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Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) is an activated sugar nucleotide 

produced along the hexosamine biosynthetic pathway (HBP). This activated sugar is the 

donor substrate not only for glycosylation, but also for posttranslational O-GlcNAcylation of 

proteins. Other activated sugars are being produced in salvage pathways of the HBP. Changes 

in flux through the HBP either increase or decrease UDP-GlcNAc levels, affecting O-

GlcNAcylation of many proteins. This modification not only plays an important role in many 

fundamental cellular processes, but also its dysregulation can lead to human diseases such as 

diabetes, Alzheimer’s disease, and cancer. Alterations of UDP-GlcNAc levels may provide an 

indication of the development of metabolic disorders, making UDP-GlcNAc an ideal 

metabolic marker.  

Perchloric acid (PCA) is widely used for extraction of water-soluble metabolites. Here I have 

shown that PCA extraction is not suitable for detection of activated sugar nucleotides in cell 

extracts, since most of these sugars are being degraded. However, methanol/chloroform 

(M/C) extraction is well suitable for quantitative detection of these metabolites, as shown by 

nuclear magnetic resonance (NMR) spectroscopy. I have identified five activated sugar 

nucleotides (UDP-GlcNAc, UDP-N-acetylgalactosamine (UDP-GalNAc), UDP-glucose 

(UDP-Glc), UDP-galactose (UDP-Gal), and UDP-glucuronic acid (UDP-GlcUA)) in different 

cell lines and primary astrocytes. Since the anomeric protons of activated sugar nucleotides 

resonate in a non-crowded region of the 
1
H-NMR spectrum, quantification of corresponding 

nucleotides is straightforward. I determined nucleotide levels and showed that the abundance 

of activated sugar nucleotides is a cell-type specific feature. The highest levels of activated 

sugar nucleotides were found in astrocytes, indicating an important role of activated sugars in 

these brain cells.  

Little is known about the intracellular concentration of activated sugar nucleotides involved in 

protein glycosylation and O-GlcNAcylation. Analysis of intracellular concentrations of sugar 

nucleotides may provide details for the understanding of protein glycosylation in different 

mammalian cells. In this work I investigated changes in the levels of activated sugar 

nucleotides after treatment with hexosamines (HexN), galactose, and in glucose-deprived 

cells. I showed that changes of the levels of these sugars are cell-specifically regulated and 

easily detectable using 
1
H-NMR spectroscopy. 

 

Nitric oxide (NO) is an important intercellular messenger in the brain. High concentrations of 

NO and its derivative peroxynitrite (ONOO
-
), however, inhibit mitochondrial respiration and 



the TCA cycle enzyme aconitase. It is suggested that NO plays a role in the development of 

neurodegenerative disorders. It was recently proposed that during inhibition of mitochondrial 

respiration and TCA cycle by NO, astrocytes switch into a glycolytic state to maintain energy 

production. In compliance with these earlier studies, I have shown, using [1-
13

C]glucose as a 

precursor for selective labeling, that treatment with NO enhances glycolysis in primary 

cortical astrocytes. Inhibition of aconitase under these conditions was proven by massive 

citrate accumulation. Furthermore, NO induced a decrease in glutamate levels in astrocytes. 

Since normal flux through the TCA cycle is blocked because of aconitase inhibition, I 

assumed that glutamate serves as an alternative substrate to fuel and thereby partially 

maintains a segment of the TCA cycle.  

UDP-GlcNAc can be easily detected in 
1
H,

13
C-heteronuclear single quantum coherence 

(
1
H,

13
C-HSQC) NMR spectra using [1-

13
C]glucose as a precursor. Inhibition of mitochondrial 

respiration will block 
13

C-label incorporation into UDP-GlcNAc. Although detection of 

enhanced glycolysis indicated that mitochondrial respiration was impaired in NO treated 

astrocytes, incorporation of the 
13

C-label into UDP-GlcNAc was not affected. These results 

imply that mitochondrial respiration was not completely blocked in NO-treated astrocytes.  

 

The two major hallmarks in the development of Alzheimer’s disease are amyloid-ß (Aß) 

containing senile plaques and neurofibrillary tangles (NFTs) aggregated from 

hyperphosphorylated tau. Tau hyperphosphorylation involves reduced O-GlcNAcylation of 

the protein. There is strong evidence that Aß and tau pathologies are mechanistically linked. 

Aß is also associated with mitochondrial oxidative stress in Alzheimer’s disease. It is 

discussed that inhibition of the mitochondrial respiratory chain by Aß is mediated by 

enhanced NO production. Here I report that treatment with Aß leads to significantly decreased 

UDP-GlcNAc levels in primary astrocytes but not in neuronal HT-22 cells. This decrease was 

most likely caused by inhibition of the mitochondrial respiratory chain. Following Aß 

exposure, I also observed an upregulation of glycolysis in astrocytes, possibly to maintain 

ATP-levels. I hypothesized that Aß-induced reduction in UDP-GlcNAc levels in astrocytes 

may be at least one possible factor contributing to decreased O-GlcNAcylation and thus 

hyperphosphorylation of tau in Alzheimer’s disease. My results further corroborate that 

astrocytes and neurons respond differently to treatment with Aß and that astrocytes may play 

a major role in the pathogenesis of Alzheimer’s disease. In addition, the results also confirm 

the assumption that accumulation of Aß precedes hyperphosphorylation of tau and thus NFT 

formation. Moreover, these results imply that Aß cannot exert its toxic action by enhanced 



 

NO production alone, because a reduction in UDP-GlcNAc levels was not observed in NO-

treated astrocytes. 

In this thesis I have shown that experiments focussing on the detection of activated sugar 

nucleotides in diseases displaying aberrant O-GlcNAc modification profiles such as diabetes 

and Alzheimer’s disease may provide new insights into mechanisms of disease onset and 

progression.  

  



 

Uridindiphosphat-N-Acetylglucosamin (UDP-GlcNAc) ist ein aktiviertes Zuckernukleotid, 

das im Hexosamin-Biosyntheseweg (HBP) synthetisiert wird. UDP-GlcNAc ist nicht nur ein 

Donorsubstrat für Glykosylierungen, sondern auch für die posttranslationale O-

GlcNAcylierung von Proteinen. Weitere aktivierte Zucker werden in 

Wiederverwertungsstoffwechselwegen (Salvage Pathways) des HBP produziert. 

Veränderungen im Nährstofffluss durch den HBP erhöhen oder erniedrigen die Konzentration 

von UDP-GlcNAc, was sich wiederum auf die O-GlcNAcylierung vieler Proteine auswirkt. 

Die O-GlcNAc-Modifikation spielt eine wichtige Rolle bei vielen grundlegenden zellulären 

Prozessen und eine Fehlregulation kann zu Krankheiten wie Diabetes, Alzheimer und Krebs 

führen. Veränderungen des zellulären UDP-GlcNAc-Spiegels können daher Hinweise auf die 

Entwicklung von Stoffwechselstörungen geben, was UDP-GlcNAc zu einem idealen 

metabolischen Marker macht. 

Perchlorsäure wird häufig zur Extraktion von wasserlöslichen Metaboliten aus Zellen 

verwendet. In dieser Arbeit habe ich gezeigt, dass Perchlorsäure-Extraktion nicht geeignet ist, 

um aktivierte Zuckernukleotide zu detektieren, da vieler dieser Zucker säurehydrolyse-

empfindlich sind. Mit Hilfe von Kernspinmagnetresonanzspektroskopie (NMR-

Spektroskopie) konnte ich zeigen, dass die Methanol/Chloroform-Extraktion hingegen sehr 

gut geeignet ist, um aktivierte Zucker zu detektieren. In verschiedenen Zelllinien als auch 

primären Astrozyten, konnte ich 5 verschiedene aktivierte Zucker identifizieren (UDP-

GlcNAc, UDP-N-Acetylgalactosamin (UDP-GalNAc), UDP-Glucose (UDP-Glc), UDP-

Galactose (UDP-Gal) und UDP-Glucuronsäure (UDP-GlcUA)). Da die Frequenzen der 

anomeren Protonen der aktivierten Zucker in einer Region des Spektrums resonieren, in denen 

es zu keiner Überlagerung mit Signalen anderer Metabolite kommt, ist eine quantitative 

Analyse der Zucker möglich. Die Quantifizierung zeigte, dass die Konzentrationen der 

einzelnen Zucker ein zellspezifisches Merkmal sind. Die höchsten Konzentrationen wurden in 

primären Astrozyten detektiert. Dies deutet darauf hin, dass aktivierte Zuckernukleotide eine 

wichtige Rolle in diesen Gehirnzellen spielen. 

 

Bisher ist wenig über die Regulation intrazellulärer Konzentrationen von aktivierten 

Zuckernukleotiden bekannt. Die Analyse der Konzentrationen kann dazu beitragen, dass 

wichtige Details, die zum Verständnis von Protein-Glycosylierungen und O-

GlcNAcylierungen beitragen, aufgedeckt werden. Im Rahmen dieser Arbeit wurden 

Veränderungen in den Konzentrationen der aktivierten Zuckernukleotide nach Behandlung 



 

mit Hexosaminen (HexN) und Galactose sowie nach Glucoseentzug in verschiedenen 

Zelltypen untersucht. Es wurde gezeigt, dass Veränderungen der Konzentrationen dieser 

Zucker zellspezifisch geregelt und leicht  mittels 
1
H-NMR-Spektroskopie nachweisbar sind. 

 

Stickstoffmonoxid (NO) ist ein wichtiger interzellulärer Botenstoff im Gehirn. Hohe 

Konzentrationen an NO und seinem Folgeprodukt Peroxinitrit inhibieren jedoch die 

mitochondriale Atmungskette sowie das TCA-Zyklus Enzym Aconitase. NO ist vermutlich an 

der Entstehung neurodegenerativer Krankheiten beteiligt. Es wurde kürzlich gezeigt, dass 

Astrozyten, während der Hemmung der mitochondrialen Atmung durch NO, ihren 

glykolytischen Energieumsatz erhöhen, um die Energieproduktion aufrecht zu erhalten. In 

Übereinstimmung mit diesen früheren Studien habe ich mit [1-
13

C]Glucose als selektiv 

markierte Vorstufe gezeigt, dass die Behandlung mit NO die Glykolyserate in primären 

kortikalen Astrozyten erhöht. Massive Citrat-Akkumulierung unter diesen Umständen wies 

die Hemmung der Aconitase nach. Darüber hinaus habe ich detektiert, dass durch NO eine 

Abnahme des Glutamatspiegels in Astrozyten ausgelöst wird. Da der normale Fluss durch den 

TCA-Zyklus durch die Hemmung der Aconitase blockiert ist, vermute ich, dass Glutamat als 

ein alternatives Substrat in den TCA-Zyklus eingespeist wird, um zumindest den Fluss durch 

ein Teilsegment des Zyklus‘ aufrechtzuerhalten. 

 

UDP-GlcNAc kann in 
1
H,

13
C-Heteronuclear Single Quantum Coherence

 
(
1
H,

13
C-HSQC) 

NMR Spektren unter Verwendung von [1-
13

C]Glucose als Vorstufe detektiert werden. 

Hemmung der Atmungskette führt dazu, dass kein weiteres 
13

C-Label mehr in das UDP-

GlcNAc Molekül eingebaut werden kann. Obwohl die erhöhte Glykolyse darauf hinwies, dass 

die Atmungskette durch NO in Astrozyten gehemmt ist, wurde der Einbau des 
13

C-Labels in 

UDP-GlcNAc nicht beeinflusst. Diese deutet darauf hin, dass die mitochondriale Atmung in 

NO-behandelten Astrozyten nicht vollständig gehemmt wird. 

 

Die zwei Hauptmerkmale bei der Entstehung von Alzheimer sind Senile Plaques, bestehend 

aus Ablagerungen des Amyloid-ß (Aß) Proteins sowie Neurofibrilläre Bündel 

(Neurofibrillary Tangles; NFT) aus hyperphosphoryliertem Tau-Protein. Die 

Hyperphosphorylierung von Tau wird durch eine Erniedrigung der O-GlcNAcylierung des 

Proteins ausgelöst. Vieles deutet darauf hin, dass Aß- und Tau-Pathologien mechanistisch 

verknüpft sind. Aß wird außerdem mit oxidativem Stress in Alzheimer in Verbindung 

gebracht. Es wird diskutiert, dass Aß die mitochondriale Atmungskette durch erhöhte NO-

Produktion hemmt. In dieser Arbeit berichte ich, dass die Behandlung mit Aß zu signifikant 



erniedrigten UDP-GlcNAc Konzentrationen in primären Astrozyten führt. Dieser Effekt 

wurde nicht in neuronalen HT-22 Zellen beobachtet. Die Erniedrigung der UDP-GlcNAc 

Konzentration wird höchstwahrscheinlich durch Hemmung der Atmungskette ausgelöst, da 

wir gleichzeitig eine Erhöhung der Glykolyserate detektiert haben - wahrscheinlich um die 

ATP-Synthese aufrecht zu erhalten. Ich vermute, dass die durch Aß-Behandlung ausgelöste 

Erniedrigung der UDP-GlcNAc Konzentration in Astrozyten zumindest ein möglicher Faktor 

ist, der zur Erniedrigung der O-GlcNAcylierung und dadurch zur Hyperphosphorylierung von 

Tau in Alzheimer beiträgt. Meine Ergebnisse bestätigen außerdem, dass Astrozyten und 

Neuronen unterschiedlich auf die Behandlung mit Aß reagieren und dass Astrozyten 

möglicherweise eine wichtige Rolle bei der Entstehung von Alzheimer spielen. Zusätzlich 

bestärken meine Ergebnisse die Annahme, dass die Akkumulierung von Aß der 

Hyperphosphorylierung von Tau vorausgeht. Des Weiteren deuten die Ergebnisse darauf hin, 

dass die durch Aß ausgelöste Toxizität nicht allein durch erhöhte NO-Produktion zustande 

kommt, da die Behandlung mit NO allein nicht zu einer Reduktion der UDP-GlcNAc 

Konzentration führte. 

 

In dieser Arbeit konnte gezeigt werden, dass die Detektion und Quantifizierung von 

aktivierten Zuckernukleotiden neue Erkenntnisse über den Mechanismus von Krankheiten, 

die Veränderungen in der O-GlcNAcylierung von Proteinen aufweisen, liefern kann. 
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acetyl-CoA acetyl-coenzyme A 

ADP adenosine diphosphate 

Ala alanine 

AMPK AMP-activated protein kinase 

ANLSH astrocyte–neuron lactate shuttle hypothesis 

AP-3 clathrin assembly protein-3 

APP amyloid precursor protein 

Asn asparagine 

Asp aspartate 

Aß amyloid-ß 

ATP adenosine triphosphate 

BEMAD mild ß-elimination followed Michael addition with dithiothreitol 

BH4 tetrahydrobiopterin 

CaMKII calcium/calmodulin-dependent kinase 

cGMP cyclic guanosine monophosphate 

CHO chinese hamster ovarian cells 

CIC citrate carrier 

CMP cytidine monophosphate 

CMP-NeuNAc cytidine monophosphate-N-acetylneuraminic acid 

CNS  central nervous system 

CTP cytidine triphosphate 

Da dalton 

DCC N,N'-Dicyclohexylcarbodiimid 

dd doublet of doublets 

ddd doublet of doublet of doublets 

DETA-NONOate (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,

2-diolate 

DMEM Dulbecco’s modified Eagle’s medium 

DON 6-diazo-5-oxo-L-norleucine 

EDTA ethylenediaminetetraacetic acid 

ENO1 enolase 1 

eNOS  endothelial nitric oxide synthase 

eqn equation 



ER endoplasmatic reticulum 

ETD ion-trap mass spectrometry with electron-transfer dissociation 

FAD  flavin adenine dinucleotide (oxidized form) 

FADH2 flavin adenine dinucleotide (reduced form) 

FCS fetal calf serum 

FDG fluorodeoxyglucose 

FMN flavin mononucleotide 

Fru-1,6-BP fructose-1,6-bisphosphate 

Fru-2,6-BP fructose-2,6-bisphosphate 

Fru-6-P fructose-6-phosphate 

Fuc  fucose 

Fuc-1-P fucose-1-phosphate 

GABA  γ-aminobutyric acid 

GAG glycosaminoglycan 

Gal galactose 

Gal-1-P galactose-1-phosphate 

GALE UDP-glucose 4-epimerase / UDP-galactose 4-epimerase 

GALK galactokinase 

GalN galactosamine (2-deoxy-2-amino-D-galactose) 

GalN-1-P galactosamine-1-phosphate 

GalNAc N-acetylgalactosamine 

GALT  galactose-1-phosphate uridylyltransferase 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

GDH glutamate dehydrogenase 

GDP-Fuc guanosine diphosphate-fucose 

GDP-Man guanosine diphosphate-mannose 

GFAT glutamine-fructose-6-P aminotransferase 

Glc glucose 

Glc-1,2-cyclo-P glucose-1,2-cyclo-phosphate 

Glc-1-P glucose-1-phosphate 

Glc-2-P glucose-2-phosphate 

Glc-6-P glucose-6-phosphate 

GlcN glucosamine (2-deoxy-2-amino-D-glucose) 

GlcN 6-P N- glucosamine-6-P N-acetyltransferase 



 

acetyltransferase 

GlcN-6-P glucosamine-6-phosphate 

GlcNAc N-acetylglucosamine 

GlcNAc-1-P N-acetylglucosamine-1-phosphate 

GlcUA glucuronic acid 

GlcUA-1,2-cyclo-P glucuronic acid-1,2-cyclo-phosphate 

GlcUA-1-P glucuronic acid-1-phosphate 

GlcUA-2-P glucuronic acid-2-phosphate 

Gln glutamine 

Glu glutamate 

GLUT glucose transporter 

GPI glycophosphatidylinositol 

GS glutamine synthetase 

GSH  glutathione (L-γ-glutamyl-L-cysteinylglycine) 

GSK-3 glycogen synthase kinase-3 

GSSG glutathione disulfide 

GTP guanosine triphosphate 

HBP hexosamine biosynthetic pathway 

HEK293 human embryonic kidney cells 

HexN hexosamine 

HexNAc N-acetylhexosamine 

HIF hypoxia-inducible factor 

HK2 hexokinase 2  

HMBC heteronuclear multiple bond correlation 

HPLC high-performance liquid chromatography 

HRE hypoxia-response element 

HSQC heteronuclear single quantum coherence 

HT-22 immortalized clonal mouse hippocampal neuronal cell line 

IdoA iduronic acid 

iNOS inducible nitric oxide synthase 

IRP1 iron-responsive element 1 

IRS-1 insulin receptor substrate-1 

kDA kilodalton 

Lac lactate 



LDH lactate dehydrogenase 

LDHA lactate dehydrogenase A 

L-NAME Nω-nitro-L-arginine methyl ester 

M/C methanol/chloroform 

Man mannose 

Man-1-P mannose-1-phosphate 

Man-6-P mannose-6-phosphate 

ManN mannosamine (2-deoxy-2-amino-D-mannose) 

ManNAc N-acetylmannosamine 

ManNAc-6-P N-acetylmannosamine-6-phosphate 

MAPK mitogen-activated protein kinase 

MCT monocarboxylate transporter 

MDBK  Madin-Darby bovine kidney cells 

MGEA5 meningioma-expressed antigen 5 

mRNA messenger ribonucleic acid 

MRS magnetic resonance spectroscopy 

mtNOS mitochondrial nitric oxide synthase 

NaCT sodium-dependent citrate transporter 

NAD
+ 

nicotinamide adenine dinucleotide (oxidized form) 

NADH nicotinamide adenine dinucleotide (reduced form) 

NADP
+ nicotinamide adenine dinucleotide phosphate (oxidized form) 

NADPH nicotinamide adenine dinucleotide phosphate (reduced form) 

NeuNAc N-acetylneuraminic acid 

NeuNAc-9-P N-acetylneuraminic acid-9-phosphate 

NFT neurofibrillary tangles 

NMDA  N-methyl-D-aspartate 

NMR nuclear magnetic resonance 

nNOS neuronal nitric oxide synthase 

NO nitric oxide 

NOHA  N
ω
-hydroxyl-arginine 

NOS NO synthase 

OGA O-GlcNAcase (ß-N-acetylglucosaminidase) 

O-GlcNAc O-linked-ß-N-acetylglucosamine 

OGT O-GlcNAc transferase (uridine diphospho-N-acetylglucosamine: 



 

polypeptide ß-N-acetylglucosaminyltransferase) 

ONOO
‒ 

peroxinitrite 

PAG phosphate-activated glutaminase 

PAI-1 plasminogen activator inhibitor-1 

PARP-1 poly(ADP-ribose) polymerase-1 

PBS phosphate buffered saline 

PCA perchloric acid 

PDC pyruvate dehydrogenase complex 

PDH pyruvate dehydrogenase 

PDK1 pyruvate dehydrogenase kinase 1 

PDX-1 pancreatic duodenal homeobox-1 

PEP phosphoenolpyruvate 

PET positron emission tomography 

PFK phosphofructokinase 

PFKFB 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 

PGK1 phosphoglycerate kinase 1 

PHD prolyl hydroxylase 

Pi inorganic phosphate 

PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase 

PP2A protein phosphatase 2A 

PPi inorganic pyrophosphate 

ppm parts per million 

PPP pentose phosphate pathway 

PTP permeability transition pore 

PUGNAC O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino N-

phenylcarbamate 

qRT-PCR quantitative real-time polymerase chain reaction 

ROS reactive oxygen species 

RT room temperature 

s singlet 

Ser serine 

sGC soluble guanylate cyclase 

Sulfo-NONOate (E)-1-sulfonatodiazen-1-ium-1,2-diolate 

Tau tubulin associated protein 



TCA trichloroacetic acid 

TCA cycle tricarboxylic acid cycle 

Thr threonine 

TMS-ECD Fourier transform mass spectrometry with electron-capture 

dissociation 

TOM translocase of the outer membrane 

TSP 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

UDP uridine phosphate 

UDP-Gal uridine phosphate-galactose 

UDP-GalNAc uridine diphosphate-N-acetylgalactosamine 

UDP-Glc uridine diphosphate-glucose 

UDP-GlcNAc uridine diphosphate-N-acetylglucosamine  

UDP-GlcNAc 

pyrophosphorylase 

UDP-N-acetylglucosamine pyrophosphorylase 

UDP-GlcUA uridine diphosphate-glucuronic acid 

UDP-Hex uridine diphosphate-hexoses (UDP-Glc + UDP-Gal) 

UDP-Hex(NAc) uridine diphosphate-(N-acetyl-)hexoses (UDP-Glc + UDP-Gal + 

UDP-GlcNAc + UDP-GalNAc) 

UDP-HexNAc  uridine diphosphate-N-acetyl-hexoses (UDP-GlcNAc  + UDP-

GalNAc) 

UMP uridine monophosphate 

UTP uridine triphosphate 

α-KGDH α-ketoglutarate dehydrogenase  

ΔΨm mitochondrial membrane potential 



 

 

 

Pathological processes in a cell are reflected by changes in the metabolic pathways. Analysis 

and quantification of metabolites can therefore provide valuable information about the role of 

metabolites in normal and pathological conditions. Understanding the biochemical processes 

that lead to certain diseases can help to develop new therapeutic approaches or diagnostics. 

Even though nuclear magnetic resonance (NMR) spectroscopy is less sensitive than other 

biochemical tracer studies, it has the advantages of being noninvasive, nondestructive, and 

does not require metabolite isolation. It also allows simultaneous nonselective metabolite 

detection and quantification through various metabolic pathways, such as glycolysis, 

tricarboxylic acid cycle (TCA cycle), and fatty acid metabolism. For this reason NMR 

spectroscopy has become well established for studies of metabolite levels in vivo and in vitro. 

Metabolites of cell and tissue extracts, body fluids (e.g. blood, urine, cerebrospinal fluid), or 

intact (perfused) cells can be directly detected and quantified in one single experiment. 

  

By now, NMR spectroscopy on cellular metabolites is well established using 
1
H, 

13
C, 

31
P, and 

15
N as NMR active nuclei with biological relevance. The most widely used NMR active 

nuclei for studying metabolites from cells and tissues is proton- (
1
H-)NMR spectroscopy. In 

general, all small metabolites (< 1 kDa) with a concentration in the mircomolar range that 

contain protons can be detected (Serkova & Glunde, 2009). For conventional NMR analyses, 

the required cells mass is usually 10
7
 – 10

8
 cells per cell extract. In 

1
H-NMR spectra from 

body fluids and tissue extracts more than 100 metabolites can be detected (Nicholson & 

Wilson, 1989). The obtained spectra are complex, exhibiting overcrowded regions of 

overlapping signals which often prevents correct signal assignments and hampers accurate 

quantification of metabolites. A better signal separation can be obtained by 2D-
1
H,

13
C-NMR 

experiments, such as heteronuclear single quantum coherence (HSQC) or heteronuclear 

multiple bond correlation (HMBC). Since the experiments are inverse correlated (the high-

sensitivity nucleus 
1
H is excited and detected) they are not only easier to interpret, but also 

have higher sensitivity than standard 1D-
13

C-NMR spectra. These 2D-
1
H,

13
C-NMR 

experiments are proven to be well suited for the identification of metabolites in cell extracts 

(Willker et al., 1996). Furthermore, by using 
13

C-labeled precursors (e.g. [1-
13

C]glucose) 

dynamic fluxes through different metabolic pathways can be monitored (Zwingmann & 

Leibfritz, 2003). Moreover, NMR spectroscopy can detect unexpected aberrant metabolic 



profiles that may not be observed using other methods that concentrate on a particular 

metabolite or enzymatic pathway. The great improvement in sensitivity due to the availability 

of high magnetic field strengths and the development of cryoprobes that enhance the signal-

to-noise ratio of up to 4-fold allow now measurements of less concentrated samples in 

appropriate acquisition times (Keun et al., 2002). 

Another considerable advantage of NMR is that metabolic markers that were discovered in 

vitro by high-resolution NMR-spectroscopy can often be translated into in vivo protocols 

using noninvasive localized magnetic resonance spectroscopy (MRS) (Serkova et al., 2009). 

Nevertheless, especially in the brain, studies of homogenous in vitro cell cultures are 

necessary. Studies using intact brain can be problematical since the tissue consists of 

metabolically different brain regions and cell types, such as neurons and astrocytes. In vivo 

MRS of the brain therefore unavoidably detects metabolites of different cell types exhibiting 

different metabolic characteristics (Michaelis et al., 1991). For that reason, cell lines and 

primary cultures of brain cells are often used to study brain metabolism before investigating 

their role in in vivo studies. In this context, the analysis of cell culture media is of particular 

interest to monitor metabolic trafficking and cell export processes (Willker et al., 1996). 

 

In the present thesis cell extracts and media samples of mainly neuronal cells and primary 

astrocytes were investigated, whereby focus was laid on the metabolism of activated sugar 

nucleotides and in particular UDP-GlcNAc. 
1
H-NMR, as well as, 

1
H,

13
C-HSQC experiments 

using [1-
13

C]glucose as a precursor were performed.  

 

 

  

 

Growing interest in metabolite profiling has increased the need for simple and efficient 

metabolite extraction methods. Thus, an essential aspect in metabolite profiling analyses has 

been the development and optimization of metabolite extraction methods. 

 

Sample handling is a critical step when investigating biological material, since biochemical 

degradation due to enzymatic activities proceeds very rapidly. To reduce enzyme activities it 

is important to work at low temperatures during the whole process of sample collection and 

cell extraction. Not only should samples be kept on ice, solvents used should also be ice-cold. 



 

Furthermore, to retain reproducibility it is of importance to maintain the period of time 

between sample collection as short as possible and at the same time of equal length.  

Apart from enzymatic degradation, the extraction solvent itself can lead to decomposition of 

labile metabolites. These effects can also be reduced to a certain extent by working on ice and 

in a timely manner. In respect thereof, the selection of a suitable extraction solvent is of 

particular importance. The type of extraction method to be selected greatly depends on the 

metabolites investigated and on the analytical method employed.  

 

The following requirements should be generally fulfilled:  

 high efficiency (high metabolite yield; quantitative recovery of metabolites) 

 good reproducibility 

 no degradation of labile metabolites (e.g. acid hydrolysis) 

 inhibition of consecutive enzymatic reactions 

 low variability 

 fast (high-throughput studies) 

 

Cellular enzymes (proteins) exhibit broad signals due to their short T2 relaxation times. These 

signals interfere with signals of small metabolites present in water-soluble cell extracts. 

Therefore, unwanted proteins have to be removed by precipitation. Several methods have 

been developed for protein precipitation. Proteins can be precipitated by influencing pH, ionic 

strength, and/or temperature (Englard & Seifter, 1990). This being the case, proteins can be 

precipitated by using acids, organic solvents, inorganic salts, or metal ions (see Table 1) 

(McDowall, 1989).  

 

Table 1. Reagents used for protein precipitation (according to 

Blanchard, 1981; McDowall, 1989). 

acids 
trichloroacetic acid (TCA) 
perchloric acid (PCA) 

organic solvents 

acetonitrile 
acetone 
ethanol 
methanol 

inorganic salts ammonium sulfate 

metal ions 
copper ions 
zinc ions 



Trichloroacetic acid (TCA) and perchloric acid (PCA) form insoluble salts with the cationic 

form of the proteins at low pH (McDowall, 1989). Both precipitants are commonly used as 5 -

20 % solutions. TCA and PCA are very efficient at precipitating proteins (McDowall, 1989). 

However, the main disadvantage is that the pH of the supernatant is very low and the 

metabolites to be investigated must be stable against acid hydrolysis. Supernatants of PCA 

extracts commonly exhibit a pH of < 1,5 and TCA supernatants a pH of 1,4 - 2,0 (Blanchard, 

1981).  

Organic solvents, such as acetonitrile, acetone, ethanol, and methanol act by lowering the 

solubility of proteins and thus precipitating them from the solution (Lim, 1988). Organic 

solvents were found to be less effective in protein precipitation compared to acids 

(McDowall, 1989). Nevertheless, the great advantage is that the pH remains near the 

physiological range.  

 

The effectiveness in protein precipitation in descending order is as follows (McDowall, 1989): 

 

acetonitrile > acetone > ethanol > methanol 

 

Proteins can also be eliminated by metal ions, such as copper or zinc in alkaline solution by 

forming insoluble salts (McDowall, 1989). However, metal ions interfere with subsequent 

NMR analysis and are therefore not suitable for extraction. 

Ammonium sulphate denatures proteins reversibly and has been used as a precipitant for 

many years. However, precipitation using ammonium sulfate is not efficient (< 75 %) 

(McDowall, 1989). 

 

Of the above-mentioned methods, PCA is widely used for extraction of water-soluble 

metabolites. An extraction method for cellular lipids, using methanol and chloroform, was 

first described by Folch et al., 1957. This method was later modified by Bligh and Dyer, 1959 

using smaller solvent volumes. The solvent ratios (methanol/chloroform/water) were based on 

the water content of the sample in such a way that two phases develop; the chloroform phase 

containing all lipids and the methanol/water phase containing all the water-soluble 

metabolites. A layer of precipitated proteins develops between the two samples. Although the 

Bligh and Dyer method meets the requirement to extract both lipids and water-soluble 

metabolites it was merely used for lipid extraction. Previous lipid extraction methods, such as 

the Folch’s method, were unsuitable because of the high salt content in the phase of the water-

soluble metabolites which were added during the extraction procedure.  



 

In 1996 Tyagi et al. developed a similar extraction that simultaneously and quantitatively 

recovers both the water-soluble metabolites from the methanol/water phase and the lipids 

from the chloroform phase from one single sample (dual-phase extraction). Cells were 

extracted with methanol, chloroform, and water at a ratio of 1:1:1 (v/v/v). Evaluation of the 

new procedure was done by 
31

P- and 
13

C-NMR spectroscopy: The metabolite content 

determined from the upper phase of the dual-phase extraction compared well with the 

metabolite yield from PCA extracted water-soluble metabolites. The lower chloroform phase 

containing all the lipids compared well with lipids extracted by the Folch’s method (Tyagi et 

al., 1996). This method allows simultaneous monitoring of enzymatic pathways that bridge 

both cellular components, e.g. phospholipids and its water-soluble precursor choline, both 

playing an important role in the development of breast cancer (Glunde et al., 2004). Another 

great advantage of this methanol/chloroform (M/C) extraction is that the pH remains near the 

physiological range minimizing the degradation of (acid-)labile metabolites. There is evidence 

that PCA extraction leads to decomposition of water-soluble, as well as hydrophobic 

phosphate containing intermediates (Katyal et al., 1985; Hawkins et al., 1987; Tyagi et al., 

1996). 

 

PCA extracts have to be neutralized with KOH leading to formation of a huge precipitate of 

potassium perchlorate (KClO4) which has to be removed by centrifugation. There is always 

continued precipitation of KClO4, even in the dried residue of the extract. Repeated 

centrifugation to remove the precipitate results in loss of metabolite yield by co-precipitation 

and alterations of extract volume. Besides, not all perchlorate is precipitable and may interfere 

heavily with subsequent analytical investigations (Tyagi et al., 1996). The extract of the 

water-soluble phase of M/C extracts by contrast contains minimal amounts of salts, being an 

advantage for any subsequent analytical method. The lyophilized residue is very small and 

can be re-dissolved in much smaller volumes of D2O for NMR analysis facilitating to record 

adequate NMR spectra in shorter acquisition times or using less cell mass (Tyagi et al.,1996).  

Decomposition of acid-labile metabolites, formation of a huge KClO4 precipitate, as well as 

the additional centrifugation steps to remove the precipitate certainly contribute to a higher 

variability in metabolite yield in the PCA method compared to the M/C technique. A higher 

extraction efficiency and lower variability of the M/C technique was investigated in extracts 

of M2R mouse melanoma cells (Tyagi et al., 1996), tissue of rat brain and cultured astrocytes 

(Le Belle et al., 2002), and in CHO cells (Sellick et al., 2010). 

In M/C extractions consistently higher lactate levels were detected which may indicate that 

enzyme inactivation is not as efficient as in PCA extracts. However, a possible overlap of the 



lactate signal with a broad signal from not completely removed protein and/or lipid in the 

M/C extract was also discussed (Le Belle et al., 2002). A schematic overview of the PCA and 

M/C extraction is depicted in Figure 1. 

 

 

Figure 1. Sample preparation using perchloric acid and methanol/chloroform (dual-phase) 

extraction with subsequent analysis by NMR spectroscopy (adapted from Serkova & Glunde, 
2009). 

 

 

 

Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc)
1
 is a so called activated sugar 

nucleotide - or activated sugar for short - and the major product of the hexosamine 

biosynthetic pathway (HBP; see Figure 2). After entering the cell glucose is rapidly 

phosphorylated to glucose-6-phosphate (Glc-6-P) which is isomerized in a second step to 

fructose-6-phosphate (Fru-6-P). Fru-6-P can either be oxidized to pyruvate via glycolysis or 

can enter the HBP. Approximately 2 - 5 % (depending on cell type) of the intracellular 

glucose is diverted to HBP (Marshall et al., 1991a; Hawkins et al., 1997). The first and rate-

                                                           
1 For the sake of simplicity, the symbols D- and L- as well as α- and ß- are omitted from the names of activated 

sugar nucleotides and other monosaccharides. The symbols will only be used when needed for distinction. 
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limiting step of the HBP is the formation of glucosamine-6-phosphate (GlcN-6-P) with 

glutamine as the amine donor by the enzyme glutamine-fructose-6-P aminotransferase 

(GFAT; EC 2.6.1.16) (Kornfeld, 1967). In the next step an acetyl group which derives from 

acetyl-coenzyme A (acetyl-CoA) is transferred by the enzyme glucosamine-6-P N-

acetyltransferase (GlcN-6-P N-acetyltransferase; EC 2.1.3.4) to yield N-acetylglucosamine-1-

phosphate (GlcNAc-1-P) (Davidson et al., 1957). The last step of the pathway is the transfer 

of uridine triphosphate (UTP) to GlcNAc-1-P to give UDP-GlcNAc, the final product of the 

pathway. This step is catalyzed by the enzyme UDP-N-acetylglucosamine pyrophosphorylase 

(UDP-GlcNAc pyrophosphorylase; EC 2.7.7.23) (Strominger & Smith, 1959).  

 

Figure 2. Synthesis of UDP-N-acetylglucosamine (UDP-GlcNAc) from glucose in the hexosamine biosynthetic 

pathway (HBP). The key enzymes involved in the HBP are shown in italics. The rate limiting enzyme of the 
pathway is glutamine-fructose-6-P aminotransferase (GFAT), which transfers the amine group from glutamine to 
fructose-6-P to generate glucosamine-6-P. Glucosamine-6-P is acetylated by glucosamine-6-P N-
acetyltransferase (GlcN-6-P N-acetyltransferase) to produce N-acetylglucosamine-6-P. UDP-N-acetylglucosamine 
pyrophosphorylase (UDP-GlcNAc pyrophosphorylase) catalyzes the transfer of UTP to N-acetylglucosamine-1-P 
to give UDP-GlcNAc, the final product of the pathway.  UDP-GlcNAc is the precursor for glycoproteins, 
proteoglycans, glycolipids, and O-GlcNAcylation of proteins (for the latter see also Chapter 1.6). CoA, 
coenzyme A; ER, endoplasmatic reticulum; PPi, pyrophosphate; UDP, uridine diphosphate; UTP, uridine 
triphosphate. 

 

The biosynthesis of UDP-GlcNAc is complex, as different metabolic pathways are 

concurrently involved (Figure 3): The ribose and uracil moieties of the nucleotide are 



incorporated via pentose phosphate pathway (PPP) and pyrimidine synthesis. The utilization 

of glutamine potentially links the HBP with amino acid metabolism. UDP-GlcNAc derives its 

acetyl group from acetyl-CoA. Acetyl-CoA cannot be directly incorporated into UDP-

GlcNAc via transformation of pyruvate into acetyl-CoA by the pyruvate dehydrogenase 

complex (PDC) in the mitochondrion, because acetyl-CoA itself cannot pass the 

mitochondrial membrane and the HBP happens in the cytosol. Intramitochondrial acetyl-CoA 

and oxaloacetate merge in the TCA cycle to form citrate, which is transported out of the 

mitochondria and cleaved by ATP-citrate-lyase to oxaloacetate and cytosolic acetyl-CoA. The 

incorporation of acetyl-CoA into UDP-GlcNAc therefore involves glycolysis (to form 

pyruvate), PDC to generate mitochondrial acetyl-CoA, TCA cycle, and ATP-citrate lyase.  

Since cytosolic acetyl-CoA is a key precursor for fatty acid biosynthesis, the incorporation 

into UDP-GlcNAc links the HBP to fatty acid metabolism. Fortunately, several key 

metabolites of these pathways, including lactate and glucose can be readily identified and 

quantified by NMR spectroscopy.  

 

 

Figure 3. Chemical structure of the high-energy compound UDP-GlcNAc. UDP-GlcNAc is an ideal 

metabolic marker due to its chemical composition. Glucose (blue) is directly incorporated into UDP-
GlcNAc. The acetyl group (pink) derives from acetyl-CoA which either originates from fatty acid 
metabolism or from the interface between glycolysis and TCA cycle. The nitrogen of the N-acetyl group 
(orange) is transferred from glutamine and therefore connects UDP-GlcNAc to the amino acid 
metabolism. The ribose moiety of uridine (green) is produced in the pentose phosphate pathway and 
the uracil moiety of uridine is produced in pyrimidine biosynthesis.  Levels of UDP-GlcNAc in cells are 
affected by all metabolic pathways involved. CoA, coenzyme A; TCA, tricarboxylic acid; UDP-GlcNAc, 
uridine diphosphate-N-acetylglucosamine. 

 

In some cells, intracellular UDP-GlcNAc concentrations can reach levels similar to ATP, thus 

being the second most abundant high energy metabolite in cells (Wice et al., 1985; Tomiya et 

al., 2001; Marshall et al., 2004). UDP-GlcNAc is a potent feedback inhibitor for GFAT in 



 

mammalian cells (Kornfeld et al., 1964, Kornfeld, 1967), implying a tight metabolic control 

of the flux through HBP and UDP-GlcNAc levels.  

UDP-GlcNAc is a precursor for glycoproteins, proteoglycans, glycolipids, and is the unique 

donor for the O-linkage of a single N-acetylglucosamine molecule (O-GlcNAc) to many 

nuclear and cytoplasmic proteins (see also Chapters 1.5 and 1.6). 

 

 

 

Apart from UDP-GlcNAc, other activated sugar nucleotides exist that are important 

precursors for the biosynthesis of glycoconjugates. To become activated, monosaccharides are 

transported into the cytosol by hexose transporters, e.g. by transporters of the glucose 

transporter (GLUT) family (Bell et al., 1993). In the cytosol the monosaccharides are being 

phosphorylated by hexokinases. The phosphorylated sugar then either reacts with a nucleotide 

(UTP, guanosine triphosphate (GTP), or cytidine triphosphate (CTP)) to form an activated 

sugar nucleotide or it reacts with an already existing activated sugar nucleotide in exchange 

for the sugar moiety. Some activated sugar nucleotides are also formed by epimerization of 

another activated sugar nucleotide. Possible reactions of hexoses to form activated sugar 

nucleotides are summarized in Figure 4. 

 

 

Figure 4. Possible reactions of hexoses to form activated sugar nucleotides. Adapted 
from (Varki et al., 1999). ATP, adenosine triphosphate; NDP, nucleotide diphosphate; 
NTP, nucleotide triphosphate; PPi, pyrophosphate. 

 

However, activated sugar nucleotides are not only de novo synthesized. These sugars can also 

be salvaged from degraded already existing glycoproteins and glycosaminoglycans, a process 

that occurs mainly in acidic lysosomes (Rome & Hill, 1986; Winchester, 2005). For example, 

over 50 % of N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) in intact 

cultures of human diploid fibroblasts are reincorporated into newly synthesized 

macromolecules as shown by incubation with [
3
H]glucosamine (GlcN) (Rome & Hill, 1986). 

+ +

NTP PPi



In addition, inhibition of GFAT, i.e. paralyzation of the HBP, by 6-diazo-5-oxo-L-norleucine 

(DON) had no effect on the uridine diphosphate-N-acetylhexosamine (UDP-HexNAc) level in 

bovine thyroid gland slices. This result suggests that degradation of the carbohydrate part of 

thyroglobulin is used to maintain the UDP-HexNAc pool (Trujillo & Gan, 1973).  

After transport into the cytoplasm the N-acetylated monosaccharides are rapidly 

phosphorylated by hexokinases (Leloir et al., 1958) and subsequently activated to sugar 

nucleotides.  

The relative contribution of de novo synthesized and salvaged activated sugar nucleotides 

probably varies depending on cell type and amount of glycoprotein synthesized and salvage 

pathways are not restricted to N-acetylated sugars (Varki et al., 1999).  

 

Figure 5 shows the major pathways for the biosynthesis and interconversion of activated 

sugar nucleotides. It is apparent that glucose can potentially generate all other activated sugar 

nucleotides. The formation of UDP-GlcNAc through the HBP has been described in 

Chapter 1.3. UDP-GalNAc can be formed by epimerization of UDP-GlcNAc by UDP-glucose 

4-epimerase (also referred to as UDP-galactose 4-epimerase (GALE); EC 5.1.3.2) (Wilson & 

Hogness, 1964). 

 

Cytidine monophosphate-N-acetylneuraminic acid (CMP-NeuNAc) is synthesized from UDP-

GlcNAc. At first, UDP-GlcNAc is converted to N-acetylmannosamine (ManNAc) by UDP-

GlcNAc 2-epimerase (EC 5.1.3.14). ManNAc is then phosphorylated at the expense of ATP 

by ManNAc kinase (EC 2.7.1.60) to yield ManNAc-6-P. The two reactions are actually 

carried out by a single bifunctional enzyme that exhibits two catalytic activities, the UDP-

GlcNAc 2-epimerase/ManNAc kinase (Hinderlich et al., 1997). ManNAc-6-P then condenses 

with phosphoenolpyruvate (PEP) to form N-acetylneuraminic acid-9-phosphate (NeuNAc-9-

P). The reaction is catalyzed by NeuNAc phosphate synthase (EC 2.5.1.57) (Lawrence et al., 

2000). After that NeuNAc-9-P is dephosphorylated and free NeuNAc is activated by CMP-

NeuNAc synthetase (EC 2.7.7.43) to form CMP-NeuNAc using CTP (Zapata et al., 1989). 

After phosphorylation of glucose to Glc-6-P, Glc-6-P can either be isomerized to Fru-6-P 

(which can then be routed into glycolysis or HBP) or it can be converted to glucose-1-P (Glc-

1-P) by phosphoglucomutase (EC 5.4.2.2). Glc-1-P then reacts with UTP to form uridine 

diphosphate-glucose (UDP-Glc), an important precursor for glycogen. Uridine diphosphate-

glucuronic acid (UDP-GlcUA) is formed by oxidation of the hydroxyl group at C6 of UDP-

Glc by UDP-glucose 6-dehydrogenase (EC 1.1.1.22) using nicotinamide adenine dinucleotide 

(NAD
+
) as the oxidant (Kalckar et al., 1956).  



 

Uridine diphosphate galactose (UDP-Gal) can be formed by epimerization of UDP-Glc by 

UDP-glucose 4-epimerase, the same enzyme that is responsible for epimerization of UDP-

GlcNAc to UDP-GalNAc (Wilson & Hogness, 1964). However, galactose can also be directly 

activated. Galactose is first phosphorylated to galactose-1-phosphate (Gal-1-P) by 

galactokinase (GALK; EC 2.7.1.6) and then reacts with UTP to give UDP-Gal. Alternatively, 

Gal-1-P can react with UDP-Glc to form Glc-1-P and UDP-Gal, a reaction carried out by 

galactose-1-phosphate uridylyltransferase (GALT; EC 2.7.7.12) (Holden et al., 2003). 

 

 

Figure 5. Major pathways for the biosynthesis and interconversion of activated sugar nucleotides. 

Monosaccharides are shown in grey rectangles; activated sugar nucleotides are shown in blue rectangles. For a 
better overview only the substrates of the reactions are displayed next to the reaction arrows. Adapted from (Varki 
et al., 1999). ATP, adenosine triphosphate; CTP, cytidine triphosphate; CMP-NeuNAc, cytidine monophosphate-
N-acetylneuraminic acid; Fru-6-P, fructose-6-phosphate; Fuc, fucose; Fuc-1-P, fucose-1-phosphate; Gal, 

galactose; Gal-1-P, galactose-1-phosphate; GDP-Fuc, guanosine diphosphate-fucose; GDP-Man, guanosine 
diphosphate-mannose; Glc, glucose; Glc-1-P, glucose-1-phosphate; Glc-6-P, glucose-6-phosphate; GTP, 
guanosine triphosphate; HBP, hexosamine biosynthetic pathway; Man, mannose; Man-1-P, mannose-1-
phosphate; Man-6-P, mannose-6-phosphate; ManNAc, N-acetylmannosamine; ManNAc-6-P, N-
acetylmannosamine-6-phosphate; NAD(P), nicotinamide adenine dinucleotide (phosphate); NeuNAc, N-
acetylneuraminic acid; NeuNAc-9-P, N-acetylneuraminic acid-9-phosphate; Pi, inorganic phosphate; PEP, 
phosphoenol pyruvate; UDP-Gal, uridine diphosphate galactose; UDP-GalNAc, uridine diphosphate-N-
acetylgalactosamine; UDP-Glc, uridine diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-

acetylglucosamine; UDP-GlcUA, uridine diphosphate-glucuronic acid; UTP, uridine triphosphate.  

 

The synthesis of guanosine diphosphate-mannose (GDP-Man) involves the synthesis of 

mannose-6-phosphate (Man-6-P) as an intermediate. Man-6-P can either be formed directly 

by phosphorylation of mannose via hexokinase (possibly even by a specific mannokinase; 

EC 2.7.1.7 (Abraham et al., 1961)) or by conversion of Fru-6-P to Man-6-P catalyzed by the 

enzyme phosphomannose isomerase (EC 5.3.1.8) (Gracy & Noltmann, 1968). In mammalian 

cells, GDP-Man is almost exclusively synthesized from Fru-6-P that originates from glucose. 

Only in fibroblasts direct phosphorylation of mannose was found to be a significant source for 
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GDP-Man synthesis (Panneerselvam & Freeze, 1996; Panneerselvam et al., 1997). Man-6-P 

is then converted to mannose-1-phosphate (Man-1-P) by phosphomannomutase (EC 5.4.2.8) 

(Hansen et al., 1997). As a last step Man-1-P is activated to GDP-Man with GTP catalyzed by 

GDP-mannose pyrophosphorylase (EC 2.7.7.13) (Munch-Petersen, 1956). 

 

Guanosine diphosphate-fucose (GDP-Fuc) can be biosynthesized by conversion of GDP-Man 

(Ginsburg, 1960; Ginsburg, 1961) in three sequential steps catalyzed by two enzymes. In the 

first step, the hydroxyl group at C4 of the mannose residue of GDP-Man is oxidized to a keto 

group. This oxidation is followed by a concerted reduction of the CH2OH group at the C6 of 

mannose to a methyl group, yielding GDP-4-keto-6-deoxymannose. This reaction is carried 

out by GDP-mannose 4,6-dehydratase (EC 4.2.1.47) (Sullivan et al., 1998) with nicotinamide 

adenine dinucleotide phosphate (NADP
+
) as a cofactor which mediates the transfer of a 

hydride from C4 to C6 (Oths et al., 1990). The next two steps are carried out by one enzyme 

that has both epimerase and reductase activity, the GDP-keto-6-deoxymannose 3,5-

epimerase/4-reductase (also known as the FX protein or GDP-fucose synthetase; EC 

1.1.1.271) (Chang et al., 1988; Tonetti et al., 1996). In the first reaction, GDP-4-keto-6-

deoxymannose is epimerized at C3 and C5 of the mannose residue to yield GDP-4-keto-6-

deoxyglucose. This intermediate is finally reduced to GDP-Fuc in an NADPH dependent 

reaction (Menon et al., 1999). GDP-Fuc is a competitive feedback inhibitor of GDP-mannose 

4,6-dehydratase that catalyzes the first reaction in GDP-Fuc synthesis from GDP-Man 

(Kornfeld & Ginsburg, 1966; Sullivan et al., 1998). 

GDP-Fuc can also be synthesized from free fucose via fucose-1-phosphate (Fuc-1-P) as an 

intermediate. Free fucose can derive from extracellular sources or by lysosomal degradation 

of glycoproteins and glycolipids by fucosidases (Michalski & Klein, 1999). In the first step 

fucose is phosphorylated to Fuc-1-P by fucose kinase (EC 2.7.1.52) under the expense of ATP 

(Ishihara et al., 1968a). The final formation of GDP-Fuc by condensation of Fuc-1-P with 

GTP is then catalyzed by GDP-fucose pyrophosphorylase (EC 2.7.7.30) (Ishihara et al., 

1968b). 

Quantitative studies in HeLa cells showed that the primary biosynthetic route of GDP-Fuc 

synthesis is from GDP-Man (Yurchenco & Atkinson, 1977). 

 

 

 

 



 

 

Activated sugar nucleotides are donor substrates for posttranslational glycosylation of 

proteins and lipids. In the glycosylation process various types of glycan chains are produced 

by covalently linking monosaccharides glycosidically, which are then attached to proteins or 

lipids. Protein glycosylation occurs in the endoplasmatic reticulum (ER) and Golgi apparatus 

and comprises N-glycans, O-glycans, and glycosaminoglycans (also referred to as 

proteoglycans) (Ohtsubo & Marth, 2006). Another type of glycosylation where single O-

GlcNAc residues are attached to proteins proceeds in the cytosol and nucleus (Holt & Hart, 

1986). This modification is described in detail in the following chapter.  

 

N-glycosylation requires a lipid-linked dolichol-phosphate precursor for synthesis. This 

dolichol-phosphate precursor defines the common core region of N-glycans, consisting of two 

GlcNAc residues and three mannose residues. The monosaccharide chain of an N-glycan is 

covalently linked with a GlcNAc residue to an asparagine (Asn) residue within the consensus 

sequence Asn-X-serine/threonine (Asn-X-Ser/Thr) of a protein. N-glycans can be divided into 

three types: high-mannose type, complex type, and hybrid type (Ohtsubo & Marth, 2006; 

Stanley et al., 2009).  

 

O-glycosylation is not reliant on a precursor for synthesis. O-glycans are linked via GalNAc 

to the hydroxyl groups of Ser and Thr residues of proteins. Large O-GalNAc glycoproteins 

which are heavily glycosylated are called mucins. There are also several types of other O-

linked glycoproteins, e.g. glycans linked via O-mannose (Ohtsubo & Marth, 2009; 

Brockhausen et al., 2009). 

 

Glycosaminoglycans (GAGs) are linear polysaccharide chains composed of repeating 

disaccharide units. The repeating units usually contain an N-acetylhexosamine (HexNAc; 

GlcNAc or GalNAc) residue alternating with a glucuronic acid (GlcUA) or iduronic acid 

(IdoA) residue. Hyaluronan for example is a GAG that consists of GlcNAc-GlcUA repeating 

units and exists as a free polysaccharide chain that is not attached to proteins. With the 

exception of hyaluronan, GAGs are highly sulfated and covalently attached to proteins. 

Proteins containing one or more glycosaminoglycan chains are called proteoglycans. 

Examples of proteoglycans are chondroitin or dermatan sulfate (GalNAc-GlcUA/IdoA), and 

heparin or heparan sulfate (GlcNAc-GlcUA/IdoA) (Kolset et al., 2004; Esko et al., 2009). 

 



Glycophosphatidylinositol (GPI) anchors attach glycoproteins to the lipid bilayer of the 

plasma membrane. The C-terminus of the protein is linked via ethanolamine-phosphate to the 

common core of the GPI anchor consisting of three mannose residues and a GlcN residue. 

The GlcN residue is glycosidically bound to inositol-phosphate which is in turn linked to a 

lipid. Typically two acyl chains of a glycerolipid anchor the protein to the membrane 

(Ferguson et al., 2009).  

 

Glycolipids consist of diverse glycans attached to a lipid moiety. The most common and most 

abundant glycolipids are glycosphingolipids that are composed of a glycan chain which is 

glycosidically linked via glucose or galactose to the hydroxyl residue of the lipid ceramide. A 

ceramide is composed of a long-chain amino alcohol (sphingosine) that is linked to a fatty 

acid through an amide bond. The simplest glycosphingolipid is galactosylceramide which 

consists of a single galactose residue attached to ceramide (Maccioni et al., 2002). 

Galactosylceramide is one of the most abundant molecules in the brain and used as a marker 

for myelin-forming oligodendrocytes (Raff et al., 1978). Another type of glycolipids are 

glycoglycerolipids whereby the glycan chains are attached to the hydroxyl group at C3 of a 

diacylglycerol lipid (Hölzl & Dörmann, 2007). Glycoglycerolipids are not common in 

mammalian cells, but are prevalent in chloroplasts of plants and bacteria (Hölzl & Dörmann, 

2007). 

 

As outlined above, activated sugar nucleotides are donor substrates for glycosylation 

processes. With the exception of CMP-NeuNAc which is synthesized in the nucleus (Coates 

et al., 1980), all other sugar nucleotides are synthesized in the cytosol. Glycosylation 

however, occurs in most cases in the ER and Golgi. Therefore, several non-energy requiring 

antiporters exist that transport the activated sugar nucleotides in exchange with a nucleotide 

monophosphate into the lumen of the ER and Golgi (Abeijon et al., 1997; Varki et al., 1999). 

The nucleotide monophosphate is derived from a nucleotide diphosphate that is produced in 

the glycosylation reaction with an activated sugar nucleotide. This antiporter system has the 

advantage that the precursor for synthesis of activated sugar nucleotides in the cytosol is 

resupplied for further activation of sugars (Varki et al., 1999). Enzymes responsible for 

glycosylation reactions are glycosyltransferases and glycosidases. Glycosyltransferases 

synthesize glycan linkages, while glycosidases hydrolyze glycan chains (Lairson et al., 2008).  

 

The synthesis of glycoproteins is highly regulated. This may imply that the availability of its 

precursors - the activated sugar nucleotides - is also highly regulated and can influence 



 

protein glycosylation. To date, there are comprehensive discussions on how changes in the 

levels of activated sugar nucleotides may influence glycosylation. 

 

Figure 6 depicts common glycans in mammalian cells. 

 

 

Figure 6. Common glycans in mammalian cells. N-Glycans are covalently attached to Asn residues of 

glycoproteins. N-Glycans contain typically two or more antennae. O-Glycans are covalently attached to Ser or Thr 
residues of glycoproteins. Glycosphingolipids are composed of glycan chains that are linked via glucose or 
galactose to ceramide. GPI-anchored glycoproteins are attached to the plasma membrane by a glycan covalently 
linked to phosphatidylinositol. Hyaluronan is a free glycosaminoglycan that is not attached to a protein. 
Proteoglycans (heparin sulfate, chondroitin sulfate, dermatan sulfate) are proteins containing one or more 
glycosaminoglycan chains. Cytoplasmic and nuclear O-GlcNAc glycoproteins contain a single O-GlcNAc residue 
that is not elongated. See text for detailed information (adapted from Fuster & Esko, 2005; Varki & Sharon, 2009). 
Asn, asparagine; Fuc, fucose; Gal, galactose; GalNAc, N-acetyl galactose; Glc, glucose; GlcUA, glucuronic acid; 
GlcN, glucosamine; GlcNAc, N-acetyl glucosamine; GPI, glycophosphatidylinositol; IdoA, iduronic acid; Man, 
mannose; NeuNAc, N-acetylneuraminic acid; Ser, serine; Thr, threonine; Xyl, xylose. 

 

 

 

Unlike complex N- and O-glycosylation that occurs in the secretory pathway in the ER and 

Golgi apparatus, a different type of glycosylation was found to post-translationally modify 

nuclear and cytoplasmic proteins. The covalent attachment of a single N-acetylglucosamine 



monosaccharide to the hydroxyl group of Ser and Thr residues of proteins (O-GlcNAcylation) 

was discovered in 1984 (Torres & Hart, 1984). O-GlcNAcylation is a unique type of 

glycosylation as it is not lengthened to more complex glycan structures or further modified. 

Furthermore, O-GlcNAcylation is not static but a dynamic and inducible post-translational 

modification added and removed from proteins similar to phosphorylation (Slawson et al., 

2006; Hart et al., 2007). Noteworthy, all O-GlcNAcylated proteins investigated to date are 

also modified by phosphorylation. O-GlcNAcylation sites are often the same or adjacent sites 

of protein phosphorylation, suggesting interplay between O-GlcNAc and O-phosphate 

(Slawson et al., 2006). Many proteins can be simultaneously O-GlcNAcylated and 

phosphorylated. However, both modifications can also be competitive when occurring at the 

same or adjacent sites (Kamemura et al., 2002; Slawson & Hart, 2003). The addition of one 

modification can regulate the addition of the other at the adjacent site, i.e. phosphorylation 

can prevent O-GlcNAcylation and vice versa. Thus a given protein can be phosphorylated, O-

GlcNAcylated, modified by both O-phosphate and O-GlcNAc, or unmodified. 

 

Several hundreds of kinases and phosphatases regulate cellular phosphorylation (Manning et 

al., 2002). Although O-GlcNAcylation is as abundant and as ubiquitous as phosphorylation, 

to date only two enzymes are known regulate the addition and removal of O-GlcNAc on 

target proteins, as shown in Figure 7.  

O-GlcNAc transferase (uridine diphospho-N-acetylglucosamine: polypeptide ß-N-

acetylglucosaminyltransferase; OGT; EC 2.4.1.255) attaches GlcNAc from the donor 

substrate UDP-GlcNAc to Ser/Thr residues of proteins. OGT is a highly conserved enzyme 

(Kreppel et al., 1997; Lubas et al., 1997) that has been purified, characterized and cloned 

(Haltiwanger et al., 1992; Kreppel et al., 1997). OGT is expressed in all tissues, but was 

found to be especially abundant in the brain and pancreas (Lubas et al., 1997). OGT is a 

heterotrimer consisting of two 110 kDa subunits and one 78 kDa subunit, but the 78 kDa 

subunit is not required for activity in most tissues (Haltiwanger et al., 1992). OGT is 

predominantly localized in the nucleus and cytoplasm, but a smaller splice variant (103 kDa) 

was also detected in the inner membrane of mitochondria (Love et al., 2003). However, only 

few O-GlcNAc modified proteins were found in this compartment (Love et al., 2003). In 

humans, the OGT gene resides on the X chromosome region Xq13, a region that is associated 

with neurological diseases (Shafi et al., 2000). OGT and O-GlcNAcylation are essential for 

cell viability, since OGT gene-knockout in mice led to embryonic lethality (Shafi et al., 

2000).  



 

The counterpart of OGT is O-GlcNAcase (ß-N-acetylglucosaminidase; OGA; EC 3.2.1.169) 

which catalyzes the removal of O-GlcNAc from proteins. OGA has also been purified, 

characterized, and cloned (Dong & Hart, 1994; Gao et al., 2001). OGA is located mainly in 

the cytosol and has unlike acidic lysosomal hexosaminidases a pH optimum near neutral (Gao 

et al., 2001). OGA is also highly conserved and ubiquitously expressed and was found to be 

very abundant in brain (Gao et al., 2001). 

The OGA gene was reported to be identical to that of meningioma-expressed antigen 5 

(MGEA5) which is mapped to the chromosomal region 10q24 and is associated with late-

onset Alzheimer’s disease (Heckel et al., 1998; Comtesse et al., 2001). Hence, like OGT, 

OGA may also be involved in the pathology of neurological disorders. Moreover, a single 

nucleotide polymorphism in MGEA5 correlates with an increased risk of type II diabetes in 

Mexican Americans (Lehman et al., 2005). 

 

 

Figure 7. O-GlcNAc modification on Ser or Thr residues of nuclear and cytoplasmic 

proteins. The reaction is similar to phosphorylation and is controlled by two highly 
conserved enzymes, OGT and OGA.  OGA, O-GlcNAcase; OGT, O-GlcNAc transferase; 
Ser, serine; Thr, threonine. 

 

To date, more than 600 O-GlcNAc modified proteins have been identified (Copeland et al., 

2008). O-GlcNAcylated proteins are well-known proteins including transcription factors (e.g. 

RNA polymerase II (Kelly et al., 1993), Sp1 (Jackson & Tjian, 1988)), cytoskeletal proteins 

(e.g. neurofilaments (Dong et al., 1996), tau (Arnold et al., 1996), amyloid precursor protein 

(APP) (Griffith et al., 1995)), signal transduction molecules (Wells et al., 2001) and many 

more. Several key proteins involved in glucose metabolism and insulin regulation such as 

enzymes of glycolysis (e.g. enolase) (Wells et al., 2002), glycogen synthase (Parker et al., 

2003), glycogen synthase kinase-3 (GSK-3) (Lubas & Hanover, 2000), GLUT-1 (Buse et al., 

2002), endothelial nitric oxide synthase (eNOS) (Federici et al., 2002), and insulin receptor 

substrate-1 (IRS-1) (Ball et al., 2006) are also O-GlcNAc modified. Accordingly, O-

GlcNAcylation is involved in regulating transcription, cellular stability, and glucose 

metabolism. Moreover, further studies have shown that O-GlcNAc affects protein stability 



(Yang et al., 2006), influences protein interactions (Roos et al., 1997), regulates protein 

trafficking (Zhu et al., 2001), and influences cell growth and proliferation (Slawson et al., 

2005). 

 

Not only are OGT and OGA highly expressed in brain, but also the presence of O-GlcNAc on 

proteins important for neuronal function and pathogenesis such as tau and APP indicate that 

O-GlcNAc modification is of decisive importance in brain. Furthermore, the high expression 

of OGT and OGA in pancreas together with the discovery of a wide range of proteins 

involved in glucose metabolism and insulin regulation being O-GlcNAcylated also suggests 

an important function in these metabolic pathways. 

 

O-GlcNAcylation has been shown to participate in an early protective response to cellular 

stress, since O-GlcNAc levels on many proteins increase rapidly as a reaction to multiple 

forms of stress, such as osmotic, oxidative, and thermal stress (Zachara et al., 2004; Zachara 

& Hart, 2004). Increasing O-GlcNAc levels results in cells that are more stress tolerant, 

whereas decreasing O-GlcNAc or OGT protein levels leads to cells that are less stress tolerant 

(Zachara et al., 2004). One possible explanation how O-GlcNAc may mediate stress tolerance 

is by altering the levels of heat-shock proteins, several of which are highly O-GlcNAcylated 

(Zachara et al., 2004). 

 

The regulation of OGT and OGA is yet not fully elucidated. However, it is known that OGT 

is highly regulated by many different mechanisms, such as post-translational modifications 

and nutrient availability. OGT (Kreppel et al., 1997), as well as OGA (Khidekel et al., 2007) 

itself, are both tyrosine phosphorylated and O-GlcNAc modified and thus their activity may 

also be regulated by post-translational modifications. 

OGT activity is also dependent on its donor substrate UDP-GlcNAc since OGT is highly 

sensitive to varying UDP-GlcNAc concentrations (Haltiwanger et al., 1992; Kreppel et al., 

1997; Kreppel & Hart, 1999). UDP-GlcNAc synthesis in turn is highly dependent on nutrients 

(glucose and glutamine and/or GlcN). Changes in flux through HBP either increase or 

decrease UDP-GlcNAc levels also affecting the extend of O-GlcNAcylation on many proteins 

(Kreppel & Hart, 1999). For this reason O-GlcNAcylation and the HBP are often considered 

as a nutrient sensor and the level of O-GlcNAcylation a marker of the nutritional state of the 

cell. 

OGT activity may possibly be up-regulated by auto-O-GlcNAcylation, since OGT itself was 

found to be to be hyper-O-GlcNAcylated in hyperglycemic conditions (Akimoto et al., 2001; 



 

Vosseller et al., 2002a). In this context it is interesting that in accordance with the fact that O-

GlcNAc levels increase in response to cellular stress, glucose deprivation also leads to 

elevated O-GlcNAc levels in cells (Taylor et al., 2008; Talor et al., 2009; Cheung & Hart, 

2008). 

 

O-GlcNAc study and detection has been difficult and only moderate progress was made in the 

past. The O-GlcNAc modification is small and, unlike phosphate, uncharged. Therefore, it 

does not alter protein migration during gel electrophoresis even on high resolution two-

dimensional gels (Copeland et al., 2008). Furthermore, like phosphorylation, O-

GlcNAcylation is not stoichiometric and is rapidly removed by intracellular glycosidases 

when cells are damaged. On this account it is difficult to detect O-GlcNAc by mass 

spectrometry. Moreover, O-GlcNAc is very labile during ionization in a mass spectrometer. 

The lack of an apparent consensus sequence for O-GlcNAc further hampers its study 

(Copeland et al., 2008). 

Quite recently, antibodies recognizing O-GlcNAc (Comer et al., 2001) and potent O-

GlcNAcase inhibitors (Dorfmueller et al., 2006; Stubbs et al., 2006) have been developed that 

facilitate O-GlcNAc detection. Chemoenzymatic techniques such as BEMAD (mild ß-

elimination followed Michael addition with dithiothreitol) that label O-GlcNAc modified 

proteins with dithiothreitol (Vosseller et al., 2005) or incorporation of sugars bearing an N-

azido group that allows subsequent derivatization with probes or tags (Vocadlo et al., 2003) 

were developed to identify O-GlcNAc sites. These techniques combined with new mass-

spectrometric methods such as TMS-ECD (Fourier transform mass spectrometry with 

electron-capture dissociation) (Vosseller et al., 2006) or ETD (ion-trap mass spectrometry 

with electron-transfer dissociation) (Mikesh et al., 2006) now allow O-GlcNAc detection and 

site mapping. 

 

 

 

O-GlcNAc not only plays an important role in many fundamental cellular processes, but also 

its dysregulation has been shown to be involved in the development of human diseases such 

as diabetes (Vosseller et al., 2002b), Alzheimer’s disease (Dias & Hart, 2007), and cancer 

(Slawson et al., 2010). 

 



 

Insulin resistance is the reduced ability of insulin to mediate glucose absorption from blood 

into skeletal muscle and fat cells, thus lowering blood glucose levels. Insulin resistance is, 

along with hyperglycemia, a hallmark of type II diabetes (Reaven, 1988). In normal cells, 

insulin induces a complex signal transduction cascade that results in translocation of the 

insulin responsive glucose transporter GLUT4 to the plasma membrane (Lin & Sun, 2010).  

 

Recent evidence has shown that elevated O-GlcNAc levels due to increased flux through the 

HBP under sustained hyperglycemia causes insulin resistance (Vosseller et al., 2002b; 

McClain et al., 2002). In this context the HBP is proposed to function as a nutrient sensor in 

the development of diabetes. 

Marshall et al. were the first who connected elevated flux through the HBP with insulin 

resistance (Marshall et al., 1991a; Marshall et al., 1991b; Marshall et al., 1991c). Their 

studies in primary rat adipocytes showed that glucose, glutamine and insulin are required for 

the induction of insulin resistance (Traxinger & Marshall, 1991). The requirement for 

glutamine indicated the participation of the HBP. They confirmed this assumption by showing 

that insulin resistance can be reduced by inhibiting GFAT. The reduction, in turn, can be 

reversed by GlcN, that can enter the HBP as GlcN-6-P downstream of GFAT and therefore 

bypassing it, causing increased levels of UDP-GlcNAc. GlcN was even more potent than 

glucose in inducing insulin resistance (Marshall et al., 1991a; Marshall et al., 1991b). On the 

contrary, overexpression of GFAT in several tissues leads to insulin resistance in cultured 

adipocytes and transgenic mice (Hebert et al., 1996; Veerababu et al., 2000; Cooksey & 

McClain, 2002). As a side note, GFAT is most highly expressed in insulin-responsive tissues, 

such as fat tissue (Nerlich et al., 1998). 

Numerous in vitro (Robinson et al., 1993; Marshall et al., 2004) and in vivo (Baron et al., 

1995; Rossetti et al., 1995; McClain & Crook, 1996; Patti et al., 1999) studies using GlcN 

have now demonstrated that increased flux through the HBP may be one mechanism in the 

development of insulin resistance.  

 

The use of GlcN to investigate the role of the HBP in the development of insulin resistance 

has been raised to question (Hresko et al., 1998; Virkamäki & Yki-Järvinen, 1999; Nelson et 

al., 2000; Nelson et al., 2002). One consequence of GlcN administration is the vast 

accumulation of GlcN-6-P, that leads to ATP depletion in cells (Hresko et al., 1998; Marshall 

et al., 2004). It was clearly shown that ATP depletion can affect insulin signaling independent 



 

from UDP-GlcNAc formation leading to misinterpretation of the results (Hresko et al., 1998). 

Furthermore, GlcN and GlcN-6-P levels are normally very low in cells and their synthesis is 

limited by feedback inhibition of GFAT by UDP-GlcNAc (Kornfeld et al., 1964). However, 

low doses of GlcN were found to distinctly increase UDP-GlcNAc levels without increasing 

GlcN-6-P or altering ATP levels (Marshall et al., 2004). 

 

A direct link between increased O-GlcNAc metabolism and the development of diabetes was 

established by studies targeting the enzymes of O-GlcNAc cycling. In transgenic mice even a 

slight overexpression of OGT in muscle and fat tissue caused insulin resistance (McClain et 

al., 2002). Furthermore, overexpression of OGT in liver also led to insulin resistance (Yang et 

al., 2008). In parallel studies it was demonstrated that elevation of O-GlcNAc levels by 

treatment of adipocytes with the OGA inhibitor O-(2-acetamido-2-deoxy-D-

glucopyranosylidene) amino N-phenylcarbamate (PUGNAC) impaired insulin signaling as 

well (Vosseller et al., 2002b). In addition, increased O-GlcNAcylation by OGA inhibition 

resulted in decreased glucose-dependent insulin expression and secretion in isolated 

pancreatic islets (Akimoto et al., 2007). Besides, OGT protein levels and the extent O-

GlcNAcylation on proteins were found to be increased in the pancreatic islets of diabetic rats 

(Akimoto et al., 2007). Hyperinsulinemia is also able to potently increase O-GlcNAc levels 

on many proteins in rat skeletal muscle (Yki-Järvinen et al., 1998). 

 

The above specified studies clearly evidence that elevated flux through the HBP and increased 

O-GlcNAc levels induce insulin resistance in type II diabetes. However, what are the 

mechanisms? As described in the previous chapter, several key proteins involved in glucose 

metabolism and insulin regulation are O-GlcNAc modified. Hyperglycemia results in 

abnormal increased O-GlcNAcylation, which leads to an aberrant O-GlcNAc and O-

phosphate balance on proteins involved in insulin signaling or proteins that control the 

transcription of proteins involved in insulin signaling. It is proposed that prolonged O-

GlcNAc/O-phosphate imbalance induces insulin resistance in type II diabetes by disturbing 

the phosphorylation-dependent insulin signaling pathway (Copeland et al., 2008). 

 

Under hyperglycemic conditions, the ubiquitous transcription factor Sp1 becomes hyper-O-

GlcNAcylated (Jackson & Tijan, 1988; Walgren et al., 2003). Sp1 is O-GlcNAcylated at 

multiple sites (Jackson & Tijan, 1988) and its O-GlcNAcylation state correlates with its 

ability to regulate the expression of genes linked to diabetes (Du et al., 2000). O-GlcNAc 

enhances the DNA binding activity of Sp1, which is completely lost after O-GlcNAc removal 



(Weigert et al., 2003). O-GlcNAcylation of Sp1 is also stimulated by insulin itself (Majumdar 

et al., 2006). This enhanced transcriptional activity may lead to insulin resistance. 

  

NeuroD1a and pancreatic duodenal homeobox-1 (PDX-1) are key transcription factors 

regulating insulin synthesis in pancreatic ß-cells and both are O-GlcNAc modified (Gao et al., 

2003; Andrali et al., 2007). It was reported that NeuroD1 is regulated by O-GlcNAc in MIN6 

ß-cells (Andrali et al., 2007). Under hypoglycemic conditions, NeuroD1 is mainly located in 

the cytosol. However, when NeuroD1 is O-GlcNAcylated under hyperglycemic conditions or 

O-GlcNAc removal is inhibited by treatment with the OGA inhibitor PUGNAC, NeuroD1a is 

translocated into the nucleus (Andrali et al., 2007). Furthermore, it was demonstrated that 

NeuroD1 interacts with OGT at high glucose concentrations, whereas it interacts with OGA 

when glucose concentrations are low (Andrali et al., 2007). 

Elevated O-GlcNAcylation of PDX-1 under hyperglycemic conditions increases its DNA 

binding activity and insulin secretion in ß-cells (Gao et al., 2003). Interestingly, it has been 

demonstrated that under high glucose PDX-1 also becomes O-phosphate modified, indicating 

that both O-phosphate and O-GlcNAc may concurrently regulate insulin secretion 

(Macfarlane et al., 1999). As with NeuroD1a, glucose stimulates the translocation of PDX-1 

from the cytoplasm to the cytosol in pancreatic ß-cells (Macfarlane et al., 1999). 

Moreover, it has been shown that O-GlcNAcylation of PDX-1 is increased in the pancreas of 

diabetic rats (Akimoto et al., 2007). 

Taken together, high glucose flux through the HBP causes elevation of O-GlcNAcylation of 

NeuroD1a and PDX-1, which increases their transcriptional activity, leading to altered insulin 

synthesis. 

 

IRS-1 plays a major role in transmitting signals from insulin to intracellular pathways such as 

the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt pathway (Guilherme & Czech, 

1998). Activation of Akt leads to phosphorylation of various substrates, including AS160 

which regulates GLUT4 translocation or GSK-3 which promotes glycogen formation (Lin & 

Sun, 2010). IRS-1 is phosphorylated and O-GlcNAc modified (Vosseller et al., 2002b; Ball et 

al., 2006). It was shown that increased flux through the HBP leads to increased O-

GlcNAcylation of IRS-1 which appears to reduce its binding to the p85 unit of PI3K  

(Federici et al., 2002; Vosseller et al., 2002b; Andreozzi et al., 2004). The p85 subunit of 

PI3K itself was also found to be O-GlcNAc modified (Federici et al., 2002; Ball et al., 2006). 

Furthermore, in 3T3-L1 adipocytes where insulin resistance was induced by inhibition of O-

GlcNAc removal by incubation with PUGNAC cells also exhibited inhibition of insulin-



 

stimulated Akt activation (Vosseller et al., 2002b). This inhibition was most probably caused 

by increased Akt O-GlcNAcylation and concomitantly decreased Akt phosphorylation 

(Vosseller et al., 2002b). Similar studies in rat primary adipocytes also revealed that increased 

O-GlcNAcylation on Akt and IRS-1 by PUGNAC treatment inhibits their phosphorylation 

and induces insulin resistance (Park et al., 2005). 

 

Another metabolic pathway involved in insulin signaling is glycogen metabolism. Glycogen 

synthase, the enzyme that converts Glc-1-P into glycogen is O-GlcNAc modified (Parker et 

al., 2003). It has been shown that increased flux through the HBP reduces glycogen synthesis 

(Crook et al., 1995). In NIH-3T3-L1 adipocytes glucosamine or high concentrations of 

glucose inhibit insulin-stimulated activation of glycogen synthase and this inhibition was 

associated with increased O-GlcNAc modification of the enzyme (Parker et al., 2003). 

Furthermore, diabetic streptozotocin-treated mice exhibited reduced glycogen synthase 

activity and increased O-GlcNAcylation of glycogen synthase (Parker et al., 2003; Parker et 

al., 2004). GSK-3 is a key regulator of glycogen synthase. GSK-3 itself is O-GlcNAc 

modified and in the presence of PUGNAC GSK-3 phosphorylation is decreased, resulting in 

impaired GSK-3 signaling and reduced glucose uptake into cells (Vosseller et al., 2002b). 

This suggests that O-GlcNAc may inhibit glycogen synthase activity which further 

contributes to high intracellular glucose levels and thus increased O-GlcNAc modification on 

proteins which may exacerbate the induction of insulin resistance. 

 

Insulin action leads to translocation of GLUT4 to the plasma membrane (Lin & Sun, 2010). In 

vivo and in vitro elevation of UDP-GlcNAc levels by high glucose or GlcN results in 

impaired GLUT4 translocation and reduced glucose uptake without changing GLUT4 

expression (Heart et al., 2000; Park et al., 2005; Buse, 2006). These results were confirmed 

by the observation that overexpression of GFAT in transgenic mice was also accompanied by 

impaired GLUT4 translocation to the plasma membrane. The expression of GLUT4 and also 

GLUT1 was again unchanged (Cooksey et al., 1999). GLUT4 itself is O-GlcNAc modified 

(Park et al., 2005) and it is unclear whether impaired GLUT4 translocation is provoked by an 

increase of GLUT4 O-GlcNAcylation concomitant with a decrease of phosphorylation, it is 

caused by decreased Akt activation, or by other mechanisms (Slawson et al., 2006).  

 

The HBP and O-GlcNAc have also been linked to the pathogenesis of complications of 

diabetes such as vascular diseases. Cardiomyocytes incubated with high glucose, develop 

impaired Ca
2+

 cycling. These cells exhibited reduced sarcoendoplasmic reticulum Ca
2+

-



ATPase 2a (SERCA2a) mRNA and protein expression. The same results were obtained by 

overexpression of OGT (Clark et al., 2003). Overexpression of OGA, lowering O-GlcNAc 

levels, on the other hand resulted in improved Ca
2+

 cycling and restored SERCA2a protein 

levels in cardiomyocytes exposed to high glucose (Clark et al., 2003). These results suggest 

that O-GlcNAcylation is important in the development of diabetic cardiomyopathy (Clark et 

al., 2003). Furthermore, excess protein O-GlcNAcylation that exists in diabetic hearts of mice 

contributes to cardiac dysfunction. Adenovirus delivered overexpression of OGA in these 

diabetic hearts not only reduced overall O-GlcNAcylation, but also improved calcium 

signaling and had positive effects on diabetic cardiac function (Hu et al., 2005). 

High glucose enhances the expression of plasminogen activator inhibitor-1 (PAI-1) which is 

thought to be involved in the development of nephropathy and atherosclerosis in diabetes 

(Eddy, 2002; Paueksakon et al., 2002). The expression of PAI-1 is regulated by Sp1 (Chen et 

al., 1998), a transcription factor that is O-GlcNAc modified (Jackson &Tjian, 1988). The O-

GlcNAc modification of Sp1 increases under hyperglycemic conditions and by treatment with 

GlcN or PUGNAC (Haltiwanger et al., 1998; Du et al., 2000). The direct involvement of the 

HBP in PAI-1 activation has been shown by incubation with high glucose and overexpression 

of GFAT both of which lead to activation of the PAI-1 promoter in bovine aortic endothelial 

cells and mesangial cells (Du et al., 2000; James et al., 2000). In contrast, Sp1 induced 

activation of PAI-1 gene expression can be prevented by OGT knockdown by RNA 

interference (Goldberg et al., 2006).  

Last but not least, vascular endothelial damage due to high glucose in diabetes is most 

probably caused by inhibition of eNOS by increased O-GlcNAcylation and decreased 

phosphorylation of the enzyme (Du et al., 2001). eNOS is an important vasodilator by 

generating the vasoprotective molecule nitric oxide (NO). NO inhibits platelet aggregation 

and adhesion and is an important protective molecule against vascular disease (Förstermann 

& Münzel, 2006). Inhibition of eNOS by O-GlcNAc therefore potentially contributes to 

endothelial dysfunction leading to increased risk of vascular damage, heart attack and stroke 

in diabetes. Besides, under normal conditions, eNOS activity is regulated by insulin via the 

insulin receptor/IRS-1/PI3K pathway (Zeng et al., 2000) which is impaired due to increased 

flux through the HBP in hyperglycemia (Federici et al., 2002). 

 

There are also a few clinical studies that established a connection between insulin resistance 

and the HBP. GFAT activity was distinctly increased in skeletal muscle biopsies obtained 

from patients with type II diabetes (Yki-Järvinen et al., 1996). In human skeletal muscle 

cultures from diabetic patients glucose uptake is reversely regulated with GFAT activity and 



 

GFAT activity is significantly stimulated by high glucose, insulin, and their combination 

(Daniels et al., 1996). Increased GFAT activity also correlates with body mass index in 

control patients, but not in patients with diabetes (Daniels et al., 1996). In accordance with the 

studies in muscle, GFAT activity was also shown to correlate with obesity and levels of the 

satiety hormone leptin in human adipose tissue (Considine et al., 2000). Furthermore, in 

healthy humans acute GlcN infusion appears to trigger some metabolic features of diabetes 

(Monauni et al., 2000). 

 

Although numerous studies show that there is clear evidence that elevated flux through the 

HBP and increased O-GlcNAcylation are involved in the development of insulin resistance in 

type II diabetes (Copeland et al., 2008), the precise mechanisms are still not fully understood 

and further research remains necessary. The current opinion is that O-GlcNAc can induce 

insulin resistance; however, many other unknown factors are involved in this event (Buse, 

2006; Robinson et al., 2007). Elucidation of the molecular events that contribute to the 

development of type 2 diabetes will lead to novel approaches for diagnosis and therapy. 

 

 

Alzheimer’s disease is a chronic neurodegenerative disorder with various aetiologies leading 

to synaptic loss and dementia (Perry et al., 2003). Alzheimer’s disease is the most common 

neurodegenerative disease and accounts for up to two thirds of all dementia cases and belongs 

to one of the leading causes of death amongst the elderly (Nussbaum & Ellis, 2003). Although 

the characteristic lesions of the disease were already described by Alois Alzheimer in 1906 

the molecular mechanisms causing these lesions are still not fully elucidated (Möller & 

Graber, 1998). The major risk factor for Alzheimer’s disease is aging, followed by genetic 

factors that also play a decisive role in the onset of the disease. Moreover, environmental 

factors are also discussed to increase the risk of developing Alzheimer’s disease (Munoz & 

Feldman, 2000).  

One mechanism related to aging that might play an important role in the development of 

Alzheimer’s disease is oxidative damage evoked by reactive oxygen species such as free 

radicals produced during cellular respiration (Markesbery, 1997). Free radicals lead to 

oxidative damage of proteins, lipids, and DNA. These oxidation products are found to be 

increased in brains of patients with Alzheimer’s disease (Markesbery, 1997). 

 



The human brain is dependent on continuous glucose supply since the capacity of the brain to 

store energy is very limited (Peters et al., 2004). Normal aging is associated with a decline in 

brain glucose consumption at different regions of the brain (Kuhl et al., 1982; Moeller et al., 

1996). Patients with Alzheimer’s disease have a significantly marked decline in glucose 

uptake and metabolism compared to brains of age-matched healthy patients, as revealed by 

the use of fluorodeoxyglucose and positron emission tomography (FDG-PET) (Mielke et al., 

1992; Mosconi et al., 2008). This impairment of glucose consumption precedes the 

appearance of clinical symptoms (Mosconi et al., 2008), leading to the assumption that it is 

rather a cause than a consequence of Alzheimer’s disease. It has been shown that the decline 

in glucose metabolism in patients with Alzheimer’s disease is a sensitive marker for disease 

progression (Alexander et al., 2002). However, the role of glucose metabolism in Alzheimer’s 

disease is controversially discussed and the molecular mechanisms how impaired glucose 

uptake leads to, or how this impairment contributes to the disease is not fully understood. 

Reduced cerebral blood flow (De la Torre, 2004), impaired brain insulin signaling (Salkovic-

Petrisic & Hoyer, 2007), oxidative stress (Schubert, 2005), and decreased brain glucose 

transporters (Simpson et al., 1994) are contemplable possibilities discussed in literature.  

Glucose is transported from the bloodstream into the brain mainly by the major neuronal 

glucose transporters GLUT3 and GLUT1. Both glucose transporters were found to be 

decreased in Alzheimer’s disease brain (Kalaria & Harik, 1989 Simpson et al., 1994; Harr et 

al., 1995; Mooradian et al., 1997; Liu et al., 2008; Liu et al., 2009a).  

 

As already described in the previous chapters, UDP-GlcNAc synthesis is dependent of 

intracellular glucose concentration. Impaired glucose uptake observed in Alzheimer’s disease 

will lead to decreased UDP-GlcNAc levels, which will in turn affect the O-GlcNAcylation of 

many proteins present in the brain since OGT is highly sensitive to varying glucose 

concentrations (Haltiwanger et al., 1992; Kreppel et al., 1997; Kreppel & Hart, 1999). 

There are several lines of evidence that O-GlcNAcylation plays an important role in the brain. 

First, a majority of O-GlcNAc modified protein were isolated from brain. Many of the O-

GlcNAc modified proteins in the brain are cytoskeletal proteins critical for neuronal function, 

such as neurofilaments (Dong et al., 1996), the microtubule-associated protein tau (Arnold et 

al., 1996), clathrin assembly protein-3 (AP-3) (Yao & Coleman 1998), and APP (Griffith et 

al., 1995). Second, as already stated, OGT and OGA are most abundant in brain (Lubas et al., 

1997; Gao et al., 2001), especially in the hippocampus a brain region that is severely affected 

in Alzheimer’s disease and which is relevant for learning and memory (Liu et al., 2004a). 

Last, the genes encoding for both OGT and OGA map regions associated with Alzheimer’s 



 

disease and other neurodegenerative diseases (Shafi et al., 2000; Bertram et al., 2000; Heckel 

et al., 1998; Comtesse et al., 2001). 

Another evidence of importance of O-GlcNAc in neurons is the fact that it is involved in the 

regulation of axon branching and thus neuronal development (Francisco et al., 2009), synaptic 

transmission (Vosseller et al., 2006), and synaptic plasticity (Tallent et al., 2009). Synaptic 

plasticity is central to learning and memory and is also impaired in Alzheimer’s disease 

(Shankar et al., 2008).  

 

As indicated by the fact that glucose uptake is reduced in Alzheimer’s disease brains, there 

are several studies that have revealed that O-GlcNAcylation is reduced in Alzheimer’s disease 

brain compared to that of controls (Liu et al., 2004b; Liu et al., 2009b). Thus, the brain is 

likely to be sensitive to lowered glucose metabolism which affects its O-GlcNAcylation 

processes. 

The above mentioned O-GlcNAcylated proteins, tau, APP, AP-3, and neurofilaments, are 

thought to be implicated in the aetiology of Alzheimer’s disease with tau and APP being the 

most prominent proteins. The two major hallmarks of Alzheimer’s disease are neurofibrillary 

tangles (NFTs) aggregated from hyperphosphorylated tau (Grundke-Iqbal et al., 1986a; 

Grundke-Iqbal et al., 1986b) and amyloid-ß (Aß) - a fragment of the APP protein - containing 

senile plaques (LaFerla et al., 2007). 

 

Tau (tubulin associated unit) is a microtubule-associated low molecular weight protein 

existing in different isoforms. Tau proteins are mainly expressed in neurons (Brandt et al., 

2005) and are required for microtubule assembly, polymerization, and stability in the 

cytoskeleton (Avila et al., 2004). Tau was originally considered to be exclusively expressed in 

neurons (Binder et al., 1985). However, recent studies indicate that tau is also present in glial 

cells and astrocytes (Papasozomenos & Binder, 1987; Shin et al., 1991; Lin et al., 2003). 

Tau is a phosphoprotein with a molecular weight between 45 to 70 kDa, depending on the 

isoform and phosphorylation status (Delacourte & Buée, 2000; Lefebvre et al., 2003). Tau O-

GlcNAcylation was initially shown on bovine tau (Arnold et al., 1996). Initial site mapping 

data indicated that one major site for O-GlcNAc modification is located to the microtubule-

binding domain on bovine tau (Arnold et al., 1996). Subsequent investigations showed that 

tau is also extensively O-GlcNAc modified in healthy human brain (Liu et al., 2004b). 

In Alzheimer’s disease tau becomes hyperphosphorylated and forms insoluble paired helical 

filaments, which accumulate in the cytoplasm of neurons (Grundke-Iqbal et al., 1986b). As a 

result, tau is not able to bind to microtubules anymore, which destabilizes microtubules and 



leads to failure of the neuron to maintain its cytoskeleton und ultimately to neuronal death 

(Ballatore et al., 2007). The development of NFTs is a major and possibly the main 

mechanism of neuronal loss in Alzheimer’s disease (Ballatore et al., 2007). A correlation 

between the numbers of NFTs in brains of Alzheimer’s disease patients and the severity of 

dementia symptoms has been shown (Arriagada et al., 1992). 

Hyperphosphorylated tau in Alzheimer’s disease brains contains less O-GlcNAc than normal 

tau (Liu et al., 2009b). As observed in several other O-GlcNAc modified proteins, O-

GlcNAcylation and phosphorylation of tau are regulated reciprocally in cultured cells, rat 

brain slices, mouse brains, and human Alzheimer’s disease brains (Liu et al., 2004b; Liu et 

al., 2009b). Furthermore, is has been shown that reduced O-GlcNAcylation induces 

hyperphosphorylation of tau (Liu et al., 2004b).  

Lowering O-GlcNAcylation of tau by OGT knockdown with short hairpin RNA leads to 

increased phosphorylation in HEK293 cells (Liu et al., 2009b). Targeted deletion of OGT in 

mouse neurons results in neuronal dysfunction, increased levels of the tau protein, and 

hyperphosphorylation of tau (O’Donnell et al., 2004). By contrast, OGT overexpression 

increases O-GlcNAcylation and decreases phosphorylation of tau (Robertson et al., 2004). 

Similarly, inhibition of the HBP in mammalian brain decreases O-GlcNAcylation and induces 

phosphorylation of tau (Liu et al., 2009b). These studies indicate that O-GlcNAc sites 

negatively regulate O-phosphate sites and vice versa by proximal or same site occupancy 

(Dias & Hart, 2007). Since O-GlcNAcylation is regulated by intracellular glucose supply via 

decreased glucose flux (Kreppel & Hart, 1999) these investigations further support the 

hypothesis that reduced glucose metabolism in Alzheimer’s disease brain decreases O-

GlcNAcylation of tau, thus leading to hyperphosphorylation with all its detrimental effects 

(Dias & Hart, 2007). In this regard, an important finding was that the decrease in GLUT1 and 

GLUT3 is correlated to the decrease in O-GlcNAcylation, to the hyperphosphorylation of tau, 

and to the number of NFTs in human brains (Liu et al., 2008). 

Starved mice are commonly used as an animal model to mimic lowered brain glucose 

metabolism (Li et al., 2006). Fasting causes decreased O-GlcNAcylation and induces 

hyperphosphorylation of tau, but also of neurofilaments in mouse brain (Liu et al., 2004b; Li 

et al., 2006; Liu et al., 2009b), except that the hyperphosphorylation stimulated by fasting 

was reversible after re-feeding, implicating that abnormal hyperphosphorylation of tau might 

be reversed at early stages of the disease (Li et al., 2006). 

 

Phosphatases are enzymes that remove phosphate groups from its substrate. Inhibition of 

phosphatases may be another possibility to trigger hyperphosphorylation of tau. Protein 



 

phosphatase 2A (PP2A) is the major phosphatase that regulates tau phosphorylation in human 

brain (Goedert et al., 1995; Liu et al., 2005). PP2A activity and mRNA expression were both 

found to be decreased in Alzheimer’s disease brain (Gong et al., 1995; Vogelsberg-Ragaglia 

et al., 2001; Liu et al., 2005). These findings suggest that PP2A might, along with impaired 

glucose metabolism, be responsible for abnormal hyperphosphorylation of tau in Alzheimer’s 

disease. Furthermore, fasted mice which showed decreased O-GlcNAcylation of tau also 

exhibited decreased PP2A activity (Planel et al., 2004). 

In conclusion, impaired brain glucose metabolism in Alzheimer’s disease, is at least partly 

caused by decreased GLUT1 and GLUT3 levels, which leads to decreased flux through the 

HBP. This in turn causes decreased UDP-GlcNAc levels and thus reduced O-GlcNAcylation 

of tau. Decreased O-GlcNAcylation again causes, in interaction with PP2A inhibition, 

abnormal hyperphosphorylation of tau, and ultimately, formation of NFTs leading to 

neurodegeneration (Liu et al., 2009b). Restoration of normal brain glucose metabolism, and in 

consequence O-GlcNAcylation of tau, may therefore be a promising target for treating 

Alzheimer’s disease. 

 

Another hallmark of Alzheimer’s disease is the formation of senile plaques composed of Aß 

(LaFerla et al., 2007). Aß is derived from the intracellular cleavage of APP by ß- and γ-

secretases, producing mainly Aß1-40 and Aß1-42 peptides with a length of 40 and 42 amino 

acids, respectively (Wolfe, 2002; Haass & Selkoe, 2007). APP is a single (type-I) 

transmembrane protein with a large extracellular domain that is ubiquitously expressed 

(Wilquet & De Strooper, 2004). Generation of Aß by cleavage of APP occurs via the above 

described amyloidogenic pathway by ß- and γ-secretases. However, the main proteolytic 

processing pathway of APP is the nonamyloidogenic pathway by α- and γ-secretases, 

generating a truncated Aß fragment, because α-secretase cleaves in the Aß sequence itself 

(Wilquet & De Strooper, 2004). Thus, the nonamyloidogenic pathway precludes the 

formation of Aß. 

Aß forms multiple types of aggregates, such as monomers, oligomers, protofibrils, fibrils, and 

plaques (Snyder et al., 1994; Dahlgren et al., 2002). Aß1-42 peptides are more prone to form 

aggregates than Aß1-40 (Dahlgren et al., 2002). Aß1-40 remains mainly as a monomer and was 

shown to exert less detrimental effects on neuronal viability than does Aß1-42 (Dahlgren et al., 

2002). Furthermore, Aß1-42 is the predominant form found in Aß containing senile plaques 

(Younkin, 1998). Most familiar cases of Alzheimer’s disease exhibit mutations in APP or 

presenilins - subunits of γ-secretase responsible for APP cleavage - leading to an increased 

Aß1-42 : Aß1-40 ratio found in patients with Alzheimer’s disease (Borchelt et al., 1996). Recent 



studies have indicated that not only fibrillar Aß, but also soluble oligomers of Aß cause 

neurotoxicity (Klein et al., 2001). However, the exact role of fibrillar and oligomeric Aß in 

Alzheimer’s disease is not yet known. At first it was thought that accumulation of insoluble 

fibrillar Aß occurs exclusively extracellularly. This hypothesis was modified when the 

pathogenic character of soluble Aß was discovered. There is now sufficient evidence that Aß 

accumulation occurs extracellularly, as well as inside neurons (Mohamed & Posse de Chaves, 

2011). Intraneuronal Aß is derived from intracellular cleavage of APP and from 

internalization from the extracellular space (Mohamed & Posse de Chaves, 2011). 

APP is the first plasma membrane protein reported to be O-GlcNAc modified (Griffith et al., 

1995). O-GlcNAcylation of APP has an effect on its processing. Increasing O-GlcNAcylation 

of APP by inhibition of OGA by PUGNAC results in increased secretion of sAPPα and 

decreased Aß formation (Jacobsen & Iverfeldt, 2011). sAPPα is an APP fragment generated 

together with truncated Aß by nonamyloidogenic α-secretase processing of APP. sAPPα has 

been shown to have neuroprotective effects (Goodman & Mattson, 1994). Thus, stimulation 

of APP O-GlcNAcylation enhances APP processing via the nonamyloidogenic pathway, 

making it a promising therapeutic target (Jacobsen & Iverfeldt, 2011). 

The toxic effects of Aß are mediated, at least in part, by being a potent inducer of oxidative 

stress through the generation of free radicals that lead to inhibition of the mitochondrial 

respiratory chain (Behl et al., 1994; Miranda et al., 2000; Canevari et al., 2004). There is 

strong evidence that at least one cause of tau hyperphosphorylation in neurons is 

mitochondrial dysfunction induced by Aß (Melov et al., 2007; Su et al., 2010; Garwood et al., 

2011), indicating that Aß precedes hyperphosphorylation of tau (LaFerla et al., 2007).  

The hypothesis that Aß is a causative agent in Alzheimer’s disease is further corroborated by 

the fact that Aß can cause deficient glucose uptake and metabolism (Prapong et al., 2002; 

Niwa et al., 2002). However, it was shown that decreased glucose uptake by Aß occurred 

despite a significant increase in GLUT3 translocation and mRNA transcription, possibly by 

inhibiting fusion of GLUT3-containing vesicles with the plasma membrane (Prapong et al., 

2002). 

 

NFTs composed of hyperphosphorylated tau and Aß containing senile plaques are the major 

hallmarks of Alzheimer’s disease. The underlying mechanisms between NFTs and senile 

plaques have not yet been resolved, although there is evidence that oxidative stress induced by 

Aß may be related to tau hyperphosphorylation and both characteristics are linked to impaired 

glucose uptake and metabolism.  

 



 

AP-3 is O-GlcNAc modified (Yao & Coleman, 1998) and its O-GlcNAcylation was shown to 

be decreased in autopsied human brains with Alzheimer’s disease compared to age-matched 

controls (Yao & Coleman, 1998). Furthermore, a negative correlation between O-

GlcNAcylated AP-3 and the density of NFTs has been detected (Yao & Coleman, 1998). AP-

3 is a synapse specific protein that is involved in vesicle assembly through a clathrin-

dependent mechanism. Aberrant O-GlcNAcylation may therefore result in impaired synaptic 

vesicle recycling (Yao & Coleman, 1998). 

 

Synapsin I is a neuron-specific phosphoprotein that anchors synaptic vesicles to the 

cytoskeleton and is involved in the regulation of neurotransmitter release (Ferreira & 

Rapoport, 2002). Synapsins are also suggested to play an important role during neuronal 

development (Ferreira & Rapoport, 2002). Anchoring of synaptic vesicles to the cytoskeleton 

proceeds in a phosphorylation-dependent manner (Yamamoto et al., 2003). Synapsin I is also 

O-GlcNAc modified and the O-GlcNAcylation sites are in close vicinity to the 

phosphorylation sites, suggesting interplay between both modifications (Cole & Hart, 1999). 

Therefore, O-GlcNAcylation may affect the interaction of synapsin I with the cytoskeleton. 

 

Neurofilaments are the most abundant cytoskeletal elements in neurons (Lee et al., 1993). 

They play an important role in the growth and are responsible for the maintenance of 

myelinated axons (Lee et al., 1993; Al-Chalabi & Miller, 2003). Neurofilament mutations 

have been associated witch several human neurodegenerative diseases such as Parkinson's 

disease and amyotrophic lateral sclerosis (Al-Chalabi & Miller, 2003). The low (NF-L), 

medium (NF-M), and high (NF-H) molecular weight subunits of neurofilaments were shown 

to be O-GlcNAc modified (Dong et al., 1993; Dong et al., 1996). Increasing evidence 

indicates that phosphorylation of neurofilaments is a mechanism for regulating their transport 

properties (Miller et al., 2000). The O-GlcNAc levels of neurofilaments in human neurons 

and in spinal cord tissue of rat model of amyotrophic lateral sclerosis was found to be 

decreased (Lüdemann et al., 2005). 

A relation has been established between diabetic neuropathy and phosphorylation of 

neurofilaments. Changes in the phosphorylation status of neurofilaments could lead to severe 

impairments in axon structure and function. In animal models of type I diabetes an increase in 

neurofilament phosphorylation has been observed. This abnormal phosphorylation may 

contribute to the neuropathy observed in diabetes (Fernyhough et al., 1999; Fernyhough et al., 

2002). Until now, there are no studies that revealed a connection between O-GlcNAcylation 

of neurofilaments and its function or role in diseases. 



In this context, it is worth mentioning that decreased O-GlcNAcylation of tau concomitant 

with hyperphosphorylation, as observed in Alzheimer’s disease, was also detected in brain 

tissue of type II diabetes patients (Liu et al., 2009a). Furthermore, type II diabetes, which is 

also characterized by deficient glucose uptake and aberrant O-GlcNAcylation, is known to 

increase the risk for Alzheimer’s disease (Xu et al., 2009). On this account, Alzheimer’s 

disease is sometimes referred to as “diabetes type 3” (De la Monte et al., 2006). 

 

To conclude, several important proteins in Alzheimer’s disease and other neurological 

disorders are O-GlcNAc modified. The most important example in this respect is the 

decreased O-GlcNAcylation and abnormal hyperphosphorylation of tau, resulting in 

formation of NFTs. Although hyperphosphorylation of tau might directly result from 

decreased flux through the HBP due to impaired glucose metabolism in Alzheimer’s disease, 

the exact causes leading to hyperphosphorylation of tau remain unresolved. As a candidate 

cause, mitochondrial oxidative stress induced by Aß toxicity is discussed. However, more 

studies are needed to elucidate the relationship between tau and Aß in Alzheimer’s disease. 

 

 

There is growing evidence that glycans play a role in cancer since they are aberrantly 

expressed in cancer cells (Fuster & Esko, 2005). Glycans control different aspects of 

malignant cells such as proliferation, invasion, and metastasis (Fuster & Esko, 2005). For 

example, cancer cells produce lager N-glycans with increased branching compared to 

nonmalignant cells, which implies higher need for UDP-GlcNAc, the donor molecule for N-

glycans (Yousefi et al., 1991). Apart from glycosylation emerging studies indicate that O-

GlcNAc signaling is altered in cancer as well (Slawson et al., 2010).  

 

A hallmark of cancer cells is the production of energy by a high rate of glycolysis instead of 

oxidative phosphorylation - the so called Warburg effect (Vander Heiden et al., 2009). 

Aerobic glycolysis is less efficient to produce ATP than oxidative phosphorylation; however, 

it provides highly proliferating cancer cells with biosynthetic molecules such as nucleotides, 

amino acids, and lipids required to produce new cells (Vander Heiden et al., 2009). Cancer 

cells have to metabolize carbon and nitrogen rich nutrients to sustain the metabolic demands 

needed for proliferation. 

In addition to having high glycolytic rates, cancer cells exhibit an increased rate of glutamine 

consumption (Deberardinis et al., 2008). In many tumors glutamine is the main energy source 



 

by being introduced as an anaplerotic substrate into the TCA cycle and by being metabolized 

into lactate (glutaminolysis) (Deberardinis et al., 2008). The HBP is highly dependent on both 

glucose and glutamine to produce UDP-GlcNAc. 

 

A first relation between activated sugar nucleotides and cancer was established after UDP-

sugar levels were found to be increased in 
31

P-NMR spectra of perfused human breast cancer 

cells (Cohen et al., 1986) and human melanoma tumors (Corbett et al., 1987). These 

observations were further corroborated in 
1
H-NMR spectra of breast tumor tissues where 

increased levels of UDP-GlcNAc and UDP-GalNAc were detected compared to non-involved 

breast tissue (Gribbestad et al., 1994). Elevated UDP-GlcNAc and UDP-GalNAc levels were 

also detected in breast and pancreatic cancer cell lines (Nakajima et al., 2010). In the same 

study higher levels of GDP-Fuc were found in both cancer cell lines compared to a 

noncancerous cell line (Nakajima et al., 2010). In colon cancer cells the intracellular 

accumulation of UDP-GlcNAc and UDP-GalNAc is associated with the inability of these 

cells to differentiate (Wice et al., 1985). Elevation of activated sugar nucleotides by GlcN 

induced growth inhibitory effects on colon carcinoma cells (Krug et al., 1984). These studies 

have demonstrated that UDP-GlcNAc and UDP-GalNAc are of significance in cancer cells 

and tumors, but the specific functions for these compounds were unclear.  

In a recent study, elevated UDP-GlcNAc and UDP-GalNAc levels were detected as markers 

of cisplatin treatment response in brain tumor cells using 
1
H-NMR spectroscopy (Pan et al., 

2011). This study has linked UDP-GlcNAc and UDP-GalNAc to cancer cell death in response 

to chemotherapy (Pan et al., 2011). If the increase in UDP-GlcNAc and UDP-GalNAc 

following cisplatin treatment was due to a decrease in utilization of both activated sugar 

nucleotides or due to an increase in production remained unclear (Pan et al., 2011). 

A few studies have investigated the role of O-GlcNAcylation in cancer progression. The O-

GlcNAcylation level in breast cancer tissue was found to be significantly elevated as 

compared with noninvolved adjacent tissue (Gu et al., 2010). Furthermore, O-GlcNAcylation 

was also enhanced in metastatic lymph nodes (Gu et al., 2010). Moreover, in the same study it 

was shown that O-GlcNAcylation enhances migration and invasion of breast cancer cells (Gu 

et al., 2010).  

Further studies in different cancers corroborated the finding that flux through the HBP and O-

GlcNAcylation were upregulated in tumor tissues (Caldwell et al., 2010; Slawson & Hart, 

2011; Lynch et al., 2012). Elevated expression of OGT was detected in breast cancer cells and 

reduction of OGT expression by RNA interference, as well as pharmacological inhibition of 

OGT, resulted in inhibition of cell growth in vitro and in vivo (Caldwell et al., 2010). The 



reduced proliferation was associated with decreased cell-cycle progression and correlated 

with increased expression of the cell-cycle inhibitor protein p27 (Caldwell et al., 2010). In 

addition, OGT knockdown and inhibition also decreased breast cancer cell invasion (Caldwell 

et al., 2010). OGT protein levels were also found to be increased in prostate carcinoma cells 

and inhibition of O-GlcNAcylation led to inhibition of invasion (Lynch et al., 2012). 

Regulation of invasion by OGT correlated with protein degradation of the oncogenic 

transcription factor FoxM1, a key regulator of invasion (Lynch et al., 2012). 

Despite few studies that reported decreased O-GlcNAcylation (Slawson et al., 2001) and 

increased OGA activity (Slawson et al., 2001; Krzeslak et al., 2010) in tumors, increased O-

GlcNAcylation seems to be a common characteristic of cancer cells. 

 

In addition, O-GlcNAc elevation has been shown to regulate cancer cell growth and 

metabolism by inhibiting phosphofructokinase 1 activity (PFK1) (Yi et al., 2012), a key 

enzyme that controls flux through glycolysis (Sola-Penna et al., 2010). PFK1 O-

GlcNAcylation was shown in various different cancer cell lines, such as breast, prostate, liver, 

colon, and cervical cells (Yi et al., 2012). PFK1 O-GlcNAcylation is more elevated in 

malignant than in nonmalignant breast and prostate cancer cells and correlates with the cancer 

stage in lung adenocarcinoma tumors (Yi et al., 2012). PFK1 is O-GlcNAc modified at a 

highly conserved site important for allosteric regulation of PFK1 by fructose-2,6-

bisphosphate (Fru-2,6-BP), an activator of PFK1 at high ATP concentrations usually found in 

cancer cells (Ferreras et al., 2009; Yi et al., 2012). This implies that O-GlcNAcylation of 

PFK1 inhibits the allosteric activation of PFK1 by Fruc-2,6-BP (Yi et al., 2012). It was shown 

that elevation of O-GlcNAc suppresses flux through glycolysis and redirects glucose into the 

PPP, supplying cells with pentose sugars for nucleotide biosynthesis required for rapid cell 

growth, as well as NADPH needed for biosynthesis of the cells most important antioxidant 

glutathione (GSH) to combat oxidative cell death (Yi et al., 2012). Inhibition of O-GlcNAc 

on PFK1 on the other hand was shown to decrease cancer cell proliferation and to impair 

tumor formation (Yi et al., 2012). Thus, increased flux through the PPP induced by O-

GlcNAcylation of PFK1 might help promote proliferation and cancer cell survival (Yi et al., 

2012). 

 

Certain transcription factors involved in tumorigenesis are also directly O-GlcNAcylated by 

OGT (Slawson & Hart, 2011). Myc is a transcription factor that is involved in cell 

proliferation and is deregulated in cancers (Dang, 2010). Myc regulates genes involved in 

glucose metabolism, purine and pyrimidine biosynthesis, and lipid metabolism. Moreover, 



 

myc stimulates glutamine catabolism, mitochondria biogenesis (Dang, 2010), and regulates 

HBP genes (Morrish et al., 2009). O-GlcNAcylation of myc at its phosphorylation site would 

inhibit phosphorylation and might possibly stabilize the protein leading to unregulated 

expression of various genes and uncontrolled cell division (Slawson et al., 2010).  

 

The interplay between O-GlcNAc and O-phosphate also occurs at the tumor suppressor 

protein p53 (Yang et al., 2006). O-GlcNAcylation of p53 is associated with decreased 

phosphorylation of the protein resulting in stabilization and increased activity of p53 (Yang et 

al., 2006). Since p53 is a tumor suppressor, stabilization of the protein would prevent cancer. 

However, the effects of p53 O-GlcNAcylation are not yet understood. 

 

It is apparent that regulation of cell cycle by O-GlcNAcylation is of major importance in 

nonmalignant, as well as cancer cells. In cervical carcinoma HeLa cells overexpression of 

either OGT or OGA causes defects in mitotic progression (Slawson et al., 2005). A 

characteristic of cancer is abnormal number of chromosomes (aneuploidy), which promotes 

tumor cell growth (Bannon & Mc Gee, 2009). Overexpression of OGT causes aneuploidy 

through defective mitosis (Slawson et al., 2005). OGT localizes to the mitotic spindle and O-

GlcNAcylates various mitotic spindle and midbody proteins (Slawson et al., 2005; Wang et 

al., 2010). This leads to the conclusion that O-GlcNAcylation is involved in the regulation of 

mitotic progression and that its disruption is associated with tumorigenesis (Slawson et al., 

2010).  

 

To conclude, diseases such as diabetes, Alzheimer’s disease, and cancer are increasingly 

becoming major health risks to industrialized countries. All three diseases are characterized 

by alterations in glucose metabolism and flux through the HBP, leading to disrupted O-

GlcNAc signaling. These alterations disturb cellular signaling cascades involved in the 

pathology of the diseases. Diabetes is a risk factor for Alzheimer’s disease (Xu et al., 2009) 

and cancer (Barone et al., 2008), and the underlying mechanisms are only gradually being 

understood. Elucidating the molecular mechanisms of these three diseases will provide new 

markers of malignancy and targets for therapeutic treatment. 

 

 

 

 



 

 

Since some parts of this work deal exclusively with the energy metabolism of brain cells 

(neurons and astrocytes) their metabolism is discussed in more detail in this chapter.  

 

Although the weight of the human brain is only 2 % - 3 % of the total body weight, it 

consumes up to 50 % of the body glucose (Sokoloff, 1983-1984; Fehm et al., 2006). Glucose 

is the main energy substrate for the brain. Oxygen is utilized in the brain almost entirely for 

the oxidation of glucose to CO2 and H2O in the TCA cycle (Sokoloff, 1977; Sokoloff, 1992; 

Gjedde & Marrett, 2001). On this account normal brain function relies on the supply of both 

glucose and oxygen by the blood. 

 

The brain consists predominantly of two cell types that differ in morphology and function: 

neurons and glia cells. Neurons mainly process and transmit information through electrical 

and chemical signals. Glial cells are sub-divided into astrocytes, oligodendrocytes 

(oligodendroglia), microglia, satellite sells, and Schwann cells. There are ten times more glial 

cells than neurons in the brain. The role of glial cells has only recently begun to be 

understood. In the past glial cells were only thought to structurally support neurons and serve 

as a kind of glue holding them together (glia: Greek from glue).  

The star-shaped astrocytes are the most abundant and largest cells among the glia cells. To 

date, it is known that astrocytes play an important role for brain function and neuronal 

activity, such as the supply of neurons with energy substrates and neurotransmitter precursors 

(Vesce et al., 2001). One example is the so called “glutamine-glutamate cycle” between 

astrocytes and neurons (see Figure 8). Glutamate released from neurons into the synaptic cleft 

has to be removed quickly to guarantee normal brain function. This task is carried out by 

uptake of the neurotransmitter glutamate through astrocytic glutamate transporters (Rothstein 

et al., 1996). After uptake of glutamate into astrocytes, glutamate is amidated to glutamine by 

the glia-specific enzyme glutamine synthetase (GS) (Martinez-Hernandez et al., 1977; Tansey 

et al., 1991). To close the cycle glutamine is transferred back to the neuron where is it 

converted to glutamate by the phosphate-activated glutaminase (PAG). Since glucose is 

converted to glutamate by the TCA cycle the “glutamine-glutamate cycle” is coupled to 

glucose metabolism. 



 

 

Figure 8. The “glutamine-glutamate” cycle between astrocytes and neurons. In glycolysis 

glucose is converted to pyruvate, which enters the TCA cycle to synthesize glutamate in 
both astrocytes and neurons. Neurons release glutamate as a neurotransmitter. The 
extracellular glutamate is now taken up into astrocytes by astrocytic glutamate transporters, 
where it is amidated by GS to glutamine. Glutamine is then transported back to the neurons 
and is converted to glutamate by PAG. GS, glutamine synthetase; PAG, phosphate-
activated glutaminase; TCA cycle, tricarboxylic acid cycle. 

 

 

Brain energy metabolism is often attributed exclusively to neuronal energy metabolism and 

glucose has been thought to be mainly metabolized by neurons, since neurons have a 

predominant oxidative metabolism. However, this does not necessarily mean that the majority 

of glucose is taken up and metabolized by neurons. Indeed, there is evidence that astrocytes 

are the primary site of glucose uptake during neuronal activity (Tsacopoulos & Magistretti, 

1996). Glucose uptake in cultured astrocytes was measured with the 2-deoxyglucose method 

and revealed that glucose uptake into astrocytes (100 – 250 nmol/h/mg protein) was twice as 

much as into neurons (Peng et al., 1994). Further evidence that astrocytes display high 

glycolytic activity is the fact that glycogen - the storage form of glucose - is almost 

exclusively localized in astrocytes (Cataldo & Broadwell, 1986; Magistretti et al., 1993). 

Glycogenolysis in astrocytes is controlled by specific neurotransmitters that can be mobilized 

during neuronal activity (Magistretti et al., 1993). The anatomical localization of astrocytes 

also indicates a high glucose metabolism. The end-feet of astrocytes enwrap virtually all 

blood vessels in the brain. For this reason glucose largely passes through astrocytes 

(Tsacopoulos & Magistretti, 1996). 

In 1994 Pellerin and Magistretti proposed the astrocyte–neuron lactate shuttle hypothesis 

(ANLSH) whereby lactate is produced via glycolysis in astrocytes and supplied to the neurons 



as an energy substrate (Magistretti & Pellerin, 1994; Tsacopoulos & Magistretti, 1996; 

Magistretti et al., 1999; Magistretti & Pellerin, 1999; Pellerin & Magistretti, 2003; Pellerin et 

al., 2007; Pellerin & Magistretti, 2012). The mechanism is triggered by glutamate released 

from neurons under neuronal activity. To remove glutamate from the synaptic cleft it is taken 

up by astrocytes via Na
+
-dependent cotransport (Kimelberg et al., 1989), leading to 

intracellular increase of Na
+
 concentration. This increase activates ATP fueled Na

+
/K

+
-

ATPase (Vizi, 1972; Silver & Erecinska, 1997) which in turn stimulates glycolysis and hence 

lactate production. The ANLSH is described in more detail in Figure 9. In agreement with the 

ANLSH, it was found that astrocytes have the capacity to release larger amounts of lactate 

than neurons (Walz & Mukerji, 1988).  

 

Figure 9. Schematic overview of the glucose metabolism during neuronal activity in neurons and astrocytes, 

according to the astrocyte–neuron lactate shuttle hypothesis (ANLSH) proposed by Pellerin & Magistretti, 1994. 
Glucose is directly taken up into astrocytes and neurons by GLUT1 and GLUT3 and is metabolized via 
mitochondrial oxidative phosphorylation. Note that astrocytes have their own TCA cycle, which is omitted for 
graphic clarity here. During neuronal activity glutamatergic neurons release glutamate. To remove glutamate from 
the synaptic cleft it is taken up by neurons and astrocytes in a Na

+
-dependent cotransport. The increasing 

intracellular Na
+
 concentration activates the Na

+
/K

+
-ATPase, which in turn stimulates astrocytic glycolysis and 

hence lactate formation. Lactate is then released to the extracellular space and can be taken up by neurons to 
fuel neuronal energy metabolism. ADP, adenosine diphosphate; ATP, adenosine triphosphates; Gln, glutamine; 
Glu, glutamate; GLUT, glucose transporter; MCT, monocarboxylate transporter; TCA cycle, tricarboxylic acid 
cycle. 

 



 

To date, the hypothesis is controversially discussed and ambiguity still exists to which extent 

glucose is metabolized by neurons and astrocytes (Magistretti & Pellerin, 1999; Dienel & 

Hertz, 2001). However, it is important to keep in mind that this hypothesis does not exclude 

glucose as an energy substrate for neurons. Glucose transporters are present on both 

astrocytes and neurons and both cell types are able to oxidize glucose completely to CO2 and 

H2O in glycolysis and TCA cycle (Vannucci et al., 1997). Lactate has to be considered as an 

additional energy supply during neuronal activity. In recent years, several in vitro studies 

using different approaches have confirmed that lactate is an efficient energy substrate for 

neurons (Pellerin et al., 1998; Waagepetersen et al., 1998; Bouzier et al., 2000; Kitano et al., 

2002). Aside from that, prevalent expression of genes encoding glycolytic enzymes was 

discovered by transcriptomic analysis of acutely isolated astrocytes compared to neurons 

(Lovatt et al., 2007; Cahoy et al., 2008). Moreover, in vivo results indicate that astrocytes 

respond to neuronal activity by an accelerated glucose uptake, whereas neuronal uptake 

remains nearly unchanged (Chuquet et al., 2010). 

 

 

 

 

The transcription factor hypoxia-inducible factor 1 (HIF-1) is a heterodimeric complex 

consisting of the subunits HIF-1α and HIF-1ß (Wang et al., 1995). Ubiquitously expressed 

HIF-1 controls the transcription of more than 100 genes that regulate cellular adaption to 

hypoxia (Maxwell, 2005). HIF-1 controls the transcription of genes involved in crucial 

cellular functions such as erythropoietin, vascular endothelial growth factor, glucose 

transporters and glycolytic enzymes (Maxwell, 2005). Aberrant regulation of HIF-1 is found 

in human diseases such as cancer (Semenza, 2000). Under normoxic conditions, two proline 

residues of HIF-1α (Pro-402 and Pro-564) are hydroxylated by specific HIF-1α prolyl 

hydroxylases (PHDs).  Hydroxylation requires 2-oxoglutarate, O2, Fe
2+

, and ascorbate 

(Schofield & Zhang, 1999). In turn, von Hippel-Lindau protein binds to hydroxylated proline 

residues of HIF-1α leading to ubiquitin-dependent proteasomal degradation (Kamura et al., 

2000; Ivan et al., 2001, Jaakkola et al., 2001). Under hypoxic conditions, however, PHDs are 

inactivated and HIF-1α is stabilized and accumulates. HIF-1α migrates to the nucleus where it 

dimerizes with HIF-1ß and binds to hypoxia response elements (HREs) contained in the 

promoter of target genes, allowing transcriptional activation (Huang et al., 1998; Semenza, 



1999; Kallio et al., 1999). The transport of HIF-1α from cytoplasm into nucleus is a complex 

process involving several members of the importin transporter family (Chachami et al., 2009). 

A schematic overview of HIF-1α regulation is shown in Figure 10. 

 

Figure 10. Simplified overview of HIF-1α regulation. In normoxia HIF-1 is hydroxylated by PHDs. 

Hydroxylated HIF-1α is recognized by the VHL protein. This interaction leads to ubiquitinylation and 
subsequent degradation of HIF-1α by the proteasome. In a hypoxic environment proline hydroxylation 
by PHDs is inhibited and VHL binding and proteasomal degradation does not take place. This leads to 
HIF-1α stabilization and translocation to the nucleus, where HIF-1α dimerizes with HIF-1ß. The 
complex binds to HREs within the promoters of target genes enabling transcriptional regulation. HIF, 
hypoxia-inducible factor; HRE, hypoxia-response element; PHD, prolyl hydroxylase; VHL, von Hippel-
Lindau. 

 

 

HIF-1α is not only stabilized under hypoxic conditions, but also independent from O2 tension 

by certain compounds. Deferoxamine, for example, induces HIF-1α stabilization by chelating 

iron and thus inhibiting PHDs (Wang & Semenza, 1993). Physiological substances are known 

to stabilize HIF-1α in normoxia, too. Amongst others, these substances comprise TNF-α, 

interleukin-1α, and interleukin-18 (Van Uden et al., 2008; Hellwig-Bürgel et al., 1999; Kim 

et al., 2008). Other small molecules with physiological significance having impact on 

stabilizing HIF-1α under normoxic conditions are carbon monoxide (CO) (Choi et al., 2010) 

and NO (Sandau et al., 2001; Kasuno et al., 2004; Park et al., 2008). Both appear to inhibit 

PHDs via the PI3K/AKT/mTOR pathway (Sandau et al., 2000, Choi et al., 2010). In hypoxia, 



 

however, these substances exhibit destabilizing effects on HIF-1α (Sogawa et al., 1998; 

Huang et al., 1999). The reason for this is that NO is also an inhibitor of mitochondrial 

respiration (see Chapter 1.9.3). This inhibition leads to redistribution of O2 away from the 

mitochondria toward other oxygen-dependent targets, e.g. PHDs. PHDs are no longer able to 

sense hypoxia and HIF-1α remains destabilized (Hagen et al., 2003). 

 

In mammals, NO synthases (NOS) form NO catalytically from the terminal guanidine 

nitrogen of L-arginine as substrate, producing L-citrulline (Figure 11) (Palmer et al., 1987; 

Knowles & Moncada, 1994). NO is an important intercellular messenger in the central 

nervous system (CNS) and can be produced by all brain cells, including astrocytes, neurons, 

and endothelial cells (Garthwaite & Boulton, 1995; Murphy & Grzybicki, 1996). NO is a 

gaseous radical with a physiological concentration range between 100 pM (or below) up to 

5 nM (Hall & Garthwaite, 2009) that can simply and widely (≈ 400 µm) diffuse through 

membranes (Ledo et al., 2005).  

 

Figure 11. Catalytic steps of NO synthase: Hydroxylation of the guanidino nitrogen of L-

arginine leads to the formation of NOHA. One molecule of oxygen and one equivalent of 
NADPH are required for this reaction. For the oxidation of NOHA a second molecule of 
oxygen and a single electron is needed (½ NADPH). L-Citrulline, the NO radical, and two 

molecules of water are formed (adapted from Santolini, 2011). NADP, nicotinamide adenine 

dinucleotide phosphate; NO, nitric oxide; NOHA, N
ω

-hydroxyl-arginine.  

 

NO synthesis is catalyzed by three different isoenzymes: The calcium/calmodulin dependent 

endothelial NOS (eNOS or NOS3) and neuronal NOS (nNOS or NOS1), and the inducible 

isoform (iNOS or NOS2), which is calcium independent and regulated by induction of 

transcription in glial cells, for example (Förstermann et al., 1991; Seidel et al., 1997; 

Stanarius et al., 1997; Kleinert et al., 2004; Zhou & Zhu, 2009). Other than calmodulin, NOS 

require flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), NADPH, and 

tetrahydrobiopterin (BH4) as enzymatic cofactors (Knowles & Moncada, 1994). The 

endothelial isoform plays an important role in the regulation of the vascular tone, i.e. 

½ 

½ 

NO•+



vasodilation and regional blood flow, leukocyte–endothelial interactions, platelet adhesion 

and aggregation, and vascular smooth muscle cell proliferation (Atochin & Huang, 2010). 

There is also evidence that in addition to the three known isoforms of NOS (eNOS, nNOS, 

iNOS), there exists a mitochondrial isoform (mtNOS). mtNOS was described in a variety of 

tissues, including skeletal muscle, heart, liver, and kidney (Kobzik et al., 1995; Bates et al., 

1995; Bates et al., 1996). mtNOS, it was also found in brain (Bates et al., 1995; Riobó et al., 

2002). Differences between mtNOs and the other NOS isoforms were reported by now. The 

mtNOS displays an amino acid sequence similar to iNOS (Tatoyan & Giulivi, 1998; Lopez et 

al., 2000), but its activity consistently depends, in contrast to iNOS, on Ca
2+

 and calmodulin 

(Ghafourifar & Richter, 1997; Dedkova & Blatter, 2005). 

 

In several processes, the target of NO is soluble guanylate cyclase (sGC), a mammalian NO 

sensor (Poulos, 2010). When NO binds to the heme moiety of sGC, its activity increases, 

resulting in cyclic guanosine monophosphate (cGMP) production. cGMP is a second 

messenger that regulates several cell signaling functions. Amongst others cGMP mediates 

vascular smooth muscle relaxation (Atochin et al., 2003; Mergia et al., 2006) and effects 

platelet aggregation (Freedman et al., 1999). NO can also interact with superoxide, a toxin 

that belongs to the so called reactive oxygen species (ROS) to form the peroxynitrite anion. 

 

 

As described in Chapter 1.8.2 astrocytes display high glycolytic activity. However, whether 

this metabolic profile is influenced by intercellular signals was unknown until recently. Brix 

et al. have shown that primary cultures of mouse cortical astrocytes treated with NO induce 

an enhancement in the expression of genes encoding various glycolytic enzymes as well as 

transporters for glucose and lactate via HIF-1α activation (Brix et al., 2012). This NO-

mediated HIF-1α stabilization was detected in astrocytes, but not in neurons. The findings 

were in agreement with a previous study, where NO was found to inhibit oxidative 

metabolism and enhance glycolysis in astrocytes but not in neurons (Almeida et al., 2001a). 

Recently, it has been shown that NO induces the expression of MCT4 in astrocytes, leading to 

a persisting enhancement in lactate production and release in astrocytes (Marcillac et al., 

2011). These findings suggest that NO plays an important role in brain energy metabolism by 

stabilizing HIF-1α leading to regulation of glycolysis and lactate production in astrocytes and 

subsequent lactate release to fuel neuronal energy needs. Previous studies also attributed 

enhanced lactate production and release in astrocytes to NO. NO is also a known inhibitor of 



 

cytochrome c oxidase, the complex IV of the respiratory chain (Bolaños et al., 1994; Cleeter 

et al., 1994). It was shown that inhibition of cytochrome c oxidase by NO led to upregulation 

of glycolysis to maintain energy production in astrocytes. This response was not observed in 

neurons (Almeida et al., 2004) and inhibition of the respiratory chain by NO caused an 

increase in the activity of PFK1, a key regulator of glycolysis, as well as an increase in the 

concentration of Fru-2,6-BP, an allosteric activator of PFK1. In neurons, in turn, NO failed to 

alter PFK1 activity and Fru-2,6-PB concentration (Almeida et al., 2004). Both results 

(increase in PFK1 activity and Fru-2,6-BP concentration) are consistent with the results 

obtained by Brix et al., i.e. an increase of PFK1 mRNA levels and 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) mRNA levels, the enzyme responsible for 

Fru-2,6-BP production (Brix et al., 2012). In addition, Brix et al. observed that NO treatment 

enhanced expression of pyruvate dehydrogenase kinase 1 (PDK1) in astrocytes but not in 

neurons (Brix et al., 2012). PDK1 is responsible for the regulation of pyruvate dehydrogenase 

(PDH) activity, the first enzyme of the PDC that transforms pyruvate into acetyl-CoA, which 

in turn enters the TCA cycle to carry out oxidative respiration. Phosphorylation of PDH by 

PDK1 causes its inactivation and thus reduction of mitochondrial respiration while favoring 

glycolysis. 

 

As described in Chapter 1.9.2 several brain cell types are possible NO sources. Brix et al. 

found that endothelial cells that express eNOS produced the largest amount of NO in cell 

culture (Brix et al., 2012). Since the end-feet of astrocytes are localized on virtually all blood 

vessels in the brain, NO synthesized in endothelial cells may be the source to stabilize HIF-1α 

in astrocytes. Indeed, stabilization of HIF-1α and enhancement of MCT4 expression, as well 

as increased lactate production in astrocytes cocultured with primary cultures of brain 

vascular endothelial cells has been observed. This latter effect was suppressed when cells 

were treated with the NOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) and was 

absent when astrocytes were cocultured with neurons. In total, the findings of Brix et al. 

suggest that endothelial cell-derived NO leads to a high glycolytic activity in astrocytes via 

astrocytic HIF-1α activation (Brix et al., 2012). A graphical description of the stimulated 

lactate production in astrocytes induced by NO derived from endothelial cells is given in 

Figure 12. 



 

Figure 12. Model of HIF-1α regulated glycolysis and lactate production in astrocytes published by Brix 

et al., 2012. In endothelial cells generated NO leads to local vasodilation of the capillary, and thus 

enhanced glucose supply. Simultaneously, HIF-1α is stabilized by NO which causes increased 
transcription of GLUT1 followed by an enhanced glucose uptake into astrocytes. In addition, HIF-1α 
stabilization leads to increased transcription of several enzymes of glycolysis (e.g. HK2, PGK1, and 
ENO1). Increased lactate production and release is effected by overexpression of LDHA and the 
transporters MCT2 and MCT4. TCA cycle and oxidative phosphorylation are inhibited by enhanced 
expression of PDK1. Lactate released can be taken up by neurons to fuel their energy metabolism 
(adapted from Brix et al., 2012). ENO1, enolase 1; eNOS, endothelial nitric oxide synthase; Glc, glucose; 
GLUT, glucose transporter; HIF, hypoxia-inducible factor; HK2, hexokinase 2; Lac, lactate; LDHA, lactate 
dehydrogenase A; MCT, monocarboxylate transporter; NO, nitric oxide; PGK1, phosphoglycerate kinase 
1; Pyr, pyruvate. 
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UDP-GlcNAc is the major end product of the HBP and the donor molecule for O-

GlcNAcylation of many proteins. UDP-GlcNAc is an ideal metabolic marker since several 

different metabolic pathways are involved in its synthesis. Aberrant O-GlcNAcylation has 

been associated with the development of diseases such as diabetes, Alzheimer’s disease, and 

cancer.  

Pathological changes in a cell are first reflected by changes in metabolism. Analysis of 

metabolites can therefore provide valuable information about the role of metabolites in 

pathological conditions before the onset of a disease. Since O-GlcNAcylation of proteins is 

highly dependent on UDP-GlcNAc concentrations it is likely that changes in O-GlcNAc 

levels of proteins will be first manifested by changes in UDP-GlcNAc concentrations.  

For the investigation of metabolite profiles in vitro as well as in vivo NMR spectroscopy has 

become well established because it allows simultaneous nonselective metabolite detection and 

quantification through various metabolic pathways. Metabolites of cell and tissue extracts, 

body fluids, or intact cells and tissues can be directly detected and quantified in one single 

experiment. A further advantage is that NMR spectroscopy allows structure determination of 

unknown metabolites.  

 

A central point of this thesis is the identification of an efficient cell extraction method that 

allows the quantitative recovery of UDP-GlcNAc and other activated sugar nucleotides with 

good reproducibility and low variability that is suitable for NMR spectroscopy as analytical 

method.  

Furthermore, the levels of UDP-GlcNAc and other activated sugar nucleotides will be 

determined in several different cell lines and primary cortical astrocytes using 
1
H-NMR 

spectroscopy. To obtain more information about the regulation of UDP-GlcNAc levels in 

different cell types, changes in their synthesis will be investigated by influencing nutrient flux 

through the HBP by addition or withdrawal of precursor molecules.  

Another aim of the present thesis is to investigate NO-induced alterations on cellular energy 

metabolism of astrocytes, as well as on UDP-GlcNAc concentrations. To investigate 

metabolic changes stimulated by NO, primary cultures of cortical astrocytes were incubated 

with [1-
13

C]glucose as labeled substrate in the presence and absence of DETA-NONOate as 

NO-donor. Cell extracts and culture medium were analyzed by 1D and 2D 
1
H,

13
C-HSQC 

NMR spectroscopy in order to detect 
13

C-labeled metabolites deriving from [1-
13

C]glucose, 

e.g. de novo synthesized metabolites deriving from glycolysis and TCA cycle.  



Since aberrant O-GlcNAcylation is associated with Alzheimer’s disease, another aim of this 

thesis was to investigate the effect of Aß - the main component of senile plaques present in 

Alzheimer’s disease brain - on UDP-GlcNAc synthesis in neuronal HT-22 cells and primary 

astrocytes. Moreover, the effect of Aß on glucose uptake and lactate release was also 

investigated. 

In addition to determination of UDP-GlcNAc metabolite levels by NMR spectroscopy, 

changes in the mRNA expression of HBP enzymes induced by glucose deprivation, NO-, and 

Aß treatment will be investigated using quantitative real-time polymerase chain reaction 

(qRT-PCR). 

 

The ultimate purpose of these metabolic analyses is to provide insights into disease 

mechanisms and to prove the suitability of UDP-GlcNAc and other activated sugar 

nucleotides as biomarkers in the development of diseases such as Alzheimer’s disease as well 

as in response to therapy. 

 



 

 

 

 

In the M/C procedure only the water-soluble phase with the cellular metabolites obtained 

from neuronal HT-22 cells was used. The metabolites were quantitatively recovered and 

compared with the PCA extraction method. In addition, I compared the M/C extracts with a 

so called PCA extraction under mild conditions, where I worked on ice and used 0,5 M PCA 

instead of 0,9 M PCA. Figure 13 shows typical 
1
H-NMR spectra of the anomeric protons (H1) 

of activated sugar nucleotides. 

 

Figure 13. 
1
H-NMR spectra from methanol/chloroform (M/C), 

perchloric acid (PCA), and PCA under mild conditions extracts of HT-
22 cells. The expanded regions of the spectra show the anomeric 
protons (H1) of UDP-GlcNAc (δ = 5,52 ppm), UDP-GalNAc (δ = 5,56 
ppm), UDP-Glc (δ = 5,61 ppm) and UDP-Gal (δ = 5,65 ppm). Under 
the signals of UDP-Glc and UDP-Gal lies the signal of the H1 of 
UDP-GlcUA (δ = 5,63 ppm). 

 

In the spectra of M/C extracts 5 different activated sugar nucleotides were consistently 

identified: UDP-GlcNAc (δ = 5,52 ppm), UDP-GalNAc (δ = 5,56 ppm), UDP-Glc 

(δ = 5,61 ppm), and UDP-Gal (δ = 5,65 ppm). Under the signals of UDP-Glc and UDP-Gal 

lies the signal of the H1 of UDP-GlcUA (δ = 5,63 ppm). The characteristic doublet of 

doublets pattern of the anomeric proton in activated sugar nucleotides results from a vicinal 

coupling to H2 of the pyranose ring (
3
J(H1,H2)) and to 

31
P (

3
J(H1,

31
P)). In spectra of PCA 

UDP-GlcNAc

UDP-

GalNAc

UDP-Gal

UDP-Glc



extracts only UDP-GlcNAc and UDP-GalNAc could be identified. In PCA extracts under 

mild conditions UDP-Glc and UDP-Gal could be identified as well, but the signal intensity 

was much lower compared to the M/C extracts. Since the anomeric protons of activated 

sugars resonate in a non-crowed region, they are amenable to quantification. For 

quantification I determined the signal integrals and normalized to cell number. In the case of 

UDP-GlcNAc and UDP-GalNAc, signal integration was done over the entire doublet of 

doublets. Since the H1 of UDP-GlcUA resonates in between the signals of the H1 of UDP-

Glc and UDP-Gal, partially overlapping them, signal integration over the entire doublet of 

doublets of UDP-Glc and UDP-Gal would not reveal the actual concentration of both 

metabolites. Therefore only the outer doublets of the signals were integrated and the 

concentration thus obtained was doubled afterwards, giving maximum accuracy for 

determination of the concentration in this particular case. The concentration of UDP-GlcUA 

was calculated by the difference of UDP-Hex(NAc) and the sum of UDP-GlcNAc, UDP-

GalNAc, UDP-Glc, and UDP-Gal. UDP-Hex(NAc) stands for the sum of all activated sugar 

nucleotides as determined by signal integration over the whole range of signals from anomeric 

protons of activated sugar nucleotides resonating in this area. Metabolite quantification 

showed no significant differences for the amount of UDP-GlcNAc in M/C and PCA extracts, 

even though the level of UDP-GlcNAc was slightly higher in M/C extracts. The metabolite 

yield of UDP-GalNAc, however, was significantly greater in M/C extracts than in PCA 

extracts.  The amount of UDP-Glc and UDP-Gal, as well as the sum of all activated sugar 

nucleotides (UDP-Hex(NAc)) is, as expected, significantly higher in M/C extracts (Figure 

14A).  

To test, whether the PCA extraction under mild conditions is suitable for quantification of 

activated sugar nucleotides I calculated the UDP-Hex/UDP-HexNAc ratio for both M/C and 

PCA extraction under mild conditions. UDP-Hex denotes the sum of UDP-Glc and UDP-Gal, 

whereas UDP-HexNAc denotes the sum of the two stable N-acetylated sugar nucleotides 

UDP-GlcNAc and UDP-GalNAc. UDP-Hex/UDP-HexNAc signal integral ratio was 

significantly lower in PCA extracts under mild conditions than in M/C extracts (Figure 14B). 

These results clearly show that PCA extraction is not suitable for quantification of activated 

sugar nucleotides, as both UDP-Glc and UDP-Gal seem to be acid labile. The decomposition 

of the two metabolites can be decelerated by using a less concentrated PCA and working on 

ice, however the actual concentration cannot be quantified under these conditions. UDP-

GalNAc is most likely not acid labile, but nevertheless recovery of this metabolite is 

unsatisfactory using PCA extraction. 



 

Figure 14. (A) UDP-GlcNAc, UDP-GalNAc, UDP-Glc, UDP-Gal, and UDP-GlcUA levels quantified 

from M/C extracts (green bars) and PCA extracts (grey bars) of HT-22 cells (n = 3). (B) [UDP-
Hex]/[UDP-HexNAc] ratios of HT-22 cells extracted with M/C (green bars) and PCA (mild conditions) 
(grey bars) (n = 3). UDP-Hex(NAc) means sum of c(UDP-GlcNAc), c(UDP-GalNAc), c(UDP-Glc), 
c(UDP-Gal), c(UDP-GlcUA); UDP-Hex means sum of c(UDP-Glc), c(UDP-Gal), and c(UDP-GlcUA); 
UDP-HexNAc means sum of c(UDP-GlcNAc), c(UPD-GalNAc). Values are mean ± standard 
deviation. P values of P < 0.05 were considered to be significant. *Represents P < 0.05; **represents 
P < 0.01; ***represents P < 0.001; ns, not significant.  

 

 

To directly test the effect of PCA on the activated sugars identified in HT-22 cell extracts and 

as well as on other activated sugar nucleotides, I used the pure compounds of UDP-GlcNAc, 

UDP-GalNAc, UDP-Glc, UDP-Gal, UDP-GlcUA, CMP-NeuNAc, GDP-Man, and GDP-Fuc. 

I treated the pure compounds (1 mM solutions in H2O) with PCA and M/C in the exact way as 

I prepared the cell extracts and compared the 
1
H-NMR spectra of the treated compounds with 

reference spectra of each sugar nucleotide.  

In consistency with the results obtained from cell extracts, UDP-GlcNAc and UDP-GalNAc 

are not being decomposed by PCA treatment. UDP-Glc and UDP-Gal, however, are 

completely decomposed after PCA treatment, as shown in Figure 15. UDP-Glc is readily 

decomposed to glucose-1,2-cyclo-phosphate (Glc-1,2-cyclo-P), glucose-2-phosphate (Glc-2-

P), Glc-1-P, uridine monophosphate (UMP), and minor amounts of glucose and UDP. UDP-

Gal is decomposed similarly into the corresponding galactose metabolites. UDP-GlcUA 

decomposes akin to UDP-Glc and UDP-Gal to glucuronic acid-1,2-cyclo-phosphate (GlcUA-

1,2-cyclo-P), glucuronic acid-1-phosphate (GlcUA-1-P), glucuronic acid-2-phosphate 

(GlcUA-2-P), and UMP. The decomposition was on the contrary to UDP-Glc and UDP-Gal 

not complete (60 % decomposition). CMP-NeuNAc decomposed completely to NeuNAc, 

cytidine monophosphate (CMP), and minor amounts of cytidine. GDP-Fuc decomposed 

completely to Fucose and GDP. GDP-Man was stable against PCA treatment (see Appendix 

7.3 for spectra of UDP-GlcUA, CMP-NeuNAc, GDP-Fuc, and GDP-Man). All activated 



sugar nucleotides are stable against M/C treatment. Results from the analysis off the effect of 

PCA on all activated sugar nucleotides tested are summarized in Table 2.  

Figure 15. 
1
H-NMR spectra of the pure compounds UDP-GlcNAc, UDP-GalNAc, UDP-Glc, and UDP-Gal. The 

expanded regions of the spectra show the signals of the anomeric protons (H1) in reference spectra and after 
treatment with M/C or PCA. The signals of the decomposition products of UDP-Glc after PCA treatment shown 
are: glucose-1,2-cyclo-phosphate (Glc-1,2-cyclo-P), glucose-1-phosphate (Glc-1-P), and glucose-2-phosphate 
(Glc-2-P). The signals of the decomposition products of UDP-Gal are the corresponding galactose metabolites.  

 

 

Table 2. Comparison of the decomposition and stability of activated sugar nucleotides after PCA 

treatment as evaluated by 
1
H-NMR. 

- - 

- - 

Glc-1-P 
Glc-2-P 
Glc-1,2-cyclo-P 
UMP 
minor amounts of Glc, UDP 
 

complete decomposition 

Gal-1-P 
Gal-2-P 

complete decomposition 

H1 of

Glc-1-P

H1 of

Gal-1-P

H1 of           

Glc-1,2-cyclo-P
H1 of           

Gal-1,2-cyclo-P
H1(α) of 

Glc-2-P
H1(α) of 

Gal-2-P



 

Gal-1,2-cyclo-P 
UMP 
minor amounts of Gal, UDP 
 
GlcUA-1-P 
GlcUA-2-P 
GlcUA-1,2-cyclo-P 
UMP 
 

incomplete decomposition 

NeuNAc 
CMP 
minor amounts of cytidine 
 

complete decomposition 

- 
 

- 

Fuc 
GDP 

complete decomposition 

 

Peak assignment of the decomposition products, despite the 1,2-cyclo-phosphates and 2-

phosphates, was done by comparison with spectra of authentic compounds or using data from 

the human metabolome database (http://www.hmdb.ca; Wishart et al., 2009). The formation 

of 1,2-cyclo-phosphates and 2-phosphates originating from UDP-glucose and UDP-galactose 

has been reported before (Paladini & Leloir, 1952; Piras, 1963; Nunez & Barker, 1976; 

Kokesh et al., 1978; Spik et al., 1979; O’Connor et al., 1979). Since there were no authentic 

compounds commercially available, I treated UDP-glucose and UDP-galactose with ZnCl2 

(1 mM UDP-Glc + 2,5 mM ZnCl2 in H2O for 24 h, RT) (Nunez & Barker, 1976) to yield the 

1,2-cyclo-phosphates. The arising doublet of doublet at 5,82 ppm in the 
1
H-NMR spectrum of 

ZnCl2 treated UDP-glucose (see Figure 18) derives from the H1 of glucose-1,2-cyclo-

phosphate. The doublet at 5,87 ppm in the spectrum of ZnCl2 treated UDP-galactose can be 

assigned to the H1 of galactose-1,2-cyclo-phosphate (Figure 16 and Figure 18, respectively). 

Both signals were identical with the signals in PCA treated UDP-glucose and UDP-galactose. 

Note that the signal of galactose-1,2-cyclo-phosphate is a doublet and not a doublet of 

doublets as expected. The conformation of the pyranose ring is slightly affected by the 

formation of the cyclo-phosphate causing the H1-
31

P coupling constant in the galactose-1,2-

cyclo-phosphate to be 0 Hz as previously described (O’Connor et al., 1979). For this reason 

no coupling to 
31

P can be observed resulting in a single doublet in the corresponding 

spectrum. The 
1
H chemical shifts of the 2-phosphates are not known to date. To confirm that 

the signals in the spectra of PCA treated UDP-Glc and UDP-Gal, can actually be assigned to 

Glc-2-P and Gal-2-P, the 2-phosphates were obtained by treatment of the 1,2-cyclo-

phosphates with acid (0,1 M HCl, 5 min, 100 °C). This acid hydrolysis to yield the 2-

phosphates from their corresponding cyclo-phosphates has been described before (Paladini & 



Leloir, 1952; Nunez & Barker, 1976). The resonance at 5,34 ppm could be assigned to the 

H1(α) of glucose-2-phosphate and the resonance at 5,37 ppm to the H1(α) galactose-2-

phosphate (both doublets; see Figure 16). The signals were identical to the peaks of the PCA 

treated compounds. 

 

Figure 16. 
1
H-NMR spectrum of UDP-Gal (1 mM) treated with 2,5 mM ZnCl2 for 24 h at RT to form 

Gal-1,2-cyclo-P (black spectrum). The spectrum shows the anomeric proton (H1) of Gal-1,2-cyclo-P 
(δH1 = 5,87 ppm) and the signal of the H1 of non converted UDP-Gal (δH1 = 5,65 ppm). Treatment 
of the same sample with 0,1 M HCl for 5 min at 100 °C gives rise to Gal-2-P (δH1( ) = 5,37 ppm) due 

to cleavage of the cyclo-phosphate (green spectrum). Cleavage of the cyclo-phosphate also leads 
to formation of Gal (δH1( ) = 5,28 ppm) because apart from Gal-2-P, also Gal-1-P is formed. Gal-1-P 

is hydrolysed immediately to Gal and mainly Gal-2-P remains (Paladini & Leloir, 1952). A small 
signal of Gal-1-P is still detectable in the spectra. Note: The H1(α) of Gal usually resonates at 5,27 
ppm when measured in D2O (pH 7) using TSP as reference. It is highly probable that this signal 
belongs to Gal and the slight chance in chemical shift is due to changes in pH because of the 
treatment with HCl and subsequent neutralization with NaOH. Treatment of UDP-Glc with ZnCl2 
results analogously in formation of Glc-1,2-cyclo-P (δH1 = 5,82 ppm) and cleavage with HCl leads to 
formation of Glc-2-P (δH1( ) = 5,34 ppm), but with a lower signal intensity. The signals of the cyclo-

phosphates and 2-phosphates obtained from UDP-Glc and UDP-Gal, respectively were identical to 
the peaks of the PCA treated compounds. Gal, galactose; Gal-1,2-cyclo-P, galactose-1,2-cyclo-
phoshate; Gal-1-P, galactose-1-phosphate; Gal-2-P, galactose-2-phosphate; Glc-1,2-cyclo-P, 
glucose-1,2-cyclo-phoshate; Glc-2-P, glucose-2-phoshate; UDP-Gal, uridine diphosphate-
galactose; UDP-Glc, uridine diphosphate-glucose. 

 

To further verify that the signals actually belong to the 2-phosphates I took advantage of the 

vicinal coupling of H2 to 
31

P (
3
J(H2,

31
P)). The H2 of α-D-galactose and ß-D-galactose 

resonate at 3,60 ppm and 3,28 ppm, respectively. The H2 of Gal-2-P is expected to be shifted 

downfield due to the binding of the phosphate group. I recorded 2 different 
1
H-NMR spectra 

of Gal-2-P obtained by formation of Gal-1,2-cyclo-P by treatment of UDP-Gal with ZnCl2 

and subsequent hydrolysis with HCl. The first spectrum recorded was a 
1
H-NMR spectrum 

where coupling of 
1
H to 

31
P is visible, resulting in an additional splitting of the signal of H2 of 

Gal-2-P compared to galactose. A second 
1
H-NMR spectrum was recorded where phosphorus 

decoupling was applied. If Gal-2-P is present in the sample, the multiplicity of a signal 

downfield of 3,60 ppm should diminish. Indeed, in the second spectrum, where 
31

P-

decoupling was applied, a signal at 4,20 ppm exhibited a change in the splitting pattern as 

H1 of UDP-Gal

H1 of

Gal-1,2-cyclo-P

H1(α) of 

Gal-2-P

H1(α) of 

Gal

H1(α) of 

Gal-1-P



 

shown in Figure 17. Although part of this signal is overlapping with other signals in this 

region, it may be assumed that this signal changes from a doublet of doublets in the spectrum 

where 
31

P-coupling is visible into a doublet in the 
31

P-decoupled spectrum. The signal of the 

H2 of galactose is a doublet of doublets due to a vicinal the coupling to the anomeric proton 

(H1) (
3
J(H2,H1)) and to H3 (

3
J(H2,H3)). The multiplicity of the H2 of Gal-2-P is therefore 

expected to be a doublet of doublet of doublets (ddd) caused by an additional vicinal coupling 

to 
31

P (
3
J(H1,

31
P)). The multiplicity of the signal at 4,20 ppm is most likely a dd and not a 

ddd. However, the spectrum is recorded on a 250 MHz spectrometer and it is possible that one 

of the couplings of H2 to H1 or H3 is influenced due to bonding of the phosphate group and 

the resolution is too low.  

 

 

Figure 17. 
1
H-NMR spectra of Gal-2-P obtained by formation of Gal-1,2-cyclo-P by 

treatment of UDP-Gal with ZnCl2 and subsequent hydrolysis with HCl. In the lower grey 
box a signal at 4,20 ppm is displayed whose splitting pattern is changed when a 

31
P-

decoupled 
1
H-NMR spectrum of the same sample is recorded (pink spectrum). For 

simplicity, the upper grey box depicts a graphical illustration of the change in the splitting 
pattern of the signal when decoupling of 

1
H to 

31
P is applied. This signal may therefore 

belong to the H2 of Gal-2-P, further indicating that Gal-2-P is formed when UDP-Gal is 
treated with PCA. Gal-2-P, galactose-2-phosphate; Gal-1,2-cyclo-P, galactose-1,2-cyclo-
phoshate; PCA, perchloric acid; UDP-Gal, uridine diphosphate-galactose. 

 

Gal-1,2-cyclo-P is also present in this sample. It has to be excluded that this signal actually 

belongs to the H2 of Gal-2-P and not to the H2 of Gal-1,2-cyclo-P. The multiplicity of the H2 

of Gal-1,2-cyclo-P is also expected to be an ddd and not a dd. The 
1
H-NMR chemical shift of 

H2 of Gal-1,2-cyclo-P was reported to be 4,39 ppm referenced to 3-

trimethylsilylpropanesulfonate sodium (TPS) at pH 8 (O’Connor et al., 1979). The pH of a 

sample has an effect on chemical shift of a substance. This chemical shift was determined at a 

slightly higher pH, compared to my measurements at pH 7,5. However, a change from low to 



higher pH even leads to a shift to lower ppm. For that reason, the signal at 4,2 ppm can be 

assigned to the H2 of Gal-2-P, because the H2 of Gal-1,2-cyclo-P is expected to resonate 

downfield. It may be concluded that this signal belongs to the H2 of Gal-2-P, further 

corroborating that Gal-2-P is formed when UDP-Gal is treated with PCA. 

 

Last but not least it was examined if the cyclo-phosphates are also present in cell extracts in 

NMR-detectable levels. For this reason PCA extracts of HT-22 cells were compared with 

extracts obtained by the M/C procedure and the anomeric region was compared with the 

signals in the extracts with 
1
H-NMR spectra of Gal-1,2-cyclo-P and Glc-1,2-cyclo-P obtained 

by treatment of UDP-Gal and UDP-Glc, respectively with ZnCl2.  

 

Figure 18. Representative sections of 
1
H-NMR spectra of the anomeric region of a HT-22 PCA and 

M/C extract, as well as, the signals of Gal-1,2-cyclo-P and Glc-1,2-cyclo-P obtained by treatment of 
UDP-Gal and UDP-Glc, respectively with ZnCl2. In the M/C cell extract of HT-22 cells, the signals of 
UDP-GlcNAc, UDP-GalNAc, UDP-Glc, and UDP-Gal can be detected. In the PCA extract of HT-22 
cells, the signals of the acid stable activated sugar nucleotides, UDP-GlcNAc and UDP-GalNAc can 
be detected. In consistency with PCA treatment of pure compounds, also the signals of Gal-1,2-
cyclo-P (δH1 = 5,87 ppm) and Glc-1,2-cyclo-P (δH1 = 5,82 ppm) can be detected in PCA extracts 
(n = 3), which are absent in M/C extracts. Gal-1-P, galactose-1-phosphate; Gal-1,2-cyclo-P, 
galactose-1,2-cyclo-phoshate; Glc-1-P, glucose-1-phosphate; Glc-1,2-cyclo-P, glucose-1,2-cyclo-
phoshate; M/C, methanol/chloroform; PCA, perchloric acid; UDP-Gal, uridine diphosphate-
galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-galactosamine; UDP-Glc, uridine 
diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-glucosamine. 

 

H1 of

Gal-1,2-cyclo-P

H1 of

Glc-1,2-cyclo-P

H1 of
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H1 of

Glc-1-P
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UDP-GalNAc
H1 of

Glc-1,2-cyclo-P
H1 of
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In consistency with PCA treatment of pure compounds, the signals of Gal-1,2-cyclo-P 

(δH1 = 5,87 ppm) and Glc-1,2-cyclo-P (δH1 = 5,82 ppm) are consistently present in PCA 

extracts (n = 3), as shown in Figure 18. These signals are absent in M/C extracts (n = 3). The 

signal intensity of the cyclo-phosphates may seem low in the PCA extracts, however, it has to 

be regarded that a considerable small cell mass was used (cells from one 10 cm diameter petri 

dish; approximately 1∙10
7
 cells per extract) in these experiments. Using more cells for 

extraction the signals will become more prominent in the spectra. 

 

 

Now being capable of quantitatively analyzing activated sugar nucleotides, I determined their 

intracellular concentration in 4 different cell lines: immortalized clonal mouse hippocampal 

neuronal cell line (HT-22), human embryonic kidney cells (HEK293), Madin-Darby bovine 

kidney cells (MDBK), and Chinese hamster ovarian cells (CHO), as well as primary cortical 

astrocyte-enriched cultures from mice (astrocytes). All cell lines were seeded for 72 h in the 

same density in their standard growth medium containing 25 mM glucose, despite CHO cells 

which were cultured in medium containing 12,5 mM glucose. Murine primary cortical 

astrocytes were used after 21 days in culture. Medium was exchanged and cells were 

incubated for 72 h with fresh standard growth medium containing 25 mM glucose. 

Approximately 10
7
 cells per extract were harvested and M/C extraction was performed. For 

HT-22 cells four separate preparations and for primary astrocytes five separate preparations 

were analyzed. For HEK293, MDBK, and CHO cells three separate preparations were 

analyzed. The concentrations of the four activated sugar nucleotides UDP-GlcNAc, UDP-

GalNAc, UDP-Glc, and UDP-Gal were determined by quantification from fully relaxed 
1
H-

NMR spectra. The concentration of UDP-GlcUA was again calculated by the difference of 

UDP-Hex(NAc) and the sum of UDP-GlcNAc, UDP-GalNAc, UDP-Glc, and UDP-Gal. 

UDP-Hex(NAc) stands for the sum of all activated sugar nucleotides as determined by signal 

integration over the whole range of signals from anomeric protons of activated sugar 

nucleotides resonating in this area. The absolute concentrations of those activated sugar 

nucleotides in [fmol/cell] are presented in Table 3. For easier comparability, Figure 19A 

shows the levels of activated sugar nucleotides in different cell lines and primary astrocytes 

expressed as % of UDP-GlcNAc (HT-22) with the level of UDP-GlcNAc in HT-22 cells set 

as 100 %. UDP-GlcNAc had the highest intracellular level of all activated sugar nucleotides 

in all cell lines tested, followed by UDP-Glucose, UDP-GalNAc, and UDP-Gal. The highest 



level of UDP-GlcNAc, the key metabolite for O-GlcNAcylation, exhibited primary astrocytes 

(170 % ± 17 %). HT-22 (100 % ± 7 %), HEK293 (93 % ± 17 %), and MDBK cells 

(102 % ± 9 %) comprised approximately equal amounts of UDP-GlcNAc. In CHO cells the 

level of UDP-GlcNAc (48 % ± 9 %) was only half as high as compared to HT-22, HEK293, 

and MDBK cells. However, it has to be considered that CHO cells were cultured in medium 

containing 12,5 mM glucose compared to the other cells lines, which were cultured in 

medium containing 25 mM glucose. It is interesting to note that UDP-GlcUA is almost absent 

in HEK293 cells.  

 

Figure 19. Levels of activated sugar nucleotides in different cell lines and primary astrocytes 

quantified from fully-relaxed 
1
H-NMR spectra of water-soluble cell extracts. (A) 

Concentrations of UDP-GlcNAc, UDP-GalNAc, UDP-Glc, UDP-Gal, and UDP-GlcUA 
expressed in % of UDP-GlcNAc (HT-22). All cells were cultured in medium containing 
25 mM glucose, despite CHO cells which were cultured in medium containing 12,5 mM 
glucose. HT-22 (n = 4), astrocytes (n = 5), HEK293, MDBK, and CHO (all n = 3). (B) Total 
levels of activated sugar nucleotides (UDP-Hex(NAc)) in the cells tested expressed in % of 
HT-22. UDP-Hex(NAc) means sum of c(UDP-GlcNAc), c(UDP-GalNAc), c(UDP-Glc), 
c(UDP-Gal), and c(UDP-GlcUA). 

 

The total amount of activated sugar nucleotides (UDP-Hex(NAc)) in the different cell lines 

and primary astrocytes quantified from 
1
H-NMR spectra is shown in Figure19B. 

Concentrations are expressed as % of UDP-Hex(NAc) (HT-22) with the level of UDP-

Hex(NAc) in HT-22 cells set as 100 %. By comparison of the UDP-Hex(NAc) levels three 

groups with a high, medium and low level can be separated: Primary astrocytes exhibit by far 



 

the highest amount of UDP-Hex(NAc) (200 % ± 21 %). HT-22 cells (100 % ± 8 %; half as 

much compared to primary astrocytes) and MDBK cells (111 % ± 9 %) form the second 

group with medium UDP-Hex(NAc) levels. HEK293 (62 % ± 11 %; one third compared to 

primary astrocytes) and CHO (60 % ± 16 %) cells represent the third group with the lowest 

UDP-Hex(NAc) levels of all cells tested. 

 

Table 3. Levels of activated sugar nucleotides in HT-22, HEK293, MDBK, and CHO cell lines and primary 

astrocytes quantified from fully-relaxed 
1
H-NMR spectra of water-soluble cell extracts. HT-22 (n = 4), 

astrocytes (n = 5), HEK293, MDBK, and CHO (all n = 3). Values are mean ± standard deviation. 

0,76 ± 0,05 1,30 ± 0,13 0,72 ± 0,13 0,78 ± 0,07 0,37 ± 0,07 

0,36 ± 0,04 0,85 ± 0,14 0,26 ± 0,05 0,31 ± 0,02 0,16 ± 0,04 

0,60 ± 0,07 1,29 ± 0,14 0,26 ± 0,04 0,71 ± 0,06 0,30 ± 0,10 

0,23 ± 0,02 0,37 ± 0,07 0,13 ± 0,02 0,28 ± 0,03 0,13 ± 0,07 

0,24 ± 0,06 0,59 ± 0,23 0,01 ± 0,00 0,37 ± 0,02 0,15 ± 0,01 

2,20 ± 0,18 4,39 ± 0,47 1,37 ± 0,24 2,45 ± 0,19 1,32 ± 0,36 

 

 

 

To determine the effect of different hexosamines (HexN) on the levels of activated sugar 

nucleotides and to examine if these effects are NMR-detectable, I incubated HT-22 and CHO 

cells with 100 µM GlcN, galactosamine (GalN), and mannosamine (ManN) for 24 h. A 

concentration of 100 µM was used, because at this concentration significant changes in the 

intracellular levels of activated sugar nucleotides were detected without affecting cell viability 

or leading to enhanced cell detachment in GlcN, GalN, or ManN treated HT-22 and CHO cell 

cultures. The concentration of activated sugar nucleotides was obtained from fully relaxed 
1
H-

NMR spectra of M/C cell extracts. The spectra acquired from these experiments are shown in 

Figure 20 and Figure 21. The levels of UDP-sugars quantified from these spectra are depicted 

in Figure 22. A significant change in the total level of activated sugar nucleotides (UDP-

Hex(NAc)) was only achieved in GlcN treated cells, in both HT-22 and CHO cells. This 

significant increase is caused by the marked increase in UDP-GlcNAc induced by GlcN in 

both cell lines. In HT-22 cells, the amount of UDP-GlcNAc was triplicated after incubation 



with 100 µM GlcN for 24 h. The concentration of controls was 0,95 ± 0,10 fmol/cell and 

increased to 3,04 ± 0,31 fmol/cell in GlcN treated cells. In CHO cells the concentration 

increased from 0,55 ± 0,05 fmol/cell to 2,02 ± 0,62 fmol/cell after incubation with GlcN. 

Therefore, the concentration of UDP-GlcNAc was even four times higher compared to 

controls in CHO cells. However, this value has a quite large error bar and is therefore not as 

significant as the increase in HT-22 cells. GlcN treatment also led to a significant increase in 

UDP-GalNAc, which can be formed by epimerization of UDP-GlcNAc. Similar to the 

increase in UDP-GlcNAc, the UDP-GalNAc level was triplicated after GlcN treatment in HT-

22 cells. The concentration increased from 0,41 ± 0,11 fmol/cell to 1,22 ± 0,06 fmol/cell 

when GlcN treated. In CHO cells there was again an almost fourfold increase compared to 

untreated cells. The UDP-GalNAc concentration of controls was 0,22 ± 0,01 fmol/cell and in 

GlcN incubated cells 0,80 ± 0,26 fmol/cell. 

 

GalN treatment caused a small, but significant increase in the UDP-GalNAc level in CHO 

cells. The concentration increased from 0,22 ± 0,01 fmol/cell in untreated cells to 0,27 ± 0,02 

fmol/cell in GalN treated cells. In HT-22 cells no increase was observed in the UDP-GalNAc 

level after incubation with GalN. In the spectra of GalN treated HT-22 and CHO cells a novel 

resonance at 5,69 ppm arose, as shown in Figure 20 and Figure21. This signal was assigned to 

the anomeric proton (H1(α)) of galactosamine-1-phosphate (GalN-1-P) by comparison with 

spectra of the authentic compound. The GalN-1-P concentration determined was higher in 

HT-22 cells (1,58 ± 0,36 fmol/cell) compared to CHO cells (0,43 ± 0,14 fmol/cell). 

 

ManN administration resulted in significantly elevated UDP-GlcNAc and UDP-GalNAc 

levels in HT-22 cells. The UDP-GlcNAc level increased from 0,95 ± 0,10 fmol/cell to 

1,47 ± 0,12 fmol/cell. The UDP-GalNAc level increased from 0,41 ± 0,11 fmol/cell to 

0,62 ± 0,03 fmol/cell in ManN treated HT-22 cells. Both levels are 1,5 times higher compared 

to controls. Hence, the increase is not as pronounced as in GlcN and GalN treated cells. ManN 

did not change any level of activated sugar nucleotides in CHO cells. 

No significant changes in the levels of UDP-Glc and UDP-Gal were observed in GlcN, GalN, 

or ManN treated cells. There may be a trend towards decreased UDP-Glc and UDP-Gal levels 

in GlcN treated HT-22 and CHO cells, however this decrease is not significant. UDP-GlcUA 

levels are omitted, because no significant changes were observed, as already deduced from the 

fact that no significant changes were detected in UDP-Glc levels. 



 

Figure 20. Effect of hexosamines on activated sugar nucleotide levels in HT-22 cells: 

Sections of 
1
H-NMR spectra of M/C extracts of neuronal HT-22 cells after 24 h incubation 

with 100 µM HexN (GlcN, GalN, ManN; green) compared to controls (black) are shown. The 
expanded regions of the spectra show the anomeric protons (H1) of UDP-GlcNAc, UDP-
GalNAc, UDP-Glc, and UDP-Gal. In the spectrum of GalN treated cells, a novel resonance 
emerges, belonging to the H1 of GalN-1-P. GalN, galactosamine; GalN-1-P, galactosamine-
1-phosphate; GlcN, glucosamine; HexN, hexosamine; ManN, mannosamine; M/C, 
methanol/chloroform; UDP-Gal, uridine diphosphate-galactose; UDP-GalNAc, uridine 
diphosphate-N-acetyl-galactosamine; UDP-Glc, uridine diphosphate-glucose; UDP-GlcNAc, 
uridine diphosphate-N-acetyl-glucosamine. 
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Figure 21. Effect of hexosamines on activated sugar nucleotide levels in CHO cells: 

Sections of 
1
H-NMR spectra of M/C extracts of CHO cells after 24 h incubation with 

100 µM HexN (GlcN, GalN, ManN; orange) compared to controls (black) are shown. The 
expanded regions of the spectra show the anomeric protons (H1) of UDP-GlcNAc, UDP-
GalNAc, UDP-Glc, and UDP-Gal. In the spectrum of GalN treated cells, a novel resonance 
emerges, belonging to the H1 of GalN-1-P. CHO, Chinese hamster ovarian; GalN, 
galactosamine; GalN-1-P, galactosamine-1-phosphate; GlcN, glucosamine; HexN, 
hexosamine; ManN, mannosamine; M/C, methanol/chloroform; UDP-Gal, uridine 
diphosphate-galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-galactosamine; UDP-
Glc, uridine diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-
glucosamine. 
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Figure 22. Effect of hexosamines on activated sugar nucleotide levels in HT-22 and CHO 

cells: Quantification of activated sugar nucleotide concentrations after incubation with 
100 µM HexN (GlcN, GalN, ManN) for 24 h from fully relaxed 

1
H-NMR spectra of HT-

22 (A) and CHO (B) M/C cell extracts (n = 3). Values are mean ± standard deviation. 
P values of P < 0.05 were considered to be significant. *Represents P < 0.05; **represents 

P < 0.01; ***represents P < 0.001; ns, not significant. CHO, Chinese hamster ovarian; 

GalN, galactosamine; GalN-1-P, galactosamine-1-phosphate; GlcN, glucosamine; HexN, 
hexosamine; ManN, mannosamine; M/C, methanol/chloroform; UDP-Gal, uridine 
diphosphate-galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-galactosamine; UDP-
Glc, uridine diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-
glucosamine; UDP-Hex(NAc); uridine diphosphate-(N-acetyl-)hexoses. 

 

 

 

Glucose is the primary energy substrate of the brain (Fehm et al., 2006) and the precursor for 

the synthesis of activated sugar nucleotides. Here I have tested galactose as a potential 

substrate for formation of these metabolites. In this study, neuronal HT-22 cell and CHO cells 

were incubated with either 10 mM glucose, 5 mM glucose + 5 mM galactose, 5 mM 

galactose, or 10 mM galactose. In conditions with 5 mM galactose and 10 mM galactose, no 

glucose was present as energy source. The incubation time was 24 h for all conditions. 

Spectra acquired from HT-22 and CHO M/C extracts of cells incubated with 10 mM glucose 



and 10 mM galactose are shown in Figure 23. In the spectrum of HT-22 cells incubated with 

10 mM galactose, as well as in the spectrum of CHO cells a novel resonance at 5,50 ppm of a 

highly accumulated metabolite arose. This signal belongs to the anomeric proton (H1) of Gal-

1-P. At first sight there is a decrease in the signal intensities of UDP-GlcNAc and UDP-

GalNAc in both HT-22 and CHO cells when incubated with 10 mM galactose compared to 

incubation with 10 mM glucose. Since the signal of Gal-1-P heavily overlaps with the signal 

of UDP-GlcNAc, only the inner doublet of the doublet of doublets of the UDP-GlcNAc signal 

was used for quantification and the concentration calculated was subsequently doubled. 

  

Figure 23 Galactose as Precursor for Synthesis of Activated Sugar Nucleotides in HT-

22 and CHO cells: Sections of 
1
H-NMR spectra of M/C extracts of neuronal HT-22 cells 

incubated with 10 mM Gal (green) and CHO cells incubated with 10 mM Gal (orange) 
for 24 h compared to respective cells treated with 10 mM Glc (control; black). The 
expanded regions of the spectra show the anomeric protons (H1) of UDP-GlcNAc, 
UDP-GalNAc, UDP-Glc, and UDP-Gal. In the spectrum of Gal treated cells, a novel 
resonance emerges, belonging to the H1 of Gal-1-P. Gal, galactose; Gal-1-P, 
galactose-1-phosphate; Glc, glucose; M/C, methanol/chloroform; UDP-Gal, uridine 
diphosphate-galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-galactosamine; 
UDP-Glc, uridine diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-
glucosamine. 
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In contrast to UDP-GlcNAc and UDP-GalNAc, the signal intensities of UDP-Glc and UDP-

Gal were higher in HT-22 cells incubated with 10 mM galactose compared to incubation with 

10 mM glucose. In the spectrum of CHO cells treated with 10 mM galactose only UDP-Gal, 

but not UDP-Glc exhibits higher signal intensity. 

Figure 24 shows the levels of activated sugar nucleotides calculated from these fully relaxed 

1
H-NMR spectra. In HT-22 cells cultured with 10 mM glucose, the UDP-GlcNAc 

concentration was 0,81 ± 0,04 fmol/cell. No significant changes in the UDP-GlcNAc 

concentration (0,74 ± 0,12 fmol/cell) were observed when the incubations medium contained 

5 mM glucose + 5 mM galactose. However, when cells were incubated without glucose the 

UDP-GlcNAc levels decreased significantly. The UDP-GlcNAc concentration decreased to 

0,44 ± 0,11 fmol/cell in HT-22 cells incubated with 5 mM galactose and to 

0,37 ± 0,06 fmol/cell in cell incubated with 10 mM galactose. There were no significant 

changes in the UDP-GlcNAc levels between HT-22 cells incubated with 5 mM galactose and 

10 mM galactose. In CHO cells, no significant changes in the UDP-GlcNAc concentration 

were detected in all conditions.  

The same pattern was observed for UDP-GalNAc. In HT-22 cells no significant change in the 

UDP-GalNAc concentration was observed when the incubation medium was switched from 

10 mM glucose (0,36 ± 0,02 fmol/cell) to 5 mM glucose + 5 mM galactose 

(0,36 ± 0,04 fmol/cell). However, when no glucose was present the UDP-GalNAc level 

decreased significantly. The UDP-GalNAc concentration was 0,18 ± 0,08 fmol/cell in HT-22 

cells incubated with 5 mM galactose and 0,18 ± 0,04 fmol/cell in cells incubated with 10 mM 

galactose. It is obvious, that there are no significant changes between HT-22 cells incubated 

with 5 mM galactose compared to cells incubated with 10 mM galactose. Again, no 

significant changes were detected in the UDP-GalNAc levels in CHO cells under all 

conditions.  

There were also no significant changes in the UDP-Glc levels in CHO cells. In HT-22 cells, 

on the contrary, the UDP-Glc level significantly increased from 0,80 ± 0,13 fmol/cell (10 mM 

glucose) to 1,15 ± 0,13 fmol/cell in HT-22 cell incubated with 10 mM galactose. There was 

also an increase to 1,33 ± 0,41 fmol/cell in the UDP-Glc level in cells exposed to 5 mM 

galactose alone. Nevertheless, this increase is not significant due to the large error bar.  

The UDP-Gal levels were increased in both neuronal HT-22 and CHO under all conditions 

where galactose was present in the culture medium. In HT-22 cells the UDP-Gal 

concentration was 0,31 ± 0,02 fmol/cell in cells incubated with 10 mM glucose. This 

concentration increased to 0,64 ± 0,11 fmol/cell when incubated with 5 mM glucose + 5 mM 

galactose, to 0,66 ± 0,08 fmol/cell in cells incubated with 5 mM galactose, and to 



0,70 ± 0,07 fmol/cell in cells incubated with 10 mM galactose. There are no significant 

changes between the conditions where galactose was present. In CHO cells the UDP-Gal 

concentration significantly increased from 0,28 ± 0,13 fmol/cell in (10 mM glucose) to 

1,18 ± 0,46 fmol/cell (5 mM glucose + 5 mM galactose), to 0,89 ± 0,15 fmol/cell (5 mM 

galactose), and to 0,84 ± 0,14 fmol/cell (10 mM galactose). 

 

Figure 24. Galactose as precursor for synthesis of activated sugar nucleotides in HT-22 

and CHO cells: Quantification of activated sugar nucleotide concentrations after incubation 
with 10 mM Glc, 5 mM Glc + 5 mM Gal, 5 mM Gal, or 10 mM Gal for 24 h from fully 
relaxed 

1
H-NMR spectra of HT-22 (A) and CHO (B) M/C cell extracts (n = 3). Values are 

mean ± standard deviation. P values of P < 0.05 were considered to be significant. 
*Represents P < 0.05; **represents P < 0.01; ***represents P < 0.001; ns, not significant. 
CHO, Chinese hamster ovarian; Gal, galactose; Gal-1-P, galactose-1-phosphate; Glc, 
glucose; GlcN, glucosamine; M/C, methanol/chloroform; UDP-Gal, uridine diphosphate-
galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-galactosamine; UDP-Glc, uridine 
diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-glucosamine; UDP-
Hex(NAc); uridine diphosphate-(N-acetyl-)hexoses. 

 

No significant changes were detected in the overall concentration of activated sugar 

nucleotides detected (UDP-Hex(NAc)) in HT-22 and CHO cells. UDP-GlcUA concentrations 

are omitted for clarity, but no significant changes were detected for all conditions in both cell 

lines.  



 

In HT-22 and CHO cells, Gal-1-P significantly accumulated when galactose was present in 

the culture medium. The accumulation of Gal-1-P was more pronounced in HT-22 cells with 

concentrations of 2,44 ± 0,12 fmol/cell and 2,33 ± 0,25 fmol/cell in cells treated with 5 mM 

galactose and 10 mM galactose, respectively. In HT-22 cell incubated with 5 mM glucose and 

5 mM galactose, the concentration of Gal-1-P was with 2,75 ± 0,15 fmol/cell even slightly 

higher. In CHO cells the Gal-1-P levels were lower and ranged between 1,5 and 1,7 fmol/cell. 

 

 

 

 

One of the characteristics in AD and type II diabetes brains is impaired glucose utilization and 

subsequent down-regulation of O-GlcNAcylation along with hyperphosphorylation of tau 

(Liu et al., 2009a). In this chapter I investigated the effect of different glucose concentration 

on the formation of activated sugar nucleotides in neuronal HT-22 cells. HT-22 cells were 

directly seeded for 72 h into medium containing 25 mM, 18 mM, 12 mM, and 6 mM glucose. 

The concentrations of activated sugar nucleotides were obtained from fully relaxed 
1
H-NMR 

spectra of M/C cell extracts. The levels of UDP-sugars quantified from these spectra are 

shown in Figure 25. The levels of all activated sugar nucleotides detected (UDP-GlcNAc, 

UDP-GalNAc, UDP-Glc, UDP-Gal, and UDP-GlcUA) remained almost constant when the 

glucose concentration was reduced from 25 mM glucose to 18 mM glucose. No significant 

changes were detected. When the glucose level was further reduced to 12 mM glucose, 

however, there was a sharp and significant decline in all activated sugar nucleotide levels 

detected. Another reduction of the glucose concentration from 12 mM to 6 mM, again, did not 

significantly decrease activated sugar nucleotide levels. To clarify this with UDP-GlcNAc as 

an example: HT-22 cells cultured in medium containing 25 mM glucose exhibited a UDP-

GlcNAc level of 0,83 ± 0,06 fmol/cell. When the glucose concentration was reduced to 

18 mM glucose, the UDP-GlcNAc concentration remained constant (0,85 ± 0,07 fmol/cell). A 

further reduction of the glucose level to 12 mM, however, leads to a significant decrease in 

the UDP-GlcNAc level to 0,22 ± 0,03 fmol/cell. This is a reduction of 73 % compared to the 

UDP-GlcNAc levels in HT-22 cells cultured with 25 mM glucose or 18 mM glucose. When 

the glucose concentration was again lowered to 6 mM the UDP-GlcNAc concentration 



slightly decreases to 0,16 ± 0,05 fmol/cells. This decrease is not significant compared to the 

levels obtained from cells seeded in 12 mM glucose. This implies that although the glucose 

concentration was gradually lowered, the decrease in UDP-GlcNAc concentration is non-

linear with a sharp decline between a glucose concentration of 18 mM and 12 mM. This sharp 

decline was not only observed for activated sugar nucleotides produced in the HBP (UDP-

GlcNAc and UDP-GalNAc), but also for all other activated sugar nucleotides detected. 

Figure 25. Effect of limited glucose availability on synthesis of activated sugar nucleotides in 

HT-22 cells: Quantification of activated sugar nucleotide levels in HT-22 cells directly seeded 
in medium containing different glucose concentrations for 72 h from fully relaxed 

1
H-NMR 

spectra of M/C cell extracts (n = 3). Values are mean ± standard deviation. P values of 

P < 0.05 were considered to be significant. *Represents P < 0.05; **represents P < 0.01; 

***represents P < 0.001; ns, not significant. Glc, glucose; M/C, methanol/chloroform; UDP-Gal, 
uridine diphosphate-galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-galactosamine; 
UDP-Glc, uridine diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-

glucosamine; UDP-GlcUA, uridine diphosphate-glucuronic acid, UDP-Hex(NAc); uridine 
diphosphate-(N-acetyl-)hexoses. 

 

 

The mRNA expression of the HBP enzymes GFAT, GlcN-6-P N-acetyltransferase, and UDP-

GlcNAc pyrophosphorylase was tested using qRT-PCR in HT-22 cells. Furthermore, their 

mRNA levels in HT-22 cells cultured for 72 h in medium containing 25 mM glucose were 

quantified compared to cells cultured in 12 mM glucose. GFAT, the rate-limiting enzyme of 

the HBP, exists in three isoforms, GFAT1 (McKnight et al., 1992), GFAT2 (Oki et al., 1999) 

and GFAT1L (Niimi et al., 2001). GFAT1 plays a role in diabetes and obesity and has the 

highest expression in tissues involved with this disease, e.g. fat tissue (Nerlich et al., 1998). 

GFAT1L is a splice variant of GFAT1, and is primarily expressed in muscle (DeHaven et al., 

2001). GFAT2, on the other hand, seems to be highly expressed in brain (Oki et al., 1999). In 

this study, the expression of GFAT1 and GFAT2 isoforms were investigated. 



 

I found that both GFAT1 and GFAT2 are expressed in neuronal HT-22 cells (Figure 26). 

However, GFAT1 is more highly expressed than GFAT2. The mRNA expression of GlcN-6-P 

N-acetyltransferase is slightly higher compared to GFAT1. UDP-GlcNAc pyrophosphorylase 

comprises the highest mRNA level of all enzymes of the HBP investigated in HT-22 cells. 

There were no significant changes in the mRNA expression of GFAT1 and GFAT2 when 

cells were incubated for 72 h in medium containing only 12 mM glucose instead of 25 mM 

glucose. However, the mRNA levels of GlcN-6-P N-acetyltransferase and UDP-GlcNAc 

pyrophosphorylase decreased significantly when HT-22 cells were cultured in medium 

containing 12 mM glucose compared to cells grown in medium containing 25 mM glucose, as 

shown in Figure 26.  

 

 
Figure 26. Quantitative RT-PCR for mRNA expression of enzymes of 

the HBP obtained from HT-22 cells seeded for 72 h in medium 
containing 25 mM Glc (green bars) or medium containing 12 mM Glc 
(gray bars; n = 3). Values are mean ± standard deviation. P values of 
P < 0.05 were considered to be significant. *Represents P < 0.05; 
**represents P < 0.01; ***represents P < 0.001; ns, not significant. 
GFAT, Glutamine-fructose-6-P aminotransferase; Glc, glucose; GlcN, 
glucosamine; GlcNAc, uridine diphosphate-N-acetylglucosamine. 

 

 

In contrast to neurons, astrocytes can store glucose as glycogen (Cataldo & Broadwell, 1986; 

Magistretti et al., 1993). For this reason it is of interest to study the differences of the 

maintenance of UDP-GlcNAc levels in glucose-deprived astrocytes compared to neurons. I 

compared UDP-GlcNAc levels in neuronal HT-22 cells and primary astrocytes glucose-

deprived for 12 h and 18 h compared to controls that were cultured in medium containing 

25 mM glucose for the same time span. UDP-GlcNAc levels were quantified from fully 

relaxed 
1
H-NMR spectra of M/C cell extracts. The levels of UDP-GalNAc, UDP-Glc, UDP-



Gal, and UDP-GlcUA were not quantified, because the concentrations of these sugars were 

too low when glucose deprived and uncertainties in these values became too big. In HT-22 

cells the UDP-GlcNAc level decreased significantly from 0,76 ± 0,05 fmol/cell (control) to 

0,13 ± 0,05 fmol/cell in cells glucose-deprived for 12 h as shown in Figure 27. UDP-GlcNAc 

levels remained constant (0,22 ± 0,04 fmol/cell) when glucose deprivation was prolonged to 

18 h compared to levels obtained after 12 h glucose deprivation. No significant changes were 

detected. In astrocytes, the UDP-GlcNAc concentration under control conditions was 

1,30 ± 0,13 fmol/cell. This concentration decreased significantly to 0,70 ± 0,10 fmol/cell in 

astrocytes glucose-deprived for 12 h. As in the case of HT-22 cells, glucose deprivation in 

astrocytes for 18 h did not significantly further reduce UDP-GlcNAc levels 

(0,68 ± 0,27 fmol/cell) compared to 12 h glucose deprivation. 

In HT-22 12 h glucose deprivation led to an 83 % decrease in the UDP-GlcNAc levels 

compared to controls. In primary astrocytes the decrease was with 46 % less marked than in 

HT-22 cells. Consequently, the decrease in HT-22 cells (P < 0,0001) was more significant 

than in astrocytes (P = 0,024). 

 

 
Figure 27. Comparison of UDP-GlcNAc levels in 

glucose deprived neuronal HT-22 cells and 
primary astrocytes: UDP-GlcNAc levels in 
neuronal HT-22 cells and primary astrocytes 
glucose-deprived for 12 h and 18 h compared to 
controls quantified from fully relaxed 

1
H-NMR 

spectra of M/C cell extracts (n = 4 for HT-22 
controls, n = 5 for astrocytic controls, n = 3 for 
Glc deprived cells). Values are mean ± standard 
deviation. P values of P < 0.05 were considered 
to be significant. *Represents P < 0.05; 
**represents P < 0.01; ***represents P < 0.001; 
ns, not significant. Glc, glucose; M/C, 
methanol/chloroform; UDP-GlcNAc, uridine 
diphosphate-N-acetyl-glucosamine. 

 

 



 

 

Previous studies have shown that treatment of astrocytes with NO switches astrocytes into a 

glycolytic state, while TCA cycle and thus mitochondrial respiration are inhibited. These 

studies mainly focused on mRNA levels of glycolytic enzymes, as well as of glucose and 

lactate transporters, or the studies focused on particular metabolites of specific enzymatic 

pathways, such as glucose, lactate, or Fru-2,6-BP (Bolaños et al., 1994; Almeida et al., 2001; 

Almeida et al., 2004; Marcillac et al., 2011; Brix et al., 2012). NMR spectroscopy is an 

important analytical tool for detection and quantification of metabolites and has already been 

proven to be useful in studying astrocytic and neuronal metabolism (e.g. Brand et al., 1993; 

Zwingmann & Leibfritz, 2003).  

The aim of the present study was to investigate the changes of metabolite concentrations 

induced by NO in astrocytes. Furthermore, the effect of NO on the concentration of UDP-

GlcNAc was investigated since a prior NMR study in our lab had shown that UDP-GlcNAc 

concentrations were sensitive to varying acetyl-CoA levels in neuronal HT-22 cells (Gallinger 

et al., 2011). 

To investigate metabolic changes stimulated by NO, primary cultures of cortical astrocytes 

were preincubated with 22 mM [1-
13

C]glucose for 12 h, and then for additional 12 h with 0,8 

mM DETA-NONOate as NO-donor. For a control, cells were incubated only with [1-

13
C]glucose, or with 0,8 mM Sulfo-NONOate, a NO-donor that does not produce NO at 

physiological pH. Unless otherwise indicated, these same experimental conditions were used 

for all NO experiments in this chapter. M/C extracts of cells, as well as lyophilized and 

redissolved culture medium were analyzed by NMR spectroscopy in order to detect 
13

C-

labeled metabolites deriving from [1-
13

C]glucose. Spectra of astrocytes incubated with 

[
12

C]glucose instead of [1-
13

C]glucose were analyzed additionally. 

 

 

The glycolytic flux can be determined by the rate of glucose consumption and lactate 

formation. However, this does not exactly reflect the total glycolytic activity of a cell. 

Pyruvate and lactate can also be produced from other precursors such fatty acids, ketone 

bodies, or amino acids, which are present in culture media or generated by degradation of 

cellular proteins. De novo lactate synthesis exclusively from glucose can be determined using 

13
C-labeled glucose and subsequent analysis by NMR spectroscopy. 

13
C-labeled lactate 

originating from 
13

C-labeled glucose exhibits an additional 
1
H-

13
C coupling (J = 128 Hz). 



These peaks can be distinguished from the peaks of unlabeled 
12

C-lactate synthesized from 

unlabeled pyruvate originating from substances other than 
13

C-labeled glucose. 

Segments of 
1
H-NMR spectra of lyophilized cell culture media after incubation of astrocytes 

either with [1-
13

C]glucose alone or with the NO-donor DETA-NONOate are shown in 

Figure 28A.  

 

Figure 28. 
13

C-incorporation into extracellular lactate: (A) Sections of 
1
H-NMR spectra of lyophilized 

culture medium obtained from astrocytes after 24 h incubation with 22 mM [1-
13

C]glucose (control) 
and after incubation with 22 mM [1-

13
C]glucose for 24 h and 0,8 mM DETA-NONOate for 12 h 

(DETA-NONOate). The signal of the methyl protons of unlabeled lactate ([
1
H-

12
C]) at 1,33 ppm can 

be distinguished from the satellites arising from 
1
H-

13
C-coupling (J1H-13C = 128 Hz) of the 

13
C-

labeled isotopomer ([
1
H-

13
C]). (B) Quantification of the [

12
C]lactate and [3-

13
C]lactate concentrations 

from these fully relaxed 
1
H-NMR spectra (n = 4 for controls and DETA-NONOate treated cells, n = 3 

for Sulfo-NONOate treated cells). Values are mean ± standard deviation. P values of P < 0.05 were 
considered to be significant. *Represents P < 0.05; ns, not significant. P values were calculated 
from the sum of [

12
C]lactate and [3-

13
C]lactate. 

 

In glycolysis [1-
13

C]glucose is degraded to [3-
13

C]pyruvate, which is further converted to [3-

13
C]lactate.  The spectra show an additional doublet splitting from the 

1
H-

13
C coupling ([

1
H-

13
C]) as described above. The signal of unlabeled 

12
C-lactate ([

1
H-

12
C]) is also present in the 

spectra, not only because of 
12

C-lactate deriving from other substances than the administered 

[1-
13

C]glucose, but mainly because only half of the lactate derived from [1-
13

C]glucose is 
13

C-

labeled. In glycolysis one molecule [3-
13

C]lactate and one molecule unlabeled lactate are 

produced. The lactate signal intensities of NO treated astrocytes are much higher than in 

control cells. To confirm this observation, lactate release and glucose consumption were 

quantified from 
1
H-NMR spectra by calculating the difference of their concentration before 

(t = 0) and after incubation (t = 24 h), as depicted in Figure 28B. Treatment of astrocytes with 

DETA-NONOate significantly increased the release of de novo synthesized [3-
13

C]lactate 

from 10,22 ± 2,23 pmol/cell for control and 10,52 ± 2,38 pmol/cell for Sulfo-NONOate 



 

treated cells, respectively to 22,33 ± 5,85 pmol/cell. This means that lactate release in 

astrocytes increased more than 2-fold after exposure to NO.  

Similar to lactate release, glucose consumption in astrocytes increased significantly when 

cells were treated with DETA-NONOate (Figure 29). Under normal conditions, glucose 

consumption in astrocytes was 13,67 ± 2,17 pmol/cell and 18,00 ± 5,49 pmol/cell when cells 

were treated with Sulfo-NONOate, respectively. Glucose consumption in astrocytes treated 

with NO, however, was 26,35 ± 4,23 pmol/cell. This is again twice as much as, compared to 

control conditions. 

 

 

Figure 29. Effect of NO on glucose 

consumption in astrocytes. The uptake of [1-
13

C]glucose was quantified by integration of 
13

C-satellite signals of the H1 proton of the 
α anomer at 5,41 ppm and 5,07 ppm from 
fully relaxed 

1
H-NMR spectra und subsequent 

extrapolation to total glucose (α anomer plus 
ß anomer). Spectra of lyophilized culture 
medium obtained from astrocytes after 24 h 
incubation with 22 mM [1-

13
C]glucose 

(control, n = 4) or after incubation with 22 mM 

[1-
13

C]glucose for 24 h plus 0,8 mM DETA-
NONOate (n = 4) or Sulfo-NONOate (n = 3) 
for 12 h were analyzed. Values are mean ± 
standard deviation. P values of P < 0.05 were 
considered to be significant. *Represents 
P < 0.05; **represents P < 0.01; ***represents 
P < 0.001; ns, not significant.  

 

In addition to quantification of absolute lactate release in astrocytes treated with NO, the 

fractional 
13

C-enrichment of extracellular lactate was also calculated. 
13

C-enrichment can give 

information about the contribution of lactate derived from flux of [1-
13

C]glucose through 

glycolysis as compared to pyruvate or lactate produced from unlabeled precursors such as 

fatty acids, amino acids present in the culture medium, products of the pentose phosphate 

pathway, or formation of lactate from TCA cycle intermediates. In astrocytes, glycogenolysis 

may also contribute to a decrease of 
13

C-enrichment in lactate. However, it has to be kept in 



mind, that glycogen itself incorporates 
13

C from [1-
13

C]glucose. Enhanced glycogenolysis can 

only party be responsible for a decrease of 
13

C-enrichment if and only if a negligible part of 

glycogen is 
13

C-labeled. In this case a decrease of 
13

C-enrichment provides an estimate of 

lactate derived from glucose versus lactate derived from glycogen. Fractional 
13

C-enrichment 

was determined by referencing the concentration of 
13

C-labeled lactate ([
1
H-

13
C]) to the sum 

of unlabeled lactate plus 
13

C-labeled lactate ([
1
H-

12
C] + [

1
H-

13
C]) and subsequent correction 

for 1,1 % natural abundance. But, in contrast to an absolute increase in synthesis of [3-

13
C]lactate from [1-

13
C]glucose no significant alterations of 

13
C-enrichment in extracellular 

lactate of astrocytes treated with DETA-NONOate compared to controls were observed 

(Figure 30). 

 

 
Figure 30. Influence of NO on the percentage 

of 
13

C-enrichment in extracellular lactate. 
Fractional 

13
C-enrichment was calculated by 

referencing the concentration of 
13

C-labeled 
lactate ([

1
H-

13
C]) to the sum of unlabeled lactate 

plus 
13

C-labeled lactate ([
1
H-

12
C] + [

1
H-

13
C]) 

and subsequent correction for natural abundant 
13

C. 
1
H-NMR spectra were obtained from 

lyophilized culture medium of astrocytes 
incubated with 22 mM [1-

13
C]glucose (control, 

n = 4) for 24 h or with 22 mM [1-
13

C]glucose for 

24 h and 0,8 mM DETA-NONOate (n = 4) or 
Sulfo-NONOate (n = 3) for 12 h. Values are 
mean ± standard deviation. P values of P < 0.05 
were considered to be significant. *Represents 
P < 0.05; **represents P < 0.01; ***represents 

P < 0.001; ns, not significant. 

 

 

Besides being an important physiological messenger in the brain, excessive NO is toxic and 

may lead to neurotoxicity. To analyze changes in cell viability resulting from NO treatment, 

cells were counted after trypsinization in a hemocytometer using trypan blue exclusion. 

Figure 31B shows the number of counted viable cells after incubation with 22 mM glucose 



 

alone, or after pretreatment with 22 mM glucose for 12 h and subsequent incubation with 

either 0,8 mM DETA-NONOate or Sulfo-NONOate. No significant changes in cell viability 

were detected in treated cells compared to control cells. It has to be noted that only viable 

cells were counted, but not the blue-stained dead cells, because those were rapidly degraded 

and difficult to count correctly. However, monitoring primary astrocytes treated with Sulfo-

NONOate or DETA-NONOate by taking photomicrographs depicted no increased detachment 

or changes in the shape of cells (Figure 31A).  

 

Figure 31. (A) Bright-field photomicrographs of primary cortical astrocytes pretreated with 22 mM 

glucose for 12 h and subsequent incubation with 0,8 mM DETA-NONOate or Sulfo-NONOate for 
12 h. All images were acquired using a 10x lens. (B) Number of viable cells after incubation with 
22 mM glucose (control; n = 8) for 24 h or after preincubation with 22 mM glucose for 24 h and 
following incubation with either 0,8 mM DETA-NONOate (n = 6) or Sulfo-NONOate (n = 6) for 

12 h. Cells were counted after trypsinization using trypan blue exclusion. P values of P < 0.05 

were considered to be significant. *Represents P < 0.05; **represents P < 0.01; ***represents 
P < 0.001; ns, not significant. 

 

 

To detect metabolic changes caused by NO in astrocytes, 
1
H,

13
C-HSQC spectra of M/C cell 

extracts and lyophilized cell culture media were analyzed. Two different incubation 

conditions each with [1-
13

C]glucose alone, [1-
13

C]glucose plus DETA-NONOate, or            

[1-
13

C]glucose plus Sulfo-NONOate were used. Under condition 1 cells were preincubated 

with 22 mM [1-
13

C]glucose. After 12 h 0,8 mM DETA-NONOate or 0,8 mM Sulfo-NONOate 

were added for further 12 h. For control experiments, cells were incubated for 24 h with 

22 mM [1-
13

C]glucose. Under condition 2 [1-
13

C]glucose and DETA-NONOate, or Sulfo-

NONOate were added at once to the incubation medium. Incubation time was 12 h. For 

controls, cells were incubated with [1-
13

C]glucose alone for 12 h. Condition 2 was chosen, to 

exclude that preincubation with [1-
13

C]glucose leads to less distinct differences in the 

metabolic profiles, since [1-
13

C]glucose is incorporated into the metabolites before NO is 



added. However, to anticipate the results, there were no differences in the 
1
H,

13
C-HSQC 

spectra for both conditions. Figure 32 shows representative regions of 
1
H,

13
C-HSQC spectra 

from M/C cell extracts and media of astrocytes incubated as described for condition 2. 

Control spectra of astrocytes treated with [1-
13

C]glucose alone are shown in black and spectra 

from DETA-NONOate treated astrocytes are shown in pink. Spectra of Sulfo-NONOate 

treated cells are omitted for graphical clarity, but they show the same peak pattern as controls. 

Incubation of astrocytes with DETA-NONOate leads to an altered labeling pattern of two 

metabolites in the M/C cell extracts, namely citrate and glutamate (encircled). The resonances 

of citrate are not visible in spectra of M/C cell extracts of untreated astrocytes. However, in 

DETA-NONOate treated astrocytes, citrate accumulates significantly. The direct opposite is 

observed for glutamate. The intensity of the glutamate peak diminishes in the spectra of 

astrocytic M/C cell extracts after incubation with DETA-NONOate. The signal intensities of 

citrate peaks from citrate released into the cell culture medium by astrocytes, however, do not 

vary between treated and untreated astrocytes. Glutamate was not released by astrocytes and 

therefore not detectable in cell culture medium held in contact with astrocytes. 

 

Figure 32. Representative sections of  
1
H,

13
C-HSQC spectra obtained from M/C cell extracts and medium 

after incubation with 22 mM [1-
13

C]glucose alone (control; black) or with [1-
13

C]glucose and 0,8 mM DETA-
NONOate  (DETA-NONOate; pink) for 12 h. Spectra of cells treated with Sulfo-NONOate are omitted for 
graphical clarity. Encircled are the signals of citrate and glutamine/glutamate (Gln/Glu). Citrate signals 
merely appear in DETA-NONOate treated cells in the M/C cell extract. In the incubation medium, citrate 
signals are present in both untreated und treated conditions. Ala, alanine; Asp, aspartate; Gln, glutamine; 
Glu, glutamate; Lac, lactate; UDP-GalNAc, uridine diphosphate-N-acetylgalactosamine; UDP-GlcNAc, 
uridine diphosphate-N-acetylglucosamine. 

 

To confirm these findings the level of glutamate was quantified from 
1
H-NMR spectra in M/C 

cell extracts of astrocytes treated as described for condition 1 but with [
12

C]glucose instead of 

[1-
13

C]glucose. The resonances of citrate are not well suited for quantification because they 

overlap with other signals in 
1
H-NMR spectra. The expanded region of a 

1
H-NMR spectrum 
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citrate
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showing the ethyl resonances of protons at C4 of unlabeled glutamate already indicate that the 

concentration of glutamate is reduced in astrocytes treated with DETA-NONOate 

(Figure 33A). Quantification finally confirms this observation. Glutamate levels are 

significantly reduced in astrocytes treated with DETA-NONOate (6,41 ± 0,41 fmol/cell)  

compared to controls (11,26 ± 2,44 fmol/cell) and astrocytes incubated with Sulfo-NONOate 

(13,97 ± 1,04 fmol/cell) (Figure 33B).  

 

 
Figure 33. Effect of NO on intracellular glutamate: (A) Expanded region of a 

1
H-NMR spectra 

showing the ethyl resonances of the protons at C4 of unlabeled glutamate (Glu) in M/C cell extracts 
obtained from astrocytes. Black: astrocytes incubated for 24 h with 22 mM [

12
C]glucose. Blue: 

astrocytes incubated for 24 h with 22 mM [
12

C]glucose and 0,8 mM Sulfo-NONOate for 12 h. Pink: 
astrocytes incubated for 24 h with 22 mM [

12
C]glucose and 0,8 mM DETA-NONOate for 12 h. (B) 

Quantification of the intracellular glutamate level from these fully relaxed 
1
H-NMR spectra (n = 7 for 

control, n = 3 for DETA-NONOate and Sulfo-NONOate). Values are mean ± standard deviation. 
P values of P < 0.05 were considered to be significant. *Represents P < 0.05; **represents 

P < 0.01; ***represents P < 0.001; ns, not significant. 

 

 

It was shown that NO has strong influence on astrocytic glucose metabolism. Since the HBP 

is a minor branch of glycolysis, and since UDP-GlcNAc - the major product of the HBP - is 

sensitive to varying glucose concentrations, the effect of NO on UDP-GlcNAc and other 

activated sugar nucleotides was investigated. First, the levels of UDP-GlcNAc, UDP-GalNAc, 

UDP-Glc, UDP-Gal and UDP-Hex(NAc) were quantified. UDP-Hex(NAc) is the 

concentration calculated from the integral of the signals over  all activated sugar nucleotides 

in that region. That includes UDP-GlcUA, since the anomeric signal of UDP-GlcUA strongly 

overlaps with the signals of the other sugars. Figure 34 shows the levels of these activated 

sugar nucleotides quantified from fully-relaxed 
1
H-NMR spectra of  M/C extracts from 

astrocytes treated either with 22 mM [
12

C]glucose alone (control), with 22 mM [
12

C]glucose + 

0,8 mM DETA-NONOate (DETA-NONOate), or with 22 mM [
12

C]glucose + 0,8 mM Sulfo-



NONOate (Sulfo-NONOate). Incubation times were as follows: 24 h for control and 12 h 

preincubation with glucose plus additional 12 h after administration of DETA- or Sulfo-

NONOate. No significant changes between control and DETA-NONOate treated astrocytes 

and between Sulfo-NONOate and DETA-NONOate treated astrocytes were observed. 

However, there were significant changes between control and Sulfo-NONOate in the case of 

UDP-GlcNAc, UDP-GalNAc, and UDP-HexNAc (P < 0,05 for all). Since the results of 

control conditions and Sulfo-NONOate treated astrocytes did not reveal any differences so 

far, it can be assumed that these significant changes may be due to associated uncertainties of 

the experimental setup in the three independent experiments for this group. 

 

Figure 34. Levels of activated sugar nucleotides in astrocytes incubated with 22 mM 

[
12

C]glucose alone (n = 7) for 24 h or with 22 mM [
12

C]glucose for 24 h plus 0,8 mM 
DETA-NONOate or Sulfo-NONOate (both n = 3) for 12 h. Concentrations were 
determined from fully-relaxed 

1
H-NMR spectra of M/C cell extracts. Values are mean 

± standard deviation. P values of P < 0.05 were considered to be significant. 
*Represents P < 0.05; **represents P < 0.01; ***represents P < 0.001; ns, not 
significant. 

 

Quantification of UDP-GlcNAc, or other activated sugar nucleotides do not reflect exactly the 

aberrant glucose metabolism caused by NO, since the glucose moiety and the N-acetyl group 

of UDP-GlcNAc can be produced from other precursors than glucose. These sources 

comprise, e.g. glycogen, fatty acids, and TCA cycle intermediates. [1-
13

C]glucose as a source 

of glucose allows identification of peaks of unlabeled UDP-GlcNAc synthesized from 

unlabeled precursors originating from substances other than [1-
13

C]-labeled glucose. A 

previous study in our lab utilizing [1-
13

C]glucose as the sole source of glucose has shown that 

the 
1
H-NMR signal of the N-acetyl group of UDP-GlcNAc can serve as a marker for 

decreased mitochondrial respiration and hence decreased acetyl-CoA synthesis in neuronal 



 

cells (Gallinger et al., 2011). Briefly, neuronal HT-22 cells showed a decrease in labeling of 

the N-acetyl group of UDP-GlcNAc when incubated with [1-
13

C]glucose and sodium azide, 

an inhibitor of complex IV of the respiratory chain, compared to untreated cells. As a 

consequence of this inhibition NAD
+
 production by complex I of the respiratory chain is 

disrupted and NADH accumulates. NAD
+ 

in turn is an essential cofactor of the pyruvate 

dehydrogenase complex (PDC) that transforms pyruvate into acetyl-CoA. Therefore, acetyl-

CoA production decreases when NAD
+ 

is no longer available. UDP-GlcNAc synthesis in the 

HBP occurs in the cytosol, while acetyl-CoA synthesis by PDC takes place in the 

mitochondrion. Since acetyl-CoA cannot pass the mitochondrial membrane, it cannot be 

directly incorporated into the N-acetyl group of UDP-GlcNAc. To reach the cytosol, 

mitochondrial acetyl-CoA is introduced into the TCA cycle where it is transformed to citrate. 

Citrate is then transported into the cytosol, where it is cleaved by ATP-citrate-lyase to yield 

cytosolic acetyl-CoA. Since the production of cytosolic 
13

C-labeled acetyl-CoA depends on 

formation of mitochondrial 
13

C-labeled acetyl-CoA by PDC, which in turn is relies on NAD
+
 

supply from mitochondrial respiration, the incorporation of the 
13

C-label from cytosolic 

acetyl-CoA into the N-acetyl group of UDP-GlcNAc reflects mitochondrial respiration and 

flux through the TCA cycle.  

The direct identification of 
13

C-labeled acetyl-CoA in 
1
H,

13
C-HSQC spectra of cell extracts is 

not unambiguously possible due to severe overlap with signals of other metabolites e.g. 

succinyl-CoA. The 
13

C-label of [1-
13

C]glucose can be incorporated at 5 positions in UDP-

GlcNAc of which 4 can be detected in 
1
H,

13
C-HSQC spectra of astrocytic cell extracts. The 

C1 of the GlcNAc residue is directly labeled from [1-
13

C]glucose. The 
13

C-label in the C1 of 

the ribose moiety is incorporated via PPP and pyrimidine biosynthesis and the C6 of uracil 

derives its label from aspartate formed in the TCA cycle used in de novo pyrimidine 

synthesis. The N-acetyl group receives its label from 
13

C-labeled cytosolic acetyl-CoA (see 

Figure 50 in the discussion part).  

Figure 35 shows these signals detected in 
1
H,

13
C-HSQC spectra obtained from M/C cell 

extracts after incubation with 22 mM [1-
13

C]glucose alone or with [1-
13

C]glucose and 0,8 mM 

DETA-NONOate for 12 h. The labeling pattern does not differ from astrocytes preincubated 

with [1-
13

C]glucose for 12 h. Spectra of cells incubated with Sulfo-NONOate (not shown for 

graphical clarity) have the same labeling pattern as spectra of controls, incubated with [1-

13
C]glucose alone. The signals of 

13
C-labeled UDP-GalNAc at the C1 position and N-acetyl 

group are also detected. They partially overlap with the corresponding signals of UDP-

GlcNAc, but both can be assigned unambiguously and it should be possible to detect changes 

in their concentrations independently. However, no differences in the signal intensity of the 



N-acetyl group in UDP-GlcNAc (Figure 35A) and the signal intensity of the C1 of UDP-

GlcNAc (Figure 35B) were observed. The signals of ribose and uracil moiety of UDP-

GlcNAc were not used for detection of concentration changes, since these signals overlap 

with correspondent signals of other activated sugar nucleotides. 

 

 
Figure 35. Expanded regions of representative 

1
H,

13
C-HSQC spectra obtained from M/C cell extracts after 

incubation with 22 mM [1-
13

C]glucose alone (control; black) or with [1-
13

C]glucose and 0,8 mM DETA-
NONOate  (DETA-NONOate; pink) for 12 h. Spectra of cells treated with Sulfo-NONOate are omitted for 
graphical clarity. (A) Enlarged region focusing on the N-acetyl groups of UDP-GlcNAc (δ(N-Ac C/H) = 
25,21/2,08 ppm) and UDP-GalNAc (δ(N-Ac C/H) = 25,22/2,09 ppm). The pink spectrum is shifted by 2 ppm in 

direction of the carbon axis. (B) Overview of the anomeric region. The signals of the carbon/anomeric proton 
(C1/H1) of UDP-GlcNAc and UDP-GalNAc, as well as of the ribose (C1/H1) and uracil (C6/H6) of UDP-
GlcNAc are shown. UDP-GlcNAc: δ(anomeric C1/H1) = 97,61/5,52 ppm; δ(ribose C1/H1) = 91,27/5,99 ppm; 
δ(uracil C6/H6) = 105,35/5,98 ppm. UDP-GalNAc: δ(anomeric C1/H1) = 97,73/5,56 ppm. The signals of ribose 
and uracil are not well suited for studying UDP-GlcNAc, since the signals overlap with correspondent signals 
of other activated sugar nucleotides.   N-Ac, N-acetyl; UDP-GalNAc, uridine diphosphate-N-
acetylgalactosamine; UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine. 

 

To corroborate these findings one-dimensional (1D) 
1
H,

13
C-HSQC spectra were recorded. 

Figure 36 and Figure 37 display spectra from cell extracts of astrocytes treated with                    

[1-
13

C]glucose for 24 h (control) or with [1-
13

C]glucose for 24 h plus DETA-NONOate for 12 

h (DETA-NONOate). Figure 36 focusses on the signal of the anomeric proton attached to C1 

of the GlcNAc moiety of UDP-GlcNAc, whereas Figure 37 shows the signal of the N-acetyl 

group of UDP-GlcNAc. The 
1
H-NMR spectra at the bottom show the signals of the anomeric 

proton attached to 
12

C1 of UDP-GlcNAc (Figure 36) and the signal of the methyl protons of 

the N-acetyl group attached to 
12

C of UDP-GlcNAc (Figure 37), respectively (signals in grey 

box). The 1D 
1
H,

13
C-HSQC spectra (middle and top) show the doublets of the anomeric 

protons attached to 
13

C1 of UDP-GlcNAc (Figure 36) and the doublets of the methyl protons 

of the N-acetyl group attached to 
13

C1 of UDP-GlcNAc (Figure 37) (signals in grey boxes). 

Neither the signal of the anomeric proton/carbon nor the N-acetyl group of UDP-GlcNAc 

reveal changes in the signal intensity between control and DETA-NONOate treated cells.  
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Figure 36. Representative expanded regions of 
1
H-NMR spectrum (bottom) and 1D 

1
H,

13
C-HSQC 

spectra (middle and top) from cell extracts of astrocytes treated with [1-
13

C]glucose for 24 h 
(control) or with [1-

13
C]glucose for 24 plus DETA-NONOate for 12 h (DETA-NONOate). The 

1
H-

NMR spectrum (bottom) shows the peak of the anomeric proton attached to 
12

C1 of UDP-GlcNAc 
(grey box). The 

13
C-sattelite signals are not detectable in this spectrum. The 1D 

1
H,

13
C-HSQC 

spectra (middle and top) show the doublets of the anomeric protons attached to 
13

C1 of UDP-
GlcNAc (grey boxes). Note that in contrast to the 2D 

1
H,

13
C-HSQC spectra no 

1
H decoupling has 

been applied. UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine.  

 

 
Figure 37. Representative expanded regions of 

1
H-NMR spectrum (bottom) and 1D 

1
H,

13
C-HSQC 

spectra (middle and top) from cell extracts of astrocytes treated with [1-
13

C]glucose for 24 h 
(control) or with [1-

13
C]glucose for 24 plus DETA-NONOate for 12 h (DETA-NONOate). The 

1
H-

NMR spectrum (bottom) shows the peak of the methyl protons of the N-acetyl group attached to 
12

C 
of UDP-GlcNAc (grey box). The 

13
C-sattelite signals are not detectable in this spectrum. The 1D 

1
H,

13
C-HSQC spectra (middle and top) show the doublets of the methyl protons of the N-acetyl 

group attached to 
13

C1 of UDP-GlcNAc (grey boxes). Note that in contrast to the 2D 
1
H,

13
C-HSQC 

spectra no 
1
H decoupling has been applied. UDP-GlcNAc, uridine diphosphate-N-

acetylglucosamine. 
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The two major hallmarks in the development of AD are Aß containing senile plaques (LaFerla 

et al., 2007) and NFTs aggregated from hyperphosphorylated tau protein (Grundke-Iqbal et 

al., 1986a; Grundke-Iqbal et al., 1986b). There is strong evidence that Aß and tau pathologies 

are mechanistically linked. Since hyperphosphorylation of tau involves reduced O-

GlcNAcylation of the protein (Liu et al., 2004b), I tested the effect of Aß on the donor 

substrate of O-GlcNAcylation, UDP-GlcNAc, in neuronal HT-22 cells and primary 

astrocytes. Moreover, the effect of Aß on glucose uptake and lactate release was also 

investigated. 

For this study, I used the Aß25-35 fragment, which is known to exhibit the same toxic effects as 

the naturally occurring Aß1-42 fragment (Yankner et al., 1990; Pike et al., 1995; Frozza et al., 

2009). This being the case, Aß25-35 is a suitable tool for investigating the toxic mechanisms 

exerted by this peptide in brain cells on the metabolic level. Furthermore, Aß25-35 was also 

detected in vivo in senile plaques in AD brains (Kubo et al., 2002; Kubo et al., 2003). 

Neurons (Ida et al., 1996; Saavedra et al., 2007; Yu et al., 2010) as well as astrocytes (Nagele 

et al., 2003; Pihlaja et al., 2008) can internalize the Aß peptide and intraneuronal Aß was 

found in brain of AD patients and is thought to be an important early step in the pathogenesis 

of the disease (Gouras et al., 2000; D’Andrea et al., 2001). The Aß25-35 fragment, in particular, 

was also found to be able to bind and internalize into neuronal cells (Boland et al., 1995; 

Beffert et al., 1998) and astrocytes (Allaman et al., 2010). Aß internalization in neurons and 

astrocytes is mediated via endocytosis and several cells surface receptors are discussed to be 

involved in this process (Mohamed & Posse de Chaves, 2011). The precise mechanisms, 

however, remain unclear and seem to be different in neurons and astrocytes (Mohamed & 

Posse de Chaves, 2011).  

To investigate metabolic changes stimulated by Aß25-35, neuronal HT-22 cells and primary 

cultures of cortical astrocytes were incubated for 24 h with 25 µM Aß25-35 peptide 

supplemented to the standard culture medium. These experimental conditions were used, 

because a recent study has shown that a concentration of 25 µM altered glucose utilization 

with a maximum effect at this concentration in primary astrocytes (Allaman et al., 2010). In 

addition, it was shown that Aß25-35 was not degraded for up to 48 h (Allaman et al., 2010). 

 



 

 

To explore the glycolytic flux in neuronal HT-22 cells and primary astrocytes under influence 

of Aß25-35, I determined glucose uptake and lactate release in these cells. Lactate release and 

glucose uptake were quantified from 
1
H-NMR spectra of lyophilized cell culture media by 

calculating the difference of their concentration before (t = 0) and after incubation (t = 24 h) 

with 25 µM Aß25-35 compared to respective controls. The concentration was normalized to 

number of cells. The quantified concentrations given in pmol/cell from these experiments are 

shown in Figure 38.  

 

Figure 38. Effect of Aß on glucose consumption and lactate release in HT-22 cells 

and primary astrocytes: The uptake of glucose was quantified by integration of the H1 
proton of the α anomer at 5,24 ppm from fully relaxed 

1
H-NMR spectra and 

subsequent extrapolation for total glucose (α anomer plus ß anomer). Spectra of 
lyophilized cell culture medium obtained from HT-22 cells (A) and primary astrocytes 
(B) after incubation with 25 µM Aß25-35 peptide for 24 h (gray bars; n = 3 each) and 
respective controls (green bars for HT-22; pink bars for astrocytes; n = 3 each) were 
analyzed. Values are mean ± standard deviation. P values of P < 0.05 were 
considered to be significant. *Represents P < 0.05; ns, not significant. Aß, amyloid-ß. 

 

Treatment of HT-22 cells with 25 µM Aß25-35 significantly elevated the release of lactate into 

the cell culture medium. The lactate concentration increased from 15,67 ± 2,25 pmol/cell for 

control to 19,87 ± 1,06 pmol/cell in Aß25-35 treated HT-22 cells. Similar to lactate release, 

glucose consumption in HT-22 cells increased significantly when cells were treated with 

Aß25-35. Under control conditions, glucose consumption in HT-22 cells was 9,15 ± 

0,88 pmol/cell. Glucose consumption increased to 12,36 ± 1,63 pmol/cell when HT-22 cells 

were exposed to Aß25-35. In primary astrocytes, treatment with Aß25-35 also led to a significant 

increase in lactate release. Lactate release was 23,21 ± 2,33 pmol/cell in control cells and 

increased to 30,63 ± 2,89 pmol/cell in Aß25-35 treated cells. No significant increase in glucose 

uptake in primary astrocytes treated with Aß25-35 was detected. However, there was a trend 



toward increased glucose uptake in astrocytes. The glucose consumption increased from 17,21 

± 1,94 pmol/cell to 21,02 ± 2,37 pmol/cell in Aß25-35 treated astrocytes compared to controls. 

These results show increased glycolysis in Aß25-35 treated HT-22 cells and indicate increased 

glycolysis in primary astrocytes. In the previous chapter it was described that the increase in 

total glycolytic activity can only be determined exactly by quantifying the de novo lactate 

synthesis deriving from 
13

C-labeled glucose. Experiments using unlabeled glucose still give 

information about increased glycolysis in cells, although other precursors than glucose can 

contribute to enhanced lactate synthesis. 

 

 

The levels of activated sugar nucleotides, whereas UDP-GlcNAc was of peculiar interest, 

were quantified from fully-relaxed 
1
H-NMR spectra of M/C extracts from HT-22 cells or 

astrocytes treated either with 25 µM Aß25-35 supplemented to the standard culture medium or 

incubated with standard culture medium alone (controls). In neuronal HT-22 cells no 

significant changes in the concentrations of activated sugar nucleotides were observed in 

Aß25-35 treated cells compared to controls, as shown in Figure 39.  

 

Figure 39. Effect of Aß on activated sugar nucleotides levels in HT-22 cells: 
Concentration of activated sugar nucleotide levels in HT-22 cells treated 
with 25 µM Aß25-35 peptide for 24 h (gray bars; n = 3) and respective controls 
(green bars; n = 3) quantified from fully relaxed 

1
H-NMR spectra of M/C cell 

extracts. Values are mean ± standard deviation. P values of P < 0.05 were 
considered to be significant. ns, not significant. Aß, amyloid-ß; M/C, 
methanol/chloroform; UDP-Gal, uridine diphosphate-galactose; UDP-
GalNAc, uridine diphosphate-N-acetyl-galactosamine; UDP-Glc, uridine 
diphosphate-glucose; UDP-GlcNAc, uridine diphosphate-N-acetyl-
glucosamine; UDP-Hex(NAc); uridine diphosphate-(N-acetyl-)hexoses. 

 

In primary astrocytes, on the contrary, I detected a significant decrease in UDP-GlcNAc as 

well as UDP-GalNAc levels in Aß25-35 cells (Figure 40). The UDP-GlcNAc level decreased 



 

from 1,41 ± 0,13 fmol/cell in controls to 1,02 ± 0,14 fmol/cell in Aß25-35 treated astrocytes. 

The UDP-GalNAc level in controls was 0,71 ± 0,04 fmol/cell and was found to be reduced to 

0,54 ± 0,07 fmol/cell in Aß treated astrocytes.  

There were no significant changes in the levels of UDP-Glc, UDP-Gal, UDP-GlcUA (not 

shown) and UDP-Hex(NAc) in neither HT-22 cells, nor primary astrocytes. 

 

Figure 40. Effect of Aß on activated sugar nucleotides levels in primary 

astrocytes: Concentration of activated sugar nucleotide levels in primary 
astrocytes treated with 25 µM Aß25-35 peptide for 24 h (gray bars; n = 3) and 
respective controls (pink bars; n = 3) quantified from fully relaxed 

1
H-NMR 

spectra of M/C cell extracts. Values are mean ± standard deviation. P values 
of P < 0.05 were considered to be significant. *Represents P < 0.05; ns, not 

significant. Aß, amyloid-ß; M/C, methanol/chloroform; UDP-Gal, uridine 
diphosphate-galactose; UDP-GalNAc, uridine diphosphate-N-acetyl-
galactosamine; UDP-Glc, uridine diphosphate-glucose; UDP-GlcNAc, uridine 
diphosphate-N-acetyl-glucosamine; UDP-Hex(NAc); uridine diphosphate-(N-
acetyl-)hexoses. 

 

 

To evaluate, whether Aß25-35 affects mRNA expression of HBP enzymes, the mRNA levels of 

GFAT1, GFAT2, GlcN-6-P N-acetyltransferase, and UDP-GlcNAc pyrophosphorylase were 

quantified in HT-22 cells and primary astrocytes treated with 25 µM Aß25-35 for 24 h 

compared to untreated controls using qRT-PCR. I have not detected any changes in the UDP-

GlcNAc level and UDP-GalNAc level in Aß25-35 treated HT-22 cells. Therefore, it was not 

surprising, that I did not detect any changes in the mRNA levels of HBP enzymes in these 

cells after incubation with Aß25-35, as shown in Figure 41. In primary astrocytes, however, I 

detected a decrease in the UDP-GlcNAc levels as well as UDP-GalNAc levels when cells 

were exposed to Aß25-35. Indeed, Aß25-35 not only affects UDP-GlcNAc levels, but also 

GFAT1 expression in primary astrocytes. A small but significant increase of 23 % compared 

to controls in GFAT1 mRNA expression was detected in Aß25-35 treated astrocytes (Figure 

42). There was also a slight trend towards increased GFAT2, GlcN-6-P N-acetyltransferase, 



and UDP-GlcNAc pyrophosphorylase mRNA levels. However, these increases were not 

significant.  

 

Figure 41. Quantitative RT-PCR for mRNA expression of enzymes of 

the HBP obtained from HT-22 cells incubated with 25 µM Aß25-35 
peptide for 24 h (green bars) compared to respective controls (gray 
bars; n = 3). Values are mean ± standard deviation. P values of 

P < 0.05 were considered to be significant. ns, not significant. Aß, 

amyloid-ß; GFAT, Glutamine-fructose-6-P aminotransferase; GlcN, 
glucosamine; GlcNAc, uridine diphosphate-N-acetylglucosamine. 

 

Figure 42. Quantitative RT-PCR for mRNA expression of enzymes of 

the HBP obtained from primary astrocytes incubated with 25 µM Aß25-

35 peptide for 24 h (green bars) compared to respective controls (gray 
bars; n = 3). Values are mean ± standard deviation. P values of 

P < 0.05 were considered to be significant. *Represents P < 0.05; ns, 

not significant. Aß, amyloid-ß; GFAT, Glutamine-fructose-6-P 
aminotransferase; GlcN, glucosamine; GlcNAc, uridine diphosphate-N-
acetylglucosamine. 

 

As in the case of HT-22 cells, the expression of the GFAT1 isoform in primary astrocytes is 

much higher compared to the expression of GFAT2. Furthermore, primary astrocytes 



 

comprise much lower mRNA levels of enzymes of the HBP compared to the neuronal HT-22 

cell line.  

 

 

In primary astrocytes, a signal at 5,46 ppm, arose when cells were exposed to Aß25-35. This 

signal belongs to the anomeric proton (H1 α) of Glc-1-P. In untreated astrocytes, this signal is 

almost undetectable. The signal is absent in spectra of both Aß25-35 treated and untreated HT-

22 M/C cell extracts. Figure 43 shows the concentration of Glc-1-P quantified from fully-

relaxed 
1
H-NMR spectra of M/C extracts from astrocytes incubated with 25 µM Aß25-35 

compared to the respective controls. A significant increase in the Glc-1-P levels in astrocytes 

treated with Aß25-35 was found. The concentration increased from 0,20 ± 0,07 fmol/cell in 

untreated astrocytes to 0,40 ± 0,08fmol/cell in Aß25-35 treated astrocytes. Although the 

concentration is low compared to other metabolites, this is a 2-fold increase in the 

concentration of this intermediate. 

 

 

 

The Aß peptide is a toxic agent that leads to neuronal death and is strongly associated with the 

development of AD (Klein et al., 2001). To analyze changes in cell viability resulting from 

Aß25-35 treatment, cells were counted after trypsinization in a haemocytometer using trypan 

blue exclusion. Figure 44C and D shows the number of counted viable cells after incubation 

with standard culture medium alone compared to the number of viable cells after treatment 

with 25 µM Aß25-35 for 24 h in HT-22 cells and primary astrocytes. Although there was a 

trend towards decreased cell viability of primary astrocytes treated with Aß25-35, the peptide 

Figure 43. Effect of Aß on the Glc-1-P level in primary astrocytes: 

Concentration of Glc-1-P level in primary astrocytes treated with 25 µM 
Aß25-35 peptide for 24 h (gray bar; n = 3) and respective controls (pink 
bar; n = 3) quantified from fully relaxed 

1
H-NMR spectra of M/C cell 

extracts. Values are mean ± standard deviation. P values of P < 0.05 
were considered to be significant. *Represents P < 0.05. Aß, amyloid-ß; 

Glc-1-P, glucose-1-phosphate; M/C, methanol/chloroform; UDP-Gal, 
uridine diphosphate-galactose; UDP-GalNAc, uridine diphosphate-N-
acetyl-galactosamine; UDP-Glc, uridine diphosphate-glucose; UDP-
GlcNAc, uridine diphosphate-N-acetyl-glucosamine; UDP-Hex(NAc); 
uridine diphosphate-(N-acetyl-)hexoses. 

 



did not significantly alter cell viability in both HT-22 cells and primary astrocytes. It has to be 

noted that only viable cells were counted, but not the blue-stained dead cells, because those 

were rapidly degraded and difficult to count correctly. However, monitoring primary 

astrocytes treated with 25 µM Aß25-35 by taking photomicrographs depicted no increased 

detachment or changes in the shape of cells (Figure 44A and B).  

 

 
Figure 44. Bright-field photomicrographs of HT-22 cells (A) and primary cortical 

astrocytes (B) treated with 25 µM Aß25-35 peptide for 24 h and respective controls. 
All images were acquired using a 10x lens. Number of viable HT-22 cells 
(C, n = 3) and astrocytes (D, n = 3) after incubation with Aß25-35 peptide for 24 h 

compare to controls (n = 3 each). Cells were counted after trypsinization using 
trypan blue exclusion. P values of P < 0.05 were considered to be significant. 
*Represents P < 0.05; **represents P < 0.01; ***represents P < 0.001; Aß, 
amyloid-ß; ns, not significant. 

 



 

 

 

 

Here I have shown that PCA is not suitable for the detection of activated sugar nucleotides, 

since most of these sugars are being decomposed. In PCA extracts of neuronal HT-22 cells 

only the two N-acetylated sugar nucleotides UDP-GlcNAc and UDP-GalNAc could be 

identified. In M/C extracts, however, I was able to consistently and simultaneously detect five 

activated sugar nucleotides, namely UDP-GlcNAc, UDP-GalNAc, UDP-Glucose, UDP-

Galactose, and UDP-GlcUA. UDP-Glc and UDP-Gal, as well as UDP-GlcUA, are acid labile. 

Since the anomeric protons of activated sugar nucleotides resonate in a non-crowded region of 

the 
1
H-NMR spectrum they are easy to quantify, except for UDP-GlcUA which resonates 

between UDP-Glc and UDP-Gal, overlapping with these two metabolites. However, UDP-

GlcUA levels can be calculated by the difference of UDP-Hex(NAc) and the sum of UDP-

GlcNAc, UDP-GalNAc, UDP-Glc, and UDP-Gal. The methyl protons of the N-acetyl groups 

of UDP-GlcNAc and UDP-GalNAc can also be detected in 
1
H-NMR spectra of cell extracts. 

The signals resonate as singlets with slightly different chemical shifts (UDP-GlcNAc: δ(N-

Ac) = 2,08 ppm; UDP-GlcNAc: δ(N-Ac) = 2,09 ppm). However, since these signals resonate 

within signals from Glu and Gln, they are not suitable for quantification. Although UDP-

GlcNAc and UDP-GalNAc are not acid labile, the metabolite yield was lower in PCA 

extracts. This reduction was even significant for UDP-GalNAc. Contrary to my results, 

Kochanowski et al. reported that PCA does not have degradative effects on activated sugar 

nucleotides and they suggested that the material loss during the extraction may be caused by 

coprecipitation with KClO4 when the PCA extract is neutralized with KOH (Kochanowski et 

al., 2005). These authors used a less concentrated PCA and worked on ice during the 

extraction procedure. To examine the effect under these mild conditions on activated sugar 

nucleotides, I extracted HT-22 cells in almost the same manner as did Kochanowski et al. and 

analyzed the activated nucleotide sugar levels using 
1
H-NMR spectroscopy. I observed that 

the decomposition of the metabolites can be decelerated by using a less concentrated PCA and 

working on ice, however, the actual concentration cannot be determined under these 

conditions since UDP-Glc, UDP-Gal, and UDP-GlcUA are still degraded. Seeing that UDP-

GlcNAc and UDP-GalNAc are stable against PCA treatment, the ratio of UDP-Glc + UDP-



Gal : UDP-GlcNAc + UDP-GalNAc is a good measure for comparison of the stability of 

UDP-hexoses in a cell extract. This ratio, however, also depends on the cell type and culturing 

method. Kochanowski et al. investigated the levels of activated sugar nucleotides in CHO 

cells cultivated in a bioreactor batch (Kochanowski et al., 2005). The ratio of UDP-Glc + 

UDP-Gal : UDP-GlcNAc + UDP-GalNAc calculated from their results using ion-pair reverse-

phase high-performance liquid chromatography (HPLC) as analytical method was 0,66. The 

ratio I obtained from M/C extracted adherent growing CHO cultures was 0,81. The higher 

ratio indicates that UDP-Glc and UDP-Gal levels are higher referred to the stable N-acetylated 

sugar nucleotides in the M/C procedure, compared to the PCA extraction used by 

Kochanowski et al. and thus these sugars seem to be degraded. However, is has to be noted 

that cultivation of the cells differed, which may also have an influence on the level. Tomiya et 

al. investigated the level of activated sugar nucleotides in adherent growing CHO cultures 

with high-performance anion-exchange chromatography, using solely 75 % ethanol and 

filtration for extraction (Tomiya et al., 2001). The ratio calculated from their results (1,01) 

was even higher, suggesting that this is also a good extraction method in terms of UDP-

hexose recovery. 

Although PCA is widely used for extraction of water-soluble metabolites, the type of 

extraction method to be selected depends greatly on the metabolites investigated. It is 

essential to use extraction procedures that quantitatively recover the metabolites of interest. 

Therefore great care should be taken during extraction to minimize decomposition of labile 

metabolites. Moreover the M/C extraction has some advantages compared to the PCA 

extraction: The solid residue of the entire water-soluble phase after lyophilization is extremely 

small and can be solubilized in a small, concentrated volume for further NMR analysis. The 

pH of the extract remains near the physiological range during the whole procedure. 

Furthermore, a huge precipitate of KClO4 is formed, when the PCA extract is neutralized with 

KOH. Several centrifugation steps are needed to get rid of the precipitate which leads to a loss 

of sample. This may be the reason for the lower UDP-GlcNAc and significantly lower UDP-

GalNAc levels detected in PCA extracts compared to M/C extracts. Besides, not all KClO4 is 

precipitable. For this reason PCA extracts contain high salt concentrations which may 

interfere with NMR measurements (Tyagi et al., 1996; Le Belle et al., 2002).  

 

To verify the results obtained from the extracts of the neuronal HT-22 cells and to test the 

stability of other activated sugar nucleotides against PCA, I treated the pure compounds of 

8 activated sugar nucleotides (UDP-GlcNAc, UDP-GalNAc, UDP-Glc, UDP-Gal, UDP-

GlcUA, CMP-NeuNAc, GDP-Man, and GPD-Fuc) with PCA and M/C in the exact way as I 



 

prepared the cell extracts. I found that UDP-GlcNAc, UDP-GalNAc, and GDP-Man are stable 

against acid hydrolysis. UDP-Glc, UDP-Gal, CMP-NeuNAc, and GDP-Fuc are completely 

decomposed when treated with PCA. UDP-GlcUA is also not stable against PCA, however, it 

is more stable than the other activated sugar nucleotides and only 60 % decomposition 

occurred under these conditions. All 8 activated sugar nucleotides, were stable against M/C 

treatment. Whereas CMP-NeuNAc and GDP-Fuc decomposed to NeuNAc + CMP and Fuc + 

GDP, respectively, in the case of UDP-Glc, UDP-Gal, and UDP-GlcUA formation of the 1,2-

cyclo-phosphates and 2-phosphates was observed. The formation of 1,2-cyclo-phosphates and 

2-phosphates originating from UDP-glucose and UDP-galactose has been reported before 

(Paladini & Leloir, 1952; Nunez & Barker, 1976; Kokesh et al., 1978; Spik et al., 1979; 

O’Connor et al., 1979), as well as the formation of GlcUA-1,2-cyclo-P from UDP-GlcUA 

(Spik et al., 1979; Cummings & Roth,1982). 

Paladini et al. observed that glucose-1,2-cyclo-P is formed from UDP-Glc in a mild alkaline 

environment. Under more drastic alkaline conditions, however, glucose-1,2-cyclo-P is cleaved 

to Glc-2-P (75 %) and Glc-1-P (25 %) (Paladini & Leloir, 1952). Treatment with acid also 

leads to cleavage of the cyclo-phosphate to Glc-2-P and Glc-1-P, but the latter is hydrolyzed 

immediately to free glucose and only Glc-2-P remains (Paladini & Leloir, 1952). Direct 

treatment of UDP-Glc with acid, on the other hand, gives rise to UDP, UMP, and glucose 

(Paladini & Leloir, 1952). Divalent metal ion catalyzed formation of 1,2-cyclo-phosphates 

from activated sugar nucleotides was studied by Nunez et al. (Nunez & Barker, 1976). They 

observed that UDP-Glc and UDP-Gal decomposed to the respective 1,2-cyclo-phosphates and 

UMP in the presence of Mn
2+

. Furthermore, they found that UDP-Gal forms the 1,2-cyclo-

phosphate 2 - 3 times more rapidly than does UDP-Glc. The pathway for formation of the 

cyclo- and 2-phosphates originating from activated sugar nucleotides is illustrated in Figure 

45. GDP-Fuc does not form the cyclo-phosphate and is decomposed to free fucose in the 

presence of divalent metal ions. UDP-GlcNAc and GDP-Man do not form the cyclo-

phosphate and are stable. The reaction rate accelerates with increasing hydroxide ion 

concentration from pH 6,5 to 7,9 and with increasing metal ion concentrations from 10 to 

200 mM (Nunez & Barker, 1976). These authors also observed that treatment of the 1,2-

cyclo-phosphate with alkali (1,0 M NH4OH, 1 h, 25 °C) or with acid (0,1 M HCl, 5 min, 100 

°C) yields the 2-phosphate and the 2-phosphate and free sugar, respectively (Nunez & Barker, 

1976). In a subsequent study, CMP-NeuNAc was also found to not form the 1,2-cyclo-

phosphate and is decomposed to the free sugar and CMP in presence of divalent cations (Spik 

et al., 1979) and acid (Comb et al., 1966). 



Formation of the cyclo- and 2-phosphates by PCA has not been shown before, but all these 

results are in complete accordance with the results I obtained from treatment of activated 

sugar nucleotides with PCA and subsequent neutralization with KOH. I found that UDP-

GlcNAc and UDP-GalNAc, as well as GDP-Man are stable against PCA treatment and do not 

form the 1,2-cyclo-phosphate. In the spectra of UDP-Gal, UDP-Glc, and UDP-GlcUA I 

detected the signals of the 1,2-cyclo-phosphates, as well as the 
1
H-NMR resonances of the 

anomeric protons (H1) of the 2-phosphates (Glc-2-P, δH1 = 5,34 ppm; Gal-2-P, δH1 = 5,37 

ppm; GlcUA-2-P, δH1 = 5,36 ppm). Assignments of the 
1
H resonances of the latter sugars 

have not been previously reported. In contrast to Spik et al., who found that UDP-GlcUA is 

the most easily hydrolyzed of the activated sugar nucleotides (Spik et al., 1979), I found that 

UDP-GlcUA is more stable against decomposition by PCA compared to the other sugars 

tested.  I observed that GDP-Fuc and CMP-NeuNAc do not form the 1,2-cyclo-phosphates 

and are decomposed to Fuc and GDP and NeuNAc and CMP, respectively. 

 

 

Figure 45. Formation and cleavage of 1,2-cyclo-phosphates from UDP-sugars (UDP-Glc, UDP-Gal, and UDP-

GlcUA) using the example of UDP-Glc. Glc-1,2-P can be obtained by mild alkaline treatment of UDP-Glc (Paladini 
& Leloir, 1952) or by divalent metal ion catalyzed decomposition at neutral pH (Nunez & Barker, 1976). Alkaline 
hydrolysis (1,0 M NH4OH, 1 h, 25 °C) of Glc-1,2-P yields Glc-1-P and Glc-2-P (Paladini & Leloir, 1952), whereas 
acid hydrolysis (0,1 M HCl, 100 °C, 5 min / 0,05 M H2SO4, 100 °C) yields free glucose and Glc-2-P (Paladini & 
Leloir, 1952; Nunez & Barker, 1976). Acid hydrolysis of Glc-1,2-P initially gives rise to both Glc-1-P and Glc-2-P, 
but Glc-1-P is not stable and further hydrolyzes to free glucose and Pi. Glc, glucose; Glc-1-P, glucose-1-
phosphate; Glc-1,2-cyclo-P, glucose-1,2-cyclo-phosphate; Glc-2-P, glucose-2-phosphate; Pi, inorganic 
phosphate; UDP-Gal, uridine diphosphate-galactose; UDP-Glc, uridine diphosphate-glucose; UDP-GlcUA, uridine 
diphosphate-glucuronic acid; UDP-sugars, uridine diphosphate-sugars; UMP, uridine monophosphate. 

 

Although the 1,2-cyclo-phosphates are already present in the commercially available pure 

compounds, as observed in minimal amounts in the reference spectra of UDP-Glc and UDP-

Gal (also observed by Spik et al., 1997), but not in the spectrum of UDP-GlcUA, all activated 

sugar nucleotides are stable in water or a mixture of MeOH/CHCl3/water (1:1:1) at neutral 



 

pH, as used for M/C extraction. In mild alkaline conditions or in the presence of divalent 

metal ions 1,2-cyclo phosphate esters are produced by attack of the C2 hydroxyl group of the 

pyranose sugar moiety on the ß-phosphate group of UDP (Nunez & Barker, 1976), as shown 

in Figure 45. The existence and the position of the C2 hydroxyl group influence if the reaction 

can occur (Nunez & Barker, 1976).  

In UDP-Glc, UDP-Gal, and UDP-GlcUA the C2 hydroxyl group is equatorial to the pyranose 

moiety and thus in close spacial proximity to the ß-phosphate group of UDP, which exhibits 

α-configuration in these activated sugar nucleotides. The pyranosyl ring can be bent to enable 

the formation of the five-membered ring of the 1,2-cyclo-phosphate (Nunez & Barker, 1976). 

The formation of the cyclo-ester ring has only minor effects on the conformation of the 

pyranosyl ring in the case of α-anomers, as UDP-Glc and UDP-Gal exist (O’Connor et al., 

1979). The structure of the five-membered cyclo-phosphate diester ring is that of an envelope 

with O(C2) above the plane of the ring (O’Connor et al., 1979). 

In GDP-Man, the C2 hydroxyl group is axial and therefore the formation of α-Man-1,2-cyclo-

P is hindered and thus not expected (Khorana et al., 1957; Nunez & Barker, 1976). 1,2-cyclo-

phosphates can also arise from the 1-phosphates of the respective hexoses by treatment with 

N,N'-dicyclohexylcarbodiimide (DCC) (Piras, 1963; Piras & Cabib, 1963). Starting from 

Man-1-P the ß-anomer is able to form the 1,2-cyclo-phosphate because in the ß-anomer the 

equatorial C2 hydroxyl group is close to the ß-phosphate group of the nucleotide, therefore 

enabling the attack of the C2 hydroxyl group (O’Connor et al., 1979). 

It was shown that treatment of Fuc-1-P with DCC leads to formation of the 1,2-cyclo-

phosphate (Khorana et al., 1957; Prihar & Behrman, 1973; O’Connor et al., 1979). However, 

metal ion catalyzed formation of the 1,2-cyclo-phosphate starting from GDP-Fuc was not 

observed (Nunez & Barker, 1976; Spik et al., 1979). Nunez & Barker discussed that GDP-Fuc 

either does not form a complex with Mn
2+

 or that formation of the 1,2-cyclo-phosphate is 

sterically hindered (Nunez & Barker, 1976). L-fucose exists in the 
1
C4 conformation, while D-

glucose und D-galactose are in the 
4
C1 conformation. This difference may have an effect on 

the formation of the cyclo-phosphate, but because in GDP-Fuc ß-L-fucose is linked to GDP, 

the ß-phosphate group of UDP, as well as the C2 hydroxyl group are both in equatorial 

position and therefore in special proximity. I did not observe formation of the 1,2-cyclo-

phosphate from GDP-Fuc in the presence of PCA and subsequent neutralization with KOH as 

well, although no divalent cations were present in the reaction batch. My results therefore 

corroborate the assumption that sterical effects may be responsible for the absence of the 

cyclo-phosphate. As free fucose is formed in PCA treated GDP-Fuc, cleavage of the 

phosphate bond takes places in any case. However, because I did not observe the formation of 



the 2-phosphate from fucose, it is unlikely that formation of free fucose comprises the 

formation of the cyclo-phosphates as an intermediate that is further cleaved to Fuc-2-P and 

Fuc-1-P, which finally yields free fucose due to hydrolysis of Fuc-1-P. For this reason, it is 

more likely that free fucose is directly formed. This observation is again in consistency with 

the results obtained by Nunez & Barker, 1976.  

In the case of UDP-GlcNAc and UDP-GalNAc it is clear that those substances cannot form a 

1,2-cyclic phosphate, because the C2 hydroxyl group is substituted by an N-acetyl group that 

cannot attack the pyranose sugar moiety on the ß-phosphate group of UDP. CMP-NeuNAc 

cannot form the 1,2-cyclo-phosphate under any circumstances, because it does not possess a 

hydroxyl group at the respective C-atom of the pyranose ring to form the phosphate diester 

ring. The chemical structures of all activated sugar nucleotides are shown in Appendix 7.1. 

 

Formation of the 1,2-cyclo-phosphates from UDP-hexoses has been reported under mild 

alkaline conditions (Paladini & Leloir, 1952) or catalyzed by divalent metal ions at neutral pH 

(Nunez & Barker, 1976). Furthermore, 1,2-cyclo-phosphates are also obtained in the presence 

of DCC starting from the 1-phosphates as the base molecule (Khorana et al., 1957; Piras, 

1963; Piras & Cabib, 1963; Prihar & Behrman, 1973). I have now observed that the cyclo-

phosphates of UDP-Glc, UDP-Gal, and UDP-GlcUA are formed when treated like a PCA 

extract that means treatment with 0,9 M PCA and subsequent neutralization with 2,7 M KOH. 

PCA (HClO4
‒
) is an inorganic acid and a potent oxidizer. Acid treatment of the UDP-hexoses, 

however, was shown not to yield the 1,2-cyclo-phosphates. One might assume that PCA 

treatment may lead to cleavage of the UDP-hexoses to UMP and the hexose-1-phosphates 

which might form the 1,2-cyclo-phosphates during the following neutralization with KOH. It 

has to be said that during neutralization of the PCA extracts, independently if cells are 

extracted or the reaction batch of pure compounds is neutralized, the pH sometimes fluctuates 

so that the solution may have an alkaline pH during the procedure. However, if this 

mechanism proceeds, one might also expect the formation of Fuc-1,2-cyclo-P from Fuc-1-P, 

because formation of the cyclo-phosphate from the 1-phosphate was at least reported in 

presence of DCC (Khorana et al., 1957; Prihar & Behrman, 1973). Besides, acid hydrolysis of 

the UDP-sugars is normally known to give the free sugars and UDP. Only minor amounts of 

free Glc and Gal, as wells as of UDP and no free GlcUA, but distinct signals of UMP were 

detected in the spectra. For this reason, one can exclude that PCA has the same effect on 

UDP-hexoses than HCl as previously reported (Paladini & Leloir, 1952). Furthermore, if the 

neutralization with KOH would trigger the formation of the cyclo-phosphates it would be 

unlikely that these intermediates will be steadily found the spectra of PCA treated UDP-



 

hexoses, because fluctuations in pH do not occur equally and in every sample. It seems most 

likely that PCA itself triggers the formation of the cyclo-phosphates. To test this assumption, I 

treated UDP-Glc with PCA without subsequent neutralization with KOH. However, this 

experiment failed due to the inability of PCA to be lyophilized. The sample changed its color 

from clear to a brown/black residue. Dilution of the sample prior to lyophilization did also not 

facilitate lyophilization. The spectrum of this sample was unusable. To manage this problem, 

I prepared a sample of UDP-Glc in water and added the PCA directly before NMR 

measurements without lyophilization or neutralization with KOH. The aim of this experiment 

was to directly follow the changes of UDP-Glc when treated with PCA in the spectrometer by 

recording several successive spectra. Unfortunately this experiment was also not successful 

because, although water-suppression was applied, the signals of interest were too close to the 

water signal and therefore not visible. However, from this experiment it can be at least 

concluded that PCA has an effect of the UDP-sugars, because signals changed. To conclude, 

although the direct evidence that PCA itself is responsible for the decomposition of UDP-

hexoses with formation of the 1,2-cyclo-phosphates in PCA extraction, it is anyhow more 

than likely that this is the case. PCA has definitely an effect on the stability of UDP-hexoses 

and this effect differs from the one reported for HCl on these activated sugar nucleotides. For 

this reason there seems no other possibility than the direct formation of the 1,2-cyclo-

phosphates by PCA. 

 

Detection and quantification of hexose-1,2-cyclo-phosphates does so far not play a decisive 

role in mammalian cells. However, Sijens et al. detected Glc-1,2-cyclo-phosphate in 
31

P-

NMR spectra of PCA extracts of rhabdomyosarcoma tumor cells (Sijens et al., 1989). Cheng 

et al. detected Gal-1,2-cyclo-phosphate in 
31

P-NMR spectra of PCA extracted lenses of 

galactose fed rats (Cheng et al., 1990). The signal was not observed in controls. However, 

galactose administration can lead to elevated UDP-Gal levels (see Chapter 4.3) that can be 

degraded to Gal-1,2-cyclo-phosphate when PCA treated. This may explain why the signals 

are not observed in lenses of normal fed rats. Since PCA was used in both studies, it cannot be 

excluded that the signals of the hexose-1,2-cyclo-phosphates arise from PCA treatment and 

are not of natural occurrence through metabolism. The results should therefore be regarded 

with suspicion.  On basis of the new knowledge, it will be necessary to reassess the 

conclusions based on data where hexose-1,2-cyclo-phosphates are detected in PCA extracts. 

Nevertheless, the cyclo-phosphates may have biological significance. Tagliabracci et al. 

discussed that formation of Glc-1,2-cyclo-P may possibly play a role in the introduction of 

phosphate into glycogen by glycogen synthase. Hyperphosphorylation of glycogen is a 



hallmark of Lafora disease, a fatal genetic disorder causing epilepsy (Tagliabracci et al., 

2011). With respect to future studies, where the cyclo-phosphates become important it is 

essential to know that Glc-1,2-cyclo-P and Gal-1,2-cyclo-P were generated in NMR-

detectable amounts in HT-22 cells extracted with PCA, whereas in M/C extracts the signals of 

these compounds were absent. The signal intensity of the cyclo-phosphates was relatively 

low, however, it has to be regarded that a considerable small cell mass was used (cells from 

one 10 cm diameter petri dish; approximately 1∙10
7
 cells per extract) in my experiments. 

Using more cells, the signals will become more prominent in the spectra. PCA extraction is 

on this account not only inapplicable for detection and quantification of activated sugar 

nucleotides, but also for hexose-1,2-cyclo-phosphates.  

 

 

Glycosylation is a post-translational modification whereby saccharides are covalently attached 

to proteins and lipids. Proteins can be glycosylated in the secretory pathway leading to N- or 

O-linked glycans (Ohtsubo & Marth, 2006). O-GlcNAcylation, the modification where a 

single GlcNAc residue is transferred to proteins, however, occurs in the cytosol (Hart et al., 

2007). In addition to glycosyltransferases and glycosidases, as well as other mechanisms, the 

synthesis and availability of activated sugar nucleotides - the donor substrates of 

glycosyltransferases - can regulate glycan formation. Inhibition of the synthesis of activated 

sugar nucleotides can impede glycosylation of proteins (Smith et al., 2002; Schwarzkopf et 

al., 2002). An increase in UDP-GlcNAc/UDP-GalNAc levels evoked by GlcN administration, 

on the contrary, leads to an increase in the complexity of N-linked glycans in mammalian 

cells (Gawlitzek et al., 1998).  

Previous studies were mainly concentrated on the expression of the enzymes involved in 

glycosylation (Lowe & Marth, 2003; Ohtsubo & Marth, 2006; Taniguchi et al., 2006), but to 

date only little is known about the intracellular levels of activated sugar nucleotides in 

mammalian cells. Studying the intracellular concentrations of activated sugar nucleotides 

could yield valuable information for the understanding of glycosylation processes in cells. 

Aberrant glycosylation occurs in several human genetic diseases (Ohtsubo & Marth, 2006). 

Congenital disorders of glycosylation for example are a consequence of defective formation 

of the glycan moiety of glycoproteins (Freeze, 2006). Some of these disorders are caused by 

impaired formation of activated sugar nucleotides and can be treated by ingestion of the 

substances (Niehues et al., 1998).  



 

Furthermore, aberrant glycosylation is associated with a wide range of human cancers (Dennis 

et al., 1999; Hakomori, 2002; Lau & Dennis, 2008). Elevated UDP-GlcNAc and UDP-

GalNAc levels were detected in different cancer cell lines (Wice et al., 1985; Nakajima et al., 

2010), as well as in breast tumor tissue compared to adjacent non-involved breast tissue 

(Gribbestad et al., 1994). Only recently, Pan et al. linked increased UDP-GlcNAc and UDP-

GalNAc levels to cancer cell death following chemotherapeutic treatment (Pan et al., 2011).  

Changes in O-GlcNAcylation pattern, plays an important role in Alzheimer’s disease (Arnold 

et al., 1996; Liu et al., 2004b; Lefebvre et al., 2005; Gong et al., 2006; Dias & Hart, 2007) 

and type II diabetes (Marshall et al., 1991a ; Hawkins et al., 1997; McClain et al., 2002; 

Buse, 2006; Dias & Hart, 2007).  

OGT, the enzyme that transfers the GlcNAc residues to proteins from the donor substrate 

UDP-GlcNAc is highly sensitive to varying UDP-GlcNAc concentrations (Haltiwanger et al., 

1992; Kreppel et al., 1997; Kreppel & Hart, 1999).  

In Alzheimer’s disease, glucose uptake and metabolism are impaired (Casadesus et al., 2007). 

Restrictions in glucose availability also affect UDP-GlcNAc levels through its biosynthesis 

from glucose in the HBP. The tau protein, which is involved in the development of 

Alzheimer’s disease exhibits reduced O-GlcNAcylation and hyperphosphorylation (Arnold et 

al., 1996; Liu et al., 2004b; Lefebvre et al., 2005; Gong et al., 2006; Dias & Hart, 2007).  

Type II diabetes on the other hand is associated with increased O-GlcNAcylation. 

Hyperglycemia and insulin resistance are the most important hallmarks of type II diabetes. 

High glucose leads to an increased flux through the HBP which results in increased UDP-

GlcNAc levels and increased O-GlcNAcylation (Marshall et al., 1991a; Hawkins et al., 1997; 

McClain et al., 2002; Buse, 2006; Dias & Hart, 2007). Recently, decreased O-GlcNAcylation 

of tau concomitant with hyperphosphorylation, as observed in Alzheimer’s disease, was also 

detected in brain tissue of type II diabetes patients (Liu et al., 2009a). Type II diabetes is 

known to increase the risk for Alzheimer’s disease (Xu et al., 2009) and the reduced O-

GlcNAcylation and hyperphosphorylation of tau may be one mechanism how these diseases 

are connected (Liu et al., 2009a). For more details on O-GlcNAcylation in diabetes and 

Alzheimer’s disease see Chapter 1.7.1 and Chapter 1.7.2, respectively. In terms of the above 

mentioned diseases, investigations of the intracellular levels of activated sugar nucleotides 

could not only provide information about glycosylation processes in cells, but also for the 

understanding of disease mechanisms occurring in cancer, Alzheimer’s disease, and diabetes. 

 

NMR spectroscopy has been used before to detect activated sugar nucleotides, in particular 

UDP-GlcNAc and UDP-GalNAc. To the best of my knowledge, this is the first study where 



five activated sugar nucleotides (UDP-GlcNAc, UDP-GalNAc, UDP-Glc, UDP-Gal, and 

UDP-GlcUA) were simultaneously detected and quantified in absolute concentration 

(fmol/cell) in four different cell lines (HT-22, CHO, HEK293, and MDBK) and primary 

astrocytes using 
1
H-NMR spectroscopy. Gribbestad et al. were the first who detected elevated 

UDP-GlcNAc and UDP-GalNAc levels in PCA extracts from breast tumor tissue using high-

resolution 
1
H-NMR spectra (Gribbestad et al., 1994). Since the PCA procedure was used for 

extraction, UDP-hexoses were not detectable in their spectra. Mosely et al. identified four 

activated sugar nucleotides (UDP-GlcNAc, UDP-GalNAc, UDP-Glc, and UDP-Gal) in a 

prostate cancer cell line (Moseley et al., 2011). Quantification of these UDP-sugars, however, 

was not part of their study. Grande et al. quantified the level of UDP-GlcNAc/UDP-GalNAc 

in intact carcinoma cell lines using the signal of the proton at C6 in the uracil ring of UDP in 

UDP-GlcNAc/UDP-GalNAc (Grande et al., 2011). Due to the lower resolution of intact cell 

NMR, the signals of UDP-GlcNAc and UDP-GalNAc were not separated. Pan et al. detected 

UDP-GlcNAc and UDP-GalNAc in 
1
H-NMR and high-resolution magic angle spinning 

1
H-

NMR (HR-MAS) of four different brain cancer cell lines and were able to observe changes in 

signal intensity induced by cisplatin treatment (Pan et al., 2011). 

 

Quantification of activated sugar nucleotides in four different cell lines and primary astrocytes 

revealed that the intracellular concentration is a cell specific feature. Primary astrocytes 

revealed the highest amount of the total content of activated sugar nucleotides, as well as the 

highest amount of every single UDP-hexose. 

Astrocytes are known to be glycolytic cells with high glucose turnover. It is suggested that 

astrocytes are the primary site of glucose uptake during neuronal activity (Tsacopoulos & 

Magistretti, 1996). Glucose uptake into cultured astrocytes was found to be twice as much as 

into neurons (Peng et al., 1994). Moreover, glycogen is almost exclusively localized in 

astrocytes (Cataldo & Broadwell, 1986; Magistretti et al., 1993). Furthermore, almost all 

blood vessels in the brain are enwrapped with astrocytic end-feet permitting that glucose can 

largely pass through astrocytes (Tsacopoulos & Magistretti, 1996). This high glucose uptake 

may be responsible for the high levels of activated sugar nucleotides in astrocytes and seems 

to be still reflected in primary cultures of cortical astrocytes. High intracellular glucose levels 

lead to an enhanced flux through the HBP and thus enhanced UDP-GlcNAc levels, as well as 

UDP-GalNAc levels which can be formed by epimerization of UDP-GlcNAc. The synthesis 

of the other activated sugar nucleotides, which are not generated in the HBP can also be 

influenced by high glucose levels, since glucose is the precursor of all de novo synthesized 

activated sugar nucleotides. 



 

The high abundance of UDP-GlcNAc in astrocytes might stimulate OGT activity and brain 

cells are known to have a high O-GlcNAc metabolism. OGT mRNA expression was found to 

be especially abundant in brain and pancreas (Lubas et al., 1997). Even though O-GlcNAcase 

is less expressed than OGT, it is most abundant in brain (Gao et al., 2001). The highest 

concentrations of both OGT and O-GlcNAcase mRNA were detected in hippocampal neurons 

and cerebellar Purkinje cells (Akimoto et al., 2003; Liu et al., 2004a). Taken together, the 

high level of UDP-GlcNAc detected in primary astrocytes by 
1
H-NMR spectroscopy may 

give information about the importance and degree of O-GlcNAcylation in these cells. 

The neuronal HT-22 cell line exhibited together with MDBK cells the second high level in the 

total content of activated sugar nucleotides. However, the UDP-GlcNAc level of HT-22 cells 

was quite similar with the levels detected HEK293 and MDBK cells (approximately 50 % 

compared to primary astrocytes). Only CHO cells showed a lower UDP-GlcNAc level in the 

cell lines tested, but these cells were cultured in medium containing only 12,5 mM glucose 

compared to the other cells lines, which were cultured in medium containing 25 mM glucose. 

The lower UDP-GlcNAc level (≈ 50 % compared to HT-22, HEK293, and MDBK) in CHO 

cells therefore possibly reflects the lower glucose concentration. For a better comparison of 

the UDP-GlcNAc level in astrocytes and neurons, the experiments should also be performed 

with primary neurons. Cell lines sometimes show specific characteristics that may differ from 

the corresponding primary cultures. The neuronal marker N-acetyl aspartate, for example, is 

not detectable in 
1
H-NMR spectra of HT-22 cells, although the methyl protons appear as a 

prominent singlet resonating at 2,01 ppm normally detectable in 
1
H-NMR spectra of cell 

extracts and in vivo 
1
H-NMR spectra (Govindaraju et al., 2000). However, we can not exclude 

that the signal is superposed by other metabolites resonating in this region. 

 

GLUT2, which is exclusively located in astrocytes (Leloup et al., 1994; Dwyer et al., 2002) 

and is together with GLUT1 (Pardridge,1991; Vannucci et al., 1997) responsible for glucose 

uptake into astrocytes, was found to be considerably elevated in Alzheimer’s disease brain 

(Liu et al., 2008; Liu et al., 2009a). GLUT3, the major neuronal GLUT, and GLUT1, on the 

other hand, were found to be decreased in Alzheimer’s disease brain (Kalaria & Harik, 1989; 

Simpson et al., 1994; Harr et al., 1995; Mooradian et al., 1997; Liu et al., 2008; Liu et al., 

2009a). Moreover, in type II diabetes brain GLUT3 levels were also found to be decreased, 

whereas GLUT1 and GLUT2 levels were not affected (Liu et al., 2009a). This impaired 

glucose uptake caused by decreased GLUT1 and GLUT3 in Alzheimer’s disease, as well as, 

GLUT3 in diabetes type II leads to decreased flux through the HBP and thus leading to 

reduced O-GlcNAcylation and concomitant hyperphosphorylation of tau, which is crucial for 



the development of Alzheimer’s disease. The increase in GLUT2 expression in Alzheimer’s 

disease, however, should lead to the converse phenomenon: increased flux through HBP and 

increased O-GlcNAcylation of proteins. Liu et al. observed that astrocytes in Alzheimer’s 

disease brain were activated to a similar extent as the GLUT2 elevation (Liu et al., 2008). 

Astrocyte activation is a well known occurrence in Alzheimer’s disease brain (Akiyama et al., 

2000). On this account the authors concluded that the increase in the GLUT2 level in 

Alzheimer’s disease is most probably just due to astrocyte overactivation and increased 

glucose uptake into astrocytes is not expected, because GLUT1 is decreased (Liu et al., 2008; 

Liu et al., 2009a). GLUT1 is needed to transport glucose from the blood stream through the 

endothelial cells into the extracellular space where it can be taken up into astrocytes by 

GLUT2 (Dwyer et al., 2002). The uptake of glucose by astrocytes (and neurons) under these 

disease mechanisms, as well as the levels of UDP-GlcNAc and other activated sugars can now 

be simultaneously detected by 
1
H-NMR spectroscopy bringing new facts of disease 

mechanisms where O-GlcNAcylation is involved to light.  

 

In all cell lines investigated, the most abundant activated sugar nucleotide was UDP-GlcNAc. 

The second most abundant UDP-sugar was UDP-Glc, followed by UDP-GalNAc. In HEK293 

cells, UDP-Glc and UDP-GalNAc exhibited the same concentration. In HT-22 cells, primary 

astrocytes, and CHO cells, the lowest levels revealed UDP-GlcUA, followed by UDP-Gal. 

UDP-GlcUA was found to be almost absent in HEK293 cells. MDBK cells exhibited a 

distinct pattern. UDP-GlcNAc and UDP-Glc were the most abundant and second most 

abundant activated sugar nucleotides, respectively, as observed in the other cells. The levels 

of the other UDP-sugars were in descending order: UDP-GlcUA, UDP-GalNAc, and UDP-

Gal. In consistency with my results, Kochanowski et al. and Tomiya et al. detected UDP-

GlcNAc as the most abundant sugar nucleotide in CHO cells (Kochanowski et al., 2006; 

Tomiya et al., 2001). Nakajima et al. on the contrary reported that UDP-Glc has the highest 

level in CHO cells. UDP-GlcNAc was found to be the second abundant activated sugar 

nucleotide in their study (Nakajima et al., 2010). In both, MCF7 breast cancer cells and 

KLM1 pancreatic cancer cells, the authors detected UDP-GlcNAc as the most abundant UDP-

sugar (Nakajima et al., 2010). Mosely et al. identified in LN3 prostate cancer cells UDP-

GlcNAc as the activated sugar nucleotide with the highest level, but indicated that in other 

cancer or normal cells UDP-Glc was the most abundant sugar (Moseley et al., 2011).  

The UDP-GlcNAc : UDP-GalNAc ratio calculated from the quantified levels of CHO cells 

was 2,3 in my experiments. This value is in good agreement with the ratio calculated from the 

levels in CHO cells determined by Nakajima et al., which was 2,2 (Nakajima et al., 2010). 



 

The ratio calculated from the results of Kochanoswki et al. was with 3,5 quite higher 

(Kochanowski et al., 2006). The ratios for the other cell lines, except for primary astrocytes, 

are all between 2,1 and 2,8. These ratios are in accordance with those calculated from 

previous publications in different cells (Sweeney et al., 1993; Nakajima et al., 2010). The 

only cells with a vastly diverging UDP-GlcNAc : UDP-GalNAc ratio in my experiments were 

primary astrocytes. Their ratio was calculated to be 1,5.  Interestingly, Pan et al. estimated 

their UDP-GlcNAc : UDP-GalNAc ratio in glioblastoma, medulloblastoma, and supraentorial 

primitive neuroectodermal tumor cell lines also to be 1,5 (Pan et al., 2011). Although their 

cells were cancer cell lines, they all derive from brain and astrocytes belong to glial cells. 

Furthermore, the UDP-GlcNAc : UDP-GalNAc ratio is independent from the elevated levels 

of UDP-GlcNAc and UDP-GalNAc detected in cancer cell lines. It has to be borne in mind, 

that this ratio can of course be influenced in cancer. However, the ratio of MCF-7 breast 

cancer cells was with 2,5 (calculated from the results of Nakajima et al., 2010) in the range 

detected in most cells, including non-malignant cells. I concluded that primary astrocytes 

exhibit such high levels of activated sugar nucleotides through their high glycolytic activity. 

The comparatively lower UDP-GlcNAc : UDP-GalNAc ratio means that under high 

glycolytic activity the increase of UDP-GalNAc is even more pronounced in relation to UDP-

GlcNAc, in these cells. This increase in UDP-GalNAc in the UDP-GlcNAc/UDP-GalNAc 

balance could be caused by an increase in UDP-GlcNAc utilization. Since OGT is highly 

sensitive to varying UDP-GlcNAc concentrations (Haltiwanger et al., 1992; Kreppel et al., 

1997; Kreppel & Hart, 1999), the activity of OGT in these cells induced by high UDP-

GlcNAc levels may be higher than in other cells with lower UDP-GlcNAc levels, whereas 

UDP-GalNAc utilization is not increased, thus leading to a lower UDP-GlcNAc : UDP-

GalNAc ratio. Another possibility could be a shift in the epimerization equilibrium of UDP-

GlcNAc to UDP-GalNAc, by increased UDP-glucose 4-epimerase activity or expression. 

UDP-GalNAc is used for example as the first building block of mucin-type O-glycoprotein 

biosynthesis and mucins are also involved in the development of cancer and influence cellular 

growth (Hollingsworth & Swanson, 2004; Dube & Bertozzi, 2005). The actual reason for the 

lower UDP-GlcNAc : UDP-GalNAc ratio in primary astrocytes compared to the other cell 

lines investigated here cannot be revealed at this point. However, it indicates that UDP-

GlcNAc and UDP-GalNAc, and maybe O-GlcNAcylation play a special role in these cells. 

A comparison of the absolute concentration of activated sugar nucleotides in my experiments 

with those obtained from others proves to be difficult. Apart from the fact that in some 

publications, the concentration is normalized to total protein content (Tomiya et al., 2001; 

Nakajima et al., 2010), the culture conditions vary greatly between publications. In particular, 



the glucose concentration in the culture medium has great impact on the formation of the 

activated sugar nucleotides and sometimes even differs between the different cell lines 

compared in the same study (Grande et al., 2011). Besides, in some studies the concentration 

was determined in cancer cells (Kochanowski et al., 2005; Grande et al., 2011), which are 

known to have elevated UDP-GlcNAc and UDP-GalNAc levels. However, to compare the 

intracellular concentrations of activated sugar nucleotides, neuronal HT-22 cells and CHO 

cells are used in the following as an example. HT-22 cell were cultured in medium containing 

25 mM glucose, whereas CHO cells were cultured in medium containing 12,5 mM glucose. 

Both cell lines were seeded in the same concentration and were let to grow for 72 h before 

M/C extraction. The concentrations determined from 
1
H-NMR spectra were as follows: HT-

22 (UDP-GlcNAc 0,76 ± 0,05 fmol/cell, UDP-GalNAc 0,36 ± 0,04 fmol/cell, UDP-Glc 0,60 

± 0,07 fmol/cell, UDP-Gal 0,23 ± 0,02 fmol/cell, and UDP-GlcUA 0,24 ± 0,06 fmol/cell), 

CHO (UDP-GlcNAc 0,37 ± 0,07 fmol/cell, UDP-GalNAc 0,16 ± 0,04 fmol/cell, UDP-Glc 

0,30 ± 0,10 fmol/cell, UDP-Gal 0,13 ± 0,07 fmol/cell, and UDP-GlcUA 0,15 ± 

0,01 fmol/cell). Kochanowski et al. detected sharply higher concentrations in CHO bioreactor 

batch cultures with medium containing probably 5,56 mM glucose. Their levels were given as 

the maximal concentrations detected over a time course. The maximal concentrations of UDP-

GlcNAc and UDP-GalNAc were 8,8 ± 1 fmol/cell and 2,5 ± 0,3 fmol/cell, respectively (both 

after 40 h of culture). The concentration of UDP-Glc was 6,2 ± 0,6 fmol/cell after 40 h of 

cultivation and the concentration of UDP-Gal 1,25 ± 0,1 after 80 h of cultivation 

(Kochanowski et al., 2005). The CHO cells in this study were cultured in bioreactor batch 

cultures, which could definitely have an effect on UDP-sugar production in cells. However, it 

is surprising that the levels are greatly higher, since the glucose concentration was 5-times 

lower compared to my experiments. Sweeney et al. detected concentrations of 2,9 fmol/cell 

for UDP-GlcNAc, 1,2 fmol/cell for UDP-GalNAc, 2,5 fmol/cell for UDP-Glc + UDP-Gal, 

and 0,6 fmol/cell for UDP-GlcUA in freshly isolated chondrocytes (Sweeney et al., 1993). 

These levels were lower than those obtained by Kochanowski et al., but are still higher than 

those obtained by us. However, since the level of activated sugar nucleotides is a cell specific 

feature, comparison of different cell lines is not significant. For the sake of completeness, the 

levels obtained for the sum of UDP-GlcNAc and UDP-GalNAc by Grande et al. (Grande et 

al., 2011) in different cancer cells lie between 5 and 27 fmol/cell, and are therefore also 

greatly higher than those obtained in my study. It is unlikely that this difference is entirely 

due to the increase in the levels of UDP-GlcNAc and UDP-GalNAc observed in cancer cells. 

Due to the above mentioned differences in cultivation and the fact that different cell lines are 

compared it is difficult to evaluate the causes for the differences in the levels of activated 



 

sugar nucleotides. For most studies, HPLC or related methods were used for quantification of 

UDP-sugars. Only Grande et al. used 
1
H-NMR spectroscopy as analytical method (Grande et 

al., 2011). However, they used the signal of the proton at C6 in the uracil ring of UDP in 

UDP-GlcNAc/UDP-GalNAc for integration, not being able to determine the level of UDP-

GlcNAc and UDP-GalNAc separately. I integrated the signals of the anomeric protons of 

UDP-GlcNAc and UDP-GalNAc, being able to determine their levels separately. These 

differences may also have an effect on the concentration of activated sugar nucleotides 

determined. 

In other studies using high-performance anion-exchange chromatography or ion-pair reversed 

phase HPLC CMP-NeuNAc, GDP-Man, and GDP-Fuc were also found in CHO and MCF-7 

cell extracts (Tomiya et al., 2001; Kochanowski et al., 2006; Nakajima et al., 2010). I was not 

able to detect GDP-Man, GDP-Fuc, and CMP-NeuNAc in the M/C cell extracts. The signal of 

the H1 of GDP-Man is buried under signal of UDP-GlcNAc. For this reason I cannot be 

certain whether GDP-Man is present in my cell extracts. If GDP-Man is present in the cell 

extracts, the quantified level of UDP-GlcNAc is actually the sum of UDP-GlcNAc and GDP-

Man. For quantification of these metabolites, 
1
H-NMR spectroscopy is not suitable. However, 

I was still able to detect 5 activated sugar nucleotides involved in glycosylation and O-

GlcNAcylation processes. Using NMR spectroscopy has the advantage to simultaneously 

detect and quantify various metabolites from other metabolic pathways using one sample. 

 

In summary, in this chapter I have shown that PCA extraction is not suitable for the detection 

of activated sugar nucleotides, because most of these sugars are being degraded.  

I tested 8 activated sugar nucleotides for their stability against PCA and found that UDP-

GlcNAc, UDP-GalNAc, and GDP-Man are stable against acid hydrolysis. UDP-Glc, UDP-

Gal, UDP-GlcUA, CMP-NeuNAc, and GDP-Fuc are completely decomposed when treated 

with PCA. In the case of UDP-Glc, UDP-Gal, and UDP-GlcUA formation of the 1,2-cyclo-

phosphates and 2-phosphates was observed when PCA treated. Assignments of the 
1
H 

resonances of the latter sugars have not been previously reported. Using M/C extraction, 

however, I was able to consistently and simultaneously detect five activated sugar 

nucleotides, namely UDP-GlcNAc, UDP-GalNAc, UDP-Glucose, UDP-Galactose, and UDP-

GlcUA in cells extracts of HT-22, CHO, MDBK, HEK293 cell lines and primary astrocytes. 

Some studies have used PCA extraction for determination of activated sugar nucleotides in 



cell extracts. It will be necessary to reassess the conclusions based on data supposing that 

UDP-Glc and UDP-Gal were stable.  

Since the anomeric protons of activated sugar nucleotides resonate in a non-crowded region of 

the 
1
H-NMR spectrum they are easy to quantify. To the best of my knowledge, this is the first 

study where five activated sugar nucleotides were simultaneously detected and quantified in 

absolute concentration using 
1
H-NMR spectroscopy.  

Activated sugar nucleotides are the donor substrate of glycosyltransferases and can regulate 

glycan formation. However, little is known about the intracellular levels of activated sugar 

nucleotides in mammalian cells. Studying the intracellular concentrations of activated sugar 

nucleotides could yield valuable information for the understanding of glycosylation processes 

in cells. Quantification of activated sugar nucleotides in four different cell lines and primary 

astrocytes revealed that the intracellular concentration is a cell specific feature. Primary 

astrocytes revealed the highest amount of the total content of activated sugar nucleotides, as 

well as the highest amount of every single UDP-hexose. I concluded that these high levels of 

activated sugar nucleotides are due to the fact that astrocytes are known to be glycolytic cells 

with high glucose turnover. OGT mRNA expression is especially abundant in brain and high 

UDP-GlcNAc levels can stimulate OGT activity, leading to the assumption that astrocytes 

exhibit high O-GlcNAc metabolism. The UDP-GlcNAc concentration in the neuronal HT-22 

cell line was not as high as expected, however for a better comparison with primary 

astrocytes, these experiments should also be carried out with primary neurons. Furthermore, 

in all cell lines investigated, the most abundant activated sugar nucleotide was UDP-GlcNAc 

and the second most abundant UDP-sugar was UDP-Glc. The abundance of the other 

activated sugar nucleotides varied in between different cell lines. Besides being the cells with 

the highest levels of activated sugar nucleotides, astrocytes also exhibited another 

characteristic. Whereas the UDP-GlcNAc : UDP-GalNAc ratio was between 2,1 and 2,8, the 

ratio calculated in astrocytes was 1,5. This increase in UDP-GalNAc in relation to UDP-

GlcNAc may be caused by an increase in UDP-GlcNAc utilization due to high OGT activity 

or by increased UDP-glucose 4-epimerase activity or expression. In either case, this aberrant 

ratio indicates a special role of glycosylation or O-GlcNAcylation in these cells. 

Although 
1
H-NMR spectroscopy has the disadvantage that detection of GDP-Man, GDP-Fuc, 

and CMP-NeuNAc is not possible in cell extracts due to their low abundance and overlap 

with other signals, 
1
H-NMR spectroscopy has been proven useful for detection and 

quantification of activated sugar nucleotides. NMR spectroscopy has the advantage that in 

addition to activated sugar nucleotides, a large number of metabolites from other metabolic 

pathways can be simultaneously and nonselectivel detected and quantified. NMR 



 

spectroscopy can detect unexpected aberrant metabolic profiles that may not be observed 

using other methods that concentrate on a particular metabolite or enzymatic pathway. 

Another major advantage of NMR is that metabolic markers that were identified in vitro can 

often be transferred into in vivo applications using localized magnetic resonance spectroscopy 

or even to whole body magnets for human spectroscopy in a clinical setting, if the resolution 

is sufficient. 

 

 

 

 

Here, the effect of GlcN, GalN, and ManN on the levels of activated sugar nucleotides was 

determined in neuronal HT-22 cells and CHO cells. It was found that HexN induced changes 

in these sugars are NMR-detectable.  

Increased flux through the HBP due to hyperglycemia leads to insulin resistance, a major 

hallmark of type II diabetes. Marshall et al. were the first who connected elevated flux 

through the HBP with insulin resistance in isolated rat adipocytes (Marshall et al., 1991a). 

These authors also found that GlcN is at least 40 times more potent than glucose in mediating 

desensitization (Marshall et al., 1991a). GlcN can enter the HBP as GlcN-6-P after 

phosphorylation by glucosamine kinase or hexokinase. GlcN therefore bypasses the rate-

limiting step of the pathway, the conversion of Fru-6-P to GlcN-6-P catalyzed by GFAT.  

Numerous in vitro (Robinson et al., 1993; Marshall et al., 2004) and in vivo (Baron et al., 

1995; Rossetti et al., 1995; McClain & Crook, 1996; Patti et al., 1999) studies using GlcN 

have now demonstrated that increased flux through the HBP may be one mechanism in the 

development of insulin resistance. It is not surprising that GlcN treatment leads to elevated O-

GlcNAcylation of many proteins, also regulating a variety of signaling pathways that are 

involved in the development of insulin resistance (Singh & Crook, 2000; Vosseller et al., 

2002b; Buse, 2006; Dias & Hart, 2007). Although there is clear evidence that elevated flux 

through the HBP and increased O-GlcNAcylation are involved in the development of insulin 

resistance in type II diabetes, the precise mechanisms are still not fully understood and further 

research remains necessary. 

All these studies were undertaken in insulin responsive-tissues like adipocytes or skeletal 

muscle. The effect of GlcN on insulin non-responsive tissue, such as brain cells, however, is 

not well investigated. Matthews et al., for example observed an increase in Akt 

phosphorylation in GlcN treated astrocytes that was most likely a result of increased 



endoplasmatic reticulum stress (Matthews et al., 2007). However, it is crucial to investigate 

the effect of hyperglycemia and increased hexosamine flux in brain cells, since it is known 

that insulin signaling regulates brain glucose metabolism (Clodfelder-Miller et al., 2005; 

Gerozissis, 2008). That means the brain is affected by insulin resistance and diabetes. 

Moreover, O-GlcNAcylation seems to play an important role in brain cells, as high levels of 

OGT mRNA  and O-GlcNAcase are found in brain (Lubas et al., 1997; Gao et al., 2001), 

especially in hippocampal neurons and cerebellar Purkinje cells (Akimoto et al., 2003; Liu et 

al., 2004a). Furthermore, the highest levels of UDP-GlcNAc was detected in primary 

astrocytes, followed by neuronal HT-22 cells.  

Using NMR-spectroscopy, I was able to investigate the early events in triggering insulin-

resistance, i.e. the formation of UDP-GlcNAc through the HBP. For my study I used the 

neuronal HT-22 cell line and CHO cells for comparison. Cells were incubated with 100 µM of 

GlcN (or other HexN in subsequent experiments) additional to the physiological glucose 

concentration, which is 25 mM for HT-22 cells and 12,5 mM for CHO cells. The use of GlcN 

in investigations of the role of the HBP in the development of insulin resistance has been 

raised to question (Hresko et al., 1998; Virkamäki & Yki-Järvinen, 1999; Nelson et al., 2000; 

Nelson et al., 2002). One consequence of GlcN administration is the vast accumulation of 

GlcN-6-P, that leads to ATP depletion in cells (Hresko et al., 1998; Marshall et al., 2004). 

This ATP loss is possibly caused by phosphate consumption (for the formation of GlcN-6-P) 

or energy consumption needed for the phosphorylation step (Marshall et al., 2004). The ATP 

depletion, in turn, can also affect insulin signaling independent from UDP-GlcNAc formation 

leading to misinterpretation of the results (Hresko et al., 1998). However, low doses of GlcN 

(< 250 µM) were found to distinctly increase UDP-GlcNAc levels without increasing GlcN-6-

P levels or without altering ATP levels (Marshall et al., 2004). On this account I used such a 

low concentration of GlcN in my study to not exceed the capacity of the HBP. 

 

As expected, both HT-22 and CHO cells actively converted GlcN into UDP-GlcNAc, as 

determined by a significant increase in this metabolite in M/C cell extracts. In HT-22 cells the 

UDP-GlcNAc levels increased threefold when GlcN treated compared to controls. In CHO 

cells, the increase was even fourfold, with the limitation that the error bar was quite large for 

the experiments with CHO cells. These values are in good agreement with the results obtained 

by Marshall et al., who detected increased UDP-GlcNAc levels in isolated adipocytes by 4 - 

5-fold incubating with low doses of GlcN (< 500 µM) for 4 h (Marshall et al., 2004). Krug et 

al. observed a more than sixfold increase in the UDP-HexNAc pool (mixture of UDP-GlcNAc 

and UDP-GalNAc) in colon carcinoma cells after treatment with 2,5 mM GlcN for 4 h (Krug 



 

et al., 1984). In both studies PCA extraction was used and UDP-GlcNAc/UDP-HexNAc 

levels were measured by HPLC. Independently, from the type of cell, incubation time, and 

particularly GlcN concentrations, combining these studies, it seems that the capacity of the 

HBP for GlcN is almost the same. The massive accumulation of UDP-GlcNAc using such 

low concentrations of GlcN is even more astonishing considering the fact that it has to 

compete with glucose for uptake into the cell, having a higher affinity for these transporters 

(Marshall et al., 2004). The high accumulation of UDP-GlcNAc therefore indicates that GlcN 

must be almost exclusively routed into the HBP.  

In contrast to my results, Krug et al. also observed a decrease in UDP-Glc, UDP-Gal, and 

UDP-GlcUA in GalN treated colon carcinoma cells (Krug et al., 1984). Concomitant, with the 

decrease in these metabolites, they also detected a decrease in UTP and CTP (Krug et al., 

1984). I did not detect any significant changes in UDP-Glc, UDP-Gal, and UDP-GlcUA, 

although there may be a trend towards decreased UDP-Glc and UDP-Gal levels in GlcN 

treated HT-22, as well as CHO cells. The authors concluded that the decrease in UDP-Glc and 

UDP-Gal was due to UTP depletion, because UTP was consumed in the excess formation of 

UDP-GlcNAc and UDP-GalNAc from GlcN. Krug et al. used GlcN concentrations of 

2,5 mM, 5 mM, and 10 mM (Krug et al., 1984). Therefore, their concentrations were 25 – 100 

times higher than the concentration I used in my experiments. Still, the increase in UDP-

GlcNAc and UDP-GalNAc in my study was comparable to the increase those authors 

detected. If the decrease in UDP-Glc and UDP-Gal had only been exclusively attributable to 

the consumption of UTP for UDP-GlcNAc and UDP-GalNAc synthesis, a significant 

decrease in UDP-Glc and UDP-Gal should have been observed. As mentioned above, high 

GlcN concentrations are correlated with ATP depletion. UDP-Glc is formed by 

phosphorylation of glucose to Glc-6-P. Glc-6-P is then converted to Glc-1-P. Glc-1-P is 

finally activated with UTP to yield UDP-Glc. UDP-Gal is directly phosphorylated to Glc-1-P, 

which is then reacts with UTP to give UDP-Gal. The initial phosphorylation step of both 

pathways consumes ATP. On this account ATP deficiency, together with UTP depletion, 

leads to decreased formation of UDP-Glc and UDP-Gal. Monitoring UDP-Glc and UDP-Gal 

can therefore be used as an indirect detection of ATP deprivation in a cell. The fact that I did 

not detect significant decreases in the UDP-Glc and UDP-Gal levels indicates that a GlcN 

concentration of 100 µM does not lead to ATP depletion in HT-22 and CHO cells. 

Furthermore, it proofs that UTP is also still available in sufficient amounts. 

GlcN treatment also led to a significant increase in UDP-GalNAc, which can be formed by 

epimerization of UDP-GlcNAc, thus being also an end-product of the HBP. Similar to the 

increase in UDP-GlcNAc, the UDP-GalNAc level increased threefold after GlcN treatment in 



HT-22 cells and 4-fold in CHO cells. Since the UDP-GalNAc levels increase as much as 

UDP-GlcNAc does using only a concentration of 100 µM, GlcN treatment can not only 

influence O-GlcNAcylation of proteins, but also severely affect glycosylation of proteins and 

lipids. This side effect, in contrast to ATP or UTP depletion, will therefore also occur using 

low doses of GlcN. GlcN-induced increases in UDP-GlcNAc/UDP-GalNAc levels, for 

example, were shown to increase the complexity of N-linked glycans in mammalian cells 

(Gawlitzek et al., 1998). 

 

I also investigated the impact of other low concentrated hexosamines, on the formation of 

UDP-HexNAcs and UDP-hexoses. Incubation of neuronal HT-22 cells and CHO cells with 

100 µM GalN resulted in unexpected findings. GalN is a well-investigated hepatotoxin that is 

usually used in studies on liver damage (Keppler et al., 1968; Coen et al., 2007). GalN is first 

phosphorylated by galactokinase, yielding GalN-1-P (Ballard, 1966; Walker & Khan, 1968). 

GalN-1-P then reacts with UDP-Glc, leading to the formation of UDP-GalN and Glc-1-P. The 

reaction is catalyzed by the enzyme galactose-1-phosphate uridylyltransferase (GALT; EC 

2.7.7.12) (Maley, 1970; Keppler & Decker, 1969). GALT, as well as the other enzymes 

participating in GalN metabolism, are not specific for GalN and also catalyze galactose 

metabolism. The involvement of galactose in the biosynthesis of activated sugar nucleotides 

is discussed in the next chapter. UDP-GalN is then epimerized to UDP-GlcN by UDP-

galactose-4-epimerase (GALE; EC 5.1.3.2) (Maley & Maley, 1959). UDP-hexosamines 

(UDP-GlcN & UDP-GalN) are normally no naturally occurring intermediates in cell 

metabolism (Keppler et al., 1970). UDP-GlcN and UDP-GalN can exclusively be formed 

after GalN (Maley et al., 1968; Keppler, 1977; Krug et al., 1984), but not after GlcN 

administration, which passes a through a distinct metabolic route (Decker & Keppler, 1974). 

The further pathway leading to UDP-GlcNAc and UDP-GalNAc has not been fully elucidated 

until now. UDP-GlcN and UDP-GalN may possibly be directly N-acetylated to yield the 

respective UDP-HexNAc. However, since no evidence of this direct acetylation has been 

found in mammalian cells (Maley et al., 1968), another mechanism is more likely. In this 

pathway, proposed by Weckbecker & Keppler, 1982, UDP-GlcN is converted to GlcN-1-P. 

This enzymatic step is again catalyzed by GALT, meaning that this enzyme accomplishes a 

dual role in GalN metabolism. GALT catalyzes the activation of GalN-1-P to UDP-GalN and 

after epimerization to UDP-GlcN, it catalyzes the conversion to GlcN-1-P (Weckbecker & 

Keppler, 1982). GlcN-1-P is subsequently epimerized to the HBP intermediate GlcN-6-P by 

phosphoglucomutase (Brown, 1953). GlcN-6-P can then be routed into the HBP to finally 

give UDP-GlcNAc and UDP-GalNAc. The metabolism of GalN is summarized in Figure 46.  



 

 

 

It was surprising that I did not detect an increase in the UDP-GlcNAc levels in neither HT-22 

nor CHO cells. Only in CHO cells, a small, but significant increase in the UDP-GalNAc level 

was observed. This fact, that I observed an elevated UDP-GalNAc level, without an increase 

in the UDP-GlcNAc level in GalN treated CHO cells, may indicate a direct acetylation of 

UDP-GalN. The metabolism of GalN through the pathway depicted in Figure 46 would rather 

lead to elevated UDP-GlcNAc levels or UDP-GlcNAc and UDP-GalNAc levels. However, 

my results may only be an indication of the direct acetylation and further investigation is 

needed. Nevertheless, the fail of increasing UDP-GlcNAc and UDP-GalNAc levels in HT-22 

and UDP-GlcNAc levels in CHO cells was unexpected. An increase in the UDP-HexNAc 

level has been previously detected in GalN treated liver tissue (Keppler et al., 1969; Keppler 

et al., 1974; Pels Rijcken et al., 1995; Coen et al., 2007) and in intact rats by localized in vivo 
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P magnetic resonance spectroscopy (Weisdorf et al., 1991). Similar to GlcN metabolism, a 

concomitant drastic decrease in UDP-Glc, UDP-Gal, UDP-GlcUA, as well as UTP and other 

nucleotides has been observed (Keppler et al., 1969; Keppler et al., 1970; Keppler et al., 

1974; Pels Rijcken et al., 1995; Coen et al., 2007). This decrease has been attributed to be a 

consequence of the rapid production of UDP-GlcNAc, UDP-GalNAc, UDP-GlcN, and UDP-

GalN in these studies. It has also been shown that the toxicity of GalN can be diminished by 

uridine, glycine (Stachlewitz et al., 1999; Coen et al., 2007), or orotate (Keppler et al., 1970; 

Scharnbeck et al., 1972). All three metabolites are precursors for UMP and thus UTP. It 

seems obvious that these substances reduce GalN toxicity by preventing UTP depletion. 

Indeed Coen et al. detected a marked increase in uridine, UDP-Glc, and UDP-Gal levels in 

1)

2)

3)

4)

5)

Figure 46. GalN metabolism: 1) GalN is phosphorylated to 

GalN-1-P by galactokinase. 2) GalN-1-P then reacts with UDP-
Glc, leading to the formation of UDP-GalN and Glc-1-P. The 
reaction is catalyzed by the enzyme galactose-1-phosphate 
uridylyltransferase (GALT; EC 2.7.7.12). 3) UDP-GalN is then 
epimerized to UDP-GlcN by UDP-galactose-4-epimerase 
(GALE; EC 5.1.3.2). 4) UDP-GlcN is converted to GlcN-1-P. This 
enzymatic step is again catalyzed by GALT. 5) GlcN-1-P is 
subsequently epimerized to GlcN-6-P by phosphoglucomutase 
and can be routed into the HBP to synthesize UDP-GlcNAc and 
UDP-GalNAc. GalN-1-P heavily accumulated in HT-22 and CHO 
cells incubated with low doses of GalN, due to the low affinity of 
GALT for GalN-1-P (pink asterisk). ADP, adenosine 
diphosphate; ATP, adenosine triphosphates; HBP, hexosamine 
biosynthesis pathway; GalN, galactosamine; GalN-1-P, 
galactosamine-1-phosphate; GlcN-1-P, glucosamine-1-
phosphate; GlcN-6-P, glucosamine-6-phosphate; GlcNAc-1-P, 
N-acetylglucosamine-1-phosphate; GlcNAc-6-P, N-
acetylglucosamine-6-phosphate; PPi, pyrophosphate; UDP-
GalN, uridine diphosphate-galactosamine; UDP-GalNAc, uridine 
diphosphate-N-acetylgalactosamine; UDP-GlcN, uridine 
diphosphate-glucosamine; UDP-GlcNAc, uridine diphosphate-N-
acetylglucosamine; UTP, uridine triphosphate. 

 



liver samples treated with GalN and glycine compared to samples treated with GalN alone 

(Coen et al., 2007). Since I have not observed an increase in the UDP-HexNAc levels, apart 

from the small but significant increase of UDP-GalNAc, in CHO cells, it is not surprising that 

no decrease in either UDP-Glc, UDP-Gal, or UDP-GlcUA was detected in GalN treated cells. 

In the spectra of GalN treated HT-22 and CHO cells a novel resonance at 5,69 ppm arose. 

This signal was assigned to the anomeric proton (H1(α)) of galactosamine-1-phosphate 

(GalN-1-P) by comparison with spectra of the authentic compound. The GalN-1-P 

accumulation was almost four times higher in HT-22 compared to CHO cells. The increase of 

GalN-1-P can be attributed to the low affinity of GALT for GalN-1-P (Keppler & Decker, 

1969). An increase in this compound was also detected previously in GalN treated intact rats 

in in vivo 
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P NMR spectra (Weisdorf et al., 1991). The fact that the accumulation of GalN-1-

P in CHO cell was less pronounced compared to HT-22 cells, may explain why I detected a 

small but significant increase in the UDP-GalNAc level in CHO cells. My results may 

indicate that in those cells, the turnover of GalN-1-P by GALT is higher than in HT-22 cells, 

thus leading to further metabolism of GalN right up to the formation of UDP-GalNAc. 

Keppler and Decker revealed that the low affinity of GALT for GalN-1-P accounts only in 

part for the high levels of this metabolite in the liver of GalN treated rats (Keppler & Decker, 

1969). GalN-1-P inhibits the enzyme UDP-glucose-pyrophosphorylase (EC 2.7.7.9), which 

catalyzes the reaction of Glc-1-P and UTP to UDP-Glc and inorganic pyrophosphate (PPi). 

The inhibition is competitive with Glc-1-P and therefore dependent on the GalN 

concentrations administered. UDP-Glc, however, is needed for the conversion of GalN-1-P to 

UDP-GalN. By the inhibition of UDP-glucose-pyrophosphorylase, GalN-1-P impedes its own 

conversion to UDP-GalN and enhances the accumulation of GalN-1-P (Keppler & Decker, 

1969). The fact that I did not detect a decrease in the UDP-Glc level in GalN treated HT-22 

and CHO cells, indicates that the accumulation of GalN-1-P was exclusively due to the low 

affinity of GALT for GalN-1-P and inhibition of UDP-glucose-pyrophosphorylase was 

probably not involved. These differences may be in the first place due to the different cell 

types used in my studies, but also due to the low doses of GalN used in my experiments. In 

the studies mentioned above, GalN was injected into rats and liver tissue was investigated 

afterwards. Therefore, a comparison of the GalN concentrations used compared to my study is 

difficult. However, it can be assumed that the concentration of 100 µM GalN, I used in my 

study was much lower. Since such low concentrations of GalN already led to massive 

accumulation of GalN-1-P it is doubtful that higher concentrations would lead to elevated 

UDP-GlcNAc and UDP-GalNAc levels in neuronal HT-22 or CHO cells. It is rather expected 

that higher GalN concentrations would lead to ATP depletion is these cells, because 



 

phosphorylation of GalN to GalN-1-P consumes ATP. Depleted adenosine levels, which are 

equivalent to depleted ATP levels, were indeed found in liver tissue of GalN treated rats 

(Coen et al., 2007). 

To sum up, it is theoretically possible to increase the UDP-GlcNAc and UDP-GalNAc levels 

by GalN in mammalian cells. Like GlcN, GalN also bypasses GFAT, the rate-limiting enzyme 

of the HBP. An increase of UDP-GlcNAc and UDP-GalNAc has been observed in liver tissue 

of GalN treated rats. In HT-22 cells and in CHO cells, with the exception of UDP-GalNAc in 

CHO cells, it is in contrast to GlcN, not possible to elevate UDP-HexNAc levels using small 

doses of GalN. This difference is most likely attributable to the fact that GalN is metabolized 

by enzymes of the galactose pathway, having low-specificity for GalN. GlcN, on the other 

hand, is metabolized by specific enzymes. 

 

In contrast to GlcN and GalN, the metabolism of ManN in mammalian cells is not extensively 

studied. This is highly probable due to the limited metabolism of this metabolite. In 1970 

Raisys & Winzler studied the metabolism of exogenous ManN in Sarcoma 180 cells and 

intact rats (Raisys & Winzler, 1970). They observed that ManN is rapidly taken up into the 

cells and then phosphorylated to ManN-6-P. However, no other metabolites deriving from 

ManN were detected and ManN as well as ManN-6-P accumulated in cells (Raisys & 

Winzler, 1970). Furthermore, most of the ManN injected intraperitoneally to rats was excreted 

unaltered in the urine. A substantial amount of free ManN was detected in the liver and 

kidney of the rats, and only less than 1 % ManN-6-P was detected in these organs (Raisys & 

Winzler, 1970).  

The fact that I found significantly elevated UDP-GlcNAc and UDP-GalNAc levels in HT-22 

cells proves that ManN has to be further metabolized in these cells. There are theoretically at 

least three metabolic routes how ManN can be converted to UDP-GlcNAc. Two of the routes 

require the ability of the cells to acetylate ManN. Although Raisys & Winzler did not detect 

any acetylated ManN metabolites deriving from ManN in their study, these metabolites were 

detected in bovine thyroid gland slices (Gan, 1975). ManNAc, ManN-6-P, ManNAc-6-P, and 

CMP-NeuNAc were identified as intermediates after incubation with radioactive labeled 

ManN (Gan, 1975). On this account it may be possible that ManN is also acetylated in HT-22 

cells. ManNAc is the precursor for synthesis of CMP-NeuNAc, the donor substrate for sialic 

acids. Terminal sialic acids are found in a variety of cell surface glycoconjugates and are 

involved in cell recognition processes like cell-cell adhesion or cell migration (Varki, 1997; 

Traving & Schauer, 1998). Sialoglycoproteins also play an important role in malignant 

transformation of cells (Yogeeswaran & Salk, 1981) and virus infection (Karlsson, 1995; 



Vimr & Lichtensteiger, 2002). In mammalian cells, ManNAc is formed from UDP-GlcNAc 

by the enzyme UDP-N-acetyl-D-glucosamine 2-epimerase (UDP-GlcNAc 2-epimerase; E.C. 

5.1.3.14) (Van Rinsum et al., 1983). CMP-NeuNAc is then generated by the following 

consecutive reactions: ManNAc  ManNAc-6-P  NeuNAc-9-P  NeuNAc  CMP-

NeuNAc (Angata & Varki, 2002). To elevate the UDP-GlcNAc levels in HT-22 cells after 

ManN administration, the epimerization of UDP-GlcNAc to ManNAc by UDP-GlcNAc 2-

epimerase has to be reversible. However, this is not the case in mammalian cells. Merely in 

bacteria, the non-hydrolyzing UDP-GlcNAc 2-epimerases catalyzes the reversible conversion 

of UDP-GlcNAc into ManNAc (Kawamura et al., 1978; Kawamura et al., 1979; Sala et al., 

1996; Morgan et al., 1997). The corresponding hydrolyzing enzyme in mammalian cells, 

however, catalyzes the irreversible conversion of UDP-GlcNAc to ManNAc (Hinderlich et 

al., 1997; Tanner, 2005). Not being reversible, the elevated UDP-GlcNAc concentration 

cannot be generated by this metabolic route. In several publications it was reported, that 

ManN is converted at a high rate into GlcN in Plasmodium falciparum (Azzouz et al., 2005), 

Leishmania Mexicana (Field et al., 1993), and Trypanosoma brucei (Ralton et al., 1993). As 

described above, GlcN is easily converted to UDP-GlcNAc, thus leading to elevated UDP-

GlcNAc and UDP-GalNAc levels. However, it is highly questionable, that the ManN to GlcN 

conversion detected in parasites also occurs in mammalian cells especially considering that no 

publications exist reporting this metabolic step in mammalians. 

Another enzyme participating in ManNAc metabolism is the N-acetyl-D-glucosamine 2-

epimerase (GlcNAc 2-epimerase, E.C. 5.1.3.8) that catalyzes the reversible conversion of 

GlcNAc and ManNAc (Datta, 1970; Maru et al., 1996). GlcNAc 2-epimerase was found in 

different mammalian tissues (Van Rinsum et al., 1983; Takahashi et al., 1983), as well as in 

human cells (Luchansky et al., 2003). GlcNAc 2-epimerase was found to play a catabolic role 

in sialic acid metabolism, by favoring the conversion of ManNAc to GlcNAc (Luchansky et 

al., 2003), making it an ideal enzyme for the formation of UDP-GlcNAc from ManN 

administered to HT-22 cells. GlcNAc can then be introduced into the HBP as GlcNAc-6-P 

after phosphorylation by GlcNAc kinase (Hinderlich et al., 1998).  

I therefore suggest the following metabolic pathway for ManN leading to significantly 

elevated UDP-GlcNAc and UDP-GalNAc levels in neuronal HT-22 cells: After entering the 

cell ManN is acetylated by a specific hitherto not known acetylase to ManNAc. ManNAc is 

then epimerized to GlcNAc by GlcNAc 2-epimerase. After that GlcNAc is phosphorylated by 

GlcNAc kinase to GlcNAc-6-P which can enter the HBP to finally yield UDP-GlcNAc and 

UDP-GalNAc, as shown in Figure 47. 



 

Figure 47. Possible metabolic pathway for the synthesis of UDP-GlcNAc and 

UDP-GalNAc from ManN: After entering the cell ManN is acetylated in the 
cytosol by a specific hitherto not known acetylase to ManNAc. ManNAc is 
then epimerized to GlcNAc by GlcNAc 2-epimerase. GlcNAc is subsequently 
phosphorylated by GlcNAc kinase to GlcNAc-6-P which can enter the HBP to 
finally yield UDP-GlcNAc and UDP-GalNAc. HBP, hexosamine biosynthesis 
pathway; GlcNAc, N-acetylglucosamine; GlcNAc-1-P, N-acetylglucosamine-1-
phosphate; GlcNAc-6-P, N-acetylglucosamine-6-phosphate; GlcNAc kinase, 
N-acetylglucosamine kinase; GlcNAc 2-epimerase, N-acetylglucosamine 2-
epimerase; ManN, mannosamine; ManNAc, N-acetylmannosamine; UDP-
GalNAc, uridine diphosphate-N-acetylgalactosamine; UDP-GlcNAc, uridine 
diphosphate-N-acetylglucosamine; UTP, uridine triphosphate. 

 

In CHO cells no changes in the UDP-GlcNAc and UDP-GalNAc levels after incubation with 

ManN were observed. This difference may probably be caused by cell-specific differences in 

the expression or activity of GlcNAc 2-epimerase or the ability of CHO cells to acetylate 

ManN. It is rather unlikely that the non-occurrence of elevated UDP-GlcNAc and UDP-

GalNAc levels in ManN treated cells is due to differences in cellular uptake of ManN, 

because ManN is known to be taken up by cells (Raisys & Winzler, 1970; Gan, 1975; Oetke 

et al., 2001). 

 

 

To conclude, I have shown that low concentrations of GlcN are sufficient to massively 

accumulate UDP-GlcNAc and UDP-GalNAc in neuronal HT-22 and CHO cells and that these 

changes are easily detectable using 
1
H-NMR spectroscopy. The high accumulation of these 

two compounds also indicates that GlcN must be almost exclusively routed into the HBP. 

Furthermore, UDP-Glc and UDP-Gal levels were not significantly altered in GlcN treated 

cells. Since the formation of both metabolites depends on UTP as well as ATP availability, I 

have indirectly shown that UTP and ATP levels, respectively, are not depleted in my 

experiments. ATP depletion may lead to undesirable side effects that can impede the 

elucidation of the development of insulin resistance.   

In contrast to GlcN, it is not possible to elevate UDP-GlcNAc and UDP-GalNAc levels in 

HT-22 and UDP-GlcNAc levels in CHO cells using small doses of GalN. This difference may 



be due to the fact that GalN is metabolized by enzymes of the galactose pathway, showing 

low-specificity for GalN. In GalN treated HT-22 and CHO cells, I detected a massive 

accumulation of GalN-1-P. This accumulation was almost four times higher in HT-22 cells 

compared to CHO cells and may explain that at least UDP-GalNAc was found to be 

significantly higher in GalN treated CHO cells. It can be assumed that the turnover of GalN-

1-P by GALT is higher in these cells, thus leading to further metabolism of GalN right up to 

the formation of UDP-GalNAc. 

I have shown for the first time that ManN can be used as a precursor for the synthesis of 

UDP-GlcNAc and UDP-GalNAc. This ability is a cell-specific feature and was observed in 

neuronal HT-22 cells, whereas in CHO cells no changes in the UDP-GlcNAc/UDP-GalNAc 

levels were observed when ManN treated. Formation of UDP-GlcNAc may most likely 

proceed by acetylation of ManN, by a hitherto unknown acetylase, and subsequent 

epimerization of ManNAc to GlcNAc by GlcNAc 2-epimerase. GlcNAc can then be 

phosphorylated by GlcNAc kinase to yield GlcNAc-6-P, which then enters the HBP to 

generate UDP-GlcNAc. Furthermore, I concluded that the non-occurrence of elevated UDP-

GlcNAc/UDP-GalNAc levels in CHO cells may be restricted by the ability of cells to 

acetylate ManN or to epimerize ManNAc by GlcNAc 2-epimerase.  

 

 

 

Glucose is the primary energy substrate of the brain (Fehm et al. 2006) and the precursor for 

the synthesis of activated sugar nucleotides. Galactose is a non-essential nutrient that can 

contribute to the energy supply in a cell since it can be routed into glycolysis. However, in the 

brain galactose is insufficiently metabolized and induces neurotoxicity (Haworth et al., 1970; 

Kozak & Wells, 1971; Knull et al., 1973). Galactose can theoretically be the precursor for 

UDP-Glc, UDP-Gal, UDP-GlcNAc, and UDP-GalNAc whereas the latter two occur late in the 

metabolic pathway as depicted in Figure 48. In this chapter I have evaluated the effect of 

galactose on the formation of these activated sugar nucleotides in neuronal HT-22 cells. The 

results were compared to those obtained from the same experiments carried out in CHO cells, 

to serve as an example of a non-brain cell line. HT-22 and CHO cells were treated for 24 h 

with 10 mM glucose, 5 mM glucose + 5 mM galactose, 5 mM galactose, or 10 mM galactose. 

In conditions with 5 mM galactose and 10 mM galactose, no glucose was present as an energy 

source.  



 

Galactose metabolism is carried out by three subsequent enzymatic steps catalyzed by 

galactokinase (GALK; EC 2.7.1.6), GALT and GALE (Holden et al., 2003). GALT and 

GALE are the same enzymes that catalyze the conversion of GalN that has been described in 

the previous chapter. In the first reaction galactose is phosphorylated to Gal-1-P by GALK. In 

the second step Gal-1-P reacts with UDP-Glc to form Glc-1-P and UDP-Gal. Glc-1-P can 

enter glycolysis or react with UTP to regenerate UDP-Glc (Duggleby et al., 1996). The third 

enzyme GALE catalyzes the epimerization of UDP-Gal to UDP-Glc with NAD
+
 as cofactor. 

Deficiency of each of the three enzymes of galactose metabolism results in inborn human 

diseases commonly referred to as galactosemia, whereby GALT deficiency is the most 

common and best-studied form (Petry & Reichardt, 1998; Novelli & Reichardt, 2000). 

 

UDP-Gal levels were significantly increased in both neuronal HT-22 and CHO cells under all 

conditions when galactose was present in the cell culture medium. However, there were no 

differences in the UDP-Gal levels between cells incubated with 5 mM galactose or 10 mM 

galactose, indicating that there is a limit of GALT to catalyze the reaction of Gal-1-P with 

UDP-Glc to form UDP-Gal and Glc-1-P. The UDP-Gal concentration was similar in HT-22 

and CHO cells in the absence of galactose. However, when cells were incubated with 

galactose, the increase in UDP-Gal concentration was higher in CHO cells than in HT-22 

cells, indicating that HT-22 cells have a limited ability to metabolize galactose. In galactose 

fed chicks, the UDP-Gal level was found to be increased in the liver of these animals (Hansen 

et al., 1956). In a different study, the levels of UDP-Gal, as well as, UDP-Glc were not found 

to be increased in brains of galactose fed chicks (Kozak & Wells, 1971), also emphasizing the 

poor galactose utilization in the brain.  

UDP-Gal is the only donor substrate for incorporation of galactose into glycoproteins and 

glycolipids. Accordingly, aberrant UDP-Gal levels might cause alterations in these 

carbohydrates which, in turn, may lead to non-functional proteins. Amongst other tissues, in 

particular the brain seems to be affected by impaired galactose metabolism. Abnormal 

glycosylation was detected in the brain of a galactosemic patient (Haberland et al., 1971). A 

reduction in galactose- and GalNAc-containing glycolipids and an accumulation of the 

precursors of these metabolites have been detected in the brain of a newborn with 

galactosemia (Petry et al., 1991).  

GALT plays an important role in the development of the nervous system and is highly 

expressed during myelination of neurons forming neuronal tracts that compose the white 

matter; a process that is associated with development of the brain (Daude et al., 1996a; Daude 

et al., 1996b). Formation of the glycolipids galactosyl-ceramide and galactosyl-ceramide-3-



sulfate play a major role in myelination and their synthesis depends on UDP-Gal. Galactosyl-

ceramides were observed to decrease in the brain of a galactosemic patient, indicating that 

myelination might be impaired, possibly explaining the neurologic complications of 

galactosemic patients (Petry et al., 1991; Petry & Reichardt, 1998). Increased UDP-Gal 

levels, as observed in neuronal HT-22 cells, may also affect the formation of galactose-

containing glycoproteins and glycolipids.  

Although UDP-Gal can be epimerized by GALE to UDP-Glc, UDP-Glc levels were not as 

affected as UDP-Gal by galactose treatment. In CHO cells, no changes were observed in the 

UDP-Glc levels. Neuronal HT-22 cells exhibited significantly increased UDP-Glc levels only 

when cells were incubated with 10 mM galactose. 

Both cell lines highly accumulated Gal-1-P, but the accumulation was much higher in 

neuronal HT-22 cells compared to CHO cells. In the previous chapter an accumulation of 

GalN-1-P in GalN treated CHO and HT-22 cells was detected. I attributed this increase in 

GalN-1-P to the low affinity of GALT for GalN-1-P (Keppler & Decker, 1969) because 

GALT is an enzyme of the galactose metabolism and not specific for GalN metabolism. My 

results do not allow the interpretation of GALT specificity for galactose versus GalN in HT-

22 and CHO cells, because the experimental set-up was different for both administered 

metabolites. However, it can be concluded that the galactose concentrations used in my 

experiments widely exceeded the capacity of GALT to metabolize the Gal-1-P levels 

produced from galactose by GALK. Besides, the accumulation of GalN-1-P in GalN treated 

HT-22 cells was also much higher in HT-22 compared to CHO cells, further emphasizing that 

the galactose pathway that can also be passed through by GalN is less sufficient in neuronal 

HT-22 cells compared to CHO cells. The high accumulation of Gal-1-P can only be caused by 

limited amount or activity of GALT, indicating that this enzyme is responsible for the 

restricted ability of CHO and especially neuronal HT-22 cells to metabolize galactose. GALT-

deficiency exhibits the most severe pathological phenotype of all three types of galactosemia. 

Since the main difference in GALT-deficient galactosemia, compared to other the other types, 

is the high accumulation of Gal-1-P (Donnell et al., 1963; Gitzelman, 1995), the acute toxicity 

of GALT-deficiency is mainly attributed to this metabolite (Lai et al., 2003; Bhat, 2003; 

Slepak et al., 2005; Slepak et al., 2007). Besides, Gal-1-P most likely interferes 

phosphoglucomutase (Schwarz et al., 1956; De Jongh et al., 2008), the enzyme that catalyzes 

the conversion of Glc-1-P to Glc-6-P. Under these circumstances, galactose can no longer be 

introduced into glycolysis or HBP (see Figure 48). It is also possible that Gal-1-P inhibits 

glycogen phosphorylase (Maddaiah & Madsen, 1966) thus preventing the formation of Glc-1-

P by glycogenolysis. Furthermore, Gal-1-P is known to inhibit UDP–glucose 



 

pyrophosphorylase (Oliver, 1961; Lai et al., 2003), the enzyme that catalyzes the reaction of 

Glc-1-P with UTP to form UDP-Glc. Inhibition of UDP-glucose pyrophosphorylase by Gal-1-

P was discussed to be responsible for the reduction of UDP-Glc and UDP-Gal in GALT-

deficient human cell lines (Lai et al., 2003). Since Gal-1-P also highly accumulated in 

galactose treated CHO and HT-22 cells, UDP-glucose pyrophosphorylase should also be 

affected in these conditions. However, as mentioned above, I did not detect any changes in the 

UDP-Glc levels in CHO cells and only as significant increase in the UDP-Glc concentration 

in HT-22 cells when incubated with 10 mM galactose. Apart from the reaction of Glc-1-P 

with UTP, UDP-Glc can also be formed by epimerization of UDP-Gal by GALE. Therefore, 

an increase in UDP-Glc is even more probable in galactose treated cells than a decrease. 

Increased Glc-1-P levels, however, could indicate an inhibition of the enzyme. Nevertheless, 

there were no NMR-detectable Glc-1-P levels in galactose treated HT-22 or CHO cells in my 

experiments. When no glucose is present in the experiments, it is highly probable that cells 

route the produced Glc-1-P into glycolysis by conversion of Glc-1-P into Glc-6-P. However, 

as described above, phosphoglucomutase, the enzyme that catalyzes this reaction is also 

known to be inhibited by Gal-1-P. 

In principle, galactose can be used to maintain UDP-GlcNAc and UDP-GalNAc levels in cells 

although these activated sugars occur late in the pathway. I therefore tested the effect of 

galactose on the formation of UDP-GlcNAc and UDP-GalNAc. When glucose was present in 

addition to galactose, no significant changes in the UDP-GlcNAc/UDP-GalNAc levels were 

detected in both HT-22 and CHO cells. However, when neuronal HT-22 cells were incubated 

with galactose alone, a significant decrease in these activated sugar nucleotides was observed. 

In CHO cells, in contrast, no such decrease was detected. Under these conditions not only the 

biosynthesis of glycoproteins and glycolipids that depend on UDP-Gal as a precursor will be 

affected, but also those glycoproteins and glycolipids whose precursors are UDP-GlcNAc and 

UDP-GalNAc might aberrate. This leads to the assumption that O-GlcNAcylation of proteins 

might as well be affected in these conditions in neuronal HT-22 cells. It can be concluded that 

CHO cells are able to maintain UDP-GlcNAc and UDP-GalNAc levels in conditions when 

galactose is present but glucose is absent, whereas neuronal HT-22 cells do not have this 

ability. There are several plausible reasonings for this observation. First of all CHO cells 

contain glycogen, but neuronal HT-22 cells not. For that reason it is possible that CHO cells 

preserve UDP-GlcNAc and UDP-GalNAc levels in the absence of glucose and in the presence 

of galactose. This does not necessarily imply that galactose is used as a precursor for UDP-

GlcNAc and UDP-GalNAc in CHO cells.  



Furthermore, I have discussed above that accumulated Gal-1-P might interfere with 

phosphoglucomutase and glycogen phosphorylase. Both enzymes are crucial for UDP-

GlcNAc/UDP-GalNAc synthesis either by using galactose as a precursor or glycogenolysis. 

Inhibition of phosphoglucomutase would prevent the conversion of Glc-1-P to Glc-6-P with 

the result that galactose cannot be introduced in the HBP. Inhibition of glycogen 

phosphorylase on the other hand would impede the formation of Glc-1-P by glycogenolysis. 

Since Gal-1-P was accumulated to a lesser extend in CHO cells than in HT-22 cells it might 

be possible that phosphoglucomutase as well as glycogen phosphorylase are not entirely 

inhibited and thus permit the metabolism of galactose to UDP-GlcNAc/UDP-GalNAc. Both 

effects (presence of glycogen and potentially lesser inhibition of the involved enzymes) can of 

course concurrently contribute to the maintenance of the UDP-GlcNAc/UDP-GalNAc levels 

in CHO cells.  

 

Figure 48. Influence of galactose on the formation of activated sugar nucleotides in HT-22 cells: Theoretically, 

galactose can be the precursor of UDP-Glc, UDP-Gal, UDP-GlcNAc, and UDP-GalNAc, whereas the latter two 
occur late in the metabolic pathway. Gal is phosphorylated to Gal-1-P by GALK. Gal-1-P then reacts with UDP-
Glc, leading to the formation of UDP-Gal and Glc-1-P. The reaction is catalyzed by GALT. UDP-Gal is then 
epimerized to UDP-Glc by GALE. Glc-1-P can be epimerized to GlcN-6-P and then be routed into the HBP to 
synthesize UDP-GlcNAc and UDP-GalNAc. The arrows depict the changes in levels of activated sugar 
nucleotides in HT-22 cells after incubation with 10 mM galactose in the absence of glucose after 24 h. UDP-Gal 
and UDP-Glc were both found the be significantly decreased in galactose treated HT-22 cells. The increase in 
UDP-Gal was more pronounced than in UDP-Glc. UDP-GalNAc and UDP-GlcNAc by contrast were both 
decreased in galactose treated cells and the decrease was more pronounced in UDP-GlcNAc. Gal-1-P heavily 
accumulated in HT-22 and CHO cells incubated with galactose, showing that the galactose concentrations used 
in my experiments exceed the capacity of the GALT to form Glc-1-P. The thickness of the arrow represents the 
significance (P value) of the observed increase or decrease of the respective sugar. ADP, adenosine 
diphosphate; ATP, adenosine triphosphates; HBP, hexosamine biosynthesis pathway; Gal, galactose; Gal-1-P, 
galactose-1-phosphate; GALE, UDP-galactose-4-epimerase; GALK, galactokinase; GALT, galactose-1-phosphate 
uridylyltransferase; Glc-1-P, glucose-1-phosphate; Glc-6-P, glucose-6-phosphate; GlcNAc-1-P, N-
acetylglucosamine-1-phosphate; GlcNAc-6-P, N-acetylglucosamine-6-phosphate; UDP-Gal, uridine diphosphate-
galactose; UDP-GalNAc, uridine diphosphate-N-acetylgalactosamine; UDP-Glc, uridine diphosphate-glucose; 
UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine; UTP, uridine triphosphate. 

 

Galactose



 

Last but not least, decreased UDP-GlcNAc/UDP-GalNAc levels were detected under 

conditions when glucose was absent and cells had to cope with limited energy. To maintain 

energy homeostasis galactose can be routed into glycolysis as long as phosphoglucomutase is 

not fully inhibited by Gal-1-P. The precedence of cells to route galactose into glycolysis 

versus HBP may also influence UDP-GlcNAc/UDP-GalNAc levels. 

The galactose metabolism and the influence of galactose on the formation of activated sugar 

nucleotides in HT-22 cells is graphically summarized in Figure 48. 

 

 

In summary, these data show that galactose metabolism greatly differs in neuronal HT-22 

cells compared to CHO cells. UDP-Gal levels significantly increased in the presence of 

galactose in both HT-22 and CHO cells, whereas the increase was higher in CHO cells, 

indicating that HT-22 cells have a limited ability to metabolize galactose. UDP-Glc levels in 

contrary were hardly affected by galactose treatment. Both cell lines highly accumulated Gal-

1-P, but the accumulation was much higher in neuronal HT-22 cells. It was concluded that 

GALT restricts the galactose metabolism in both cell lines, but particular in neuronal HT-22 

cells.  

Furthermore, UDP-GlcNAc and UDP-GalNAc levels were also found to be regulated 

differently in neuronal HT-22 cells compared to CHO cells. CHO cells are able to maintain 

UDP-GlcNAc/UDP-GalNAc levels in the presence of galactose and absence of glucose, 

whereas the levels decreased significantly in neuronal HT-22 cells. The reasons for this 

observation are not clear. CHO cells might maintain the levels by glycogenolysis which is not 

possible in neuronal cells due to the lack of glycogen as a glucose storage form. When 

glycogenolysis is used, the maintenance is independent from galactose metabolism. However, 

Gal-1-P that is less accumulated in CHO cells compared to neuronal HT-22 cells is a known 

inhibitor of phosphoglucomutase and glycogen phosphorylase and might also contribute to 

the maintenance. Furthermore, the ratio of galactose routed into glycolysis versus HBP may 

also influence UDP-GlcNAc/UDP-GalNAc levels. To evaluate which of the proposed 

mechanisms caused the maintenance of UDP-GlcNAc/UDP-GalNAc levels in CHO cells or 

the decrease in HT-22 cells, experiments with 
13

C-labeled galactose and subsequent analysis 

with 
1
H,

13
C-HSQC NMR spectroscopy should be accomplished. 

To date, there is only little information about the pathogenesis of galactosemia and it is still 

not known why certain tissues or organs are more prone to galactose toxicity. As a first step it 

is important to investigate the metabolite levels and metabolic pathways in different cell types 



as realized in this study. Evaluation of the precise mechanisms of the harmful secondary 

effects resulting from the limited ability of neuronal cells to metabolize galactose will give 

valuable information of galactose neurotoxicity. In this regard it should be focused on the 

formation of activated sugar nucleotides and the biosynthesis of glycoproteins and 

glycolipids, including O-GlcNAcylated proteins. 

 

 

 

 

Glucose deprivation or more precisely hypoglycemia is an important factor to which cells 

have to adapt in several diseases, including cancer (Gatenby & Gillies, 2004), diabetes (Cryer 

et al., 2003), or neurodegenerative diseases such as AD (Mosconi et al., 2008). These diseases 

are also all associated with changes in protein O-GlcNAcylation (Dias & Hart, 2007; Slawson 

et al., 2010).  

In accordance with previous studies (Marshall et al., 2004; Taylor et al., 2008; Taylor et al., 

2009), I have shown that UDP-GlcNAc levels in HT-22 cells depend on changes in glucose 

concentration. O-GlcNAcylation of proteins is regulated by UDP-GlcNAc availability 

because OGT is highly sensitive to varying UDP-GlcNAc concentrations (Haltiwanger et al., 

1992; Kreppel et al., 1997; Kreppel & Hart, 1999). Based on this, flux through the HBP and 

O-GlcNAcylation have been proposed as a nutrient sensor (Wells et al., 2003; Zachara & 

Hart, 2004; Love & Hanover, 2005). At this point I would have expected a linear decrease of 

UDP-GlcNAc levels with decreasing glucose concentration. However, this was not the case. I 

detected a sharp decline in the UDP-GlcNAc concentration in HT-22 cells when the glucose 

concentration in the culture medium was reduced from 18 mM to 12 mM. However, the UDP-

GlcNAc levels in HT-22 cells remained constant between 25 mM and 18 mM glucose and 

between 12 mM and 6 mM glucose. Hence, the UDP-GlcNAc concentration in neuronal HT-

22 cells does not decline linearly with decreasing glucose concentrations.  

A decrease in UDP-GlcNAc can be caused by a decrease in its synthesis, by enhanced O-

GlcNAcylation or a combination of both. Since increases in UDP-GlcNAc under 

hyperglycemic conditions have been shown to enhance protein O-GlcNAcylation, it would 

seem likely that hypoglycemia leads to decreased O-GlcNAcylation. However, exactly the 



 

opposite is true. Enhanced O-GlcNAcylation was observed in glucose deprived human 

hepatocellular carcinoma (HepG2) (Taylor et al., 2008; Talor et al., 2009), Neuro-2a 

neuroblastoma (Cheung & Hart, 2008), lung carcinoma A549 (Kang et al., 2009) cells, 

primary neonatal cardiomyocytes (Zou et al., 2012), and various other cells (Kang et al., 

2009; Zou et al., 2012). While there is great consensus that glucose deprivation enhances O-

GlcNAcylation the mechanisms leading to this phenomenon are not yet clear and seem to be a 

highly cell-specific feature. In Neuro-2a neuroblastoma cells, Cheung and Hart (Cheung & 

Hart, 2008) detected that OGT mRNA and protein expression was increased via activation of 

the AMP-activated protein kinase (AMPK) pathway in glucose deprived cells. AMPK is a 

nutrient sensor that is activated by increases in the AMP to ATP ratio. It maintains energy 

homeostasis by facilitating ATP production by increasing the activity or expression of 

proteins involved in ATP synthesis, whereas metabolic pathways that consume ATP are 

downregulated (Hardie et al., 2012). OGT activity on the other hand was found to be 

regulated by the stress-activated p38 mitogen-activated protein kinase (MAPK) pathway in 

glucose deprived Neuro-2a cells (Cheung & Hart, 2008). Taylor et al. detected in glucose 

deprived HepG2 cells that the increase in O-GlcNAcylation was mediated by an increase in 

OGT mRNA and proteins levels, as well as a decrease in OGA protein levels (Taylor et al., 

2008). However, the increase in O-GlcNAcylation was not mediated by the AMPK pathway 

in these cells (Taylor et al., 2009). Furthermore, these authors investigated that prevention of 

the decrease in HBP flux by low doses of GlcN reversed the effects induced by glucose 

deprivation on OGT expression and O-GlcNAcylation (Taylor et al., 2009). These 

observations lead to the assumption that decreased HBP flux mediates increased O-

GlcNAcylation in HepG2 cells (Taylor et al., 2009). Kang et al. detected unchanged O-

GlcNAc protein levels in glucose-deprived A549 cells, but they observed that OGT itself was 

less O-GlcNAcylated which led to increased OGT activity (Kang et al., 2009). Furthermore, 

OGA protein and activity were found to be reduced (Kang et al., 2009). These results are in 

contrast to the above mentioned studies, where OGT protein was up-regulated in response to 

glucose deprivation (Cheung & Hart, 2008; Taylor et al., 2009). Increased O-GlcNAcylation 

was also independent on activation of the AMPK pathway in A594 cells (Kang et al., 2009). 

The study by Kang et al. also showed that cultured cancer cells use glycogenolysis for the 

enhanced O-GlcNAcylation observed in glucose deprived cells and not for generating ATP 

(Kang et al., 2009). In line with Kang et al., Zou et al. detected decreased OGA, but not OGT 

protein in primary neonatal cardiomyocytes (Zou et al., 2012). Enzyme activities were not 

determined in this study. Their results indicate that increased cellular calcium and subsequent 

activation of calcium/calmodulin-dependent kinase (CaMKII) but not p38 MAPK are 



involved in increased O-GlcNAc levels in glucose deprived cells (Zou et al., 2012). Zou et al. 

also found that the increase in O-GlcNAcylation could be diminished or even blocked by 

GlcN (Zou et al., 2012). 

Based on these investigations one might hypothesize that the sharp decline observed between 

18 mM and 12 mM glucose may be due to the onset of increased O-GlcNAcylation in HT-22 

cells. One might assume that there is a threshold glucose concentration in HT-22 when 

increased O-GlcNAcylation starts and this threshold concentration lies between 18 mM and 

12 mM glucose in HT-22 cells when cultured for 72 h. This assumption would at least explain 

why I did not detect a linear decrease in the UDP-GlcNAc level with decreasing glucose 

concentration. Taylor et al. observed a steady decline in UDP-GlcNAc levels as well as O-

GlcNAcylation in the first 6 h of glucose deprivation, before induction of OGT occurred and 

they therefore suggested a negative feedback mechanism (Taylor et al., 2009). These 

observations, especially that O-GlcNAcylation is initially decreased in glucose derived cells, 

further indicates that the sharp decrease in UDP-GlcNAc levels I observed may be the 

threshold concentration where a switch from decreased O-GlcNAcylation to increased O-

GlcNAcylation happens initiated by a specific response. 

In this regard it is interesting to note that Zou et al. (Zou et al., 2012) observed the biggest 

increase in O-GlcNAc levels at a concentration between 3 mM and 4 mM of extracellular 

glucose in primary neonatal cardiomyocytes after a incubation time of 24 h. This is a 

concentration that should pretty much coincide with a starting concentration of 12 mM 

glucose but with an incubation time of 72 h. 

Taylor et al. and Zou et al. assume that enhanced O-GlcNAcylation is at least in part triggered 

by a decrease in HBP flux, because the effect could be reversed by GlcN (Taylor et al., 2009; 

Zou et al., 2012). I did not observe a significant decrease in the UDP-GlcNAc level in HT-22 

cells before the sharp decline in UDP-GlcNAc concentration occurred. This may indicate that 

there was no noticeable decrease in HBP flux before the hypothesized increased O-

GlcNAcylation, reflected by the sharp and not linear decrease occurred. However, to evaluate 

this, the glucose concentration steps (25 mM, 18 mM, 12 mM, 6 mM) have to be minimized.  

Before it was shown that glucose deprivation just like hyperglycemic conditions lead to 

enhanced O-GlcNAcylation, it was believed that O-GlcNAcylation was entirely regulated by 

substrate availability. The results may emphasize that formation of UDP-GlcNAc and in this 

context also O-GlcNAcylation may not only regulated by nutrient availability. 

 

In addition to UDP-GlcNAc levels, I tested the mRNA expression of the HBP enzymes 

GFAT, GlcN-6-P N-acetyltransferase, and UDP-GlcNAc pyrophosphorylase using qRT-PCR 



 

in HT-22 cells cultured for 72 h in medium containing 25 mM glucose compared to cells 

cultured 12 mM glucose. Both, the GFAT1 and GFAT2 isoforms were found to be expressed 

in neuronal HT-22 cells, whereas GFAT1 exhibited the higher mRNA level. I detected no 

significant changes in the expression of GFAT1 and GFAT2 mRNA in cells cultured in 

medium containing 25 mM glucose compared to 12 mM glucose. To the best of my 

knowledge there are no studies investigating the mRNA expression of GFAT in 

hypoglycemic conditions. Kang et al. on the contrary observed increased GFAT protein under 

glucose deprivation (Kang et al., 2009). However, mRNA levels and protein levels do not 

necessarily correlate (Gry et al., 2009). Furthermore, GFAT mRNA, as well as protein 

expression in hypoglycemia could be a cell type specific feature. Hyperglycemic conditions 

revealed also no effect on GFAT mRNA expression in human myotubes (Weigert et al., 

2003), MDA468 breast cancer cells (Paterson & Kudlow, 1995), and muscle and liver tissue 

of hyperglycemia-induced diabetic rats (Robinson et al., 1995). Although at least the data of 

GFAT mRNA expression indicate that GFAT is not involved in enhanced O-GlcNAcylation 

in both hyper- and hypoglycemic conditions further studies, especially in hypoglycemic 

conditions, are required. 

In contrast to GFAT, the mRNA levels of GlcN-6-P N-acetyltransferase and UDP-GlcNAc 

pyrophosphorylase were significantly decreased in HT-22 cells incubated with 12 mM 

glucose compared to 25 mM glucose. These results were quite surprising, because I would 

have expected an increase in the mRNA level of the enzymes of the HBP to counteract the 

decreased HBP flux due to limited glucose availability. Decreased mRNA levels will further 

contribute to decreased UDP-GlcNAc levels and it is interesting to know how cells 

accomplish the increase in O-GlcNAcylation under these circumstances.  

 

The above mentioned results refer solely to UDP-GlcNAc and the HBP. However, the sharp 

decrease between a glucose concentration of 12 mM and 18 mM was not only detected in 

UDP-GlcNAc, but also in UDP-GalNAc, UDP-Glc, UDP-Gal, UDP-GlcUA and UDP-

HexNAc. How can this be explained? UDP-GalNAc is the epimerization product of UDP-

GlcNAc. Therefore, it is consequential that UDP-GalNAc levels decrease in the same manner 

as UDP-GlcNAc. UDP-Glc and UDP-Gal can both be converted to Glc-6-P that can fuel the 

HBP when glucose is limited. Since neuronal cells do not contain glycogen as glucose storage 

form, this pathway may be probable. UDP-GlcUA cannot be converted into an intermediate 

that fuels the HBP, however, since UDP-GlcUA is the oxidation product of UDP-Glc, it is 

expected that the level of UDP-GlcUA decrease with decreasing UDP-Glc concentrations. On 



this account glucose deprivation may not only alter O-GlcNAcylation in cells, but may also 

severely affect the synthesis of many other glycans. 

 

 

In glucose-deprived cell cultures, glucose is supplied from intracellular glycogen through 

glycogenolysis. Thus the degree of decrease in the UDP-GlcNAc leves by glucose deprivation 

may depend on the ability of cells to store glucose as glycogen. Since astrocytes contain 

glycogen, but neuronal cells not (Cataldo & Broadwell, 1986; Magistretti et al., 1993), I was 

curious to figure out how UDP-GlcNAc levels decrease in glucose-deprived primary 

astrocytes compared to neuronal HT-22 cells. I compared UDP-GlcNAc levels in cells 

glucose-deprived for 12 h and 18 h compared to controls that were cultured in medium 

containing 25 mM glucose for the same time span. In both cell types UDP-GlcNAc levels 

decreased significantly when cells were glucose deprived for 12 h and prolonged glucose-

deprivation to 18 h did not significantly further reduce UDP-GlcNAc levels compared to 12 h 

glucose deprivation. As a side note, in HepG2 cells induction of O-GlcNAcylation appeared 

at 12 h glucose deprivation and therefore it will be of interest to assay UDP-GlcNAc levels at 

this time of occurrence (Taylor et al., 2009). However, the degree of the decrease in UDP-

GlcNAc concentration differed greatly in both cell lines. In HT-22 cells, glucose deprivation 

led to an 83 % decrease in the UDP-GlcNAc level, whereas in glycogen containing primary 

astrocytes a decrease of only 46 % was observed. These results clearly demonstrate that 

astrocytes are much more resistant against glucose deprivation than neuronal HT-22 cells and 

that most likely glycogen is used for maintaining UDP-GlcNAc synthesis in severe 

hypoglycemia. The observation that glycogen is used as a source for UDP-GlcNAc was also 

observed in cancer cells by Kang et al., 2009. These authors further investigated that glycogen 

is preferentially used for UDP-GlcNAc synthesis and not for generation of ATP because 

PFK1, a pivotal enzyme of glycolysis (Uyeda, 1979), was found to exhibit decreased protein 

expression levels in glucose deprived A549 lung carcinoma cells (Kang et al., 2009). In 

addition, increased O-GlcNAcylation of glycogen synthase was observed in glucose-deprived 

HepG2 cells which led to decreased activity of the enzyme (Taylor et al., 2009).  

 

 

In summary, I have shown that UDP-GlcNAc levels do not decrease linearly with decreasing 

glucose concentration in HT-22 cells. Between a concentration of 18 mM and 12 mM glucose 



 

there seems to be a threshold value which may reflect the induction of increased O-

GlcNAcylation commonly observed in glucose-deprived cells. This characteristic was not 

only observed in UDP-GlcNAc levels, but also in levels of UDP-GalNAc, UDP-Glc, UDP-

Gal, and UDP-GlcUA. My data reveal the changes of UDP-GlcNAc and other activated sugar 

nucleotides in response to physiological conditions occurring in diseases such as diabetes, 

cancer, or AD that are associated with aberrant O-GlcNAcylation. 

For future studies, it would be interesting to carry out this experiment in other cell types, e.g. 

astrocytes and to investigate whether the decrease in UDP-GlcNAc levels is also non-linear 

with a certain threshold concentration where the UDP-GlcNAc concentration declines sharply 

and if so, it would be of interest to investigate whether these threshold concentrations vary in 

different cell types. Moreover, OGT and OGA mRNA and protein levels, as well as, activity 

or O-GlcNAc levels could be examined and investigated if these correlate with the threshold 

concentration. Even though it appears that enhanced O-GlcNAcylation is a general response 

to glucose deprivation in cells, it should be tested if this is the case in neuronal HT-22 cells.  

Furthermore, I have shown that GFAT – the rate-limiting enzyme of the HBP – is not 

involved in provoking the sharp decrease in UDP-GlcNAc levels in glucose-deprived HT-22 

cells because its mRNA expression was not altered. GlcN-6-P N-acetyltransferase and UDP-

GlcNAc pyrophosphorylase mRNA levels in contrast were significantly decreased in HT-22 

cells incubated with 12 mM glucose instead of 25 mM and therefore definitely contributing to 

the decreased UDP-GlcNAc levels detected. These results are kind of controversial to the 

commonly observed increase in O-GlcNAcylation in glucose-deprived cells. However, there 

is limited knowledge about mRNA expression of HBP enzymes in hypoglycemic conditions 

and further studies, also on the protein expression and enzyme activity of these enzymes, are 

needed to understand the mechanisms. 

Moreover, I have shown that the decrease in UDP-GlcNAc is much more pronounced in 

neuronal HT-22 cells that do not have the ability to store glucose as glycogen, compared to 

glycogen containing astrocytes. This also implies that glycogen is used for synthesis of UDP-

GlcNAc in hypoglycemia.  

These results provide important information how UDP-GlcNAc synthesis and probably 

protein O-GlcNAcylation are regulated during hypoglycemia and may lead to better insights 

how these mechanisms contribute to several human diseases. 

 

 



 

NO is an important intercellular messenger in the CNS (Garthwaite & Boulton, 1995) that 

either prevents or causes apoptosis of cells in different biological systems (Melino et al., 

2000; Sastry & Rao, 2000). Previous studies have shown that treatment of astrocytes with NO 

switches astrocytes into a glycolytic state, while TCA cycle and thus mitochondrial 

respiration are inhibited. These studies mainly focused on the mRNA level of glycolytic 

enzymes, as well as glucose and lactate transporters or on particular metabolites of specific 

enzymatic pathways, such as glucose, lactate, or Fru-2,6-BP (Bolaños et al., 1994; Almeida et 

al.,2001; Almeida et al., 2004; Marcillac et al., 2011; Brix et al., 2012).  

NMR spectroscopy is a practical analytical method for simultaneous and nonselective 

detection and quantification of small metabolites through various metabolic pathways, like 

glycolysis and TCA cycle. On this account NMR spectroscopy has been proven to be useful 

in studying astrocytic and neuronal metabolism (e.g. Brand et al., 1993; Zwingmann & 

Leibfritz, 2003).  

In these experiments I used, in addition to 
1
H-NMR spectroscopy with unlabeled substances, 

[1-
13

C]glucose as a precursor for selective labeling of metabolites. 
13

C-labeling not only 

reduces the amount of cell mass needed for metabolite detection, it also provides the 

possibility to record isotope-edited 
1
H,

13
C-HSQC NMR spectra, which have the advantage of 

reduced complexity compared to 
1
H-NMR spectra. 

 

 

I have determined the glycolytic flux in astrocytes by quantifying de novo lactate synthesis 

using 
13

C-labeled glucose and analysis by NMR spectroscopy. I have shown that treatment of 

primary cortical astrocytes with nitric oxide leads to increased glucose consumption and 

lactate release into the medium. Both, glucose uptake and lactate release are doubled after 

NO-treatment under these conditions. The increase in lactate detected arises solely from [1-

13
C]glucose. This implies that glycolysis is enhanced in astrocytes treated with NO. There are 

mainly two reasons why cells, or in particular astrocytes, up-regulate glycolysis and hence 

lactate formation. First, to prevent energy (ATP) depletion when the respiratory chain is 

inhibited, and second, to supply neurons with lactate as an energy substrate during neuronal 

activation (Pellerein & Magistretti, 1994).  

The first reason for enhanced glycolysis is widely discussed in the literature, since excessive 

NO and its byproducts are potent inhibitors of the mitochondrial respiratory chain as detected 



 

in several systems, including astrocytes (Bolaños et al., 1994; Mitrovic et al., 1994; Heales et 

al., 1994; Brown, 1995; Barker et al., 1996; Almeida et al., 2001; Almeida et al., 2004) and 

neurons (Bolaños et al., 1995; Bolaños et al., 1996; Almeida et al., 2001; Almeida et al., 

2004). The effect of NO on the respiratory chain of astrocytes will be discussed in detail later 

in this chapter. 

It was shown that inhibition of the respiratory chain by NO (Moncada et al., 1991; Melino et 

al., 2000; Sastry & Rao, 2000) leads to enhanced glycolysis in astrocytes to maintain ATP-

levels (Almeida et al., 2004). This response, however, was not observed in neurons (Almeida 

et al., 2004). Almeida et al. have shown that treatment with NO leads to a 25 % decrease in 

ATP concentration in both astrocytes and neurons, but activation of glycolysis in astrocytes 

prevented further ATP reduction, whereas in neurons the ATP-depletion sustains. This 

decrease led to enhanced apoptotic cell death in neurons, whereas in astrocytes no increased 

apoptosis was observed (Almeida et al., 2001). Indeed, I could not detect any changes in cell 

viability in astrocytes treated with 0,8 mM of the NO-donor DETA-NONOate for 12 h, as 

evaluated by trypan blue staining. Astrocytes are regarded as “glycolytic” cells because other 

mitochondrial inhibitors, such as antimycin, robustly stimulate glucose metabolism through 

glycolysis, whereas this response fails in neurons to maintain ATP production (Pauwels et al., 

1985; Walz & Mukerji, 1988). In a subsequent study, Almeida et al. have shown that NO 

rapidly increases the activity of PFK1, a key regulator of glycolysis (Uyeda, 1979), in 

astrocytes (Almeida et al., 2004). They also observed an increase in the concentration of 

fructose-2,6-bisphosphate (Fru-2,6-BP), an allosteric activator of PFK1. In neurons, in turn, 

NO failed to alter PFK1 activity and Fru-2,6-PB concentration (Almeida et al., 2004). They 

assumed that this failure may be due to virtual absence of PFK2 (also referred to as PFKFB3), 

the enzyme responsible for Fru-2,6-BP production, in neurons (Almeida et al., 2001; Almeida 

et al., 2004). Both results (increase in PFK1 activity and Fru-2,6-BP concentration) are 

consistent with the results obtained by Brix et al.. These researchers detected an increase in 

PFK1 mRNA level and PFKFB3 mRNA level (Brix et al., 2012). This study has also shown 

that primary cultures of mouse cortical astrocytes treated with NO induce an enhancement in 

the expression of genes encoding various glycolytic enzymes as well as transporters for 

glucose and lactate and they found that this enhancement was due to HIF-1α stabilization 

(Brix et al., 2012). This NO-mediated HIF-1α stabilization was detected in astrocytes but not 

in neurons (Brix et al., 2012). Besides, it was recently shown that NO induces the expression 

of MCT4 in astrocytes, leading to a persisting enhancement in lactate production and release 

in astrocytes (Marcillac et al., 2011). Interestingly, NO synthesized in endothelial cells may 

be the source of NO to stabilize HIF-1α in astrocytes (Brix et al., 2012). Brix et al. found that 



endothelial cells, expressing the eNOS isoform, produced the largest amount of NO in cell 

culture (Brix et al., 2012). The end-feet of astrocytes enwrap virtually all blood vessels in the 

brain and are therefore in close contact to endothelial cells. Accordingly, stabilization of HIF-

1α and enhancement in MCT4 expression, as well as increased lactate production in 

astrocytes cocultured with primary cultures of brain vascular endothelial cells was observed. 

This effect was hindered when cells were treated with the NOS inhibitor L-NAME and was 

not seen when astrocytes were cocultured with neurons. The findings of Brix et al. suggest 

that endothelial cell-derived NO leads to elevated glycolytic activity in astrocytes via 

astrocytic HIF-1α activation (Brix et al., 2012). These findings support the role of NO as an 

important messenger molecule in the energy metabolism of the CNS by stabilizing HIF-1α, 

leading to regulation of glycolysis and lactate production in astrocytes, and subsequent lactate 

release to fuel neuronal energy needs. 

Furthermore, I have shown that fractional 
13

C-enrichment in extracellular lactate, in contrast 

to an absolute increase of synthesis of 
13

C-lactate from [1-
13

C]glucose, showed no significant 

alterations when astrocytes were exposed to NO. This means that the contribution of lactate 

derived from flux of [1-
13

C]glucose through glycolysis or lactate produced from unlabeled 

precursors is the same for both conditions. The fractional 
13

C-enrichment in lactate never 

reaches the maximal theoretical value due to attenuation of the label by incorporation of 

pyruvate and thus lactate derived from interconversion of unlabeled precursors. 
13

C-

enrichment in lactate from [1-
13

C]glucose of the order of 40 %, as I observed in my studies, 

indicates a high aerobic glycolytic flux in primary astrocytes (Zwingmann & Leibfritz, 2003). 

As already described, unlabeled lactate can be produced from unlabeled precursors such as 

fatty acids, amino acids present in the culture medium, involvement of the pentose phosphate 

pathway (PPP), or formation of lactate from TCA cycle intermediates. Glycogenolysis in 

astrocytes could also contribute to a decrease in 
13

C-enrichment in lactate. Glycogen is almost 

entirely localized in astrocytes and serves as an endogenous energy source. During 

glycogenolysis, astrocytes produce lactate, which then serves as an energy substrate for 

neurons (Dringen et al., 1993; Brown et al., 2004; Magistretti, 2006). For this reason, 

glycogenolysis is, in addition to glycolysis, required for the response of astrocytes to 

increasing energy demands. Hence I would have expected a decrease in 
13

C-enrichment when 

astrocytes are shifted into a glycolytic state. Since I did not observe any significant changes in 

fractional 
13

C-enrichment, these results may indicate that glycogenolysis is not enhanced in 

astrocytes treated with NO. However, it has to be kept in mind, that glycogen itself gets 
13

C-

labeled through incorporation of [1-
13

C]glucose. Enhanced glycogenolysis can only be in part 

responsible for a decrease in 
13

C-enrichment if and only if a small fraction of glycogen is 
13

C-



 

labeled. Another fact to consider is that a glucose concentration of 22 mM used in my cell 

culture experiments exceeds the concentration of glucose in the brain by far.  The normal 

extracellular glucose concentration in the brain ranges between 1 - 2 mM (McNay & Gold, 

1999). The glucose supply in my experiments was far from being consumed and therefore 

there was no necessity of the astrocytes to break down their glycogen storage. If the 

experiments had been carried out at the edge of sufficient glucose availability, glycogenolysis 

would have been more likely.  

To summarize, I detected elevated glycolysis in astrocytes treated with NO. This elevation is 

most likely a defense against inhibition of the respiratory chain. My results may also indicate 

that enhanced glycogenolysis, does not occur under these conditions because glucose is 

sufficiently available.  

 

 

Accumulation of the TCA intermediate citrate in cell extracts of astrocytes treated with NO 

was observed. This intracellular accumulation of citrate is not a big surprise, since NO is 

known to inhibit aconitase, the enzyme that catalyzes the reversible isomerization of citrate to 

isocitrate (Breusch, 1937), the initiating step of the TCA cycle. Direct detection of citrate 

accumulation in NO-treated astrocytes, however, has not been shown before. The 

isomerization by aconitase is a two-step reaction, involving dehydration and hydration with 

the formation of the intermediate cis-aconitate. Two aconitase isoenzymes exist in 

mammalian cells, the mitochondrial aconitase and the cytosolic isoform, which also functions 

as iron-responsive element 1 (IRP1) having a role in the regulation of iron metabolism (Tong 

& Rouault, 2007). Aconitase is an iron-sulfur proteins with a labile 4Fe-4S cluster in its active 

site. This cluster can be readily disassembled by various oxidants to form an inactive 3Fe-4S 

cluster (Beinert et al., 1996). Nitric oxide can bind to the iron center of aconitase and thus 

reversibly inhibit the enzyme (Andersson et al., 1998; Cooper, 1999). However, this 

disruption occurs at very low rates, since NO is a weak oxidant (Castro et al., 1994). 

Peroxynitrite (ONOO
‾
), however, is an oxidizing and nitrating agent that is rapidly formed by 

a reaction between the superoxide anion (O2
•−

) and NO (Beckman et al., 1990; Radi et al., 

1991). Peroxynitrite can rapidly oxidize and disrupt aconitase by release of iron from the 4Fe-

4S cluster (Castro et al., 1994; Hausladen & Fridovich, 1994; Cheung et al., 1998; Han et al., 

2005). Peroxynitrite also causes irreversible nitration of tyrosine and oxidation of the thiol-

groups of cysteine residues in the active center of aconitase which also leads to inactivation of 

the enzyme (Ischiropoulos et al., 1992; Stamler, 1994; Zou et al., 1997). Thiols, in particular 



GSH, are able to protect aconitase from the harmful effect of peroxynitrite (Cheung et al., 

1998). 

Citrate is a key metabolite that interfaces TCA cycle and mitochondrial respiration to 

glycolysis and fatty acid synthesis in the cytosol. During energy deficiency (low ATP), citrate 

is metabolized through the TCA cycle to produce the reducing equivalents NADH and 

FADH2, which are essential for ATP production in the respiratory chain. When the ATP level 

is high, citrate is transferred into the cytosol via a tricarboxylate transporter (Bisaccia et al., 

1989), where it is metabolized to cytosolic acetyl-CoA by the enzyme ATP-citrate-lyase and 

subsequently incorporated into fatty acids for energy storage (Cheema-Dhadli & Halperin, 

1976). It is assumed that constriction of the TCA cycle due to mitochondrial aconitase 

inhibition may lead to obesity, insulin resistance and diabetes (Belfiore & Iannello, 1998; 

Wlodek & Gonzales, 2003; Wolfgang & Lane, 2006). Citrate is also an allosteric inhibitor of 

phosphofructokinase, the rate limiting enzyme of glycolysis in the cytosol (Denton & Randle, 

1966; Randle, 1998). Since citrate is shuttled into the cytosol when ATP concentrations are 

high, citrate efflux leads to suppression of glycolysis. Inhibition of aconitase can, for this 

reason, lead to a decrease in the ATP level, stimulation of lipogenesis, and to a decrease in 

glycolysis. However, in astrocytes treated with NO, accumulation of citrate does not lead to 

decreased glycolysis. Quite to the contrary, enhanced glycolysis is observed by us and others 

(Almeida et al., 2001; Almeida et al., 2004; Marcillac et al., 2011; Brix et al., 2012), as 

judged by enhanced glucose uptake and de novo synthesis of lactate from [1-
13

C]glucose. The 

fact that citrate does not inhibit glycolysis may indicate that citrate takes over a different task 

in astrocytes coping with nitrous stress. 

In addition to NO and peroxynitrite, aconitase was also found to be inhibited by other ROS 

like the superoxide anion (Gardner et al., 1994; Patel et al., 1996; Gardner et al., 1997) and 

hydrogen peroxide (H2O2) (Tretter & Adam-Vizi, 2000). The liberation of reactive iron, due 

to the disassembly of aconitase, may further enhance oxidative damage of cellular 

components (Lipinski et al., 2005). It was shown that mitochondrial aconitase is more 

sensitive to ROS than the cytosolic isoform (Matasova & Popova, 2008). Treatment of HeLa 

S3 cells with the NO-donor DEA-NONOate (Diethylammonium (Z)-1-(N,N-

diethylamino)diazen-1-ium-1,2-diolate) also led to inhibition of mitochondrial aconitase, 

whereas treatment with H2O2 resulted in inhibition of cytosolic aconitase (Tong & Rouault, 

2007). 

In contrast to the intracellular accumulation of citrate, an increase of citrate release into the 

cell culture medium, however, was not detected in my experiments. Citrate release from 

astrocytes has been shown in in vitro studies. Citrate is exclusively released by astrocytes and 



 

is the only TCA cycle intermediate that can be found in large amounts in the culture media 

(Sonnewald et al., 1991; Westergaard et al., 1994). Citrate efflux was found to be higher in 

cerebellar astrocytes than cortical astrocytes (Westergaard et al., 1994). Therefore it may be 

the most important TCA cycle intermediate that is released by astrocytes and subsequently 

utilized by neurons. Since citrate release remains constant, although it is highly accumulated 

inside the cell, the results may indicate that the accumulated intracellular citrate is used for 

protection of astrocytes against the deleterious effects of NO and/or peroxynitrite. In contrast 

to my observation, Hassel et al. observed that the net export of citrate into the culture medium 

increased, when the aconitase inhibitor fluorocitrate was used for TCA cycle inhibition in 

astrocytes (Hassel et al., 1994).  

A protective effect of citrate on astrocytes has been shown before. Kelleher et al. 

demonstrated that citrate protects astrocytes, but not neurons, from hypoxia. However, if both 

cell types were co-cultured, citrate increased neuronal viability through its effect on astrocytes 

(Kelleher et al., 1996). Sonnewald et al., on the contrary, did not observe a protective effect 

of citrate during hypoxia, but they observed protective effects of citrate during prolonged 

hypoglycemia (Sonnewald et al., 2002).  

Kelleher et al. proposed two possible mechanism of citrate protection in the CNS under 

hypoxia (Kelleher et al., 1996). 1) They assumed on basis of a previous publication, where 

was Fru-1,6-BP used instead of citrate as an inhibitor of phosphofructokinase, that protection 

of astrocytes is not the result of increased glycolysis (Gregory et al., 1990). They assumed 

that glucose metabolism is shifted to the PPP, because citrate is an inhibitor of glycolysis and 

they have demonstrated this shift to the PPP in Fru-1,6-BP treated cells (Kelleher et al., 

1996). This shift ensures that ATP-production can be maintained. 2) Citrate can chelate 

divalent cations like Ca
2+

. Mitochondria are major calcium buffers and NO is known to 

stimulate Ca
2+ 

influx into neurons (Brorson & Zhang, 1997; Brorson et al., 1997; Marks et al., 

2005) and astrocytes (Bal-Price et al., 2002). Therefore, citrate can protect the CNS by 

reducing Ca
2+

 influx into cells.  

The first hypothesis for the protective effect of citrate cannot be brought in line with my 

findings of citrate accumulation in NO-treated astrocytes. As said, although citrate is an 

inhibitor of glycolysis, glycolysis was found to be enhanced in my experiments. Besides, no 

shift towards PPP was observed. Enhanced involvement of the PPP would also lead to a 

decrease in 
13

C-enrichment of lactate in NO-treated astrocytes, which was not observed in my 

studies. 

The second hypothesis, that citrate serves as a chelator of divalent cations, is more likely in 

my experiments. However, Ca
2+

 increase requires activation of the N-methyl-D-aspartate 



(NMDA) receptor by extracellular glutamate. Since glutamate is not supplemented into the 

culture media and glutamate is not detected in the incubation media of astrocytes, increased 

Ca
2+

 influx should not be an issue, at least in the experimental conditions I used. But, citrate is 

also able to chelate ferrous iron ions (Fe
2+

) (Bradbury, 1997). As already described, inhibition 

of aconitase by NO leads to release of Fe
2+

 from the 4Fe-4S cluster, which may enhance 

oxidative damage in cells (Lipinski et al., 2005). By chelating Fe
2+

, citrate can potentially 

protect astrocytes from the harmful effects of this iron ion. 

Given that 1) citrate accumulated due to inhibition of aconitase does not inhibit glycolysis in 

my experiments, although it is a known inhibitor of phosphofructokinase (Denton & Randle, 

1966; Randle, 1998) that is known to catalyze the rate limiting stept of glycolysis, and that 2) 

I did not observe enhanced citrate release into the cell culture medium due to NO-treatment, 

and that 3) treatment of HeLa S3 cells with the NO-donor DEA-NONOate was found to 

inhibit mitochondrial aconitase, but not cytosolic aconitase (Tong & Rouault, 2007) it may be 

hypothesized that citrate is not transferred into the cytosol. Citrate it is most likely needed in 

the mitochondria to protect astrocytes against damage by NO and/or peroxynitrite. Staying in 

the mitochondrion, citrate will not be able to inhibit glycolysis in the cytosol. Another 

possibility may be that if citrate is transferred into the cytosol, it is rapidly converted into 

acetyl-CoA by cytosolic ATP-citrate-lyase and maybe used for fatty acid synthesis, which 

will be discussed in the next chapter. 

Since citrate is produced in mitochondria, to be released into the medium it has to be 

transported from the mitochondria into the cytosol and from the cytosol into the medium. The 

transport across the inner mitochondrial membrane is mediated by the citrate carrier (CIC; 

also known as tricarboxylate transporter) in exchange for cytosolic malate (citrate-malate 

antiport) (Palmieri & Pierri, 2010; Sun et al., 2010). From there it can passively diffuse 

through an anion selective channel through the outer mitochondrial membrane to reach the 

cytoplasm (Sun et al., 2010). CIC is a nuclear-encoded protein, belonging to the 

mitochondrial carrier gene family SLC25 (Palmieri et al., 1992; Palmieri, 2004), that 

catalyzes the electroneutral transport of citrate (or isocitrate, and cis-aconitate) in exchange 

for another tricarboxylate, a dicarboxylate (like malate or succinate), or phosphoenolpyruvate 

(Palmieri et al., 1972). In the case of citrate/malate, CIC only transports single protonated H-

citrate
2-

 against the unprotonated malate
2- 

(Palmieri, 2004). In the cytosol citrate is cleaved by 

ATP-citrate-lyase to oxaloacetate and acetyl-CoA mainly for lipid biosynthesis. Oxaloacetate 

can be reduced to malate, which is either converted to pyruvate by malic enzyme or it can be 

used as counter-substrate for further citrate export of the mitochondrion (Palmieri, 2004). To 

export the highly accumulated citrate observed in my experiments out of the mitochondria, 



 

sufficient amounts of cytosolic malate are required. However, malate (as well as succinate) 

levels were too low to be detected by NMR spectroscopy in my experiments; supporting the 

hypothesis that citrate remains in the mitochondrion. Furthermore, CIC mRNA expression 

and protein levels are high in liver (where fatty acid synthesis takes place), pancreas, and 

kidney, but are low or absent in brain, heart, skeletal muscle, placenta and lung (Huizing et 

al., 1998). This means that in addition to the low malate levels, there are also probably only 

few CIC transporters in astrocytes to accomplish the transport. Interestingly, it was shown 

that GSH uptake from the cytosol into mitochondria was partially inhibited by citrate in brain 

mitochondria (Wadey et al., 2009). Hence, high cytosolic citrate levels would decrease the 

protecting effect of GSH against NO and/or peroxynitrite in mitochondria. 

Whilst citrate transport out of the mitochondria is known, citrate transport across the plasma 

membrane is not well investigated. For citrate uptake into the cytosol different transporters 

have been identified in brain tissue. The sodium-dependent citrate transporter (NaCT) is in 

brain almost exclusively expressed in neurons and therefore most likely responsible for 

uptake of citrate into neurons (Inoue et al., 2002a; Inoue et al., 2002b; Yodoya et al., 2006). 

Uptake of citrate released from astrocytes is necessary to supply neurons with TCA cycle 

intermediates to replenish the TCA cycle for synthesis of the neurotransmitters glutamate and 

γ-aminobutyric acid (GABA) and is known to modulate neuronal excitability (Westergaard et 

al., 1994; Schousboe et al., 1997). The plasma membrane transporter NaDC3 was found to be 

mainly localized in astrocytes and mediates citrate transport inwardly (Yodoya et al., 2006). 

The transport mechanisms and transporter for citrate release by astrocytes, however, are not 

known yet. It is so far known that citrate synthesis, as well as release, is probably controlled 

by extracellular K
+
 ions (Westergaard et al., 1994; Hassel & Sonnewald, 2002). For my 

assumption that citrate is not transported into the cytosol, it would be interesting to know, if 

citrate release from the cytosol into the medium depends on the cytosolic citrate 

concentration, because I have not seen an increase in citrate in the incubation medium of 

astrocytes treated with NO. If citrate release depends on the intracellular citrate concentration, 

this would substantiate my hypothesis that citrate remains in the mitochondrion. It is known 

that citrate release is independent of the extracellular citrate concentration (Westergaard et al., 

1994). For this reason, the lack of enhanced citrate release in NO-treated astrocytes cannot be 

a result of inhibition of the export due to the normal extracellular concentration of citrate. 

Moreover, there is evidence that chelation of Fe
2+

 by citrate may be involved in suppression 

of citrate release into the culture medium. In the above mentioned study of Hassel et al., 

where export of citrate into the culture medium was observed, fluorocitrate was used as an 

inhibitor of aconitase (Hassel et al., 1994). Inhibition of aconitase by fluorocitrate, in contrast 



to NO and/or peroxynitrite does not lead to liberation of iron from the 4Fe-4S cluster (Kent et 

al., 1985; Lauble et al., 1996).  

Previous studies have attributed the failure of neurons to compensate the NO-induced 

impairment of the respiratory chain by enhancing glycolysis to the inability of increasing 

expression of PFK2, an enzyme that is almost absent in neurons. PFK 2 is responsible for Fru-

2,6-BP production, a key activator of glycolysis (Almeida et al., 2001; Almeida et al., 2004). 

However, since I assume that citrate might play a role in protecting astrocytes from the 

harmful effects of NO, it is interesting to note, that exclusively astrocytes, but not neurons are 

able to produce citrate in large amounts (Sonnewald et al., 1991; Westergaard et al., 1994).  

 

Concomitant with the accumulation of citrate, I observed a decrease in intracellular glutamate 

content in astrocytes treated with NO. Glutamate is not completely recycled in astrocytes by 

glutamine formation via the “glutamine-glutamate cycle”. Glutamate is also used for the 

synthesis of other metabolites such as glutathione, cellular proteins, etc.. Moreover, glutamate 

is also recycled in the TCA cycles in neurons and astrocytes. To replenish the TCA cycle, 

glutamate is deaminated by the enzyme glutamate dehydrogenase (GDH) to form the TCA 

intermediate α-ketoglutarate. Since glutamine can be converted to glutamate by PAG, 

glutamine is also able to supply the TCA cycle. Due to the fact that the normal flux through 

the TCA cycle is blocked because of inhibition of aconitase, I assume that glutamate serves as 

an alternative substrate to fuel and thereby partially maintain a segment of the TCA cycle 

(Figure 49). Another advantage of glutamate entering the TCA cycle is that in the reaction of 

glutamate to α-ketoglutarate, as well as in two other reactions of the partially active TCA 

cycle, NADH is generated, which would otherwise decrease, when the whole TCA cycle is 

blocked. For this reason, glutamate may maintain the NADH level necessary for ATP 

production via the respiratory chain. In accordance with my observation of glutamate decrease 

and the assumption that it may be used to fuel the TCA cycle, decreased glutamate content 

was also observed in intact isolated nerve terminals treated with H2O2 (Tretter & Adam-Vizi, 

2000) and also in vivo in heart metabolites of rats (Fréminet, 1981). The authors of both 

studies also suggested that glutamate may serve as a substrate to replenish the TCA cycle. In 

addition, Tretter et al. found that the NADH level was maintained in intact isolated nerve 

terminals when aconitase was inhibited at low H2O2 concentrations (≤ 50 µM), and even 

when aconitase was inhibited by 100 % (Tretter & Adam-Vizi, 2000). At high H2O2 

concentrations (> 50 µM), they also found α-ketoglutarate dehydrogenase (α-KGDH), the 

enzyme that catalyzes the reaction of α-ketoglutarate to succinyl-CoA, to be inhibited (Tretter 

& Adam-Vizi, 2000). At this stage flux through the segment of the TCA cycle can no longer 



 

be preserved and the NADH level should decrease. Indeed, they found a decrease in NADH 

only under conditions, where α-KGDH and aconitase were inhibited simultaneously by H2O2 

(Tretter & Adam-Vizi, 2000). Inhibition of the α-KGDH complex and thus inactivation of the 

TCA cycle in microglia was also shown by NO and ONOO
‾
 after induction of iNOS with 

lipopolysaccharide (Park et al., 1999). Given the significant decrease of intracellular 

glutamate and the observation that viability of astrocytes was unchanged it is unlikely that α-

KGDH is inhibited by NO and/or ONOO
‾
 under my experimental conditions. 

 

 
Figure 49. TCA cycle influenced by NO. In the presence of NO/ONOO

-
 the TCA 

cycle enzyme aconitase is completely inhibited, leading to accumulation of citrate 
(green upwards pointing arrow). A concomitant decrease in intracellular glutamate 
leads to the assumption that glutamate becomes a key metabolite to fuel and thereby 
partially maintain a segment of the TCA cycle (bold blue arrows). To replenish the 
TCA cycle, glutamate is deaminated by GDH to form the TCA intermediate α-
ketoglutarate. The reaction of glutamate to α-ketoglutarate as well as two reactions of 
the partially active TCA cycle generate NADH. Glutamate may maintain the NADH 
level necessary for ATP production via the respiratory chain. GDH, glutamate 
dehydrogenase; NAD, nicotinamide adenine dinucleotide; NO, nitric oxide; ONOO

-
, 

peroxynitrite; TCA, tricarboxylic acid.  
 

Another observation that supports the assumption that glutamate replenishes the TCA cycle is 

that GS, which is primarily located in astrocytes, was found to be inhibited in human fetal 

brain cell cultures after induction of NO synthesis in astrocytes by the cytokines interleukin-1 

(IL-1) and tumor necrosis factor-α (TNF- α) (Chao et al., 1995). Inhibition of GS was also 

observed in primary cultures of astrocytes treated with the NO-donor S-nitroso-N-

acetylpenicillamine (Miñana et al., 1997). GS catalyzes the formation of glutamine from 

glutamate, which is subsequently supplied to neurons via the “glutamine-glutamate cycle”. 

This supply would lead to a loss of TCA cycle intermediates in astrocytes. Inhibition of GS 

α

‒



therefore ensures that glutamate remains in astrocytes to fuel the TCA cycle. However, 

intracellular as well as extracellular glutamine levels remained constant in my experiments. 

Hassel et al., on the contrary, observed reduced glutamine formation during treatment of 

astrocytes with the aconitase inhibitor fluorocitrate (Hassel et al., 1994). 

 Acute glutamate release from neurons or co-cultures of neurons and astrocytes due to NO is a 

known feature (Bal-Price & Brown, 2001). Recently, NO-induced glutamate release was also 

reported in astrocytes (McNaught & Jenner, 2000; Bal-Price et al., 2002). High levels of 

glutamate are exocytoxic to neurons, and thus glutamate released from astrocytes due to NO 

leads to neuronal death (McNaught & Jenner, 2000; Bal-Price et al., 2002). Interestingly, the 

glutamate release from astrocytes can be prevented by calcium chelators (Bal-Price et al., 

2002). I did not observe glutamate release from astrocytes after treatment with the NO-donor 

DETA-NONOate. On the one hand, this observation substantiates the assumption that the 

glutamate-pool in astrocytes is used to partially maintain the TCA cycle and on the other 

hand, the accumulation of citrate, which can chelate calcium, may prevent glutamate release. 

GSH is an important cellular antioxidant that is able to protect aconitase and mitochondrial 

respiration from the harmful oxidative stress of peroxynitrite like protein nitration and 

mitochondrial damage at complex I (Castro et al., 1994; Cheung et al., 1998; Castro et al., 

1998). GSH itself is thereby converted to its oxidized form glutathione disulfide (GSSG), 

leading to a decrease in the GSH level. Hence, a lack of glutathione facilitates NO- and 

ONOO
‾
-induced toxicity (Bolaños et al., 1996; Sims et al., 2004; Bharath & Andersen, 2005; 

Hsu et al., 2005). For this reason, the intracellular glutathione level would be a critical factor 

for cellular vulnerability to ONOO
‾
. A protective effect of GSH could also be verified by 

administration with GSH precursors, like glutathione mono-ethyl ester (Sims et al., 2004) and 

γ-glutamylcysteinyl ethyl ester (Drake et al., 2002; Boyd-Kimball et al., 2005). 

Overexpression of the rate-limiting enzyme of GSH synthesis, γ-glutamylcysteine synthetase, 

also prevented ONOO
‾
-stimulated oxidative stress (Diaz-Hernandez et al., 2005). Moreover, 

astrocytes supply neurons with precursors for glutathione synthesis, supporting an increase in 

neuronal GSH level (Bolaños et al., 1996; Dringen et al., 1999a; Dringen et al., 1999b; Wang 

& Cynader, 2000). Besides reduction of GSSG to regain GSH in a NADPH-dependent 

reaction (Kehrer & Lund, 1994) and expression and activity of γ-glutamylcysteine synthetase 

and GSH synthetase (Griffith & Mulcahy, 1999; Meister & Anderson, 1983) for de novo 

synthesis of GSH, GSH level also depends on the availability of its building blocks glutamate, 

cysteine, and glycine. De novo synthesis of GSH is generally quantitatively lower than 

reduction of GSSG to GSH by GSSG reductase (Kehrer & Lund, 1994; Akerboom et al., 

1982; Griffith, 1999). However, severe oxidative or nitrosative stress can reduce GSH levels, 



 

leading to higher GSSG levels (Griffith, 1999). For this reason, the decreased glutamate levels 

observed in astrocytes treated with NO, may lead to decreased GSH levels contributing to 

attenuation of the defense mechanisms of astrocytes under nitrosative stress.  

 

 

As already denoted, NO has impact on mitochondrial respiration. Amongst other 

mitochondrial constituents, NO was shown to inhibit cytochrome c oxidase (complex IV), the 

terminal enzyme of the respiratory chain, in astrocytes (Bolaños et al., 1994; Bolaños et al., 

1995) and mitochondria of other cells and tissue (Brown & Cooper, 1994; Cleeter et al., 1994; 

Schweizer & Richter, 1994). Mitochondria produce more than 90 % of cellular energy and 

cytochrome c oxidase is responsible for about 90 % of oxygen consumption in mammals 

(Chance et al., 1979; Babcock & Wikström, 1992). Cytochrome c oxidase is the complex of 

the respiratory chain that is most sensitive to NO and can be inhibited even at physiological 

concentrations, suggesting a physiological regulatory role (Cooper, 2002; Moncada & 

Erusalimsky, 2002), while inhibition of other components of the mitochondrial respiratory 

chain, including ATP synthase, may only occur at pathological conditions (Cooper, 2002; 

Moncada & Erusalimsky, 2002). The precise physiological role of NO-mediated inhibition of 

cytochrome c oxidase in astrocytes is not clearly understood to date. Physiological levels of 

NO cause reversible inhibition of cytochrome c oxidase in competition with oxygen (Brown 

& Cooper, 1994; Cleeter et al., 1994; Takehara et al., 1995; Cassina & Radi, 1996; Poderoso 

et al., 1996). Cytochrome c oxidase is located in the mitochondrial inner membrane, and 

catalyzes the oxidation of cytochrome c
2+

 to cytochrome c
3+ 

and the reduction of oxygen to 

water, and this is coupled to the translocation of protons across the membrane, establishing a 

protonmotive force that is used for ATP synthesis by ATP synthase (Babcock & Wikström, 

1992). The enzyme contains two hemes (cytochrome a and cytochrome a3) and two copper 

centers (CuA and CuB). Cytochrome a3 and CuB build a binuclear center that constitutes in its 

reduced form (Fe
2+

/Cu
+
) the oxygen binding site (Babcock & Wikström, 1992). NO binds to 

this oxygen binding site, inhibiting cytochrome c oxidase in competition with oxygen 

(Wainio, 1955; Brown & Cooper, 1994; Cleeter et al., 1994; Schweizer & Richter, 1994). 

Being competitive with oxygen, the inhibitory effect of NO on cytochrome c oxidase depends 

on oxygen tension in the examined cells or tissue. Inhibition of cytochrome c oxidase by NO 

in turn, leads to enhanced production of O2
•−

 due to transfer of single electrons to molecular 

oxygen (Palacios-Callender et al., 2004). This again, enables peroxynitrite formation by the 



reaction between NO and O2
•− 

(Poderoso et al., 1996; Clementi et al., 1998). While the effect 

of NO on complex IV of the mitochondrial respiratory chain is reversible, peroxynitrite exerts 

irreversible inhibition of complexes I (Murray et al., 2003; Brown & Borutaite, 2004; Pearce 

et al., 2005), II (Rubbo et al., 1994; Bolaños et al., 1995), III (Guidarelli et al., 2004; Pearce 

et al., 2005), of the respiratory chain, as well as ATP synthase (Cassina & Radi, 1996; Radi et 

al., 2002), via nitration of tyrosine residues and oxidation of thiol-groups. Hence, 

peroxynitrite converts the initial reversible inhibition of respiration into an irreversible 

inhibition. The activity of complex IV, on the contrary, which was shown to be reversibly 

inhibited by NO, was not significantly affected by peroxynitrite (Pearce et al., 1999; Pearce et 

al., 2002). Induction of iNOS in astrocytes by lipopolysaccharide plus interferon-γ, however 

caused an irreversible inhibition of complex IV, a less distinct inhibition of complex II, III, 

and no inhibition of complex I, concomitant with enhanced glycolysis and lactate formation 

(Bolaños et al., 1994). 

In neurons, NO either administered exogenously (Brorson & Zhang, 1997; Brorson et al., 

1997) or formed endogenously (Marks et al., 2005; Almeida & Bolaños, 2001) causes 

depolarization of mitochondrial membrane potential (ΔΨm), which reduces Ca
2+

 uptake, and 

thus decreases the ability of mitochondria to buffer cytosolic Ca
2+

 (Schweizer & Richter, 

1994; Marks et al., 2005). The loss of ΔΨm is associated with opening of the mitochondrial 

permeability transition pore (PTP) (Packer & Murphy, 1995; Scarlett et al., 1996) and release 

of solutes and small mitochondrial proteins, like cytochrome c, into the cytosol, initiating 

apoptosis (Tatton & Olanow, 1999). Preservation of ΔΨm is essential for cell survival as its 

breakdown has been shown to represent a point where apoptosis is already irreversible 

(Zamzami et al., 1995; Beltrán et al., 2000). In astrocytes, however, ΔΨm is maintained or 

even increased in presence of NO (Almeida et al., 2001; Takuma et al., 2001), an effect that 

was also observed in macrophages (Beltrán et al., 2000). This preservation may be the result 

of rapid activation of glycolysis. Indeed, the maintenance of ΔΨm in astrocytes is eliminated 

when astrocytes are prevented to produce ATP via the glycolytic pathway, leading to 

apoptotic cell death (Almeida et al., 2001). To further substantiate this hypothesis, it was 

shown that eosinophils, which contain only a small amount of mitochondria, generate their 

ΔΨm mainly through hydrolysis of ATP by F1F0-ATPase than from respiration (Peachman et 

al., 2001). 

Just to mention briefly, since NO targets cysteine and other thiol groups, the intracellular 

GSH level is, as in the case of aconitase, also a critical factor for the resistance of the 

mitochondrial respiratory chain against damage due to peroxynitrite. The glutamate decrease 

observed in my experiments may also lessen the protective effect of GSH against 



 

peroxynitrite induced inhibition of the respiratory chain. At the time when the GSSG:GSH 

level is increased under oxidative and nitrosative stress, de novo synthesis of GSH is required. 

De novo synthesis of GHS, however, may not proceed, when glutamine is used to replenish a 

part of the TCA cycle. In fact, it was shown that glutathione deficiency enhances NO- and 

especially peroxynitrite-induced cellular damage in the brain (Bolaños et al., 1996; Sims et 

al., 2004; Bharath & Andersen, 2005; Hsu et al., 2005). 

 

It is suggested that the UDP-GlcNAc level gives information about the metabolic state of a 

cell (Zhivkov et al., 1975; Spiro, 1984) and alterations in its level may provide an indication 

of the development of metabolic disorders. UDP-GlcNAc is an ideal metabolic marker that 

can be easily detected in 
1
H,

13
C-HSQC NMR spectra using [1-

13
C]glucose as a precursor to 

follow the incorporation of the label into UDP-GlcNAc. Especially astrocytes are well suited 

for investigations of UDP-GlcNAc levels, since I have shown that they exhibit the highest 

UDP-GlcNAc concentrations in the cells investigated.  

By using [1-
13

C]glucose as labeled substrate the 
13

C-label can be incorporated into 4 atoms of 

UDP-GlcNAc that are detectable with 
1
H,

13
C-HSQC NMR spectra. Two of them can be 

unambiguously identified and assigned without being overlapped with signals of other UDP-

sugars: the 
13

C-label at the C1 position in the GlcNAc residue and the 
13

C-label in the N-

acetyl group of UDP-GlcNAc. The C1 atom in the GlcNAc residue gets its label directly from 

the administered [1-
13

C]glucose and the N-acetyl group is labeled through cytosolic acetyl-

CoA. The 
13

C-label cannot be directly incorporated from [2-
13

C]acetyl-CoA that is produced 

via formation of [3-
13

C]pyruvate in glycolysis and subsequent generation of [2-
13

C]acetyl-

CoA via PDC in mitochondria, because acetyl-CoA cannot pass the mitochondrial membrane 

and UDP-GlcNAc synthesis occurs in the cytosol. For synthesis of cytosolic acetyl-CoA, [2-

13
C]acetyl-CoA generated via PDC in mitochondria is introduced into the TCA cycle, where it 

is aligned with oxaloacetate to produce citrate. In astrocytes, the 
13

C-label can also be 

introduced into the TCA cycle by replenishment with [3-
13

C]pyruvate via pyruvate 

carboxylase (PC), an enzyme selectively located in astrocytes (Wallace et al., 1998; 

Jitrapakdee & Wallace, 1999; Jitrapakdee et al., 2008), as shown in Figure 50.  

 



 

Figure 50. Incorporation of the 
13

C-label into UDP-GlcNAc using [1-
13

C]glucose as a precursor molecule. In 

glycolysis, [1-
13

C]glucose is metabolized to [3-
13

C]pyruvate, which is introduced into the TCA cycle either as [2-
13

C]acetyl-CoA via PDC or as [3-
13

C]oxaloacetate (labeling pattern not shown) via PC. After several turns through 
the TCA cycle the 

13
C-label can potentially be incorporated into any C-atom of citrate, whereby one of the terminal 

carboxyl groups always remains unlabeled due to incorporation of [2-
13

C]acetyl-CoA in each turn. Citrate is 
cleaved by ATP-citrate-lyase to acetyl-CoA and oxaloacetate. Due to the symmetry of citrate [1,2-

13
C]acetyl-CoA 

and [2-
13

C]acetyl-CoA is formed. The labeled acetyl-CoA is then transferred to UDP-GlcNAc by GlcN-6-P N-
acetyl-transferase leading to introduction of the 

13
C-label into the methyl group, as well as incorporation of the 

13
C-label into the carbonyl C-atom of UDP-GlcNAc. Replenishment of the TCA cycle with unlabeled substances is 

not considered in this overview for graphical clarity. The 
13

C-label deriving from [1-
13

C]glucose is also 
incorporated directly from glucose into the C1 of the GlcNAc residue. The 

13
C-label in the C1 of the ribose moiety 

is incorporated via PPP and pyrimidine biosynthesis and the C6 of uracil derives its label from aspartate formed in 
the TCA cycle used in de novo pyrimidine synthesis. ATP, adenosine triphosphate; CoA, coenzyme A; CYT, 
cytosol; GlcN, glucosamine; MITO, mitochondrion; PC, pyruvate carboxylase; PDC, pyruvate dehydrogenase 
complex; PPP, pentose phosphate pathway; UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine; TCA, 
tricarboxylic acid. 

 

In this enzymatic reaction, [3-
13

C]pyruvate is carboxylated to the TCA cycle intermediate [3-

13
C]oxaloacetate that condenses with [2-

13
C]acetyl-CoA to citrate, further contributing to 

13
C-

label incorporation into citrate. After several turns through the TCA cycle the 
13

C-label can 

potentially be incorporated into any C-atom of citrate, whereby one of the terminal carboxyl 

groups always remains unlabeled due to incorporation of [2-
13

C]acetyl-CoA in each turn.  

Citrate is then transported via CIC in exchange for malate into the cytosol, where it is cleaved 

by ATP-citrate-lyase to oxaloacetate and cytosolic acetyl-CoA. Considering the fact that 

citrate is a symmetrical molecule and one of the terminal carboxyl groups always remains 

+ +



 

unlabeled, [2-
13

C]acetyl-CoA and [1,2-
13

C]acetyl-CoA will be generated in this reaction. The 

13
C-labeled cytosolic acetyl-CoA is then incorporated into the N-acetyl group of UDP-

GlcNAc by GlcN-6-P N-acetyl-transferase, leading to introduction of the 
13

C-label into the 

methyl C-atom, as well as into the carbonyl C-atom of the N-acetyl group of UDP-GlcNAc. 

Compared to the 
13

C-label in the methyl C-atom, only at least half of the carbonyl C-atoms 

will be labeled and the carbonyl C-atom cannot be detected with 
1
H,

13
C-HSQC NMR spectra 

because for this kind of NMR experiments a proton has to be attached to the C-atom. The 
13

C-

label is also incorporated into the C1 of the ribose moiety of UDP-GlcNAc via PPP and 

pyrimidine biosynthesis and into the C6 of uracil that derives its label from aspartate formed 

in the TCA cycle used in de novo pyrimidine synthesis. However, since these signal overlap 

with other activated sugar nucleotides in 
1
H,

13
C-HSQC NMR spectra these signals are not 

well suited to investigate UDP-GlcNAc levels in cell extracts. 

 

A recent study in our lab has shown that the N-acetyl group of UDP-GlcNAc can serve as an 

ideal metabolic marker for impaired mitochondrial respiration using [1-
13

C]glucose and NMR 

spectroscopy in neuronal  HT-22 cells (Gallinger et al., 2011). In this study, neuronal HT-22 

cells were incubated either with sodium azide, a competitive inhibitor of complex IV of the 

respiratory chain, or with rotenone, an inhibitor of complex I of the respiratory chain 

(Gallinger et al., 2011). Sodium azide blocks O2 binding and electron transfer at the same site, 

leading to disruption of the proton gradient and subsequently ATP production comes to a halt. 

As a consequence of this, NADH oxidation to NAD
+
 by complex I of the respiratory chain is 

also inhibited and NADH accumulates. NAD
+
,
 
in turn, is an essential cofactor of PDC that 

transforms pyruvate into acetyl-CoA. Therefore, acetyl-CoA production decreases when 

NAD
+ 

is no longer available. Furthermore, inhibition of respiration switches cells to increased 

glycolysis to maintain energy homeostasis due to restricted ATP production. As a result of 

enhanced glycolysis, more pyruvate, the end-product of glycolysis, and thus lactate is 

produced. Pyruvate delivers the acetyl group for the formation of acetyl-CoA, connecting 

glycolysis and TCA cycle. Enhanced lactate production implies that pyruvate is no longer, or 

rather to a lesser extent, used for production of acetyl-CoA, which can no longer enter the 

TCA cycle and the TCA cycle is supposed to stop under these conditions. Besides, with 

increased lactate production cells try to sustain the NAD
+
 pool, because NADH is oxidized in 

this reaction. However, recovery of NAD
+ 

by reduction of pyruvate to lactate does only 

compensate the need of NAD
+
 for glycolysis and cannot replenish the lack of NAD

+
 caused 

by inhibition of complex I of the respiratory chain. 



Indeed, Gallinger et al. observed increased glucose consumption and enhanced lactate 

production in neuronal HT-22 cells, when the respiratory chain was inhibited with either 

sodium azide or rotenone. Furthermore, they have shown that the TCA cycle has stopped due 

to the lack of acetyl-CoA, as the peaks of the TCA cycle intermediates citrate and malate 

vanished in spectra of treated cells. But most interesting, they observed a decreased 

incorporation of 
13

C-labeled cytosolic acetyl-CoA into the N-acetyl moiety of UDP-GlcNAc. 

The label of the C1 atom in the GlcNAc residue was not affected by the treatment (Gallinger 

et al., 2011). It should also be noted that direct identification of 
13

C-labeled acetyl-CoA in 

1
H,

13
C-HSQC spectra of cell extracts is not unambiguously possible due to severe overlap 

with signals of other metabolites, e.g. succinyl-CoA.  

 

Using NMR spectroscopy and 
13

C-labeling, UDP-GlcNAc becomes a metabolic marker that 

simultaneously reflects fluxes through glycolysis, TCA cycle and cytosolic acetyl-CoA 

formation by ATP-citrate-lyase. Furthermore, it also reflects the energy status of the cell, 

because mitochondrial acetyl-CoA formation by PDC depends on NAD
+
 formation in the 

mitochondrial respiratory chain and cleavage of citrate to acetyl-CoA and oxaloacetate in the 

cytosol by ATP-citrate-lyase consumes ATP. Moreover, it reflects the flux of metabolites in 

between two cell compartments, the cytosol and the mitochondrion. 

 

Since NO, just like sodium azide, is a known competitive inhibitor of complex IV of the 

respiratory chain and peroxynitrite irreversibly inhibits the complexes I, II, III, as well as ATP 

synthase of the respiratory chain, I assumed that incubation of astrocytes with NO leads to an 

altered labeling of UDP-GlcNAc. But first of all, I quantified the total concentration of 

unlabeled UDP-GlcNAc and other activated sugar nucleotides after treatment with NO. 

However, no significant changes in the concentrations between NO treated astrocytes and 

controls were observed. This proves that although the cells have to cope with diminished ATP 

production due to inhibition of the respiratory chain, the HBP, as a minor branch of 

glycolysis, is not constricted to ensure that glucose is exclusively passed through glycolysis to 

maintain ATP production. Interestingly, Almeida et al. observed a time-dependent decrease in 

Fru-6-P and an increase in fructose-1,6-bisphosphate (Fru-1,6-BP) concentrations after 

treatment with 1,4 µM NO for 30 – 60 min in astrocytes, but not in neurons (Almeida et al., 

2004). The HBP branches off from glycolysis using Fru-6-P to from GlcN-6-P. A decrease in 

the Fru-6-P level and an increase in the Fru-1,6-BP level should therefore result in a decrease 

in flux through HBP and therefore minor UDP-GlcNAc formation. Cells can adjust this lower 

Fru-6-P supply by enhancing the activity of enzymes or by enhanced gene expression of the 



 

enzymes of the HBP. I observed an increased mRNA expression of the HBP enzymes 

GFAT1, GFAT2, GlcN-6-P N-acetyltransferase, and UDP-GlcNAc pyrophosphorylase. 

Nevertheless, it has to be mentioned that these results are preliminary and the experiments 

have to be repeated for validity (see Appendix 7.4). 

 

Quantification of UDP-GlcNAc and other activated sugar nucleotides cannot reveal the actual 

impact of aberrant glucose metabolism caused by NO on this metabolite, since the glucose 

moiety and the N-acetyl group of UDP-GlcNAc can be produced from other precursors than 

the administered glucose like glycogen, fatty acids, and TCA cycle intermediates. This was 

actually the case in the study of Gallinger et al.. Although they observed a decrease in the 

incorporation of 
13

C-labeled acetyl-CoA into the N-acetyl moiety of UDP-GlcNAc, the total 

concentration of UDP-GlcNAc was unaffected, indicating that unlabeled acetyl-CoA is 

incorporated into the N-acetyl group of UDP-GlcNAc (Gallinger et al., 2011).  

For this reason, I used [1-
13

C]glucose to distinguish from the peaks of unlabeled UDP-

GlcNAc synthesized from unlabeled precursors originating from substances other than 
13

C-

labeled glucose. But here again, no significant changes, neither of the 
13

C-label at the C1 

position in the GlcNAc residue nor of the 
13

C-label in the N-acetyl group of UDP-GlcNAc 

were detected in 2D, as well as 1D 
1
H,

13
C-HSQC spectra.  

 

The first question that raises is, if the respiratory chain is actually inhibited under these 

conditions. A concentration of 0,8 mM DETA-NONOate and incubation times of 12 h were 

used for treatments. These experimental conditions were used, because it was shown that HIF-

1α protein stabilization by NO was most effectively at concentrations between 0,8 and 

1,2 mM DETA-NONOate and between 6 – 12 h of DETA-NONOate treatment (Brix et al., 

2012). It was shown that HIF-1α stabilization and ensuing expression of glycolytic genes by 

endothelial cell-derived NO participates in the induction of the high glycolytic activity in 

astrocytes (Brix et al., 2012). Almeida et al. have shown that cellular respiration is inhibited 

in a concentration- and time-dependent manner. They measured the amount of NO released 

by 0,5 mM DETA-NONOate  with a NO electrode and found that 1,5 µM NO was continually 

released for at least 20 h in buffered Hank’s solution (pH 7,4) at 37 °C (Almeida et al., 2001). 

Furthermore, they detected that cellular respiration was inhibited by 85 %, in both neurons 

and astrocytes, after incubation with 0,5 mM DETA-NONOate for 60 min (Almeida et al., 

2001). Taking this into account, unless astrocytes somehow adapt to exposure of NO, the 

concentration of DETA-NONOate I used is within the range to inhibit cellular respiration 

over a time period of 12 h. As mentioned previously, the glucose concentration of 22 mM 



used in my cell culture experiments exceeds the concentration in the brain (1 – 2 mM) 

(McNay & Gold, 1999) by far. This is potentially important, because in addition to thiols, 

high levels of glucose (Lizasoain et al., 1996) and components of common buffers (Gadelha 

et al., 1997) were shown to suppress inhibition of cellular respiration caused by peroxynitrite. 

Glucose prevented peroxynitrite induced inhibition of cellular respiration with an half 

maximal inhibitory concentration of 8 mM, however inhibition by NO was not abolished 

(Lizasoain et al., 1996), which indicates that at least complex IV of the respiratory chain 

should be inhibited by NO in my experiments. Inhibition of complex IV leads to a standstill 

of the whole respiratory chain. Furthermore, Almeida et al. also accomplished their 

experiments with a glucose concentration of 20 mM and detected a distinct inhibition of 

cellular respiration (Almeida et al., 2001).  

However, the fact that I observed enhancement in glycolysis in my experiments is a clear 

evidence that mitochondrial respiration is inhibited in my experimental setup, because the 

rapid activation of glycolysis by NO is dependent on AMPK, which reacts when the 

AMP:ATP ratio increases during energy deficiency, resulting in activation of PFK2 and hence 

glycolysis. An increase in the AMP:ATP ratio, in turn, requires prior inhibition of 

mitochondrial respiration (Almeida et al., 2004). Bolaños et al., for instance, did not observe 

inhibition of respiration in astrocytes treated with 0,1 – 2 mM peroxynitrite, in the presence of 

5,44 mM glucose, whereas they detected inhibition of respiration, even with lower 

concentrations of peroxynitrite, in neurons. But what is striking, they did not observe 

enhanced glycolysis in astrocytes under these conditions (Bolaños et al., 1995). 

 

Gallinger et al. substantiated that the decrease of the 
13

C-labeling in the N-acetyl group of 

UDP-GlcNAc after inhibition of complex IV of the respiratory chain was due to a lack of 

NAD
+
. To proof this assertion, they incubated neuronal HT-22 cells with rotenone, an 

inhibitor of complex I (NADH-dehydrogenase) of the respiratory chain. The NADH-

dehydrogenase catalyzes the transfer of electrons from NADH to coenzyme Q and thus 

oxidation of NADH to NAD
+
. In contrast to inhibition of complex IV with sodium azide, 

inhibition of complex I does not lead to a breakdown of oxidative phosphorylation, because 

electron transfer at complex II is not affected. These experiments also resulted in a decrease in 

the intensity of the peak corresponding to the N-acetyl group of UDP-GlcNAc, proving that 

reduction of NAD
+
 is indeed responsible for impaired mitochondrial acetyl-CoA formation 

and thus cytosolic acetyl-CoA formation from 
13

C-labeled citrate that receives its label from 

condensation of oxaloacetate with mitochondrial [2-
13

C]acetyl-CoA. 



 

Aside from inhibition of complex IV by NO, there are also other effects that may lead to 

NAD
+
 depletion in my experiments. Peroxynitrite can also cause DNA damage, which leads 

to activation of poly(ADP-ribose) polymerase-1 (PARP-1) (Zhang et al. 1994; Szabó & 

Ohshima, 1997; Tapodi et al., 2005), a nuclear enzyme that participates in reparation of 

damaged DNA by binding to DNA strand breaks, leading to formation of branched 

poly(ADP-ribose) polymers, a reaction that consumes NAD
+
 and generates nicotinamide 

(Lindahl et al., 1995; Huber et al., 2004; Kim et al.; 2005). Restoration of NAD
+
 from 

nicotinamide requires ATP. Activation of PARP-1 due to peroxynitrite is therefore considered 

to either lead to NAD
+
 depletion or energy deficiency. It is suggested that PARP-1 over-

activation is linked to neuronal death (Critchlow & Jackson, 1998). Mitochondrial damage 

and apoptotic cell death provoked by PARP-1 activation has been shown in cortical neurons 

after oxygen and glucose deprivation (Tanaka et al., 2005). 

 

Furthermore, Brix et al. observed that NO treatment, identically equal to my experiments, 

enhanced the expression of the enzyme PDK1 in astrocytes but not in neurons (Brix et al., 

2012). PDK1 is responsible for the regulation of the activity of PDH, the first enzyme of the 

PDC that transforms pyruvate into acetyl-CoA. PDK1 causes inactivation of PDH by 

phosphorylating the enzyme. This implies that mitochondrial acetyl-CoA is no longer or to a 

lesser extent synthesized, favoring the formation of lactate from pyruvate. Under these 

conditions acetyl-CoA can no longer enter the TCA cycle to carry out oxidative respiration 

thus favoring glycolysis. Inactivation of PDH should therefore also lead to a decrease of the 

13
C-label in cytosolic acetyl-CoA and hence in the N-acetyl group of UDP-GlcNAc.  

To assume that there is still enough NAD
+ 

available in astrocytes treated with NO for the 

generation of mitochondrial acetyl-CoA by PDC, it has to be considered that aconitase is 

inhibited under these conditions having impact on citrate labeling and as a consequence of 

this on labeling of cytosolic acetyl-CoA that again provides the 
13

C-label in the N-acetyl 

group of UDP-GlcNAc. Since flux through the TCA cycle is impaired due to inhibition of 

aconitase, citrate accumulates and can no longer pass through the TCA cycle for several turns. 

Therefore, the 
13

C-label cannot be incorporated into potentially any C-atom of citrate 

anymore. Glutamate is most likely used to replenish the TCA cycle and thus partially 

maintaining it. In the experiments where I pre-incubated with [1-
13

C]glucose alone for 12 h 

before adding DETA-NONOate, glutamate will be itself 
13

C-labeled to some extent. 

However, there will also be unlabeled glutamate used for replenishment due to newly 

synthesized glutamate from unlabeled glutamine present in the incubation medium. In the 

experiments where [1-
13

C]glucose and DETA-NONOate were added at once, labeling of 



glutamate is not expected to a greater extent. It is also unknown to which extend [3-

13
C]pyruvate is introduced into the TCA cycle by PC. However, excluding these unknown 

factors, citrate will be at least mono labeled ([2-
13

C]citrate), leading to introduction of the 
13

C-

label into at least every other acetyl-CoA molecule synthesized by ATP-citrate-lyase und 

subsequent incorporation of the 
13

C-label into UDP-GlcNAc. These reflections show that it is 

still possible that the 
13

C-label deriving from [1-
13

C]glucose is still possible when NAD
+
 is 

available to generate mitochondrial [2-
13

C]acetyl-CoA although aconitase is inhibited and the 

TCA cycle is most like replenished with glutamate even if it is not 
13

C-labeled. Figure 51 

shows how the 
13

C-label is still incorporated into the N-acetyl group of UDP-GlcNAc when 

aconitase is inhibited, as observed in my experiments, since the intensity of the signal of the 

N-acetyl group did not decrease in 
1
H,

13
C-HSQC NMR spectra of cell extracts of astrocytes 

treated with DETA-NONOate compared to controls. 

 

I have hypothesized that citrate will most likely remain in the mitochondrion to possibly 

chelate Fe
2+

 ions that are released when the 4Fe-4S cluster of aconitase is disrupted by 

peroxynitrite. For the incorporation of the 
13

C-label, however, citrate has to be transported 

into the cytosol. Nevertheless, it is still more likely that the majority of citrate remains in the 

mitochondrion, because formation of cytosolic acetyl-CoA occurs under the expense of ATP 

and citrate is usually transported into the cytosol for fatty acid synthesis when ATP is high, 

which is clearly not the case when the mitochondrial respiratory chain is inhibited. However, 

there is still enough ATP available to produce sufficient amounts of de novo synthesized 

cytosolic 
13

C-labeled acetyl-CoA for incorporation into the N-acetyl group of UDP-GlcNAc. 

Incorporation of unlabeled acetyl-CoA deriving from degradation of fatty acids is not an 

alternative under these conditions. Fatty acid ß-oxidation occurs in the mitochondrion and 

relies on sufficient NAD
+
 supply that will be short in supply due to inhibition of the 

mitochondrial respiration chain. Aside from that the generated unlabeled acetyl-CoA from ß-

oxidation has to be metabolized the same way as cytosolic acetyl-CoA generated from [1-

13
C]glucose does, that means introduction into the TCA cycle, transport out of the 

mitochondria as citrate, and cleavage to cytosolic acetyl-CoA by ATP-citrate-lyase. 

 

Taken together, my results indicate that cytosolic 
13

C-labeled acetyl-CoA deriving from [1-

13
C]glucose is still generated in astrocytes treated with NO. This implies that the respiratory 

chain is not fully inhibited under these conditions and there is still sufficient NAD
+
 available 

to to sustain the formation of mitochondrial [2-
13

C]acetyl-CoA by PDC. In the study of 

Gallinger et al. the TCA cycle was completely paralyzed as evidenced by the disappearance  



 

 

Figure 51. Incorporation of the 
13

C-label deriving from [1-
13

C]glucose into UDP-GlcNAc using [1-
13

C]glucose 

when aconitase is inhibited by NO and/or peroxynitrite. In glycolysis, [1-
13

C]glucose is metabolized to [3-
13

C]pyruvate, which is introduced into the TCA cycle either as [2-
13

C]acetyl-CoA via PDC or as [3-
13

C]oxaloacetate via PC. Since flux through the TCA cycle is impaired due to inhibition of aconitase, citrate can no 
longer pass through the TCA cycle for several turns and accumulates. Therefore, the 

13
C-label cannot be 

incorporated into potentially any C-atom of citrate anymore. Glutamate is most likely used to replenish the TCA 
cycle and thus partially maintaining it. In the experiments where I pre-incubated with [1-

13
C]glucose alone for 12h 

before adding DETA-NONOate, glutamate will be itself 
13

C-labeled to some extent. However, there will also be 
unlabeled glutamate used for replenishment due to newly synthesized glutamate from unlabeled glutamine 
present in the incubation medium. In the experiments where [1-

13
C]glucose and DETA-NONOate were added at 

once, labeling of glutamate is not expected to a greater extent. It is also unknown to which extend [3-
13

C]pyruvate 
is introduced into the TCA cycle by PC. However, excluding these unknown factors, citrate will be at least mono 
labeled ([2-

13
C]citrate), leading to introduction of the 

13
C-label into at least every other acetyl-CoA molecule 

synthesized by ATP-citrate-lyase und subsequent incorporation of the 
13

C-label into UDP-GlcNAc. ATP, 
adenosine triphosphate; CoA, coenzyme A; CYT, cytosol; GlcN, glucosamine; MITO, mitochondrion; PC, pyruvate 
carboxylase; PDC, pyruvate dehydrogenase complex; PPP, pentose phosphate pathway; UDP-GlcNAc, uridine 
diphosphate-N-acetylglucosamine; TCA, tricarboxylic acid. 

 

of the peaks of the TCA cycle intermediates citrate and malate in spectra of sodium azide 

treated neuronal HT-22 cells (Gallinger et al., 2011). However, in my experiments, the TCA 

cycle was partially maintained by replenishment with glutamate which leads to preservation 

of NADH/H
+
 equivalents, which would otherwise decrease, when the whole TCA cycle is 

blocked. NADH/H
+
 equivalents are needed to maintain the mitochondrial membrane potential 

and thus NAD
+
 generation and ATP production. Furthermore, PDH, the first enzyme of PDC, 

cannot be completely inactivated by enhanced expression of PDK1. The essentials of the 

foregoing discussion are summarized in Figure 52.  

+

‒

α-



 

Figure 52. Impact of nitric oxide and peroxynitrite on the metabolism of astrocytes. The 
13

C-label deriving from   

[1-
13

C]glucose is still incorporated into the N-acetyl group of UDP-GlcNAc, proving that mitochondrial respiration 
is not fully disrupted by NO and/or ONOO

‒
. The incorporation of the 

13
C-label was monitored using NMR-

spectroscopy. Note: The exact incorporation of the 
13

C-label into individual carbon atoms is not depicted for 
graphical clarity. The route of the 

13
C-label is shown in pink. Only essential metabolites are highlighted in pink. 

The label can also be incorporated into carbon atoms of other molecules. In UDP-GlcNAc it is only shown that the 
acetyl moiety of the N-acetyl group is 

13
C-labeled. The label is also incorporated into the carbon attached to the 

anomeric proton of the GlcNAc moiety, as well as into the ribose and uracil moiety of UDP-GlcNAc. Glycolysis is 
stimulated, as judged by increased glucose uptake (green upwards pointing arrow) and lactate release (green 
upwards pointing arrow), due to inhibition of the mitochondrial respiratory chain by NO and/or ONOO

‒
 to maintain 

energy homeostasis. Lactate formation restores the NAD
+
 pool expensed by glycolysis. Besides being converted 

to lactate, pyruvate also enters the mitochondrion, where it is converted to acetyl-CoA by PDC to enter the TCA 
cycle. Aconitase is also inhibited by NO and/or ONOO

‒
, leading to citrate accumulation (green upwards pointing 

arrow). To maintain NADH production, glutamate is most likely used to replenish the TCA cycle (depicted in blue), 
further contributing to citrate accumulation. Citrate is at least in part transported into the cytosol by CIC. Since 
citrate release into the medium was not enhanced (green equal sign), I hypothesized that the majority of citrate 
may remain in the mitochondrion to possibly chelate reactive Fe

2+
 ions liberated by aconitase inhibition. Cytosolic 

citrate is converted to acetyl-CoA by ATP-citrate-lyase and is incorporated into the N-acetyl group of UDP-
GlcNAc. The incorporation of 

13
C-labeled acetyl-CoA into UDP-GlcNAc is not affected by NO and/or peroxynitrite 

(green equal sign). Inhibitors are shown in orange. Inhibition of glycolysis by citrate, as well as inactivation of PDC 
by PDK1 were not observed. Acetyl-CoA, acetyl-coenzyme A; ADP, adenosine diphosphate; ATP, adenosine 
triphosphate; CIC, citrate carrier; CoA, coenzyme A; FA, fatty acids; Fru-6-P, fructose-6-phosphate; Glc, glucose; 
Glc-6-P, glucose-6-phosphate; GLUT1, glucose transporter 1; Lac, lactate; MCT4, monocarboxylate transporter 4; 
NAD, nicotinamide adenine dinucleotide; NO, nitric oxide; ONOO

-
, peroxynitrite; Pi, inorganic phosphate; PDC, 

pyruvate dehydrogenase complex; PDK1, pyruvate dehydrogenase kinase 1; Pyr, pyruvate; TCA, tricarboxylic 
acid; UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine. (See text for further details.)  

 

 

 

 

 



 

 

In summary, I have shown in compliance with earlier studies, for the first time using [1-

13
C]glucose as a precursor for selective labeling and NMR spectroscopy as analytical method 

that treatment with NO switches primary cortical astrocytes into a glycolytic state as judged 

by increased glucose consumption and de novo lactate synthesis. This increase in glycolysis is 

most likely the response to defense against energy depletion due to inhibition of the 

respiratory chain by NO. A response that is solely attributed to astrocytes (Almeida et al., 

2004), but not to neurons (Almeida et al., 2004). A shift of glucose metabolism towards PPP 

to maintain ATP production was not observed in my experiments as revealed by calculation 

of fractional 
13

C-enrichment in extracellular lactate. Furthermore, that I did not observe 

significant alterations in the fractional 
13

C-enrichment in extracellular lactate when astrocytes 

were exposed to NO may also indicate that glycogenolysis, in addition to glycolysis, is not 

enhanced in astrocytes incubated with NO to serve as an endogenous energy source. 

However, the glucose concentration (22 mM) used in my experiments exceeded the normal 

concentration in the brain (1 - 2 mM) (McNay & Gold, 1999) and was far from being 

consumed. There was probably no necessity of the astrocytes to break down their glycogen 

storage.  

Moreover, I have shown for the first time, that citrate is accumulated in cell extracts of 

astrocytes treated with NO. Although NO is a known inhibitor of aconitase, the enzyme that 

catalyzes the reversible isomerization of citrate to isocitrate (Breusch, 1937), the direct 

detection of citrate accumulation in astrocytes, however, has not been shown before.  

Although citrate is an allosteric inhibitor of phosphofructokinase, the rate limiting enzyme of 

glycolysis, glycolysis is enhanced when astrocytes are exposed to NO, leading to the 

assumption that citrate may possibly not be transported out of the mitochondrion into the 

cytosol. I hypothesized that citrate accumulation in the mitochondria due to aconitase 

inhibition may concurrently prevent further damage of cellular components by chelating Fe
2+

 

ions that are liberated due to the disassembly of the 4Fe-4S cluster of aconitase. In contrast to 

a previous study, where fluorocitrate was used as an inhibitor of aconitase, I did not detect an 

increase of citrate release into the cell culture medium, although citrate is highly accumulated 

inside the cell. The difference between inhibition of aconitase by NO and/or peroxynitrite and 

fluorocitrate is that by inhibition with fluorocitrate iron is not liberated. This may further 

substantiate the hypothesis that citrate remains in the mitochondrion, possibly to chelate and 

thus protect astrocytes from the harmful effects of Fe
2+

 ions. Previous studies have attributed 

the failure of neurons to compensate the NO-induced impairment of the respiratory chain by 



enhancing glycolysis to inability of increasing PFK2, an enzyme that is almost absent in 

neurons (Almeida et al., 2001; Almeida et al., 2004). Since I assume that citrate might also 

play a role in protection of astrocytes from the deleterious effects of NO and/or peroxynitrite, 

it should be borne in mind that astrocytes, but not neurons are able to produce citrate in large 

amounts (Sonnewald et al., 1991; Westergaard et al., 1994).  

Aside from these observations, I observed a decrease in intracellular glutamate content in 

astrocytes treated with NO. Due to the fact that the normal flux through the TCA cycle is 

blocked because of inhibition of aconitase, I assume that glutamate serves as an alternative 

substrate to fuel and thereby partially maintains a segment of the TCA cycle. The 

mitochondrial membrane potential is maintained by NADH/H
+
 equivalents generated in the 

TCA cycle. If the mitochondrial respiratory chain is not completely inhibited by NO and/or 

peroxynitrite, partial maintenance of the TCA cycle by introduction of glutamate at the step of 

α-ketoglutarate at least to some extent sustains mitochondrial respiration and thus protects 

astrocytes against energy failure. Although NO-induced glutamate release has been reported 

in astrocytes (McNaught & Jenner, 2000; Bal-Price et al., 2002), I did not observe glutamate 

release from astrocytes after treatment with the NO-donor DETA-NONOate. This observation 

may corroborate the theory that the glutamate-pool in astrocytes is used to partially maintain 

the TCA cycle. 

Physiological levels of NO inhibit reversibly and in competition with oxygen complex IV of 

the mitochondrial respiratory chain (Brown & Cooper, 1994; Cleeter et al., 1994; Takehara et 

al., 1995; Cassina & Radi, 1996; Poderoso et al., 1996). Whereas peroxynitrite irreversibly 

inhibits complex I (Murray et al., 2003; Brown & Borutaite, 2004; Pearce et al., 2005), II 

(Rubbo et al., 1994; Bolaños et al., 1995), and III (Guidarelli et al., 2004; Pearce et al., 2005) 

of the respiratory chain, as well as ATP synthase (Cassina & Radi, 1996; Radi et al., 2002). 

UDP-GlcNAc is an ideal metabolic marker for impaired mitochondrial respiration using [1-

13
C]glucose and NMR spectroscopy as a recent study in our lab has shown (Gallinger et al., 

2011). However, although mitochondrial respiration is most likely impaired in my 

experiments as inferred from enhanced glycolysis, incorporation of the 
13

C-label in the N-

acetyl group of UDP-GlcNAc was not affected. This means that 
13

C-labeled cytosolic acetyl-

CoA deriving from [1-
13

C]glucose is still generated in astrocytes treated with NO. This 

observation implies that the mitochondrial respiration is not completely broken down in my 

experiments and NAD
+
 generation by complex I of the respiratory chain is at least to a certain 

extent maintained. Preservation of mitochondrial respiration is most likely supported by 

maintenance of the mitochondrial membrane potential due to ATP production in glycolysis 



 

and replenishment and thus partial maintenance of the TCA cycle by glutamate to deliver 

NADH/H
+
 equivalents. 

To conclude, astrocytes cope pretty well with the nitrosative stress induced by NO, using 

different cellular mechanisms, as also shown by the unchanged cell viability in my 

experiments. 

 

For future studies, it would be interesting to follow astrocytic NO-altered metabolism when 

the glucose availability is restricted in view of the glycolytic state of the cells and hence the 

ability to cope with impaired mitochondrial respiration. Furthermore, it would be interesting, 

to calculate the fractional 
13

C-enrichment under these conditions to examine if the glycogen 

stores are used to maintain energy homeostasis and if the cells switch towards PPP to 

maintain ATP production. To resolve at least in part the question, to which extent citrate is 

shuttled from the mitochondrion into the cytosol, the lipids in the chloroform phase of the 

M/C extracts could be quantified. If citrate is shuttled to a greater extent into the cytosol it is 

most likely that it is used for fatty acid synthesis. To substantiate the hypothesis that 

glutamate is used to replenish and thus partially maintain the TCA cycle, it would be 

interesting to investigate if PAG, the enzyme that catalyzes the deamination of glutamine to 

glutamate, exhibits higher mRNA expression or a higher activity in astrocytes treated with 

NO. If so, it is guaranteed, that more glutamate can be introduced into the TCA cycle. 

Inhibition of GS, the enzyme that catalyzes glutamine formation from glutamate, has already 

been shown to be inhibited in astrocytes treated with the NO-donor S-nitroso-N-

acetylpenicillamine (Miñana et al., 1997). Anyway, the effect of NO should also be 

investigated in primary neurons and co-cultures of neurons and astrocytes using [1-

13
C]glucose as a precursor for selective labeling and NMR spectroscopy as analytical method. 

It is extremely interesting to investigate citrate formation and glutamate consumption in NO-

treated neurons compared to astrocytes. Maybe, the lesser extent of citrate formation in 

neurons is another aspect in addition to the almost absence of PFK2 why neurons fail to cope 

with nitrosative stress induced by NO. 

 

Citrate is an essential metabolite in mammalian metabolism and cation chelation and citrate 

levels are strictly regulated. A decrease in aconitase activity is associated with 

neurodegenerative diseases where oxidative stress plays a role, like Parkinson’s disease and 

Alzheimer’s disease (Hinerfeld et al., 2004). Accumulation of iron, which may have been 

released after disruption of the 4Fe-4S by NO and/or peroxynitrite, was observed in the brain 

of people with Parkinson’s disease (Salvatore et al., 2005). In addition, mitochondrial 



aconitase is also a key target of oxidative damage during aging (Delaval et al., 2004; Yarian 

et al., 2006). 

Protein nitration by peroxynitrite may also be involved in the development of neurological 

disorders. Nitration of proteins for example, may be involved in the mechanisms of the 

pathogenesis in Alzheimer’s disease, since a number of proteins were found to be nitrated in 

in the brain of patients with Alzheimer’s disease, correlating with amyloid-ß deposits (Sultana 

et al., 2006). The parkin protein was found to be S-nitrosylated in an in vivo mouse model of 

Parkinson’s disease, as well as in the brain of patients with this disease (Chung et al., 2004). 

Furthermore, in consistency, NO production by iNOS was found to be abnormally enhanced 

in glia cells and a mouse model with this disorder (Liberatore et al., 1999; Wu et al., 2002). 

iNOS expression was also found in the brain of patients with Alzheimer’s disease (Heneka et 

al., 2001; Haas et al., 2002) and in astrocytes exposed to amyloid-ß (Hu et al., 1998; Haas et 

al., 2002). Also, inhibition of complex I of the respiratory chain is associated with 

Parkinson’s disease (Schapira et al., 1990a; Schapira et al., 1990b), whereas inhibition of 

complex IV is connected to Alzheimer’s disease (Bennett et al., 1992; Kish et al., 1992; 

Mutisya et al., 1994), both complexes are known to be inhibited by peroxynitrite and NO, 

respectively. GSH is known to protect mitochondria against NO and/or peroxynitrite induced 

damage. GSH levels were found to be reduced in postmortem brain tissue of patients with 

Parkinson’s disease (Jenner et al., 1992). Moreover, levels of human iNOS mRNA and thus 

NO production was found to be significantly increased in astrocytes in brains of patients with 

multiple sclerosis (Bö et al., 1994; Bagasra et al., 1995; Hill et al., 2004). 

Besides being involved in the pathogenesis of many neurological disorders, it should not be 

disregarded that NO is also a physiological molecule by being an important intercellular 

messenger in the CNS that can be produced by all brain cells, including astrocytes, neurons, 

and endothelial cells (Garthwaite & Boulton, 1995; Murphy & Grzybicki, 1996). This 

physiological role was also emphasized by the finding that NO produced in endothelial cells 

leads to a high glycolytic activity in astrocytes via astrocytic HIF-1α activation, leading to 

stimulated lactate production that can serve to fuel neuronal energy needs. These findings 

suggest that NO plays an important role in brain energy metabolism (Brix et al., 2012). Since 

astrocytes cope well with the nitrous stress induced by NO and/or peroxynitrite and 

mitochondrial respiration is not completely disrupted in my experiments, it is presumable that 

NO deriving from endothelial cells is a physiological signal for astrocytes to enhance lactate 

formation for neuronal energy supply. 

 



 

Also there are many studies suggesting a central role of NO in the development of 

neurological disorders, hitherto hardly little is known about development and mechanisms of 

these diseases and as well as its role in brain energy metabolism, in particular in view of the 

different vulnerability of astrocytes and neurons to NO. NMR spectroscopic detection of 

metabolites involved in the metabolism of brain cells coping with nitrous stress induced by 

NO using 
13

C-labeling, facilitates the elucidation of the aberrant metabolic profile helping to 

understand the mechanisms involved in the development of these neurodegenerative diseases.  

 

 

 

In this chapter I have shown that Aß strongly influences the rate of glycolysis in neuronal HT-

22 cells and primary astrocytes. In addition, by investigating UDP-GlcNAc levels under 

influence of Aß, I have provided further evidence that the two major hallmarks of 

Alzheimer’s disease - Aß containing senile plaques (LaFerla et al., 2007) and NFTs 

aggregated from hyperphosphorylated tau (Grundke-Iqbal et al., 1986a; Grundke-Iqbal et al., 

1986b) - are mechanistically linked.  

 

 

Alzheimer’s disease is commonly associated with impaired glucose uptake and metabolism as 

revealed by the use of FDG-PET (Mielke et al., 1992; Mosconi et al., 2008). Contrary to this, 

I have detected a significant increase in glucose uptake in neuronal HT-22 cells incubated 

with Aß25-35. Since lactate synthesis was also significantly increased in these cells, it can be 

concluded that Aß25-35 enhances glycolysis in neuronal HT-22 cells. In primary astrocytes, 

Aß25-35 also led to significantly elevated lactate levels. Glucose utilization was not 

significantly increased in these cells, but there was a trend towards increased glucose uptake, 

also indicating enhanced glycolysis in these cells.   

These contradictory results obtained by us are not an exception. The role of glucose 

metabolism in Alzheimer’s disease is controversially discussed and the cause of impaired 

glucose uptake is not fully understood. In consistency with my results, Aß-induced increase in 

glucose uptake was investigated in cortical neurons (Soucek et al., 2003). In hippocampal 

neurons increased glucose uptake in the presence of Aß was detected in embryonic neurons, 



but not in middle-age or old neurons (Patel & Brewer, 2003). Whereas a decrease in neuronal 

glucose uptake was observed in cultured rat hippocampal and cortical neurons exposed to Aß 

(Mark et al., 1997). In astrocytes the majority of reports show that glucose uptake is 

decreased after treatment with Aß (Parpura-Gill et al., 1997; Soucek et al., 2003; Schubert et 

al., 2009). However, in a recent study of Allaman et al., an increase in glucose uptake and 

lactate release was shown in astrocytes exposed to Aß25-35 (Allaman et al., 2010). 

How these discrepancies in isolated cells occur is not clear. One possible explanation may be 

differences in treatment of these cells, such as Aß concentration and incubation time. As 

deduced from the results of Patel & Brewer (Patel & Brewer, 2003), the age of the cells may 

also be a crucial factor. Furthermore, results from isolated cell culture experiments cannot be 

transferred to processes in a complex organ. Moreover, Alzheimer’s disease develops over 

many years and metabolism of involved brain cells may change over a long period.  

 

 

In the discussion above no explanation for the mechanism(s) leading to enhanced glycolysis 

was given. In the previous chapter we discussed extensively how inhibition of the 

mitochondrial respiratory chain by NO and/or peroxynitrite would affect UDP-GlcNAc 

synthesis.  

Briefly, UDP-GlcNAc derives its N-acetyl group from cytosolic acetyl-CoA. Cytosolic acetyl-

CoA can be de novo synthesized from glucose. Glucose is converted to pyruvate via 

glycolysis in the cytosol. Pyruvate then enters the mitochondrion, where it is converted to 

acetyl-CoA by PDC. Since acetyl-CoA cannot pass the mitochondrial membrane, it is 

introduced into the TCA cycle. The TCA cycle intermediate citrate is then transported out of 

the mitochondrion into the cytosol, where it is cleaved by ATP-citrate-lyase to oxaloacetate 

and cytosolic acetyl-CoA (see also Figure 51 and Figure 52 in Chapter 4.5.3). Alternatively to 

de novo synthesis, acetyl-CoA can also be generated by degradation of fatty acids. Since fatty 

acid ß-oxidation occurs in the mitochondrion, the acetyl-CoA generated from fatty acids, also 

has to be exported as citrate. Cytosolic acetyl-CoA is then incorporated into the N-acetyl 

group of UDP-GlcNAc by GlcN-6-P N-acetyl-transferase.  

When the mitochondrial respiratory chain is inhibited, NADH oxidation to NAD
+
 by 

complex I of the respiratory chain comes to a halt and NADH accumulates. NAD
+
 is an 

essential cofactor of PDC that transforms pyruvate into acetyl-CoA. For this reason, acetyl-

CoA production in the mitochondrion decreases when NAD
+
 is no longer available. Under 

these conditions, acetyl-CoA can no longer enter the TCA cycle and the TCA cycle stops. As 



 

a result, citrate is no longer produced, also leading to decreased formation of cytosolic acetyl-

CoA. Cytosolic acetyl-CoA can no longer be incorporated into the N-acetyl group of UDP-

GlcNAc and UDP-GlcNAc levels in cells are supposed to decrease. Besides, formation of 

acetyl-CoA via fatty acid degradation is not likely when the mitochondrial respiration chain is 

inhibited, because ß-oxidation also relies on sufficient NAD
+
 supply.  

 

Aß is known to trigger oxidative stress leading to inhibition of the mitochondrial respiratory 

chain (Behl et al., 1994; Miranda et al., 2000; Canevari et al., 2004). This process is not only 

limited to neurons and also takes place in astrocytes (Abramov et al., 2004; Canevari et al., 

2004). There is strong evidence that at least one cause of tau hyperphosphorylation in neurons 

is mitochondrial dysfunction and that these processes are induced by Aß (Melov et al., 2007; 

Su et al., 2010; Garwood et al., 2011), indicating that tau pathology is secondary in the 

development of Alzheimer’s disease. 

To exert its toxic effects, Aß cannot only be internalized into the cytosol in the cell, but can 

also be transported into the mitochondrion (Pagani & Eckert, 2011) via the translocase of the 

outer membrane (TOM) (Hansson Petersen et al., 2008). Mitochondria were found to be the 

main target of Aß toxicity because Aß and its precursor protein were found to be accumulated 

in mitochondria of Alzheimer’s disease brains (Devi et al., 2006; Pavlov et al., 2009). In the 

mitochondrion especially complex IV of the respiratory chain seems to be mostly affected by 

Aß. In transgenic Alzheimer’s disease mice, complex IV activity, as well as protein levels 

were found to be decreased compared to age-matched controls (Manczak et al., 2006; Rhein 

et al., 2009). Direct inhibition of complex IV was also shown by dimeric Aß1-42 in a dose-

dependent manner in isolated human mitochondria (Crouch et al., 2005). Furthermore, 

decreased complex IV activity and/or expression were found in human Alzheimer’s disease 

brains (Rapoport, 1999; Blass et al., 2000). Underexpression of all complexes of the 

respiratory chain, including ATP synthase (complexes I-V) was also detected in human 

Alzheimer’s disease brains at the protein level (Liang et al., 2008). 

Inhibition of the mitochondrial respiratory chain is most likely mediated by enhanced ROS 

production caused by Aß. Aß triggers cytokine release in astrocytes (Gitter et al., 1995) and 

activates iNOS in astrocytes leading to enhanced release of NO (Akama et al.,1998; Schubert 

et al., 2009). Elevated NO levels and enhanced activity of nNOS and iNOS were also detected 

in neuron-like PC12 cells exposed to increasing concentrations of Aß (Keil et al., 2004). 

Inhibition of intracellular Aß production by a γ-secretase inhibitor reduces NO production and 

normalizes cellular ATP levels, which had been reduced due to inhibition of the 

mitochondrial respiratory chain by Aß (Keil et al., 2004). Another effective source of 



oxidative stress is H2O2. Increased H2O2 production has been observed in transgenic 

Alzheimer’s disease mice and directly correlated with increased Aß levels (Manczak et al., 

2006; Yao et al., 2009). Incubation with Aß also increased H2O2 production in astrocytes 

(Allaman et al., 2010) and neurons (Behl et al., 1994). As described in the previous chapter, 

peroxynitrite is a potent oxidant that can be formed by a reaction of NO with O2
•−

 (Beckman 

et al., 1990; Radi et al., 1991). Peroxynitrite causes nitration of tyrosine residues. Nitrated 

tyrosine residues have been found in neurons and glia in Alzheimer’s disease brain (Good et 

al., 1996; Smith et al., 1997), making peroxynitrite also accountable for oxidative stress in 

Alzheimer’s disease. Besides, protein nitration, protein oxidation and lipid peroxidation (all 

harmful effects of ROS) were also detected in NFTs and Aß plaques in Alzheimer’s disease 

brain (Perry et al., 2000). The ultimate consequence of these cellular dysfunctions induced by 

ROS formation is neuronal death (Varadarajan et al., 2000). 

It has been shown that levels of the antioxidant GSH are depleted in astrocytes exposed to Aß 

(Abramov et al., 2003). The oxidative damage caused by Aß can be inhibited by exogenous 

GSH (Medina et al., 2002) or by up-regulation of GSH synthesis (Boyd-Kimball et al., 2005), 

as well as by the antioxidant and free radical scavenger vitamin E in primary neuronal 

cultures (Yatin et al., 2000). Since astrocytes supply neurons with precursors for GSH 

synthesis (Bolaños et al., 1996; Dringen et al., 1999a; Dringen et al., 1999b; Wang & 

Cynader, 2000), depletion of GSH by Aß in astrocytes will also affect neuronal GSH levels, 

making them more susceptible to oxidative stress. Moreover, GSH levels in rat brain have 

been shown to diminish with age (Liu & Choi, 2000; Zhu et al., 2006). Activities of 

antioxidant enzymes glutathione peroxidase, superoxide dismutase and catalase were also 

found to be significantly lower in patients with Alzheimer’s disease compared to controls 

(Vural et al., 2010).  

I detected significantly lower UDP-GlcNAc and UDP-GalNAc levels in primary cortical 

astrocytes, but not in neuronal HT-22 cells treated with Aß25-35. On the basis of the extensive 

evidence that Aß induces oxidative stress in cells, I hypothesize that the decrease is caused by 

inhibition of the mitochondrial respiratory chain. Cytosolic acetyl-CoA can no longer be 

produced and incorporated into the N-acetyl group of UDP-GlcNAc. Since OGT is highly 

sensitive to varying UDP-GlcNAc concentrations (Haltiwanger et al., 1992; Kreppel et al., 

1997; Kreppel & Hart, 1999), reduced UDP-GlcNAc levels by this mechanism, in turn, may 

be at least one possible factor contributing to decreased O-GlcNAcylation and thus 

hyperphosphorylation of tau in Alzheimer’s disease.  

Concomitant with the decrease in UDP-GlcNAc and UDP-GalNAc levels, I detected a 

significant increase in the mRNA expression of the GFAT1 isoform - the rate limiting enzyme 



 

of the HBP - in Aß treated primary astrocytes. This increase implies that the HBP may 

compensate the Aß-induced reduced flux through the HBP. There was also a slight trend 

towards increased GFAT2 (which is less expressed than GFAT1 in astrocytes as well as 

neuronal HT-22 cell), GlcN-6-P N-acetyltransferase, and UDP-GlcNAc pyrophosphorylase 

mRNA levels. In accordance with the nonappearance of altered UDP-GlcNAc levels in HT-22 

cell exposed to Aß, I detected no changes in the mRNA level in enzymes of the HBP. These 

results also provide an indication that Aß does not affect the formation of UDP-GlcNAc in 

these cells.  

The assumption that Aß reduces UDP-GlcNAc levels in primary astrocytes is strongly 

substantiated by the fact that other enzymes involved in UDP-GlcNAc synthesis are 

dysregultated in Alzheimer’s disease. PDC, the enzyme that transforms pyruvate into acetyl-

CoA, as well as the TCA cycle enzyme α-KGDH complex are deficient in Alzheimer’s 

disease brain (Sorbi et al., 1983; Gibson et al., 1998; Blass et al., 2001; Casley et al., 2002). 

Both enzymes are crucial for generation of cytosolic acetyl-CoA for UDP-GlcNAc synthesis 

in the cytosol. Last but not least expression of ATP-citrate-lyase, the enzyme responsible for 

acetyl-CoA generation in the cytosol, was found to be decreased in post-mortem brain tissues 

from Alzheimer’s disease cases (Perry et al., 1980; Sorbi et al., 1983). The decrease in 

expression correlated with decreased acetyl-CoA production in Alzheimer’s disease brains 

(Sorbi et al., 1983). ATP-citrate-Lyase activity was also found to decrease with age in rats 

(Nogalska et al., 2003). 

It has to be noted that tau itself has been shown to induce oxidative stress and inhibit 

mitochondrial respiration (David et al., 2005). In particular complex I and V of the 

mitochondrial respiratory chain were found to be inhibited in transgenic mice accumulating 

hyperphosphorylated tau (Rhein et al., 2009). These transgenic mice also exhibited impaired 

ATP synthesis, higher levels of ROS, modified lipid peroxidation levels, and the up-

regulation of antioxidant enzymes (David et al., 2005). These studies suggested that not only 

Aß, but also hyperphosphorylated tau can lead to oxidative stress observed in Alzheimer’s 

disease. These findings are not contradictory to my hypothesis that impaired mitochondrial 

respiration leading to decreased UDP-GlcNAc levels may be one cause of decreased O-

GlcNAcylation of tau. Aß toxicity may still precede hyperphosphorylation of tau and tau-

induced oxidative stress occurs additionally later on in disease development. 

 

Accordingly, the increase in glycolysis detected under my conditions may be an early 

response to prevent ATP depletion due to inhibition of the mitochondrial respiratory chain. 

This increase may be an early response in Alzheimer’s disease, whereas impaired glucose 



uptake occurs later in the disease. This assumption is substantiated by the fact that on the 

contrary to enzymes involved in oxidative phosphorylation and UDP-GlcNAc synthesis, 

enzymes of glycolysis, such as hexokinase, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), pyruvate kinase, lactate dehydrogenase (LDH), and PFK were demonstrated to be 

increased in activity in Alzheimer’s disease brains (Bigl et al., 1996; Bigl et al., 1999; Soucek 

et al., 2003).  

Furthermore, I detected significantly increased Glc-1-P levels in astrocytes treated with Aß25-

35. Glc-1-P is involved in anabolic as well as catabolic cellular processes. Glc-1-P can be 

activated with UTP to from UDP-glucose. UDP-glucose can then be incorporated into 

astrocytic glycogen storage. However, UDP-glucose levels were unaltered in astrocytes 

treated with Aß25-35 and it is unlikely that cells coping with oxidative stress fill up their 

glycogen stores. Glc-1-P can also be formed catabolically during glycogenolysis and serves as 

an endogenous energy source. For this reason, I assume that astrocytes break down their 

glycogen stores, in addition to increased glycolysis, as a response to compensate ATP 

depletion induced by inhibition of the mitochondrial respiratory chain. The increase in Glc-1-

P concentration was not observed in neuronal HT-22 cells treated with Aß25-35, because 

glycogen is almost exclusively localized in astrocytes (Cataldo & Broadwell, 1986; 

Magistretti et al., 1993). Therefore, neuronal cells should be more vulnerable to oxidative 

stress compared to astrocytes. However, I did not observe decreased UDP-GlcNAc levels in 

neuronal HT-22 cells. Although it has been shown that Aß is internalized into neurons, 

neuron-like cells, and other cell lines (Mohamed & Posse de Chaves, 2011), one possible 

explanation may be that the Aß25-35 is not internalized into HT-22 cells due to lack of the 

receptors necessary. The fact that I detected enhanced glycolysis in Aß treated HT-22 cells 

does not support the consideration that Aß25-23 is not internalized into HT-22 cells and there is 

no evidence that extracellular Aß enhances glycolysis in neurons. In accordance with my 

results, Abramov et al. also detected different responses of astrocytes and neurons to Aß1-42 

and Aß25-35 exposure in cocultures of hippocampal neurons and astrocytes (Abramov et al., 

2004). These authors observed that Aß caused a loss of ΔΨm in astrocytes but no changes in 

the mitochondrial function were detected in neurons (Abramov et al., 2004). If this is also the 

case in neuronal HT-22 cells, this would be a possible explanation why I detected decreased 

UDP-GlcNAc levels in astrocytes but not in HT-22 cells. Furthermore, in the same study, 

astrocytes were identified as the major source for ROS production in Aß-treated cocultures 

(Abramov et al., 2004). Abramov et al. attributed the ROS production in astrocytes to 

activation of NADPH oxidase, an enzyme that generates superoxide (Babior, 2004) and that 

was found to be selectively expressed in astrocytes (Abramov et al., 2004). However, the 



 

mechanism how Aß activates NADPH is not yet clarified. The involvement of NADPH 

oxidase in Aß-induced neurotoxicity has also been discussed before in microglia (Bianca et 

al., 1999; Qin et al., 2002). 

There is now increasing evidence that astrocytes treated with Aß exert detrimental effects on 

neurons. Neurotoxicity is exacerbated or even provoked when neurons were treated with Aß 

in the presence of astrocytes compared to sole neuronal cultures (Paradisi et al., 2004; 

Abramov et al., 2004; Allaman et al., 2010; Garwood et al., 2011). One possible explanation 

for neuronal death due to Aß toxicity although the toxic processes take place in astrocytes is 

that Aß depletes GSH levels in astrocytes (Abramov et al., 2003). Under these circumstances, 

astrocytes can no longer supply neurons with precursors for GSH synthesis. As a result, 

neurons become incapable of protecting themselves against oxidative stress. Astrocytes, 

however, are more resistant against oxidative stress than neurons and cope with it by 

enhancing glycolytic activity and glycogen breakdown (Abramov et al., 2004). Another 

possibility how astrocytes mediate neurotoxicity is cytokine release. Aß was found to 

significantly increase the secretion of several inflammatory cytokines from astrocytes  

(Garwood et al., 2011). Cytokines in turn were found to activate iNOS in primary astrocytes 

and leads to enhanced NO release that contributes to neurotoxicity (Hu et al., 1998). Under 

the conditions I used for my experiments no enhanced cell death was detected in sole 

astrocytic, as well as sole neuronal HT-22 cell cultures, using trypan blue exclusion. 

 

These results, together with the fact that I observed decreased UDP-GlcNAc levels in Aß-

treated astrocytes but not in neuronal HT-22 cell emphasize the importance of astrocytes in 

the development of Alzheimer’s disease. Further evidence that astrocytes might play a major 

role in Alzheimer’s disease development is that they were found to accumulate close to Aß 

plaques (Itagaki et al., 1989; Kato et al., 1998). According to my hypothesis, that decreased 

UDP-GlcNAc levels may be one factor contributing to decreased O-GlcNAcylation requires 

that tau is present and also hyperphosphorylated in Alzheimer’s disease. Tau was originally 

considered to be a neuronal protein (Binder et al., 1985), but more recent studies indicate that 

tau is also present in other cells including astrocytes and other glial cells (Papasozomenos & 

Binder 1987; Shin et al., 1991). Furthermore, tau was also found to be hyperphosphorylated 

in astrocytes in transgenic mice, indicating that astrocytic tauopathies also contribute to the 

pathogenesis of Alzheimer’s disease (Ikeda et al., 1998; Higuchi et al., 2002; Lin et al., 

2003). Therefore, decreased UDP-GlcNAc levels may actually be a cause of decreased O-

GlcNAcylation and thus increased hyperphosphorylation in astrocytes. Furthermore, studies 

using cocultures of primary neurons and astrocytes have demonstrated that astrocytes treated 



with Aß induce hyperphosphorylation of tau (Saez et al., 2004) and that astrocytes are even 

required for Aß-induced tau phosphorylation in neurons (Garwood et al., 2011). Moreover, it 

was shown that NO derived from astrocytes exposed to Aß is one mechanism responsible for 

hyperphosphorylation of tau in astrocytes (Saez et al., 2004). On this account it is possible 

that UDP-GlcNAc may also decrease in neurons cocultured with astrocytes. However, on the 

basis of the above described results from previous studies it is not surprising that I did not 

detect a decrease in the UDP-GlcNAc levels in neuronal HT-22 cells in my experiments. 

Figure 53 summarizes the impact of Aß on astrocytic metabolism detected in my experiments 

and how these effects may contribute to decreased O-GlcNAcylation in astrocytes. 

 

 

In summary, I have shown that treatment with Aß leads to significantly decreased UDP-

GlcNAc and UDP-GalNAc levels in primary astrocytes but not in neuronal HT-22 cells. This 

decrease was most likely due to inhibition of the mitochondrial respiratory chain, as well as 

inhibition of other enzymes involved in de novo synthesis of UDP-GlcNAc, such as PDC and 

ATP-citrate-lyase. I also detected an upregulation of glycolysis in astrocytes, possibly to 

maintain ATP-levels that would otherwise deplete due to inhibition of oxidative 

phosphorylation. In addition, astrocytes break down their glycogen stores when treated with 

Aß to maintain energy production as evidenced by significantly elevated Glc-1-P levels. 

Enhanced glycolysis was also detected in neuronal HT-22 cells, although no decrease in the 

UDP-GlcNAc concentration was detected which implies that mitochondrial respiration was 

not impaired. The reason for enhanced glycolysis in HT-22 cells cannot be resolved at this 

point. 

I hypothesized that Aß-induced reduction in UDP-GlcNAc levels in astrocytes may be at least 

one possible factor contributing to decreased O-GlcNAcylation and thus 

hyperphosphorylation of tau in Alzheimer’s disease. To the best of my knowledge, this is the 

first study that links Aß toxicity to changes in UDP-GlcNAc formation. My results further 

corroborate that astrocytes and neurons respond differently to treatment with Aß and that 

astrocytes may play a major role in the pathogenesis of Alzheimer’s disease. In addition, my 

results also corroborate the assumption that accumulation of Aß precedes 

hyperphosphorylation of tau and thus NFT formation (LaFerla et al., 2007).  

Furthermore, although enhanced NO production caused by Aß in astrocytes may lead to 

inhibition of the mitochondrial respiratory chain in astrocytes and thus reduced UDP-GlcNAc 

levels in these cells, other mechanisms must also be involved in this process, because I 



 

investigated that treatment of astrocytes with NO alone induced no alterations in UDP-

GlcNAc levels in astrocytes (see Chapter 4.5.3).  

 

Figure 53. Aß induced impairment of UDP-GlcNAc synthesis. The route of de novo synthesized cytosolic acetyl-

CoA from glucose is shown in pink. Glucose is metabolized via glycolysis to pyruvate. Pyruvate enters the 
mitochondrion and is converted to acetyl-CoA. Mitochondrial acetyl-CoA cannot leave the mitochondrion and is 
introduced into the TCA cycle. Citrate is then exported into the cytosol to produce cytosolic acetyl-CoA by ATP-
citrate-lyase which is then incorporated into the N-acetyl group of UDP-GlcNAc. Aß was found to be responsible 

for several metabolic impairments involved in Alzheimer’s disease. Note: In the graphical overview it is not 
distinguished between impairments directly exerted by Aß or found in brain tissue of Alzheimer’s disease patients. 
Aß impairs in particular complex IV of the mitochondrial respiratory chain mainly by ROS production. Under 
inhibition of complex IV, NAD

+
 production by complex I is also disrupted. NAD

+
, however, is an essential cofactor 

for PDC. NAD
+
 depletion therefore leads to termination of mitochondrial acetyl-CoA synthesis, which in turn leads 

to a standstill of the TCA cycle. PDC as well as the TCA cycle enzyme α-KGDH are also directly affected Aß. 

Citrate will no longer be produced and exported into the cytosol to be available for generation of cytosolic acetyl-
CoA which is needed for synthesis of UDP-GlcNAc. ATP-citrate-lyase itself was also found to be underexpressed 
in Alzheimer’s disease brain. The consequence of these metabolic impairments by Aß is a decrease in the UDP-
GlcNAc level (green downwards pointing arrow). To cope with oxidative stress and ATP depletion, astrocytes 
enhance glycolysis as evidenced by increased glucose uptake (green upwards pointing arrow) and enhanced 
lactate synthesis (green upwards pointing arrow) in Aß-treated cells. Since OGT is highly sensitive to varying 
concentrations of UDP-GlcNAc, I hypothesized that a reduction of UDP-GlcNAc due to Aß toxicity may at least 
contribute to decreased O-GlcNAcylation and thus hyperphosphorylation of tau (gray upwards pointing arrow) 
observed in Alzheimer’s disease. Aß, amyloid-ß; acetyl-CoA, acetyl-coenzyme A; ATP, adenosine triphosphate; 
CIC, citrate carrier; Fru-6-P, fructose-6-phosphate; Glc, glucose; Glc-6-P, glucose-6-phosphate; GLUT1, glucose 
transporter 1; α-KGDH, α-ketoglutarate dehydrogenase; Lac, lactate; MCT4, monocarboxylate transporter 4; 
NAD, nicotinamide adenine dinucleotide; O-GlcNAc, O-linked N-acetylglucosamine; OGT, O-GlcNAc transferase; 
PDC, pyruvate dehydrogenase complex; Pyr, pyruvate; ROS, reactive oxygen species; TCA, tricarboxylic acid; 
UDP-GlcNAc, uridine diphosphate-N-acetylglucosamine. (See text for further details.) 
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For future studies, it would be interesting to perform these experiments with 
13

C-labeled 

glucose and analysis with 
1
H,

13
C-HSQC NMR spectroscopy. These experiments would 

provide further information about the mechanism of Aß-induced decrease in UDP-GlcNAc 

levels, such as involvement of TCA cycle or PPP. Monitoring TCA cycle intermediates in 

1
H,

13
C-HSQC spectra for example would give information whether the TCA cycle has 

stopped when cells are treated with Aß because mitochondrial acetyl-CoA is no longer 

produced. Besides, these experiments may reveal differences between treatments of astrocytes 

with NO compared to Aß with regard to inhibition of the mitochondrial respiratory chain and 

decreased UDP-GlcNAc formation. Inhibition of aconitase by NO leading to citrate 

accumulation in astrocytes was extensively discussed in the previous chapter. Since Aß 

treatment leads to NO formation, it would be interesting to monitor citrate levels in Aß treated 

neurons and astrocytes, especially as inactivation of aconitase by Aß has been shown in 

neuronal cell lines (Longo et al., 2000).  

Since I have detected a significant increase in the mRNA expression of GFAT1 in astrocytes 

but not in neuronal HT-22 cells treated with Aß, it would also be interesting to quantify the 

mRNA levels of other enzymes involved in synthesis of UDP-GlcNAc and O-GlcNAcylation, 

especially ATP-citrate-lyase, PDC, and OGT under these conditions. 

Last but not least since several studies have shown that astrocytes are necessary to induce tau 

hyperphosphorylation it would be deeply interesting to investigate Aß-induced changes on 

UDP-GlcNAc levels in neurons cocultured with astrocytes. One might expect that UDP-

GlcNAc levels decrease under these conditions. However, to achieve more physiologically 

conditions these experiments should be carried out with primary neurons. 

 



 

 

All chemicals, consumables, and equipment used are listed in Appendix 7.6. 

 

 

 

The immortalized mouse hippocampal cell line HT-22 (Maher & Davis, 1996), human 

embryonic kidney 293 (HEK293) cells, Madin-Darby bovine kidney (MDBK) cells and 

primary cortical astrocytes were cultured as adherent cultures in Dulbecco’s modified Eagle’s 

medium (DMEM; high glucose (25 mM), with L-glutamine (4 mM)) supplemented with 10 % 

fetal calf serum (FCS), 1 mM sodium pyruvate, and 100 U/mL penicillin and 100 µg/mL 

streptomycin. Chinese hamster ovarian cells (CHO) were cultured in DMEM HAM’s F12 

(1:1) supplemented with 5 % FCS, and 100 U/mL penicillin and 100 µg/mL streptomycin. All 

cells were kept at 37 °C in a humidified atmosphere of 5 % CO2 in air. Cells of all cell lines 

were routinely seeded in 75 cm
2
 flasks with filter-vented caps at a density of approximately 

1∙10
5
 cells/mL in 15 mL medium.  

 

HEK293, MDBK, and CHO cells were subcultured by trypsinization. The culture medium 

was removed and cells were washed twice with phosphate buffered saline (PBS; pH 7,4). 

1 mL 0,25 % Trypsin-EDTA (1:250; 1x) was added and cells were incubated for 5 min at 

room temperature. Detached cells were resuspended in 14 mL fresh culture medium. For the 

new subculture, 1 mL of this suspension was diluted in 14 mL fresh culture medium. HT-22 

cells were subcultured by shaking of the cells without using Trypsin-EDTA. For the new 

subculture, 1 mL of resuspended HT-22 cells was diluted in 14 mL fresh culture medium. 

Cells were subcultured all 3 – 4 days. 

 

For cryoconservation HT-22, HEK293, and MDBK cells (70 – 80 % confluent) were detached 

as described above. Cells were pelleted by centrifugation (200 x g; 5 min). Supernatant was 

aspirated and the pellet was resuspended in 3 mL freezing medium (40 % standard culture 

medium, 50 % FCS, 10 % DMSO sterile filtered), resulting in a concentration of 

approximately 1-10∙10
6
 cells/mL depending on confluency and cell line. 1 mL aliquots of cell 

suspension were transferred into cryovials. Cells were frozen overnight at - 80 °C before 

transferred into liquid nitrogen. CHO cells were cryoconserved using the same procedure, but 



the freezing medium consisted of 68 % standard culture medium, 20 % FCS, and 12 % sterile 

filtered DMSO. 

 

For revitalization, cryovials were quickly thawed in a 37 °C water bath. The cold cell 

suspension was transferred into 10 mL of appropriate cold (7 °C) culture medium. Cells were 

pelleted by centrifugation (200 x g; 5 min). The cell pellet was diluted into 15 mL of fresh 

culture medium and transferred into a cell culture flask. 

 

Cells were regularly tested for mycoplasma contamination using the Venor
®
 GeM 

Mycoplasma Detection Kit for conventional PCR (Minerva Biolabs) according to the 

manufacturer’s protocol. No contamination of cells was detected at any time.  

 

HT-22 and CHO cells were kindly provided by PD Dr. rer. nat. Olaf Jöhren, Institute of 

Experimental and Clinical Pharmacology and Toxicology, University of Lübeck. MDBK cells 

were kindly provided by Dr. rer. nat. Olaf Isken, Institute of Virology and Cell Biology, 

University of Lübeck. HEK293 cells were kindly provided by the Institute for Medical 

Microbiology and Hygiene, University of Lübeck. 

 

 

 

Primary cultures of cerebral cortical astrocytes were prepared as previously described 

(McCarthy & de Vellis, 1980; Sorg & Magistretti, 1991; Sorg & Magistretti, 1992). 

Astrocytes were prepared from the brain of 1 – 2 day old D1 C57/Bl16 mice. Mice were 

decapitated with a scissor. The brain was uncovered by cutting the head skin and the skull 

with a scissor along the midline to the nose. To expose the whole brain, the cut skull was bent 

apart by applying slight pressure or by using the scissors blades. The brain was removed by 

using a spatula. The olfactory bulb and the cerebellum were removed and the two 

hemispheres were split. The hippocampus and the white matter (Substantia alba) were 

removed. The meninges and blood vessels were carefully peeled from the cortical lobes with 

thin forceps using second forceps for fixation of the cortex. The cortices were immediately 

pooled into a small sterile petri dish on ice containing 3 mL dissection medium (DMEM high 

glucose (25 mM), with L-glutamine (4 mM); 10 % FCS; 1 % Antibiotic-Antimicotic). For 

dissociation, cortices were gently passed through needles of different gauges (20G, 21G, 25G; 

3 x each) into a 5 mL syringe. The cell suspension was diluted with dissection medium 



 

(45 mL per brain) and 35 mL were used for seeding the cells into 175 cm
2
 cell culture flasks. 

All cells were kept at 37 °C in a humidified atmosphere of 5 % CO2 in air. Medium was 

exchanged every 3 - 4 days. Experiments were performed after 21 (± 2) days in culture. 

Primary cortical astrocytes were kindly prepared by Christine Eichholz, Institute of 

Experimental and Clinical Pharmacology and Toxicology, University of Lübeck. 

 

 

 

All incubation experiments have been performed with cells cultured in 175 cm
2
 culture flasks 

or 10 cm diameter petri dishes. If not specified otherwise, experiments were carried out in 

175 cm
2
 culture flasks. 

 

To improve the adherence of HT-22 cells, cultureware was coated with poly-L-ornithine prior 

to incubation. Poly-L-ornithine solution (0,015 g/L) was diluted 1:10 with sterile water. 

4,5 mL were used for 10 cm diameter petri dishes and 13 mL for 175 cm
2
 culture flasks. Petri 

dishes or culture flasks were incubated overnight at 37 °C. The coating solution was removed 

and dishes/flasks were washed with PBS. All other cells were incubated without poly-L-

ornithine coating. 

 

Unless otherwise indicated, cells were seeded at a density of 1∙10
5 

cells/mL 48 h before 

incubation and were incubated at 60 – 70 % confluence. 10 mL of cell suspension were used 

for experiments in 10 cm diameter petri dishes and 35 mL for 175 cm
2
 culture flasks. 

 

 

These experiments were carried out with HT-22 cells in 10 cm diameter petri dishes. The 

medium was removed, cells were washed twice with 7,5 mL PBS and 10 mL fresh standard 

growth medium was added. Cells were incubated for 24 h. The medium was removed, cells 

were washed twice with 7,5 mL PBS and trypsinated using 1 mL 0,25 % Trypsin-EDTA 

(1:250; 1x) as described above. Cells were resuspended in 10 mL standard growth medium. 

To obtain the same conditions, cells of two 10 cm diameter petri dishes were pooled and cells 

were counted in a hemocytometer using trypan blue exclusion. Cells were centrifuged 

(200 x g; 5 min) and the pellet was washed twice with 200 mL ice-cold PBS (pH 7,4). The 

cell suspension was divided into two and cells were centrifuged (200 x g; 5 min). One pellet 



was used for PCA extraction and the other for M/C extraction. Both extraction methods were 

performed in parallel. Simultaneous experiments were carried out in collaboration with Dr. 

rer. nat. Anika Hellberg, Institute of Chemistry, University of Lübeck. Cell extracts were 

prepared as described in Chapter 5.4.1 and Chapter 5.4.2. 

In a separate set of experiments HT-22 cells were incubated in the same way as described 

above, but were extracted with a modified PCA extraction termed as PCA (mild conditions). 

Extraction procedure is described in Chapter 5.4.3. 

 

 

HT-22, CHO, MDBK, and HEK293 were directly seeded in standard growth media at a 

concentration of 1∙10
5
 cells/mL. 35 mL cell suspension was used for each experiment. Cells 

were let grown for 72 h before M/C extraction was carried out.  

 

Primary cortical astrocytes were used after 21 (± 2) days in culture. The medium was changed 

and cells were incubated with fresh standard growth medium for the corresponding time.  

 

 

100 mM stock solutions of hexosamines (GlcN, GalN, and ManN) were prepared in sterile 

PBS (pH 7,4) and were stored at 7 °C.  

These experiments were performed with HT-22 and CHO cells. Growth medium was 

removed and cells were washed twice with 10 mL PBS. 35 µL of the 100 mM stock solutions 

of hexosamines were diluted in 35 mL standard growth medium und cells were incubated for 

24 h. HT-22 and CHO cells incubated for 24 h with standard growth medium without addition 

of hexosamines served as controls. Cell extracts were obtained by M/C extraction (Chapter 

5.4.1). 

 

 

These experiments were performed with HT-22 and CHO cells grown in 10 cm diameter petri 

dishes. DMEM (without glucose, without L-glutamine) was supplemented with 4 mM L-

glutamine and 10 % FCS. For different incubation conditions, concentrations of 10 mM 

glucose, 5 mM galactose + 5 mM glucose, 5 mM galactose, or 10 mM galactose in medium 



 

were prepared. DMEM HAM’s F12 (1:1) was not available without glucose, thus DMEM was 

used for both HT-22 and CHO cells. 

The growth medium was removed and cells were washed twice with 10 mM PBS (pH 7,4). 

Different incubation media were added and cells were incubated for 24 h. Cell extracts were 

obtained by M/C extraction (Chapter 5.4.1).  

 

 

These experiments were performed with HT-22 cells. DMEM (without glucose, without L-

glutamine) was supplemented with 4 mM L-glutamine, 10 % FCS, and 1 mM sodium 

pyruvate.  

For different incubation conditions, concentrations of 25 mM glucose, 18 mM glucose, 

12 mM glucose, or 6 mM glucose in medium were prepared. Cells were directly seeded at a 

concentration 1∙10
5
 cells/mL. 35 mL cell suspension was used. Cells were let grown for 72 h 

before M/C extraction was carried out. 

 

 

HT-22 cells and primary astrocytes were used for these experiments. DMEM (without 

glucose, without L-glutamine) was supplemented with 4 mM L-glutamine. These experiments 

were carried out without supplementation of FCS, because FCS contains undefined varying 

concentrations of glucose. The growth medium was removed and cells were washed twice 

with 10 mM PBS (pH 7,4). Cells were incubated for 12 h and 18 h with the incubation 

medium containing no glucose. As controls, cells were incubated with standard growth 

medium. Cell extracts were obtained by M/C extraction (Chapter 5.4.1). 

 

 

For these experiments primary cortical astrocytes were used. DMEM (without glucose, 

without L-glutamine) was supplemented with 22 mM [1-
13

C]glucose, 4 mM L-glutamine, 

10 % FCS, and 1 mM sodium pyruvate.  

The growth medium was removed and cells were washed twice with 10 mM PBS (pH 7,4). 

20 mL of incubation medium were added to the primary astrocytes and cells were incubated 

for 12 h. After 12 h, 2,6 mg DETA-NONOate (final concentration 0,8 mM) was diluted in a 

small volume of medium and added to the cells for further 12 h. As controls, 2,98 mg Sulfo-



NONOate (final concentration 0,8 mM) was added for 12 h after 12 h preincubation with [1-

13
C]glucose. Sulfo-NONOate is a NO-donor that does not produce NO at physiological pH. 

As an additional control astrocytes were incubated for 24 h with medium containing [1-

13
C]glucose alone. 

The same experiments were also carried out using unlabeled glucose instead of [1-

13
C]glucose. 

In addition, experiments where [1-
13

C]glucose and DETA-NONOate, or Sulfo-NONOate 

were added at once to the incubation medium were carried out. Incubation time for these 

experiments was 12 h. For controls, cells were incubated with [1-
13

C]glucose alone for 12 h. 

This experimental setup was chosen, to exclude that preincubation with [1-
13

C]glucose leads 

to less distinct differences in the metabolic profiles, since [1-
13

C]glucose is incorporated into 

the metabolites before NO is added. 

Medium samples (200 µL) were taken before and after incubation.  

M/C extracts of cells, as well as culture medium were analyzed by NMR spectroscopy. 

 

 

A 2,5 mM stock solution of Aß25-35 (100 x) in sterile water was prepared and kept at - 20 °C 

before use. The amino acid sequence is as follows: H-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-

Leu-Met-OH. In the part of the Aß25-35 fragment the amino acid sequence is identical in 

human and mouse. 

These experiments were performed with HT-22 cells and primary astrocytes. Growth medium 

was removed and cells were washed twice with 10 mL PBS. 350 µL of the 2,5 mM stock 

solution (100 x) of  Aß25-35 in sterile water was diluted in 35 mL standard growth medium 

(final concentration 25 µM) und cells were incubated for 24 h. HT-22 cells and primary 

astrocytes incubated for 24 h with standard growth medium served as controls. Cell extracts 

were obtained by M/C extraction (Chapter 5.4.1). 

Medium samples (200 µL) were taken before and after incubation.  

 

 

 

The incubation medium was removed and cells were washed with 10 mL PBS (pH 7,4). Cells 

were harvested by trypsinization with 0,25 % Trypsin-EDTA (1:250; 1x). 1mL Trypsin-

EDTA was used for cells incubated in 10 cm diameter petri dishes and 2 mL were used for 



 

cells incubated in 175 cm
2
 cell culture flasks. Detached cells were resuspended in 10 mL 

DMEM (without glucose, without L-glutamine) supplemented with 10 % FCS. A small 

aliquot was used for counting using trypan blue as a vital stain for quantification. Cells were 

centrifuged (200 x g; 5 min) and the pellet containing approximately 10
6
-10

7
 cells was used 

for extraction. 

Primary astrocytes do not detach easily by trypsinization. Astrocytes were therefore washed 

with PBS (pH 7,4) containing 1 mM EDTA before trypsinization. 2 mL 0,25 % Trypsin-

EDTA (1:250; 1x) were added and cells were incubated for 5 min at 37 °C. Cells that still 

remained attached to the culture flask bottom were detached by scraping them off with a cell 

scraper. 

 

 

Both lipid and water-soluble cell extract fractions were obtained using a dual-phase extraction 

method based on methanol/chloroform/water (1:1:1; v/v/v) as originally described by Tyagi et 

al., 1996. The exact protocol used here was described by Glunde et al., 2004.  

Pelleted cells were washed twice with 10 mL room-temperature PBS (pH 7,4), and transferred 

into a glass centrifuge tube. 4 mL of ice cold methanol were added to the pelleted cells and 

vortexed vigorously. The cells were kept on ice for 10 min. 4 mL of chloroform were added, 

vortexed and kept on ice for 10 min. Finally, 4 mL of water were added and the samples were 

vortexed vigorously. All procedures were performed on ice. Samples were left overnight at 

4 ºC for phase separation. 

Samples were centrifuged at 3200 × g at 4 ºC for 45 min. The two phases were separated 

carefully. The upper methanol/water phase contains the water soluble metabolites, such as 

UDP-GlcNAc and other activated sugar nucleotides. Methanol was removed by rotary 

evaporation. The remaining water phase was lyophilized after freezing in liquid nitrogen and 

stored at - 20 ºC. The lower chloroform phase containing the cellular lipids was discarded. 

 

 

3 mL PCA (0,9 M) were added to the pelleted cells and the cell material was resuspended by 

pipetting up and down. The cell suspension was centrifuged (2000 x g; 10 min; 4 °C) and the 

supernatant was neutralized with KOH (2,7 M). Precipitated KClO4 was removed by 

centrifugation (2000 x g; 5 min; 4 °C), and the supernatant was lyophilized after freezing in 

liquid nitrogen and stored at – 20 °C. 



Usually the concentrations are quantified with respect to the protein content when PCA 

extraction is used. However, for better comparison with M/C extracts the number of cells was 

counted before extraction as described above and concentrations were normalized to cell 

number. 

 

 

The PCA extraction (mild conditions) was performed according to the protocol of 

Kochanowsky et al., 2006 with slight modifications. The main differences to the standard 

PCA extraction were the use of a less concentrated PCA solution, carrying out the whole 

procedure on ice, and using cold solutions.  

185 µL of cold PCA (0,5 M) was added to the cell pellet and the cell material was 

resuspended by pipetting up and down. Samples were incubated for 2 min on ice and then 

centrifuged (3220 x g; 5 min; 4 °C). The supernatant was neutralized with a cold solution 

consisting of 42 µL KOH (2,5 M) and K2HPO4 (1,5 M). Samples were incubated for 2 min on 

ice. Precipitated KClO4 was removed by centrifugation (3220 x g; 5 min; 4 °C). Supernatants 

were filtered through a 0,22 µm filter and then lyophilized after freezing in liquid nitrogen.  

 

Samples were stored at – 20 °C before use. 

 

 

 

1 mM solutions of UDP-GlcNAc, UDP-GalNAc, UDP-Glc, UDP-Gal, UDP-GlcUA, CMP-

NeuNAc, GDP-Man, and GDP-Fuc were prepared. The solutions were divided into 200 µL 

aliquots and then lyophilized after freezing at - 80 °C. 

The lyophilized residues were used a) as references, b) for treatment with PCA, and c) for 

treatment with methanol/chloroform. 

a) References: NMR samples were directly prepared from the lyophilized residue as 

described in Chapter 5.7.1. 

b) PCA treatment: 3 mL PCA (0,9 M) was added to the lyophilized residue and the 

solution was left for 5 min before neutralization with KOH (2,7 M). Precipitated 

KClO4 was removed by centrifugation (2000 x g; 5 min; 4 °C), and the supernatant 

was lyophilized after freezing at – 80 °C.  



 

c) Methanol/chloroform treatment: 4 mL of ice cold methanol were added to the 

lyophilized residue and vortexed vigorously. The solution was kept on ice for 10 min. 

4 mL of chloroform were added, vortexed and kept on ice for 10 min. Finally, 4 mL of 

water were added and the samples were vortexed vigorously. All procedures were 

performed on ice and samples were left overnight at 4 ºC for phase separation. The 

samples were centrifuged at 3200 × g at 4 ºC for 45 min. The two phases were 

separated carefully. Only the upper methanol/water phase was utilized. Methanol was 

removed by rotary evaporation and the remaining water phase was lyophilized after 

freezing in liquid nitrogen. 

 

All samples were stored at - 20 °C before use. 

 

 

 

 

A solution containing a concentration of 2,5 mM ZnCl2 and 1 mM UDP-Glc/UDP-Gal was 

prepared in H2O (volume 200 µL). The reaction batch was incubated for 24 h at RT.  

 

The samples were lyophilized and stored at – 20 °C until NMR analysis. 

 

 

Lyophilized samples of Glc-1,2-cyclo-P and Gal-1,2-cyclo-P, respectively, obtained by 

treatment of the respective UDP-hexoses with ZnCl2, were dissolved in 200 µL 0,1 M HCl 

and heated up to 100 °C for 5 min. The reaction was stopped by placing the samples on ice. 

The samples were neutralized to pH 7,0 with 0,1 M NaOH and lyophilized.  

 

Samples were stored at - 20 °C until NMR analysis. 

 

 

 

 

 



 

 

Lyophilized residues of medium, PCA or M/C cell extracts, and pure compounds were 

redissolved in 200 µL 100 mM sodium-phosphate buffer (pH 7,4) in D2O containing 1 mM 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) as an internal concentration standard and 

chemical shift reference. NMR samples were transferred into 3 mm NMR tubes.  

 

 

If not stated otherwise, all experiments were performed on a Bruker Avance DRX or AV III 

500 MHz NMR spectrometer equipped with a TCI cryogenic probe operating at 499,80 MHz 

for protons and 125,69 MHz for carbons. All spectra were obtained at a temperature of 298 K. 

The deuterium signal in D2O present in the samples was used for the field frequency lock for 

the magnetic field of the spectrometer. Bruker Topspin 2.1 and 3.0 were used for data 

acquisition.  

Fully relaxed 
1
H-NMR spectra of water-soluble cell extracts were obtained using a 30° flip 

angle. For each spectrum 32768 time-domain data points (zero-filled to 65536 data points 

before Fourier transform) were collected using 1024 scans, an acquisition time of 2,72 s, and 

4 dummy scans. To ensure that spectra were completely relaxed for quantification, a 

relaxation delay of 10 s was chosen. The spectral width was set to 12 ppm (6010 Hz). 

2D 
1
H,

13
C-HSQC spectra were recorded with 2048 (F2) x 256 (F1) data points using 64 scans 

per increment, a relaxation delay of 2 s, an acquisition time of 0,14 s, and 16 dummy scans. 

The spectral widths were set to 15 ppm (7500 Hz) in F2 and 200 ppm (25142 Hz) in F1 

dimension.  

1D 
1
H,

13
C-HSQC spectra were acquired with 16384 time-domain data points using 5120 

scans, a relaxation delay of 0.1s, an acquisition time of 1.36 s, and 16 dummy scans. The 

spectral width was set to 12 ppm (6010 Hz). The 
13

C offset (O2) was set to 97.62 ppm 

(12271 Hz) for the C1 proton of UDP-GlcNAc. 

 

 

Fully relaxed 
1
H-NMR spectra of water-soluble cell extracts were obtained using a 30° flip 

angle. For each spectrum 32768 time-domain data points (zero-filled to 65536 data points 



 

before Fourier transform) were collected using 64 scans, an acquisition time of 2,72 s, and 4 

dummy scans. To ensure that spectra were completely relaxed for quantification, a relaxation 

delay of 10 s was chosen. The spectral width was set to 12 ppm. 

 

 

Fully relaxed 
1
H-NMR spectra of pure compounds or reference substances were obtained by 

collecting 32768 time-domain data points (zero-filled to 65536 data points before Fourier 

transform), an acquisition time of 2,72 s, and 4 dummy scans. Spectra of the pure compounds 

treated with PCA and methanol/chloroform as described in Chapter 5.5, were acquired using 

2048 scans. For spectra of reference substances that were used for signal assignment 64 scans 

were sufficient. When quantification was required, spectra were acquired using a 30° flip 

angle and a relaxation delay of 10 s. Other spectra, where quantification was not necessary, 

were obtained using a 90° flip angle and a relaxation delay of 1 s. The spectral width was set 

to 12 ppm (6010 Hz). 

For the verification of Gal-2-P formation by treatment of UDP-Gal with PCA, a 
31

P-

decoupled 
1
H-NMR spectrum was acquired using inverse gated decoupling. Experiments 

were performed on a Bruker Avance DPX 250 MHz NMR spectrometer equipped with a 

5 mm inverse broadband probe with z-gradient operating at 250,13 MHz for protons and 

101,26 MHz for phosphorus. The spectra were obtained with the following acquisition 

parameters: 90° flip angle, 16384 time-domain data points (zero-filled to 32768 data points 

before Fourier transform), 12288 scans, 2,34 s acquisition time, 2 dummy scans, and 1 s 

relaxation delay. The spectral width was set to 14 ppm (3501 Hz).  The 
31

P-decoupled 

spectrum was compared to a 
1
H-NMR spectrum where coupling of 

1
H to 

31
P is visible using 

the same acquisition parameters. 

 

 

All NMR spectra were processed and analyzed using Bruker Topspin 2.1 and 3.0 software. 

All spectra were manually phased and an exponential window function with a line broadening 

of 1 Hz was applied. Baselines were initially corrected automatically. To ensure correct 

integration, partial manual baseline correction was accomplished in spectral regions were 

signal integration was performed. Chemical shifts were referenced to TSP at 0 ppm. J-

coupling constants were measured from the splitting of the resonance signals in 
1
H-NMR 

spectra. All signals were integrated manually. 



The peak assignment of metabolites in the spectra of cell extracts and media samples was 

done using data from the human metabolome database (http://www.hmdb.ca; Wishart et al., 

2009) or by comparison with spectra of authentic compounds.  

The signal integrals of  the anomeric protons (H1) of UDP-GlcNAc at 5,52 ppm, UDP-

GalNAc at 5,55 ppm, UDP-Glc at 5,61 ppm, UDP-Gal at 5,65 ppm, Gal-1-P at 5,50 ppm, 

GalN-1-P at 5,69 ppm, Glc-1-P at 5,46 ppm and the signal integral of the ethyl resonances of 

glutamate at C4 at 2,35 ppm were determined in cell extracts. For quantification of UDP-Glc 

and UDP-Gal only the outer doublets of the signals were integrated, because the signal of 

UDP-GlcUA overlaps with the inner doublets of the doublet of doublet of UDP-Glc and 

UDP-Gal. The concentration calculated was doubled afterwards, giving maximal accuracy in 

this particular case. The concentration of UDP-GlcUA was calculated by the difference of 

UDP-Hex(NAc) and the sum of UDP-GlcNAc, UDP-GalNAc, UDP-Glc, and UDP-Gal. 

UDP-Hex(NAc) stands for the sum of all activated sugar nucleotides as determined by signal 

integration over the whole range of signals from anomeric protons of activated sugar 

nucleotides resonating in this area. In medium samples, signal integrals of the protons of 

methyl group of lactate at 1,33 ppm and of the anomeric proton of the α anomer of glucose at 

5,24 ppm were determined. The concentration obtained by integration of the signal of the 

α anomer of glucose was subsequently extrapolated to total glucose (α anomer plus ß 

anomer).  

The concentration of each metabolite in cell extracts was determined by comparison of the 

peak integration from the metabolites with that of the internal standard and normalization to 

the number of cells according to the following equation: 

 

              
                  

                 
                       

 

In this equation, [metabolite] stands for the intracellular concentration of the metabolite of 

interest expressed in [fmol/cell]. Imetabolite is the signal integral of the metabolite of interest 

divided by the number of protons, and nTSP is the amount of TSP used in mol (2∙10
-7

 mol). 

ITSP is the signal integral of TSP divided by the number of protons. The number of cells in 

each sample (cell number) was counted before extraction. 

 

Glucose uptake and lactate release quantified from media samples was calculated similarly 

with equation 1. The amount of each metabolite present in the NMR sample (200 µL volume) 

was determined in mol. This amount was then extrapolated to the total amount of each 



 

metabolite present in the whole volume of medium used for incubation (35 mL and 20 mL, 

respectively). This amount was then divided by the number of cells. Glucose and lactate 

concentrations were determined in the cell culture medium before and after incubation. The 

difference gives the glucose uptake and lactate release expressed in [pmol/cell]. 

Fractional 
13

C-enrichment in C3 of lactate was determined from 
1
H-NMR spectra by 

referencing the concentration (or signal integral) of 
13

C-labeled lactate ([
1
H-

13
C]) to the sum 

of unlabeled lactate plus 
13

C-labeled lactate ([
1
H-

12
C] + [

1
H-

13
C]) according to equation 2: 

 

C 
13  enrichment     

 H 
1  C 

13  

 H 
1  C 

12    H 
1  C 

13      
                           

 

The values were corrected for 1,1 % natural abundance of 
13

C. 

 

 

 

 

The mRNA expression of HBP enzymes GFAT1, GFAT2, GlcN-6-P N-acetyltransferase, and 

UDP-GlcNAc pyrophosphorylase was tested using qRT-PCR.  

HT-22 cells were cultured and incubated in 10 cm diameter dishes as described in Chapter 

5.3.5 and Chapter 5.3.8. The incubation medium was removed and cells were washed with 

5 mL PBS (pH 7,4). 2x Nucleic Acid Purification Lysis Solution, was diluted with an equal 

volume of calcium/magnesium-free PBS to give 1x lysis buffer. 4,5 mL of 1x lysis buffer was 

added to the cells. Cells were scraped off with a cell scraper and samples were homogenized 

by pipetting up and down.  

Astrocytes were cultured and incubated in 175 cm
2
 culture flasks as described in Chapter 

5.3.7 and Chapter 5.3.8. Cells were trypsinated and resuspended in 10 mL DMEM (without 

glucose, without L-glutamine) supplemented with 10 % FCS as described in Chapter 5.4. 

300 µL of this cell suspension were used for RNA lysis. Cells suspension was centrifuged 

(200 x g; 5 min) and 500 µL of 1x lysis buffer was added to the cells. Cells were 

homogenized by pipetting up and down. 

 

Samples were stored at - 20 °C until use. 

 



Total RNA isolation was then performed using the 6100 Nucleic Acid Prepstation and RNA 

Cell program according to the manufacturer’s protocol. RNA yield was determined with the 

NanoDrop ND-1000 Spectrophotometer. 

 

RNA samples were stored at - 80 °C until use. 

 

 

4,5 µL of RNA solution was used for preparation of cDNA using the Cloned AMV First 

Strand Synthesis Kit according to the manufacturer’s protocol. Primer, dNTP mix, and RNA 

were combined according to Table 4. To denature RNA and primer the reaction mix was 

incubated at 65 °C for 5 min and then placed on ice. 

 

Table 4. RNA and primer denature mix. 

dNTP Mix (10 mM) 1 µL 

Oligo(dT)20 (50 µM) 0,5 µL 

total RNA 4,5 µL 

 

A second master reaction mix was prepared on ice as specified below (Table 5). The master 

mix was vortexed gently and 4 µL were added to each sample. The reaction mix was 

incubated for 60 min at 50 °C. 

 

Table 5. cDNA master reaction mix. 

5x cDNA Synthesis Buffer 2 µL 

DTT (0,1 M) 0,5 µL 

RNaseOUT
TM

 (40 U/µL) 0,5 µL 

DEPC-treated water 0,5 µL 

Cloned AMV RT (15 units/µL) 0,5 µL 

 

The reaction was terminated by incubating at 85 °C for 5 min. cDNA samples were diluted 

1:1 with DEPC-treated water and stored at - 20 °C until use. 

 

 



 

 

Gene specific primers for GFAT1, GFAT2, GlcN-6-P N-acetyltransferase, and UDP-GlcNAc 

pyrophosphorylase were designed using the Primer Express program (Table 6). qRT-PCR was 

performed on the ABI Prism 7000 Sequence Detection System using Platinum SYBR Green 

qPCR Supermix according to the manufacturer’s protocol. 23 µL of the master mix specified 

below (Table 7) were pipetted into each well of a PCR plate. 2 µL of cDNA were added and 

the reactions were run as shown in Table 8. 

 
Table 6. Gene-specific forward (-F) and reverse (-R) primers used for qRT-PCR experiments. 

GFAT1-F 5’-TCCATGCAAGAGAGACGCAAA-3’ 

GFAT1-R 5’-CGCCAGCTTCTGGATTTCATC-3’ 

GFAT2-F 5’-AAGGAGATCTTCGAGCAGCCA-3’ 

GFAT2-R 5’-AAATGGTCCTTCAAGCCACCC-3’ 

GlcN-6-P N-acetyltransferase-F 5’-AACCCGATGAAACTCCCATG-3’ 

GlcN-6-P N-acetyltransferase-R 5’-TCAAAACCAAGCCTTCTCCAG-3’ 

UDP-GlcNAc pyrophosphorylase-F 5’-GATGGACGGCTGCTGTTCAAT-3’ 

UDP-GlcNAc pyrophosphorylase-R 5’-TGGTGCTGCAACTGAGGTTCA-3’ 

 

Table 7. Reaction mix for qRT-PCR. 

Platinum® SYBR® Green qPCR SuperMix 12,5 µL 

Forward primer (10 pmol/µL) 0,75 µL 

Reverse primer (10 pmol/µL) 0,75 µL 

DEPC-treated water 9 µL 

cDNA 2 µL 

 

 

 

 

 

 

 

 



Table 8. Real-time qRT-PCR program (including 

melting curve analysis). 

1 50 °C 120 

1 95 °C 120 

40 95 °C 15  

 60 °C 60 

1 95 °C 15 

1 60 °C 20 

1 95 °C 15 

 

For quantification, the copy number of each gene was calculated by a standard curve. mRNA 

expression values were normalized to total RNA. 

 

 

 

Data of incubation experiments were obtained from at least three independent experiments. 

All data are expressed as the mean ± standard deviation. Statistical significance between 

experiments of control and treated groups was tested by performing an unpaired student’s t-

test. P values of P < 0.05 were considered to be significant. 
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Figure 54. Chemical structures of uridine diphosphate-α-D-N-acetylglucosamine (UDP-α-D-GlcNAc), uridine 
diphosphate-α-D-N-acetylgalactosamine (UDP-α-D-GalNAc), uridine diphosphate-α-D-N-acetylglucose (UDP-α-D-
Glc), uridine diphosphate-α-D-N-acetylgalactose (UDP-α-D-Gal), uridine diphosphate-α-D-glucuronic acid (UDP-

α-D-GlcUA), guanosine diphosphate-α-D-mannose (GDP-α-D-Man), guanosine diphosphate-ß-L-fucose (GDP-ß-
L-Fucose), and cytidine monophosphate-N-acetyl neuraminic acid (CMP-NeuNAc) with exemplary numbering of 
the pyranose (blue), ribose (green), and uracil (orange) moiety.  
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Table 9. Selected proton (
1
H) and carbon (

13
C) chemical shifts (δ) and coupling constants (J) of metabolites and 

compounds used in this thesis for signal assignment and quantification. The values have been obtained from 
1
H- 

or 2D-
1
H,

13
C-HSQC-NMR spectra. All metabolites were measured in 100 mM Na-phosphate buffer (pH 7) in D2O 

at 298 K. Signals were referenced to TSP as internal reference. 

Acetate  
C2/ H2 
 

 
26,11 

 
1,92 

 
 

Alanine (Ala) 
C3/H3 
 

 
18,96 

 
1,49  

 
Aspartate (Asp) 
C3/H3 
C3/H3’ 
 

 
39,48 

 

 
2,82 
2,71 

 
 

Citrate 
 

48,41 
 

2,69 
2,55 

 

 

CMP-NeuNAc 
H3(ax) 
 

 
 

 
1,66 

 
J = 5,7, 11,68, 12,91 (ddd) 

L-Fucose 
H1(α) 
H1(ß) 
 

 
 

 
4,56 
5,21 

 

 
3
JH1,H2 = 7,97 (d) 

3
JH1,H2 = 3,91 (d) 

 
Gal-1-P 
H1(α) 

 
 

 
5,50 

 

 
3
JH1,H2 = 3,68; 

3
JH1,P = 7,43  (dd) 

Gal-2-P 
H1(α) 
H2  
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4,20 

 

 
3
JH1,H2 = 3,95 (d) 

J = 3,80 (dd) 

Gal-1,2-cyclo-P 
H1(α) 
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3
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GalN-1-P 
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Figure 55. 
1
H-NMR spectra of the pure compounds UDP-GlcUA, GDP-Man, CMP-NeuNAc, and GDP-Fuc. 

The expanded regions of the spectra show the signals of the anomeric protons (H1) of UDP-GlcUA, GDP-
Man, and GDP-Fuc and the signal of the H3 of CMP-NeuNAc, respectively, in reference spectra and after 
treatment with M/C or PCA. In the case of UDP-GlcUA, CMP-NeuNAc, and GDP-Fuc the signals of the 
decomposition products after PCA treatment are assigned. GDP-Man is stable against PCA treatment. 
CMP-NeuNAc, cytidine 5-monophosphate-N-acetylneuraminic acid; Fuc, fucose; GDP-Fuc, guanosine 
diphosphate-fucose; GDP-Man, guanosine diphosphate-mannose; GlcUA-1,2-cyclo-P, glucuronic acid-1,2-
cyclo-phosphate; GlcUA-2-P, glucuronic acid-2-phosphate; NeuNAc, N-acetylneuraminic acid;  UDP-
GlcUA, uridine diphosphate-glucoronic acid.  

 

 

 

The effect of NO on the mRNA expression of genes of the HBP was tested in primary cortical 

astrocytes by qRT-PCR. Higher mRNA levels of all genes tested in astrocytes treated with the 

NO-donor DETA-NONOate (0,8 mM) for 12 h were detected compared to untreated controls. 

However, these results are not conclusive and have to be repeated for validity, but may give a 

hint that overexpression of the genes of the HBP might contribute to the maintenance of the 

UDP-GlcUA GDP-Man

CMP-NeuNAc GDP-Fuc

Reference

M/C

PCA

Reference

M/C

PCA

Reference

M/C

PCA

Reference

M/C

PCA

H1 of

UDP-GlcUA

H1 of

GDP-Man

H1 of

GlcUA-1,2-cyclo-P H1 (α) of 

GlcUA-2-P

H1 (α) of 

Fuc

H1 (ß) of 

Fuc

H1 of 

GDP-Fuc

H3 ribose of 

GDP-Fuc

H3 (ax) of 

CMP-NeuNAc

H3 (ax) of 

NeuNAc



UDP-GlcNAc level in astrocytes coping with nitrous stress. It is therefore of interest to 

further investigate in future studies the effect of NO on genes of the HBP. 

 

Figure 56. mRNA expression levels of the enzymes of the HBP obtained 

by qRT-PCR in astrocytes after treatment with 0,8 mM DETA-NONOate 
(n = 1) for 12 h compared to untreated controls (n = 3). Values are mean ± 
standard deviation for controls. DETA-NONOate, (Z)-1-[N-(2-aminoethyl)-
N-(2-ammonioethyl)amino] diazen-1-ium-1,2-diolate; GFAT, Glutamine-
fructose-6-P aminotransferase; GlcN, glucosamine; UDP-GlcNAc, uridine 
diphosphate-N-acetylglucosamine. 

 

 

 

 

;zg 

;avance-version (06/11/09) 

;1D sequence 

; 

;$CLASS=HighRes 

;$DIM=1D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

#include <Avance.incl> 

 

 

"acqt0=-p1*2/3.1416" 

 

 

1 ze 

2 30m 



 

  d1 

  p1 ph1 

  go=2 ph31 

  30m mc #0 to 2 F0(zd) 

exit 

 

 

ph1=0 2 2 0 1 3 3 1 

ph31=0 2 2 0 1 3 3 1 

 

 

;pl1 : f1 channel - power level for pulse (default) 

;p1 : f1 channel -  high power pulse 

;d1 : relaxation delay; 1-5 * T1 

;NS: 1 * n, total number of scans: NS * TD0 

 

 

 

;$Id: zg,v 1.10 2009/07/02 16:40:47 ber Exp $ 
 

;zg30 

;avance-version (10/02/09) 

;1D sequence 

;using 30 degree flip angle 

; 

;$CLASS=HighRes 

;$DIM=1D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

;$RECOMMEND=y 

 

 

#include <Avance.incl> 

 

 

"acqt0=-p1*0.66/3.1416" 

 

 

1 ze 

2 30m 

  d1 

  p1*0.33 ph1 

  go=2 ph31 

  30m mc #0 to 2 F0(zd) 

exit 

 

 

ph1=0 2 2 0 1 3 3 1 



ph31=0 2 2 0 1 3 3 1 

 

 

;pl1 : f1 channel - power level for pulse (default) 

;p1 : f1 channel -  90 degree high power pulse 

;d1 : relaxation delay; 1-5 * T1 

;NS: 1 * n, total number of scans: NS * TD0 

 

 

 

;$Id: zg30,v 1.11 2010/02/10 16:23:03 ber Exp $ 
 

;hsqcgpnd1d 

;avance-version (11/02/24) 

;HSQC 

;1D H-1/X correlation via double inept transfer 

;using gradient pulses for selection 

;use as setup for pulseprogram 'invigptp' 

; 

;$CLASS=HighRes 

;$DIM=1D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

#include <Avance.incl> 

#include <Grad.incl> 

#include <Delay.incl> 

 

 

"p2=p1*2" 

"p4=p3*2" 

"d4=1s/(cnst2*4)" 

 

 

"DELTA1=p16+d16" 

"DELTA2=d4-p16-d16-de+p1*2/PI-8u" 



 

 

 

"acqt0=0" 

baseopt_echo 

 

 

1 ze  

2 30m 

  d1 

  (p1 ph1) 

  d4 

  (center (p2 ph2) (p4 ph6):f2 ) 

  d4 

  (p1 ph3) (p3 ph7):f2 

  DELTA1 UNBLKGRAD 

  (p4 ph8):f2 

  4u 

  p16:gp1 

  d16 

  (p3 ph9):f2 

  4u 

  p16:gp2 

  d16 

  (p3 ph10):f2 

  4u 

  (p2 ph4) 

  4u 

  (ralign (p1 ph3) (p3 ph11):f2 ) 

  d4 

  (center (p2 ph5) (p4 ph12):f2 ) 

  4u 

  p16:gp3 

  d16 

  DELTA2 

  4u BLKGRAD 

  go=2 ph31 



  30m mc #0 to 2 F0(zd) 

exit  

   

 

ph1=0 

ph2=0  

ph3=1 

ph4=0 0 2 2 

ph5=0 

ph6=0 

ph7=1 1 1 1 3 3 3 3 

ph8=0 

ph9=3 

ph10=0 

ph11=0 2 

ph12=0 

ph31=0 2 0 2 2 0 2 0 

 

 

 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - power level for pulse (default) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3 : f2 channel -  90 degree high power pulse 

;p4 : f2 channel - 180 degree high power pulse 

;p16: homospoil/gradient pulse 

;d1 : relaxation delay; 1-5 * T1 

;d4 : 1/(4J)XH 

;d16: delay for homospoil/gradient recovery 

;cnst2: = J(XH) 

;NS: 1 * n, total number of scans: NS * TD0 

;DS: 16 

 

;use gradient ratio: gp 1 : gp 2 : gp 3 

;     80 :   30 : 20.1    for C-13 



 

;     80 :   30 :  8.1    for N-15 

 

;for z-only gradients: 

;gpz1: 80% 

;gpz2: 30% 

;gpz3: 20.1% for C-13, 8.1% for N-15 

 

;use gradient files:    

;gpnam1: SMSQ10.100 

;gpnam2: SMSQ10.100 

;gpnam3: SMSQ10.100 

 

 

 

;$Id: hsqcgpnd1d,v 1.3.4.1 2011/02/24 17:26:41 ber Exp $ 

 

;hsqcedetgpsisp2.2 

;avance-version (11/02/24) 

;HSQC 

;2D H-1/X correlation via double inept transfer 

;   using sensitivity improvement 

;phase sensitive using Echo/Antiecho-TPPI gradient selection 

;with decoupling during acquisition 

;using trim pulses in inept transfer 

;with multiplicity editing during selection step 

;using shaped pulses for all 180degree pulses on f2 - channel 

;with gradients in back-inept 

; 

;A.G. Palmer III, J. Cavanagh, P.E. Wright & M. Rance, J. Magn. 

;   Reson. 93, 151-170 (1991) 

;L.E. Kay, P. Keifer & T. Saarinen, J. Am. Chem. Soc. 114, 

;   10663-5 (1992) 

;J. Schleucher, M. Schwendinger, M. Sattler, P. Schmidt, O. Schedletzky, 

;   S.J. Glaser, O.W. Sorensen & C. Griesinger, J. Biomol. NMR 4, 

;   301-306 (1994) 

;W. Willker, D. Leibfritz, R. Kerssebaum & W. Bermel, Magn. Reson. 

;   Chem. 31, 287-292 (1993) 

; 

;$CLASS=HighRes 

;$DIM=2D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 



 

 

#include <Avance.incl> 

#include <Grad.incl> 

#include <Delay.incl> 

 

 

"p2=p1*2" 

"d4=1s/(cnst2*4)" 

"d11=30m" 

 

 

"d0=3u" 

 

"in0=inf1/2" 

 

 

"DELTA=d21-cnst17*p24/2-p16-d16-p2-d0*2" 

"DELTA1=p16+d16-p1*0.78+de+8u" 

"DELTA2=d4-larger(p2,p14)/2" 

"DELTA3=d24-cnst17*p24/2-p19-d16" 

"DELTA4=d4-larger(p2,p14)/2-p16-d16" 

"DELTA5=d21-cnst17*p24/2" 

 

 

"acqt0=0" 

baseopt_echo 

 

 

1 ze 

  d11 pl12:f2 

2 d1 do:f2  

3 (p1 ph1) 

  DELTA2 pl0:f2 

  4u 

  (center (p2 ph1) (p14:sp3 ph6):f2 ) 

  4u 

  DELTA2 pl2:f2 UNBLKGRAD 

  p28 ph1 

  4u 

  (p1 ph2) (p3 ph3):f2 

  d0  

  (p2 ph7) 

  d0 

  p16:gp1*EA 

  d16 

  DELTA 

  4u 

  (center (p2 ph1) (p24:sp7 ph4):f2 ) 

  4u 

  DELTA5 pl2:f2 

  (center (p1 ph1) (p3 ph4):f2 ) 



 

  p19:gp3 

  d16 

  DELTA3 

  (center (p2 ph1) (p24:sp7 ph1):f2 ) 

  DELTA3 

  p19:gp3 

  d16 pl2:f2 

  (center (p1 ph2) (p3 ph5):f2 ) 

  p16:gp4 

  d16 

  DELTA4 pl0:f2 

  (center (p2 ph1) (p14:sp3 ph1):f2 ) 

  DELTA4 

  p16:gp4 

  d16 

  (p1 ph1) 

  DELTA1 

  (p2 ph1) 

  4u 

  p16:gp2 

  d16 pl12:f2 

  4u BLKGRAD 

  go=2 ph31 cpd2:f2 

  d1 do:f2 mc #0 to 2  

     F1EA(calgrad(EA) & calph(ph5, +180), caldel(d0, +in0) & calph(ph3, +180) & calph(ph6, 

+180) & calph(ph31, +180)) 

exit 

    

 

ph1=0  

ph2=1 

ph3=0 2 

ph4=0 0 2 2 

ph5=1 1 3 3 

ph6=0 

ph7=0 0 2 2 

ph31=2 0 0 2 

   

 

;pl0 : 0W 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - power level for pulse (default) 

;pl12: f2 channel - power level for CPD/BB decoupling 

;sp3: f2 channel - shaped pulse (180degree inversion) 

;spnam3: Crp60,0.5,20.1 

;sp7: f2 channel - shaped pulse (180degree refocussing) 

;spnam7: Crp60comp.4 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p3 : f2 channel -  90 degree high power pulse 

;p14: f2 channel - 180 degree shaped pulse for inversion 

;     = 500usec for Crp60,0.5,20.1 



;p16: homospoil/gradient pulse 

;p19: gradient pulse 2                                 [500 usec] 

;p24: f2 channel - 180 degree shaped pulse for refocussing 

;     = 2msec for Crp60comp.4 

;p28: f1 channel - trim pulse 

;d0 : incremented delay (2D)                           [3 usec] 

;d1 : relaxation delay; 1-5 * T1 

;d4 : 1/(4J)XH 

;d11: delay for disk I/O                               [30 msec] 

;d16: delay for homospoil/gradient recovery 

;d21: set d21 according to multiplicity selection 

;        1/(2J(XH))  XH, XH3 positive, XH2 negative 

;d24: 1/(8J)XH for all multiplicities 

;     1/(4J)XH for XH 

;cnst2: = J(XH) 

;cnst17: = -0.5 for Crp60comp.4 

;inf1: 1/SW(X) = 2 * DW(X) 

;in0: 1/(2 * SW(X)) = DW(X) 

;nd0: 2 

;NS: 1 * n 

;DS: >= 16 

;td1: number of experiments 

;FnMODE: echo-antiecho 

;cpd2: decoupling according to sequence defined by cpdprg2 

;pcpd2: f2 channel - 90 degree pulse for decoupling sequence 

 

 

;use gradient ratio: gp 1 : gp 2 : gp 3 : gp 4 

;     80 : 20.1 :   11 :   -5    for C-13 

;     80 :  8.1 :   11 :   -5    for N-15 

 

;for z-only gradients: 

;gpz1: 80% 

;gpz2: 20.1% for C-13, 8.1% for N-15 

;gpz3: 11% 

;gpz4: -5% 

 

;use gradient files:    

;gpnam1: SMSQ10.100 

;gpnam2: SMSQ10.100 

;gpnam3: SMSQ10.100 

;gpnam4: SMSQ10.100 

 

 

;cnst17: Factor to compensate for coupling evolution during a pulse 

;       (usually +1). A positive factor indicates that coupling  

;       evolution continues during the pulse, whereas a negative  

;       factor is necessary if the coupling is (partially) refocussed. 

 

 

 

;$Id: hsqcedetgpsisp2.2,v 1.8.2.1 2011/02/24 17:26:39 ber Exp $ 



 

;zgig 

;avance-version (07/04/03) 

;1D sequence with inverse gated decoupling 

; 

;$CLASS=HighRes 

;$DIM=1D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

#include <Avance.incl> 

 

 

"d11=30m" 

 

 

"acqt0=-p1*2/3.1416" 

 

 

1 ze 

  d11 pl12:f2 

2 30m do:f2 

  d1 

  p1 ph1 

  go=2 ph31 cpd2:f2 

  30m do:f2 mc #0 to 2 F0(zd) 

exit 

 

 

ph1=0 2 2 0 1 3 3 1 

ph31=0 2 2 0 1 3 3 1 

 

 

;pl1 : f1 channel - power level for pulse (default) 

;pl12: f2 channel - power level for CPD/BB decoupling 

;p1 : f1 channel -  high power pulse 

;d1 : relaxation delay; 1-5 * T1 

;d11: delay for disk I/O                             [30 msec] 

;NS: 1 * n, total number of scans: NS * TD0 

;cpd2: decoupling according to sequence defined by cpdprg2 

;pcpd2: f2 channel - 90 degree pulse for decoupling sequence 

 

 

 

;$Id: zgig,v 1.10 2009/07/02 16:40:47 ber Exp $ 

 

 

 

 



 

 

Table 10. List of chemicals used in alphabetical order. 

[1-
13

C]glucose D-Glucose (1-
13

C, 98-99 %) 
Cambridge Isotope 
laboratories, Inc. 

Amyloid-ß Protein (25-35) Trifluoroacetate salt Bachem 

Antibiotic-Antimicotic 100x Invitrogen 

Chloroform pro analysi (p.a.) Fluka 

CMP-NeuNAc 
Cytidine-5′-monophospho-ß-sialic acid disodium 
salt  

Calbiochem 

D2O Deuterium oxide 100% (99,97% D) Euriso-top 

DEPC   

DETA-NONOate 
(Z)-1-[N-(2-aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium-1,2-diolate 
(≥ 97 %) 

Enzo Life Sciences 

DMSO Dimethyl sulfoxide Serva 

EDTA 
Ethylenediaminetetraacetic acid tetrasodium 
tetrahydrate salt 

Merck 

FCS Fetal Calf Serum Biochrom AG 

Galactosamine D-(+)-Galactosamine hydrochloride (≥ 99 %) Fluka 

Galactose D(+)-Galactose for microbiology (≥ 99 %) Fluka 

GDP-Fuc 
Guanosine 5′-diphospho-β-L-fucose sodium salt 
(≥ 85 %) 

Sigma-Aldrich 

GDP-Man 
Guanosine 5′-diphospho-D-mannose sodium 
salt (≥ 97 %) 

Sigma-Aldrich 

Glucosamine D-(+)-Glucosamine hydrochloride (≥ 99 %) Fluka 

Glucose D-(+)-Glucose; anhydrous Merck 

K2HPO4  Dipotassium phosphate Sigma 

KOH Potassium hydroxide pellets, anhydrous Merck 

L-Glutamine  Merck 

Mannosamine D-Mannosamine hydrochloride (≥ 98,0 %) Fluka 

Methanol p.a. Roth 

Na2HPO4 ∙ 2 H2O 
Disodium hydrogen phosphate dihydrate; p.a. 
(≥ 99 %) 

Merck 

NaH2PO4 ∙ 2 H2O 
Sodium dihydrogen phosphate dihydrate; p.a. 
(≥ 99,5 %) 

Merck 

NaH2PO4 ∙ H2O 
Sodium dihydrogen phosphate monohydrate; 
p.a. 

Merck 

Nucleic Acid Purification 
Lysis Solution 

2x Applied Biosystems 

PCA Perchloric acid; p.a. (70 - 72 %) Fluka 

Penicillin-Streptomycin 
Solution 

100x; 10,000 units/mL of penicillin and 10,000 
µg/mL of streptomycin 

PAA 



 

Poly-L-ornithine  Poly-L-ornithine hydrobromide Sigma-Aldrich 

RNA Elution Solution  Applied Biosystems 

RNA Purification Wash 
solution 1 

 Applied Biosystems 

RNA Purification Wash 
solution 2 

 Applied Biosystems 

Sodium pyruvate solution 100 mM PAA 

Sulfo-NONOate 
(E)-1-sulfonatodiazen-1-ium-1,2-diolate 
disodium salt (≥ 90 %) 

Enzo Life Sciences 

Trypan blue 0,4 % solution Gibco® 

Trypsin-EDTA 1:250; 1x PAA 

TSP 
3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (98 % 
D) 

Cambridge Isotope 
laboratories, Inc. 

UDP-Gal Uridine 5′-diphosphogalactose disodium salt Calbiochem 

UDP-GalNAc  
Uridine 5′-diphospho-N-acetylgalactosamine 
disodium salt (≥ 98 %) 

Sigma 

UDP-Glc 
Uridine 5′-diphosphoglucose disodium salt 
hydrate (≥ 98 %) 

Sigma 

UDP-GlcNAc 
Uridine 5′-diphospho-N-acetylglucosamine 
sodium salt (≥ 98 %) 

Sigma 

UDP-GlcUA 
Uridine 5′-diphosphoglucuronic acid trisodium 
salt (98 - 100 %) 

Sigma-Aldrich 

ZnCl2 Zink chloride Merck 

 

 

Table 11. Buffer recipes. 

10x PBS (pH 7,4) 2,6 g NaH2PO4 ∙ H2O 
14,4 g Na2HPO4 ∙ 2 H2O 

88 g NaCl 
were dissolved in 1 L H2O and sterilized by 
autoclaving; pH adjustment was not necessary 
after dilution to 1x PBS 
 
 

PBS + 1mM EDTA 37,22 mg EDTA disodium salt dihydrate were 
dissolved in 100 mL PBS. The solution was 
sterile filtered before use. 
 

100 mM Sodium-phosphate buffer (pH 7) 
in D2O 

2.949 g NaH2PO4 ∙ 2 H2O 
5.518 g Na2HPO4 ∙ 2 H2O 
were dissolved in 500 mL water 
 

DEPC-treated water 0,1% DEPC (v/v) was dissolved in H2O and 
sterilized by autoclaving 

 

 



 

Table 12. Cell culture media used. 

DMEM high glucose (25 mM), with L-glutamine (4 mM) PAA 

DMEM without glucose, without L-glutamine PAA 

DMEM HAM’s F12 (1:1) PAA 

 

 

Table 13. Kits. 

Cloned AMV First Strand Synthesis Kit Invitrogen 

Platinum SYBR Green qPCR Supermix Invitrogen 

Venor
®
 GeM Mycoplasma Detection Kit Minerva Biolabs 

 

 

Table 14. Gene-specific forward (-F) and reverse (-R) primers used for qRT-PCR experiments. 

GFAT1-F 5’-TCCATGCAAGAGAGACGCAAA-3’ Invitrogen 

GFAT1-R 5’-CGCCAGCTTCTGGATTTCATC-3’ Invitrogen 

GFAT2-F 5’-AAGGAGATCTTCGAGCAGCCA-3’ Invitrogen 

GFAT2-R 5’-AAATGGTCCTTCAAGCCACCC-3’ Invitrogen 

GlcN-6-P N-
acetyltransferase-F 

5’-AACCCGATGAAACTCCCATG-3’ Invitrogen 

GlcN-6-P N-
acetyltransferase-R 

5’-TCAAAACCAAGCCTTCTCCAG-3’ Invitrogen 

UDP-GlcNAc 
pyrophosphorylase-F 

5’-GATGGACGGCTGCTGTTCAAT-3’ Invitrogen 

UDP-GlcNAc 
pyrophosphorylase-R 

5’-TGGTGCTGCAACTGAGGTTCA-3’ Invitrogen 

 

 

Table 15. List of equipment in alphabetical order. 

Autoclav ELV 3850 
Laboklav 

Tuttnauer Systec 
HSP 

Bench Labgard NU-440-400E Class II Biological Safety 
Cabinets 

Nuaire 

Camera Powershot A95 Canon 



 

Centrifuges Centrifuge 5810 
Centrifuge 5415D 
Heraeus Pico 17 Centrifuge 

Eppendorf 
Eppendorf 
Thermo Electron 
Cooperation 

Hemocytometer Neubauer improved; depth 0,100 mm Marienfeld 

Incubator IR Autoflow CO2 water-jacketed incubator Nuaire 

Lyophilizer Beta A 
Alpha 1-2 LD Plus 

Christ 
Christ 

Microscale MC 210 S Sartorius 

Microscope Axiovert 25 Zeiss 

NMR sample changer SampleXpress Bruker Bruker 

NMR spectrometer 
(250 MHz) 

Bruker Avance DPX 250  
5 mm inverse broadband probe with z-gradient 

Bruker 

NMR spectrometer 
(500 MHz) 

Bruker Avance DRX 500 
Bruker Avance III 500 
TCI cryogenic probe 

Bruker 

PCR cycler TGradient Thermoblock Biometra 

pH-electrode Hamilton Spintrode Hamilton 

Real-time PCR instrument ABI Prism 7000 Sequence Detection System Applied Biosystems 

RNA purification 
instrument 

6100 Nucleic Acid Prepstation Applied Biosystems 

Rotary evaporator   

Spectrophotometer NanoDrop ND-1000 Spectrophotometer  
 

Peqlab 

Vortex mixer IKA® Vortex Genius 3 IKA 

 

 

Table 16. List of consumables and glassware.  

75 cm
2
 cell culture flasks; filter-vented cap Sarstedt 

175 cm
2
 cell culture flasks; filter-vented cap Sarstedt 

10 cm diameter petri dishes Sarstedt 

Serological pipettes; plugged, sterile, non-pyrogenic (5 mL, 10 mL, 25 mL) Sarstedt 

Syringes (1 mL, 5 mL, 10 mL) B.Braun 

Needles of different gauges (20G, 21G, 25) B.Braun 

0,22 µM Filter; (Millex
®
-GV 0,22 µm Filter Unit Millipore 

Cell scrapers; thin, flexible, 2-position blades, 25 cm Sarstedt 

Rotilabo®-syringe filters; sterile, 0,22 µm Roth 

Tubes with screw cap; sterile, non-pyrogenic (15 mL, 20 mL) Sarstedt 

Nunc
®
 CryoTubes

®
; cryogenic vial, 1,0 mL, internal thread Nunc 



 
Glassware: 

 

3 mm NMR Tubes for Bruker MATCH holder Hilgenberg 

Glass evaporating flasks (25 mL; NS 29/32) Schott Duran 

Glass centrifuge tubes (10 mL) Schott Duran 
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