkgands from each subunitto build the dimeric complex
Calmodulin binds to a linker region between the two domains and is necesgd@Jactivity (Feng, 2012)

(Fig 1.2.1and 1.4.1). However, there are some specific different features present in the isoforms nNOS and
eNOS. In the nNOS isoform there is a 250 amino aeidrishinal sequence addition in skeletal muscle, named
the PDZ domain (postsynaptic density protein 95/discs la@é&/Bomology domain), which facilitates the
enzymes present in sarcolemma in skeletal muscle. The eNOS isoform has sites for myristoylation an
palmitoylation located in the #&rminal for acylation by myristate and palmitate, which is obligatory for the

subcellular localization of eNOS in the caveolae of endothelial €Efisgan, Rodrigues and Godinho, 2012)
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Figure 1.4.1. Schematic illustrating the structural organization of different human nitric oxide synthase
isoforms.

(A) The dimeric conformation afitric oxide synthases (NOS) with both oxygenase and reductase dorBaiGsré
structural differences within the three NOS isoforms with specific features of nNOS (PDZ domain) and eNC
for myristoylation (Myr) and palmitoylation (Palm) shown. Met@bly, all isoforms contain the oxygenase don
consisting of binding sites for-arginine (Arg), Hem and tetrahydrobiopterin (Bjiand the reductase doma
consisting of binding sites for calmodulin (CAM), FMN, FAD and NADPH. iNOS is denoted induc&ldi@yme
(Tengan, Rodrigues and Godinho, 2012)

The regulatiorof NOS, including limiting/activating its activity, expression and localisation are complicated

and multifactorial because of numerous physiological roles of NOS crosstalk with many signalling pathways,
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expression specificity of NOS to tissues and diffieisoforms of NOS§Tengan, Rodrigues and Godinho,

2012) Some of these mechanisms are discussed in more detail for each isoform below.

1.4.2. Isoforms of NOS

The isozymes of NOS have sequence variations and this has an impact on the biological mechanisms by whi
they ac{De Vera, Geller and Billiar, 1995As described above, three isoforms of nitric oxide synthase (NOS)
are known; calciunrdependent and membrane associated endothelial NOSS(eMONOSJ, calciunm
dependent neuronal NOS (nNOS or NO&ljlerton, Cooper and Knowles, 200&and calciurindependent
cytosolic inducible NOS (iNOS or NOS2Alderton, Cooper andKnowles, 2001 Sessa, 20Q4Balligand,

Feron and Dessy, 200De Vera, Geller and Billiar, 1995¢NOS and nNOS are expressed constitutively at
low amounts in a vaety of cell types and tissues and are controlled by the level 8fixading with
calmodulin(Wu and Morris, 2008Tengan, Rodrigues and Godinho, 20E2wever, iNOS is not expressed,
orverylowlevel, i n cell s or ti s s(WeaandMomid, B008nm msieacita dx@ression n d |
is induced under appropriate conditiqAdderton, Cooper and Knowles, 200Dhe initial purification and
characterisation of INOS was successfully carried out frommaumiacrophagd€inelli et al, 2020) Further,

iNOS is rot modulated by G4 (Tengan, Rodrigues and Godinho, 20123hould be noted thahere are two

types of nomenclature commonly used for naming NOS isoforms; numerical and descriptive nomenclatures
The former nomenclature denotes NOS isoforms as NNOS being type |, INOS as type Il and eNOS as type Il
The later nometlature labels NOS isoforms based on the interaction 8f Gare C4 is denoted by a letter
Aico, therefore neuronal and endothelial (Tesganf or m
Rodrigues and Godinho, 2012)

iINOS expression can be induced by cytokines and endotoxin. iINOS expresses in many cell types in larg
amounts and can be either cytoprotective or cytotoxic in esVera, Geller and Billiar, 199%)cluding
hepatocytes, macrophag®®set al, 1999 Sasst al, 2001) smooth mude, chondrocyteévoset al, 1999)

and cardiac myocytg€inelli et al, 2020) Kupffer cells, the macrophage cells of the liver, that have been
activated by lipopolysacchide (LPS), lead to the activation and production of inflammatory mediators such
as NO by iNOgMustafa and Olson, 199%Vanget al, 1999) The main stimulators of INOS expression are
tumournecrosis factor (TNF), interleukihbb (1L 1b-) , (I RNeoJ eaod | i popoly
is a weak inducer for INOS when it is applied alone. Someimamune cells need combinations of these
inducers to initiate NO synthedi€inelli et al, 2020) For example, a previous study reported that in mouse
skeletal muscle NO is not produced by these inducers when applied alone to the cells, however combinatior
of these inducers, s Uar Wwith allghre¢ dythkines) séinmuldted NI produation inL
the cellgCinelli et al, 2020) The stimulation and expression of iINOS therefore has cell specificity and species
specificity. For instance, INOS expression in rat and mouse glial cells can be stimulated by the solitary effec
of LPS, butit cannot stimlate iINOS in human cell€inelli et al, 2020)

Neuronal NOS (nNOS) is a constitutively active form of NOS and has a much wider tissue expression,
although it is most highly expressed in the brain whilst also being expressed in skeletal muscle, testis, lun

and kidney, and at low levels in heart, adtggland andthe retina.nNOS is encoded by the gene NOS1
7



locatedon chromosome 12g24.22, consisting of 29 exons and there being a minimum ten transcript variant:
including nNOSe, nNNOSbHb and nNOSU. The variaaht n
cardiac muscles, but later was observed in other parts of the human body; aorta, bladder, colon, corpt
cavernosum and placenfengan, Rodrigues and Godinho, 20183 discussed earlier, nNOS contains an
extra PDZ motif localised at the-tdrminus, thereby nNOS can interact with the PDZ motif of other proteins.
This communication between the PDZ motifspodteins govern the subcellular localisation and activity of
nNOS(Baldelli et al, 2014)

Endothelial NOS (eNOS), also known as constitutive NOS (cNOS), is primarily expressed in endothelial cells.
However, eNOS is also expressed in bone mamewved cells such as leukocytes, red blood cells and
plateletgDick et al, 2020) Thelocalization of eNOS is not defined clearhaugh it is generally localised

to the plasma membrane and cytopldSobgeret al, 2006) It is thought that most eNOS is located in the
caveolae, where it is bound to caveolin, a resident coat p(dibirechtet al, 2003) Caveolae is a lipid raft,
involved in small invaginations of the plasma membrane in mamebrate cell types, especially in
endothelial cells, adipocytes and embryonic notochord (@distiani and Parton, 2010)he functionality of

the eNOS dimer is mainly controlled by the-fagtor BH; (Jobgenet al, 2006) The discovery of the
interaction between eNOS expression with mitochi@hdnarkers in skeletal muscle resulted in the proposal

of a close relationship between eNOS and mitochondria. In addition to all thienmelh isoforms of NOS,

a study to analyse eNOS in rat liver and brain using gold labelling and electron micressdfsdrin the
authors suggesting that a mitochondrial NOS (mtNOS) might be eNOS or another form of NOS with
substantial homology to the eNOS foffrengan, Rodrigues and Godinho, 2012)

1.4.3.The modification, and biological rolesof NOS

Phosphorylation of eNOS at numerous sites impacts its activity such thatpegitve (stimulatory) or
negative regulation can be imparted by this fd@stslational modification. So far seven phosphorylation sites

of eNOS have been categorized, with stimulatory sites (2; S615, S1177), inhibitory sites (3; S114, T495, Y657
and tworemaining sites (Y81, S633) where the effect on eNOS activity, if any, is not yet known. Interestingly,
upon phosphorylation at S1177 and S615 of eNOS residue by AMPK, this activates eNOS. External stimul
(Akt/ PKA; protein kinase B signalling) and tireernal metabolic state of AMPK in the cell regulates eNOS
activity. Metformin, a drug broadly used to treat type 2 diabetes, has recently been shown to stimulate th
AMPK (Hawley et al, 2002) However, such AMPK activation was not observed in eNOS knockout mice
when treated with metformin and further to thpiysical activities in eNOS knockout mice did not aattv

AMPK (Cunningham,Sheldon and Rector, 2020%urprisingly, NO donors activate phosphorylation of
AMPK. These findings support the hypothesis thatieeficial effect of eNOS in metabolic pathways are
exerted in an AMPKdependent manner and eNOS may play a vital méellular signalling when energy or

metabolic signals are imbalanced, such as in ob@3itgningham, Sheldon and Rector, 2020)

The eNOS/NO pathway has wéthown roles in metabolic disorders and mitochondrial dynamics
(Cunningham, Sheldon and Rector, 202OS knockout mice form insulin resistance ietiand marginal

tissues and when they are fed with a Highdiet develop fat content in liver compared todwifpe. Obese
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patients with a range of degrees of obesity have shown notable dysfunction of eNOS. In a nut shell, eNOS h:

a major role in metalhc disordergCunningham, SHdon and Rector, 2020)

Extracellular Larginine is required for optimal NO synthesis by eNOS and iNOS in rat superior mesenteric
artery rings and was optimal at a concentration-afdinine close to the plasma level. These results provide
showed thagxtracellular Larginine can enhance endothelium function only when the endothelium is impaired
or when INOS has been induced. Thearginine/NO pathway is sensitive to extracellulaarginine
concentration, thus altering the extracellulasarginine conentration regulates the production of NO
(MacKenzie and Wadsworth, 2003) has also been reported that induced macrophages produced NO and

this is dependent on the exogenous supply-afdinine(Kuo, 1998)

1.5.Key sites of metabolismand NO regulation

Three key main organs and tissue; liver, adipose and muscle regulate key metabolic pathways. The enzym
present in these organé6és tissues catalyse the s
metabolic control in thestissues are interconnected with other tis¢deskaet al, 2018)(Fig 1.5.2).

1.5.1.Adipose tissue

Adipose tissue is a mature connective tissue type, under the loose connective tissue. This consists |
adipocytes, derived form of fibroblast¥e et al, 2022) The cellular process of differentiation of
preadipocytes into mature adipocytes isathbs adipogenesis, which modulates the development of adipose
tissue and energy balance. A vital regulator for adipogenesis at the transcriptional stage is peroxisom
proliferatora ct i vat ed receptor o (-REepid superfamilflumancthltue2018p f t
Adipose tissues are located with the areolar connective tissue in places such as the deeper coat of skin, he

and kidneys, yellow bone marrow, cushioning joints and in the eye qdck&ira and Derrickson, 2019)

During vertebrate evolution, multicellular organisms formed adipocytes as an additional energy storage depo
Prominent adipocytes are found in mammals, birds, reptiles, amphibians and fish. However, the localizatior
of the adipocytes are differefRosen and Spiegelman, 201Cpnventional adipose storage places are found

in more mammals. Large structural adipocytes can have only a moderate or low contribution to energy balanc
for instance, fat pads of the heels, fingers and toes andtioelital fat supporting the ey€Siorgino, Laviola

and Eriksson, 2005)Some adipocytes are associated with the skin and referred to as subcutaneous fat
Herniation of subcutaneous fat within f iskerdepois c C
are found for example napping around the heart and other organs, aligned with the intestinal mesentery and
in the retroperitoneum. Among these are those referred to as visceral fat, channelled to thpdregdatein

and associated with diages such as obesity and type 2 diabetes. The distribution of fat in the human body is
considered more important in terms of health and disease than the total amou(®ioir o, Laviola and
Eriksson, 2005)

Besides the different localizations of fatls, there are two major traditional structural classification based on
their distinct colour. These are brown adipose tissues (BAT) and white adipose tissuegReAdnd, 2000;

Giorgino, Laviola and Eriksson, 20p5The differences between brown and white adipocytes are based on
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their structural arrangement, size and arrangement of organelles within ti{Eitadisraldet al, 2018 de sa
et al, 2017)(Fig 1.51). WAT is mostly found in adults, with a single largedabp, and due to this fat drop,
the cytoplasm and nucleus are pushed to one of the pole sides of {Ré&zgdiraldet al, 2018 Tortora and
Derrickson, 2019)WAT in humans is important in storing energgong, Xiaoli and Yang, 2018)ormonal

secretion and signalling and sensitizing ins(iichard, 200Q)

(A) White adipocyte (B) Brown adipocyte
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Figure 1.5.1. White and brown adipocytes.
(A) White adipocyte, a spherical shape, consists of significant size of lipid droplet that occupieg
proportion of the cytoplasm and displaces the nucleuscealhdrganelles to the edge of the cell. Wh
colour appearance is formed in white adipocyte because of the massive lipid cBirawh adipocyte
an ovoid shape, consists of numerous droplets of lipids and mitochondria, which has cytoq
(Fitzgeraldet al., 2018)

BAT is localized in evolutionarily highdmierarchy mammals onl¢Giorgino, Laviola and Eriksson, 2005)
BAT are found in abundance in small mamnfalsample small mammalian hibernators; chipmunks, dormice,
hamsters, hedgehogs and bais well as in newbaos of larger mammals (around heart and great vessels),
including humangSell, Deshaies and Richard, 2004; Giorgino, Laviola and Eriksson).280&ever, BAT
localizes in les amounts in human adu(fBortora and Derrickson, 2019ndis found in supraclavicular and
thoracic regions of human aduliSypesset al, 2009) Structurally, brown adipocytes are multilocular fat
storage cells with high spreading of mitochondria and consist of low amounts of lipid when compared to WAT
(Giorgino, Laviola and Eriksson, 200BAT are darker in colour because of the surplus blopgdlguwand the
high spreading of mitochondria with pigmefistzgeraldet al, 2018 Tortora and Derrickson, 2019BAT
disperse energy ithe form of heat to regulate the body temperature of the human (babypra and
Derrickson, 2019)

Adipocytes are also the specific storage depot for triacylglycerols (TAG) or triglycerides (TG), which are
centrally localized as a fat dropl@tortora and Derrickson, 2019rolong food refrainment and continuous
physical actiity create energy depation in the human bod¢Song, Xiaoli and Yang, 2018Yhis energy
demand condition is fulfilled by the energy storage from triacylglycéRitshard, 200Q) It should be noted

that adipose tissue is not only a passive energy source, but edsmplkex endocrine organ. The secreted

hormones from adipose tissue circulate and communicate metabolic messages to other metabolically acti
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organs such as muscle, liver, pancreas and brain through hormonal mechanisms, thereby controlling systen
metabolism(Richard, 2000;Kershaw and Flier, 2004.uo and Liu, 2018) Notably, the functions of
adipocytes are organized by endocrine anderadocrine mechanisms of adipocytBesen and Spiegelman,
2011)

The endocrinology of adipose tissue can be divided into two. These are (i) protein secretion, whith has
impact on metabolic activity of distal cell and tissue, and (i) as metabolic enzymes of steroid hormone
synthesidKershaw and Flier, 2004Adipose tissue maintains glu@and lipid metabolism by secretion of
regulatory hormones such as adipokines (preadipedgiéged proteins)Somenamed adipokines are leptin

and adiponectin and lipokin¢Richard, 2000Oh et al, 2005) Leptin, a satiety hormone and encodedite

obesity (ob) gene regulates energy homeostasis by preventing hunger. The satiety effect of leptin is attaine
by overcoming the bloddbrain barrier and directing the hypothalamus, a primary hunger centre modulating
food consumption and forming bodyeight in order to control the mass of adipose tissue by reducing food
consumption and regulating glucose and fat metabdlisra and Liu, 2018) Therefore]eptin plays a vital

part in food balance and disbursemen¢érgy in adipose tissue.

Apart from energy, fat and nutrient balance, adipose tissue has functions in the immune response, bloc
pressure controhaemostasjdone mass, thyroid and reproductive funcf{ibrayhurn, 2005)heat reduction,
supporting and protecting the internal orgé@hartora and Derrickson, 2019)he bbod circulation network

in the adipose tissue is promitigrdifferent for an obese person (high number of blood vessels) than a lean
person (fewer blood vessels). Therefore, the former person has the vulnerability for high blood pressur
(Tortora and Deickson, 2019) Any defects in adipose tissue functiompact on the homeostasis of glucose

and lipid amount in the human body lead to metabolic abnormal diseases such as obesity and obesi
accompanied diseases (type 2 diabetes mel(iRishard, 2000)cardiovascular disease (CVD), rdaoholic

fatty liver disease (NAFLD) and several types of caiiRéchard, 2000Song, Xiaoli and Yang, 2018)The

role of adipos tissue in obesity has stimulated research based omstarting adipose tissue and its
physiology(Mokdadet al, 2003 Bray and Bellanger, 2006ndeed, understanding the roles dipacytes in
glucose and energy homeostasis has lecketpribduction of drugs for the treatment of metabolic abnormalities

such as obesity and type 2 diabetes.

1.5.1.1.Adipose tissue and the NOS/NO pathway

Adipogenesis, the intake of glucose by the stimulatiansaflin and degradation of lipids in adipose tissue is
regulated by NO. If NOS activity is reduced, glucose uptake is severely dimin{Rogd Perreault and
Marette, 1998) This has also been shown in 3IB adipocyte cell lines, used as a model to itigage
adipocyteNO responses, nitric oxide induces glucose uptake via insulependent GLUT4 translocation
(Tanakaet al, 2003)

Constitutive nitric oxide synthases (mainly eNOS) is found in both WAT and BAT adipose(Kdsuehui-
Utsumi Kazueet al, 1987; Engelet al, 2004. The cytoplasm and nucleus of BAT adipose tissue contain

eNOS, and short and long term expression of eNOS is stimddgtedsulin and high intracellular calcium
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concentrationgEngeliet al, 2004) NO production by adipocyte eNOS is used to balance the glucose and
insulin amounts in WATEnNgeliet al, 2004). Indeed, the phosphorylation of eNOS results in a decline in NO
production and this is a major root course of insulin resistance #ndigted obese midia et al, 2016)

1.5.2.The liver

The liver is one of the major organs in the human ladyet al, 2017) The functional unit of théver are
hepatocytes; modified epithelial cells, which play a variety of roles in metabolism, secretion and in
endocrinology of the human body. There are two blood drainage systems join with the liver named as hepati
artery and hepatic portal vein. The former carries oxygieh blood and delivers it to the liver. And the latter
brings nutrientenriched blood with a surplus amount of absorbed metabolites of carbohydrates, lipids and
proteins, pharmacological compounds andggible carries microrganisms and toxic compounds from the
intestinal systemHig 1.5.2) (Liu et al, 2017; Tortora and Derrickson, 201%he liver synthesises protejns
removes waste material frofmet body, produces cholesterol, stores and releases glucose and metabolises man
medicinal druggHon, Lee and Khoo, 2015)

Metabolic homeostasis and energy metabolism are regulated by tHeiliveral, 2017) Glucose, fatty acids

and amino acid metabolism in the liver collectivedyied hepatic metabolism are strongly regulated by factors
such as nutrient availability, hormones and signalling molecules. Metabolic imbalance and signalling
interruption in the liver leads to metabolic disorders such as diabetic méllitugt al, 2017) One of the
functions of liver is to help maintain the glucose homeostasis in the body. Carbotngirateeal
consumption and digestion createspike in glucose, which is absorbed by the liver and stored as glucose
polymers; glycogemnd triglycerides. Massive glucose influx to the liver leads to the synthesis of fatty acids
from glucose. If glucose levels decrease in the body the liver releases glucose from glycogen (glycogenolysi:
and this glucose circulates in the body and reattteeissues wheti¢is oxidized to produce energy. During

high demand for glucose, when more glucose is requiresgtbeageas glycogen, the liver synthesises glucose

from fatty acids and amino acids (gluconeogendkis)etal., 2017)

The liver is involved in lipid metabolism including ATP production by brealiiogvn of fatty acids,
lipoprotein and cholesterol synthesis, using cholesterol for bile synthesis, transportation of fatty acids,
triglycerides and cholesterolagcling (Rui, 2016) Free fatty acls are absorbed by the liver cells from the
digestive sap. In the hepaides, esterification of these free fatty acids with glyc8rphosphate forms
triacylglycerols (TAG) or combine with cholesterol to form the cholesterol esters, storage form in the lipid
droplets or adjoin with protein to form the one of the lipoproteang-low-density lipoprotein (VLDL), which

is circulated in blood from the livéLiu et al, 2017)

1.5.2.1.The Liver and the NOS/NO pathway

The liver is impacted by NO and misgulation can lead to acute or chronic conditigtisn, Lee and Khoo,

2015) The distribution of nitric oxide synthases (eNOS and iNOS)nlsjtu hybridization in normal and
cirrhotic human liver, shows that the distribution of eNOS is consistent with hepatocytes and localised in the
endothelium of hepatic arteries, terminal hepatic venules, sinusoids and in biliary epithelium. The distribution

of INOS was also in hepatocytes and detected primarily in the periportal zone of the live(Mciasghton
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et al, 2002) iINOS is releasefiiom nearly all cell types of liver; hepatocytes, Kupffer cells, hepatic endothelial
cells and Ito cells. It has been discussed previously in this chapter, that a combinatiokinésys necessary

to induce iINOS in many human cells. However, interleddki b-1@0) L al one i s suffici
MRNA in human liver cells, confirming that INOS is stimulated rapidly in hepatocytes compared to other cells
(Hon, Lee and Khoo, 2019)evertheless, the amount of NO in these cells is determined by thd sfpeu

and cells(Hon, Lee and Khoo, 2015)nterestingly, protein synthesin liver cells is repressed in the cell
secretome from Kupffer cells in patocytes upon stimulation of iNOS and NO produc({olemens, 1999)

1.5.3.Muscle

The major function of the muscular system is to provide support for physical movéhoetara and
Derrickson, 2019)There are two major structural classifications for the muscle. They are striated muscle
which consists of skeletal muscle (attached with the skeleton system or bone) and heart muscle (exclusive
found in heart), and nestriated muscle smooth musclef¢und in the walls of hollow system gastrointestinal

tract, uterus and stomach).

One of the major glycogen depots in the human body is in skeletal muscle. During vigorous physical activity,
muscle glycogen is broken down and used to produce (RaPvey and Ferrier, 2011)Acute fasting does

not affect the glycogen amount in muscle whereas chronic fasting reduces the amount of glycogen. Howeve
the feed and fast cycle heavily impacts the liver glycogen capacity. Replaghgaden occurs after being

used during strenuous exerci@éarvey and Ferrier, 2011¥5lycogenolysis (breakdown of glycogen into

glucose) happens in skeletal muscle during physical ac(Mit¥zee, 2013)

Glucose and free fatty acids are used up for the production of ATP in skeletal muscle. However, utilization of
these sources for the generation of ATP depends ¢
condition(Colbergetal., 1995) In adipose tissue, plasrrae fatty acid§FFA) levels are increased during
fastingbecause of lipolysis while glucose uptake in skeletal muscle is reduced. This increase in FFAs are
utilized consequently as a primary source for ATP production in skeletal muscla h o v § , Vav S$2
Kazdova, 2007)

During a fed state, insulin secretion is stimulated by higher plasma glucose levels, which boosts glucose uptal
by skelethmuscles. The consequences of this are a reduced rate of lipolysis in adipose tissue and a decres
in plasma FFAs. To promote glucose oxidation in skeletal muscle, the ability to swap substrates between faste
and fed states is vital. Subsequently, & baen reported that the muscle of individuals with ing@lsistance

or diabetes does not have the ability to shift the substrates between fed and fasting states. This metabo

inflexibility may lead to the development of insulin resistaideFronzo and Tripathy, 20Q9)

1.5.3.1.Muscle andthe NOS/NO pathway

All isoforms of NOS are present in various depots in skeletal muscle fibre, which are involved in production
of NO. Of those isoforms, nNOS is considered to be a major NO production source, but the muscle nNOS
isoform is nothe same found in bra{iTengan, Rodrigues and Godinho, 20&aldelli et al, 2014) Splicing

variants of nNOS have vital roles modulation of major muscle functions suak blood flow, muscle
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contraction and metabolic activity of muscle. Among the variants of nNOS, nNOSu is considered as the
principal source for NO production in skeletal mug@lengan, Rodrigues and Godinho, 20Baldelli et al,
2014)

NO is also involved in the mitochondrial biogenesis pathway, wherePGC i s t he key si gt
Severallines of evidence demonstrate that stimulation of mitochondrial biogenesis by NO donors produce
ATP through oxidative phosphorylation. A study with primary skeletal muscle cultures of rat reported that
supplementation of NO donor; -rBtrosoN-acetylpenicilamine (SNAP) increased the amount of
mitochondrialbiogenesis and functio(fengan, Rodrigues and Godinho, 201Ryring physical activities
phosphorylation of NNOSp at Ser1451 is stimulated by AMPK phosphorylation, which may account for the
induction of nNOSY, increasing in NO synthesis and ahitmdrial biogenesisna glucose up take. Upon
phosphorylation by AMPK, both nNOSp and eNOS are activated and this nNOSp and eNOS activation is
regulated by NOS inhibitors and NO donéfengan, Rodrigues and Godinho, 20&aldelli et al, 2014)

Figure 1.52. Integrative metabolic pathways in the liver, skeletal muscle and adipose tissue.
Integratedmetabolic pathway of macronutrient molecules in mammals. Proteins, carbohydrates and lif
sourced for the production of energy throughltifaceted metabolic pathways that are interconnected betweg
insulin sanitizing tissues such as liver, adipose and muscle. lprzogtial stage, digested sap of macronutr
molecules is piped to the liver via hepatic portal circulatory systehtreenmetabolites of amino acids, glucose
fatty acids synthesized in numerous tissues reach the systemic circulation and reach the destination tissu
where there is a demand for it. Abbreviations: AA, amino acids; Ala, alanine; Arg, argd@Ae), branched
chain amino acids; BCKA, branchedh a iketoadit; Cit, citrulline; CM, chylomicrons; FA, fatty acids; G
glutamine; Glu, glutamate; GSH, glutathione; G3P, glye8rol ph o s p h akteet;0 akcA,dsU (P
ketoglutarate); KB, ketonkodies, PET, peptide; and R5P, ribul@sphosphate.
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1.6.The L-arginine metabolic pathway and signalling molecules
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Figure 1.6.1. Schematic outlining the L-arginine metabolic pathway and subsequent cellular processe
impacted.
Physiological levels of NO enhance oxidation of fatty acids, glucose and amino acids through cGMP/
dependent multiple pathways. Abbreviations: NOS, nitric oxide synthase; NO, nitric oxide; FAS, fatt
synthae; GC, guanylyl cyclase; GIcS, glucose synthesis; PKG, protein kinase G; Glyc, glycolysis; GTP, gu
triphosphate; GMP, guanosi®/,5V-monophosphate; GTPCH, guanosine triphosphate cyclohydiiol&HeT,
mitochondrial respiration chain; PDH, pyruvatkehydrogenase; SREBP, sterol regulatory element bin
proteins; SCD1, stearcyloA desaturase 1; TG, triacylglycerol; FA, fatty acid; ACC, ae€tyA carboxylase
GPAT, glycerol3-phosphate acyltransferase; ACC, ac€glA carboxylase; HMGCR, hydroxyethylglutaryl
coenzyme A reductase; LCFA, long chain fatty acid; TCA, tricarboxylic acid cycle; ATP, adenosine tri pho
AMPK, AMP activated protein kinase.

1.6.1.Downstream targets of the l-arginine/NO mechanistic pathway

There are important cellular sigling pathways that respond tedrginine and NO concentrations and that

were monitored during the subsequent studies reported in this (fRigsis6.]). Key downstream targets are

described in more detail here, and their relationship to NO aardibire.



1.6.1.1.5'-Adenosine monophosphatactivated protein kinase (AMPK)

AMPK is a heterotrimeric protein compl @mngaetal,nsi s
2016) Based on the functional characteristics of AMPK, the subunits are described as either the catalyti
subunit or regulatory subunits. The catalytic subunitis AMPK wi t h a mol ecul ar wei ¢
regulatory subunits are AMREK and -)AAMIPIKt h mol ecul ar weights of 4
(Dolinsky and Dyck, 2006) The U subunit has two isoforms; U1l

terminal, where upstream kinases phosphorylate the Thr172 resitlue AMP K. The expres
subunit is broadly observed across tissue tyjgésnget al, 2016) The predominant fo
expressed in skeletal and cardiagscle athigh level.This isoformis also expressed in the liver and at lower

l evel s in other tissues. Li kewi se, AMPKDB2 i s ex|
is also found at | ower | evels in many othernti s:c

skeletal and cardiac tiss(@arcia and Shaw, 2017)

AMPK activity depends on which tissue it is expressed in and is dysregulated in type 2 diabatiicnsond
(Garcia and Shaw, 2017AMPK is activated upon an increase in the intracellular AMP/ATP (atipez

Lluch et al, 2008) AMPK is activated upon plephorylation at Thrl172 by its two major upstream kinases,
liver kinase B1 (LKB1) and calcium/calmoduthe pendent ki nase kinase (CAM
thatincrease intracellular AMP/ADP kinas@3ant6 and Auwerx, 2018/uraleedharan and Dasgupta, 2022)

As AMPK plays an important role in regulating glucose and fatty acid metabolism in afitaflset al,

2005 Baldelli et al, 2014) the net effects of activated AMPK aregatic fatty acid oxidation, suppression of
cholesterol and triglyceride synthesis anddjpnesigElhanatiet al, 2013) control of insulin resistance,
obesity and mitochondrial biogenefi$pezLluch et al, 2008) A further consequence of AMPK activation

is the attenation of ATRconsuming pathways (including lipogenesis and gluconeogenesis) and thigosctiva

of ATP-producing pathways (including fatty acid and glucose oxidati®ghnet al, 2005 Dzamkoet al,

2008) Major sources of energy, glucose and lipids and their synthesis and storage, are therefore prohibited &
AMPK. Glucose transporters GLUT4 and GLUT1 levels and translocation are regulated by TBC1D1 (TBC
domain family, member 1) protein and TXNIP (thioredosimeracting protein) respectively, which are
phosphorylated by AMPK, whereby this increases glucose uf@iadhame, 2013Nu et al, 2012) Upon
phosphorylation of PFKFB2 {ghosphofructe?-kinae), AMPK controls glycolysis in some tissues, whereas
glucose storage in the form of glycogemiacrophages and cardiac muscle is inhibited by impeding numerous

isoforms of glycogen synthagérahame, @13 Zois and Harris, 2016)

Gluconeogenesigje-novo synthesisof glucose, is inhibited by AMPK by phosphorylation and nuclear
elimination of CRTC2 (cyclilAMP-regulated transcriptional eactivator 2) and class Il HDACs (histone
deacetylases), which are essentiafaiors for the transcription of gluconeogenic geftgarcia and Shaw,
2017) Furthermore, transcription factors which activate gene expression of the glycolytic and lipogenic
pathways are inhiled by AMPK phosphorylation. Indeed, transcription factors SREBRa master
transcriptional regulator of lipid synthegiKohjima et al, 2008) HNF4U (hepatogly) e
(Changet al, 2016)and ChREBP (carbohydratesponsive element binding prote{d)yeda, Yamashita and

Kawaguchi, 2002are regulated by AMPK.
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As outlined above, important lipid regulators are regulated themselves via AMPK. Overall cellular lipid
metabolism is controlled by AMPK by directggphorylation of ACEL and ACG2, thereby decreasing fatty

acid synthesis whilst at the same time increasing fatty acid oxidation by releasing the suppressieth of CPT
by malonytCoA, which is synthesized at the mitochondria outer membrane by2A@@arcia and Shaw,

2017 Srivastaveet al, 2012) In the cell, AMPK also facilitates pigrogranming of lipid and sterol synthesis

by phosphorylating and inhibiting HMGCR, which together impact AC&nd ACG2. Absorption and
release of lipids is also promoted by AMPK phosphorylating lipases, including hoisenstive lipase
(HSL) and adipocytdriglyceride lipase (ATGL)Srivastavaet al, 2012 Kim et al, 2016)

Both AMPK and the mammalian Target of Rapamycin (MTOR, somstiefierred to as mechanistic target

of rapamycin) are evolutionarily conserved mastguilatory kinases that function to modulate extensive
cellular and systemic metabolis(Bukumaran, Choi and Dasgupta, 202Direct inhibition of mMTORCL1
complex by AMPK mainly inhibits protein synthesis. Two key mechanisms are regulated by phosphorylation
of AMPK to control activity of mTORCL1. One is the activation of TSC2 (tuberous sclerosis complex 2), which
is a repressor of MTORCL1, and the other is the negative regulation of Raptor (regadatmigted protein of
mMTOR), which is a subunit of the mTORC1 comp{8ukumaran, Choi and Dasgupta, 20@Winn et al,

2014) In addition to this regulation of mMTOR by AMPK, phosphorylatio I5f-1A (transcription initiation

factor IA), which is a transcription factor for RNApolymerase | (Pol I), by AMPK inhibits and controls protein
synthesis by blocking ribosomal RNA synthdsieppeet al, 2009)

Phosphorylation and activation of eEF2K (eukaryotic elongation factor 2 kinase), an inhibitor of translati
elongation during protein synthesis, by AMPK diminishes protein syntfiledianngt al, 2017) It has been
reported that mTORCL1 is also a vital regulator of eERRKannset al, 2017 Hizli et al, 2013) In addition

to being directly phosphorylated by mTORC1 or S6K1, multiple downstream targets of AMR&gatevely
regulated by AMPK phosphorylation. As a result, AMPK and mTOR limit anabolism and catabolism by
flipping main metabolic switches on and off within the ¢Bllkumaran, Choi and Dasgupta, 2020)

Amino acids have been shown to be important regulatoSMPK activity (Leclerc and Rutter, 2004)
Exposure to excess nutrients such as branched chain amino acids (BCAA) downregulated AMPK activity
(Coughlanet al, 2015) It has been reported that arginimediated cellular pathways and accumulation of
glucosewer e regul ated by AMPK when human umbilical
arginine for acute (2 h) and chronic(7 days) periods with or without other modulating agents for
AMPK/arginine mechanistic pathways. The same study also suggested that AMPK provokes its downstrear
NO production by modulating eNOS activity and thereby control glucose accumulation through cellular
trangort (Mohanet al, 2013)

1.6.1.2.Acetyl-CoA carboxylase (ACC)

There are two major isoforms of aceGbA carboxylase (ACC); ACE (or ACCKE) (sormrd AXCGXQ
which are encoded by two different ge®€3ACAandACACBrespectively in human. The proteins that derive
from these two genes have molecular weights of Z8& &nd 280 kDa, respectivefywidmeret al, 1996;

Abu-Elheigaet al, 2009 Abu-Elheigaet al, 2003. Lipogenic tissues (liver and adipose) have high expression
17



of ACC-1 with the expression being modulated at both the transcriptional andrausational (by
phosphorylation and dephosphorylation at spes#iine residues) levels. Citrate and palmi#GglA are also
allosteric inhibitors of ACEL. The levels and activities of ACCare induced by higbarbohydrate and low

fat foods, while long term food deprivation or fasting and diabetic conditions desthasectivity of ACCL
through downregulation of its expression at the transcript (mMRNA) level and/or upregulation of its
phosphorylatior{fAbu-Elheigaet al, 2000) ACC-2 activity is regulated in a similar manner. Immunogens of
ACC-1 and ACG2 are different, even though there is 70% sequence similarity betwgssltpeptide chains.
Thus, andHACC-1 antibodies do not detect AGZand vice versa. The AGEisoform is found in liver and is

a major carboxylase in striated muscular systems like heart and skeletal rfAisai&sheigaet al, 2000)

ACC responds to andigts changes in glucose, insulin and insulin like growth factors (IGFs) and modulates
gluconeogenesis, glucose transport and insulin sensitBéyr et al, 2006) Previous studies have reported
that the regulatory pathway of fatty acid synthesis is controlled by-BGCcytosolic enzymavolved in

fatty acetyl CeA synthesis and triglyceride synthesis, whereas AJ€ localized in the mitochalria and
inhibits the oxidation of fatty acid)Romero, Sabater and Fernandi&aez, 2015) Two major pathways are
regulated by ACC, the fatty acid synthesis and oxidation pathways by the catalytic carboxylation of acetyl
CoA to malonydCoA during the synthesis of fatty acids or allostémtwibition of CPTF1 (Munday,2002)

The primary and secondary sites @novofatty acid synthesis in both human and rodents are liver and
adipose tissue, respectivelyLetexieret al, 2003;Luo and Liu, 2016 Bergen and Mersmann, 201&
precursor forde-novofatty acid synthesis is malor@oA, the ratdimiting enzyme for fatty acid synthesis
and the main substrate of fatty acid synthase. The ma@mélsynthesized by ACQ and ACG2 is used for

fatty acid synthesis and functions as an allosteric inhibitor of carnitine palmitoyl transferase 4I)(CPT
(Sujobert and Tamburini, 201B6eeet al, 2011) a ratecontrolling enzyme for fatty acid oxidatighaliotis,
Bizelis and Rogdakis, 201W/iollet et al, 2006) MalonytCoA is a vital regulatory factor of fatty acid
oxidation in the liver. ACE is phosphorylated at Ser219 B®WMPK and the consequence of this
phosphorylation is inhibition of ACQ activity( O 6 Netal, 014) The inhibition of ACG2 causes reduced
malonytCoA, sequentially promotes CPII leading to the increased transport of &2giA to mitochondria
and -oxidationbAccelerated or overexpression of CREXxpression induces HMG&® expression via

the Ketogenesis pathway.

1.6.1.3.Sterol regulatory elementbinding transcription factors (SREBP-1 and 2)

Sterol regulatory elemetfitinding transcription factors (SREBPs) comprise a family of memksanad
transcription factors with three isoforms (SREB& SREBPLc and SREBR) (Ye and DeBos®oyd, 2011

Kim et al, 2006) which modulate the expression of enzymes involved in the synthesis of fatty acids,
triglycerides, phospholipids and cholesterol. Of the SREBP family isoforms, SR&Bind SEBP-1c
facilitate the transcription of genes involved in fatty acid uptake, fatty acid synthesis and triglycerides synthesi:
(Elhanati et al, 2013) SREBR2, onthe-otherhand, stimulates the transcription of genes involved in
cholesterobiosynthesigElhanatiet al, 2013) The predominant transcript form of SREBRN the liver is
SREBR1c which is found ten times more than its counterpart SREEBHhe SREBR transcript is found in

cells and tissues at a maveless caostant level(Ye and DeBseBoyd, 2011) SREBR1 and SREBR2
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transcript expressions are different in adipose tissue, liver and skeletal (Regiewet al, 2008 Laplante
and Sabatini, 2012)

Proteolytic cleavage of SREBPs activates the inactive precursor form of ER bREEPS with molecular
weight 125 kDa. The full length of SREBIPis cleaved into an N&terminal fragment, molecular weight 68
kDa, by S1P (site 1 protease) and S2P (site 2 protease) prdgagesLin and Wang, 2023md SCAP
(SREBP cleavagactivating preein) to activate SREBRs. Active SREBR is approximately 62 kDa and is
also cleaved by proteases to make it transcriptionally agtivend Wu, 2021) The mature form of SREBPs
translocate to the nucleus, where they stimulate lipogenic gene expression in tfiRagleywet al, 2008)

by binding to a sterol responsgtement (SRE) in the promoter region of target genes, activating their
transcription. Accumulation of sterols in ER membranes triggers binding of Scap to one of two retention
proteins called Insigs, which blocks incorption of ScafSREBP complexes int&R transport vesicles. As

a result, SREBPs no longer translocate to the Golgi apparatus, the transcriptionally detivénill domain
cannot be released from the membrane, and transcription of all target genes {eelBuweBoyd, 2008)

The main regulator of SREBPIs insulin(Raghowet al, 2008) The end product, fatty acids inhibit SREBP

1 activity (by feedback inhition). However, SREBR transcripion is not inhibited by the polyunsaturated
fatty acids (PUFA). Unsaturated fatty acids not only inhibited SREBRNscription but also suppressed
SREBR1 proteolytic activatiorfYe and DeBos@®oyd, 2011)

Nuclear accumulation of SREBP and the expression of lipogenic gerare rapidly induced by insulin
treatment or constitutive Akt activation. Growth factors such as insulin increase Akt activity, thereby
facilitating mTORCL1 activation by directly phosphorylating the tuberous sclerosis complex 1 or 2 (TSC1 or
2). Supportdr this mechanism has come from previous work that showed that rapamycin (a potent and specific
mTOR inhibitor) diminishes the expression of many down regulated target genes of - 2RB&8Rding ACC,

fatty acid synthase (FAS) and stear@@dA desaturase (SCD-1) (Laplante and Sabatini, 201¢5ig 1.6.1

andFig 1.6.2.

Several postranslational modifications of SREBP are suppressed by AMPK. AMPK phosphorylates
SREBRIc at Ser372, suppressing the proteolytic cleavage of precursor SREB#® mature SREBRc (Li

etal., 2011) SREBR2 is the primary transcripti@h regulator in cholesterol metabolism. AMPK decreases
the nuclear translocation of SRERRN hepatic cells. Importantly, eNOS activation plays a role in mediating
the activation of SREBP. Activation ofN®S generates ‘Cand superoxide () which with NO are
responsible for the activation of SREEBharaviet al, 2006) NO alone is unable to activate SREBP,
therefore coupling of NO with sufficient amount of"@s mandatory forthe activation and regulation of
SREBP(Gharaviet al, 2006)

1.6.1.4.3-Hydroxy-3-methylglutaryl -CoA reductase (HMGCR)

3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGICR a trans membrane glycoprotein in the
endoplasmic reticulum (ER) in mammals and is comprised of 887 or 888 amino acids in total with two
adjoining domains with a molecular weight of 97 kRéscum et al, 1985; DeBos@oyd, 2008. The N

terminal domain has 339 amnio acids with 8 membrane spanning lodpstiehGterminal has 54&mino
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acids and protrudes into the cytosolic region. Thee@inal domain is the catalytic domain where all
enzymatic reactiontake placéDeBoseBoyd, 2008) The enzymaticajl active catalytic fragment is formed

from the cleavage of HMGCR bound with ER membrane vesicles by endogenous protease and releases
soluble 53 kDa frgment of HMGCR(Liscumet al, 1985)

HMGCR is a major ratimiting enzyme in the syntisés of cholesterol anchtalyseshe conversion of HMG

CoA to mevalonatéGobelet al, 2019) the precursor form of isoprenoid groups that are combined into many
endproducts such as cholestereBoseBoyd, 2008) Several transcriptional and pdsinslatioal
regulatory mechanisms contrdMGCR and the cholesterol synthesis pathw@ypbel et al, 2019) The
equilibrium between the phosphorylation and dephosphorylation of HMGCR enzyme regulates its activity
with the enzyme being inactivated by phosphorylation. Whilst phosphorylation of AMPK at Thr172 activates
AMPK, a consequence of this is itization of HMGCR by AMPK phosphorylation at Ser8fYanget al,

2018 Loh et al, 2019) An in-vivo study of AMPKHMGCR signalling in mice with a Ser8#lanine (Ala)
knockin mutation confirmed that synthesis of both cholesterol and triglyceride during carbohydrate rich fed
condition is controlled by the AMPKIMGCR signalling pathway, where AMPK plagsmaster role in
mevalonate and fatty acid synthesis pathways to reduce the detrimental effect of a high carbohydraite diet

et al, 2019) Relevant to this study, a study with geneticalhgineered eNOS defent mice confirmed that

acute Larginine and eNOS activity is a deleterious condition. However, supplementatiorvagsitin (an
HMGCR inhibitor) alongside {arginine upregulated eNOS protein, consequently augmented the-eNOS
dependent cerebral blood flow in the normal and ischemic braimadaet al, 2000) Further, ithas been
reported that eNOS expression is upregulated when human saphenous vein endothelial cells are treated w
oxidized lowdensity lipoprotein (50 mg/mL) and with HMGCR inhibitors (simvastatin and lovasthanjs

et al, 1998)

1.6.1.5.Mammalian target of Rapamycin (IMTOR)

Rapamgin was discovered from the bacterial str&imeptomyes hygroscopifslohamed, Elkhateeb and
Daba, 2022)Extracellular signals atiked to intracellular responses in mammalian cells by a vital regulator,
mammalian target of rapaycin (mMTOR), which is in the phosphoinsitidekiBase based family (PI3K).
MTOR is a serine threonine kinase and regulates protein synthesis, ribosomedisoged cell proliferation

in mammalian cells. There are two catalytic subunits with two different protein complexes, mMTOR complex 1
(mTORC1) and 2 (IMTORC2). mTORCL1 contains 3 major subunits; mTOR, Raptor; a regulatory protein that
facilitates substrateinding and subcellular localization of mMTORC1, and target of rapamycin complex subunit
LST8, also known as mammalian lethal with SEC13 protein 8 (mL8Vanget al, 2009 Betz and Hall,

2013) There are two inhibitory subuniils mTORC1, the prolingich Akt substrate of 40 kDa (PRAS40)
subunit, a physiological substrate of mammalian target of rapamycin complex 1 and DEP suisistihgo

of mTOR-interacting protein (DEPTOR), an endogenous regulator of mTORC1 and mTQR&@ante and
Sabatini, 2009jSaxton and Sabatini, 2017)

The major subunit for the activation of the mTOR complex is raptor; phosphorylation of raptor is stimulated
by insulin and inhibited by rapamyciiwanget al, 2009) It has been reported thatdrginine enhances
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protein synthesis by impacting the degree of phosphaglatf MTOR observe (Thr2446) in a N©
dependent manner in muscle cells when a C2C12 muscle cell model was cultured with -ergasiad. (1

mM). A sufficient intracellular amino acid pool is mandatory to activate mTORC1. mTORCL1 is activated by
Rheb, bcated on the surfaacd lysosomes, whereas mTORC1 is regulated by a protein complex known as
TSC via its inhibitory action on Rheb-drginine regulates the TS@heb signalling pathway to activate
MTORCL1 leading to growth of the cells. The mTORC1 senshagginine pathway iwital during cell
developmen({Carrollet al, 2016) Thus, nutrient and energy sensing and growth control in cells are regulated
by AMPK and mTOR in an opposite buténconnected manner MPK turns on during high energy demand

or lack of nutrients and inhibits growth of the cells, whereas mTOR turns on when there is appropriate nutrien
availability and facilitates growth of cel{&onzalezt al, 2020)

1.6.1.6.Eukaryotic initiation factor 2 (elF2)

Eukaryotic initiation factor 2 (el F2) (Kemamandh e t e
Merrick, 2020 Andayaet al, 2012) elF2 is involved in the early step of eukaryotic protein synthesis.
Translation of an mMRNA requires correct assembly of the translational functional unit consisting of the mRNA,
initiator tRNA (MettRNA) and ribosome, requiring coordination between elFs and the hydrolysis of both
GTP and ATP. A ternary complex (TC) initially forms with M&NA and GTP coupled with the
heterotrimeric initiation factor (elF2). The activity of el ont r ol | ed by phosphory
by one of f ou rthékmammalian odrtholog bfRHe Yeaast general controtderpressing
kinase2 ( MGCN2) ,-thethamR 8AI1 at ed i nhi b-ithe pmotein(kindé¢ JsRNAe | F
actvat ed ( PKR) ,-thaPKiRlikedndo@adriicireticulum kinase (PER@)Imball and Jefferson,
200.Phosphorylation of the U subunit of elF2 sta
prevents GDP/ GTP exchange reaction because of i
and elF2B, thus impairing the recycling of elF2 &alling to universal inhibition of translatigbangland

and Jacobs, 200Monteroet al, 2008) Phosphorylation on S&2 residue by the GCN2 protein kinase occurs

in response to amino idcstarvation.

It has been reported thatthdNO donors and the expression of INOS decreases total protein synthesis non
specifically as a result of the phosphorylation
(Kim et al, 1998) A follow up study was condudaleto explain the mechanism of NO and incezh
phosphorylation of el F2U wusing diffusible gases
reticulocyte lysate upon activation of HRI. Noticeably, CO decreasedtdtlated HRI activation, even
though NO is known as a more effective activaid HRI. Further to this, using NO producers in NT2
neuroepithelial and C2C12 myobl ast (dne] YursancaMatsp i r
2001) Some amino acids have the ability to regulate gene expression by controlling tran$latRNA at

the initiation stage. One oféeh el F2U ki nases; MGCN2 potentially
availability of all essential amino acids. Further, control of mMRNA translation can also happen selectively
through mTOR signalling pathways, such as elF4B phosphorylation by activatéd S&K1 is activated by
mMTOR) and enhanced elF4F assembly by phosphorylation of the elFAE binding proteins byHigrioiRg).
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Figure 1.6.2. AMPK -mTOR signalling pathway.

(A) Energy deprivation (low ATP:ADP ratio) activates AMPK, direct phosphorylation of Raptor by activated 4
diminishes mTORC1 activity during energy deprivatidB) Activation of mMTORCL1 by growth factors or amif
acids promotes protein synthesis via thegphorylation of S6K1. The stimulation of S6K1 activity by mTOR
leads to increases in cagpendent translation and elongation and the translation of ribosomal proteins t
regulation of the activity of many proteins, such as eukaryotic elongaiorf2 kinase (eEF2K)C) Growth
factors such as insulin increases Akt activity, thereby facilitates mTORCL1 activation by directly phosphorylg
tuberous sclerosis complex 1 or 2 (TSC1 or 2) and consequently activates-3RBtkt pathwayLaplante and
Sabatini, 2009Laplante and Sabatini, 2012)

1.6.1.7.Eukaryotic elongation factor 2 (eEF2)

Elongation factor 2 protein belongs to the GTPase super family and is formed from 857 amino acids with
molecular weight of 95.3 kD@aul, Pattan and Rafeequi, 201There are 5 domains tfis protein, which

are folded to form 3 structural subunits;miins HI, the N-terminal block; domains W, the Gterminal

block; domain Ill, bridging between N and C terminal blocks by flexible covalent bofidsngberget al,

2000) The mechanical engy needed for the dynamic process of translocation of the mRNA to tRNA complex
through the ribosome from the-gite to the Fsite of the ribosome is gained from eEd#i&pendent GTP
hydrolysis (Taylor et al, 2007 Kaul, Pattan and Rafeequi, 201Tjranslocation of tRNAs from the A
(aminoacyl) site to the P (peptidyl) site to the E (exit)isi@ssociated witthe pre and posttranslocational
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conformational changes of the ribosome whichatalysedy eEF2, incorporated with the GTP hydrolysis

and coupling of phospha8enguptaet al, 2011 Spahret al, 2004)

Phosphorylation and dephosphorylation of eEF2 is facilitated by a specific kinase; eEF2 kinase (eEF2K)
Upon activation of eEF2K, this phosphorylates eEF2 at Thr56 residue and deactivates eEF2 therefore
preventing its contact with ribosome leading to decrease the rate of elongation of polypeptid&aiain
Pattan and Rafeequi, 2014e et al, 2019) eEF2K is inactivated by mTORCL1 signalling pathway, thereby
increasing protein elongation when nutrient conditions are favourgigld 6.2) (Xie et al, 2019)

1.7.The need for further elucidation of the L-arginine-NOS/NO axis and signalling pathways

The metabolic consequences of excessdinine on the NOS/NO signalling pathway in different tissues is
not fully mapped. This is somewhat surprising aargiinine is taken as a dietary suppént to help control
body mass/fat mattéMcKnight et al, 2010) Further, the importance of thedrginine/NOS/NO pathway in
insulin sensitizing metabolic pathways has been establishédo using diabetic and obese animal models
Therefore, in this studyin-vitro cell culture modelsncluding BNL CL2 (mouse hepatos) and 3T3 L1
(mouse adipocytes$lave been used to investigate the role-af¢inine/NOS/NO in regulation of glucose and
fatty acid metabolism and signalling in liver cells (BNL CL2) and adipocytes (3T3 L1) by mapping the
responses of key genes and pio$ in these pathways that are involved harginine and NO induced
signalling cascades.

1.7.1Why new treatments are needed to treat diabetes and obesity

Semaglutide is marketed under the brand name of Ozempic for treatment of diabetes anddW&gatpent

of obesity. Howeverthese drugs caused some side effects (Food and Drug Administration, IN8@1).
approaches in managing and preventing diabetes in obese individuals must be studied and investigated ba:
on less side effects and cost efiee. Previous studiedemonstrated that-Arg can reduce plasma glucose
levels, improving glucose tolerance in ratsAtg supplementation was also shown to reduce adiposity and
improve insulin sensitivity in animal models of obesity as well as in patieith diabetes and obesity
(Forzancet al, 2023) In this study | aimed to investigate the direct effect oftg in insulin sensitive cells
(mouse liver cells and mouse€ipose cells) and demonstrate the impact-6fd¢. and LArg/NO metabolism

on specific cell signalling pathway.-Arg is relatively verylow-costfood supplement an@lso, we can
increase the bioavailability of-Arg by did.

1.8.Hypothesis of the work in ths thesis

This study was conducted to test the hypothesis that exeaggrline treatment regulates glucose and fatty
acid metabolism in insulisensitive tissues such as liver cells and adipocytes by modulating the expression of
key target genes and peats which are involved in the metabolism of energy substrates in an NO dependent
manner. Specifically, that excessatginine modulates energy metabolism by enhancing NO production, by

activating the major energy sensing and downstream gene AMPK, AMRE/NOS/NO pathway.
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1.9.Main and specific objectives of the work

As outlined above, the objectives of the study are to investigate the impact of exogemgirsre addition

on cell signalling inn-vitro cultured cell models. In particular, the work set out to investigate the impact of
addition of exogenous arginine $everal cultured model cell systems and on specific signalling pathways. Of
particular interest was the NOS signalling pathway and how this responds to different concentrations of
arginine alongside characterisation of the general impact on celkfif@gs culture viability). The study also

set out to investigate how exogenously overexprei$$é®® impacts regulation of downstream targets at the
transcript level in the presence of exogenowardinine addition in BNL CL2 and/or 3T3 L1 cells. Key
metalwlites of L-arginine (L-citrulline and L-ornithine) and the nitrite amount present in cells was also
analysed as a functional readouthe study. The specific objectives were therefore;

1 To determine whether the presence of excessginine in cell cultte media impacted the-L
arginine/NOS/NO pathway of BNL CL2 and 3T3 L1 cells and any impact on the proliferation of the
cells and activation of AMPK

1 To determine the transcript and protekpressiorof key genes in the-arginineNOS-NO signalling
pathwayas indicators of the molecular mechanisms activated upon sensing-aigimlne by liver
or adipose cultured cells that may be related to the beneficial effect of taking supplementary arginine
for control ofobesity and obesity induced diabetic conditions

1 To investigate how stably ovexpressed iINOS impacts theakginine/iNOS/NO pathway and
subsequent signalling pathways

1 To investigate and determine nitrite concentrations in cells cultured in differemgitine
concentrations as a readout of NO praiturc

1 To investigate the effect and mechanism of action of the modulators such as nitric oxide synthase
inhibitor; NC-nitro-L-argininemethylester (ENAME), co-factor of NOS; tetrahydrobiopterin (BH
and external NO donor:-Bitroso-N-acetylpenicillamine (SNAP) on metabolic pathways €frg in
BNL CL2 and 3T3 L1 cells

1 To analyse residual amosmtf selected amino acids{Arg, L-Cit and L-Orn) which are derived from
L-Arg metabolic pathways, vemcells aregrownin different concentratioof L-Arg, modulators of
the L-Arg metabolic pathways or overexpressofiNOS

Collectively these objectives will help map the cellular responses to sensing exargasithe concentrations

in cultured cell systas that may help define how supplementasgrginine impacts dietary control and/or

liver and adipose cellular responses.
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Chapter-2 Establishment of BNL CL2 and 3T3 L1 cell culture models and assessment of the impact of

exogenoud. -arginine addition on cell signalling pathways

2.1.Introduction

L-arginine is a precursor for synthesis of urea, polyamines, proline and nitric oxijeagN@itlined in the
main introduction to this studyNitric oxide (NO) has been implicated in several cellgercesses as a
signallingmolecule. Larginineis metabolised in the cell to generate nitric oxide (NO) and citrulline via the
enzyme nitric oxide synthase (NOS). The goal efwhork in this chaptewas toestablish model systems to
study the impct of L-arginine on cell signalling to allow investigation tife molecular mechanisms
responsible for the HArg/NOS/NO metabolic pathways in insulin sensitive celtduding liver cells; BNL

CL2 and adipocyte cells; 3T3 LOnce the cell systems had been eithbt, the work in this chapter describes

investigations of the impact of excesalginine of the metabolic signalling pathways

2.2.Materials and Methods

2.2.1.Establishment of cell culture modeldor analysing culture viability and viable cell numbers
2.2.1.1.Culturing of adherent BNL CL2 and 3T3 L1 cell lines

BNL CL2 and 3T3 L1 cell lines were used as model systems, obtained from two different sources. 3T3 L1
cells were a generous gift from Dr Arcidisce Bi agi o, University of Catan
CL2 cells were a generous gift from Associate Prof of Medicine Dimiter Avtanski, Zucker School of
Medicine at Hofstra/Northwell, Hempstead, New York. The BNL CL2 cell line is a mouse hepatocyte
epithelial insulinsensitive cellLi et al, 2019;Molinaro et al, 2020;Leclercqet al., 2007)whilst the 3T3

L1 cell line is a mouse adipocyte (nms@uembryonic fibroblast) insulisensitive cell(Li et al., 2019;
Sgndergaard & Jensen, 201@he base medium for growth of both cell lines was Dulbecco's Modified
Eagle's Medium (DMEM, Thermo Fisher Sdién, Cat. No: 41966). To prepare complete growth medium,
foetal bovine serum (FBS, Sigma, Cat. No: F7524,-N&A origin) was added to a final concentration of

10% (v/v). During passaging cells were maintained in vented T25 tissue culture flasks (Sarstedt, Germany)
in complete growth medium (10 mL) and incubated in a static incubator (Thermo Forma, Thermo Fisher) at
37°C, 5% CQ. Both cell lines were routinely passaged evedydays. For experiments, cells were used 2 or

3 days after passage when they were in growth phase.

2.2.1.2 Preparation of stock solutions ofL-arginine and growth medium with varying L-arginine
concentrations

Commercially available DMEM media for Stable Isotope Labelling using Amino Acids (SILAC, Thermo
Scientific, Cat. No: 88364), which is deficient in botiysine andL-arginine was used to generate growth
medium with varying EArg concentations. Foetal bovine serum (FBS, Sigma, Cat. No: F7524;U&/A
origin) was added to a final concentration of 10% (v/vilydineeHCI (Sigma, Cat. No: 18662) was also
added to give the same concentration-tfdine (146 mg/L) as in the complete DMEMsbamedia described

in 2.2.1.1(andin appendix Il). This media was termed-Arg deficient media, containingo exogenously
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addedL-Arg (although FBSould contain unspecified concentrations eftg, the amount of kArg in the
media was determined by HPlafter FBS addition as undetectable and hence this medieonaslered L

Arg deficient (OuM). L-Arg (0.125 g, Sigma, A5006) was added to the SILABrh deficient DMEM
media (10 mL) to obtain an-Arg stock solution (71.75 mM). This was then diluted as required with-the L
Lys and FBS containing SILAC media to generate differeAtd. concentration containing mediums.

2.2.1.3.Establishment of cell culture models for investigating cell fithess as determined lzgll culture
growth and viability parameters

BNL CL2 cells or 3T3 L1 cells were inoculated into a T125 tissue culture flask (Sarstedt, Germany) in
complete DMEM (10% (v/v) FBS) in a total of 30 mL and the cells incubated 3al&/s at 37C, 5% CQ.
Cells were then observed unddight microscopy (Zeiss, Germany) to confirm arounef8096 confluency,

at which time the media was removed and cells were washed withiapneed (37C) phosphatduffered
saline (PBS) (Oxoid, Cat. No: BR0014G). For trypsin@gatof cells, prevarmed 0.05% trypstEDTA
(Gibco, Cat. No: 11580626, 3 mL) was added and incubated for 5 miPCat538 CQ followed by addition

of prewarmed DMEM with 10% (v/v) FBS media (7 mL). A cell count was then performed aslig
CELL cell viability analyse(Beckman Coulter, Life sciences, USA) to determine viable cell concentrations
(cells/mL) and culture viability (%). BNL CL2 cells were then seeded inteel tissue culture plates
(Greiner BieOne) at 2x18viable cells/vell in 2 mL of complete DMEM media.

The cells were then incubated in a static incubator (Thermo Forma, Thermo Fisher) for 24Qy &37
CO,. After 24 h, the media was replaced with media of different concentratitrargfnine(0, 400 and 800
KUM) or the control complete DMEM with 10% (v/v) FBS (2 mL/ well) ag-ig 2.2.1 Complete DMEM is
meant to contain 398.10 uM df-arginine hydrochloride according to the media formulation from the
company (Thermo Fishe(Appendix II'), however this was measured only 250 pM using the HPLC
method used and described in this stuldyus the 400 and 8Q@M culture conditions represent a 1.6 and
3.2fold increase in exogenolsarginineconcentration compared to the complete DMEM conti©ésls

and cell culture supernatant was then harvested at time pAn®8, 72and120h post addition of tArg
mediaof different concentration®riefly, the cell culture media (2 mL) was collectieom the cell cultures
and frozen at20°C. Then, the cells were washed with-prarmed PBS (2 mL) and subsequently trypsinised
with prewarmed 0.05% Tryps#EDTA (Gibco, Cat. No: 11580626, 0.5 mL) for 5 min at@G75% CQ.
After trypsinisation, EArg ddiicient DMEM media for SILAC (1 mL) was added to the cells to stop trypsin
activity. Cell suspension of the samples (1 mL) was usedeasureculture viability (%) and the viable

number of cells/mL (x19 using a ViCELL cell viability analyzer (Beckmandtilter, Life sciences, USA).
(Preliminary experiments were undertaken to find the more effective concentratiodrgfusing different

concentration of tArg starting from 25 pM to 1000 pM and the time point at which the activity-8fd.

wasmaximum using different time points starting from 6 h to 120 h.
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2.2.2.RNA extraction and quantitative real-time PCR (qRT-PCR) for transcript mRNA analysis

Cells grown as described in sect@R.1.3but the cells were harvested at T=0; untreated samplesaf2drh
incubation of the cells and collected beforétg addition) andhensamplesvereharvested 24 and 72 h

after L-Arg addition Cells were thewashed with prevarmed PBS (2 mL/well) followed by lysis using RLT
(RNA lysis buffer)lysis buffer (350 pL, Qiagen) and total RNA lysates weirgetted offinto Eppendorf
tubes(1.5 mL)and snap frozen in drige and stored aBC0°C or immediately further processed. Collected
RNA lysates af=0, 24 and/or 72 h were homogenised using a Qiddther kit (Qiagen, Cat. No: 79654) to
reduce viscosity of the cell lysates. Extraction of total RNA was then achieved using the commercially
available RNeasy Mini Kit (Qiagen, Cat. No: 74104) following the protocol of the manufacturer. The quantity
and quality of extracted RNA were then determined using a Thermo Nano Drop ND 1000 Spectrophotometer
(Thermo Scientific, USA) by measuring absorbaat260 and 280 npat this specific wavelengthpucleic

acids absorb ultraviolet (UV) lighFor pure DNA sampk the maximum absorbance occurs over a broad
peak at around 260 nm; at 280 nm it only absorbs about half as much UV light compared toR2Géaated

total RNA was treated for contaminating DNAase using RQ1 RiRese DNase kit (Promega, Cat. No:
M6101). Diluted RNA (90.91 ng/uL) and then stored&®D°C until required for analysis.

BNL CL2 cells (Mouse Liver cells) Or 3T3 L1 cells (Mouse Adipocyte cells)

‘ Seeded 2 x 10° viable cells/ well

/ ’/ 24h ahertncubuloa \‘ \\\\\‘

000 o000 | eee oo
00 L Collect samples at T=0 e

Change media —
Complete DME SILAC L-Arg deficient a SILAC L-Arg flrﬂdcnl DMEM media

media addition DMEM media addition - TENGS

o
'I': k. =] 1115 pL, 22.30 L

— w L B e + of LArg | 40f L-Arg
'L' w solution ""““““
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media HD® &3O
/ LAARE @006
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Figure 2.21. Schematic diagram outliningL -arginine supplementation of medium for BNL CL2 or 3T3 L1

cell growth.

Cells were maintained witthifferent extracellular concentrationslofarginine(0, 400 and 800 uM) in SILACL
Arg deficient media or the control complete DMEM with 10% FBS (2 mL/ well). Samyses collected 24 an,
72 h post addition df-argininefor analysis.
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2.2.2.1.qRT-PCR methods

Primers were designdd target genes of interesithin the region of two exons either side of an intron of a
size less than 500 bp using UniProt, Ensembl, BLAST and OligoPerfect bioinformatics tools. Primers were
selected within a region of high similarity (ideally 100%) to detect all splice vargoftains of genes of
interest. The amplicon size was designed to be between 10068 for efficient gqPCR amplification.
Primers (forward and reverse) were diluted to obtain 200 nM stock solutions of each. Primers designed fo
PCR amplification of taget genes of interest are describe@able 22.1, which is explained in results section
2.3.2

gRT-PCR amplification of target sequen@es®i d t he h o u s e {acidwas undertakem nsing tbel (
commercially available iTd§f Universal SYBR Green Orstep Kit (BiocRad, Cat. No: 1725151). The
concentration of RNA of samples was adgaiko be 90.91 ng/uL for all reactions. Reaction mixtures forqRT
PCR were then prepared following the protocol provided by the manufacturefiriat action volume of

12.5 uL. A DNA engine opticon 2 system for re¢imhe PCR detection thermocycler (BRad) was used for

amplification and for producing melting curve profiles of the amplicons using the following parameters.

gRT-PCRconditions (onestep):
Initial denaturation: 95°C, 1 min.
39 cycles:
Denaturation: 9% for 10 sec
Annealing and extension: 8D for 30 sec
Melting profile from 68C to 95C read every 0%, hold 2 sec

2.2.3.Protein and posttranslational modification (phosphorylation) analysis

2.2.3.1.Total protein extraction

Samples for protein analysis were generated by culturing cells as described in&@ctidnbut the cells

were harvested at T=0; untreated samples (24 h after incubation of the cedisllaotbd before tArg
addition) andthen sampleswere harvested 24 and 72 h afterArg addition Samples for analysis were
collected by removing the media and then washing the cells twice with chilled PBS (2 mL/well) or TBS (2
mL/well). PBS (2 mL/well) was used to wash the cells to be lysed for total protein analysis and TBS (2
mL/well) was used to ash the cells to be lysed for phosphorylated protein analysis as the presence of
phosphate ions in PBS may interfere with the signal from the phosphorylatedRé&atgst were then kept on

ice and lysis buffer added to the cells. Three different lysifetsufvere usetb obtain best signals of the
target proteins from the cell lysat€s) regular lysis buffer, (2) modified radioimmunoprecipitation (RIPA)
lysis buffer, and (3) lysis buffer for phosphorylated protein analig@gular lysis buffer consigieof ice

cold 20 mM HEPESNaOH, pH 7.2, containing 100 mM NacCl, 1% (w/v) TritorR1B0 (Sigma, Cat. No:
900293-1) and cOmpleteé mini protease inhibitor cocktail (Roche, Cat. No 11836153001, 1 tablet/10 mL
lysis buffer). The modified RIPA lysis buffer coiriad the same regular lysis buffer components with 10
mM s o d-plycenophibsphate, 50 mM NaF, 1 mM activated sodium orthovanadafé@ya0.2 mM
phenyl met hyl sul fonyl fluoride (PMSF) , Thelgsis lsutief ml I
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for phosphorylated protein extraction and analysis contained the same modified RIPA lysis buffer
components with the addition of 1 mM ethylenediaminetetraacetic acid (ERTAY dithiothreitol (DTT)

and 1 mMethylene glycol tetraacetic acid (EGTAuring hanesting, lysis buffer (200 pL/well) was added

and after 10 min on ice the cells were dislodged from the flask by using a cell scraper and the cell lysates
(approximately 200 pL) obtained. The cell lysates were centrifuged at 17,000 g for 10 min and then the
collected protein extract kept-&®0°C until required for analysis.

2.2.3.2 Bradford assay to determine protein concentration in samples

Bradford reagent (500 mL) was prepared consisting of 120 mM Coomassie blue G250 (Fisher, Cat. No:
C/P541/46), 15% (v/v) ethanol and 8.5% (v/v) phosphoric acid. Following 10 minutes of stirring the reagent
was filtered through filter paper (Whatman No.54jng a vacuum manifold and was collected into a dark
bottle. Bradford reagent (1 mL) was added to 50 pL of diluted samples (diluent: sample was 48:2 pL) with a
blank of 50 pL of water. The samples were then briefly vortexed, left for 10 min and therstibaaize

read on a calibrated spectrophotometer (Eppendorf BioPhotometer, Germany) at 595 nm. A series of knowr
bovine serum albumin concentrations were used to generate a standard curve to calculate unknown protei

concentrations.
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Table 2.21. Primers used for reattime qPCR analysisof the target genes listed and size of amplicon expedt

Target Gene NCBI ID Forward primer oligo Reverse primer oligo Amplicon size (bp)
ACC-1 Acaca NM_133360.3 GGGTCAAGTCCTTCCTGCTC TTCCACACACGAGCCATTCA 139
AMPK Prkaal NM_001013367.3 | GGATCCATCAGCAACTATCG TCGACTCCTCCCCTGTCGAC 120
b-actin Actb NM_007393.5 AGCTGAGAGGGAAATTGTGCG GCAACGGAAACGCTCATT 163
CPT-1 Cptla NM_013495.2 TGTCTGAGCCATGGAGGTTG ACACCATAGCCGTCATCAGC 133
HMGCR | Hmgcr NM_001360165.1 | ATGACATTCTTCCCGGCCTG CCCTTTGGGTTACGGGGTTT 142
SREBR1 | Srebfl NM_001313979.1 | GTCACCAGCTTCAGTCCAGG GACCTGAGCAGCCTGCGGCC 102
SREBR2 | Srebf2 NM_033218.1 ACCCCTTGACTTCCTTGCTG CAGCCACAGGAGGAGAGTTG 146
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2.2.3.3.Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SD®AGE) analysis of
proteins

2.2.3.3.1.Sample preparation

Samples wer@repared with x 5 sample/loading buffer (reducing buff8gdium dodecyl sulfate
polyacrylamide gel electrophore§BDSPAGE) sample buffer (Laemmli buffer) contained 0.312 M
TrissHC 1 pH 6. 8, 10% (v/v) sodi unmercaptodtheol 50% (vB)ul f at e
glycerol and 0.05% (v/v) bromophenol blue. The ratios between reducing sample buffetil{x&d
sample was 1:5. The required volume of protein extract was diluted with water to obtain x 1 final
sample buffer concentration witld and 20 g of protein/25 L total sample volume/laneSamples

were then vortexed, heat denatured &C9%r 5 min and then resolved by SIPAGE as described
below.

2.2.3.3.2Gel preparation and electrophoresis

SDSPAGE gels have two components, the resolving and stacking components. The stacking gel (5%
acrylamide) was prepared with 30% (v/v) bio ad?yB7.5:1 (AlfaAesar, Cat. No: J61505), 1 M Tyis

HCI pH 6.8, 10% (w/v) ammonium persulfate (Fisher Scientfiaf. No: A/P470/46), 10% (w/v)
sodium dodecyl sulfate (SDS, Fisher Scientific, Cat. No: BR5L660 ) , 0.1% (v v) N Nj,
tetramethyl ethylenediamine (TEMED, Thermofisher Scientific, Cat. No:1B19) and Milli-Q HxO.

The resolving phase was a 10%sydamide gel (unless otherwise stated) prepared from 30% (v/v) bio
acrykP 37.5:1 (AlfaAesar, Cat. No: J61505), 1.5 M THCI pH 8.8, 10% (w/v) ammonium persulfate
(Fisher Scientific, Cat. No: A/P470/46), 10% (w/v) SDS (Fisher Scientific), 0.04% (EWED
(Thermofisher Scientific, Cat. No: 1418-9) and Milli-Q H2O. Both gel components were prepared in

a Novex gel cassette (1 mm, Life Technologies, Cat. No: NC2010).

Samples (25 yl.10 or 20 ug of protein/25 L total sample volume/lanere loaded imt the gels

using gel loading pipet tips (Fisher Scientific, Cat. N6702-181) and a PAGE ruler plus pstained
protein ladder (5 uL, Thermo Scientific, Cat. No: 26619). SPEE gel electrophoresis was
performed in running buffer containing 200 mM dghe, 25 mM TrisHCI, 0.1% (w/v) SDS, pH 8.8,

at 80 V for 30 min and 100 V for 1.5 h or until desired migration of the samples. Proteins were
visualized by staining with Coomassie blue stain containing, 0.25% (w/v) Coomassie brilliant blue R
250, 10% (v/viacetic acid and 50% (v/v) methanol.

2.2.3.4. Western blotting

After SDSPAGE, transfer of proteins from the SIPAGE to nitrocellulose blotting membranes (0.45

pm NC, GE healthcare, Cat. No: 10600003) was performed using wet transfer conditions. Alsandwi
with stacks was prepared whereby the bottom and top layers of the stacks were a sheet of Whatman
filter paper (3 mm, GE healthcare, Cat. No: 1@0%) and in the middle of the sandwich the SDS
PAGE gel was placed in direct contact with the nitrocellilbdotting membrane. The layered

sandwiched was inserted into a transfer tank cassette containing transfer buffer; 100 mM glycine, 12.5
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mM Tris-HCI, 0.1 % (w/v) SDS, 20% (v/v) methanol. The electro transfer of protein to the membrane
was undertaken af@ for 1 h at constant 0.75 A and at 250 V.

If necessary, ponceau staining (1% (w/v) ponceau stain, Sigma, Cat. No: P3504 and 3% (w/v)
trichloroacetic acid, Sigma, Cat. No:-08-9) was carried out to observe proteins on membranes post
transfer before the #body-mediated detection. After transfer, the nitrocellulose membrane was
removed from the transfer cassette and placed in a clean blotting box protein side up. The membrane
was covered with ponceau stain (1 mL) and shaken gently for 3 minutes. Poadeavastremoved

and the membrane washed with water. After visualization of transferred protein bands, the blotting
membrane was washed witATBS (150 mM NacCl, 2.5 mM KCI, 25 mM TrHHCI, 0.1% (v/v) Tween

20 (Sigma, Cat. No: 90064-5), pH 7.6) to removehe reversible stainfo prevent antibodies from
binding to the membrane napecifically and to reduce the background, a blocking step was carried
out by incubating the membrane with 5% (w/v) #ahdried skimmed milk powder (Oxoid, Cat. No:
LP0031) diluted in TBS (150 mM Na.5 mM KCI, 25 mM TrisHCI, pH 7.6) at room temperature

for 30 min. After blocking, the membrane was washed three times WidSI(150 mM NacCl, 2.5 mM

KCI, 25 mM TrisHCI, 0.1% (v/V) Tween 20, Sigma, Cat. No: 968%5), pH 7.6 for 10 min on a
shakerAn indirect method was used to identify the protein of interest on the membrane. The antibodies
for western blot analysis were sourced as detail@diie 22.2.

and with the working dilutions described. To detect the protein of interest, primary antibodgtion

was undertaken overnight &Clin a 10 mL dilution of the appropriate primary antibody prepared in
3% (w/v) bovine serum albumin (BSA, Sigma, Cat. No: A7906) in TBS (150 mM NacCl, 2.5 mM KCl,
25 mM TrisHCI, 0.1% (v/v), pH 7.6) on hlot rocker(IKA, England) The following day, sequential

four washing steps were performed on the primary antibody probed blot at room temperature for 5 min
on a blot shaker with-TBS (150 mM NacCl, 2.5 mM KCI, 25 mM TrHECI, 0.1% (v/v) Tween 20
(Sigma, Cat. No: 906-64-5), pH 7.6). For detecting the target antigen, the blot was probed with an
appropriate secondary antibody conjugated to Horseradish peroxidase containing 5% (vat) non
dried skimmed milk powder (Oxoid, Cat. No: LP0031) diluted iMBS at room temerature for 1 h

on a blot shaker.

Blots were then washed again 4 times witlBS for 5 min. For the detection step, the probed blots
were incubated for 5 min in hormeade enhanced chemiluminescence (ECL) western blotting detection
reagent, 5 mL of eaclolution (solution A containing, 1 M TrBICI, pH 8.5, 90 mM gcoumaric acid
(Sigma, Cat. N0:9008), 250 mM-a@ninophtalhydrazide (Luminol, Sigma, Cat. No:8B11) and
solution B containing 1 M Tri$iCl, pH 8.5, 30% (w/v) kD,) was usedlf necessary, commeially
available Pierdé ECL western blotting substrate (Thermo Fisher Scientific, Cat. No: 32106) was used
by following the instructions provided with the reagents by the manufattureduce the background
issueon the blots, which wasaused bysome antibodies which were purchased from different

companiesFinally, the blots were exposed to Amersham HypefflfaCL film (GE healthcare, Cat.
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No: 28906837), which was subsequently processed using an Optimax 20pdddessor (PROTEC
GmbH & Co,Germany.

2.2.3.5. Densitometry analysis

Densitometry of bands on SEFSAGE andWestern blots was undertaken using the open software
package ImageJ (National Institutes for Health (NIH), USA). The relative protein expreson
protein of interest in the samples were normalized to the Hoese p iactigprokein.
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Table 2.22. List of antibodies used and sourced from different companies fa estern blotting.

Target protein UniProt ID Molecular  weight | Type Dilution Host species | Source Catalog No
(kDa) company
Anti-ACC-1 Q5SWU9 265 Primary 1:1000 Rabbit GeneTex GTX132081
Anti-ACC-1-P (Ser79) Q5SWU9 265 Primary 1:1000 Rabbit GeneTex GTX133974
Anti-AMPK Q5EG47 62 Primary 1:1000 Rabbit Cell Signaling | 2532
Anti-AMPK-P (Thrl172) Q5EG47 62 Primary 1:500 Rabbit Cell Signaling | 2535
Anti-b-actin P60710 42 Primary 1:1000 Mouse Sigma A5441
Anti-CPT-1A PO7742 88 Primary 1:1000 Rabbit GeneTex GTX114337
Anti-eEF2 P58252 95 Primary 1:1000 Rabbit Cell Signaling | 2332
Anti-eEF2P (Thr56) P58252 95 Primary 1:1000 Rabbit Cell Signaling | 2331
Anti-elF2 Q6ZWX6 36 Primary 1:1000 Rabbit abcam ab26197
Anti-elF2-P (S51) Q6ZWX6 36 Primary 1:1000 Rabbit abcam ab32157
Anti-HMGCR Q01237 97 Primary 1:1000 Rabbit GeneTex GTX54088
Anti-mTOR Q9JLN9 289 Primary 1:1000 Rabbit GeneTex GTX101557
Anti-SREBR1 Q9WTNS3 120 Primary 1:1000 Mouse Fisher 11384493
Anti-SREBR2 Q3U1N2 122 Primary 1:1000 Rabbit abcam ab30682
Anti-mouselgG-Peroxidase | - - Secondary | 1:5000 Goat Sigma A4416
Anti-rabbit IgGPeroxidase - - Secondary | 1:5000 Goat Sigma A6154
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2.2.4.Nitric oxide /Nitrite measurement by Griess Assay
2.2.4.1 Preparation of sulphanilamide and N(1-naphtyl)-ethylenediamine dihydrochloride (NED)
solution

Sulphanilamide and NED solution were prepared freshly as follows.

0.1% (w/v) sulphanilamide in 5% (v/v) phosphoric acid:Sulphanilamide (0.02 g) (Sigma, Cat.:N9251)

was dissolved in 20 mL of 5% (v/v) phosphoric acid.
0.1% (w/v) solution of NED:NED (0.02 g) (Sigma, Cat. No: N5889) was dissolved in 20 mL of water.

2.2.4.2. Preparation of Samples
Frozen cell culture media (2 mL), collected fraarginineadditions © BNL CL2 and 3T3 L1 cellsvere
used for nitrite assay. Samples were vortexed and then centrifuged for 10 min at 1500 rpm and the supernatant

without cell pellet was collected. Cell culture supernatant (50 uL) was used in the assay.

2.2.4.3.Griess assay

A key nolecule of theL-arginine metabolic pathway is nitric oxide (NOWu and Morris, 2008)
Accumulation of NO in the cell culture media was analysed indirectly by quantifying one of the oxidation
products, nitrite (N@). Nitrite accumulation in cell culture supernatants afteir supplementation was
determined by Griess ass@yriess, 1879the principle of this reaction is shownkig 2.2.2 using sodium

nitrite as a standd. In brief, nitrite standard solutions were prepared from a stock sodium nitrite solution (0.1

M) with concentrations ranging fr om Q-argimnedgfisiene M ( O,
SILAC media for DMEM and dispensed intoa®éll-p | at e in triplicate (50 €L/
supernatants with or without-Ar g addi ti ons and the control compl «
dispensed into the 96ell-plate in triplicate. 1% (w/v) sulphanilamide solution in 5% (v@tpsphoric acid

(50 e€L) was added to both sample and nitrite stan
the dark, &.1% (w/v) solution of NEDJ O ®ds added to each well followed by a 10 min incubation at

room temperature in the daftiotal volume/well = 150 pL)Absorbance at 540 nm was then measured using a
FLUOstar omega microplate reader (BMG Labtech, Germakhgorbance was measured within 15 rof

last incubation to avoid fading of colour of the prodUdte data was averaged and the average of the blank
standard (0 uM) was subtracted from all other data. A standard curve relating absorbance to kitewn nitr
concentration was generated andreedr line was fitted using a linear regressio@alculation of nitrite
concentration in unknowaxperimentalsamples was obtained using the equation of the line fitted for the

standard samples.
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Figure 2.2.2. Principle of nitrite quantitation using the Griess reaction

In this assay, nitrite is first reacted with a diazotizing reagent, sulfanilamide (SA), in acidic media to fi
intermediate transient diazonium salt, which is then allowed to reabt avitoupling reagent, -Naphthyt
ethylenediamine (NED), to form a stable azo compound, an intense purple coloured product, detected ¢
(Sunetal., 2003)

2.2.5.Analysis ofL-arginine, L-ornithine and L-citrulline by HPLC
2.2.5.1. Processing of biological samples
Samples were collected as describe?l 1.3 then vortexed and centrifuged at 1500 rpm for 10 min to obtain

the cell free culture supernatant for HPLC analysis.

2.2.5.2. Deproteinization of samples for amnio acid analysis
Samples were deproteiniséeell culture serum samples contain protein, a potential source of amino acids
after protein degradation, therefgmotein in serum sample$ould be preventdoly deproteinisationusing
a modified protocol of that described Wang et al. (2014) To remove FBS and celar proteins from the
superngant of the cell culture media, 100% (v/v)-celd ethanol (400 uL) was added to the cell culture
supernatant (100 pL) followed bxortexingvigorously for 15 min at room temperature. Samples were then
centrifuged at 17000 g for 15 min at 0°C. The sugtmt (approximately 500 uL) was then transferred to a
fresh microcentrifuge tube and the solvent and media removed by vacuum centrifugation in a SpaedVac
SC110A concentrator centrifuge (Savant, USA) for 1.25 h at 45°C. The vacuum dried supersataat re
was then reconstituted in 80% (v/v) ethanol (100 uL) and vigorously vortexed for 5 min and then centrifuged
again at 17000 g for 15 min at 0°C to collect the supernatant. To remove ethanol completely (to obtain high
resolution of the amino acids aimtrease binding to the column in the HPLC experiment), the supernatant
of resuspended sample (100 uL) was then further vacuum centrifuged by Sp&ddya8C110A
concentrator centrifuge (Savant, USA) for 30 min &C4&nd then 100 pL of water added.
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2.25.3. HPLC amino acid analysis

2.2.5.3.1. Precolumn derivatization

Amino acids were derivatized at room temperature using acqiuenn derivatisation method. -O
phthaldialdehyde (OPA) reagent complete solution (Sigma, Cat. No: P0532) consisting of @gAn(),

BrijR 35 (for optimum separation of citrulline from threonine and of ornithine from ly¥iheand Meininger,
2008), methanol, Znercaptoethanol, potassium hydroxide and boric acid, pH 10.4, was used-aslaipre
derivatization agent, specially formulated for primary amines and amino acids at alkaline pH. OPWitieacts
primary amino acids in thgresence of a thiol {ehercaptoethanol) to form adducts (OREE-AA) (Fig 2.2.3,

which are welresolved by HPLC with appropriate gradient conditions and mobile phases with organic
modifiers(Walker and Mills, 1995)

H o HO Y
- —— O
\t‘:-.i;,r -~ :0 3 OH ¥ N -’n\‘*()_ N )
N AN < 0O R l L N = IVL\"O-
N N\~ 2 Mercaptoethanol Y ) \‘\
] (ME) Amino acid (AA) R
H
o-Phthalaldehyde OPA-ME-AA-adduct
(OPA)
Figure 2.23. Chemical reaction between OPA and primary amino acid to form an adduct (OPAVE-AA).
Primary amino acid (AA) forms a derivative (ORME-AA) with o-phthalaldehyde (OPA) in the presence of a th
2-mercaptoethanol (ME). Thedduct is welresolved by gradient elution HPLC. The reaction takes place rapig
room temperature at alkaline gM/u and Meininger, 2008)

2.2.5.3.2. Mobile phase buffers

Mobile phase A (0.1 M sodium acetate, pH 7.2) was prepared as descritdéd &\Meininger (2008) In

brief, sodium acetate (0.1 M) (Sigmaultra, 99.0%, Cat. No: S7545), 9% methanol, and 0.5% tetrahydrofuran
(ACROS Organics, 99.5%, C&t0:10292182), adjusted pH 7.2 by HCI, was prepared and mixed after each
addition before being filtered through a 0.2 em n

to use in HPLC analysis. The mobile phase B was 100% (v/v) methanol.

2.2.5.3.3 Preparation of amino acid standards

A standard amino acid mixture (6 mM), consisting of the essential 20 amino acids, was a gift from Dr Andrew
Lawrence, School of Biosciences, University of Kent, and was prepared as outlined preiimashyet al,

2018) In brief, the standard amino acid powder mixt@@L(-amino acids and glycine, Sigma, Cat. No: 09416
1EA) was dissolved at an alkaline pH to formulate a stock solution of standard amino acid mixture (6 mM) and

then diluted to obtain a working amino astdndard (0.6 mM for each amino acid). Additionallygitrulline
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(Sigma, Cat. No: C7629) ahdornithinemonohydrochloride (Sigma, Cat. No: 02375) (0.6 mM of each) were
added to the standard amino acid mixture from respective stock solutieritailline andL-ornithine(6 mM
of each) to form an extendedhino acid standard solution.

2.2.5.3.4. Amino acid HPLC analysis

An Agilent 1100 HPLC (Agilent Technologies, Germany) equipped with a diodg detector (DAD) was

used. HPLC experimental conditions were optimised (OPA derivatisation method, columctjodet
parameters and DAD detector) to obtain weBolved peaks for the intended amino acids. Samples were
injected (25 e€L) ont-€618n ACEmeHBLGnesoflamn] RP6 mm,
1246). The column was operated with a flow ratd.@ mL/min using organic modifiers; 0.1 M sodium
acetate, pH 7.2 as mobile phase A and 100% methanol as mobile phase B. Before running the sample set, the
column was fluxed sequentially with water and methanol for 5 min and then equilibrated with phaisiée

A for 10 min at a flow rate of 1.1 mL/min at 30°C.

To a dark glass vial (1.5 mL), an extended amino acid standard mixture (0.6 mM each) or test cell culture
sample solution (100 uL) was added. The autosampler was automated to mix 25 pL of a stagdamole

solution with 25 pL of the OPA reagent solution and allowed for incubation for 1 min in a reaction loop. The
derivatized solution was then immediately delivered into the HPLC column without any delay as the amino
acid derivatives are very unstapwith short haHives (2.372.3 min)(Walker and Mills, 1995)This problem

was overcome by automating the derivatization and replacing the OPA micro vial often. Amino acids were
separated with linear gradient as aédsed in theTable 2.23 with a total running time o9 min; flow rate,

1.1 mL/min. The detector, DAD, was programmed to switch to 338 nm, 10 nm bandwidth, and reference
wavelength 390 nm, 20 nm bandwidth. The molar absorptivity of each derivatized amino acid was detected at

338 nm (e&amax) .

Table 2.23. HPLC gradient program for separation of L-Arg, L-Cit and L-Orn at flow rate 1.1 mL/min.

Mobile Time (min)

Phase (%) |0 [15 [20 |24 |26 [34 |38 |40 [42 421 |49
A 86 86 70 65 53 50 30 O 0 86 86
B 14 14 30 35 47 50 70 100 100 14 14

2.2.5.3.5. Standard curve generation fac -arginine, L-citrulline and L-ornithine

Stock solutions ot -arginine L-citrulline andL-ornithine(20 mM, 10 mL each and 1000 pM, 50 mL each)

were diluted to give a range of concentrations of each amino acid standard (10, 20, 30, 40, 50, 100, 250, 500,
750 and 1000 pM). The range of standard solutions were run with OPA on the HPLC. Peaks in the HPLC

chromatogram were integrated using the software provided by the manufacture (Agilent Technologies,
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Germany) to obtain the area of the peaks and from these a standard curve was plotted with the area of the
signals (mAU x Sec) against concentration to oltaist fit standard curves for each amino acid.

2.2.5.3.6. HPLC data analysis

Identification of particular amino acid signals was based on the comparison between the retention time of the
extended amino acid standard mixture and the amino acids of irfterastnalysis of samples. Quantitation

was based on the standard curve method using a linear curve fitted by linear regression analysis. The unknown
concentration of each amino acid in experimental samples was calculated using the equation of thed line fit

for the standard curves of amino acids.

2.2.6.Analysis ofL-arginine, L-citrulline and L-ornithine adducts with OPA derivatising agent by liquid
chromatographyi mass spectrometry (LG MS)

LC-MS (UltiMate 3000 HPLC and UHPLC Systems, Thermo Fisher) was cairted confirm the molecular

mass of thé_-argining L-citrulline andL-ornithineadducts after derivatisation with the derivatisation agent
opht hal al de hyde -nie@aptactharmloMobile phasé moglifiefs were 0.1% (v/v) formic acid
and HO (mobile phase A) and 0.1% (v/v) formic acid and methanol (mobile phagenBjutosampler was
programmed to inject a sample volume 20 L into the analytical column (C18; 4.6 mm x 150 mm, 5 pum, from
Zorbax Ecliplse), guarded with SecurityGuardJLTRA Cartridges UHPLC column (C18; 2 mm, 2.1 mm).
Before running a sample, the column was washed sequentially with 2% mobile phase B and then equilibrated
with 2% mobile phase B for 13 min before the first sample at a flow rate of 1.5 mL/min and constant column
temperaure of 40C. The amino acid adducts were resolved with the gradient describatdlan2.24. The

signals were detected at a wavelength of 340 nm. Mass spectrometry was undertaken in positive nmiode [MH]
(L-argining and negative mode [Nl]  (L-arginine L-citrulline and L-ornithing to confirm the presence of

the expected adducts.

Table 2.24. LC-MS gradient used to identify the derivatisation adducts of amino acids (OPME-AA)

at a flow rate 1.5mL/min.

Time (min) > 8 2.5 2.5
Gradient Mobile Phase B % 2 2-100 100 2

=

2.2.7.Statistical analysis

Statistical analysis was undertaken using GraphPad Prism 9.4.1 software and Microsoft Excel. Samples were
analysed in triplicate biological replicates. Data interpreted of means and standard deviation were analysed
usingtweway ANOVA. The dommpagsgninethoohwas tisedpo determine differences among

the means of the treatment groups (0, 400 and 800 tAfg). with the control complete DMEM media

addition and untreated samples at T=0 acrwges t he
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considered to indicate statistical significance. The stars approach intended to flag levels of significance were
followed (American Psychological Association style, New England Journal of Medicine) as ns = P > 0.05, *
= P O 0.05, *P © B.00Q.@hd ****== P O 0.0001.

2.3.Results

2.3.1.Impact of L-Arg addition on culture viability and viable cell numbersin BNL CL2 cells

Establishment of cell culture models for investigating cell fithess (cell culture growth and viability
parameters) is describ@ud2.2.1.3 Samples were collected at 24, 48, 72 and 120 h time points for cell growth
analysis of BNL CL2 cells. All cell samples were analysed with biological triplicate culturesvidiie

number of cells was compared between the control complete DME#ium and the nb-arginineSILAC

DMEM media (0 pML-argining and when SILAC DMEM had 400 and 800 [lMarginineadded Figure
2.3.1shows that there was a decline in BNL CL2 celhivers from 24 to 48 h in all samples and conditions.
After this time the proliferation of cells increased for the control and the 400 and 800-aqtgfinine
supplemented cell samples from 48 to 72 h. However, the cell number continued to decreaselinAtte no

(0O uM) cell samples across this time period. Cell number declined in the 400 and 80\ upplemented

cell samples between 72 and 120 h, whilst there was a plateau in the growth of the cell samples grown in
control complete DMEM. Overall, the alile cell number of BNL CL2 cultures was most impacted by an
absence of exogenousArg with minor changes with the different concentrationk-afrgininecompared to

the control. Viable cell number peaked in the control cultures and the 400 and 800-gudhine
supplemented cultures after 72 h. The control cell cultures then maintained their viable cell number until 120
h of culture whilst the supplemented cultures decredsegite of the similar growth profile§ig 2.3.7), the

effect of L-arginine(0, 400 and 800 uM) compared to the control complete DMEM media was significant
(Fig 2.3.]) as determined by twavay ANOVA analysis of the means values of the viable cell numbers at the
different time points followed by a Tukey multiple comparison test.
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Figure 2.3.1. Cell growth profile of BNL CL2 cells with different concentrations of L-arginine and the control.
Cell growth/viable cell number profiles of BNL CL2 cells with different concentratiohsarfyinine (0, 400 and 80(
UM) and the control complete DMEM media at 24, 48, 72 and 120 h. Data points represent the mean + Sl
culture sample. Error bars represent the standard deviation from the mean (n = 3). The tables sumnveais¢
ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars flag the lg
significance; ns = P > 0.05, * = P O 0.05, ** =

Figure 2.3.2reports the culturgiability of cultures grown in either control complete DMEMLloiarginine
supplemented samples (400 and 800 pM) and-aaginineSILAC DMEM at 24, 48, 72 and 120 h. Culture
viability was generally maintained between®W across the 120 h. Noticeablg flargest difference was a

drop in viability of the cultures with 800 uM-Arg addition from 24 to 48 h time period, after which the

41



viability then increased again from 48 to 72 h and then remained steady. Overall, the viability of the BNL
CL2 cultures wasot significantly impacted by the differentArg conditions except for a few timepoints

and conditions as outlined g 2.3.2 As described above, the cultures with the highest concentration of
arginine(800 pM) had a large drop in viability at 48amd at 120 h the no-Arg cultures had decreased
culture viability compared to other culture conditions

1004
=901 i l
3 . —
S 80 .
;: \\ ,‘/"/
E J$
3
~ 704
60 v T v v
24 48 72 120
Time point (h)
= Cont. Com « 800 uM
- 400 uM - No L-Arg
Source of Variation P value P value summary  Significant?
Interaction 0.0225 * Yes
Time point 0.7313 ns No
L-Arg +/- and Control (Com) 0.0766 ns No
Tukey's multiple comparisons test Culture viability
24 h 48 h 72 h 120 h
Cont. Com vs. 400 uM ns ns ns ns
Cont. Com vs. 800 uM ns *x ns ns
Cont. Com vs. No l-Arg ns ns ns ns
400 pM vs. 800uM ns * ns ns
400 pM vs. No L-Arg ns ns ns *
800 pM vs. No L-Arg ns ** ns ns
Figure 2.3.2. Culture viability profile of BNL CL2 cells grown in different concentrations of L-arginine and the
control.
Culture viability profile of BNL CL2 cells grown in different concentrations eftg (0, 400 and 800 pM) and th
control complete DMEM media at 24, 48, 72 and 120 h. Culture viability is expressed as % of viable cells. Da
represent the mean + Sid each sample. Error bars represent the standard deviation from the mean (n = 3)
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summarise twavay ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The
indicate the levels of significance; ns=P >0.05,*@P0. 05, ** = P O 0.01, *=*~*

2.3.2.gRT-PCR analysis of targets genes and assays upon culturing BNL CL2 cells in different
exogenoud. -arginine concentrations

Cells were grown as described in secdh 1.3and2.2.2and sampled for transcriptional mMRNA level analysis

by gRT-PCR. RNA samples were control complete DMEM medial,. favginineSILAC DMEM media and

400 and 800 puM.-arginineaddition to BNL CL2 cells. Cell samples were collected@=@, 24 and 72 h and

RNA extraction, DNAase treatment and ¢RTR analysis were undertaken as described in seziibi

Rel ative gene expression anal ysRNAexprassm@tndrmalisadstoau s e d
referenaetgeane Thle target geneaekpnessi obtwas hben
relative difference-ac&elCn) whet wowematl azcedt tard he o
arginnecadded sample at the 24 h culture time point to
were AMPK, ACC1, CPTF1, HMG-CoA reductase, SREBP and SREBR as these genes are potentially
modulated in response to changek-argininethrough signallig pathwaysliscussed elsewheirethis thesis

The relative expression of each gene (as opposed to absolute expression that was not deteldsadte
guantification determines expression levels in absolute numbers of mRNA)cepesenoted as REere

target gene expression was explained relative to one of the controls; OArlyldt 24 hand housekeeping

gene -aftin

The first transcript investigated was the mRNA levels of the key regulator gene involved in the oxidation of
energy substrates, AMP{Cant6 and Auwerx, 2013AMPK was regulated in responseltearginineaddition

with increasing extracellular concentrations increasing the observed AMPK mRNA expression in the BNL
CL2 cells Fig 2.3.3A). From gRFPCR dataAMPK gene expression was increased (P <0.0001) in 800 pM
L-Arg addition cultures at 24 (RE 3.29) and 78R 2.14) when compared to the control complete DMEM

media cultures.

The mRNA levels of the key lipogenic enzyme, ACC1, was decreased (P<0.0001) in cultures with arginine at
400 uM (RE 1.4) compared to the control (RE 1.6) but increased (P < 0.0001h &RE27.46) compared to
the control complete DMEM media cultures (RE 1.69y2.3.3B.

Very similar CPT1A gene expression was observed in all culture conditiig2(3.4A). The highest relative
expressions among the samples was 1.2 for control etenpMEM addition at 72 h, 1.03 for 800 pMArg

at 24 h and 1.36 for no-Arg media at 72 h. It is therefore clear tRRT-1A gene expression did not differ
much between the control andArg supplemented cultures, reflecting little impact e\tg suppementation

on CPT-1Agene expression at the transcript level.
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A further gene investigated was HMG CoA reductase (HMGCR), responsible for cholesterol synthesis and a
gene controlled itself by sterol regulatory element binding pr&e(®REBPR2), a key reglator and
transcription factor in cholesterol metaboligfiong et al., 2015Tao et al., 2013)HMGCR (P<0.0001) and
SREBR2 (P<0.0001)vere decreased in mRNA expression compared to the DMEM contesponse to 800

MM L-Arg addition at 24 h (REEHIMGCR 2.59 and RESREBR2 1.29 respectively comparedfi: 2.98 and

RE 1.66of control) Fig 2.3.4BandFig 2.3.5B while the mRNA levels for AMPK increased (P<0.0001) in
800uM L-Arg addition at same time point (RE 3.29) when compared to the complete DMEM dBtadl

AMPK 1.04 Under these conditions, reduced SREB&xpression could potentially reduce the expression of

HMGCR leading to reduce cholesterol biosynthesis.

A further SREBP transcription factor, sterol regulatory elerbarding proteinl (SREBP1), that regulates
genes involved thde novdipogenesis and glycolysis pathwaiguiz et al, 2014)decreased in expression
(P<0.0001)in 800 uM L-Arg cultures at 72 h (RE 1.60) when compared to the control complete DMEM
addition (RE 2.49) at the same time poirig(2.3.54). Among all the genes investigated in BNL CL2 cells,
lipogenic genes ACQ (RE 7.46) and SREBP (RE 6.76) increaskthe most in mRNA expression, whereas
AMPK gene expression was lowest in 4(M L-Arg addition at 72 h (RB.29).
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Figure 2.3.3. Relative mRNA expression of AMPK and ACG1 in BNL CL2 cells cultured in different
concentrations of L-arginine and the control.

Rel ative mMRNA transcr i pA)amAQCL @)xmBNbCL2 delkealited in aediuns
of differentL-arginineconcentrations (0, 400 and 800 uM) and control complete DMEM media 24 and 72 h
addition. Untreated cultures at T=0. Data points represent the mean + SD of each sample. Error barghep
standard deviation from the mean (n =3). Tables summariseviycANOVA followed by a Tukey multiple
comparison test using GraphPad Prism 9.4.1. Th

0.05, ** = P O 8n@1l1l*x***+==ppP0O0O00ND0001.
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Figure 2.34. Relative mRNA expression of CPTL and HMGCR in BNL CL2 cells cultured in different

concentrations of L-arginine and the control.

Rel ative mMRNA transcri-f{A) andkHMGER B inBNL CLZxallS tujtured ih

medium of different.-arginineconcentrations (0, 400 and 800 uM) and control complete DMEM media 24
72 h dter addition. Untreated cultures at T=0. Data points represent the mean + SD of each sample. Er
represent the standard deviation from the mean (n = 3). Tables summarisaywdNOVA followed by a

Tukey multiple comparison test using GraphPadn8s4.1. The indicate the levels of significance; ns = A

0.05, * = P O 0.05, ** = P O 0.01, *** = P O 0
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Figure 2.35. Relative mRNA expression of SREBF and SREBR2 in BNL CL2 cells cultured in different
concentrations of L-arginine and the control.

Rel ative mMRNA transcr i p-1AaxdSREBRYE)in BNL Claadlisculturen in
medium of different.-arginineconcentrations (0, 400 and 800 uM) and control complete DMEM media 24
72 h after addition. Untreated samples at T=0. Data points represent the mean + SD of each sample. E
represent the standard deiga from the mean (n = 3). Tables summarise-tiwvay ANOVA followed by a
Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significan
P > 0.05, * = P O 0.05, ** = PpOOO 0.01, *** = ¢
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2.3.3.Monitoring protein and posttranslational phosphorylation expression inresponseto L-Arg
supplementation

Western blotting for all target proteins was undertaken in protein samples of BNL CL2 cells in three biological
replicates as described in secti@i®.1.3and2.2.3 The samples welle-argininetest concentrations (0, 400

and 800 uM) and the controls cotefeg DMEM media addition at 24 and 72 h timepoints and untreated
samples at T=0. Two combinations of gels were used to allow (a) comparison within a concentration with
changing culture timeFfgs 2.3.62.3.129 and (b) comparison across concentrationssgiegific culture time

point (Figs 2.3.132.3.20. Tar ge't protein expr estis pratain tonoatain relative ma | i :
di fferences b edctin@retains.tAlkh datgq evas nammalized fio the value of nlrd. added

samples (0 uML-arginine) at 24 h culture time point to obtain the final relath@malised data, this was
denoted as RE in the following sections.
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Figure 2.3.6. Western blot comparison for target proteins andohosphorylated proteins expression in BNL CL2
cells cultured at 0 uM L-Arg concentration for 24 and 72 h and untreated at T=0.

Western blot comparison oA} the expression of key proteins involved LirarginindNO metabolic pathway
signalling, andB) the amount of phosphprotein of key targets in cultured BNL CL2 cells cultured irLrarginine
SILAC DMEM media for 24 and 72 h and in one of the control, untreated culture samples biaktib.is used ag
a loading control. The same amount of proteid |(fj) from different treatment groups was loaded from biolog
triplicate cultures into 10% SD$olyacrylamide gels for the separation of target proteins.
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Figure 2.37. Western blot comparison for target proteins and phosphorylated proteins expression in BNL
CL2 cells cultured at the control complete DMEM for 24 and 72 h.
Western blot comparison ofA] the expression of key proteins involved lirarginindNO metabolic pathway
signalling, and B) the amount of phosphaqrotein of key targets in cultured BNL CL2 cells cultured in con
complete DMEM media for 24 and 72 fractin is used as a loading control. The same amount of protein (1
from different treatment groups was loaded from biadalgtriplicate cultures into 10% SDgolyacrylamide gels
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Figure 2.3.8. Western blot comparison for target proteins and phosphorylated proteingxpression in BNL
CL2 cells cultured at 400 pM L-Arg concentration for 24 and 72 h.

Western blot comparison oA] the expression of key proteins involved LirarginindNO metabolic pathway
signalling, and B) the amount of phospharotein of key targets in cultured BNL CL2 cells cultured in 400 M
argininein L-argininefree SILAC DMEM media for 24 and 72 b:actinis used as a loading control. The sa
amount of protein (10 pg) from different treatmendgps was loaded from biological triplicate cultures into 1

SDS polyacrylamide gels for the separation of target prot&inslF2 protein meanslF2proteinwasnot detectd
in the preparedorotein samples.
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Figure 2.39. Western blot comparison for target proteins and phosphorylated proteins expression in BN
CL2 cells cultured at 800 puM L-Arg concentration for 24 and 72 h.

Western blot comparison oA] the expression of key proteins involved LirarginindNO metabolic pathway
signalling, and B) the amount of phospharotein of key targets in cultured BNL CL2 cells cultured in 800 sV
argininein L-argininefree SILAC DMEM media for 24 and 72 b-acin is used as a loading control. The sa
amount of protein (10 pg) from different treatment groups was loaded from biological triplicate cultures in

SDS polyacrylamide gels for the separation of target protéioslF2 protein means, elF2 proteirae/not detecte
in the preparedrotein samples.
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Figure 2.310. Western blot comparison for HMGCR expression in BNL CL2 cells cultured at 0, 400 and 80
MM L -Arg concentration and the control for 24and 72 h and untreated at T=0

Western blot comparison of lipogenic protein levels of HMGCR precursor form (upper band) and HMGCR
form (lower band) in BNL CL2 cells cultured in customized media contaifipgdL-arginineSILAC DMEM and
untreated ell samples at T=0B) complete DMEM, C) 400 pML-argining and D) 800 pML-argininefor 24 and
72 h.b-actinis used as a loading control. The same amount of protein (20 pg) from different treatment gro
loaded from biologicatriplicate cultures into 10% SD$olyacrylamide gels for the separation of target protein
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Figure 2.3.11. Western blot comparison for SREBR1 expression in BNL CL2 cells cultured at 0400 and 800
UM L -Arg concentration and the control for 24 and 72 h and untreated at T=0.

Western blot comparison of lipogenic protein levels of SRERPecursor form (upper band) and SREBRature
form (lower band) in BNL CL2 cells cultured in custondzeedia containingX) noL-arginineSILAC DMEM and
untreated cell samples at T=8)(complete DMEM, C) 400 pML-arginineg and D) 800 pML-argininefor 24 and
72 h.b-actinis used as a loading control. The same amount of protein (20 pg)dffferent treatment groups we
loaded from biological triplicate cultures into 10% Sp8Slyacrylamide gels for the separation of target protein
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Figure 2.312. Western blot comparison for SREBR2 expression in BNL CL2 cells cultured at 0, 400 and 80
UM L -Arg concentration and the control for 24 and 72 h and untreated at T=0.
Western blot comparison of lipogenic protein levels of SREB#ecursor form (upper band) and SREBRmature
form (lower band) in BNL CL2 cells cultured in customized media contairi)@¢ L-arginineSILAC DMEM and
untreated cell samples at T=8)(complete DMEM, C) 400 uM L-arginine and D) 800 puM L-argininefor 24 and
72 h.b-actinis used as #ading control. The same amount of protein (20 pg) from different treatment group
loaded from biological triplicate cultures into 10% SpP8lyacrylamide gels for separation of target proteiise
aberrant band (27KDa) appears in the blots e clavage productef SREBR2 during postranslational
modification.

A comparison acrods-arginineconcentrations with culture time of total and phosphorylated levels of AMPK
in BNL CL2 cells is presented Fig 2.3.13 The AMPKQprotein that plays a role in cellular energy homeostasis
showed increased expression (P < 0.0001) when cultured in 46@I(®.&nd 800 uM (2.750ld) L-arginine
compared to the control complete media samples at 24 h. AMPK protein expression peakiett]lirb400
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MM cultured samples at 72 h. AMPK protein expression ih-4aogininemedia samples at 24 h was decreased

(P < 0.0001) (0.30ld).

When phosphorylation of AMPK was investigated, in 400-{0ld@) and 800 uM (0.480ld) L-Arg cultured
samples phosphorylation was decreased (P < 0.0001) when compared to untreated samples at T=0 (RE 4.1).
There were no differences (P < 0.0001) in total or phosphorylated AMPK protein #Argprhedia samples.

IncreasingL-arginineconcentrations from 400 to 8@0OM

resul

ted i n i

ncreased (

AMPK levels at 72 h. A summary of the impact.earginineconcentration on AMPK protein expression and

phosphorylation with culture time is reported in detalfigure 2.3.13below,
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Tukey's multiple comparisons AMPK AMPK -P
test T=0 24nh 72 h T=0 24h 72 h
Untreated vs. Cont. Com ns ns Fhkx IR ns Fhkx
Untreated vs. 400 uM ns *x ok ok ns ok
Untreated vs. 800 uM ns Foxk ok ok ns ok
Untreated vs. No L-Arg ns * ns Tk ek il
Cont. Com vs. 400 uM ns ns * ns ns ok
Cont. Com vs. 800 uM ns ns ns ns ns ok
Cont. Com vs. No L-Arg ns ns *x ns ok ns
400 pM vs. 800 uM ns ns * ns ns ok
400 pM vs. No L-Arg ns ns Fhkx ns Fhkx il
800 uM vs. No L-Arg ns ns * ns orkk ok

Figure2.313 Rel ati ve protein expression and a western
and AMPIKEBNL CL2 cells.

Relatvepr ot ei n amount A) fophosphbr AMRKEd ( ANMPH &nd the ratid of
AMPKR) to total AMPKUC) An eBNile biotLirgagecfe | AMP KU a APdacrossV]
concentrations with culture time is shown ) (Cells were altured for 24 or 72 h in customized media containit
0, 400 and 800 pM.-arginine Controls were addition of complete DMEM or untreated cultures at T=0. The g
amount of total protein (10 pg) from different culture conditions was loaded into 10%p8&crylamide gels for
the separation of AMPKU and phosphorylated AMPK
group are shown with the respectivcethe houséeepingp r o t @dtim (). Bands in the blots were quantifie
using ImageJaftware and the data are normalisedbtactin and then expressed as relative to therarginine
SILAC DMEM (0 uM L-argining control at 24 h. Data points represent the mean = SD. Error bars represe
standard deviation from the mean (n = 3). Thdemlsummarise twawvay ANOVA followed by a Tukey multiple
comparison test using GraphPad Prism 9.4. 1. The
** = P O 0.01, *** = P O 0.001 and **** = P O 0.

Total and phosphorylated levels of AdCprotein in BNL CL2 cells under differemt-arginine culture

conditions are presented kg 2.3.14 The expression of this regulator of fatty acid metabolism, ACC
increased (P<0.0001) in both total A@Groteinand phosphorylated ACGC in cells cultured iL-arginine

at 400 and 80 01 pthin was ificreased! in 480d#) and 800 uM (4fold) L-arginine

cultures (P<0.0001) compared to the control complete DMEM addition cultures at 24 h. After &dthref

time the increase in expressi b-arginmecslturds (P<Q.00)ywithe | e v a
total ACG1 amounts increased by-1@d and 16fold, respectively, in comparison with control complete

DMEM cultures. Total ACEL protein vas decreased (P<0.0001) in the untreated sample at T=0.9RE

and no -Arg added samples had the lowest relative expression of A&CT2 h (RE 0.8) among all samples.

When phosphorylation of AGQ was investigated, this was much higher (P<0.00019@n(33fold) and 800
pUM (52.5fold) L-argininecultured cells at 24 h compared to the control complete media cultures, although the
increasewas lessat72hf(@0l d) i n both 400 and 800 &M samples i

the ratio ofphosphorylated ACQ to total ACG1 was massively increased (P<0.0001) at 24 h after addition
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of theL-arginine(Fig 2.3.14BandC). A summary othe impact of_-arginineconcentration on ACQ protein
expression and phosphorylation with culture time is reported in detime 2.3.14below.
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Cont. Com vs. 400 uM ns okkk Kok ns *kkk r—
Cont. Com vs. 800 uM ns ok Fkkok ns Hok Hokok
Cont. Com vs. No L-Arg ns ns ns ns ns ns
400 puM vs. 800 uM ns * Hkkk ns Hook ns
400 pM vs. No L-Arg ns Fokkk it ns Fokkk kkkk
800 puM vs. No L-Arg ns Rk Hkkok ns ok ok

Figure 2.3.14. Relative protein expression and a western blot across concentration with time for AGC protein

and ACC-1-P in BNL CL2 cells.

Relative protein amounts for total AGC(A), phosphorylated AC&E at Ser 7P) B)( ahde Katio of
ACC-1-P to total ACC1 in BNL CL2 cells C). An example blotimagef ACC-1 and ACG1-P across concentratiof
with time is shown inD). Cells were cultured for 24 or 72 h in customized media containing 0, 400 and 80O
arginine Controls wee addition of complete DMEM or untreated samples at T=0. The same amount of total
(10 ug) from different culture conditions was loaded into 10% i§ia§acrylamide gels for the separation of AC
1 and phosphorylated AGC proteins and two represatite blots from each treatment group are shown with
respective tahe housek e e p i n g -aotin @)X Bands in thebblots were quantified by using ImageJ softwaré
the data are normalised beactin and then expressed as relative to the_rarginine SILAC DMEM (0 puM L-

argining control at 24 h time point. Data points represent the mean + SD. Error bars represent the standard
from the mean (n = 3). The tables summariseway ANOVA followed by a Tukey multiple comparison test gs
GraphPad Prism 9.4. 1. The stars indicate the | ¢
P O 0.001 and **** = P O 0.0001.

Analysis of carnitine palmitoyl transferase | (CR) protein was also undertaken and is reporteHign

2.3.15A CPT1 has an important role in fatty acid metabolism that makes this protein important in many
metabolic disorderéSchreurs, Kuipers and Van Der Leij, 201Qultures with 400 and 800 pb-arginine

had decreased amount (6a2d) (P<0.0001) CPTLA expression at 24 h compared with the control complete
DMEM addition cultures. However, at 72 h cultures grown in 400Lti&tgininehad increased (P<0.0001)

levels of CPT1A protein (2fold) in comparisond the control. CPILA protein expression in complete media
addition cultures at 24 h were increased (RE 2.11, P<0.0001) compared to the untreated at T=0 (RE 0.9). A
summary ofthe impact ofL-arginine concentration on CRTA protein expression with culturgme is

reported in detail iffigure 2.3.15below.

Analysis of the expression of the mammalian target of rapamycin (nTOR) protein, which is considered a
master regulator in the cell as it regulates multiple different cellular proog&sasn and Sabatini, 2017)

with changing karginine culture concentrations is showrkig 2.3.15B L-arginineat 400 (8.2fold) and 800

MM (3.3-fold) increased (P<0.0001) mTOR protein expression at 24 h, and the levels progressively increased
(P<0.0001) in 400 (19-ld) and 8@ uM (10.9fold) with culture time at 72 h compared to the control
complete DMEM addition cultures. Relative expression of mTOR protein in complete DMEM addition at 24

h (RE 0.76) was decreased (P<0.0001) compared to the untreated sample at T=0 (REhdré&6yas no
change (P<0.0001) in mTOR protein expression (RE 1.0) Ina@ininecultures at 24 and 72 h time points
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compared to the control. A summarytb& impact ol-arginineconcentration on mTOR protein expression
with culture time is reported igetail inFigure 2.3.15below.

59



A B
B 28 & 15
E N {- B
o E
S 20 <
S £ 10]
2 15 2
E £
& =
= 1.0 =
: ¥
2 05 =
& &
0.0 0
$ & & &S A A
& & S S Nd & & N S g
N o < S ¢ &
ET=0 E24h HE72h BT=0 EH24h EH72h
& B
F EE B E E 5‘ 5 E: 5
g # ¥ £ % % '-?; s ..o . ¢ o = B P
$:8.6.58 . z_.=_E% E Bl i5i83g38325383s37
ET i23i58%2%5%2%58%523z B e ST SN SIS @B et 8
N 5 1 e
P — mTOR- 289KDa | ™ m
B-actin- 42KDa Bractin- d2KDA | e o s e c———
CPT-1 mTOR
Source of Variation P value Significant? | P value Significant?
Interaction ko Yes Fhkk Yes
Time okkk Yes ok Yes
L-Arg +/- and Control (Com)  **** Yes Fhkk Yes
Tukey's multiple comparisons CPT-1 mMTOR
test T=0 24 h 72 h T=0 24 h 72 h
Untreated vs. Cont. Com kK ok ok ek ns Ns
Untreated VS. 400 U'M *kkk *k% *kkk *kkk *kkk *kkk
Untreated VS. 800 uM *kk*k **k% *kk*k *kkk *kk*k *kkk
Untreated VS NO L_Arg *kkk *kkk *kk*k *kkk * **
Cont. Com vs. 400 puM ns Fhkx Fhkk ns Fhkk Fhkk
Cont. Com vs. 800 uM ns ok ns ns ok ok
Cont. Com vs. No l-Arg ns okkk ns ns ns ns
400 pM vs. 800 puM ns ns ok ns ok ok
400 pM vs. No L-Arg ns Fork okkk ns okkk ok
800 uM vs. No L-Arg ns okkk ns ns okkk ok

60



Figure 2.315. Relative protein expression and western blots across concentration with time for CPIprotein
and mTOR in BNL CL2 cells.

Relative protein amounts for CPIT(A) and mTOR B) in BNL CL2 cells and representative blot images for aP
(C) and mTOR D) acrossL-arginine concentrations with culture time. Cells were cultured for 24 or 72
customized media containing 0, 400 and 800Ltarginine Controls were addition of complete DMEM or untrea
cultures at T=0. The same amount of total protein (10 pg) from differdnire conditions was loaded into 10
SDS polyacrylamide gels for the separation of GPaAnd mTOR proteins and two representative blots from
treatment group are shown with theusek e e p i n g -getn CtaediDn Bands on blots were quantifidgy
using ImageJ software and the data are normalistizttbousekeeping proteinb-actinand then expressed relati
to the noL-arginineSILAC DMEM (0 uM L-argining cultures at 24 h. Data points represent the mean + SD.
bars represent the stamdaleviation from the mean (n = 3). The tables summariserayoANOVA followed by a
Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significance;
0.05, * = P O 0.05, ***x*xp o P.010p.0001= P O 0.

Western blot analysis of the eukaryotic elongation factor 2 (eEF2) protein, an essential factor for protein
synthesis, and its phosphorylated levels, was also undertaken and is shiogv2.8116 Phosphorylation

results in reduced activity of eEF2 and slowed protein synthesis. Increasing extracellular concenttations of
argininef rom 400 to 800 €M had an effect on total eE
expression was decreas€k(.0001) in cells cultured inrarginineat 400 and 80f@ldamdM at 2
0.2fold, respectively) and 72 h (0f8ld and 0.75fold, respectively), in comparison with the control complete

DMEM cultures at the same time points.-@e-otherhand, eEE phosphorylation progressively increased
(P<0.0001) when cel |l s welLraminicelby 9t7fold and 10.6&wld, respectvélyd a n d
at 24 h. As a result, the ratio of phosphorylated eEF2 to total eEF2 increased (P<0.0001)-fgldL@Adb

66-fold, respectively when compared the value of the control (Fig 2.3.16B and C). Whilst there was a large
amount of phosphorylated eEF2 present at 24 h, there was no detectable phosphorylated eEF2 protein in 400
and 8 Q-argiranktultures, or theontrol complete DMEM media cultures at 72 h. Total eEF2 protein
expression was significantly higher (P<0.0001) in complete DMEM media controls at 24 h (RE 7.55)
compared to the untreated cultures at T=0 (0.33), however, the phosphorylated eEF2 progssioexp

showed the opposite profile (P<0.0001). Relative protein expression of eEF2 did not change (P<0.0001) in
the noL-argininecultures at 72 h (RE around 1.0) but phosphorylated eEF2 was increased (P<0.0001) at 24

h (RE 1.0) compared to that at 72RE0.33). A summary dhe impact oL -arginineconcentration on eEF2

protein expression and phosphorylation with culture time is reported in detaire 2.3.16below.
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400 pM vs. No L-Arg ns ns i ns kk ns
800 puM vs. No L-Arg ns ns b ns kk ns

Figure 2.316. Relative protein expression and a western blot across concentration with time for eEF2 prote
and eEF2P in BNL CL2 cells.

Relative protein amounts for total eEFR){ phosphorylated eEF2 at Thr56 (eEFRB) and the rab of eEF2P to
total eEF2 in BNL CL2 cellsQ). A representative blot image of eEF2 and efPF&crosd -arginineconcentrationg
with culture time is shownY). Cells were cultured for 24 and 72 h in customized media containing 0, 400 ar
MM L-arginine Controls were addition of complete DMEM and untreated samples at T=0. The same amount
protein (10 pg) from different culture conditions was loaded into 10%i $Bigacrylamide gels for the separation
eEF2 and phosphorylated eEF2 proteins aarepresentative blots from each treatment group are shown wi
respective tdhe housé&k e e p i n g -getin®). Bands ,in blbts were quantified using ImageJ software an
data are normalised the housekeeping proteinp-actinand then expressed as relative values to the cells cul
with no L-arginine SILAC DMEM (0 pM L-argining at 24 h. Data points repess the mean + SD. Error ba
represent the standard deviation from the mean (n = 3). The tables summadisz/tANOVA followed by a Tukey|
multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significance; ns =*R=>
P O 0.05, ** = P O 0.01, *** = P O 0.001 and ***

As well as monitoring the impact bfarginineculture concentration on translation elongation factor eEF2, the
impact on the translation initiation factor eukaryotic initiation factore2& (5 grddein was investigated. elF2

is required for most forms of eukaryotic translation initiation and iigigcts controlled by phosphorylation

of thee | Fs2ibiinit. The expression and phosphorylatioe of Fvittculture time in different.-arginine
concentrations are presented kg 2.3.17 Increasing extracellular concentrationd_e&rgininefrom 400 to
800 &M did o Fhithfcreasear {P<Q.000)ghosphorylatetl Fl@véls in 800 uM (Zold)
cultured cells at 24 h in comparison with the control. In contrast, protein sigres total and phosphorylated
elF0 wener eas eldarginimat 32 hgR&E 1.1) and untreated samples at T=0 (REA &)mmary

of the impact ofL-arginineconcentration oelF20 p r expressiom and phosphorylation with culture time
is repored in detail inFigure 2.3.17below.
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400 pM vs. No L-Arg ns ns ns ns Fkkk bkl
800 UM vs. No L-Arg ns ns ns ns Fkkk bkl

Figure 2.317.Rel ati ve protein expression and a we s tpsoteim
and <IinBNL CL2 cells.

Relative protein amounts for totall F(&)Uphosphorylate@ | Fa2 $61 ¢ | FP) [B) and the ratio ot | FRt0
totale | Firk BNL CL2 cells C). A representative blot image ef| Fahdé | FRddross -arginineconcentrations
with culture time is shownY). Cells were cultured for 24 and 72 h in customized media containing 0, 400 ai
MM L-arginine Controls were addition of complete DMEM and untreated samples at T=0. The same amoun
proten (10 ug) from different culture conditions was loaded into 10%i®Bacrylamide gels for the separation
e | Fahdlphosphorylated | Fpokins and two representative blots from each treatment group are shown v
housek e e pi n g -gctino().eBands in the blots were quantified using ImageJ software and the dg
normalised tahe housekeeping proteinp-actin and then expressed as relative values to cells cultured with
arginineSILAC DMEM (0 puM L-argining at 24 h. Datgoints represent the mean £+ SD. Error bars represer
standard deviation from the mean (n = 3). The tables summariseaw@®NOVA followed by a Tukey multiple
comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of signifeanee;nP > 0. 0
** = P O 0.01, *** = P O 0.001 and **** = P O 0.

A number of further key protein targets were investigated in the BNL CL2 cells involved in signalling pathways
that respond to {arginine availability. The first of these was HMGOA reductase (Bydroxy-3-methyt
glutarylcoenzyme A reductase; HMGCR), the ratmtrolling enzyme that regulates biosynthesis of
cholesterol. Analysis of the expression of this protein in the culturegdiffiénent L-arginineconcentrations

is shown inFig 2.3.18 The amounts of the-t&rminal membrane domain of HMGCR increased (P<0.0001)

in 400 (24 h; 1.3old and 72 h; 2.40ld) and 800 pM (24 h; 1-®old and 72 h; 1.50ld) L-argininesamples

when compared to the control complete DMEM addition cultures. In cells cultutedrginineat 400 pM

the amount of the @rminal catalytic domain of HMGCR at 24 h (2-fId, P<0.0001) and 72 h (2.3dld,
P<0.0001) was also increased. Intérggy, and perhaps strangely, the amount of the active site located in the
long carboxyl terminal domain in the cytosol was decreased (P<0.0001) in the samples from cultures grown in
high L-arginine(800 uM) at 24 (0.64old) and 72 h (0.8old).

The prearsor and mature forms of HMGCR were decreased in amounts (P<0.0001) in complete DMEM
cultures at 24 h (RE 0.24) compared to the untreated at T=0.(BEThe expression of the HMGCR precursor
form was increased in doargininecultures at 72 h (RE1.3But the mature form was decreased at the same
time point. The ratio of Nerminal precursor form to catalytically activet€minal cleavage form was
decreased (P<0.0001) in cultures growiharginineat 400 uM at 24 h. By contrast, the ratio was inaedas
(P<0.0001) in 800 pM--argininecultures at 24 and 72 h in comparison with the control complete DMEM
cultures. A summary ahe impact ofL-arginineconcentration on HMGCR protein expression with culture

time is reported in detail iRigure 2.3.18below.
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800 uM vs. No L-Arg ns HAAK ok ‘ ns o ns

Figure 2.3.18. Relative protein expression and a western blot across concentration with time fprecursor and

mature of HMGCR in BNL CL2 cells.

Relative hepatic lipogenic protein levels of HMGCR precursor form (upper bAndaiid HMGCR mature forn
(lower band) B), and the ratio of Merminal precursor form to catalytically acti@terminal cleavage form o
HMGCR (C) in BNL CL2 cells. A representative blot image of HMGCR across concentrations with time is

(D). Cells were cultured for 24 and 72 h in customized media containing 0, 400 and 80&jygihine Controls
were additbn of control complete DMEM and untreated samples at T=0. The same amount of total proteins
from different culture conditions was loaded into 10% Byacrylamide gels for the separation of HMGCR &
a representative blot from each treatment grstshown withthe housé&k e e p i n g -gotin @) Bands in bldis
were quantified using ImageJ software and the data are normaliiegl lousekeeping proteinp-actin and then
expressed as relative values to the cells cultured with-ax@inineSILAC DMEM (0 uM L-argining at 24 h. Data
points represent the mean + SD. Error bars represent the standard deviation from the mean (n = 3). 1
summarise twavay ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. i
indicate the | evels of significance,; ns = P > 0.

Additional proteins involved in sterol biosynthesis were also investigated, including SREBIPSREBP

2. Sterol regulatory elemehinding proteins (SREBPS) are transcription factors that regulate the synthesis of
enzymes involved in sterol biosynthearsd their analysis here is presentedéFim 2.3.19and2.3.20 When
investigating SREBH, its catalytically inactive precursor form was decreased in amounts (P<0.0001) in
cultures with 400 (04old) and 800 uM (0.6old) L-argininewhen compared to the control DMEM cultures

at 24 h. However, expression of the pmsor form at 72 h was more or less the same between these samples.
When monitoring the catalytically active-t€rminal mature form of SREBP, expression was increased
(P<0.0001) in comparison to the control (o) in 400 uML-argininecultures at 24and 72 h. The amount

of the mature form of SREBP increased further (P<0.0001) in cultures grown in the presemncarginine

at 800 uM at 24 (1%old) and 72 h (2.2old). The precursor form of SREBPwas also increased (P<0.0001)

in complete DMEM cotrol samples (RE 1.93) compared to the untreated at T=0 (RE 1.3) but the mature
form of SREBP1 was decreased in complete DMEM cultures at 24 h (RE 1.7) compared to the untreated
control at T=0 (2.8). The ratio of the catalytically inactive precursortalytaally active mature form was
decreased (P<0.0001) in 400 and 800 Hsrgininecultured cells at 24 and 72 h in comparison to the control
(meaning there was more mature form in these samples). The ratio was increased (P<0.0001) in complete
DMEM control cultures at 24 h compared to the untreated T=0 cultures. A summtrg ohpact ofL-
arginineconcentration on SREBP protein expression with culture time is reported in detd&igare 2.3.19

below( factin does not show even band across theiblbigure 2.3.1D. However, tis uneven bandas

not significantly impacted the dataanalysisas t he target protein was nornm

actin in each sample).
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Figure 2.319. Relative protein expression and a western blot across concentration with time for precursor arn
mature of SREBPR1 in BNL CL2 cells.

Relative hepatic lipogenic protein levels of precursor SRERB#Epper band)X), mature SREBH (lower band)B),
and the ratio of catalytically inactive precursor to catalytically active mature form of SREBHn BNL CL2 cells.
A representative blomage of SREBH acrosd -arginineconcentrations with time is showB). Cells were cultureq
for 24 and 72 h in customized media containing 0, 400 and 80Q-akginine Controls were addition of comple
DMEM and untreated samples at T=0. The same amafutatal protein (20 pg) from different culture conditio
was loaded into 10% SDhfolyacrylamide gels for the separation of SREBBNnd a representative blot from eg
treatment group is shown with theusek e e p i n g -getin ©}. Bands jn blfts we quantified using Image
software and the data are normalisedhi® housekeeping proteinb-actinand then expressed as relative value
the cells cultured with nb-arginineSILAC DMEM (0 pM L-argining at 24 h. Data points represent the mean +
Error bars represent the standard deviation from the mean (n = 3). The tables summavize AMDVA followed
by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significa
P > 0.05, * P=0OP0000.,05,**** P O 0.001 and ***x* =

The other SREBP family protein investigated was SREBPig 2.3.20. SREBP2 protein expression was
increased (P<0.0001) in its precursor and catalytic forms in additieagdininesupplemented samples at
24 and 72 h compared to control complete DMEM cultured samptasginine at 400 uM increased
(P<0.0001) the precsor form of SREBR2 at 24 (2.Zold) and 72 h (7.2old). Interestingly, increasing
extracellular concentrations adf-argininet o 800 &M showed a progressive
precursor form by 1:#old and 5.3old at 24 and 72 h, respectiveljhe amount of the catalytically active
mature form was decreased at 72 h when compared to 24 h in 40@ygdvhinecultured samples. In contrast,
the expression of the mature form increased in 800Lpdgininecultured cells from 24 (1:fold) to 72 h
(4.0-fold). The ratio of catalytically inactive precursor from to catalytically active form increased-fgl@.4
and 1.25fold in 400 and 800 puML-argininecultured cells respectively at 72Fid 2.3.20BandC) compared
to the control, but was decrease®4th. Noticeably, there was no detectable SR2BFotein expression,
neither precursor form nor mature form, in the samples from cultures wltkanginineaddition at 24 and
72 h and untreated at T=0. A summarytleé impact ofL-arginine concentrationon SREBP2 protein

expression with culture time is reported in detafFigure 2.3.20below.
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Cont. Com vs. No L-Arg ns Fhkk ** ns rkkk kkk
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400 pM vs. 800 uM ns Hkokk ok ns ek ok
400 pM vs. No L-Arg ns Hkk ok ns ok ok
800 uM vs. No L-Arg ns *okkk Kook ns *okokk -

Figure 2.320. Relative protein expression and a western blot across concentration with time for precursor an
mature of SREBR2 in BNL CL2 cells.

Relative hepatic lipogenic protein levels of precursor SRERB&pper band)A), mature SEBP-2 (lower band) B),
and the ratio of catalytically inactive precursor to catalytically active mature form of SREBFNn BNL CL2 cells.
A representative blot image for a comparison of SRRBRrosd -arginineconcentrations with time is shown D)
Cells were cultured for 24 and 72 h in customized media containing 0, 400 and 8Deagdvhine Controls were
addition of complete DMEM and untreated samples at T=0. The same amount of total protein (20 pg) from
culture conditions was loadéato 10% SD$polyacrylamide gels for the separation of SREB&nd a representatiy
blot from each treatment group is shown with iioeisek e e p i n g -gotm @dandsiimthe blbts were quantifie
using ImageJ software and the data are normalistie: tmusekeeping proteinb-actinand then expressed as relat
values to the cells cultured with hearginineSILAC DMEM (0 uM L-argining at 24 h. Data points represent t
mean * SD. Error bars represent the standard deviation from the mean (n =tapldheummarise twaway ANOVA
followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of sig
ns = P > 0.05, * = P O 0.05, ** = P O 0.01, *=*=*

2.3.4.Determination of nitric oxide/nitrite measurements by Griess Assay in BNL CL2 cells grown in

different concentrations of exogenous -arginine

It is known that excess exogenousarginine causes N@nediated biological effects in spite of saturated
amountsbL-arginine a substrate of nitric oxide sydargihings e
p ar a (Rajapakse and Mattson, 2009ch observations have been reported in a study on the cellular
activation of endothelial nitric oxide synthase (eNOS) in human endothelial(8&lls, Moha and Fung,
2011) Even when the level @f-argininein the intracellular pool significantly exceeds the Km of NO synthase
for L-argininein a normal physiological state, the synthesis of endogenous NO is dependent on the extracellular
L-arginine concentration(Rajapakse and Mattsp2009) The major metabolic pathway of engknously
produced NO ighat it ismetabolized to an oxidised form of NO; nitrite (Qwhich is then subsequently
converted to nitrate (N semi quantitatively based on oxygen availabilftyennmalm et al., 1993;
Weitzberg et al., 2010)n this study the amount of nitrite, theetabolized downstream reactive product of

NO, present in the cell cultusamples was quantified by using Griess assay as NO is known to accumulate in
cell culture Calculated nitrite concentration in unknoexperimentasamplesvasachievedising the equation

of the line fitted for the standard samp(€gy 2.3.21B. Theconcentration of nitrite in each sample was then

normalized to th concentration ofitrite present imo L-Arg added sample at 24 h to obtain the relatitrite
concentratior{Fig 2.321A).
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Source of Variation P value P value summary Significant?
Interaction <0.0001 ok Yes
Time <0.0001 ok Yes
L-Arg +/- and Control (Com) 0.0002 rkk Yes
Tukey's multiple comparisons test Amount of Nitrite
T=0 24 h 72h
Untreated vs. Cont. Com ns * **
Untreated vs. 400 uM ns *x *
Untreated vs. 800 uM ns Fkkk *x
Untreated vs. No L-Arg ns * *
Cont. Com vs. 400 pM ns ns ns
Cont. Com vs. 800 uM ns ok ns
Cont. Com vs. No L-Arg ns ns ns
400 pM vs. 800 puM ns ok ns
400 puM vs. No L-Arg ns ns ns
800 puM vs. No L-Arg ns ek ns

Figure 2.321. The effect of exogenous {arginine concentration on nitrite production in BNL CL2 cells.

Cell culture supernatant was obtained from cultured BNL CL2 cells grown in the presence of 0, 400 or 80
arginine for 24 or 72 h. Controls were complete DMEM addition and untreated cell samplesaest destribed i
section2.2.2 Cellcultue supernatant (50 e€L) was incubated at
with sulphanilamide solution (1% sulphanilamide in 5% phosphoric acid), which reacts with nitrite ion t
diazonium salt, which was then coupled with 0.1% (woblution of NED. Finally, the coloured product was meast
using a spectrometer at 540 nm to determine the nitrite concentration quantitatively. The concentration of nit
experimental samples was obtained using the equation of the line figethttard samples. The data are expre
as relative A) and absoluteR) values. Quantified nitrite was normalised to the nitrite amount presence in ct
with no L-arginine SILAC DMEM (0 uM L-arginine) at 24 h. Data points represent the mean + SDbr Bars
represent the standard deviation from the mean (n = 3). The tables summasise/tANOVA followed by a Tukey
multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significance; ns = P >
P O 0.050. 0%, =** O P O 0.001 and **** = P O 0.0
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Interestingly, increasing extracellular concentrations-afginine to 800 uM increased NO synthesis in BNL
CL2 cells Fig 2.3.2). This is consistent with a reported study where cultured primary rat hepatocytes cells
were incubated with or without-&rginine medium (targinine content 50 mg/L, 287 puM) and increased NO
formation via the NO/cyclicGMP pathway was reported in thardinine cultured sample§Testsucet al,

1992) The amount of N®present in 800 uM {Arg samples was high (P<0.0001) at 24 h{{I8) compared

to the control complete DMEM cultured samples at the same time point in BNL CL2 cells. Hothever,
amount of nitrite presents in untreated samples at T=0 and in 0, 400-afgiriine and complete DMEM
cultured samples was low regardless of the time point investigated. It is noted that in regard to these findings,
the transcript analysis describedlearin this chapter shows that the relative gene expression of AMPK was
increased in cells cultured in 800 pMakrginine at 24 h when the amount of nitrite present in the samples was
high. A summary ofthe impact of Larginine concentration on the amouwft nitrite present(absolute
concentrationA) and relative concentratioB)in the cell culture media with culture time is reporteHigure
2.3.21above

2.3.5.Impact of L-Arg addition on culture viability and viable cell numbersin 3T3 L1 cells

Establishment of cell culture models for investigating cell fithess (cell culture gramdh viability
parameters) is describeddr?.1.3 Samples were collected at 24, 48, 72 and 120 h time points for cell growth
analysis. All cell samples were analysed with biological triplicate culturesvibe number of cells was
compared between tlwentrol complete DMEMnedium and the no-arginine SILAC DMEM media (0 pM
L-arginine) and when SILAC DMEM had 400 and 800 pMiginine added-igure 2.322 shows that there
was anincrease in 3T3 L1 cell numbers from 24 to 48 h excehteno L-arginine supplemented cell samples.
However, thereaftehere was decline in3T3 L1cell numbers frord8to 120h in all samples and conditions
exceptthe400 uM L-arginine supplemented cell sampl€ke proliferation of cells increased for the control
complete DMEM additiomnd800 uM L-arginine supplementeazkll samples fron24to 48 h and then there
was a decline in cell numbers for both samples between 48 andtibh®€ploints The viable cell numbers of
the control and 800 pMarginine supplemented sampleschedL.3 x 16 and 1.54 x 19viablecellgmL,
respectivelyinterestingly, the viable number of cells gradually increased in 4004akginine supplemented
culturesfrom 24 to 72 h and then there was a declideerall,in comparison to the control, an absence of
exogenous targinine decreasedehviability of 3T3 L1 culturesViable cell number peaked in the control
culturesat 2.52 x 10 celldmL at 48 hand the 40QM L-arginine supplemented culteread apeak viable
number 0f2.23 x 10 cells/mL at 48 hand 800 pML-arginine supplemented cultupeakedat 1.97x 1P
celldmL at 72 h.Regardless ahe growth profilesKig 2.322), the effect of Larginine (0, 400 and 800 uM)

compared to the control complete DMEM media was significeif 2.322) as determined by twway
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ANOVA analysis of the means values of the viable cell numbers at the different time points followed by a
Tukey multiple comparison test.

Viable Cell Number ( x10%/mlL.)

T T
24 48 72 120

Time point (h)
= Cont. Com « 800 uM
- 400 uM - No L-Arg
Source of Variation P value P value summary Significant?
Interaction <0.0001 Hhkk Yes
Time point <0.0001 hxk Yes
L-Arg +/- and Control (Com) <0.0001 Fhkk Yes
Tukey's multiple comparisons test Viable cell number
24 h 48 h 72 h 120 h
Cont. Com vs. 400 uM * i ns *
Cont. Com vs. 800 uM ns il ns ns
Cont Com VS. NO L_Ar-g *kkk *kkk *kk*k *kkk
400 uM vs. 800uM ns ns ** ns
400 uM VS. NO L_Arg * *kk*k *kk*k *khkk
800 uM VS. NO L_Arg ** *kk*k *kk*k *kkk

Figure 2.322. Cell growth profile of 3T3 L1 cells with different concentrations of L-arginine and the control.
Cell growth/viable cell number profiles 83 L1 cells with different concentrations ofdrginine (0, 400 and 80
1M) and the control complete DMEM media at 24, 48, 72 and 120 h. Data points represent the mean = Sl
culture sample. Error bars represent the standard deviation from the meaip (the fables summarise tweay
ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars flag the ¢
significance; ns = P > 0.05, * = P O 0.05, ** =

Figure 2.3.Z reports the cultureviability of cultures grown in either control complete DMEM catginine
supplemented samples (400 and 800 pM) and-agginine SILAC DMEM at 24, 48, 72 and 120 h. Culture
viability of the samples and conditioms&s generally maintaindoketween 8®5% across the 120 éxcept

no-L-arginine SILAC DMEM (0 pM) cultures Culture viability of the control complete DMEM addition
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showeda constantevel from 24 to 48 h time period and thereafter there was a decline in viabilityre
viability of 400 and 800 M L-arginine supplementezliltureswas also quite constant across 24eto 72 h
time periodafter which the viabilitydecreasettfom 72to 120h to 91.5% and 92% respectively

100
N _—
- —
o\° 90—
;f_.
g 80—
=
-~
5 70
-
&)
60
50 T T T T
24 48 72 120
Time point (h)
= Cont. Com < 800 uM
- 400 uM - No L-Arg
Source of Variation P value P value summary  Significant?
Interaction <0.0001  **** Yes
Time point <0.0001  **** Yes
L-Arg +/- and Control (Com) <0.0001  *x** Yes
Tukey's multiple comparisons test Culture viability
24 h 48 h 72 h 120 h
Cont. Com vs. 400 pM ns ns ns *x
Cont. Com vs. 800 uM ns ns * ok
Cont. Com vs. No -Arg ns ok il Fokkk
400 pM vs. 800uM ns ns ns ns
400 pM vs. No L-Arg ns ** il ool
800 pM vs. No L-Arg ns Hkk kkk Hkkk

Figure 2.323. Culture viability profile of 3T3 L1 cells grown indifferent concentrations of L-arginine and the
control.

Culture viability profile of3T3 L1cells grown in different concentrations ofArg (0, 400 and 800 uM) and the contt
complete DMEM media at 24, 48, 72 and 120 h. Culture viability is expressed as % of viable cells. Dat
represent the mean + SD of each sample. Error bars repteeestandard deviation from the mean (n = 3). Tal
summarise twavay ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. Th¢
i ndicate the levels of significance; Onls a&nd *>* *0*
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The viability of the cultures with 0 uM 4Arg addition dropped significantly from 24 to 120 h time period,
reaching a low of 64%. It is interesting to note that the culture viability of 400 and 800ariylriine cultures
followedthe same pattern. In comparison to other culture conditions, cultures with the lowest concentration of
L-arginine (0 uM) decreased in culture viability rapidlynelpresence of excessakginine (400 and 800 puM)
compared to the control complete DMEM needias significantKig 2.3.23 as determined by twway
ANOVA analysis of the means values of the culture viability at the different time points followed by a Tukey

multiple comparison test.

2.3.6.gRT-PCR analysis of targets genes upon culturing o8T3 L1 cells in different exogenous L
arginine concentrations

Cells were grown as described in sec2dh 1.3and2.2.2andsampled for transcriptional MRNA level analysis
by gRT-PCR Data analysis and normalisation of the data of gqRT PCR were followagsbsasbed in section
2.3.2 RNA samples were control complete DMEM media, rardlinine SILAC DMEM media and 400 and
800 uM L-arginine addition t@T3 L1cellsandcollected afl=0, 24 and 72 hThe targetranscriptsAMPK,
ACC-1, CPTF1, HMG-CoA reductaseSREBR1 and SREBPR, which are hypothetically modulated by
changes in targinine through signalling pathwaysere investigatedrhe relative expression of each gene

was determinednd denoteds RE.

L-arginineconcentratiofrelatedregulation of the AMPK gene, a key regulator of energy substrate oxidation
(Cant6 and Auwerx, 2013vas observed in the 3T3 L1 celKg 2.324A). Fromthe gRT-PCR dataAMPK

gene expression was increagPd<0.0001) id00 uM L-Arg addition cultures at 24 (RE26) and 72 (RE

1.49 when compared to the control complete DMEM media cultéddg?K mRNA expression also increased

(P <0.0001)n 800 uM L-argininecultures(RE 1.91)at 24 h in comparison to tlwentrol (RE 0.28), however,

the AMPK expression in botB00 uM and the contradamples was more or ledse same at 72 h. AMPK

MRNA expression wasioreor-less unchangeitt no L-arginine added samples at 24 and 72 h time points.

The mRNA levels of the kelipogenic enzyme, ACQ, wasslightly increased (P<0.0001) in cultures with
arginine at 400 uM (RB.86) compared to the control (RE72 andincreased (P < 0.0001) at 72 h (RBE5
compared to the control complete DMEM media cultures QRE) (Fig 2.324B). Noticeably, there was no
difference in ACC1 mRNA expression within the time points 24 (RE 0.72) and 72 h (RE 0.72) in the control
complete DMEM ACGC-1 gene expression was deasedP <0.0001)jn 800 uM L-arginineculturesat 24 (RE

0.53) and 72 h (RE 0.1@) comparison to the contrght 24 and 72 h; RE 0.72nd no larginine added
samples (at 24RE land 72 hRE 1.56).

The key regulator gene for the fatty acid oxidatiOR,T-1A showed aroverall increase in darginine added

culture conditions when compared to the conffay 2.325A). The highest relative expressions among the
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samplesvere7.09for 800 uM L-arginineaddition at 72 ftompared to the control (RE 3.62) and 3.35 at 24 h
in comparison to the control (RE 2.32). TH#4uM L-Arg culturealso showdincreasedP <0.0001)CPT-

1A mRNA expressiomt 24(RE 2.77)and72 h (RE 4.48) in comparison to the contrak4t(RE 2.32) and 72

h. (RE 3.62).1t is therefore clear tham 3T3 L1 cells, LArg supplementation hamimpact on transcription

of the CPT-1A gene, as evidenced by the difference in gene expression between the contrehrgad L

supplemented cultures.

The transcript amounts of thkey players in cholesterol metabolisHMGCR and SREBR2 were also
investigated andh generalincreased (P<0.0001) in 400 and 800 pMarginine culturescompared to the
control at 24 and 72.HHMGCR (P<0.0001) and SREBP(P<0.0001)wereincreased in mRNA expression
compared to the DMEM control in responsed@® uM L-Arg addition at72 h (REHMGCR 5.28and RE
SREBR2 4.48 respectively compared to RE86 and RE3.62 of control) Fig 2.325B and Fig 2.326B).
Noticeably SREBR2 mRNA expression peaked in 800 puMakginine added samples at 72 h (RE 7.08) in

comparison to the control (RE 3.62).

An additional SREBP transcription facta@nd the regulator ade novadlipogenesis and glycolysis pathways
(Ruiz et al, 2014) SREBP1 decrease@P<0.0001)andwassimilarin expression ifl00 and300 uM L-Arg
cultures a4 h (RE0.88 compared to the control complete DMER#ion (RE0.99) at the same time point
(Fig 2.326A). However, SREBH transcriptexpression was increased in 400 phdginine added sample at
72 h (RE 1.19) compared to the control (RE 1.8400ng all thesamplesnvestigatedthe relative expression
of SREBP1 peaked in nodarginine addedulturesat 72 h (RE 1.72) compared to ttentrol (RE 1.04).

77



>

Relative Expression of AMPK

2.04

1.04

Relative Expression of ACC-1

0.0

D & > S & S & D S <
& &«5’\ g &.Co 5@‘? %@‘; éo\;’? . Q\‘c”‘ r &.Qo b‘@Q %@Q .\;Q\; 4
WmT=0 M24h W72k ET=0 W24h E72h
AMPK ACC-1
Source ofVariation P value Significant? | P value Significant?
Interaction ok Yes Hhkk Yes
Time point Fhkk Yes Fhkk Yes
L-Arg +/- and control (Com) Fhkk Yes Fhkk Yes
Tukey's multiple comparisons test AMPK ACC-1
T=0 24h 72h T=0 24 h 72 h
Untreated vs. Cont. Com ns ns ns ok ok ok
Untreated VS. 400 “‘M ns *kk*k *k% *kk*k *kk*k *kkk
Untreated vs. 800 uM ns Fkkk ns rkkk rxkk ns
Untreated vs. No L-Arg ns * * Fhkx Fhkx Fhkx
Cont. Com vs. 400 uM ns okkk ns ns ns ok
Cont. Com vs. 800 uM ns il ns ns ns Fhkx
Cont. Com vs. No L-Arg ns ns ns ns *x il
400 pM vs. 800 uM ns ** ns ns il Fhkx
400 uM vs. No L-Arg ns Fhkx ns ns ns ns
800 uM vs. No L-Arg ns * ns ns il il

Figure 2.324. Relative mRNA expression of AMPK and ACG1 in 3T3 L1 cells cultured in different
concentrations of L-arginine and the control.

Rel ative mRNA transcr i ptA)aakACCleB) :i3T8hl céllssaiied in metliumAok
different L-arginine concentrations (0, 400 and 800 uM) and control complete DMEM media 24 and €2 K
addition. Untreated cultures at T=0. Data points represent the mean + SD of each sample. Error bars repr
standard deviation from the mean (n =3). Tables summarisevayoANOVA followed by a Tukey multiple
comparison test using GraphPad Prism®. 1. The stars indicate the | ev
* ox P O 0.01, **=* 0 001 and *=*=*=* P O 0.

P 0.
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Figure 2.325. Relative mRNA expression of CPTL and HMGCR in 3T3 L1 cells cultured in different
concentrations of L-arginine and the control.

Rel ative mRNA transcr i-p@)ardHMGCRBEiIN 3T 3 L1 (esauMurd in mediu

different L-arginine concentrations (0, 400 and 800 pM) and control complete DMEM media 24 and 72 h after
Untreated cultures at T=0. Data points represent the mean + SD of each sample. Error bars represent t
deviation flom the mean (n = 3). Tables summarise-imay ANOVA followed by a Tukey multiple comparison t
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Figure 2.326. Relative mRNA expression of SREBA and SREBR2 in 3T3 L1 cells cultured in different
concentrations of L-arginine and the control.

Rel ative mMRNA transcr i plAaxdBSREBR{B)i03IT3 L1 ecebsCutyred ;m medBiR
of different L-arginine concentrations (0, 400 and 800 pM) and control complete DMEM media 24 and 72 |
addition. Untreated samples at T=0. Data points represent the mean + SD of each sample. Error bars rep
standarddeviation from the mean (n = 3). Tables summarise-wiag ANOVA followed by a Tukey multiple
comparison test wusing GraphPad Prism 9.4.1. The
** = P 0O 0.01, *** 0 P.MO000.1001 and ***x* =
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2.3.7.Monitoring protein and posttranslational phosphorylation expression inresponseto L-Arg
supplementation

Western blotting for all target proteins was undertaken in protein sam@a8 afl cells in three biological

replicates as describen $ection.2.1.3and2.2.3 The samples were-arginine test concentrations (0, 400

and 800 uM) and the controls complete DMEM media addition at 24 and 72 h timepoints and untreated
samples at T=0. Two combinations of gels were used to allow (a) compavrithin a concentration with

changing culture timeHigs 2.327-2.333) and (b) comparison across concentrations at a specific culture time

point (Figs 2.334-2.341). Tar get protein expr adisprotem. Alvdam wather mal i z

normalized to the value of noArg added samples (0 uM-&rginine) at 24 h culture time point, denoted as
RE in the following sections.
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Figure 2.3.27. Western blot comparison for target proteins and phosphorylated proteins expression in 3T
L1 cells cultured at O uM L-Arg concentration for 24 and 72 h and untreated at T=0.
Western blot comparison ¢f) the expression of key proteins involved iratginine/NO metabolic pathwa
signalling, andB) the amount of phospharotein of key targets in cultur&T3 L1 cells cultured in no targinine
SILAC DMEM media for 24 and 72 h and in one of the control, untreated culture samples &talctio. is used
as aloading control. The same amount of protein (10 pg) from different treatment groups was loaded frorall
triplicate cultures into 10% SD®olyacrylamide gels for the separation of target proteins.
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Figure 2.328. Western blot comparison for target proteins and phosphorylated proteins expression in 3T31L
cells cultured at the control complete DMEM for 24 and 72 h.
Western blot comparison oA] the expression of key proteins involved iratginine/NO metabolic pathwa
signalling, andB) the amount of phosphgrotein of key targets in cultur@I3 L1cells cultured in control complet
DMEM medi a f o racti?igdusedash loddhg dontrol.Brhe same amount of protein (10 pg) from di

treatment groups was loaded from biotag triplicate cultures into 10% SDfolyacrylamide gels for the separati
of target proteins.
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Figure 2.3.29. Western blot comparison for target proteins and phosphorylated proteingxpression in 3T3 L1
cells cultured at 400 uM L-Arg concentration for 24 and 72 h.

Western blot comparison ofA] the expression of key proteins involved iratginine/NO metabolic pathwa
signalling, and B) the amount of phospharotein of keytargets in cultured 3T3 L1 cells cultured in 400 uM
arginineinlkar gi nine free SILAC DMEaktn meased asg a Ibaging c@ttol. @he s
amount of protein (10 pg) from different treatment groups was loaded from biological taptichures into 109
SDS polyacrylamide gels for the separation of target proteins.
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Figure 2.3.30. Western blot comparison for target proteins and phosphorylated proteins expression in 3T3 L

cells cultured at800 uM L-Arg concentration for 24 and 72 h.

Western blot comparison oA the expression of key proteins involved iratginine/NO metabolic pathway
signalling, andB) the amount of phospharotein of key targets in cultur&d3 L1cells cultured in 800 uM {arginine
in L-arginine free SILAC DMEM media for 24 and 72factin is used as a loading control. The same amou
protein (10 pg) from different treatment groups was loaded from biological triplicate cultures into 10%
polyacrylamide gels for the separation of target protdiioselF2 protein means, elF2 protein was not detected i

preparedrotein samples.
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Figure 2.3.31. Western blot comparison for HMGCR expression in 3T3 L1 cells cultured at 300 and 800
MM L -Arg concentration and the control for 24 and 72 h and untreated at T=0.

Western blot comparison oipbgenic protein levels of HMGCR precursor form (upper band) and HM(
mature form (lower band) iBT3 L1 cells cultured in customized media containidg o L-arginine SILAC
DMEM and untreated cell samples at T=B) complete DMEM, C) 400 pM L-arginine, and[®) 800 uM L-
arginine for 24 and 72 If-actin is used as a loading control. The same amount of protein (20 pg) from dif

treatment groups was loaded from biological triplicate cultures into 10% [@i&crylamide gels for th
separatin of target proteins.
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Figure 2.3.32. Western blot comparison for SREBR1 protein expression in 3T3 L1 cells cultured at 0, 400 an
800 uM L-Arg concentration and the control for 24 and 72h and untreated at T=Q

Western blot comparison of lipogenic protein levels of SRERIPecursor form (upper band) and SREBRature
form (lower band) irBT3 L1 cells cultured in customized media containidg o L-arginine SILAC DMEM and
untreated cell samples at T=8)(complete DMEM, C) 400 pM L-arginine, and@) 800 pM L-arginine for 24 ang
72 h.b-actin is used as a loading control. The same amount of protein (20 pg) from different treatment gro
loaded from biological triplide cultures into 10% SD$®olyacrylamide gels for the separation of target protein
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Figure 2.3.33. Western blot comparison for SREBR2 protein expression in 3T3 L1 cells cultured at 0, 400 an
800uM L -Arg concentration and the control for 24 and 72 h and untreated at T=0.
Western blot comparison of lipogenic protein levels of SREB#ecursor form (yper band) and SREBP mature
form (lower band) ir3T3 L1 cells cultured in customized media containi®g Qo L-arginine SILAC DMEM and
untreated cell samples at T=8)(complete DMEM, C) 400 uM L-arginine, and@) 800 uM L-arginine for 24 anc
72 h.b-adin is used as a loading control. The same amount of protein (20 pg) from different treatment gro
loaded from biological triplicate cultures into 10% SIpSlyacrylamide gels for the separation of target proteins,

A comparison across-arginine cogentrations with culture time of total and phosphorylated levels of AMPK
in 3T3 L1 cells is presented ifig 2.334. The AMPK protein expressiorshowedincreasedand peaked
expression (P < 0.0001) when cultured in 800 [iM-fold) L-arginineafter 72 hcompared to the control
complete media samples#h. AMPK protein expressiowas decreaseP < 0.0001when culture in 400

puM at 24 (RE 0.93) and 72 h (RE 0.50) compared to the control complete DMEM media acdifiéri{RE
1.63) and72 h(RE 1.13) AMPK protein expression in no-arginine media samples & h (RE 1.19)was

more-or-lessthesame as the control at B2

Wheninvestigaing the phosphorylation of AMPK, in 400 uM 4Arg cultured samples phosphorylation was
very similar(P < 0.0001)at 24 (RE 0.52) and 72 h (RE 0.53) and more ortlessamewhen compared to
untreated samples at T=0 (RE8. There vasno (P < 0.0001)etectablgohosphorylated AMPK protein in
no L-Arg media sampledncreasingkar gi ni ne

concentr atdegeased < 6.0081D 0
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phosphorylated AMPK levels &4 (RE 0.52) and@2 h(RE 0) in comparison to the control at 24 (RE 1.14)
and 72 h (RE 0.95When compang phosphorylated AMPK protein to total AMPK protein, the ratio was
increased in 400 pM-arginine (1.250ld) culturesat 72 h in comparison to the control at the same point.

A summary of the impact of-arginine concentration on AMPK protein expression and phosphorylation with
culture time is reported iRigure 2.334 below.
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Figure2.334Rel ati ve protein expression and a western
and AMPIK3II3L1 cells.

Rel ative protein af)opthmotssp hfoary | tac teadl AANPRKIVEB) &fid thE tatio bf
AMPKR t o t ot al3T3AM®RISC). Amexample blot image f A MP KU a aPdacrdsi
concentrations with culture time is shown ) (Cells were cultured for 24 or 72 h in customizeeldia containing
0, 400 and 800 uM {arginine. Controls were addition of complete DMEM or untreated cultures at T=0. The
amount of total protein (10 pg) from different culture conditions was loaded into 10%p®&crylamide gels for
the separation AMP KU and phosphorylated AMPKU proteins
group are shown with the respecticethe houséeepingp r o t edétim (). Bands in the blots were quantifie
using ImageJ software and the data are normalisédatdin and then expressed as relative to the rardinine
SILAC DMEM (0 pM L-arginine) control at 24 h. Data points represent the mean + SD. Error bars represe
standard deviation from the mean (n = 3). The tables summariseaw@NOVA followed by a Tukey multiple
comparison test wusing GraphPad Prism 9.4. 1. The
** = P O 0.01, *** = P O 0.001 and **** = P O 0.

Total and phosphorylated levels of AQCprotein in3T3 L1 cells under different {arginine culture
conditions are presented fig 2.335. The expression of this regulator of fatty acid metabolisoreased
(P<0.0001with the timein cells culturedintar gi ni ne at addihGhe contrdlReBalivBACE-M
1 proteinexpression in the contra00 and 800 uM targinine cultures (P<0.0004) 24 h was 2.0, 2.0 and
2.10 respectivelywhereas theelative ACC-1 protein expressiofor these samples at 72 h wadecreased
(P<0.0001)ps1.54, 1.4 and 1.36\fter 72 h of culture time total ACQ amounts in the untreated sample at
T=0 (RE0.88) and no EArg added samplg&RE 0.85hadsimilar andthelowestrelative expression of AGC

1 among all samples.

When phosphorylation of AGC was investigatedhis was almat haledfrom its level at 24 to 72h. The
relative expression of phosphorylated AC@ the control, 400 and 800 puMArg culturesat 24 h were 6.16,
4.15 and 3.36 and at 72 h were 3.06, 2.45 and 1.47 respecthralyng all samplesexpression of
phosphorylated ACQ washigherin the control (RE 6.16) at 24 h and the amounts of phosphorylated ACC
1 was increased (P<0.0001)}#d) in comparison to the 800 uM-arginine added samples at 24 and 72 h
time points. PhosphorylatefCC-1 amounts in the untreated samptela0 (RE0.46) and no tArg cultures

(RE 0.60) were the lowest relative expression of phosphorylated-1A@@dong all sampledhe ratio of
phosphorylated ACQ to total ACG1 was increased (P<0.000d)the controbt 24(1.9-fold) and 72 H1.82

fold) compared to thadditiors of 800 puM L-arginineat the same time poin{Big 2.335B andC). A summary
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of the impact of karginine concentration on AGC protein expression and phosphorylation with culture time
is reported irFigure 2.335 below.
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Figure 2.3.35. Relative protein expression and a western blot across concentration with time f&CC-1 protein

and ACC-1-P in 3T3 L1 cells.

Relative protein amounts for total ACC(A), phosphorylated ACE  at Ser 7PYB)(ardNhe kit of ACC
1-P to total ACGL in 3T3 L1cells C). An example blot imagef ACC-1 and ACC1-P across concentratis with
time is shown in@). Cells were cultured for 24 or 72 h in customized media containing 0, 400 and 80@fdvhine.
Controls were addition of complete DMEM or untreated samples at T=0. The same amount of total protein
from different cultire conditions was loaded into 10% Sp8lyacrylamide gels for the separation of AQCGnd
phosphorylated ACQ proteins and two representative blots from each treatment group are shown with the re
tothe hous&k e e p i n g -aotin @)X Bandem the blots were quantified by using ImageJ software and the da
normalised td-actinand then expressed as relative to the vavdinine SILAC DMEM (0 puM L-arginine) control af
24 h time point. Data points represent the mean = SD. Error bars mgpresstandard deviation from the mean (
3). The tables summarise tweay ANOVA followed by a Tukey multiple comparison test using GraphPad H
9. 4. 1. The stars indicate the levels of siOgm®i 0i
***xx = P O 0.0001.

Investigationof carnitine palmitoyl transferase | (CHJ protein was also undertaken and is reportdedgn
2.336A. The proteinCPT-1A, thathaskeyrole in fatty acid metabolispwas increased in-arginine added
samples compared to the contr@ultures with 40Q1.31-fold) and 800 pM Larginine (1.43fold) had
increased amoust(P<0.0001) CPILA expression at 24 h compared with the control complete DMEM
culturesandafter 72 h cultures grown in 40@.43fold) and 800 uM Larginine (1.5fold) alsohad increased
(P<0.0001) levels of CRTA protein in comparison to the control. GRA protein expression in complete
media addition cultures wetewestat 24 (RE 2.75) and 72 (RE 1.61) comparedo the L-arginine treated
samples A summary ofthe impact of karginine concentration on CPIA protein expression with culture

time is reported ifrigure 2.336A below.

Analysis of the expression of the mammalian target of rapamytifOR) protein, which is considered a
master regulatoand has multfaceted roles in the celyith changing Larginine culture concentrations is
shown inFig 2.336B. mTOR protein expression in samples wittarginine at 400 and 800 pshowed little
changeacrosghe time griod(P<0.0001)Relative expression of mTOR protein in 400 ph&igininecultures
at 24(RE 0.68)and 72 (RE 0.65)increasedP<0.0001)ompared to the control complete DMEAddition
culturesat 24(RE 0.56)and 72 h(RE 0.23) Protein expression of mTOR increased (P<0.0001)}andinine
cultures with400 (2.8fold) and 800 puM (2.4fold) at 72 hcompared to theontrol complete DMEM addition
at 72 h There wasnoticeablechange (P<0.0001) in mTOR protein expression in favdinine cultures &4
(RE 1.0)and 72 NRE 0.98)and untreated sample at T=0 (RE 0.92) time paiotspared to the contrat 24
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(RE 0.56)and 72 h(RE 0.23) A summary ofthe impact of karginine concetration on mTOR protein
expression with culture time is reportedrigure 2.336B below.
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Figure 2.336. Relative protein expression and western blots across concentration with time for CPT
protein and mTOR in 3T3 L1 cells.

Relative protein amounts for CPIA (A) and mTORB) in 3T3 L1cells and representative blot images for €}
1A (C) and mTOR D) across karginine concentrations with culture time. Cells were cultured for 24 or 72
customized media containing 0, 400 and 800 pMrginine. Controls were addition of complete DMEM
untreated cultures at T=0. The same amount of total protein (10 ug) from different culture conditions wa
into 10% SD$polyacrylamide gels for the separation of GEX and mTOR proteins and two representative b
from each treatment group are shmowith thehousek e e pi n g -getinCtaadDh Bands on blots wer
quantified by using ImageJ software and the data are normalighd touseeeping proteinp-actin and then
expressed relative to the nedtginine SILAC DMEM (0 uM L-arginine) cltures at 24 h. Data points repres¢
the mean £ SD. Error bars represent the standard deviation from the mean (n = 3). The tables summaays
ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars indicatesh

of significance; ns = P > 0.05, * = P O 0.05, *

Western blot analysis of the eukaryotic elongation factor 2 (eEF2) protein, an essential factor for protein

synthesis, and itphosphorylated levels, waalso undertaken and is shown Rig 2.337. Increasing

extracellular concentrations ofd.r gi ni ne from 400 to 800 ¢ M3TAlald

cells. Total eEF2 protein expression wageased (P<0.0001) in cells cultured balr gi ni ne
(1.2fold) and 72h (1.52fold), in comparison with the control complete DMEM culture@wever,

at
L=

an e
800

arginine at 40(@E<00001photeid expression ef aEF2 at 24 (RE 0.35) and 72 h (RE 0.24)

compared to the control at 24 (RE 1.09) and 72 h (RE 0.61) timepbisactvity of eEF2 is reduced by

phosphorylationeEF2 phosphorylation progressively increased (P<0.0001) when cells were cultured in 400

and 8 0 @rgiming (by21-fold and #.1-fold, respectively) a72 h compared to the control complete

DMEM addition at the same time paoiWwhilst there was no detectable phosphorylated eEF2 protein in the

control at 24 h time point, the pdlargisinebuitureg t2dhe d e E

was increasi (1.03fold and 0.1%old, respectively) in comparison to the control complete DMEM media
cultureat 24 h Phosphorylated eEF2 protein level peaked (P<0.0001) in untreated samples at T=0 (RE 2.4)

among all samples. Phosphorylated eEF2 was increased P£Pifh no L-arginine added sample at 72 h

(RE 0.86) in comparison to the control at 72 h (RE 0.08).

The ratio of phosphorylated eEF2 to total eEF2 increased (P<0.@00Hrginine treated sample#00 and
800 uM at 72 oy 53-fold and9.3-fold, respectrely when comparetdb the control Fig 2.337B andC). Total
eEF2 protein expressi@ndthe phosphorylated eEF2 protein expression showed the opposite iprtfie

expressiorin atime dependant manneRelative protein expression of eER2L-arginire treated samples

(400 and 800 pMyvas decreasedith increasing culture timevhereas the phosphorylated eEF2 levels was

increasedAs a resultnotablythe ratio of phosphorylated eEF2 to total eEF2 increased (P<0.0001) in arginine

at 400 uM at 24r@tio-2.98) and 72 hrétio-7.42)compared to the control at 24 (ratio 0) and 72 h (ratio 0.14)
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A summary ofthe impact of karginine concentration on eEF2 protein expression and phosphorylation with
culture time is reported iRigure 2.337 below.
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Figure 2.337. Relative protein expression and a western blot across concentration with time for eEF2 prote
and eEF2P in 3T3 L1 cells.

Relativeprotein amounts for total eEFAY, phosphorylated eEF2 at Thr56 (eEIFRB) and the ratio of eEFP to
total eEF2 irBT3 L1cells C). A representative blot image of eEF2 and efPR&ross targinine concentrations wit
culture time is shown). Cells were cultured for 24 and 72 h in customized media containing 0, 400 and 800
arginine. Controls were addition of complete DMEM and untreated samples at T=0. The same amount of tot
(10 pg) from different culture conditions was loaded into 1@&$olyacrylamide gels for the separation of eE
and phosphorylated eEF2 proteins and two representative blots from each treatment group are shown
respective tathe houseék e e p i n g -aotin @)t Bands in blobs were quantified using Imagefiveare and the dat
are normalised tthe housekeeping proteinb-actinand then expressed as relative values to the cells cultured w
L-arginine SILAC DMEM (0 uM Larginine) at 24 h. Data points represent the mean + SD. Error bars repres
stendard deviation from the mean (n = 3). The tables summarisevawoANOVA followed by a Tukey multiple
comparison test using GraphPad Prism 9.4.1. The
** = P O 0.01,d **=**= p RO @ .00.0010 Oaln

The impacof L-arginine additionsn theeukaryotictranslation initiation factor eukaryotic initiation factdd 2

(e | B préteinwasalsoanalysedThe expression and phosphorylatioreof Fwattculture time in different
L-arginine concentrationsare presented ifrig 2.3.38 Surprisinglyand perhaps strangelyhere was no
detectablee | FpRotgin expressiofP<0.0001)n 800 pM L-arginineculturesat 24 and 72 h. However, the

e | Fpotein expression was observed kadginine at 400 uM at 24 (RE 0.80) and 72 h (RE 0.44), but the
expression was lowgP<0.0001)n comparison to the control culture at 24 (RE 9.08) and 72 h (RE 1.71).

Upon phosphotiation of thee | FsRdunit,global translation is attenuatest 24h, e | FpRotéin expression
in 400 (RE 0.54)and 800 uM Larginine(RE 0.34)cultureswaslower compared to the contralt 24 h(RE
0.63).Increasing extracellular concentrations eilr gi ni ne t o impa@tphosphdrylatéeéd Fadlt
24 (RE 0.34)and 72 h(RE 0.28) compared to the control at ZRE 0.63)and 72 h(RE 0.36) However,
phosphorylate@ | Fl&élsincreasedP<0.0001) ird00 uM (1.13fold) cultured cells af2 h in comparison
with the control.In contrast, protein expression of phosphorylatdd Fwzrd increase(P<0.0001and higher

i n 0 -agiMnelat 72 h (RB.9) and untreated samples at T=0 (R&L.The ratio of phosphorylatesl| F 2 U
to totale | FpPotéin was increased (P<0.0001) in 400 pdrginineculturesat 24(9.70fold) and 72 H3.36
fold) in comparison to the contrdturther, the ratio between phosphorylatetl Faddtotale | Fvzaglmuch
higher in untreated sample at T=0 (ra2i®6) compared to the contrtlo L-Arg added sample at 72 h had
increased (P<0.0001) ratio (2-68d) in comparison to the controh summary ofthe impact of karginine
concentration oe | FpRot¢in expression arghosphorylation with culture time is reportedriigure 2.338

below.
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Figure 2338 Rel ati ve protein expression and a west protan
and ePRiFIrBLL cells.

Relative protein amounts for totall F(&)Uphosphorylate@ | Fa2 $61 ¢ | FP) [B) and the ratio ot | FRt0
totale | Fi2 3T3 L1cells C). A representative blot image ef| Fahdk | FR ddross targinine corentrations
with culture time is shownY). Cells were cultured for 24 and 72 h in customized media containing 0, 400 ai
MM L-arginine. Controls were addition of complete DMEM and untreated samples at T=0. The same amoun
protein (10 pg) frondifferent culture conditions was loaded into 10% $p&yacrylamide gels for the separation
e | Fahdlphosphorylated | Fpokins and two representative blots from each treatment group are shown v
housek e e pi n g -gctino().eBands in the blots were quantified using ImageJ software and the dg
normalised tahe housekeeping proteinp-actin and then expressed as relative values to cells cultured with
arginine SILAC DMEM (0 puM l-arginine) at 24 h. Data points repees the mean = SD. Error bars represent
standard deviation from the mean (n = 3). The tables summariseawdNOVA followed by a Tukey multiple
comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significance; ns =*P > $.05P
** = P O 0.01, *** = P O 0.001 and **** = P O 0.

L-arginine regulated signalling pathways in the 3T3 L1 cells were investigated by analysitigeakeyand
cholesterol synthesis regulatprotein HMG-CoA reductase (HMGCR). Analigsof the expression of this
protein in the cultures with differentérginine concentrations is shownHig 2.339. The amounts of the-N
terminal membrane domain of HMGCR increased (P<0.0001) in 800 uM (28-fgld.and 72 h2.1-fold)
L-arginine samples when compared to the control complete DMEM addition cultures. In cells cultwred in L
arginine at 400 pM the amount of tNeterminalmembrane&lomain of HMGCR at2h (1.77-fold, P<0.000}

was also increase@he Gterminal catalyit domain of HMGCRn L-arginine at 800 uM (24 h; 1-#ld and

72 h; 1.3fold) had increased (P<0.0001) expression when compared to the control complete DMEM addition
cultures. However, thexpression othe mature form of HMGCR was decreased in 400 pM li2&RE 2.74

and 72 h; RE 2.28) in comparison to the control (24 h; RE 2.9 and 72 h; REB@&stingly, theatio to the
precursor domain to the mature domaisincreased (P<0.0001) in the samples from cultures grown in high
L-arginine (800 uM) at 241.3-fold) and 72 h 1.61fold) compared to the controBesidethese, samples
cultured in 400 uM had increase2l $8fold, P<0.0001) ratio to the d&rminalprecursor fornto catalytically

active C-terminal of HMGCRprotein. A summary ofthe impact of karginine concentration on HMGCR

protein expression with culture time is reportedigure 2.339 below.
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Figure 2.3.39. Relative protein expression and a western blot across concentration with time for precursor ar
mature of HMGCR in 3T3 L1 cells.
Relative hepatic lipogenic protein levels of HMG@Recursor form (upper bandi), and HMGCR mature forn|
(lower band) B), and the ratio of Merminal precursor form to catalytically activet€minal cleavage form g
HMGCR (C) in 3T3 L1cells. A representative blot image of HMGCR across concentrations with time is Sbjpw
Cells were cultured for 24 and 72 h in customized media containing 0, 400 and 80@[gihine. Controls werg
addition of control complete DMEM and untreated samplieT=0. The same amount of total proteins (20 ug) f
different culture conditions was loaded into 10% $p&yacrylamide gels for the separation of HMGCR an
representative blot from each treatment group is shownthtthousek e e p i n g -gein (D). Bands jn blétg
were quantified using ImageJ software and the data are normalifieel housekeeping proteinp-actinand then
expressed as relative values to the cells cultured with-@ginine SILAC DMEM (0 uM L-arginine) at 24 h. Dat
points represent the mean + SD. Error bars represent the standard deviation from the mean (n = 3). T
summarise twavay ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. Th
indicate the levels of significance;ns=®> 05, * = P O 0.05, ** = P O 0

Transcription factors that regulate the sterol biosyntheseéplsregulatory elemesiinding proteins
(SREBPs SREBPR1 and SREBR) were also investigateahd their analysis heis presented ifrig 2.340

and 2.341. When analysing atalytically inactive precursor fornrsREBR1, expression waslecreased
(P<0.0001) in cultures with 40@4 h; 0.4%fold and 72 h; 0.6%old) and 800 uM 24 h; 0.49fold and 72 h;
0.77-fold) L-arginine when compared to the control DMEM cultures ar## 72 hHowever, expression of
the precursor form at 72 h waggher in untreated sample at T=8ample cultured inno L-Arg showed
increased (RE 0.92, P€DO01) expression of mature SREBRompared to the-Arg treated samples (400
and 800 uM)When monitoring the catalytically activet€rminal mature form of SREBP, expression was
decreased (P<0.0001) 400 (0.73fold) and 800 uM (0.6%old) L-argininecultures at 24n comparison to
the controlat 24 h. Interestingly, he amount of the mature form of SRERRIecreasd (almost RE 0,
P<0.0001) in cultures grown in the presence-afrginine a400 and800 uM at72 h. However, the mature
SREBR1 expression was higher in untreated sample at T=0 (RE 1.06) andrgpddded sample at 72 h
(RE 1.66).The precursoand maturgorms of SREBR1 was increased (P<0.0001) in complete DMEM
control sampleandas a resulthe rato of the catalytically inactive precursor to catalytically active mature
form wasalso ircreased (P<0.0001) the control compared 00 (1.76fold) and 800 uM(1.25fold) L-
arginine cultured cellleading to accumulate more precurimm in thecontrolcompared to other samples
The ratio waslso highe(1.72ratio, P<0.0001) in complete DMEM control cultures at 24 h compared to the
untreated T=0 culturg4.38raio). A summary ofhe impact of karginine concentration on SREBRprotein

expression wit culture time is reported figure 2.340 below.
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Figure 2.340. Relative protein expression and a western blot across concentration with time for precursor an
mature of SREBR1 in 3T3 L1 cells.

Relative hepatic lipogenic protein levels of precursor SREE&pper band)4), mature SREBR (lower band) B),

and the ratio of catalytically inactive precursor to catalytically active mature form of SREBFN 3T3 L1cells. A
representative blot image of SREBRacross karginine concentrations with time is showd)(Cells wee cultured
for 24 and 72 h in customized media containing 0, 400 and 800 4akgibhine. Controls were addition of comple
DMEM and untreated samples at T=0. The same amount of total protein (20 ug) from different culture condit
loaded into 10% SDi$olyacrylamide gels for the separation of SREB&nd a representative blot from each treatn
group is shown with theousek e e p i n g -gotin @)X Bands in bldis were quantified using ImageJ software
the data are normalisedttee housekeephg proteinp-actinand then expressed as relative values to the cells cul
with no L-arginine SILAC DMEM (0 puM L-arginine) at 24 h. Data points represent the mean = SD. Error bars rey
the standard deviation from the mean (n = 3). The tables ausertweway ANOVA followed by a Tukey multiplg
comparison test using GraphPad Prism 9.4. 1. The
** = P O 0.01, *** = P O 0.001 and ****x = P O 0.

The other SREBP family proteinvestigated was SREBP (Fig 2.341). SREBRP2 protein expression was
increased (P<0.0001) in its precursor and catalytic forms in additieagdihine supplemented samples at
24 h compared to control complete DMEM cultured samg@atalyticallyinactive precursor form of SREBP
2 was increased in 400 (24 h; 1-#&1d and 72 h; 3.450ld) and 800 uM (24 h; 1:Bld and 72 h; 1.2Zold)
L-arginine cultured samples compared to the coniitiienthe catalytically active form of SREBR was
investigatedthere was changdn its expressiolin atime dependant manndgxpression of rature form of
SREBR2 was increase(P<0.0001)in L-argininecultures(400; 1.2fold and 800 uM; 1.050ld) at 24 h
whereas decreasd®<0.0001)at 72 h(400; 0.54fold and 800 uM; 0.76fold) compared to the control.
Untreated sample at T=0 (RE 0.3%)owed loweexpression othe mature form of SREBR. Interestingly,
the ratio of catalytically inactive precursor from to catalytically active fimereased in 4024 h; 1.35fold
and 72 h; 6.37old) and 800 uM(24 h; 1.14fold and 72 h; 1.7old) L-arginine cultured celldHig 2.341B
andC) compared to the contrat the same time pointSoticeably, there washigherratio (16.7fold) in the
samples from cultures with no-drginine addition at 72 bompared to the control at 7Z2ahd untreated at
T=0 (ratio 1.36) A summary othe impact of karginine concentration on SREEBPprotein expression with

culture time is reported iRigure 2.3.41 below.
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Figure 2.341. Relative protein expression and a western blot across concentration with time fprecursor and
mature of SREBR2 in 3T3 L1 cells.

Relative hepatic lipogenic protein levels of precursor SRERBBpper band)X), mature SREBR (lower band)B),
and the ratio of catalytically inactive precursor to catalytically active mature form of BRE®B) in 3T3 L1cells.
A representative blot image for a comparison of SREBEross targinine concentrations with time is shown
(D). Cells were cultured for 24 and 72 h in customized media containing 0, 400 and 80@&jygihibe. Controls
were addion of complete DMEM and untreated samples at T=0. The same amount of total protein (20 p
different culture conditions was loaded into 10% $p@yacrylamide gels for the separation of SREBBNnd a
representative blot from each treatment groughiswn with thehousek e e p i n g -getn @dandsiinmthe blots
were quantified using ImageJ software and the data are normalifesl housekeeping proteinp-actin and then
expressed as relative values to the cells cultured witha@ginine SILAC DMEM (0 uM L-arginine) at 24 h. Dat
points represent the mean + SD. Error bars represent the standard deviation from the mean (n = 3). 1
summarise twavay ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. Th
ind cate the Il evels of significance; ns = P > 0.0

2.3.8.Determination of nitric oxide / nitrite measurements by Griess Assay irBT3 L1 cells grown in
different concentrations of exogenous {arginine

In this study the amount of nitrite, timeetabolized downstream reactive product of &€@umulated in cell
culturewas quantified by using Griess asshoterestingly,excess exogenousarginineadditionincreased
(P<0.0001)NO synthesis ir8T3 L1 cells(Fig 2.342). The amount of N@ present ird00 (1.4fold) and800

MM (2.1-fold) L-Arg samples was high (P<0.00Git)24 h compared to the control complete DMEM cultured
samples at the same time poinB3ifi3 L1 cells. At 72 h, the amount of nitritpresentin 400 puM L-arginine
cultured sampkewas increased (NQ 4.70 uM, 1.54fold), whereasn 800 UM was decreased @4;1.91 uM,
0.62fold) in comparison to the control complete DMEM cultured sample at 72 b;(BLO5 pM).However,

the amount of nitritgpresenin untreated samples at TERO,; 0.48 pM)and in OuM (24 h; NO;; 1.45 uM
and 72 hNOy; 1.50 uM cultured samples was low regardless of the time point. It is noted that in regard to
theseoverall findings, theamount of nitrite present in the samples was higher-Ard_treated sampleg\
summary ofthe impact of karginine concentration on the amount of nitrite pregagoluteconcentration

(A) and relative concentratioB) in the cell culture media with dulre time is reported iRigure 2.342.
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Figure 2.342. The effect of exogenous arginine concentration on nitrite production in 3T3 L1 cells.
Cell culture supernatant was obtained from cult®€8 L1 cells grown in the presence of 0, 400 or 800 uM
arginine for 24 or 72 h. Controls were complete DMEM additionwartceated cell samples at Ta8described
in section2.2.2 Cel | culture supernatant (50 ¢ L)forwansn
sequentially with sulphanilamide solution (1% sulphanilamide in 5% phosphoric acid), which reacts with
ion to form diazonium salt, which was then coupled with 0.1% (w/v) solution of NED. Finally, the col
product was measured usiagpectrometer at 540 nm to determine the nitrite concentration quantitativel
concentration of nitrite from experimental samples was obtained using the equation of the line fitted to
samples. The data are expressed as relghivand absolte B) values. Quantified nitrite was normalised to {
nitrite amount presence in cultures with nailginine SILAC DMEM (0 uM L-arginine) at 24 h. Data poin
represent the mean + SD. Error bars represent the standard deviation from the mean (ntat8gsifienmaris
two-way ANOVA followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars i
the Il evels of significance; ns = P > 0.05, * o
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2.3.9.Confirmation of the formation of the expectedL-arginine, L-ornithine and L-citrulline adducts

for amino acid analysis by liquid chromatography mass spectrometry (LCMS)

Before undertaking the amino acid analysis by HPLC, mass spectrometry was undereksure that the
expected adducts were formed and detected for andigisary aminesn the amino acids are reacted with
opht hal al de h y-mercapto€iiraro) (MB to dormbamino acid adducts that are then detéteted
separation by HPLC to determine amino acid concentratidres eXpected mass and the experimental mass
measureaf the OPAME-amino acid adducts are described able 2.3.1.

Table 2.31. Comparison of expected mass of the adducts with the experimental mass

Adducts Expected mass of thg Experimental mass| Experimental mass
adducts measured in positive | measuredin negative
polarity [MH] * polarity [M -H]
OPA-ME-L-arginine 350.16 351.44 34900
OPA-ME-L-citrulline 351.19 351.40 Not determined
OPA-ME-L-ornithine 308.12 309.40 Not determined

The formation of the corredt-arginineadduct was confirmed by L®IS. In the liquid chromatography
chromatogramthere were three signals observed feAdg and OPA; two peaksn the left(retention times

3.5 and 4.25 minjlue to the OPA and by products and combination products of&@B& signal on the right
(retention time 5 minjs for the OPAME-L-arginine adduc{Fig 2.343B). Thesingle peak on the right was
confirmed as the formation of the expectedirginine adduct (OPAME-L-Arg) by mass spectrometry
(expected magws/z 351.44 in positive polaritysig 2.243C and m/z 349.0 in negative polarifyig 2.344D).

Switching of polarity between positive polarity [MHJFig 2.343C, Fig 2.345 andFig 2.347) and negative
polarity [M-H]" (Fig 2.343D) further confirmed that thé&-arginineadduct (OPAME-L-Arg) was formed
during the precolumnderivatization process. The formation of ORKc-amino acid adducin positive
polarity [MH]" was confirmed for the other amino acids of interestltearnithine(Fig 2.344 andFig 2.345)
andL-citrulline (Fig 2.344 andFig 2.347) by LC-MS.
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Figure 2.343. Schematic reaction mechanisnmand mass spectrum for formation of L-arginine adduct in
positive polarity and negative polarity.

(A) Reaction schematic for formationlofarginineadduct (isoindole derivative) and expected mass by reacting
the derivatizing agent OPA containing MB) LC chromatogram with the signals observed farginine with OPA
absorbance at 220 nm. The two peaks on the left are derived from OPA @rothests of OPA and the single pe
on the right is for the expected OME-L-arginine adduct.(C) Mass spectra with a protonated moleofviéth
positive polarity [MH]) detected at a base peak at m/z 351.1 for the diagnostic fragment ion for thiglEDPA
arginineadduct.(D) Mass spectra withreionized moleculgwith negative polarity [MH]") detected at a base pe
at m/z 349.0 for the diagnostic fragment ion for the GRE-L-arginine adduct.
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Figure 2.344. Liquid chromatogram for standard amino acids mix.
Liquid chromatography trace showing components present in a sample consisting of the standard amino 4
after derivatization with OPA, and the retention tifnen) and absorbance (mAU) of each peak. Mass spectr
the target amino acid adducts labelled in thisdhiEomatogram are shown in the figures below.
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Figure 2.345. Schematicreaction mechanism, HPLC chromatogram and mass spectrum for formation o
L -ornithine adduct in positive polarity.

(A) Reaction schematic for formation bfornithine adduct (isoindole derivative) and expected mass w
positive polarity [MH] by reactingwith the derivatizing agent OPA containing MB) (Mass spectra showing
a protonated molecule detected at a base peak at m/z 309.1 for the diagnostic fragment ion forNte lOP4
ornithineadduct.
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Figure 2.346. Schematic reaction mechanism, HPLC chromatogram and mass spectrum for formation (¢
L-arginine adduct in positive polarity.
(A) Reaction schematic for formation @farginine adduct (isoindole derivative) and expected mass w
positive polarity [MH] by reacting with the derivatizing agent OPA containing ME.Nlass spectra showing
a protonated molecule detected at a base peak at m/z 351.1 for the diagnostic fragmethiécOPSME-L -

arginineadduct.

110



H

A
\0
0
H
o-Phthalaldehyde
(OPA)
1200
B

1125 1

1000 4

LI

(o)
HO
OPA-ME-L-Citrulline adduct
Formula Weight: 351.42064
Apex Peok #20 Scan: #£284 RT. 503 min NL: 4 876+004
%
3810
307
fors
sope3 1231 14798
s M ol IO OSOON 1
mz
100 00 1,000 1,500 2,000

o o
OH Jk
+ HS /\/ + HO )%/\ANH NH,

NH,
(ME)

HO
(0}
—
N
=
S

2-Mercaptoethanol !

%an

L-Citrulline (AA)

Figure 2.347. Schematicreaction mechanism, HPLC chromatogram and mass spectrum for formatiorn

of L-citrulline adduct in positive polarity.

(A) Reaction schematic for formation bfcitrulline adduct (isoindole derivative) and expected mass W
positive polarity [MH] by reacting with the derivatizing agent OPA containing ME). §ass spectra
showing a protonated molecule detected at a base peak at m/z 351.0 for the diagnostic fragmeheio

OPA-ME-L-citrulline adduct.
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2.3.10.HPLC analysis of residueL -arginine, L-ornithine and L-citrulline in the cell culture media of

BNL CL2 cells cultured in different initial L-arginine concentrations by HPLC

As describedn the introduction chapter -&rginine is oxidised and produgk-citrulline and NO, this pathway

is catdysed by NOS Calculatedresidualconcentration of selected amino acidsiig, L-Cit and L-Orn in
experimentabamplesvas undertakensing the equation of the line fitted for standard amino acid sataples
give theabsolute concentration of-Arg, L-Cit and L-Orn (Fig 2.348B, Fig 2.349B and Fig 2.350B,
respectively present in the sampleEhe absolute concentration of each amino acid was then normalized to
the absolute concentration thfe respective amino acid present in néAtg culturesat 24 h to obtain the
relative concentrationf selectedamino acid L-Arg, L-Cit and L-Orn (Fig 2.348A, Fig 2.349A and Fig
2.350A, respectively)

When investigahg L-argininepresent in the cultured serum samesy 2.348) the amount of karginine
increasedP<0.0001)n thesamples cultured ioontrolcomplete DMEM (956.3 uMand 400 uM Larginine
(981.1 uM) at 72 h time point. Cell samples cultureddnL-arginineat 72 h also shoed high (P<0.0001)
amouns of L-arginine (649.19 uM). Arginine at 400 uM had decrea@e87-fold, P<0.0001)amount of L
arginine at 24 Ibut the amount was increased (1.88%l, P<0.0001) at 72 h in comparison to the confrbé
opposite profile was observed in sampbetturedin 800 uM L-arginine,which was increased (1.01f8ld,
P<0.0001) inthe amount of Larginine at 24 h aftewvhich this was decreased (0.58ld, P<0.0001) at 72 h

compared to the control.
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Figure 2.348. Relative and absolute quantification of residual serum EArg in BNL CL2 cells cultured in

different L -Arg concentrations and the control for 24 and 72 h.

Relative A) and absoluteR) residue amount df-Arg analysed in plasma samples of BNL CL2 cells culture
different amount of EArg (0, 400 and 800 uM) and the contcdmplete DMEM media after 24 and 72 h. Untreq
cultures at T=0. Data points represent the mean + SD of each sample. Error bars represent the standard dey
the mean (n =3). Tables summarise way ANOVA followed by a Tukey multiple comparisoest using GraphPa
Prism 9.4.1. The stars indicate the Il evels of si

and **** = P O 0.0001.

When analymg L-citrulline present in the differerdulturedconditions(Fig 2.349), surpisingly, untreated
sampleat T=0showed thehighestamount of L citrulline (85.96 uM) (P<0.0001)among all sampleshe
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second highestmount of Lcitrulline wasin samples cultured ioontrol complete DMEM at 24 h (4.74 pM)
andno L-arginine added at 72 (#.73 uM). More or lesshe sameamount of Lcitrulline (P<0.0001)was
presentin 400 and 800 uM targininesamples across cultur€he control hadh high amount of Ecitrulline
(P<0.M01)compared to the4Arg treated samplesultured in400 and 800 uM at 24 (0.7/@Id and 0.62fold,
respectively) and 72 (0.97-fold and 0.74fold, respectively).
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Source of Variation P value P value summary Significant?
Interaction <0.0001 Fhkk Yes
Time <0.0001 ok Yes
L-Arg +/- and Control (Com) <0.0001 rkkk Yes
Tukey's multiple comparisons test Amount of L-citrulline
T=0 24 h 72 h
Untreated vs. Cont. Com el ns ns
Untreated vs. 400 uM rrkk ns ns
Untreated vs. 800 uM il ns ns
Untreated vs. No L-Arg il ns ns
Cont. Com vs. 400 uM ns ns ns
Cont. Com vs. 800 uM ns ns ns
Cont. Com vs. No l-Arg ns ns ns
400 pM vs. 800 uM ns ns ns
400 pM vs. No L-Arg ns ns ns
800 pM vs. No L-Arg ns ns ns
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Figure 2.349. Relative and absolute quantification of residual serum LCit in BNL CL2 cells cultured in
different L -Arg concentrations and the control for 24 and 72 h.

Relative @A) and absoluteR) residue amount of ACit analysed in plasma samples of BNL CL2 cells culture
different amount of EArg (0, 400 and 800 uM) and the contcdmplete DMEM media after 24 and 72 h. Untreq
cultures at T=0. Data points represent the mean = SD of each sample. Error bars represent the standard dey
the mean (n =3). Tables summarise way ANOVA followed by a Tukey multiple comparisoest using GraphPa
Prism 9.4.1. The stars indicate the Il evels of si
and **** = P O 0.0001.

When investigahg the amount oL -ornithinepresent in the cultured sampl&$g 2.350), there wasnoverall
increasgP<0.0001)n the amount of tornithine across the time pointsaii samplesHowever, the control
sampls cultured in complete DMEMad the highestmount of Lornithine(44.52 uM)(P<0.0001xompared
to allthesamples except-Arg at 800 uM (24 h; 49.63 uM) and untreated at T=0 (44.42 @dimples cultured
in L-arginine at 400 uM contained decreag@%0.0001)amouns of L-ornithine at 24 (0.8Told) and 72 h
(0.655fold). However,in samples cultured ib-Arg at 800 uMthere wasdncreaseqP<0.0001)amouns of L-
ornithine presenat 24 (1.1#old) and 72 h (0.94old). Very similar fold change (0.#old) was observed in
the samples cultured O uM L-arginineat 24 and 72 kbompared to the contrakthe same time points
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Figure 2.350. Relative and absolute quantification of residual serum EOrn in BNL CL2 cells cultured in
different L -Arg concentrations and the control for 24 and 72 h.

Relative A) and absoluteR) residue amount of 4Orn analysed in plasma samples of BNL CL2 cells culture
different amount of tArg (0, 400 and 800 uM) and the control complete DMEM media after 24 and 72 h. Unt
cultures at T=0. Data points repees the mean + SD of each sample. Error bars represent the standard deviati
the mean (n =3). Tables summarise way ANOVA followed by a Tukey multiple comparison test using Graph
Prism 9.4.1. The stars indicate the levels of significance;s=> 0. 05, * = P O 0. 05,
and **** = P O 0.0001.
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2.3.11.HPLC analysis of residue L-arginine, and L-ornithine and L-citrulline in the cell culture media

of 3T3 L1 cells cultured in different initial L -arginine concentrations by HPLC

The amount ok -argininein cultured3T3 L1samplesvas also investigatday HPLC(Fig 2.351). L-arginine

was notdetectable irsamplescultured inthe controlcomplete DMEMat 24 h The amount oL -arginine
decreased witleulturetime in 400 and 800 pM.-arginineat 24 (287.27 uM and 243.14 pM, respectively)
and 72 h (159.29 uM and 206.99 uM, respectively)72 h,L-arginine at 400 (0.7bld) and 800 uM (0.96
fold) had decreased in comparisoritie control at 72 h. However, at time point 72 h, samples cultured with

no L-Arg had increased amount ofArg (1.09fold) compared to the contrat 72 h
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Figure 2.351 Relative and absolute quantification of residual serum LArg in 3T3 L1 cells cultured in different
L-Arg concentrations and the control for 24 and 72 h.

Relative A) and absoluteR) residue amount ofdArg analysed in plasma samples3d®3 L1 cells cultured in differen
amount of LArg (0, 400 and 800 uM) and the control complete DMEM media after 24 and 72 h. Untreated cul
T=0. Data points represent the mean = SD of each sample. Error bars represent the standard deviation fron
(n =3). Tables summarise tweay ANOVA followed by a Tukey multiple comparison test using GraphPad H
9.4.1. The stars indicate the |l evels of signific
= P O 0.0001.

In the investigation ot -citrulline (Fig 2.352), untreated sampgeat T=0 hadthe highest amouraf L-
citrulline (37.49 uM) among all samples. There wasdetectable amount of-titrulline present irsome
cultured sampledhe amount of-citrulline present in 800 uM arginine washigher (1.13-fold) compared

to the control At 24 h, there was no detectable amount@ittulline present in the cultured samples except

for samples cultureth no L-Arg (0.26 uM).
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Figure 2.352. Relative and absolute quantification ofresidual serum L-Cit in 3T3 L1 cells cultured in different
L-Arg concentrations and the control for 24 and 72 h.
Relative A) and absoluteR) residue amount ofCit analysed in plasma samples3313 L1cells cultured in different
amount of l-Arg (0, 400and 800 pM) and the control complete DMEM media after 24 and 72 h. Untreated cu
at T=0. Data points represent the mean + SD of each sample. Error bars represent the standard deviation
mean (n =3). Tables summarise tway ANOVA followed by aTukey multiple comparison test using GraphP;3
Prism 9.4.1. The stars indicate the levels of si
and **** = P O 0.0001.

For the analysis of.-ornithine (Fig 2.353), samples cultured in 0 pM-RArg had thehighestamount of -
ornithine(49.86 uM) among all sampleghe amount of Ltornithine wasncreasedn samples cultured ib-

arginine (400 and 800 puM) arle control complete DMEMcross the time pointslowever,L-arginine at
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400(24 h; 0.27fold and 72 h 0.7860ld) and800 uM (24 h; 0.76fold and 72 h 0.520ld) contained less L
ornithine compared to the control samples cultured in complete DMEM at 24 and 72 h time points.
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Figure 2.353. Relative and absolute quantification ofesidual serum L-Orn in 3T3 L1 cells cultured in different
L-Arg concentrations and the control for 24 and 72 h.

Relative A) and absoluteR) residue amount of4Orn analysed in plasma sample8®8 L1 cells cultured in differen
amount of LArg (0, 400and 800 uM) and the control complete DMEM media after 24 and 72 h. Untreated cult
T=0. Data points represent the mean = SD of each sample. Error bars represent the standard deviation fron
(n =3). Tables summarise tweay ANOVA followed by aTukey multiple comparison test using GraphPad P
9.4.1. The stars indicate the |l evels of signific
= P O 0.0001.

2.4.Discussion

2.4.1.The impact ofexogeneous targinine supplementation on BNL CL2 cells

2.4.1.1.Impact of exogeneous targinine ontarget transcript s andproteins

The L-arginine metabolic pathway and the signalling molecules involved and subsequent cellular processes
impactedis detailed in the introduction chaptdfig 1.6.1). In this chapter the cellular response of BNL CL2

cells to growth in different exogenousarginine concentrations has been evaluated. BNL CL2 cells are derived
from a mouse liver and are thusiasvitro cell culture modelo investigatédow liver cells respond to differing
exogenous targinine concentrations. The liver plays an important role in the metabolisradgfinine
(Nijveldtetal,2004) Previ ous studies have report e-dmgnngiat t he
fedrats is 175 uMWu and Morris, 2008and therefore the initial concentrations investigated were at a

similar and higher range. Other studies have indicated that there are no adverseneffgrrimental adult

rats chronically administered, via enteral diets, large amountsagfibine (2.14 g/kg body weight™) (Wu

et al, 2007) However, a recent review article suggests thatdinine supplementation tofidirent cell models

within the range of 100 uN1 100 mM reflects the impact of-&rginine in the treatment of carbohydrate and

lipid metabolism disorderSzlas, Kurek and Krejpcio, 2022)herefore, the concentrations of arginine used

in thisstudy @00 to 800 uM) are relevant to the physiological ranges found in maramitis the nutritional

and clinical concentrations impacting health and disease in mammals. It is important to note that in most cases
the most prevalent impacts were obsemitd 800uM culturing. The DMEM control was measured to be 250

UM. Thus,theaddition 0f400uM concentrationsepresergal.6-fold increase in exogenousdrginine whilst

theaddition800uM represents @.2-fold increase above the control

Exogenous targinine is transported into cells. The cationic amino acid transpoftersne of the cationic

amino acid transporter proteins distributed in the basolateral plasma membrane of mammalian cells, facilitates
the transport of cationic amino dsisuch as{arginine across the membrane. The importeatdinine is then

used as a source for protein synthesis and other catabolic reactieasgafibe, such as the synthesis of nitric

oxide (NO), urea, creatine and agmatine from argi(@iesset al, 2006)Studies have shown that increasing

extracellular concentrations bfarginineresults in an increase in the intracellular concentratidrraiginine
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in a dose dependent manner. For examplm-gitro study in bovine aortic endothelial cells cultured in varying
extracellular concentrations of arginine (0.1 to 10 mM) confirmed that increasing extradelrriginine
produced a dosdependent increase in intracellular arginjAenal et al, 1995) In line with these findings,
hypothesisethat exogenouk-argininesupplementation (400 and 800 uM) of BNL Ct@turedcells would
impact intracellular signalling df-arginineresponsive pathways. To determine if this was correct, gene and
protein expression df-arginineresponsive pathways were examined to explore the molecular mechanisms

and cellular respons@s BNL CL2 cellsas a model

In order to determine the impact of different exogerlowsginineconcentrations on the liver derived BNL

CL2 cell line,target mMRNA, protein and protein pdsinslational modifications were monitored.irarginine
responsive pathways. The key downstream target &f-trginindNO metabolic pathway, AMPK, increased

at thetranscriptlevel (RE 3.29; P < 0.0001) when tWere cultured il.-arginineconcentrations of 800 M
compared to that observed in control complete DMEM media cultured samples at 24 h. The expression of
AMPK is known to have specificity to tissue and localization within défshanisa, Cho and Seong, 2021)
However, exposure of human umbilical vein endothelial cells (HUVEC) to elelkadeginine(100 uM for 2

h) has been shown to be sufficient to increase overall AMPK expression by2&8compared to controls
(Mohanet al, 2013) Interestindy, the profile of the impact aidditionalexogenous -arginineconcentrations

on AMPK expression dhe transcript (NRNA) angrotein levelwas generally similar but not the same with

large difference at 40QM after 72 h and 80QM at 24 h Fig 2.4.1). This may reflect a time dependent link
between changes in transcription before changes in protein synthesis are observed and the fact that there are :
number of metabolic signalling pathways that converge and-tatkswith AMPK to coordinate responsts

nutritional and hormonal signalling of the ceflSarcia and Shaw, 2017yVith regard to time dependent
changes, it would be interesting in future stgdio determine if the drop in transcript amounts in 480

cultures at 72 h resulted in a drop in protein amounts at a later time point for example. Further, in this study
AMPK transcript expression was analysed by monitoring one of the catalytic subuAldPK isoforms;
AMPKU1. However, in protein -ANMBKydéesectbebpthmasgf
( AMPKU1 and AMPKU2) but does not distinguish the

for differences between theqgiein and transcript data.
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Figure 2.41. Comparison of relative AMPK mRNA and protein expression in BNL CL2 cells cultured in
different exogenoud. -arginine amounts for different times.

Relative transcript expression was maximum when culturing at 80Qjavjininefor 24 h, whereas the relatiy
protein expression was maximal at 400 |Wvarginineafter 72 h when compared to the control complete DM
culture time points

In addition to AMPK protein amounts, phosphorylation was also investigated. Phosphorylated AMPK levels

were increased in response to increased extracellular concentratioasgifinef r om 0 t o 400
in a culture time dependent manner. Phosghtion of AMPK activates AMPK and the phosphorylation status
thus controls overall cellular lipid metaboligiwillows et al, 2017) Activated AMPK phosphorylates its

downstream target AGC (Suet al, 2014)and in this study the levels of phospylated ACG1 in 800 uM

L-argininecultured samples at 72 h were increased-yldover that of the control complete media DMEM.

an

Phosphorylation of ACE inactivates this enzyme and suppresses fatty acid synthesis. If this was the case it

would be expeed that the inactivation of AGC via its phosphorylation would lead to an increase in the
activity of CPTF1, facilitating the transport of longhain fatty acids from the cytosol to the mitochondria for
oxidation(Viollet et al., 2006 Schmidt & Herpin, 1998)However, in the BNL CL2 cells, the concentrations
of L-arginineinvestigate did not affecCPT-1 gene expression at the mRNA transcript level and consequently
there was no difference in CFIA protein expression in 800 puM-argininecultures at 72 h compared with

the control Fig 2.4.2). However, perhaps unexpectedlylLHargininecultures at 400 puM at 72 h there was an

increased level of CRTA protein (2fold) in comparison to the control complete DMEM cultures.
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Figure 2.42. Comparison of relative CPT-1 mRNA and protein expression in BNL CL2 cells cultured in
different exogenoud. -arginine amounts for different times.

Relative transcript expressiafi CPT-1 was maximum when culturing 400 and 800 uM for 24 h in comparison
the control complete DMEM after 24 whereas the relativePT-1A protein expression was maximal40 uM L-

arginine after 72 h over to the contedter 72 h

When the lipogenic ge&s ACC1l (RE 7.46) and SREBP (RE 6.76) were investigated the expression

increased at the mRNA level, whereas the AMPK mRNA was lowest, in cells cultured in 400And/fdr
72 h in comparison with the complete DMEM control. The highest mMRNA amountssef libogenic mMRNAs
was accompanied by increases in the respective proteins at the same time poihtp&h expression was
16-fold higher than the control and the catalytically active form of SREBWRS increased (1fold) at the

same time pointHig 2.4.3andFig 2.4.4). This suggests an inverse relationship between AMPK and expression

of these proteins responsible for the induction of lipogenesis by the liver.
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Figure 2.43. Comparison of relative ACC-1 mRNA and protein expression in BNL CL2 cells cultured in
different exogenoud. -arginine amounts for different times.

Relative transcripand proteinexpressiorof ACC-1 was maximum when culturing 400 puM L-arginine for72 h,
when compared to the control complete DMEM cultafiter 72 h.

Further investigation of the SREBPMRNA expression showed that this was decreased in 800-Akg L
cultures at 72 h (RE.60) compared to the control complete DMEM cultures (RE 2.49jh®atherhand, at

the protein level expression of the precursor form of SRER#s more or less the same as the control
complete DMEM samples while the catalytically active mature forBREBR1 was increased (2121d) over

that of the control. Thus, the ratio of precursor to mature form was decreastdd0cdmpared to the control
and there was more active mature form in the g@dDsamples. This result suggests a gomnslational
mechanism explaining how the key transcription factor, SREBEan rapidly control genes in thde-novo
lipogenesis and glycolysis pathways upon perception of excess exogenous (and presumably intdacellular)
arginine The immature SREBR protein is inative until activated by cleavage to generate the active mature
transcription factor, presumably in response to eleviatatginineamounts. Interestingly, the transcript and
full length of SREBPL protein amounts followed the same trend in all cultureitond (Fig 2.4.4) and thus

it is this posttranslational processing event that is used to respond to chargasgmineconcentrations and

modulate subsequent gene expression.
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Figure 2.44. Comparison of relative SREBR1 mRNA and protein expression in BNL CL2 cells cultured in
different exogenoud. -arginine amounts for different times.

Relative transcript expressiaf SREBR1 was maximum when culturing 400 uM L-arginine for72 h, whereas the
relative protein expression waery similarat 400 uM L-arginine after 72 h when compared to the control com
DMEM culture time pointdbut SREBP1 protein was less at 400 uM after 24 h

HMGCR and SREBR mRNA expression decreased in response to 800 pMgLculturing after 24 h
compared to the control complete DMEM culture samples while mRNA levels for AMPK, increased in 800
UM L-Arg addition cultures at the same time point (REQ) compared to the control. At the protein level, the
precursor and mature form of SRERRvas increased (1:-f#ld and 1.7fold, respectively) in 800 uM {Arg
cultures at 24 h compared to the contrahptete DMEM media at the same time point. Thus, like SREBP
the ratio of precursor to mature form was decreasedd@iy compared to the control and more active mature
protein was present. Under this same experimental condition, the amount oftemail domain and
catalytically active @erminal domain of HMGCR was decreased {@l@ and 0.64fold, respectively),
therefore, the ratio of the-Nlomain to Gdomain was increased (1-88d) in comparison to the ratio between
the forms of HMGCR in theantrol. This ratioof SREBR2 (and SREBR) forms to HMGCR forms likely
balances the rprogramming of lipid and sterol synthesis in the cell in response to eldvateghine There
was no common relationship between the transcript and protein exprefsEiBIGCR (Fig 2.4.5) or SREBP

2 (Fig 24.6).
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Figure 2.45. Comparison of relative HMGCR mRNA and protein expression in BNL CL2 cells cultured in
different exogenoud. -arginine amounts for different times.

Relative transcript expressiai HMGCR was maximum when culturing 400 uM L-arginine for 24 h, whereas th
relativeHMGCR protein expression was maximal at O pMatginine after 72 h when compared to the control comy
DMEM culture time pointsOverall, higher transcript expression of HMGCR did not involve in highstedion level
of HMGCR protein, the figure showsArg at 400 uMafter 24 hhad shown highest transcript level for HMGCR [
translational level of HMGCR was lowest at 24 h.

Relative expression of the master regulator of cell growth and metabolism, mTOR protein, was decreased at
800 uM L-arginine culture conditions at 24 h when compared to the control, whereas AMPK gene and protein
expression were increased in 800 pMulginire cultures at 24 and 72 h respectively. The reduction in mTOR
could reflect responses to slow growth and proliferation due to higlgibine concentrations. Further
evidence of a slowing of translation and general protein synthesis is observed ingasddghosphorylation

of e | -old)lat 72 2 compared to the control complete DMEM added sample and the increase in
phosphorylation of eukaryotic elongation faefofa downstream target of AMRK amadaet al, 2019)which

will slow elongationKnight et al, 2015) In thisstudy, upon phosphorylation, the activated AMPK at 800 pM

at 72 h downregulates the activity of the translation elongation factor by increasing the phosphorylation of
eEF2 at Thi56 in 800 uM L-arginine cultured samples at 72 h.

eEF2 is modulated throhghe mTOR/eEF2K/eEF2 signalling pathw@rowne et al., 2004dyamada et al.,
2019) mTORprotein expression wastally increased in 400 (1918Id) and 800 uM (10.90ld) L-arginine
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cultures at 72 h, and at this time phosphorylation of eEF2 was decreased, the opposite to that observed at 24 h.

The explanation for this is that upon initial culturing in high exogsenbarginine conditions mTOR is

decreased and el F2U and eEF2 are phosphorylated

t

proliferation. However, after the cells have responded to this increase, this response is reversed to renew protein

synthesis and allow new protein synthesi s, cel

thus presumably an important response and cellular mechanism to ensure large changeginimel

concentration are not detrimental to cell Healt
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Figure 2.4.6. Comparison of relative SREBR2 mRNA and protein expression in BNL CL2 cells cultured in
different exogenoud. -arginine amounts for different times.
Relative transcript expressiafi SREBR2 was maximum when culturing at 800 puMdtginine for72 h, whereashe
relative protein expression was maximal at 400 pMrginine after24 h when compared to the control complg
DMEM culture time points

2.4.1.2 Nitrite response inBNL CL2 cells to exogenous 1arginine

A previous study with a neuronal cell line (CAD cells) that produces NO by nNOS enzymatic activity, has

shown that NO synthesis is mainly depended on the extracellular arginine concentration and the study further

confirmed that changing the membrane patérind physiological factors regulated the intaké -@frginine

from extracellular pool¢Baeet al, 2005) The optimum amount of NOr@duced by other two isoforms of
NOS; eNOS and iNOS, in rat superior mesentariery rings, is reportedly also depend on the extracellular

L-arginineconcentration and sensinglofarginineto synthesis NO is subject to the impairment of endothelial
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cells or induction of INO§MacKenzie and Wadsworth, 2003)ne further previous study unmtiken with
isotopic *H-L-arginine reported that extracellulaL-arginine contributed to the endotheliudepended
vasodilation in human umbilical vein endothelial cells (HUVECS) by regulating small (SKCa) conductance
Ca*-activated potassium channglSimonsenet al, 2019) These studies collectively show that NO is
produced from exogenolisargining and responds to exogendugrginineconentrations, regardless of the
NOS isoforms present in the specific tissues. In the BNL CL2 hepatocyte cells, the amougtEbiEnt in

the cell samples was high when grown in exogenous 80Qavyjinineafter 24 h compared to the control
complete DMEMcultures at the same time point. The production of nitrite vid_theginind NO pathway
impacts the control anekpressiorof AMPK, where theAMPK gene expression was also elevated in 800 uM
L-argininecultures at 24 h. At lower exogendusrginineconditions elevated NOwvas not observed and thus

only at the highest concentrationlofargininewas an impact on NO and hence AMPK expression observed.

2.4.1.3 HPLC analysisof amino acidsin BNL CL2 cell culture

Metabolism of arginin@ccuss in the liver to produce urg@ijveldt et al, 2004) Arginaseactivity is high in
liver to facilitatethe urea cyte, therefore to maintain the nutritional status of arginine (bioavailability of
argininein the human body) by dietary intake, therausargininecitrulline-arginine cycle within the major
organs or systems; intestine, liver and kidn@yg amino aciadtontent in liver cells ishusmainly regulated

by theurea cycleFig 2.4.7).

Acetyl-CoA + Glutamate

NH,* + HCO, + 2 ATP
l"q-— N-acetylglutamate

Carbamyl
Phosphate

Aspartate = Citrin == Aspartate
Citrulline

oT1C

Ornithine

Mitochondria 4
ORNT1 ininosuccinate
Cytosol * A

Ornithine

Urea Arginine Fumarate

Figure 2.4.7. Comprised urea cycle pathway.

Fate of selected 3 amino acids in the wgelein liver cells are depicted in the diagraihere are five catalyti
enzymesnvolved inthis pathway they are arbamoylphosphate synthetase | (CP®M)jthine transcarbamylas
(OTC), argininosuccinic acidynthetase (ASS1jprgininosuccinic acid lyase (ASL) aratginase (ARG1). Oné
cofactorproducing enzym isN-acetyl glutamate synthetase (NAGS). Ornithine translocase (ORNT1) anda@it
two amino acid transporte(Mew et al, 2018)
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In this study we used two different culture mef(tamplete DMEM and No {Arg SILAC DMEM) that
consised of differentconcentratios of amino acidgAppendix 1) andFBS (10%v/v). FBS itself contains
proteinand amino acid¢Appendix 1) to facilitate the growth of the cells. Therefore, baseline content of
selected amino acids in the control complete DMEM media with 10% FBS anérgp3ILAC DMEM media
with 10% FBS was analysed three biological replicatdsy HPLC(Table 2.4.7). The HR.C data confirmed
that the concentration ofArg in no L-Arg was 0 pMandthe concentration of4Arg in the controtomplete
DMEM was 250.8 uM.

Table 2.4.1. Selected amino acids concentration igrowth media with 10 % FBS

Concentration
Samples L-Arginine L-Citrulline L-Ornithine
(LM) (UM) (LM)
Controlcomplete DMEM media with 10%FBY 250.256 45.213 11.909
No L-Arg SILAC DMEM media with 10%FBS 0.000 55.712 14.978

Arginine is synthesized from citrulline in almost all cell tyg€an, 2012) Amino acid homeostasiacluding
amino acid uptakeje-novosynthesis and recycling impathe availability of each amino acid in the serum
samples. It wasxpeced thatover timethe fate of amino acidsuch aslepleton at different ratespxidation
release from dying cellndsynthesise and release/secretiosarfie amino acidsill impacttheconcentration

of amino acids in the plasm@roer and Bréer, 2017) -glutamine and_-arginine are both conditionally
essential amino acidk de-novosynthesis of amino acids, for example, glutamine is an amino acid that can
be usedas a precursaio synthesisL-citrulline (Marini et al, 2010) The culture media used this study
contained higlglutamineconcentrationgAppendix Il ; L-glutamine incomplete DMEM; 3972.6 uM and no
L-arginine SILAC DMEM; 3995.9 uM) compared to other amino apiésentedTherefore, we analysed the
residwal amounts of selecteaimino acid presented in the cultures serum samptetcompard it to theinitial

amounsg or compared it across the time period.

Whensamplel-Arg wasanalysed by th&lPLC, the L-arginine amount wasigh in400uM at 72 h(981.1
HKM) and 800 M at 24 h(600.16 puM)compared to the control complete DMEMIturesat 24(590.14 uM)
and 72 h(956.3 uM) Therefore, excess-Arg addition to the BNL CL2 cells impacted thmount of l-Arg
present in theultures in a timedepemientmanner L-citrulline was high in untreated at T=@85.96 uM)
compared to albther samples.This mayreflect thatthe culture gowth media contained very much high
concentration®f glutamine, which could be used as a precursor to synthesisulline at T=0 Appendix
II') although how this would occur at T=0 is unknowrwas noted thathe amount of Lcitrulline present in

theL-arginine treated samplegs independent afulture time but depeneht on theamount ofexogenously
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added Largining because the levels ofditrulline in L-arginine at 400 and 800 puM after 400 uM; 3.76
KM and 800 puM; 2.97 uMand 72 h(400 pM; 4.1 uM and 800 pM; 3.1 pMyere more or lesthesame.

2.4.2.The impact of exogeneous4arginine supplementation on 3T3 L1 cells

2.4.2.1.Impact of exogeneous targinine on target transcripts and proteins

After 24 h in 3T3 L1cells cultures wittadditional400 puM L-arginine concentration, the transcript levels of
AMPK increased (RE 3.26; P < 0.00@&Dmpared to the control samples cultured in complete DMEM media.
The results indicated that elevatedatginine concentrations had an effect on AMPK expressiomsistent
with theBNL CL2 findings and othereported findings that arginine increases thgression and activity of
AMPK, thereby modulating lipid metabolism and energy balance (Tan, Z&)e was nibasimilar pattern

for protein and transcript expression of AMPK in response to exogenrargirine concentratior(§ig 2.4 8).
Changes in MPK transcription before changes in protein synthesis are observed in many cultured conditions
this may reflect a time dependent link between the transcription and translation prodsssgerted above,
this was also observed BNL CL2 cellsand reflectghe multifacetedcell signalling pathways that converge
and crosgalk with AMPK to coordinate responses to nutritional and hormonal signalling of thé@alisia

and Shaw, 2017)
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Figure 2.4.8. Comparison of relative AMPK mRNA and protein expression in3T3 L1 cells cultured in different
exogenous karginine amounts for different times.

Relative transcript expressiaf AMPK was maximum when culturing 400 and800 pM L-arginine for 24 hwhen
compared to the control complete DMEM culture time poititereastte relative protein expression was maxiisrad
more or less same ir08 UM L-arginine afte24 and72 hand the control after 24 h
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When investigated phosphorylated AMPK protéins noted from the profilefFig 2.3.34andFig 2.3.35 that
phosphorylated AMPK and phosphorylated ACQevels in the control compleBMEM media were2.07
and 1.48fold higherrespectivelycompared to the samples cultured in 400 pdrginineat time point 24 h
As a consequence, AGC(Fig 2.49) could beinactivated through its phosphorylation, allowing CPD act
in its role in the transport of longhain fatty acids to the mitochondria for oxidati@fiollet et al., 2006;
Schmidt & Herpin, 1998)In this scenario, iBT3 L1 cells, perhaps unexpectedly, CPA proteinexpression
decreased in the control complete DMEM samd#ég 2.4 10) in comparison to the-Arg cultures However,
CPT-1 mRNA expression did not show significant increases or decreases among cultures whilst the samples
cultured in 400 and 800 puM-arginine had a peak expression of €GB protein after 24 hinterestingly the
effects of arginine on lipogenesis in adipocytes reportedh a study usin@-weekold male Zucker diabetic
fatty rats when ratsvere pairfed with a specifieddiet andfed with drinking water containing arginireCl
(1.51%) or alanine (2.55%, isitrogenous control) for 10 eeks. Theresulsindicated thathe expression of
major genes accountable for fatty acid oxidation in adipose tissgl&AMPK and CPT2) were increased by

arginine supplementatidifru et al,, 2005)
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Figure 2.4.9. Comparison of relative ACC-1 mRNA and protein expression in 3T3 L1 cellsultured in different
exogenous karginine amounts for different times.
Relative transcript expression of A€Cwas maximum when culturing at 0 and 400 pMdginine for 72 hwhen
compared to the control complete DMEM culture time point, whereas theveel€C-1 protein expression wg
maximal and more or less same at 400 and 800 dviginine and the control after 24 h.
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Figure 2.4.10. Comparison of relative CPT-1 mRNA and protein expression irBT3 L1 cells cultured in different
exogenous karginine amounts for different times.

Relative transcript expression of CRTwas maximum when culturing at 400 and 800 pMrinine for 24 and 77
hwhen compared to the coatcomplete DMEM culture time points, whereas the relative-CRProtein expressiol
was maximal at 400 and 800 pMdrginine after 24 h over to the control after 24 h.

Investigations of transcript and protein levels of lipogenic SREB&/ealed thathierewereopposite profile
between thenRNA andthe protein level of SREBHA in samples cultured in 400 uM-&rginine. Overall
SREBR1 mRNA expression was higher than protein expressiob-Arg treated samples after 24 h in
comparison to the control after 24 i 2.4.11) It was noted from thépogenic ACG1 andCPT-1A (Fig
2.4.9- Fig 2.4.10)and cholesterol synthesis regulatBidGCR, SREBR1 and 2(Fig 2.4.12,Fig 2.4.11and
Fig 2.4.13 profiles tha the highest mMRNA amounts of thasgnscriptavere not accompanied by increases in
the respective proteins in the cultured samples at the same timép@rsuggests that themeay bean inverse
relationship between expression of these transcripts and proteirtgria dependent manner (slow ot

synthesis) in 3T3 L1 cells.

Further investigation of the SREBIPMRNA expression showed that this was decreas¢@dr{RE 0.88) and
800 uM L-Arg (RE 0.88)cultures at24 h compared to the control complete DMEM cultures (RE9).
Moreover at the pratin leve| expression of the precursand catalytically active matuferms of SREBR1

were decreased over that of the contrds a result of thisthe ratio of precursor to mature form walso
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decreased in 40@ (6fold) and 800 uM(0.8-fold) culturescompared to the contral 24 handtherebythere
wasmoreactive mature form in the-Arg treated samples (400 aB@0uM). It was noted from thesatios
of posttranslational mechanisthat the catalytically active mature form of SB#=1 decreases with increasing
exogenous targinine supplementation. Besides these, the levels of mature form of SRiB&ent in LArg
treated samples (400 and 800 pM) at 72 h were not in detectable amount (Ré DB40Q. Thisfurther
suggests thidhe expression of SREBPpresumablynodulatesn response to elevated exogenotarginine

amounts and depend on the time point.
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Figure 2.4.11. Comparison of relative SREBR1 mRNA and protein expression in3T3 L1 cells cultured in
different exogenous l-arginine amounts for different times.
Relative transcript expression of SREBRvas maximum when culturing at 0 and 400 puMitg for 72 hwhen
conpared to the control complete DMEM culture time point, whereas the relative SRPpBRein expressio
was maximal at untreated sample at T=0 and in the control after 24 h compared-farghiedated samples at 2
and 72 h.

There was no common relationship between the trangtwipest)and protein expression of HMGCRig
2.412) or SREBP2 (Fig 2.413). In posttranslational modification of HMGCR, the ratio of theddmain to
catalytically activeC-domain was increase@.b-fold) in 400 pM at 72 h and also incréag L-arginine
concentration to 800 uM increased the ratio edldmain to Gdomain at 24 (1-8old) and 72 h (1.6fold) in
comparison to the ratio in the contriviterestingly, like postranslational modification of HMGCR, the ratio
of precursor to mature form of SREEBRwvas increased in 400 and 800 puMkg cultures at 24 (1.3%ld and
1.14fold, respectively) and 72 h (6.3@ld and 1.7fold, respectively) comared to the control complete
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DMEM media at the same time panfThis suggestghat there are more catalytically inactive precursor
proteinstHMGCR and SREBR) present in the 1Arg treated cell samples compared to the control.
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Figure 2.4.12. Comparison of relative HMGCR mRNA and protein expression in3T3 L1 cells cultured in
different exogenous l-arginine amounts for different times.
Relative transcript expression @MGCR was maximum when culturing at 4Q®/ for 24 and 72 tand800 uM
for 24 hwhen compared to the control complete DMEM culture time points, whereas the rdsli#€R protein
expression was maximal at 800 pMalkginineafter 24 h over to the control after 24 h.

Cell growth and metabolism are regulated by a master regulator, mTOR protein. At the relative protein
expression level, there was increased mTOR at 400 and 80C-auigiriine culture conditions at 24 and 72 h

when compared to the control. This increasing expression of mMTOR could reflect responses to increase the
growth and proliferation of the 3T3 L1 cells due to elevated exogenaugihine concentrations. Further
evidence for this is provided in that the blia 3T3 L1 cells number in 400 pM cultured conditions was
gradually increased from 24 (1.0 x*Mable cells/mL, 1.5old) to 72 h (2.23 x 1Qviable cells/mL, 1.1Zold)

compared to the control.

Il ncreased phos ph ofoly) vas bbiseovad in400 puk+Arg & 12 h coinpafe@to the control
complete DMEM added sample, potentially indicating a slowing of translation and general protein synthesis

in the 3T3 L1 cells. The increase in phiespylation of eukaryotic elongation fact@r (a downstream target
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of AMPK, Yamadaet al, 2019)also slows elongatiofKnight et al, 2015)and was observed with translation
elongation factor phosphorylation increasing-{@ttl) in 400 uM L-arginine cultured saptes at 72 h.

10-
b2
=
= 8
7 -
-
(-]
= 07
2
2
e
4
3}
]
2
32
2
() — —— o
D > > > > > > > <>
I&// I%h I«W IW& l’\N lWu I«W l%& I'\w
& & & > S S $ e s
& (@) @ QQQ @Q @Q QQQ X \»
o N N » - ® ® <° i

[ Relative expression of SREBP-2 Transcript [l Relative expression of SREBP-2 Protein

Figure 2.4.13. Comparison of relative SREBR2 mRNA and protein expression in3T3 L1 cells cultured in

different exogenous l-arginine amounts for different times.

Relative transcript expression 8BREBR2 was maximum when culturing at 400 and 800 phdrginine for 72 h
when compared to the control complete DMEM culture time point, whettea relativeSREBR2 protein

expression was maximal at 0 uMdrginine after 24nd 72h over to the contradulture time points

2.4.2.2 Nitrite responsein 3T3 L1 cellsto exogenous Ltarginine

In the3T3 L1ladipayte cells, the amount of NQpresent in the cell samples was h{gti-fold) when grown
in exogenous 800 puM-arginine after 24 h compared to the control complete DMEM cultasas BNL CL2.
However, the amount was decreased at @2dulture At 400 uMthere was aincreased amau of nitrite at
24 (1.4fold) and72 h (1.54fold) over the control sample$he production of nitrite via the-arginine/ NO
pathway impacts the expression of AMPAKLt lower exogenous {arginine conditions elevated N@as not
observeduntreated at T=0, 88 uM, lowest)and thus only at thexcess exogenouncentratioa of L-

argininewas there a potentiahpact on NO and hence AMPK expressasobservedat 400 uM at 72 h

2.4.2.3 HPLC analysisof amino acidsin 3T3 L1 cells

Large amounts fobranched chain amino acids (BCAAs) are metabolised in adipose (l4stmanet al,
2010) An isotopic labelledstudy reported that in adipose tissue insulin and the amount of glinctise
mediumplay a role in the integration of glycinesdrolineand histidingCarruthers and Winegrad, 1962)he
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role ofwhite adipos¢issue WAT) in amino acid metabolisimas been describeshdthese studiepredictthat
WAT consiss of a completly functional urea cyclgArriaranet al, 2016)(Fig 2.4.19.

ADIPOSE
TISSUE

Figure 2.4.14. The urea cycle of rat white adipose tissue.
In this remarkable pathway-arginine, Lornithine and Ecitrulline are involved in urea cycle of white adipose tiss
(Arriardnet al, 2016)

In this study, in 3T3 LXulturedcell supernatantt-Arg was high in LArg treated cell samples after 24 h
compared to the contrdbut decreased after 72 Rromthe urea cycleoutlinedin Fig 2.4.14,it is proposed

from the data thagxogenously addeskcesd.-Arg might not be used for the synthesis e®kn butrather be
utilised byenzymesnvolvedin L-Arg metabolism. EArg is a substrate for nitric oxidgynthase and arginase
enzyme which producesCit and L-Orn, respectivelyCaoet al, 2020) It has been reported that Km values

for arginine of arginase | and Il (around 10 mmol/L) are significantly higher than that of INOS (around 5
pmol/L) (Mori, 2007) This reflects that arginase neeamldot of L-Arg substrate to actively involve ithe
synthesis of EOrn. It is suggestethat whenexcess EArg (400 and 800 uMjvasadded to 3T3 L1 cells, the
substrate EArg concentration was highdéhan the enzymaticactivity of arginase therefore 3T3 L1 cells
cultured in excess-Arg did not show higltell culture supernataht-Orn concentrationsThis also assumes

that L-Orn couldbesecreted and thus investigating intracellalarountsvould ke interesting in the future.

2.4.3.0verall conclusions from the work presented in this chapter

The work presented in this chapter shows that addition of higher concentratiormsghibe to theculture
medium of BNL CL2 and 3T3 L1 cells does impact subsequent cell signalling in a concentration and time
dependent manner. The absence -@frginine also resulted in a rapid drop in culture viability and decreased
growth as expected, confirming theepence is required for growth of these cells. Further, the key enzyme
AMPK was activated in both cell types in response-&rginine addition at both a transcript and protein level

whilst change in phosphorylation were also observed in the BNL CL2 peldel. As discussed in the
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introduction chapter of this thesis, the overall effect of AMPK activation is to switch offcdfiBuming
pathways (including lipogenesis and gluconeogenesis), while turning ofpreticing pathways (including
fatty acid and gloose oxidation). Activated AMPK phosphorylated its downstream target 3Gk rate
controlling enzyme for the synthesis of male@dA, a precursor for de novo fatty acid synthesis. In arginine
supplemented BNL CL2 cells, tiecreased expression of subsequent lipogenic genes (SRERBxpected

to increase the synthesis of fatty acids and triglycerides in the livethertherhand, for 3T3 L1 adipose
cells these store lipid but also release free fatty acids as an epargg for other tissues, such as liver and
skeletal muscle@raynet al, 2003) In 3T3 L1 cells, ACEL phosphorylation was high in the control samples
compared to tArg treated sampleS.herefore, LArg treatment may increaseee fatty acids avalability in
adipose tissue by reducing A€iQphosphorylatiorHHowever the results presented in this walkoshow that,

in contrast to the liver cells,-arginine increased the expression of €Pihdicating a potent effect of-L

arginine orinhibiting adipose tissue fatty acid synthesis.

In summary,additional L-arginine supplementation increased expression of key enzymes for fatty acid
oxidation in the liver and additionally increased the expression of-ICRIT adipose tissueells while
decreasing hepatic expression of key enzymes for lipogeardigholesterol synthesiShese coordinate
changes in genand proteirexpressior(summaized infinal discussiorfigs 5.1.1and5.1.2 among insulin
sensitive tissuesay partiallyprovide a molecular mechanism for the fat mass deposition during obesity and

how that would be overcome byArg supplementation.
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Chapter-3 AMPK and ACC-1 cell signalling upon addition of exogenoud.-arginine and NOS
inhibitors, co-factors and NO donors to BNL CL2 and 3T3 L1 cells

3.1.Introduction

L-arginine metabolism in the cell can give rise to nitric oxide and citrulline production via nitric oxide synthas
(NOS) or urea production and ornithine via arginase actgtgescribed in the main introduction and Chapter

2 of this thesisNO is an important cellular signalling molecule that produces nititegulator of gene
expression. Synthesis of NO reqsgra number of etactors including tetrahydrobiopterin (BH The
biological availability of NO is affected by the iINOS inhibitof-Nitro-L-arginine methyl ester (NAME)

and the NO donor -8itrosoN-acetytDL-penicillamine (SNAP). Thavork undertaken irthis chaptemwas
conducted to test the hypothesis tharginine supplementation regulates expression of AMPK and-ACC
and possibly other key metabolites involved in th&r) metabolism of in insulirsensitive tissuespecifically
investigating the irmpact of cofactors and inhibitors of the NO pathways that are impactedabginine
concentrationsThe work shows thallO, produced as a result ofArg addition and the factors-NAME,

BH4 and SNAP that regulate NO bioavailability, impacted BNL CL2 ahd B1 cells NO/AMPK/ACC1
signalling pathways via regulating mRNA expression and subsequently protein expression and concomitant

changes in theell cultureconcentrations of {Arg, L-Cit and L-Orn.

3.2.Materials and Methods

3.2.1.Preparation of stock solutions ofL-arginine, N*-nitro -L-arginine methyl ester hydrochloride (L-
NAME), 5,6,7,8tetrahydrobiopterin (BH 4) and Snitroso-N-acetylDL -penicillamine (SNAP) solution
3.2.1.1.Preparation of stock solutions of Larginine

Preparation of stock solutions ofdrginine, and growth medium with varyingdtginine concentrations, were

undertaken as described in sectioh.1.2

3.2.1.2.Preparation of L-NAME stock solution

L-NAME (SigmaAldrich, Cat. No: N5751) was used to inhibit NOSiaty in cell culture samples. The
solubility of L-NAME in water is 50 mg/mL. A working stock solution (12.5 mg/mL) was prepared by
dissolving 0.125 g of INAME either in 10 mL complete DMEM or in 10 mL SILAGArg deficient DMEM
media for adding to cellutture samples with or without-Arg deficient media addition.-NAME (4 mM)

was added to 2 x ¥@iable cells in 2 mL of culture media containing different concentrationsasflnine

(0, 400 and 800 puM) and the control complete DMEM.
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3.2.1.3.Preparation of BH,4 stock solution

BH4 (Fisher, Cat.N0:15743447) was used as dactor of NOS to facilitate the NOS/arginine metabolic
pathway. The solubility of BiHn water is >20 mg/ml. A working stock solution (5 mg/mL) was prepared by
dissolving 50mg of BH, either in 10 mL complete DMEM or in 10 mL SILACGArg deficient DMEM media.
BH4 (40 uM) was then added to 2 x*Mable cells in 2 mL of culture media containing different concentrations
of L-arginine (0, 400 and 800 uM) and the control congpRVMEM.

3.2.1.4.Preparation of SNAP stock solution

SNAP (SigmaAldrich, Cat. No: N3398) was used as an external NO donor to investigate how the external NO
addition impactedthear gi ni ne/ NO pat hway. The solubility of
su foxide (DMSO) is O 20 mg/mL, therefore DMSO was
(4 mg/mL) was prepared by dissolving 0.04 g of SNAP in 10 mL DMSO, then the solution was sonicated to
obtain a clear faint green colour solution. SNAP (i®) was added to 2x 2@ells in 2 mL of culture media

contining different concentrations ofadrg (0, 400 and 800 uM) and control complete DMEM.

3.2.2.Establishment of cell culture models for investigating AMPK and ACC1 cell signalling upon
addition of exogenous L-Arg and L-NAME; BH 4; co-factor and SNAP to BNL CL2 and 3T3 L1 cells

BNL CL2 cells or 3T3 L1 cells were seeded intwéll tissue culture plates (Greiner Bizne) at 2x18viable
cells/well in 2 mL of complete DMEM media as described in se@i@rl.3.The cells were then incubated in
a static incubator (Thermo Forma, Thermo Fisher) for 24 h°&t, B%6 CQ. After 24 h, the media was replaced
with media with different conggrations of Larginine (0, 400 and 800 uM) or the control complete DMEM
with 10% (v/v) FBS (2 mL/ well) wittadditions of either tNAME (a NOS inhibitor, 4 mM) or Bh(a NOS
co-factor, 40 uM) and e€lls and cell culture supernatant then harvested at ta@ pibints; after this addition,
24 and 72 h post additiqirig 3.2.1 and Fig 3.2.2 In another set of experiments, after 24 h the media was
replaced with media of different concentrations edirginine (0, 400 and 800 uM) or the control complete
DMEM with 10% (v/v) FBS (2 mL/ well) with addition @NAP (a NO donor, 100 uMFg 3.2.3 and cells
and cell culture supernatant harvested 6 and 24 h post addition. Subsesprapllys were differently lysed
for mMRNA and protein work as described beldwe cellculture media (2 mL) from addition experiments was

also collected from the cell dutes and frozen a20°C.
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Figure 3.21. Schematic diagram outlining L-arginine and L-NAME (4 mM) supplementation of medium
into BNL CL2 or 3T3 L1 cell cultures.

Cells were maintained witthifferent extracellular concentrations ofdtginine (0, 400 and 800 pM) in SILA
L-Arg deficient media or the control complete DMEM with 10% FBS (2 mL/ weilh L-NAME (4 mM).
Samples were collected 24 and 72 h post additionanginine for analysis.
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Figure 3.2.2. Schematic diagram outlining L-arginine and BHa (40 uM) supplementation into medium
for BNL CL2 or 3T3 L1 cell cultures.
Cells were maintained wittlifferent extracellular concentrations ofdrginine (0, 400 and 800 uM) in SILA!
L-Arg deficient media or the control complete DMEM with 10% FBS (2 mL/ well) with @8 uM). Sampleg

were collected 24 and 72 h post addition edrginine for analysis.
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BNL CL2 cells (Mouse Liver cells) Or 3T3 L1 cells (Mouse Adipocyte cells)
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Figure 3.23. Schematic diagram outlining L-arginine and SNAP (100 uM) supplementation into medium
for BNL CL2 or 3T3 L1 cell cultures.
Cells were maintained witthifferent extracellular concentrations ofdrginine (0, 400 and 800 uM) in SILAG L
Arg deficient media or the control complete DMEM with 10% FBS (2 mL/ well) SMAP (100 uM). Sample
werecollected 6 and 24 h post addition oftginine for analysis.

3.2.3.RNA extraction and quantitative real-time PCR (gRT-PCR) for transcript mRNA analysis

Cells grown as described in secti®2.2were harvested at the respective time points and washed with pre
warmed PBS (2 mL/well) followed by lysis using RLT lysis buffer (350 pL, Qiagen) and total RNA lysates
were scraped off into Eppendorf tulfgéss mL)and snap frozen in chige and stored aB(°C or immediately
further processed. RNA extraction from collected RNA lysates and quantitativiemrea?CR (QRTPCR)

for transcript mRNA analysis was followed as described in se2tih@

3.2.3.1. qRT-PCR methods

Primers designed for PCR amplification of &rgenes of interest AMPK and AECare described ihable

2.3.1 gRT-PCR amplification of target sequences was undertaken using the commercially available iTaq
Universal SYBR Green Or8tep Kit (BicRad, Cat. No: 1725151). qRHCR methods were followeals
described in sectiol.2.2.1
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3.2.4.Protein and posttranslational modification (phosphorylation) analysis

3.2.4.1.Total protein extraction

Samples for protein analysis were generated by culturing cells as described in 3€cfiand collected

either 24 and 72 h (NAME or BH4) or 6 and 24 h (SNAP) after-arginine supplementation. Samples for
analysis were collected by removing the medid then washing the cells twice with chilled PBS (2 mL/well).
Plates were then kept on ice and modified radioimmunoprecipitation (RIPA) lysis buffer added to the cells.
The modified RIPA lysis buffeconsisted of iceold 20 mM HEPESNaOH, pH 7.2, containg 100 mM

NaCl, 1% (w/v) Triton X100 (Sigma, Cat. No: 90623-1), cOmplet&€ mini protease inhibitor cocktail
(Roche, Cat. No 11836153001, 1 t a-glycerdaphhodpbatenb OmMy si s
NaF, 1 mM activated sodium orthovanadates{ia), 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 10

e g/ ml | eupepti n an dDuinghagvestmg, lypissbpffert(20Q LiL/well)avdsdaddeéd and
after 10 min on ice the cells were dislodged from the flask using a cell scraper and thesatel ly
(approximately 200 uL) obtained. The cell lysates were centrifuged at 17,000 g for 10 min and then the

collected protein extract kept-&®&0°C until required for analysis.

3.2.4.2. Bradford assay to determine protein concentration in samples
Bradfordassay to determine the protein concentration in different concentratior&rgfwith L-NAME (4
mM), BHs (40 uM) and SNAP (100 pM) was undertaken as described in secfdh2

3.2.4.3.Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SD®AGE) analysis of proteins
3.2.4.3.1Sample preparation
10 pg of protein/25 pL total sample volume/lane samples were prepared as described ir2 8tka

3.2.4.3.2Gel preparation and electrophoresis
SDSPAGE gels were prepared as detailed in se@iar8.3.2

3.2.4.4 Western blotting
Western blotting was undertaken as described in sez2o®.4 The AMPK and ACEL antibodies for western

blot analysis were sourced as detaile@ able 2.3.2and with the working dilutions described.

3.2.4.5.Densitometry analysis
Densitometry of bands on SEFFAGE and western blots was undertaken using the open software package
ImageJ (National Institutes for Health (NIH), USA). The relative protein expression of a protein of interest in

the samples were normalized to the hekisep n eactib protein.
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3.2.5.Nitric oxide /Nitrite measurement by Griess Assay
0.1% (w/v) sulphanilamidein 5% (v/v) phosphoric aciénd 0.1% (w/v) N-(1-naphtyl}ethylenediamine
dihydrochloride (NED) solutiomere freshly prepared as described in se@i@.1

3.2.5.1.Preparation of samples for analysis
Cell culture media (2 mL) were collected frorratginine and eitherAINAME or BHs or SNAP additions to
BNL CL2 and 3T3 L1 cells as described3i2.2and used for nitrite assag detailed in sectich2.4.2

3.2.5.2.Griess asay
Accumulation of NO in the cell culture media was analysed indirectly by quantifying nitritg) (li€sent in
the media using Griess assay detailed in seétidd.3

3.2.6.Analysis of L-arginine, L-ornithine and L -citrulline by HPLC

3.2.6.1. Processing obiological samples

Samples were collected fromadrginine with either INAME or BHs or SNAP additions to BNL CL2 and
3T3 L1 cells as described 812.2, then vortexed and centrifuged at 1500 rpm for 10 min to obtain the cell
free culture supernatant for the HPLC analysis.

3.2.6.2.Deproteinization of samples for amnio acid analysis
Samples were deproteinised using 100% (vAAce ethanol method, a modifiedgtocol of that described
in section2.2.5.2

3.2.6.3. HPLC amino acid analysis

Precolumn derivatization using a-@hthaldialdehyde (OPA) complete solution reagent, preparation of
mobile phase buffers (mobile phase A; 0.1 M sodium acetate, pH 7.2 and mob#eBH®0% methanol),
preparation of amino acid standards (0.6 mM for each amino acid), amino acid HPLC analysis using a reverse
phaseC18 column with a flow rate of 1.1 mL/min, detection of molar absorptivity of each derivatized amino
acid at 338 nm witla diodearray detector (DAD), standard curve generation fardinine, L-citrulline and
L-ornithine plotted with the area of the signals (mAU x Sec) against concentration for each amino acid and

HPLC data analysis were followed as described in se2tih.3

3.2.7.Statistical analysis

Statistical analysis was undertaken using GraphPad Prism 9.4.1 software and Microsoft Excel. Samples were
analysed in triplicate biological replicates. Statistically significant differences between sample means and
standard devi#on were analysed usingtwday ANOVA. The Tukeyods mul tiple
used to determine differences among the means of the treatment groups (0, 400 and 8@@guivith the

control complete DMEM media addition with eitheiNAME or BHsor SNAP in BNL CL2 or 3T3 L1 cells
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across the time points either 24 and 72 h or 6 an
statistical significance. The stars approach intended to flag levels of significance were followed (American

Psychd ogi cal Association styl e, New England Journal
0.01, *** = P O 0.001 and **** = P O 0.0001.
3.3.Results

3.3.1.qRT-PCR analysis oftargets genes (AMPK and ACG1) upon culturing of BNL CL2 cells in

different exogenous L-Arg concentrationsand L-NAME (4 mM), BH 4 (40 uM) and SNAP (100 puMm)

Cells were grown as described in sectBo?.2and sampled for transcriptional mMRNA level analysisiBy-

PCR. RNA samples were control complete DMEM medial. +awginine SILAC DMEM media and 400 and

800 uM L-arginine with or without either INAME (NOS inhibitor, 4 mM) BH4 (NOS caefactor, 40 uM)or

SNAP (NO donor 100 pM) addition. Ce8 cultured indifferent L-Arg concentrations with or without either
L-NAME or BH,4 addition to BNL CL2 cellsvere collected at 24 and 72ahd samples cultured in different

L-Arg concentrations with SNAP were collectedat6and Ré.l at i ve gene expressi on
used to quantify target gene mRNA expression normalised a r e f e radim dhe taget gane b
expression wasachonmabi nbdaiao bhe a&Ct and then the
andacht i n was nor mali zed t o-argiine adeed sampleaal the4 o tinteh e ¢ o
point to obtain the @&a&eCt v alAMRK,thekdy downsieangtargetofle ne s
Arginine/NO metabolic pathway andCC-1, downstream target of AMPK arlibogenic genédnvolved in

fatty acid synthesisThe relative expression of each gene was denoted as RE.

3.3.1.1.AMPK and ACC -1 transcript analysisupon L-NAME (4 mM) addition to BNL CL2 cells

The impact of ENAME (NOS inhibitor) onAMPK gene expression in the cultured BNL CL2 cells with
different L-Arg additionswith or without LNAME (4 mM) is presented irig 3.3.1A The expression of
AMPK mRNA was high{P<0.0001)n samples cultureish no L-Arg with L-NAME at 72 h(2.5-fold compared

to the control with ENAME at 72 h)among allsamples with or withoutANAME. It wasshownin chapter 2
that when cells were treated with 800 pM_-Arg, AMPK gene expression was highest at 24 h (RE 3.3).
However, wiencells were culturedih 800 uM L-Arg with L-NAME, the AMPK expression wadecreased
(P<0.0001)t 24 h (RE 2.4) in the presence of NOS inhibitddAME, but increase@P<0.0001)n 800 pM
L-Arg with L-NAME at 72 h (RE 2.35) compared to arginine at 800 uM at 72 h (RE 2.149pHrc L-Arg

at 800 pM with l-NAME at 24 h, all samples with-NAME showedincreasedP<0.0001)AMPK gene
expression compared to tbentrol samples artiesamples treated witlifferent concentrations &f-Arginine

(0, 400 and 800 uMAMPK mRNA expressioralsodecrease@P<0.0001)with the timeof culturewhen the
cells grown in LArg and L-NAME, except at 0 uM with ENAME.
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Figure 3.31. Relative mRNA expression of AMPK and ACCG1 in BNL CL2 cells cultured in different
concentrations of L-arginine and the control with L-NAME (4 mM).

Rel ative mMRNA transcr i ptA) aakACEleB)niBHLNCLY calleeclitujed in medidnivg
different L-arginine concentrations (0, 400 and 800 uM) and control complete DMEM media with nitric oxide sy
inhibitor; L-NAME (4 mM) 24 and 72 h after addition. Data points represent the mean + SD of each sampbark
represent the standard deviation from the mean (n =3). Tables summarigaywwdNOVA followed by aBonferroni
multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significance; ns =P > (
O 0.05,0*061,2= *** = P O 0.001 and **** = P O 0.000

The impact of ENAME on ACG-1 gene expression is presentedrig 3.3.1B When comparing the difference
of ACG1 gene expression betweerAlrg treated, and 1Arg and LNAME treated samplesACG-1 gene
expression was increaséek0.0001) in karginine at 800 uM with tNAME at 72 h (RE 4.53) compared to
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the ACGL1 expression in the samples cultured in 800 p¥Mrh (RE3.23). Interestingly, across the time points
ACC-1 expression was increas@ek0.0001)jn L-Arg and L-NAME treated samples, this was highest in the
samples cultured in 0 pM-Arg and LNAME (24h; RE 2.3 and 72 h; RE 6.07). The hight€C-1 gene
expressiorwas in 0 pM L-Arg and LNAME samples at 72 h (1.3%ld) compared to the control sample
cultured in complete DMEM with INAME.

3.3.1.2.AMPK and ACC -1 transcript analysis upon BH, (40 pM) addition to BNL CL2 cells

The impact oBH4 (co-factor of NOS, 40 uM) additin to BNL CL2 cel$ in different exogenous-arginine
concentration®n AMPK mRNA is presented irFig 3.3.2A Upon BH, additionto the cells with excess
exogenous tArg, the AMPK mRNA expression was higiP<0.0001)n samples cultured in 400 pM-Arg
with BHs at 24 (1.5fold) and 72 h (5.80ld) compared to the samples cultured in 400 dr only. Arginine
at 800 uM with BH showed decreasedP<0.0001)AMPK expression at 24 h (0.64ld) whereas the
expression was increaséek0.0001)at 72 h (1.550ld) compared to 800 uM-Arg. AMPK expression was
also increase{P<0.0001)n samples cultured at 0 uM-Arg with BH4 at 72 h (1.67fold) compared to the 0
UM L-Arg. Interestingly, samples cultured with different ameurfit.-Arg and BH increasedP<0.0001he
AMPK mRNA levels compared to the-Arg only treated samples, except the control complete DMEM with
BH4, where the AMPKexpression decreased with time at 24 (RE 3.0) and 72 h (RE 1.45).

The impact of BHdon ACG1 mRNAis presentedn Fig 3.3.2B Among all samplesACC-1 geneexpression
was decrease(dP<0.0001)n the samples cultured with 400 uMArg and BH at 72 h compared to the 400
UM L-Arg at 72 h. Noticeably, ACQ mRNA levels were increasg&®<0.0001)with culture timein samples
cultured indifferent concentrationsf L-Arg (0, 400 and 800 uM) with Biexceptthe controlwith BH4. The
samples cultureth L-arginine with BH hadincreasedP<0.0001kxpression of ACEL mRNA after 24 h (the
control compete DMEM- BH,4; 3.34fold, 400 uM + BH; 1.72fold, 800 uM + BH; 1.4fold and O uM +
BH4; 2.42fold) in comparison to theontrol and.-arginine treatedamplesvithout BHs. After 72 h, the ACE

1 mRNA expression wdsew (P<0.0001)n samples cultured in 400 (RE 6.00) dmgh in800 uM L-Arg (RE
7.56) with BH;in comparison to the samples ttmed without BH (400 uM; RE 7.46 and 800 uM; RE 3.23)

148



A B

L 2 ® 3

Livd

Relative Expression of AMPK

&
&
£ L-Arg addition M L-Arg + BH, addition B L-Arg addition W L-Arg + BH, addition
AMPK ACC-1
Source of Variation P value Significant? | P value Significant?
Interaction ns No * Yes
Samplesconditions and time points  ** Yes Fkkk Yes
L-Arg +/- BH4 ** Yes * Yes
Bonferroni's multiple comparisons L-Arg addition and L-Arg + BH4
test addition
AMPK ACC-1
Cont. Com-24 h ns ns
Cont. Com-72h ns ns
400 pM - 24 h ns ns
400 yM-72 h ns ns
800 uM-24 h ns ns
800 uM- 72 h ns *
No L-Arg - 24 h ns ns
No L-Arg - 72 h ns ns

Figure 3.32. Relative mRNA expression of AMPK and ACG1 in BNL CL2 cells cultured in different
concentrations ofL-arginine and the control with BH4 (40 pM).

Rel ative mMRNA transcr i ptA)aakACEleB)niBNINCLE calke Guttuyed io edianvid
different L-arginine concentrations (0, 400 and 800 uM) and control complete DMEM media with-flaetaroof nitric
oxide synthase inhibitor; BH40 uM) 24 and 72 h after addition. Data points represent the mean + SD of each ¢
Error bars represent the standard deviation from the mean (n =3). Tables summaviss MEOVA followed by a
Bonferronimultiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significance;
0.05, * = P O 0.05, ** = P O 0.01, *** = P O 0.00
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3.3.1.3.AMPK and ACC -1 transcript analysis upon SNAP (100 pMgaddition to BNL CL 2 cells

AMPK mRNA expression was evaluated in excessgenous karginine with or without SNAP (NO donor;
100 uM) addition and the relative expression is present&i3.3.3A Overall the samples cultured in-L
Arg and SNAP had increasé@@<0.0001expression of AMPK ab and24 h compared to theamples cultured
in L-Arg without SNAPatthe same time pointslowever, AMPK mRNA levels decreas@®<0.0001at 800
UM with SNAP at24 h (054-fold) in comparison to the 800 uM-Arg. After 6 h, when compared with and
without SNAP addition, there was increag@%0.0001)AMPK mRNA expressiorin the samples cultured
with NO donor SNAP (the contrabmgdeteDMEM + SNAP, 4.34fold, 400 uM+ SNAP, 3.84fold, 800 uM

+ SNAP, 2.4fold and 0 uM+ SNAR, 7.43fold). Noticeably, this increasvas higkestin 0 uM L-Arg (7.43

fold) among all the samples @nh.

ACC-1 mRNA expression is presentedfig 3.3.3B Overall, SNAP additionncreasedhe expression of
ACC-1 mRNA in L-Arg treated hepatocyte=lls at 6 and 24h in comparison to the samples cultured in
different concentrations of-Arg and the control complete DMEM. However, after B-Arginine at 800 pM
with SNAP (0.95fold) showeddecrease@@<0.0001)ACC-1 transcriptexpression over the 800 uMArg at

6 h.Comparison of ACEL mRNA expressiorin thepresence and absence of SNAP in thirg treated BNL
CL2 cells showdthat there was an increage<0.0001)etween the samples cultured with SNAP compared
to the samplewithout SNAP at 6 h(the control compete DMEM SNAP, 2.1-fold, 400 uM+ SNAPR, 1.76

fold and 0 uM+ SNAP, 2.69fold), except inB00 uM and SNAP (0.95fold). Samples cultured with SNAP
and L-Arg hadincreasedP<0.0001)ACC-1 mRNA expressiomvith culturetime, exceptat 400 uM L-Arg

with SNAP(P<0.0001)6 h; RE 3.25 and 24 h; RE 2.7).
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Figure 3.33. Relative mRNA expression of AMPK and ACG1 in BNL CL2 cells cultured in different
concentrations of L-arginine and the control with SNAP (100 pM).

Rel ative mMRNA transcr i piA)aadkACCleB) s BMLICLZ cellsedituded i rhedidmrivg
different L-arginine concentrations (0, 400 and 800 uM) and control complete DMEM media with nitric oxide
SNAP (100 uM) 6 an@4 h after addition. Data points represent the mean + SD of each sample. Error bars r
the standard deviation from the mean (n =3). Tables summariserdaw@NOVA followed by aBonferronimultiple
comparison test using GraphPad Prism 9.4.1. Thestarndi cat e t he | evels of si
** = P O 0.01, *** = P O 0.001 and ****x = P O 0.
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3.3.2.Monitoring protein expression (AMPK and ACC-1) in response to EArg supplementation to BNL

CL2 cellswith L-NAME (4 mM), BH 4 (40 pM) and SNAP (100 puM) additions

Cells were grown as described in sect®B4 and sampled foprotein analysis bywestern blotting The

samples were control complete DMEM media, rarginine SILAC DMEM media and 400 and 800 pM L
arginine with or wihout either ENAME (NOS inhibitor, 4 mM), BH(NOS cefactor, 40 uM) or SNAP (NO

donor, 100 uM) additiomnd samplesvere collected agither 6,24 or 72 h.Two combinations of gels were

used to allow (a) comparison within a concentration with changiltigretime Figs 3.3.4, 3.3.7and3.3.10)

and (b) comparison across concentrations at a specific culture timefigs8.38.5- 3.3.6, 3.3.8 3.3.9and
3.311-3313. Target protein expr-acina$ oloading aontroll datameadthenz e d t
normalized to the value of noArg added samples (0 uM-&rginine) at 24 h culture time point to obtain the

final relativenormalised data, this was denoted asifRtie following sections.

3.3.2.1.AMPK and ACC -1 protein expressions upori.-NAME (4 mM) addition to BNL CL2 cells

Fig 3.3.5 preserd the relative protein expression of AMPK uporNIAME addition to BNL CL2 cells in
different exogenous -arginine concentrationdnterestingly, AMPK protein expression was decreased
(P<0.0001)n the samples cultured inNAME and L-arginine (400 and 800 uM) at Z8.26old and 0.31
fold, respectivelyland 72 h(0.13fold and 0.24fold, respectivelyompared to the arginine at 400 and 800
UM samplesNoticeably, the relative AMPK protein expression in the samples culturetlNIE and excess
exogenous tArginine (400 and 800 uM) was more or lébs same irresgctive of the time points (for 400
UM + L-NAME at 24; RE 0.36 and 72 h; RE 0.37 and for 800 uM-MAME at 24; RE 0.46 and 72 h; RE
0.42). After 24 h, the samples cultured HiNRAME and L-Arg showed decreasedP<0.0001)AMPK protein
expressior{400 uM + L-NAME; 0.26-fold and 800 uM + ENAME; 0.31-fold) compared to the4Arg at 400
and 800 pMat 24 h whereas after 24 hePAMPK protein expression was increage0.0001)n the samples
cultured in complete DMEM with INAME (1.33-fold) compared to theontrd complete DMEM
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Figure 3.34. Western blot comparison for AMPK and ACC-1 protein expressions in BNL CL2 cells cultured in
different concentrations of L-arginine and the control with L-NAME (4 mM).

Western blot comparison of the expression of key prpfeitPK and lipogenic ACEL protein levels investigated

L-arginine/NO metabolic pathway signalling in BNL CL2 cells cultured in customized media conta)img (-

arginine SILAC DMEM and ENAME (4 mM) (B) complete DMEMand L-NAME (4 mM), (C) 400 puM L-arginine
and L-NAME (4 mM), and D) 800 uM L-arginineand LNAME ( 4 mM) f o-actin2igtuseal asth lo@dR
control. The same amount of protein (10 pg) from different treatment groups adexdiérom biological triplicaté
cultures into 10% SD$olyacrylamide gels for the separation of target proteins.
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AMPK

Cont. Com-24 h ns
Cont. Com-72h *x
400 pM - 24 h *
400 pM - 72 h ko
800 uM-24 h *
800 uM-72 h *x
No L-Arg - 24 h ns
No L-Arg - 72 h ns

Figure 3.35. Relative protein expression and western blotomparisons (with or without L-NAME) for AMPK
protein in BNL CL2 cells cultured in different concentrations of L-arginine and the control with L-NAME (4
mM).

Relative protein expression of AMPIA], western blot comparison of the expression of key profii?K involved
in L-arginine/NO metabolic pathway signalling investigate@ML CL2 cells cultured with ENAME (4 mM) in no
L-arginine SILAC DMEM, complete DMEM, 400 puM-hrginine and 800 puM {arginine for 24 and 72 {B) and the
amount ofAMPK in cultured BNL CL2 cellsvithout L-NAME for 24 and 72 C). The same amount of protein (
ug) from different treatment groups was loaded from biological triplicate cultures into 10¥%p8R&crylamide gels
for the separation of tget proteinsTwo representative blots from each treatment group are shown with the resj
to the houséeepingp r o t eactin Bands in the blots were quantified using ImageJ software and the dg
normalised td-actinand then expressed asatile to the no targinine SILAC DMEM (0 uM L-arginine) control at
24 h. Data points represent the mean £ SD. Error bars represent the standard deviation from the mean (n
tables summarise tweway ANOVA followed by aBonferronimultiple comparisortest using GraphPad Prism 9.4
The stars indicate the | evels of significance; n
O 0.0001.

Fig 3.3.6preserdtherelative protein expression of ACCupon NAME addition. As discussed in the result
section in chapter 2, relative ACCprotein expression was unexpectedly increased to the highest levels in the
samples cultured inHArg at 24 (400 pM; 5.4old and 8@uM; 3.8fold) and 72 h (400 uM; 16-fold and
800uM; 10.3fold) compared to the control complete DMEM. However, when the NOS inhibidAME
was added to these samples the relative A@Rpression was decreag&0.0001}o the lowest levels at 24
(400uM; 0.24fold and 800uM; 0.Fold) and 72 h (400 uM; O-fold and 800uM; 0.250ld) compared to the
L-NAME added to the control complete DMEM. Like complete DMEM witiNAME at 24 and 72 h, the
samples cultured in 0 uM-Arg showedincreasedP<0.0001)ACC-1 protein expression at 24 (RE 6.89) and
72 h (RE 5.44) compared to theArg (400 and 800 pM) and-NAME samples at the same time points.
Overall, L-NAME addition to the samples cultured irArg had decreasd#<0.0001Yyelative ACG1 protein
expressia, whereas tNAME addition to the control complete DMEM and néAkg had increaseP<0.0001)
relative ACG1 protein expression.
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Bonferroni's multiple comparisons L-Arg addition and L-Arg

test + L-NAME addition
ACC-1

Cont. Com-24 h Fkkk

Cont. Com-72h Fkkk

400 M- 24 h ko

400 pM-72 h ko

800 UM - 24 h ko

800 uM-72 h ko

No L-Arg - 24 h *kk

No L-Arg - 72 h *x

Figure 3.36. Relative protein expression and westerilot comparisons (with or without L-NAME) for ACC -1
protein in BNL CL2 cells cultured in different concentrations of L-arginine and the control with L-NAME (4
mM).

Relative protein expression of AGTC(A), western blot comparison of the expression of lgrdg protein, ACEL
involved in L-arginine/NO metabolic pathway signalling investigated in BNL CL2 cells cultured whIAME (4
mM) in no L-arginine SILAC DMEM, complete DMEM, 400 uM-karginine and 800 uM {arginine for 24 and 72
(B) and the amount of 8C-1 in cultured BNL CL2 cells without INAME for 24 and 72 KC). The same amount ¢
protein (10 pg) from different treatment groups was loaded from biological triplicate cultures into 1096
polyacrylamide gels for the separation of target proteins.répesentative blots from each treatment group are sk
with the respectivéo the houséeeepingp r o t -@dtimBandb in the blots were quantified using ImageJ software
the data are normalisedfteactinand then expressed as relative to the 1aodinine SILAC DMEM (0 puM L-arginine)
control at 24 h. Data points represent the mean = SD. Error bars represent the standard deviation from the
3). The tables summarise tweay ANOVA followed by aBonferronimultiple comparison test using GraphPad Pr
9.4. 1. The stars indicate the |l evels of signifi
***xx = P O 0.0001.

3.3.2.2.AMPK and ACC -1 protein expression upon BH (40 uM) addition to BNL CL2 cells
The impact of BH additionon AMPK protein expression iBNL CL2 cellsculturedin different exogenous
L-arginine concentratiorend BH is presenteéh Fig 3.3.8 Overall, the relative AMPK protein expression
was decrease(P<0.0001)among all the samples cultured in Bebmpared to thesamples witbut BHa.

However, AMPK protein expression was increa@ed0.0001)acrossculturetime when the cells were treated

with BH4 (after 72 h, theontrol + BH;; 4-fold, 400 uM + BH; 1.25fold and 800 uM + BH 1.3-fold) except
for the samples cultured in 0 uMArg and BH, (at 24; RE 0.76 and 72 h; RE 0.5B)ginine at 800 pMwith

BH4 at 24 (5.42Zold) and 72 h (1.780ld) hadthe highest AMPKproteinexpressior{P<0.0001ompared to
the control complete DMEM with BH
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Figure 3.3.7. Western blot comparison for AMPK and ACC-1 protein expressions in BNL CL2 cells cultured in
diff erent concentrations of L-arginine and the control with BH4 (40 puM).

Western blot comparison of the expression of key protein; AMPK and-A@btein levels investigated in- L
arginine/NO metabolic pathway signalling in BNL CL2 cells cultured in customizedia containing4) no L-
arginine SILAC DMEM and Bkl (40 pM) (B) complete DMEMand BH,; (40 uM), (C) 400 pM L-arginineand BH,
(40 uM), and D) 800 pM L-arginineand BH,( 4 0 OM) f o r -aclirdis uaed ds a oadingicontrdl. The sg
amount of protein (10 pg) from different treatment groups was loaded from biological triplicate cultures in
SDS polyacrylamide gels for the separation of target proteins.
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800 pM - 24 h ns

800 uM-72 h ns
No L-Arg - 24 h ns
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Figure 3.3.8. Relative protein expression and western blot comparisons (with or without Bkl for AMPK protein
in BNL CL2 cells cultured in different concentrations of L-arginine and the control with BH4 (40 pM).
Relative protein expression ofMPK (A), western blot comparison of the expression of key protein, AMPK invqg
in L-arginine/NO metabolic pathway signalling investigated in BNL CL2 cells cultured with(4/8HuUM) in no L-
arginine SILAC DMEM, complete DMEM, 400 uM-karginine and 800 uM {arginine for 24 and 72 {B) and the
amount of AMPK in cultured BNL CL2 cells witho®H, for 24 and 72 HC). The same amount of protein (10 y
from different treatment gups was loaded from biological triplicate cultures into 10% i3d%acrylamide gels fo
the separation of target proteins. Two representative blots from each treatment group are shown with the tes
the housekeepingp r o t eactin Bands in theblots were quantified using ImageJ software and the data
normalised td-actinand then expressed as relative to the vavdinine SILAC DMEM (0 puM L-arginine) control af
24 h. Data points represent the mean + SD. Error bars represent the standdiohdieom the mean (n = 3). Th
tables summarise twaway ANOVA followed by aBonferronimultiple comparison test using GraphPad Prism 9.
The stars indicate the | evels of significancdée**=pn
O 0.0001.

The impact of BH addition on ACGC1 protein expression in BNL CL2 cells cultured in different exogenous

L-arginine concentrations and Blit presentedn Fig 3.3.9 The relative ACECL protein expression was
decrease@P<0.0001)n the samples cultured in 400 and 800 puM\itg and BH at 24 (0.23%old and 0.76

fold, respectively) and 72 h (0.-f6ld and 0.63fold, respectively) compared to the samples cultured in 400

and 800 puM LArg without BH; at the same time points. Among Bireated samples, after 24 h AQ®rotein
expression decreasd&#<0.0001)in arginine at 400 uM and BHO.46fold) whereaghis wasincreasedn

arginine at 800 uM and BH1.11-fold) in comparison to the control complete DMEM with Biflowever,
after 72 h there was decreagPe0.0001)ACC-1 protein expression observed in 400 (&f@d) and 800 uM
L-Arg with BH,4 (0.88fold) comparedo the control with B after 72h.
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Figure 3.3.9. Relative protein expression and western blot comparisons (with or without Bkl for ACC-1 protein
in BNL CL2 cells cultured in different concentrations of L-arginine and the control with BH4 (40 uM).
Relative protein expression of ACGLC(A), western blot comparison of the expression of lipogenic protein,-A(
involved in L-arginine/NO metabolic pathway signalling investigated in BNL CL2 cells cultured witH{48HuM) in
no L-arginine SILAC DMEM, complete DMEM, 400 uM-harginine and 800 uM {arginine for 24 and 72 1Bj and
the amount of £C-1 in cultured BNL CL2 cells without BiHfor 24 and 72 h@). The same amount of protein (
pg) from different treatment groups svbaded from biological triplicate cultures into 10% $Pp&8yacrylamide gelg
for the separation of target proteins. Two representative blots from each treatment group are shown with the
to the houséeepingp r o t eactin Bands in the blotsvere quantified using ImageJ software and the dats
normalised td-actinand then expressed as relative to the vavdinine SILAC DMEM (0 puM L-arginine) control af
24 h. Data points represent the mean + SD. Error bars represent the standard demiatiba mean (n = 3). Th
tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the | evels of significance; n
O 0.0001.

3.3.2.3.AMPK and ACC -1 protein expressions upon SNAP (100 uM) additioto BNL CL2 cells

Relative AMPK protein expression in BNL CL2 cells cultured with exogenefisgland SNAP at 6 and 24
h time points is presented kg 3.3.11 After 24 h, AMPK protein expression was decreg$ed.0001)n
the samples cultudawith SNAP (the control + SNAP 0.4fbld, 400 uM + SNAP; 0.Zold and 800 uM 0.23
fold) compared to the samples cultured without SNAP. The samples cultured with AnyldndSNAP had
thelowest AMPK expression at 24 h.

Relative ACG1 protein expression in BNL CL2 cells cultured with exogenodgd.and SNAP at 6 and 24

h time points is presentedhig 3.3.12 Like AMPK expression, after 24 h, the A€iCprotein expressh was
decrease{P<0.0001)n samples cultured with SNAP (the control + SNAP &@é, 400 uM + SNAP; 0.085

fold and 800 uM 0.fold) compared to the samples cultured without SNAP. There was a large decrease
(P<0.0001)n ACC-1 protein expression in tleamples cultured in 400 and 800 uM with SNAP. The samples
cultured with O pM LArg and SNAP had highe&P<0.0001)ACC-1 expression at 24 h (RE 3.0) among the
SNAP treated samples.
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Figure 3.310. Western blot comparison for AMPK and ACC-1 protein expressions in BNL CL2 cells cultured
in different concentrations of L-arginine and the control with SNAP (100 uM).

Western blot comparison of the expression of key pnp#@MPK and lipogenic ACEL protein levels investigate
in L-arginine/NO metabolic pathway signalling in BNL CL2 cells cultured in customized media contai)ing
L-arginine SILAC DMEM and SNAP (100 pMB{j complete DMEMand SNAP (100 pM),&) 400 pM L-arginine
and SNAP (100 pM), andX) 800 pM L-arginineand SNAP (100 uM) fob and 2 h . -acfin is used as a loadir]
control. The same amount of protein (10 pg) from different treatment groups was loaded from biological t
cultures into 10% SD$olyacrylamide gels for the separation of target proteins.
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Figure 3.311 Relative protein expression and westerblot comparisons for AMPK protein in BNL CL2 cells
cultured in different concentrations of L-arginine and the control with SNAP (100 uM).

Relative protein expression of AMPI), western blot comparison of the expression of key protein, AMPK invqg
in L-arginine/NO metabolic pathway signalling investigated in BNL CL2 cells cultured with SNFPuM) in no
L-arginine SILAC DMEM, complete DMEM, 400 pM-arginine and 800 pM 4arginine for6 and 21 h (B). The
same amount of protein (10 ug) fradifferent treatment groups was loaded from biological triplicate cultures
10% SD$ polyacrylamide gels for the separation of target proteihsr@presentative blot frorhetreatment groug
is shown with the respectivie the houséeepingp r o t @dtim Bands in the blstwere quantified using Image
software and the data are normalisef-tictinand then expressed as relative to the favdinine SILAC DMEM (0
UM L-arginine) control at 24 h. Data points represent the mean + SD. Error barsnefires¢gandard deviation fro
the mean (n = 3). The tables summarise-tvaty ANOVA followed by aBonferronimultiple comparison test usin
GraphPad Prism 9.4. 1. The stars indicate the *=¢
P O 0.001 and **** = P O 0.0001.
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Figure 3.3.12 Relative protein expression and western blot comparisons for ACQ protein in BNL CL2 cells
cultured in different concentrations of L-arginine and the control with SNAP (100 uM).

Relative protein expression of ACC(A), western blot comparison of the expression of lipogenic protein,-Ad
involved in L-arginine/NO metabolic pathway signalling investigated in BNL CL2 cells cultured with $NXRuM)
in no L-arginine SILAC DMEM, complete DMEM, 400 uM-harginine and 800 uM i{arginine for6 and24 h (B).
The same amount of protein (10 pg) from different treatment groups was loaded from biological triplicate culty
10% SD$polyacrylamide gels for the separation of target proteihsré&presentative blot frorthe treatmet group
is shown with the respectivi® the hous&keepingp r o t @ctim Bands in the blots were quantified using Ima
software and the data are normalise®-tactinand then expressed as relative to the yardinine SILAC DMEM (0
UM L-arginine) control at 24 h. Data points represent the mean = SD. Error bars represent the standard devi
the mean (n = 3). The tables summarise-tvey ANOVA followed by aBonferroni multiple comparison test usin
GraphPad Prism 9.4. 1. The stars indicate the | e
P O 0.001 and **** = P O 0.0001.
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3.3.3.Determination of nitric oxide / nitrite measurements byGriess Assay in BNL CL2 cells in different
concentrations of exogenous{arginine with L -NAME (4 mM), BH 4 (40 pM) and SNAP (100 pM)
Theamount of nitritgpresentsn the serum samples of tB&IL CL2 cells cultured in different concentrations
of L-Arg andthe control complete DMEMere analysedith or without eithet.-NAME, BH4 or SNAP. The
amount of nitrite present in the samples was normalised to the amount of nitrite present in-Arg (0 [LM)
cell samples at 24 h atidenthe relative(A) and the bsolute(B) amount of nitrite present in the celtrum
samples argreseted in theFigs 3.3.1315 compared to cell samples cultured withouNAME, BH4 or
SNAP.

WhenL-NAME (4 mM) wasaddedto the BNL CL2 cellscultured in L-Arg (0, 400 and 800 uM) and the
control complete DMEMthe amount of nitrite preseig reportedn Fig 3.3.13 The amount of signalling
molecule NO involved in L-arginine/NO pathway etreasedP<0.0001)in the samples cultured with-L
NAME after 24 (the control + INAME; 0.37-fold, 400 uM + -NAME; 0.49fold, 800 uM + LNAME; 0.1%
fold and 0 uM + LNAME; 0.49-fold) and 72 h (the control +-NAME; 0.44-fold, 400 uM + L-NAME; 0.37-
fold, 800 uM + LNAME; 0.41-fold and 0 uM + NAME; 0.36-fold) compared to the samples cultured
without L-NAME. Interestingly, adarge decreas@<0.0001)in the amount of nitritavas observed in the
samples cultured at highestArg 800 uM with L-NAME (0.54 uM nitrite)in comparisa to the samples
culturedwithout L-NAME (2.88 uM nitrite) after 24 hOver culture time the amount of nitrite decreased
(P<0.0001)n cellstreated with ENAME (400 uM + L-NAME; 0.75fold, 800 uM + LNAME; 0.93-fold and

0 uM L-Arg + L-NAME; 0.84fold) except the control with INAME after 72 h (1.4old). The concentration
of nitrite was increase{P<0.0001)in the samples cultured with excessAtg (400 and 800 uM) with L
NAME at 24 h (400 uM + ENAME; 0.81 uM and 800 uM + INAME; 0.76 uM) compared to theontrol
with L-NAME after 24 h (0.59 uM), whereas after 72 h the amount of nitrite was dec(@as0001)n the
former samples (400 pM +-NAME; 0.61 pM and 800 puM + INAME; 0.70 uM) comparedo the later
samplegthe control + ENAME; 0.84 uM).

When tle cofactor of NOS, BH (40 uM) was added to the cells cultured kg (0, 400 and 800 uM) and

the control complete DMEM, the amount of nitrite present in the cell samples were analysed and are shown in
Fig 3.3.14 Generally, the addition of BHhcreasedP<0.0001the amount of nitrite present in the cell samples

at 24 (the control +Blj 22.88fold, 400 uM + BH; 17.13, 800 uM + Bh1t 11.95fold and O uM + BH; 10.88

fold) and 72 h (the control +B#H20.69fold, 400 uM + BH,; 24.14, 800 uM + Bl 22.66fold and O uM +

BH4; 0.99fold). Among all BH treated cell samples, the highest amount of nitrite was observed in the samples
at 800 uM L-Arg with BH, after 24 h (47.72 uM nitrite) compared to the samples cultured at 800-Ahkg L
without BH, at 24h (2.88 uM nitrite). The largest decrease was observed in O pMd-with BH, over the

culture period (at 24 h nitrite amoun.D9 UM and after 72 h nitrite amount;56 uM).
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Amount of Nitrite

Source of Variation P value P value summary  Significant?
Interaction <0.0001 Fhkk Yes
Samplesconditions and time points  <0.0001 Fkkk Yes
L-Arg +/- L-NAME <0.0001 ok Yes

Bonferroni's multiple comparisons L-Arg addition and L-Arg
test + L-NAME addition
Amount of Nitrite
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Cont. Com-72h ns
400 pM - 24 h ns
400 yM-72 h ok
800 uM-24 h ok
800 uM- 72 h bl
No L-Arg - 24 h ns
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Figure 3.3.13. The effect of exogenousdarginine concentration and iNOS inhibitor, L-NAME addition on nitrite
production in BNL CL2 cells.

Cell culture supernatant was obtained from cultured BNL CL2 cells grown in the presénd6AME (4 mM) in O,
400 or 800 puM Larginine and the control complete DMEMfor 24 or 72 h. The concentration of nitrite frg
experimental samples was obtained ushegequation of the line fitted to standard samples. The data are expre
relative (A) and absoluteB) values.To obtain relative value,ugntified nitrite was normalised to the nitrite amo
presence in cultures with nedrginine SILAC DMEM (0 pML-arginine) at 24 h. Data points represent the me
SD. Error bars represent the standard deviation from the mean (n = 3). The tables summarse ANDVA
followed by aBonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the le
significance; ns = P > 0.05, * = P O 0.05, ** =
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Figure 3.314. The effect of exogenous {arginine concentration and cefactor of INOS, BH4 addition on nitrite
production in BNL CL2 cells.

Cell culture supernatant was obtained from cultured BNL CL2 cells grown in the presence(40BI) in 0, 400
or 800 uM L-arginine and the control complete DMEM for 24 or 72 h. The concentration of nitrite from experi
samples was obtained using the equation of the line fitted to standard samples. The data are expressedAs
andabsolute B) values. To obtain relative value, quantified nitrite was normalised to the nitrite amount pres
cultures with no karginine SILAC DMEM (0 uM L-arginine) at 24 h. Data points represent the mean + SD. Erro
represent the standard d@&tion from the mean (n = 3). The tables summarisewap ANOVA followed by a
Bonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significang
> 0.05, * = P O 0.05, ***%= £ P 0.019000r* = P O 0
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WhenSNAP (100 pM)wasadded, the amount of nitrite present in the cell samiplslsown in Fig 3.3.15

Overall, upon addition aheNO donor to cells cultured in-Arg (0, 400 and 800 pM) and tleentrolcomplete

DMEM there was a largacreasgP<0.0001)n thenitrite amount at 6 (the control + SNAP; 623f61d, 400

UM + SNAP; 571.5%old; 800 uM + SNAP; 180.5%0ld and 0 uM + SNAP542.25fold) and 24 h (the control

+ SNAP; 16.0Zold, 400 uM + SNAP; 32.08old; 800 uM + SNAP; 8.6dold and 0 uM + SNAP; 19.44pld)
compared to the cell samples cultured without NO donor at the same timepoints. The highest amount of nitrite
presenin the samplesvas that of thd.-arginine at 400 uM with SNAP (53.36 uMpmparedo the 400 uM

L-Arg without SNAPat 24 h (1.67 uM)
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No L-Arg - 24h Fhrx

Figure 3.3.15. The effect of exogenous 1arginine concentration and external NO donor, SNAP addition on
nitrite production in BNL CL2 cells.

Cell culture supernatant was obtained from cultured BNL CL2 cells grown in the presence of SNAP (100
400 or 800 uM Larginine and the control complete DMEM fbor 24h. The concentration of nitrite from experimen
samples was obtained usidtetequation of the line fitted to standard samples. The data are expressed asAglq
and absoluteR) values. To obtain relative value, quantified nitrite was normalised to the nitrite amount pres
cultures with no karginine SILAC DMEM (0 pM L-arginine) at 24 h. Data points represent the mean = SD. Erro
represent the standard deviation from the mean (n = 3). The tables summarigaytddOVA followed by a
Bonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars inkiéchteels of significance; ns =
> 0.05, * = P O 0.05, ** = P O 0.01, *** = P 0O 0

3.3.4.HPLC analysis of residue lL-arginine, and L-ornithine and L -citrulline in the cell culture media of
BNL CL2 cells cultured in different initial L-arginine concentrationswith L -NAME (4 mM), BH 4 (40
puM) and SNAP (100 pMm)

The amount of targinine and the catabolic products or precursor-afdinine; L-citrulline and L-ornithine
present in theell culturesamples of the BNL CL2 cells cultured in different concentrationsAfd_and the
control complete DMEM were analysadth or without eithemitric oxide synthase inhibitor;-NAME, co-
factor of nitric oxide synthase; Bldr external NO donor; SNAP. The amount of each target amino acid present
in the samples was normalised to the amount of particular amino acid pretismhion LArg (0 uM) cell
samples at 24 h and then the rela{e denoted as RAand the hsoluteamount(B) of target amino acid
present in the cell samples are presented irFitpe 3.3.163.3.24compared to the BNL CL2 cell samples
cultured without either INAME, BH4 or SNAP.

3.3.4.1.HPLC analysis uponNOS inhibitor L-NAME (4 mM) addition to BNL CL2 cells

L-arginine present in theell culturesamplesfig 3.3.16 collected from cefl culturedin 400 am 800 puM L-
Arg with L-NAME after 24 (5.37fold and 4.8%old, respectively) and 72 h (2.4dld and 5.580ld,
respectively) was higfP<0.0001rompared to the samples cultured withotAME at the same time points.
Acrosstheculturethe amount of EArg decrease(P > 0.05 in the samples cultured with excesgtg at 400
and 800 uM with ENAME (after 72 h; 0.94old and 0.95fold, respectively)After 24 h, L-Arg at 400 uM
had decrease@@P<0.0001)amount of l-Arg (0.8%fold), howeverwhen LNAME wasadded to the samples

the amount of EArg present was increas@@<0.0001)4.65fold) compared to the control sample.
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Figure 3.3.16. Relative and absolute quantification of residual serum EArg in BNL CL2 cells cultured in
different L -Arg concentrations and the controlwith L -NAME (4 mM) for 24 and 72 h.

Relative @A) and absoluteR) residue amount of4Arg analysed in plasma samples of BNL CL2 cells cultured in
presence of iINOS inhibitor,-DNAME (4 mM) in excess amount of-Arg (400 and 800 uM) after 24 and 72Data
points represent the mean + SD of each sample. Error bars represent the standard deviation from the mg
Tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate thelevedsf si gni fi cance; ns = P > 0.05, * = H
O 0.0001.

The amino acid synthesised via thé&tg/NOS metabolic pathway.-citrulline was analysed in ttezll culture

supernatanandis shown in Fig 3.3.17 Theamount of Lcitrulline was decrease@<0.01)in the samples

cultured in LArg (400 and 800 uM) and-NAME (0.36-fold and 0.47fold, respectively) compared to the

samples without INAME at 24 h, however, after 72 h the amount afifculline decrease{P<0.01)in L-Arg
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at 400 pM with LNAME (0.78fold), while increase@<0.01)in L-Arg at 800 pM with -NAME (1.14-fold)
over samples cultured withoutNAME.
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L-Arg addition B L-Arg + L-NAME addition B L-Arg addition B L-Arg + L-NAME addition

Amount of L-Cit

Source of Variation P value P value summary  Significant?
Interaction 0.0338 * Yes
Samples,conditions and time poins  0.0172 * Yes
L-Arg +/- L-NAME 0.0026 *x Yes

Bonferroni's multiple comparisons L-Arg addition and L-Arg
test + L-NAME addition
Amount of L-Cit

400 pM - 24 h i
400 pM - 72 h ns
800 uM-24 h ns
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Figure 3.317. Relative and absolute quantification of residual serum LCit in BNL CL2 cells cultured in
different L -Arg concentrations and the control with LNAME (4 mM) for 24 and 72 h.

Relative @A) and absoluteR) residue amount of {Cit analysed in plasma samples of BNL CL2 cells cultured in
presence of INOS inhibitor,-NAME (4 mM) in excess amount of-Arg (400 am 800 pM) after 24 and 72 h. Da|
points represent the mean + SD of each sample. Error bars represent the standard deviation from the mg
Tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the | evels of significance; n
O 0.0001.

The amino acid synthesised viadtg/Arginase pathwaylL -ornithine(Fig 3.3.18) had decreasg@ > 0.0 in
the samples cultured with 400 pMArg and LNAME (0.96-fold), whereast hadincreasedP > 0.05 with
800 pM L-Arg with L-NAME (1.36-fold) compared to the samples cultured withotRNAME at the same
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time point Interestingly the amount otulture suprnatant_-ornithine was increasg@<0.001)with culture
time when the cells in 400 (1.3ld) and 800 uM LArg (1.21fold) were treated with INAME.
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Figure 3.3.18. Relative and absolute quantification of residual serum LOrn in BNL CL2 cells cultured in
different L -Arg concentrations and the control with LNAME (4 mM) for 24 and 72 h.

Relative A) and absoluteR) residue amount of4Orn analysed in plasma samples of BNL CL2 cells cultured ir
presence of INOS inhibitor,-DNAME (4 mM) in excess amount of-Arg (400 and 800 puM) after 24 and 72 h. Dg
points represent the mean + SD of each sample. Error bars represent the standard deviation from the mg
Tables summarise tweway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prisr.
The stars indicate the | evels of significance; n
O 0.0001.
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3.3.4.2HPLC analysis uponNOS cafactor, BH4 (40 uM) addition to BNL CL2 cells

When the cdactor of NOSwvasadded the aount of L-arginine present in theell culture supernatasamples
were analysed aratepresented ifrig 3.3.19 Addition of BH; to the cell samples cultured inrArg (400 and
800 uM) reduced the amount ofArg presented in theupernatansamples at 24 (400 uM+ BHO0.48fold
and 800 uM + BH 0.9Xfold) and 72 h (400 uM+ Bk 0.14fold and 800 uM + Bht 0.98fold) compared to
the samples without BHat the same time points.
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Figure 3.319. Relative and absolute quantification of residual serum EArg in BNL CL2 cells cultured in
different L -Arg concentrations and the control with BH; (40 uM) for 24 and 72 h.

Relative A) and absoluteR) residue amount df-Arg analysed in plasma samples of BNL CL2 cells cultured in
presence of céactor of INOS, BH (40 pM) in excess amount of-Arg (400 and 800 uM) after 24 and 72 h. D¢
points represent the mean + SD of each sample. Error bars represent the stawidéinh from the mean (n =3
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Tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the | evels of significance®=Hm
O 0.0001,

L-citrulline, being a precursor to-argining was investigated in theell culture supernatastmples anthe
results areshown in Fig 3.3.20 After 24 h the addition of BiHo the cells had decreas@®<0.01)the amount
of L-citrulline present in the samples cultured w#Atg and BH (400 uM+ BH,; 0.049fold and 800 pM +
BH4; 0.42-fold), whereas Lcitrulline levek wereincreasedP<0.01)after 72 h (400 uM+ Bk 1.06fold and
800 pM + BH;; 1.26-fold) compared to the samplesltured without BH at 24 and 72 h.
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Figure 3.320. Relative and absolute quantification of residual serum ECit in BNL CL2 cells cultured in
different L -Arg concentrations and the controlwith BH 4 (40 uM) for 24 and 72 h.

Relative @A) and absoluteR) residue amount of {Cit analysed in plasma samples of BNL CL2 cells cultured in
presence of cfactor of INOS, BH (40 uM) in excess amount of-Arg (400 and 800 uM) after 24 and 72 h. B¢
points represent the mean + SD of each sample. Error bars represent the standard deviation from the mg
Tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the levels®fi gni fi cance; ns = P > 0.05, * = P
O 0.0001.

L-ornithine wasalso analysed in theell culture supernatargamples of the cells cultured in Bldndis
presented ifrig 3.3.21 Addition of BH:to cells grownin L-Arg (400 puM) decrease@P<0.01)the amount of
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L-ornithine at 24 (0.96old) and 72 h (0.540ld) compared to the cells grown without B&t the same time
points. Arginine at high concentration, 800 pM increa@ed0.01)the amount of tornithine at 24 h (1.05
fold), whereashere waslecrease@P<0.01)concentrationat 72 h (0.780old) comparedo cells grown without
BH..
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Figure 3.3.21. Relative and absolute quantification of residual serum EOrn in BNL CL2 cells cultured in
different L -Arg concentrations and the control withBH4 (40 uM) for 24 and 72 h.

Relative A) and absoluteR) residue amount of4Orn analysed in plasma samples of BNL CL2 cells cultured ir
presence of céactor of INOS, BH (40 pM) in excess amount of-Arg (400 and 800 uM) after 24 and 72 h. D¢
points represent the mean + SD of each sample. Error bars represent the standard deviation from the meg
Tables summarise twaway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the levels of sigh i canc e ; ns = P > 0.05, * = P O O
O 0.0001.

3.3.4.3 HPLC analysis uponexternal NO donor, SNAP (100 pM) addition to BNL CL2 cells
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The amount of EArg present in the samples with SNAP was investigatedsgoresented ifrig 3.3.22 The
level of cell culture supernataht-Arg in the samples cultured in excess exogencésd (400 and 800 pM)
and treated with SNAP was decrea@ed0.0001)fter6 (400 uM + SNAP; 0.840ld and 800 uM + SNAP;
0.72fold) and24 h (400 uM + SNAP; 0.4%old and 800 uM + SNAP; 0.8fld) compared to the samples
without SNAP at the same time points.
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Figure 3.322. Relative and absolute quantification of residual serum EArg in BNL CL2 cells cultured in
different L -Arg concentrations and the control withSNAP (100 pM) for 6 and 24 h.

Relative A) and absoluteR) residue amount of4Arg analysed in plasma samples of BNL CL2 cells cultured in
presence of external NO donor, SNAP (100 pM) in excess amounfog (400 and 800 puM) afte® and 2 h. Data
points represent the mean + SD of each sample. Error ¢qarssent the standard deviation from the mean (n
Tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism

The stars indicate the |l evels of sigrifi ®ParOc®; 0
O 0.0001.
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Figure 3.323. Relative and absolute quantification of residual serum LCit in BNL CL2 cells cultured in
different L -Arg concentrations and the control with SNAP (100 uM) for 6 and 24 h.

Relative @A) and absoluteR) residue amount of {Cit analysed in plasma samples of BNL CL2 cells cultured in
presence of external NO donor, SNAP (100 uM) in excess amounrfog (400 and 800 uM) afted and 2 h. Data
points represent the mean + SD of each sample. Error bars represent the stavidéich from the mean (n =3
Tables summarise twaway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the |l evels of significance; =m
O 0.0001.

L-citrulline concentrations upon SNAP addition is also shown inFilge3.3.23 SNAP addition to cells
cultured in L-arginine (400 and 800 pM) reduc@ek0.0001}he level of L-citrulline present after 6 (400 uM
+ SNAP; 0.24fold and 800 uM + SNAP; 0.04®ld) and 24 h (400 uM + SNAP; 0.56ld and 800 uM +

SNAP; 0.56fold) compared to the samples cultured without SNAP at the same time points. SNAP addition to
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thecells grown ir400(P=0.00015-fold) and800 uM (P=0.000124-fold) L-Arg increasedhe amount of L
citrulline across culture
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test + SNAP addition
Amount of L-Orn

400 uM-6 h ns
400 pM - 24 h ns
800 UM -6 h ns
800 uM-24 h ns

Figure 3.3.24. Relative and absolute quantification of residual serum LOrn in BNL CL2 cells cultured in
different L -Arg concentrations and the control with SNAP (100 puM) for 6 and4 h.

Relative A) and absoluteR) residue amount of4Orn analysed in plasma samples of BNL CL2 cells cultured ir
presence of external NO donor, SNAP (100 pM) in excess amourfaog k400 and 800 pM) after 24 and 72 h. Ds
points represent the mea SD of each sample. Error bars represent the standard deviation from the mean
Tables summarise twway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The stars indicate the levels of significance; ns=F0>%0, * = P O 0. 05, ** = P (
O 0.0001.

Finally, the amount of tornithine in the cell culture supernatant samples cultured wiAhgland SNAP was

analysed and is presentedHig 3.3.24 As with the other amino acids monitoredAtg and L-Cit, overall,

180



the amount of tornithine was decreased in the samples cultured with SNAP but not to a significant amount
(P=0.3062)

3.3.5.qRT-PCR analysisof targets genes (AMPK and ACC1) upon culturing of 3T3 L1 cells in different
exogenous karginine concentrationsand L-NAME (4 mM), BH 4 (40 uM) and SNAP (100 pM)
As for the BNL CL2 cellsthe impact of adding-NAME, BHs and SNAP on target gene, protein and amino

acid expression and concentrations was evaluated.

3.3.5.1.AMPK and ACC -1 transcript analysis upon L-NAME (4 mM) addition to 3T3 L1 cells

Fig 3.3.2% shows the impact of INAME addition on AMPK mRNA levels in 3T3 L1 dslin different
exogenous targinine concentrations. Overall;NAME treated samples cultured wigéxcessxogenous L
Arg (400 and 800 puMyhowed decreased@P<0.0001)AMPK gene expressiofor 24 and 72 tin comparison
to the control sample&ig 3.3.25Bshows the impact of NAME addition on ACGC1 mRNA levels in 3T3
L1 cells. The mRNA levels of ACEL were increase(P<0.0001)in arginine at highest concentration (800
uM) with L-NAME (24 h; 1.13fold and 72 h; 5.8%old) and the control complete DEM with L-NAME (24

h; 1.8%fold and 72 h; 2.32old).

3.3.5.2.AMPK and ACC -1 transcripts analysis upon BH (40 uM) addition to 3T3 L1 cells

AMPK mRNA expression was investigated in 3T3 L1 cells cultured withdHd is presented fig 3.3.26A
Addition of BH, to the cells decreas¢B<0.0001)AMPK mRNA expression in the samples cultured in excess
L-Arg (400 and 800 uM) at time points 24 (400 uM + BHB.19fold and 800 uM + BH 0.23fold) and 72 h
(400 uM + BH;; 0.59fold and 800 uM + BHt 0.54fold), while increase{P<0.0001}he expression &MPK
gene in the control complete DMEM with BHt time points 24 (2.68Id) and 72 h (1.18old) compared to
the respective samples cultured withouts.BACC-1 mRNA expression was also analysed3iT3 L1 cells
cultured with BH and the results presented kig 3.3.26B Relative expression of AGC was decreased
(P<0.0001)in the samples cultured in 400 uMArg and BH after 24 (0.84old) and 72 h (0.7-fold)
compared to the samples cultured withBH,. However, ACCL transcript level was increas@e<0.0001)
in arginine at the highest concentration (800 uM) with,BHd the control complete DMEM with Bhdt 24
(1.38fold and 1.74fold, respectively) and 72 h (4.86ld and 2.4fold, respectivel) in comparison to the

respective samples without BH
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L-Arg +/- L-NAME orkk Yes hxk Yes
Bonferroni's multiple comparisons L-Arg addition and L-Arg + L -
test NAME addition
AMPK ACC-1
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400 uM - 24 h *kkk *kkk
400 yM-72 h ns ko
800 uM - 24 h el ns
800 uM-72 h ns ok
No L-Arg - 24 h ns ns
No L-Arg - 72 h ns rxkk

Figure 3.325. Relative mRNA expression of AMPK and ACG1 in 3T3 L1 cells cultured in different concentrations
of L-arginine and the control with L-NAME (4 mM).

Rel ative mMRNA transcr i pA)asdhAPCL¢Bsis 3Td il ceflserti@aéd)n medium Af diffekel
L-arginine concentrations (0, 400 and 800 uM) and control complete DMEM media with nitric oxide synthase inhil
NAME (4 mM) 24 and 72 h after addition. Data points represent the mean + SD of eadb. $&map bars represent tf
standard deviation from the mean (n =¥)e tables summarise twavay ANOVA followed by a Tukey multiple comparisc
test using GraphPad Prism 9.4.1. The staB®sObndf¢tat,/
= P O 0.001 and **** = P O 0.0001.
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AMPK ACC-1
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Interaction ok Yes Hhkk Yes
Samples, conditions and time points **** Yes Fhkk Yes
L-Arg +/- BH4 hxk Yes hxk Yes
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Figure 3.326. Relative mRNA expression of AMPK and ACGC1 in 3T3 L1 cells cultured in different
concentrations of L-arginine and the control with BH4 (40 puM).

Rel ative mMRNA transcri ptA) aadkACCE(B)INi303NL1 cels @aBured in onédiurA §
different L-arginine concentrations (0, 400 and 800 uM) and control com@EM media with the co factor ¢
nitric oxide synthase inhibitor; BH40 uM) 24 and 72 h after addition. Data points represent the mean + SD o
sample. Error bars represent the standard deviation from the mean {rhe3bles summarise twaway ANOVA
followed by a Tukey multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of sigf
ns = P > 0.05, * = P O 0.05, ** = P O 0.01, *=*=*

3.3.5.3.AMPK and ACC -1 transcripts analysis upon SNA (100 pM) addition to 3T3 L1 cells
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SNAP (100 puM) was added to the 3T3 L1 cells cultured in differeAtd.-concentrations and the relative
expression of AMPK mRNA was investigated and presenteBign3.3.27A There was no significant
difference(P=0.1835) in the expression of AMPK mRNA between the samples cultured with or without SNAP.
The mRNA amountsfor ACC-1 wasalsoinvestigatedwhen SNAP (100 uM) was added and the relative
expression is presented kg 3.3.27B Overall @omparison between the samples cultungth SNAP and

without SNAP revealed that there was an incrés®.0001) m ACC-1 mRNA in the samples treated with
SNAP.
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[ L-Arg addition B L-Arg + SNAP addition [ L-Arg addition @ L-Arg + SNAP addition
AMPK ACC-1
Source of Variation P value Significant? | P value  Significant?
Interaction ok Yes Hhkk Yes
Samplesconditions and time points  **** Yes Fhkk Yes
L-Arg +/- SNAP ns No bl Yes

Bonferroni's multiple comparisons L-Arg addition and L-Arg + SNAP

test addition
AMPK ACC-1

Cont. Com-6h ns *
Cont. Com-24h * ns
400 IJ'M - 6 h *k*k *kkk
400 pM - 24 h Fhk *x
800 uM-6 h * ko
800 uM- 24 h ns Fork
No L-Arg -6 h ns Forkk
No L-Arg - 24 h ns ns
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Figure 3.327. Relative mRNA expression of AMPK and ACG1 in 3T3 L1 cells cultured in different
concentrations of L-arginine and the control with SNAP (100 pM).

Rel ative MRNA transcr i ptA)aadkACCE(B)INi303NLL ¢elds am@ured in onédiur ¢
different L-arginine concentrations (0, 400 and 800 uM) and control complete DMEM media with nitric oxide
SNAP (100 uM) 6 and 24 h after addition. Data points represent the mean + SD of each sample. Eaprasars]
the standard deviation from the mean (n =3). Tables summaris&vdwANOVA followed by a Tukey multiple
comparison test using GraphPad Prism 9.4.1. The
** = P OP.®10,. 0*0*1* a=nd **** = P O 0.0001.

3.3.6.Monitoring protein expression (AMPK and ACC-1) in response to LArg supplementation to3T3
L1 cells with L-NAME (4 mM), BH 4 (40 uM) and SNAP (100 uM)

3.3.6.1.AMPK and ACC -1 protein expression upon ENAME (4 mM) addition to 3T3 L1 cells

As for the BNL CL2 cells, protein expressichMPK and ACG1) was also investigate@Fig 3.3.28). The
relative protein expression of AMPK uporNAME additionto different exogenous-arginine concentrations
is presented ifrig 3.3.29 Overall, the addition of INAME reducedP<0.0001}he AMPK protein expression
The relative protein expression of A€iCupon l-NAME additionis presented irFig 3.3.30 Like AMPK
protein expression, overall-NAME addition to the 3T3 L1 cells decreasg®0.0001)the ACG1 protein
expression in all the cell samples treated WHNAME at 24 (the control + INAME; 0.23-fold, 400 pM +L-
NAME; 0.22fold, 800 uM + L-NAME; 0.25fold and0 pM + L-NAME; 0) and 72 h (the control +NAME;
0.46fold, 400 uM +L-NAME; 0.36-fold, 800 uM + L-NAME; 0.41-fold and O uM + NAME; 0.91-fold)
compared to the samples withouNAME.
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Figure 3.328. Western blot comparison for AMPK and ACC-1 protein expressions in 3T3 L1 cells cultured in
different concentrations of L-arginine and the control with L-NAME (4 mM).
Western blot comparison of the expression of key prpfifiPK and lipogenic ACEL protein levels investigated i
L-arginine/NO metabolic pathway signalling in 3T3 L1 cells cultured in customized media contai)img (-
arginine SILAC DMEM and ENAME (4 mM) (B) complete DMEMand LNAME (4 mM), (C) 400 uML-arginine
and L-NAME (4 mM), and D) 800 uM L-arginineand LNAME ( 4 mM) f o-actin2igdtusesl asth lo@dR
control. The same amount of protein (10 pg) from different treatment groups was loaded from biological t
cultures into 10% SDi$olyacrylamide gels for the separation of target proteins.

186



s uzL W uzLw
| ANVN- TV oy Lol i L
= LLral ) urzw
= AWVN-TRIV-T 0N ¢ A1y 0N
o yILm L e
Z CAIWVNITRIV-T W 008 v I 008
= qrg e qpz
s AIWVNTTEIV-T I 008 g v N 008
< QL YL w
= AINVNTRIVT N oor Ay el oor
. upz . qrz
AWYN-T-31v-T W 00F ) ry-1 I por
yTL e \ uTLw
B AWVN 01000 .. o ):juo )
= 4yrz e i yer
-] ANVN-T-10)-100.) ol
o 0=1
= @ pajeanu)
\ = ol
- <
- = 3
B e g 2 g
- o = aQ -
— -
o w < v =
o P ] * C £ =
< MAIWY Jo uorssadxiy asnepy oG = = =
- =

187

Yes
Yes
Yes

AMPK
P value summary Significant?

*kkk
*kkk

*k*k*k
+ L-NAME addition

L-Arg addition and L-Arg

P value
<0.0001
<0.0001

Bonferroni's multiple comparisons
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Samples conditions and time points <0.0001

L-Arg +/- L-NAME
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AMPK

Cont. Com-24 h Fkkk
Cont. Com-72h ns
400 pM - 24 h *
400 pM - 72 h ns
800 uM-24 h FhxK
800 uM-72 h FhxK
No L-Arg - 24 h Fhkk
No L-Arg - 72 h Fhkk

Figure 3.329. Relative protein expression and western blot comparisons (with or without INAME) for AMPK
protein in 3T3 L1 cells cultured in different concentrations of L-arginine and the control with L-NAME (4 mM).
Relative protein expression of AMPIKY), western blot comparison of the expression of key protein, AMPK invq
in L-arginine/NO metabolic pathway signalling investigated in 3T3 L1 cells cultured wRAME (4 mM) in no L
arginine SILAC DMEM, complete DMEM, 400 uM-karginine and 800 puM {arginine for 24 and 72 B and the
amount of AMPK in cultured 3T3 L1 cells withat L-NAME for 24 and 72 h@). The same amount of protein (10 (
from different treatment groups was loaded from biological triplicate cultures into 10%p8&crylamide gels fo
the separation of target proteins. Two representative blots from eatrherg group are shown with the respectove
the housekeepingp r o t eactin Bands in the blots were quantified using ImageJ software and the da
normalised td-actinand then expressed as relative to the +aydinine SILAC DMEM (0 uM L-arginire) control at
24 h. Data points represent the mean £ SD. Error bars represent the standard deviation from the mean (n
tables summarise tweway ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism
The starsindicatt he | evel s of significance; ns = P > 0.08F5
O 0.0001.
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Figure 3.3.30. Relative protein expression andvestern blot comparisons (with or without L-NAME) for ACC -
1 protein in 3T3 L1 cells cultured in different concentrations of Larginine and the control with L-NAME (4

mM).

Relative protein expression of ACLC(A), western blot comparison of the expressibtipmgenic protein, ACElL
involved in L-arginine/NO metabolic pathway signalling investigated in 3T3 L1 cells cultured wNAME (4
mM) in no L-arginine SILAC DMEM, complete DMEM, 400 pM-harginine and 800 uM 4arginine for 24 and 7
h (B) and the amourof ACC-1 in cultured 3T3 L1 cells without-NAME for 24 and 72 h@). The same amount ¢
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protein (10 pg) from different treatment groups was loaded from biological triplicate cultures into 1006
polyacrylamide gels for the separation of target protéimg representative blots from each treatment group
shown with the respectivi® the hous&eepingp r o t @dtim Bands in the blots were quantified using Ima
software and the data are normalisefi-tctinand then expressed as relative tortbé-arginine SILAC DMEM (0
UM L-arginine) control at 24 h. Data points represent the mean + SD. Error bars represent the standard
from the mean (n = 3). The tables summarisetway ANOVA followed by a Bonferroni multiple comparison t¢
usihgG@ aphPad Prism 9.4. 1. The stars indicate the
***x = P O 0.001 and **** = P O 0.0001.

3.3.6.2.AMPK and ACC -1 protein expression upon BH (40 uM) addition to 3T3 L1 cells

The impact of addition dBH, on relative AMPKand ACGCL1 protein expressiain the 3T3 L1 cells cultured
in L-Arg and the control complete DMEM was evaluated and presen(Ew)i8.331). Generally, addition of
BH,4 to the 3T3 L1 cells had decreagd#tk0.0001)the expression of AMPK protein after 24 (the control +
BH4; 0.10fold, 400 uM + BH; 0.3fold, 800 uM + BH,; 0.2fold) and 72 h (the control + BH0.12fold, 400
UM + BH4; 0.38fold, 800 uM + BH; 0.46fold) compared to the cell samples cultivthout BH: Fig 3.3.32

190



> - ]

z % 2 7 Z Z z Z 72 z 2 Z

g B g £ = g £ £ £ £ £

E = E B E B 85 & E F§ E B

' : & = E = =z = g

" E, 5.5 58 5.5, §. 8. &8 &8 & &
T a7 AT _'15 S8 a8 B o2 128 Ya Ya Ya Ya
'o': .°:-' o™ o b °': gu gN g: 'i: i,': gr':
R LW 73 Z% ZE LS Os US 0% 0= &3 ©Us

F

ACC-1-266KDa ACC-1-266KDa

-‘

i

1
i

AMPK- 62KDa No AMPK protein AMPK. 62KDa

p-actin- 42KDa p-actin- 42KDa

I

5 2 o 2 = '» z 9
2 « z =z 2 Z z 2 & T % %
o ¥ ¥ ¥ o : ol I : -
e B 8 B § E E £ E E B B
o o s : : '
P EFEofof PP opoE
- = - - ) R ) ¢ 3 k1 3 R
- - - - -
% Aa Za Ta fa - - z - z z z Z
C 2y 23 33 :p 18 A8 D 22 Z= 335 22 %3 i3
gC 82 SC 8T s8¢ 2= S oa 8N o o~ v
¥a ¥a w=x 98 $% $%= Bu T E 2 B = aw

ACC-1-266KDa ACC-1-266KDa

AMPK- 62KDa

AMPK- 62KDa

p-actin- 42KDa p-actin- 42KDa

Figure 3.331 Western blot comparison for AMPK and ACC-1 protein expressions in 3T3 L1 cells cultured in
different concentrations of L-arginine and the control with BH4 (40 pM).

Western blot comparison of the expression of key protein; AMPK and lipogeniclA@6Gtein levels investigated i
L-arginine/NO metabolic pathway signalling in 3T3 L1 cells cultured in customized media contai)imgp (-
arginine SILAC DMEM andH, (40 uM) (B) complete DMEMand BH; (40 uM), (C) 400 uM L-arginineand BH,
(40 uM), and D) 800 pM L-arginineand BH,( 4 0 OM) f o r -ackindis used ds a Toadingicontrd. The sg
amount of protein (10 pg) from different treatment groups was loaded from biological triplicate cultures in
SDS polyacrylamide gels for the separation of target prot&insAMPK protein means, AMPK protein did not detg
in the prepared protein samples.
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Cont. Com-72h ns

400 pM - 24 h ns
400 pM - 72 h whkk
800 UM - 24 h ns
800 uM-72 h ns
No L-Arg - 24 h ns
No L-Arg - 72 h ns

Figure 3.332 Relative protein expression and western blot comparisons (with or without Bkj for AMPK
protein in 3T3 L1 cellscultured in different concentrations of L-arginine and the control with BH4 (40 pM).

Relative protein expression AMPK (A), western blot comparison of the expression of key protein, AMPK invq
in L-arginine/NO metabolic pathway signalling investigate8Ti L1cells cultured with BHI(40 uM) in no L-arginine
SILAC DMEM, complete DMEM, 400 uM targinine and 800 uM {arginine for 24 and 72 hB) and the amount o
AMPK in cultured3T3 L1 cells withoutBH4 for 24 and 72 h@). The same amount of protein (10 pg) from differ
treatment groups was loaded from biological triplicate cultures into 10% @& crylamide gels fothe separatio
of target proteins. Two representative blots from each treatment group are shown with the refsptaiveuse
keepingp r o t @dtim BandB in the blots were quantified using ImageJ software and the data are norméks|
actinand hen expressed as relative to the rarginine SILAC DMEM (0 uM L-arginine) control at 24 h. Data poin
represent the mean = SD. Error bars represent the standard deviation from the mean (n = 3). The tables sumi
way ANOVA followed by a Bonferroninultiple comparison test using GraphPad Prism 9.4.1. The stars indicg
l evels of significance; ns = P > 0.05, * = P O 0

The impact of addition of BiHon relative ACGL protein expressiois presented irfrig 3.3.33 BH, addition

to the cells cultured at 400 uM-Arg and the control decreas@<0.0001Yhe expression of ACQ after 24
(400 uM + BH; 0.68fold and the control + Bk 0.46fold) and 72 {400 uM + BHy; 0.94fold and the control

+ BHs; 0.22fold) comparedo the cell samples without BHit the same time points. However, the ACC
protein expression was increas@k0.0001) athe highest and lowest concentrations (800 and 0 uM,
respectively of L-Arg treated samples with Btat 24 (800 uM + BH 1.1-fold and O uM + BH; 2.58fold)
and 72 h (800 uM + Bk 1.26fold and 0 uM + BH; 3.14fold) compared to the samples withoutfaator
BH, at the same time points.
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Figure 3.3.33. Relative protein expression and western blot comparisons (with or without BE for ACC-1
protein in 3T3 L1 cells cultured in different concentrations ofL-arginine and the control with BH4 (40 uM).

Relative protein expression of AGC(A), western blot comparison of the expression of lipogenic protein,-A(
involved in L-arginine/NO metabolic pathway signalling investigated in 3T3 L1 cells cultured WifB puM) in no
L-arginine SILAC DMEM, complete DMEM, 400 pM-hrginine and 800 uM 4{arginine for 24 and 72 1B} and the
amount of ACCL in cultured 3T3 L1 cells without BHor 24 and 72 h@). The same amount of protein (10 pg) frg
different treatmengroups was loaded from biological triplicate cultures into 10%i$Dacrylamide gels for th
separation of target proteins. Two representative blots from each treatment group are shown with the tegpeq
housekeepingp r o t -@dtim Bandb inthe blots were quantified using ImageJ software and the data are norni
to b-actinand then expressed as relative to the faydinine SILAC DMEM (0 uM L=arginine) control at 24 h. Dat
points represent the mean + SD. Error bars represent the stdedetibn from the mean (n = 3). The tables summg
two-way ANOVA followed by a Bonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars i
the |l evels of significance; ns = P > 0.*05, = P= OP

3.3.6.3.AMPK and ACC -1 protein expression upon SNAP (100 uM) addition t8T3 L1 cells

The changes in AMPKand ACGC1 protein expression upon SNAP addition to the 3T3 L1 cells cultured in
different concentrations of-Arg and the control complete DMEM was investigated &nshown in(Fig
3.3.3%). AMPK protein expressiodid not changsignificanty (P=0.0909 betweersamples with and without
SNAP additionFig 3.3.35

The changes in B8C-1 protein expression upon SNAP additiame shown inFig 3.3.36 There was &arge
decreas¢P<0.0001)n ACC-1 protein expression in the samples cultured in different concentratior&rgf L

(0, 400 and 800 uM) and the control complete DMEM followed by SNAP addition at 24 h (the control + SNAP;
0.2fold, 400 uM + SNAP; 0.2f0old, 800 uM + SNAP; 0.18old and 0 uM + SNAP; 0.330ld) compared to

the cell samples cultured without SNAP. Acrossdhkéuretime the relative expression of AGCprotein was
increased(P<0.0001)in L-Arg with SNAP (400; 2.fold and 800 pM; 1.850ld) whereas, decreased
(P<0.0001)n the control (0.Fold) and no LArg (0.63fold) cell samples treated with SNAP.
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Figure 3.334. Western blot comparison for AMPK and ACC-1 protein expressions in 3T3 L1 cells cultured in
different concentrations of L-arginine and the control with SNAP (100 puM).

Western blot comparison of the expression of key protein; AMPK and lipogeniclA@6Gtein levels investigated i
L-arginine/NO metabolic pathway signalling in 3T3 L1 cells cultuire¢ustomized media containing\Y no L-

arginine SILAC DMEM and SNAP (100 uMBj complete DMEMand SNAP (100 uM),&) 400 uM L-arginineand
SNAP (100 pM), and@) 800 uM L-arginineand SNAP (100 O Mixtin fs osed a8 a l@adind) canty
The same amount of protein (10 pg) from different treatment groups was loaded from biological triplicate culty
10% SD$polyacrylamide gels for the separation of target proteins.
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I L-Arg addition B L-Arg + SNAP addition

AMPK
Source of Variation P value P value summary Significant?
Interaction <0.0001 Hhkk Yes
Samples,conditions and time points  0.0301 * Yes
L-Arg +/- SNAP 0.0908 ns No

Bonferroni's multiple comparisons

L-Arg addition and L-Arg

test + SNAP addition
AMPK
Cont. Com-24h kK
400 pM - 24 h ns
800 UM - 24 h ns
No L-Arg - 24 h *x

Figure 3.3.35. Relative protein expression and western blot comparison for AMPK protein in 3T3 L1 cellg
cultured in different concentrations of L-arginine and the control with SNAP (100 uM).
Relative protein expression of AMPIKY), western blot comparison of the expression of key protein, AMPK invq
in L-arginine/NO metabolic pathway signalling investaghin 3T3 L1 cells cultured with SNAROO uM) in no L
arginine SILAC DMEM, complete DMEM, 400 uM-&rginine and 800 uM 4arginine for 6 and 24 HB(). The sameg
amount of protein (10 pg) from different treatment groups was loaded from biological triplidaiees into 10%
SDS polyacrylamide gels for the separation of target protéihe representative blot frorthe treatment grougs
shown with the respectivi® the hous&keepingp r o t edctim Bands in the blots were quantified using Ima
software ad the data are normalisedfieactinand then expressed as relative to the yardinine SILAC DMEM (0
UM L-arginine) control at 24 h. Data points represent the mean + SD. Error bars represent the standard devi
the mean (n = 3). The tables sumisa twoway ANOVA followed by a Bonferroni multiple comparison test us
GraphPad Prism 9.4. 1. The stars indicate the | e
P O 0.001 and **** P O 0.0001.
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Figure 3.3.36. Relative protein expression andwestern blot comparison for ACG1 protein in 3T3 L1 cells
cultured in different concentrations of L-arginine and the control with SNAP (100 puM).

Relative protein expression of ACTC(A), western blot comparison of the expression of lipogenic protein,-A(
involved in L-arginine/NO metabolic pathway signalling investigated in 3T3 L1 cells cultured with $N®PUM)
in no L-arginine SILAC DMEM, complete DMEM, 400 pM-harginine and 800 pM {arginine for 6 and 24 hBj).
The same amount of protein (10 pg) frolifferent treatment groups was loaded from biological triplicate cultureg
10% SD$polyacrylamide gels for the separation of target proteihsr@presentative blot frorthe treatment groug
is shown with the respectivie the hous&eepingp r o t @dtim Bands in the blots were quantified using Imal
software and the data are normalisef-ctinand then expressed as relative to the raydinine SILAC DMEM (0
UM L-arginine) control at 24 h. Data points represent the mean + SD. Error barenéfiiesstandard deviation fro
the mean (n = 3). The tables summarise-ivay ANOVA followed by a Bonferroni multiple comparison test us
GraphPad Prism 9.4. 1. The stars indicate the *=e
P O 0.001 and **** = P O 0.0001.
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3.3.7.Determination of nitric oxide /nitrite by Griess Assay in 3T3 L1 cells grown in different
concentrations of exogenous{arginine with L -NAME (4 mM), BH 4 (40 pM) and SNAP (100 pM)

The dfect of NOSinhibition by L-NAME, NOS facilitation by cdactor BH, or addition of external NO donor
SNAP on nitrite synthesis upon cultung of the cells in different concentrations ofArg and the control
complete DMEM was investigated atite resultpresented in th€igs 3.3.3%3.3.39 The amount of nitrite
present in the samples was normalised to the amount of nitrite present in thgg¢OLuM) cell samples at
24 h and then the relativA) and the bsolute(B) amount of nitrite present in the cell samples are presented.
Forthe analysis oE-NAME (4 mM) addition to the3T3 L1cells cultured in EArg (0, 400 and 800 uM) and
the control complete DMEM, the amount of nitrite present in the cell sansgessentéd inFig 3.3.37 The
amount of NQdecrease@P<0.0001)n the samples cultured withNAME after 24 (the control + INAME;
0.16-fold, 400 uM + L-NAME; 0.12-fold, 800 uM + L-NAME; 0.10-fold and 0 uM + -NAME; 0.48-fold)
and 72 h (the control +-NAME; 0.2-fold, 400 uM + L-NAME; 0.13-fold, 800 uM + L-NAME; 0.45-fold and
0 uM + L-NAME; 0.47-fold) compared to the samples cultured withotKAME. Interestingly, dargedrop
(P<0.0001)in the amount of nitrite was observed in the samples culiaresicesd_-Arg 400 and800 uM
with L-NAME (0.47and.61 uM nitrite, respectivelyin comparison tthe samples cultured withoutNNAME
(400;3.97and800 UM L-Arg; 6.11 uM nitrite) after 24 h.

When the cefactor of NOS, BH (40 uM)wasadded the amount of nitrite present in the @gliure supernatant
samples were analysed atik resultsshown in Fig 3.3.38 Generally, the addition of BHesulted in an
increasgP<0.0001)n the amount of nitrite present in the calllture supernataramples at 24 (the control
+BHg; 18.2fold, 400 uM + BH; 13.9, 8@ uM + BHs; 7.36fold and O uM + BH; 15.15fold) and 72 h (the
control +BH;; 17.34fold, 400 uM + BH; 10.7, 800 uM + Bl 26.4fold and O uM + BH; 41.88fold) over

samples cultured without BH

When the external NO donor, SNAP (100 piMasadded to th&T3 L1 cells cultured in {Arg (0, 400 and
800 pM) and the control complete DMEM the amount of nitrite present in thewdalire samples were
analysed anthe resultsshown in Fig 3.3.39 Overall, upon addition dBNAP to3T3 L1 cells cultued in L-
Arg (0, 400 and 800 pMhere was a large increade<0.0001)n the nitrite amount at 6 (the control + SNAP;
305.26fold, 400 uM + SNAP; 40.6%0ld; 800 uM + SNAP; 116.3%0ld and 0 uM + SNAP; 28.0fold) and
24 h (the control + SNAP; 14.46ld, 400 uM + SNAP; 6.8old; 800 uM + SNAP; 6.750ld and 0 uM +

SNAP; 42.2fold) compared to the cell samples cultured without NO donor at the same timepoints.
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Relative amount of nitrite
Absolute amount of nitrite (uM)

L-Arg addition B L-Arg + L-NAME addition # L-Arg addition B L-Arg + L-NAME addition

Amount of Nitrite

Source of Variation P value P value summary  Significant?
Interaction <0.0001 Fhkx Yes
Samplesconditions and time points  <0.0001 Fkkk Yes
L-Arg +/- L-NAME <0.0001 ok Yes

Bonferroni's multiple comparisons L-Arg addition and L-Arg
test + L-NAME addition
Amount of Nitrite

Cont. Com-24h kK
Cont. Com-72h ok
400 uM - 24 h i
400 pM-72 h kK
800 uM- 24 h kK
800 uM-72 h i
No L-Arg - 24 h Fkkk
No L-Arg - 72 h Fkkk

Figure 3.3.37. The effect of exogenous-arginine concentration and iNOS inhibitor, L-NAME addition on nitrite
production in 3T3 L1 cells.

Cell culture supernatant was obtained from cultured 3T3 L1 cells grown in the preseAd&N (4 mM) in 0, 400
or 800 uM L-arginine and the control complete DMEM for 24 or 72 h. The concentration of nitrite from experi
samples was obtained using the equation of the line fitted to standard samples. The data are expressedAs
and alsolute B) values. To obtain relative value, quantified nitrite was normalised to the nitrite amount pres
cultures with no karginine SILAC DMEM (0 uM L-arginine) at 24 h. Data points represent the mean + SD. Erro
represent the standard deioat from the mean (n = 3). The tables summarise-wag ANOVA followed by a
Bonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significang
> 0.05, * = P O 0.05, ** = P O 0.00p1*** = P O 0
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Amount of Nitrite

Source of Variation P value P value summary  Significant?
Interaction <0.0001 Hhkk Yes
Samplesconditions and time poins <0.0001 Fhkk Yes
L-Arg +/- BH4 <0.0001 ok Yes

Bonferroni's multiple comparisons  L-Arg addition and L-Arg
test + BH4 addition
Amount of Nitrite

Cont. Com- 24 h rkx
Cont. Com- 72 h wkx
400 pM - 24 h
400 pM - 72 h
800 M- 24 h wkx
800 pM- 72 h
No L-Arg - 24 h
No L-Arg - 72 h wkx

Figure 3.338. The effect of exogenous {arginine concentration andco-factor of INOS, BH4 addition on nitrite
production in 3T3 L1 cells.

Cell culture supernatant was obtained from cultured 3T3 L1 cells grown in the pres&ite(40 pM) in 0, 400 or
800 uM L-arginine and the control complete DMEM for 24 or 72 h. Thecentration of nitrite from experiment
samples was obtained using the equation of the line fitted to standard samples. The data are expressed/s
and absoluteR) values. To obtain relative value, quantified nitrite was normalised to tifite @mount presence i
cultures with no karginine SILAC DMEM (0 pM L-arginine) at 24 h. Data points represent the mean + SD. Erro
represent the standard deviation from the mean (n = 3). The tables summarisaytddOVA followed by a
Bonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significancg
> 0.05, * = P O 0.05, ** = P O 0.01, *** = P 0O 0
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Amount of Nitrite

Source of Variation P value P value summary  Significant?
Interaction <0.0001 ok Yes
Samplesconditions and time points <0.0001 rxkk Yes
L-Arg +/- SNAP <0.0001 ko Yes

Bonferroni's multiple comparisons
test

L-Arg addition and L-Arg
+ SNAP addition

Amount of Nitrite

Cont. Com-6h

*kk%k

Cont. Com-24 h
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400 pM - 6 h

*kkk

400 UM - 24 h

*kk%k

800 UM - 6 h

*kk%k

800 M- 24 h

*kkk

No L-Arg -6 h

*kkk
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*kk%k

Figure 3.3.39. The effect of exogenous darginine concentration and external NO donor, SNAP addition on

nitrite production in 3T3 L1 cells.

Cell culture supernatant was obtained from cultured 3T3 L1 cells grown in the pres&it&R{100 pM) in 0, 400
or 800 uM L-arginine and the control complete DMEM for 6 or 24 h. The concentration of nitrite from experir
samples was obtained using the equation of the line fitted to standard samples. The data are expressedAs
and absoluteR) values. To obtain relative value, quantified nitrite was normalised to the nitrite amount pres
cultures with no karginine SILAC DMEM (0 uM L-arginine) at 24 h. Data points represent the mean + SD. Erro
represent the standadikviation from the mean (n = 3). The tables summarisevtayp ANOVA followed by a
Bonferroni multiple comparison test using GraphPad Prism 9.4.1. The stars indicate the levels of significang
> 0.05, * = P O 0.05, ***%xp=0P000@,000%. = P O 0
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